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From the series editor

In translating findings in neuropsychological research to appropriate clinical
application, it is hard to find a subject worthy of more consideration than
that of Cognitive Reserve. From the threshold model developed by Paul Satz
to the interactive model established by Yaakov Stern, the logical impact of
estimates of cognitive reserve on cognitive performance seems obvious.
Though study upon study has demonstrated the close relationship between
measures of cognitive reserve, and performance on neuropsychological
measures, the potential impact of cognitive reserve on test performance
remains often neglected. In this worthy volume in our series, Yaakov Stern
has gathered a number of prominent authors who address the basis for
cognitive reserve, clinical settings in which cognitive reserve has been
explored, patterns of the influence of cognitive reserve in clinical conditions,
and markers for estimation of cognitive reserve.

There is little doubt that cognitive reserve is the elephant hiding in the
closet when estimates are made of the prevalence of cognitive impairment in
various disease states. This includes the judgments made about individual
cognitive decline in the face of injury or illness, or behaviorally-based disease
diagnostic classifications. The need for considering the impact of cognitive
reserve on neuropsychological tests and their interpretation is made clear in
this volume. Optimistically, Dr. Stern and his colleagues also address the
potential for adaptation and compensation in the face of insult, which a
cognitive reserve approach may permit us to understand and tap. Cognitive
Reserve: Theory and Applications provides a contemporary perspective on the
appreciation of cognitive performance in many clinical conditions and, as
such, presents a valuable resource in further exploring the complexity
of brain/behavior relationships. It will prove a fundamental reference for
students, clinicians, and researchers for the foreseeable future.

Linas A. Bieliauskas
Ann Arbor
May, 2006



1 The concept of cognitive reserve:
A catalyst for research

Yaakov Stern

The idea of reserve against brain damage stems from the repeated observa-
tion that there does not appear to be a direct relationship between the degree
of brain pathology or brain damage and the clinical manifestation of that
damage. Two interrelated concepts have been proposed. Brain reserve is an
example of what might be called a passive model of reserve, where reserve
derives from brain size or neuronal count. The model is passive because
reserve is defined in terms of the amount of brain damage that can be
sustained before reaching a threshold for clinical expression. In contrast, the
cognitive reserve (CR) model suggests that the brain actively attempts to cope
with brain damage by using pre-existing cognitive processing approaches or
by enlisting compensatory approaches. Individuals with more CR would
therefore be more successful at coping with the same amount of brain
damage. As will become clear throughout this volume, these models are by no
means mutually exclusive.

The threshold model, critically reviewed by Satz (1993), and suggested by
many others, is a well articulated model of how reserve may operate. The
threshold model revolves around the construct of “brain reserve capacity”
(BRC). This is a hypothetical construct, but concrete examples of brain
reserve capacity might include brain size or synapse count. The model
recognizes that there are individual differences in BRC. It also presupposes
that there is a critical threshold of BRC such that specific clinical or func-
tional deficits emerge once BRC is depleted past this threshold. This formula-
tion begins to account for the disjunction between the extent of pathology
and the extent of clinical change. If two patients have different amounts of
BRC, a lesion of a particular size may exceed the threshold of brain damage
sufficient to produce a clinical deficit in one patient but not the other. Thus
more BRC can be considered a protective factor, while less BRC would
impart vulnerability.

In contrast, the CR model suggests that the brain actively attempts to
compensate for the challenge represented by brain damage (Stern, 2002). The
active models of reserve focuses more on the mode in which tasks are
processed as opposed to differences in underlying physiologic differences.
Thus neural reserve could take the form of using brain networks or cognitive
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paradigms that are more efficient or flexible, and thus less susceptible to
disruption. This type of reserve is a normal process used by healthy
individuals when coping with task demands, as well as by individuals with
brain damage. In contrast, neural compensation refers to adopting new,
compensatory brain networks or paradigms because pathology has impacted
those that are normally used in no affected individuals. Together, these two
types of neural mechanisms could underlie CR.

Individual variability in CR can stem from innate or genetic differences or
from life experiences, such as education, occupational experience or leisure
activities. These factors could also contribute to brain reserve.

The concept of cognitive reserve provides a ready explanation for why
many studies have demonstrated that higher levels of educational and
occupational attainment, or of intelligence, and are good predictors of
which individuals can sustain greater brain damage before demonstrating
functional deficit. Rather than positing that these individuals’ brains are
grossly anatomically different than those with less reserve (e.g. they have
more synapses), the cognitive reserve hypothesis posits that they process tasks
in a more efficient manner.

The concept of reserve is not just applicable to the emergence of a clinical
condition such as Alzheimer’s disease. It is equally applicable to the rate
of change in clinical function as a result of gradual changes in disease
pathology. Similarly, it applies to issues of recovery of function, for example
recovery following traumatic brain injury. More generally, reserve is operative
whenever there is a balance between some brain change, for example that due
to a disease or normal aging, and a person’s current level of functioning. A
straightforward example of this is in Alzheimer’s disease, where both imaging
and post-mortem studies have suggested that in individuals with the same
amount of brain pathology, those with higher levels of reserve show less
severe clinical dementia. Thus an individual’s level of function at any point in
time is a function of the underlying brain substrate and their ability to make
use of this substrate, with the latter influenced by the level of cognitive
reserve.

A consistent set of variables have been linked with the concept of cognitive
reserve, including IQ, educational and occupational attainment, and enrich-
ing activities such as leisure activities. These variables have often been shown
to operate independently and additively. This speaks to a conception of CR
as a malleable entity, whose level at any point in time is dependent on the
summation of life experience and exposures up to that time. This also raises
the possibility of enhancing cognitive reserve, and thus improving people’s
ability to maintain their capacities in the face of insult to brain function.

This volume

This volume assembles a body of work which defines, explores and utilizes
the concept of cognitive reserve. I have attempted to gather together a diverse
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set of research approaches ranging from genetics to neurogenesis, and from
neuroepidemiology to neuroimaging.

The volume began as a special issue of the Journal of Clinical and
Experimental Neuropsychology. For this volume, the authors of those
articles were invited to revise and expand their original contributions. This
has allowed the majority of the authors to bring the research findings
reported previously into a larger theoretical context, and to more thoroughly
review and discuss the applicability of the concept of CR to their research
domain. In addition, I have invited five additional investigators to con-
tribute chapters to this volume. The intention was to expand to an even
greater degree the diversity of domains in which the CR concept is discussed
and applied.

Lee (Chapter 2) reviews the genetic basis for cognitive performance and
how this might interact with the concept of cognitive reserve. Since a
potentially substantial proportion of variability in cognitive abilities can be
genetically determined, this is a fitting place to begin the special issue. This
is followed by Richards et al. (Chapter 3), who set the stage for a compre-
hensive consideration of the factors across the lifespan that can contribute
to cognitive reserve. They also describe a prospective study that elegantly
demonstrates that cognitive reserve is malleable, and that both genetic (child-
hood IQ) and experiential components contribute to it.

The next four chapters thoughtfully apply the concept of cognitive reserve
to conditions and situations that that have received relatively little attention
in this context. Dennis et al. (Chapter 4) explore cognitive reserve in the
setting of childhood development and brain injury, while Bigler (Chapter 5)
explores the implications of CR for recovery from traumatic brain injury.
This chapter nicely demonstrates the interplay between supposed brain size,
supposedly a passive indicator of reserve, and more active forms of cognitive
reserve. Boyle et al. (Chapter 6) consider two situations where the implica-
tions of CR can be directly studied: electroconvulsive therapy and coronary
artery bypass grafting surgery. Finally, Bieliauskas and Antonucci (Chapter
7) review the implications of CR on the estimation of disease progression,
particularly in the context of clinical trials.

The next four chapters evaluate the potential influence on cognitive reserve
of lifetime activities, including physical activity, general lifestyle activities,
cognitively stimulating activities, and leisure. These activities are explored in
relation to outcomes including late life cognition or cognitive decline, as well
as the onset of dementia. Dik et al. (Chapter §) present data from a large
cohort of prospectively followed elders regarding the association between
early life physical activity and cognition in aging. Wilson et al. (Chapter 9)
review their epidemiologic research, focusing on lifetime participation
in cognitively stimulating activities. Small et al. (Chapter 10) review the
implication of lifestyle activities for cognitive change in aging. Finally,
Scarmeas (Chapter 11) reviews my group’s and others’ studies evaluating
the relationship between elders’ engagement in leisure activities and two



4  Stern

outcomes: cognitive decline in normal aging, and the incidence or severity of
Alzheimer’s disease.

The following series of chapters incorporate a series of proxies for
cognitive reserve, and apply them in three different settings. Reinhard et al.
(Chapter 12) followed a cohort of HIV positive individuals, using onset of
AIDS, dementia and mortality as outcomes and Shipley IQ as the proxy for
cognitive reserve. Manly et al. (Chapter 13) demonstrate that literacy may be
an important measure of cognitive reserve in the context of cognitive decline
and incident dementia in aging. Finally, Mortimer et al. (Chapter 14) report
data from the Nun Study, using the diagnosis of dementia as an outcome.
They used education as a proxy measure for reserve, and also looked at head
size, which has been associated with reserve against dementia in several
studies.

Three chapters review functional imaging studies intended to elucidate
the neural substrates of cognitive reserve. In Chapter 15 I attempt to develop
a theoretical framework for studying the neural correlates of cognitive
reserve, and then describe four studies that incorporate these ideas. Grady
(Chapter 16) reviews her ground-breaking work on compensatory brain
activity in older adults or AD patients. Then, Friedman (Chapter 17) pro-
vides a thoughtful review of event-related potential data that shed light on
the concept of compensation.

Finally Kozorovitskiy and Gould (Chapter 18) provide an insightful
review on the topic of adult neurogenesis and its potential for being a com-
pensatory mechanism for brain damage. Theoretical treatments of cognitive
reserve and compensation have traditionally emphasized mechanisms for
coping with brain damage. These approaches typically view the brain as a
resource that can be depleted or damaged, and do not incorporate recent
information about neurogenesis in the mature brain. This review points to the
future, where compensation may not simply be adaptation of alternate brain
networks, but regeneration of underlying brain circuitry.

The diversity of the subject matter in this volume highlights the utility
and flexibility of the concept of cognitive reserve for understanding how the
brain copes with challenge and pathology. Hopefully, the present volume will
encourage further exploration of this concept in diverse research domains.
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2 Understanding cognitive reserve through
genetics and genetic epidemiology

Joseph H. Lee

The basis for cognitive reserve (CR) arose from the observation that the
severity of neuropathological manisfestations of Alzheimer’s disease (AD)
did not always correlate well with severity of AD (Katzman et al., 1988).
This observation led several investigators to propose the concept of CR
(Katzman, 1993, Satz, 1993; Stern, Alexander, Prohovnik, & Mayeux, 1992;
Stern et al., 1994). They argue that individuals develop cognitive reserve in
the presence of favorable environments such as high educational level or by
genetic predisposition, or both, and that CR increases the threshold for
neuropsychological responses to brain insult. Those with a greater brain
reserve capacity have a higher threshold for brain insult before clinical deficit
appears. The concept of CR is evolving to include broader phenomena.
Others have argued that more efficient circuitry is less likely to be disrupted
and more resilient in the event of brain insult (Grady et al., 1996; Grasby
et al., 1994). Stern (2002) applies CR to any situation where there is variation
in response to brain injury, suggesting that CR can be applied to individuals
who are healthy as well as those who are suffering from neurodegeneration.

A multitude of factors may contribute to the variable responses to brain
insults observed in individuals. Both genetic and environmental factors are
likely to affect the responses to injury. Gene dosage and timing will influence
the responses to the insult. Similarly, the strength and timing of environ-
mental factors will bring about variations among individuals. Factors present
early in life may influence cognitive reserve and be as important as factors
present later. To support the hypothesis of genetic contributions to CR in
humans it is necessary to show that: (1) cognitive function(s) are highly
heritable, and (2) there is a differential expression of a gene(s) that influences
cognitive function.

The majority of the human genetic studies of memory and other cognitive
functions are in their infancy, and a few studies have examined the genome
systematically. Here I review these studies in the context of the genetics of
cognitive reserve. In this review, I first discuss inherent difficulties of complex
(non-Mendelian) phenotypes, ranging from the arbitrariness of phenotyic
definition multifactorial nature of the trait, and study design issues. I then
discuss the outcome from published results to date to consider the magnitude
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of genetic and environmental factors that contributed to memory and related
cognitive functions.

Defining cognitive reserve phenotypes

Cognitive reserve is a complex trait, and many different surrogate phenotypes
can be considered as part of CR. Stern (2002) makes a careful delineation
of passive vs. active models of cognitive reserve. Simply, the passive model
explores the role of brain capacity, whereas the active model explores the role
of efficiency of the neuronal system. The two models are tightly linked. Given
the same degree of efficiency, individuals with larger capacity will suffer less
impairment. Similarly, given the same level of capacity; individuals with more
efficient neuronal circuitry will be able to tolerate a brain insult better. Under
either model, the individual’s innate ability is likely to influence the capacity
or efficiency of the circuitry, and will lead to differential rates of cognitive
decline or responses to brain insults, These models can be tested by
operationalizing cognitive reserve in a number of different ways. Some
researchers have studied physical phenotypes, such as brain capacity, number
of neurons, or differential metabolic expression of anatomical subregions in
functional magnetic resonance imaging (fMRI). Others have operationalized
several domains of neuropsychological traits, including memory, general
intelligence, and language. To this end, proper use of biomarkers or inter-
mediate risk factors that reflect the biological pathway can provide enormous
insight into our understanding of cognitive reserve.

Physical phenotypes
Brain capacity

The simplest phenotype of cognitive reserve is cranial capacity, as measured
by head circumference or brain volume. It is employed as a surrogate measure
of the number of neurons. The threshold approach to CR supposes that the
person with more cranial capacity can afford to lose a greater number of
neurons before they begin to show clinical cognitive impairment. However,
the relation between brain capacity and memory or other cognitive function
is equivocal (Borenstein Graves et al., 2001; Drachman, 2002; Edland et al.,
2002; Graves, Mortimer, Larson, Wenzlow, Bowen, & McCormick, 1996;
Katzman et al., 1988; MacLullich, Ferguson, Deary, Seckl, Starr, & Wardlaw,
2002; Schofield, Logroscino, Andrews, Albert, & Stern, 1997; Schofield,
Mosesson, Stern, & Mayeux, 1995). Some studies have shown that indi-
viduals with large cranial capacity are relatively protected from age-related
decline in memory when compared with those with smaller cranial capacity,
whereas others found no effect. Similarly, investigators have found brain
volume to be positively correlated with memory scores and general intelli-
gence scores (Andreasen et al., 1993; MacLullich et al., 2002), while another



2. Cognitive reserve and genetics 7

study found no association (Edland et al., 2002). These investigators often use
cross-sectional area of the brain, head circumference, or total intracranial
volume to approximate premorbid brain size. These surrogate measures,
rather than the actual CR phenotype, may contribute to the inconsistent
relation between the brain capacity and memory. The use of cranial capacity
as a proxy measure for CR is likely to be insensitive, as cognitive functions
encompass an array of complex processes that are not likely to be captured in
measures such as brain size. In addition, variation in nutritional and cognitive
stimuli during in-utero environment, childhood development, as well as
educational or vocational environment, are likely to contribute to CR.

Number of neurons or synapses

The number of neurons is directly related to cranial capacity and can be a
measure of CR. A positive correlation between the number of neurons and
cognitive functions supports the idea that the larger brain can withstand
brain insults better. Currently, there is little direct evidence to support a
relation between the number of neurons and cognitive functions. Most
evidence has come from studies of AD patients. Since AD patients suffer
neuronal loss, which in turn leads to brain atrophy, it is plausible that
neuronal loss may be associated with cognitive impairment. In addition,
Bigio, Hynan, Sontag, Satumtira, and White (2002) reported that the number
of synapses measured by an Enzyme-Linked Immuno Sorbent Assay method
was lower in early onset AD cases than in late onset ADs.

Imaging

Imaging tools provide accurate measure of neuroanatomy (Edland et al.,
2002; MacLullich et al., 2002; Mori et al., 1997) as well as measures of
differential metabolism in the sub-regions of the brain (S. A. Small et al.,
2000). When used in conjunction with a neuropsychological battery, they
can provide a better understanding of memory and related cognitive
functions. Positron emission tomography (PET) and single photon emission
tomography (SPECT) studies revealed that brain activation in elders differs
from that in younger cohorts (Foster, Minoshima, & Kuhl, 1999). These
studies can be further exploited to study the neural network by examining
how genetic factors are associated with differential ability to encode or
retrieve memory. The relation between a gene (or a set of genes) and differen-
tial expression in the brain can provide additional information on underlying
causes of the variation in functional activities in the brain. However, given
the enormous number of brain regions to study and the number of different
conditions in which imaging experiments need to be performed, coupled with
the number of genes involved in the brain, this approach will require massive
efforts. To perform this experiment, it will be necessary to simplify the causal
pathway by focusing on simpler models by narrowing down the number of
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genes involved or number of environmental factors involved (e.g., individuals
with PST mutation vs. normals).

Cognitive phenotypes
Memory and age-related decline in cognitive function

There are numerous cognitive phenotypes, including memory, language, and
processing time. There are large interpersonal variations in these cognitive
functions at any age, and the observed variations are likely to increase with
age, because there is a greater opportunity for genetic and non-genetic factors
to affect the neural network process. Further variations in rate of decline in
cognitive functions provide further evidence for a genetic contribution to
cognitive reserve. In most people, there is an observed decline in cognitive
functions with age, with a 20% decline observed by age 70 (Powell & Whitla,
1994). Yet Benton, Eslinger, and Damasio (1981) reported that about 33%
of octogenarians performed as well as a younger group. Others have
documented individual variations in age-related decline in memory and other
cognitive functions (Christensen et al., 1994; Christensen et al., 1999; Flood
& Morley, 2000; Meaney et al., 1995; Mejia, Pineda, Alvarez, & Ardila, 1998;
Schaie, 1988). Some attributed the variations to genetic factors (Backman et
al., 2000; Markowska & Savonenko, 2002). In these studies, decline in sensory
processes appears to be smaller than that in memory and learning.

Processing time

Another approach is to measure the efficiency of the neuronal network
system by measuring speed of processing. Both direct measures of processing
efficiency as well as rate of age-related decline in processing can be used
to evaluate CR. However, processing speed is likely to be controlled by a
number of different cognitive functions, including attention, intelligence, and
memory. Each of these factors can be under the influence of different genetic
factors, with some of these genes interacting with one another.

Cognitive reserve: A complex trait

Complex traits are broadly defined as “any phenotype that does not
exhibit Mendelian recessive or dominant inheritance attributable to a single
gene locus” (Lander & Schork, 1994, p. 2037). In simple organisms like
D. melanogaster and C. elegans, a single genetic mutation or polymorphism
can have a substantial effect on learning and memory (Mayford & Kandel,
1999). In humans, twin, adoption and family studies have shown that
cognitive functions, such as memory and intelligence, “run in families.”
However, a single mutation or polymorphism is not likely to explain
the familial aggregation of cognitive function. Instead several genes in
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conjunction with environmental factors are likely to contribute to cognitive
functions. To best understand the complex causal network leading to CR, it
will require careful study design, analysis, and clear characterization of the
CR phenotype.

Study design and methods

Twin, adoption, and family studies provide estimates of heritability or
familiality of cognitive functions. These studies test whether the correlation
among family members is higher than expected by chance. Because these
studies test relatively simple genetic parameters, estimations of genetic con-
tribution are likely to be somewhat inflated (Terwilliger, Goring, Magnusson,
& Lee, 2002). Below, I briefly discuss the rationale and limitations of each
study design.

In twin studies, the phenotypic correlations among sets of monozygotic
(MZ) twins are compared to those among dizygotic (DZ) twins. Because
MZ twins are genetically identical while DZ twins share only 50% of their
autosomal genetic material, highly heritable traits will show a greater degree
of similarity in MZ twins compared with DZ twins. Two important assump-
tions are that members of MZ and DZ twin pairs have identically distributed
environmental risk factors, and that these factors are equally correlated
within twin pairs, independent of zygosity. These assumptions are difficult to
satisfy as correlations between MZ and DZ twins in many environmental
factors (e.g., in-utero environment, lifestyle factors in adulthood) are likely to
differ by zygosity. However, the observed differences in concordance between
MZs and DZs are attributed to genetic factors. The net effect of the assump-
tions in twin studies, on average, is likely to lead to some overestimation of
the contribution of genetics to the trait.

In adoption studies, many different comparisons of phenotypic correl-
ations can be devised to dissect the role of gene and environment. For
example, biological siblings who are adopted to different families can be used
to examine the role of environmental factors under the same genetic back-
ground. Also non-biological siblings raised in the same family can be studied
to examine the role of the genetic factors. When both parent and offspring
data are available, parent—offspring correlation between biological parent
and adoptee can be compared with the correlation between adoptive parent
and adoptee. If the genetic contribution is significant, the parent—offspring
correlation with biological parent should be greater than that with adoptive
parent. In these studies, the effects of early environment (e.g., in-utero and
before adoption environment) cannot be separated from genetics. Certainly,
the effects of “being an adoptee” and “having an adoptive sibling” can
influence familial environment in the adoptive families. Adoptive parents
(representing environment) are a self-selected group who may be healthier
than the general population, and a lower correlation with adoptees may be
attributed to genetic causes. Given that any of these differences are more
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likely to be interpreted in the direction of genetic contribution, genetic
estimates are likely to be inflated.

In family studies, one examines how traits segregate within the family to
see if genetic factors co-segregate. To do so, one often assumes that the
environmental contribution to trait has a common distribution for all indi-
viduals. In more sophisticated analyses, a household effect may be included,
that is assumed to be identically distributed among all members of a given
nuclear (or sometimes extended) family. The residual correlation in the
phenotype among relatives is assumed to be due solely to genetic factors.
These assumptions are difficult to satisfy because sharing of the environ-
mental factors is not uniform among nuclear family members at any one
time and tends to change with time. Moreover, transmission of an environ-
mental or cultural factor can mimic transmission of a genetic factor, thereby
spuriously favoring a genetic hypothesis.

Genetic analysis

For heritable traits, two different approaches can be taken to identify suscepti-
bility genes: family-based vs. individual-based methods (Ott, 1999; Strachan
& Read, 1999). The family-based method assumes that the trait in family
members is significantly correlated because the family members share some
of the underlying genetic risk factors. When the trait is caused by a single
gene, it is possible to localize that trait gene by linkage analysis. Linkage
analysis tests whether two closely located loci are inherited more often than
by chance. Individuals with the same phenotype are likely to share a genotype
at some putative disease locus as well as some genotypes at nearby marker
loci. By examining a set of markers evenly distributed across the entire
genome, it is possible to localize and identify the gene by searching for the
chromosomal regions where genotypes are shared by the affected individuals
within a pedigree. This approach has worked successfully for unraveling sim-
ple Mendelian traits where phenotypes predict genotypes with high accuracy.
Ascertainment of large families increases, in general, the predictive value of
phenotype for the underlying genotypes of the loci to be identified. For com-
plex traits with multiple predisposing genes, the phenotypes are less reliable
predictors of any one underlying genotype, thereby making the gene mapping
difficult.

As an alternative to linkage study, allele association studies have been
advocated by some (Chakravarti, 1999; Reich et al., 2001; Risch &
Merikangas, 1996; Schork, Fallin, & Lanchbury, 2000). Allelic association
studies compare the frequency of risk alleles in affected vs. unaffected indi-
viduals. Because they do not require family data, ascertainment of study
subjects is somewhat easier. However, allelic association studies require
examination of over 500,000 loci for a systematic genome-wide search (in
effect test one marker every 3 kb) (Kruglyak, 1999), compared with 350-400
loci required for linkage studies. Some have advocated the use of haplotype
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blocks to reduce the number of genetic markers. The idea is that it is not
necessary to genotype genetic markers within a haplotype block containing
comparable genetic information. Therefore, one would genotype only a few
markers in a haplotype block, thereby reducing the cost of genotyping as well
as statistical testing. However, new studies suggest haplotype blocks may not
be as useful as previously believed. Further, while the cost of genotyping is
coming down, the cost of multiple statistical testing remains prohibitive,
even with the use of haplotype block information. Thus it would be prudent
to limit the analysis to a number of candidate genes. However, it is no
easy task to select a manageable set of genes from thousands of genes in
the genome. Even when there is a candidate gene, it is necessary to test the
right allele. For example, there are over 100 different variants of presenilin-
1 mutation (PS1) among early onset AD individuals (Rogaeva et al., 2001;
http://molgen-www.uia.ac.be’/ADMutations) not all of which are associated
with increased risk. When there are multiple putative alleles, each allele has
little power to predict AD. This example illustrates the difficulty associated
with association analysis. Here, we know a priori that the PS1 mutations
cause AD; thus the case of PS1 should be considered as one of the “best-case
scenarios” for the allelic association approach. When we are studying
unknown genes, the difficulties will be greater. This will be further compli-
cated when studying cognitive traits since the traits have several different
cognitive domains and subdomains (e.g., delayed, immediate memory), where
each domain may have different genetic and non-genetic causes.

Many researchers have opted to employ association studies for ease
of study subject recruitment. Paradoxically, as the trait becomes more com-
plex, large families still provide greater power to detect genes than a large
collection of independent cases. This is because the odds of finding any one
putative gene is higher in large families with multiple affected individuals.
Traits or diseases within families are likely to be caused by the same gene,
while traits or diseases berween families are likely to be caused by a number of
different genes. This is illustrated by the fact that all successful mapping
studies of complex disease genes to date have involved large families,
including PS1, PS2 (Levy-Lahad et al., 1995; Rogaev et al., 1995;
Schellenberg et al., 1992; Sherrington et al., 1995; Van Broeckhoven et al.,
1992), and APOE (Pericak-Vance et al., 1991) for Alzheimer’s disease. It
should be noted that in isolated populations with a small number of
ancestors (e.g., Finland, Amish population), allelic association methods can
work well.

Endophenotype

One of the ways to enhance power to detect genes for complex traits is to
study endophenotypes, or intermediate risk factors. Because endophenotype
is closer to the action of the gene than the clinical endpoint (e.g., AD), the
genotype-phenotype correlation is likely to be stronger. Endophenotypes can
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range from neuropsychological traits, such as memory decline, to biomarkers,
such as amyloid B (AB) protein. Consequently, power to identify the suscepti-
bility gene increases. In addition, all individuals in the continuum contribute
information toward the genotype—phenotype relation. In contrast, affected
individuals contribute much of the genetic information when discrete traits
such as AD are studied (Ott, 1999). Although memory encompasses a
broader cognitive phenotype than AD, it can be considered an intermediate
risk factor for AD because memory impairment precedes AD in all cases.
In this light, use of memory as an endophenotype can serve to improve
statistical power in AD gene mapping. Identification of genes associated
with memory may provide valuable information on genes that contribute to
memory impairment in AD.

Genetic contributions to cognitive reserve
Familial aggregationisegregation of cognitive reserve

Many different experimental approaches support genetic contributions
to cognitive functions. Genetic contributions to memory and other cognitive
functions have been studied both in humans and in animals. In humans,
familial correlation studies of cognitive functions based on twin, adoption,
and family studies, support genetic contributions.

Twin and family studies consistently support genetic contributions to
cognitive functions (Ando, Ono, & Wright, 2001; Devlin, Daniels, & Roeder,
1997; Jensen & Marisi, 1979; McClearn et al., 1997; Plomin, Pedersen,
Lichtenstein, & McClearn, 1994; Sahota et al., 1997; Thapar, Petrill, &
Thompson, 1994). These studies show how genes contribute to normal
variation in human cognition, ranging from memory to general intelligence,
and reading ability. Earlier 1 noted that heritability estimates based on these
studies cannot effectively separate shared family environment factors from
shared genetic factors, and thus estimates are likely to be skewed toward
genetic explanations. Thus weak heritability (e.g., heritability estimate < 0.1)
should discourage further genetic studies.

Studies of elderly twins

Most heritability estimates of cognitive function in elderly twins range from
0.4 to 0.6, with some as low as 0.0 and others as high as 0.8 (Table 2.1).
McClearn and colleagues (1997) studied heritability of cognitive functions
in 110 MZ and 130 DZ healthy elderly Swedish same-sex twins who were
80 years of age or older (median age of 82.3). Overall cognitive function
had a significant heritable component, and the magnitude of the heritability
estimate varied for different cognitive domains. For example, the estimate
for the memory component was 52%. For other components, heritability
estimates varied widely, ranging from 62% for general cognitive function and
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Table 2.1 Summary of heritability estimates of cognitive functions

Authors ( year) Test ( traits) Heritability — Meanlmedian
estimates#  age
Older cohort
Swan et al. (1990) Towa Screening Score 0.30 63
MMSE 0.60*
Digital Symbol Score 0.67*
Plomin et al. (1994)  Memory 64.1
Digit Span 0.51
Name & Faces 0.47
Thurston 0.41
Processing speed
Digit Symbol 0.68
Figure Identification 0.51
Verbal
Information 0.63
Synonyms 0.63
Analogies 0.53
Spatial
Blocks 0.55
Card Rotation 0.52
Figure Logic 0.35
McClearn et al. Memory 0.52 82.3
(1997) General Cognitive Function 0.62
WALIS - Short 0.53
Verbal Ability 0.55
Spatial Ability 0.32
Processing Speed 0.62
Swan and Carmelli Executive Control 0.79 71
(2002) Digit Substitution 0.68
Trail Making B 0.50
Verbal Fluency 0.34
Color-Word Interference 0.50
Younger cohort
Jensen and Marisi Memory Span 0.52 15
(1979)
Thapar et al. (1994)  Probe Recall Memory 0.38 9.5
Self-paced Memory 0.55
SCA Picture Memory — 0.33
Immediate
SCA Picture Memory — 0.59
Delayed
Name & Faces — Immediate 0.32
Name & Faces — Delayed 0.38
WISC-R Digit Span 0.49
Petrill et al. (1995) Learning 0.14-0.28** 9.6
Self-paced Probe Recall 0.22-0.43
Reaction Time 0.00-0.16
Stimulus Discrimination 0.23-0.63

Continued
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Tuable 2.1 (continued)

Authors (year) Test (traits) Heritability =~ Mean/median
estimates#  age

Petrill et al. (1996) General cognitive abilities 0.03-0.49** 9.6
Verbal 0.28-0.48
Performance 0.24-0.55
Distraction 0.0
Speed 0.46-0.50
Devlin et al. (1997) 1Q 0.33 Meta-
analysis
Ando et al. (2001) Spatial Storage in Working 0.45 19.9
Memory
Spatial Executive 0.49
Verbal Storage 0.48
Verbal Executive 043
Spatial Cognitive Ability 0.65
Verbal Cognitive Ability 0.65
Marlow et al. (2001) Word Recognition 0.63
Spelling 0.72%
Reading Discrepancy 0.79*
Non-verbal Reasoning 0.18
Spoonerism 0.33
Non-word Naming 0.51*
Irregular Word Naming 0.64
Pseudohomophone 0.66*
*p<.05

# Adjusted for covariates.
** Range of estimates for multiple tests

speed of processing, to 32% for spatial ability. Interestingly, unlike other
cognitive functions (e.g., general intelligence, verbal and spatial abilities),
the authors concluded that their models suggest that memory and speed of
processing do not have significant contributions from shared environment.
However, by design, twin study cannot effectively separate the effects
of shared environment factors (including in-utero exposure) from those of
shared genetic factors.

Swan and colleagues (1990) found heritability estimates to be high for
general cognitive functions but low for memory. Using the NHLBI Twin
study that included male twin veterans (mean age of 63) from the World War
IT and the Korean conflict, they estimated the heritability coefficient for [owa
Screening Battery for Mental Decline to be 0.30, while that for Digit Symbol
Substitution test from the Wechsler Adult Intelligence Scale, Revised was
0.67. This study illustrates again that there is likely to be high but variable
heritability across different cognitive domains. In a subsequent study, they
further dissected cognitive functions by adjusting for the effects of age and
education and found 79% of executive function to be explained by genetic
contribution (Swan & Carmelli, 2002). Executive functions, such as cooking
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and other goal-oriented behaviors, have been shown to decline with age.
These findings suggest that cognitive efficiency as well as rate of age-related
decline of cognitive and other related functions are highly heritable. In this
group of healthy elderly twins, greater efficiency and slower decline may
explain elevated shared genetic variance. Plomin and colleagues (1994) com-
bined twin and adoption study designs by comparing Swedish MZ and DZ
twins who were reared together against those who were reared apart (mean
age of 64.1). The authors also found heritability estimates of memory to be in
the range of 0.36-0.52. Processing speed measured by the Digit Symbol test
was shown to have the highest heritability estimate of 0.68. Spatial and verbal
ability had similarly high estimates in the range of 0.33 to 0.57 and 0.46 to
0.65, respectively. It is important to note that these studies require both twin
pairs to be willing to participate and to be healthy enough to complete one to
two hours of neuropsychological testing.

Studies of twin children

Cognitive function in children should reveal as much information about the
genetic contributions to cognitive reserve as that in elder cohorts. Genetic
studies of cognitive functions in childhood may provide better assessment of
genetic contributions in that they are less influenced by life-long exposures
to their environmental factors and, at the same time, minimize the impact
of healthy survivor effects. Surprisingly, genetic epidemiologic studies of
cognitive functions in children reveal somewhat lower and highly variable
heritability estimates. Thapar and colleagues (1994) examined 137 MZ and
127 DZ same-sex twins, aged between 6 and 13, from the Western Reserve
Twin Project and reported modest heritability estimates for memory. The
highest heritability estimate of 59% was observed for delayed memory (as
measured by SCA Picture Memory) and an estimate of 32% was observed for
immediate recall (as measured by SCA Names and Faces). Unlike the
study of MacClearn and colleagues in elderly twins (McClearn et al., 1997),
heritability estimates for Digit Span (0.49) and Picture Memory (0.59) were
not statistically significant, even though the sample size was comparable.
Other researchers find lower estimates of heritability across different
cognitive domains (Petrill, Luo, Thompson, & Detterman, 1996; Petrill,
Thompson, & Detterman, 1995).

Thompson and colleagues (2001) conducted a novel study integrating an
imaging technique with neuropsychological tests on a small number of twins
(10 MZs and 10 DZs). The authors showed that genetic factors contributing
to general cognitive function (maximal difference in brain activities between
MZs and DZs) were associated with brain regions in Broca’s and Wernicke’s
language areas, as well as the frontal brain region, which is associated with
general cognitive functions.

Marlow and colleagues (2001) computed heritability estimates as part of
their sibpair genome study. The authors studied 89 nuclear families with
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at least one pair of siblings who had a reading disability to determine
genetic contributions to reading disability. Heritability estimates for different
cognitive subdomains were highly variable, ranging from 0.32 to 0.73. To see
if there were major factors underlying numerous correlated subdomains,
the authors conducted a principal components analysis. The authors found
that general reading factor accounted for 54% of the phenotypic variance, a
general 1Q component 14%, and other factors were negligible. Another twin
study by Dale and colleagues (1998) reported that heritability estimates for
language ability in developmentally normal children were different from
those in developmentally delayed children. When children with the most sig-
nificant language delay (the lowest 5 percentile) were examined, heritability
explained 73% of the variance, and shared environment 18%. In develop-
mentally normal children, however, heritability explained 25% of the
variance and shared environment 69%. It is reasonable to conclude that, in a
small proportion of children who are most severely affected, putative genes
may explain reading disability. In developmentally normal children, genetic
contributions are weak, and language delay can be remedied.

These studies suggest that heritability increases (or is at least maintained)
with increasing age. Intuitively, the longer an individual lives, the greater
the opportunities (and cumulative effects) for environmental exposures to
influence the phenotype. Proportionally, the variance due to genetic factors
should decrease. Several possible explanations can be given for this paradox.
First, the increased heritability estimates may be explained by interactions
between shared genetic and environmental factors, and the contribution
from the interaction increases exponentially with age (another form of
effect). Second, shared environmental factors between twins decrease as they
age; therefore, twin studies in the elderly may be able to separate genetic
contributions from environmental contributions more effectively. In addition
to biological causes, there are numerous methodologic issues that introduce
variability in heritability estimates. First, not all neuropsychological instru-
ments measure cognitive functions with equal sensitivity and specificity, and
both sensitivity and specificity may be lower in children than in adults. Thus
assessment of cognitive performance will depend on test instrument. Second,
performances on neuropsychological tests are age-dependent. Even though
most tests provide age-specific norms, age-specific norms are difficult to
determine and are subject to sampling bias. Third, ascertainment bias has
to be considered when interpreting studies of the elderly, since only healthy
twin pairs or individuals who survive to a certain age and can complete the
neuropsychological tests are included in the study. Fourth, in addition to
interindividual variations, there is intraindividual variation of cognitive
functions as measured by repeat-testing ranges from 0.6 to 0.9 (Petrill et al.,
1995; Plomin et al., 1994; Thapar et al., 1994). Some of these non-differential
errors in measurements, such as intraindividual variation, can lower
heritability estimates. Lastly, heritability estimates are subject to violation of
the assumption of multivariate normality in the distribution of phenotypes,
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and differential skewness of the underlying distribution of genetic and
environmental variance can lead to bias in the estimates (Detterman,
Thompson, & Plomin, 1990; Falconer & Mackay, 1996). Despite these
methodologic difficulties, the results are remarkably consistent across
studies, showing modest to high heritability estimates for memory and related
cognitive functions.

Genes that influence cognitive reserve

To date, many animal studies have explored the molecular mechanisms under-
lying memory. Some studies have been carried out to identify and charac-
terize genes that contribute to those molecular mechanisms involving
memory. Yet little work has been done in humans, except for some work
in relation of memory impairment in AD. Below I discuss some of the
molecular genetics research that illustrates how genes contribute to inter-
individual variations in cognitive functions, then I discuss the genetics of
Alzheimer’s disease as a model of memory impairment.

Animal studies of cognitive function

Genoux Haditsch, Knobloch, Michalon, Storm, and Mansuy (2002) reported
that in mice, inhibition of the protein phosphatase 1 (PP1) gene reduced time
required for learning and slowed down memory loss. Further, the effect was
more pronounced in older mice, suggesting that PP1 activity accelerates age-
related memory decline. While the precise function of the PP1 gene is unclear,
Silva and Josselyn (2002) speculated that it may work by interfering with its
target cAMP response element binding protein (CREB), which is required for
memory formation, and inhibit formation of new proteins. Earlier work by
Yin, Del Vecchio, Zhou, and Tully (1995) and Josselyn, Shi, Carlezon, Neve,
Nestler, and Davis (2001) showed that disruption of CREB was associated
with a longer period of learning for tasks requiring long-term memory.

Williams, Strom, and Goldowitz (1998) conducted a quantitative trait loci
(QTL) study to localize chromosomal regions that explain the variance in the
number of neurons in mice. A significant linkage was found for Nncl located
on chromosome 11. This locus accounts for one third of the genetic variance
among the BXH strain and over one half in the BXD strain. The role of
Nncl appears to be specific in that it increased the number of ganglion cells,
but it was not linked to the weight of brain and eye, or to the total number of
retinal cells. For this gene to play a role in CR, it will be necessary to show
that Nncl influences cognitive performance or behavior in association with
an increased number of neurons.

Apolipoprotein E (APOE) appears to play a significant role in memory
impairment. APOE has three common polymorphisms (2, €3, and €4). It
increases risk of AD significantly, especially in Caucasians (Corder et al.,
1993; Farrer et al., 1997; Tang et al., 1998). In numerous studies, patients with
the APOE ¢4 allele were more likely to have AD and an earlier age of onset,
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compared with individuals without a copy of the &4 allele. The role of APOE
has been studied in transgenic mice that have been engineered to harbor a
human APP717 mutation. This mutation causes an early-onset, autosomal
dominant form of AD. APOE-deficient mice with the human APP717 muta-
tion deposit fewer AP plaques (Bales et al., 1999), and show less memory
impairment than wild type mice, compared with mice that express APOE and
the mutation, suggesting that APOE plays a role in clearance of AP plaques
(Dodart, Mathis, Bales, Paul, & Ungerer, 2000). A direct role of APOE
on impaired memory has been suggested by others (Dodart et al., 2000;
Gordon, Ben-Eliyahu, Rosenne, Sehayek, & Michaelson, 1996). Compared
with intact mice, APOE-deficient mice have lower synaptic density in
cholinergic, noradrenergic, and serotinergic projections to relevant brain
regions (Chapman & Michaelson, 1998) and perform worse in several types
of memory tasks (Buttini et al., 1999; Dodart et al., 2000; Raber et al., 1998).
Therefore, in animals, the ¢4 allele has a direct effect on memory in the
absence of AD.

Human studies of cognitive reserve

Several different human studies support a genetic contribution to cognitive
reserve. Some studies localized chromosomal locations that influence cogni-
tive function; many have explored the role of APOE as a candidate gene in
cognitive function; and others have examined the role of a gene in rare single
gene disorders that have cognitive impairment as one of their phenotypes.

Fisher and colleagues (1999) conducted the only systematic survey of the
genome to identify three loci on chromosome 4 that could potentially
contribute to general cognitive ability. They conducted a two-stage DNA
pooling approach to compare allele frequencies in children with high vs.
average intelligence (IQ), and identified three markers (D4S2943, MSX,
D4S1607). Further studies are needed to narrow down the chromosomal
regions, since it is not clear whether these three markers are the putative genes
or are located very close to (i.e., are in linkage disequilibrium) the causative
gene. No follow-up study of fine mapping is reported from this group.

A number of studies have examined the relation between APOE and
cognitive function (see a meta-analysis by Small, Rosnick, Fratiglioni, &
Backman, 2004). Some found age-related memory decline to be greater
among those with an APOE ¢4 allele compared with those without (Bunce,
Fratiglioni, Small, Winblad, & Backman, 2004; Deary et al., 2002; Haan,
Shemanski, Jagust, Manolio, & Kuller, 1999; Mayeux, Small, Tang, Tycko,
& Stern, 2001; Payami et al., 1997; Small et al., 2004; Wilson et al., 2002).
The association between the €4 allele and memory decline was strongest
for episodic memory. In contrast, Helkala and colleagues (1995) reported
that individuals with at least one copy of the €2 allele performed better on
learning and memory tests. However, they found no significant association
with the €4 allele. Stern and colleague (Stern et al., 1997) raised a different
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question. Among individuals with AD, do &4 carriers experience either
accelerated rate of memory decline or a higher risk of mortality, compared
with non-carriers? Surprisingly, they observed that the €4 carriers experienced
a less aggressive form of AD. For cognitive functions other than memory,
the relation was similarly inconsistent. Among non-demented individuals,
Mayeux and colleagues (2001) found no significant decline in visuospatial
and language functions in individuals with €4, whereas Wilson and colleagues
(2002) found APOE &4 to be associated with visuospatial ability and a uni-
formly rapid decline in all cognitive domains. Haan and colleagues (1999)
found the €4 allele to exacerbate the risk of dementia in the presence of
comorbid conditions, including peripheral vascular disease, atherosclerosis
of the common and internal carotid arteries, and diabetes. In addition, the
risk of dementia associated with the apolipoprotein &4 allele was found to
be greatest in individuals between 60 and 70 years of age, and the risk was
lower for older and younger age groups. G. W. Small and colleagues (2000)
extended the APOE-phenotype relation by evaluating the effect of APOE
using cerebral metabolic rate as a marker for cognitive decline in non-
demented individuals. Even though neuropsychological test scores for these
non-demented individuals did not significantly differ by their €4 allele status,
the authors observed significant decline in cortical metabolic rates among
those with at least one copy of the &4 allele.

Another candidate gene that is attracting the interest of geneticists is the
brain-derived neurotrophic factor (BDNF) gene. BDNF contributes to
survival, growth and maintenance of neuron development (Barde, 1994).
Animal studies have shown that activities that increase BDNF, such as
physical exercise, enhance hippocampal-dependent learning (Barde, 1994).
When BDNF action was inhibited, the learning and recall abilities of animals
were reduced. In a transfection experiment involving a functional poly-
morphism Val66Met (G196A) of BDNF, the authors observed that the val
allele was more effective in modulating BDNF-related changes compared
with the mer allele (Egan et al., 2003). Thus it would be of interest to see
whether genetic variants in BDNF lead to observable variation in cognitive
function in vive. Although the sample size was quite small (n = 64 healthy
adults), Hariri et al. (2003) observed that individuals with at least one copy
of the met allele had a lower level of hippocampal activity as measured by
fMRI during encoding and retrieval processes, compared with individuals
carrying two copies of val alleles. Further, individuals with the met performed
poorly in memory tests compared with those with two val alleles. Although
this study supports a role of the BDNF gene in some hippocampal activities,
this finding does not strongly support the hypothesis of cognitive reserve,
since those with the memory deficit (met carriers) would require a greater
level of cognitive processing than the normals (va/ carriers). In a case-control
study of late onset AD, Desai, Nebes, Dekosky, and Kamboh (2005) failed to
confirm the association with the Val66Met polymorphism. This discrepancy
can be due to the fact, unlike Hariri et al. who examined functional imaging
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data, Desai and colleagues examined AD and MMSE, which are likely to be
less sensitive to preclinical changes. Given the exploratory nature of these
studies, further studies are necessary.

To simplify the genetic complexity in cognitive reserve, some researchers
have studied single gene disorders as human models to understand the
genetics of cognitive functions. These genes can serve as candidate genes for
cognitive reserve in the general population. Mutations in three early onset
AD genes, namely presenilin-1 (PS1), presenilin-2 (PS2) and amyloid pre-
cursor protein (APP), are examples, since they are associated with individual
differences in cognitive impairment. In addition, mutations in PS1 were
associated with a wide range of phenotypic expressions, including variable
age at onset of AD and variable AP levels in individuals with AD (Athan
et al., 2001; Cruts, 2002; Laws et al., 2002). Thus variable cognitive impair-
ment can be studied using PS1 carriers. Similarly, Olson, Goddard, and
Dudek (2001) reported significant linkage between the APP gene and age
at onset in families with late onset AD, suggesting that the APP gene has
influence even among late onset AD.

Bond and her colleagues (2002) studied genetic contributions to a rare
form of microcephaly and reported a homozygous mutation that affects
cranial size. The mutation in the ASPM gene causes autosomal recessive
primary microcephaly in consanguineous northern Pakistani families. Indi-
viduals with the mutation had mild to moderate mental retardation but
lacked other clinical problems. In general, this gene is involved in mitotic
spindle activity in the central nervous system development. This gene is con-
served across species, and there appears to be a positive correlation between
protein size and brain size when human, M. musculus, D. melanogaster, and
C. elegans were compared.

One study examined cognitive impairment in hereditary spastic para-
paresis. Although this disorder is a neurodegenerative movement disorder,
affected individuals experience late onset cognitive impairment. Byrne,
McMonagle, Webb, Fitzgerald, Parfrey, and Hutchinson (2000) found a
putative haplotype at the SPG4 locus on 2p to be associated with cognitive
impairment. In five extended families, carriers of the putative haplotype
had lower scores on a set of cognitive functions (e.g., memory, orientation,
language expression, and comprehension) than non-carrier family members
and controls. Even the carriers who had not yet displayed the symptoms
of spastic paraparesis showed lower cognitive scores compared with the
controls. Gecz and Mulley (2000) reviewed genes that influence cognitive
function with emphasis on mental retardation and chromosome X.

Language impairment, in addition to learning and memory, provides
insight into the biology underlying cognitive function. Lai, Fisher, Hurst,
Vargha-Khadem, and Monaco (2001) confirmed that genetic factors contri-
bute to language impairment when they identified a mutation in FOXP2,
located on 7q31, as the cause of severe speech and language impairment in
individuals with normal intelligence. They extended this study by comparing
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sequences of this gene in normal humans with those in primates. Their evo-
lutionary genetics analysis revealed that the human FOXP2 sequence differed
from that in primates by one amino acid (Enard et al., 2002). This may
provide the first step in understanding how humans develop the ability to
speak. However, this mutation was not implicated in autism and other speech
impairments (Newbury et al., 2002). These studies illustrate that it is likely
that many genes contribute to a wide range of cognitive functions, including
memory, intelligence, and language.

Just as genetic factors can influence variations in endophenotypes (that
may eventually influence neurodegenerative diseases), it is also possible that
genetic factors can lower levels of cognitive reserve by accelerating the rate of
aging. One way to examing this possibility is to use telomere length as a
surrogate for biological aging (Brenner, 1997). Simply, as cells replicate (or
age), the length of telomere shortens until cellular apoptosis occurs. In our
earlier report (Honig, Schupf, Lee, Flores, Tang, and Mayeux, 2004), we
showed that among 205 randomly selected elderly, those who died during the
10 years of follow-up had significantly shorter telomere length ratios than
those were surviving (45.3 vs. 52.3, p = .01). Stratifying by AD diagnosis, we
found shorter telomere length ratio in AD subjects than in non-demented
subjects (45.8 vs. 54.9). Stratifying by both vital status and diagnosis,
telomere length was 25% shorter in the deceased AD cases than in the living
AD cases (40.1 vs. 534, p < .001); the difference in telomere length with
mortality was much less among non-demented. This suggests leukocyte
telomere length may relate to aging, as measured by mortality risk and AD
risk, but needs replication in the larger dataset.

Human studies of AD

Most of our understanding of the genetics of memory comes from genetic
studies of AD, and those studies have identified four genes. AD genes can be
considered a special class that influence memory or memory decline, and can
provide insight into the process of memory decline. Recent genetic linkage
studies identified some candidate genes and additional genomic regions that
support association with late onset familial AD. These genes, if confirmed,
are likely to enhance our understanding of how genetic factors contribute to
variations in cognitive functions, which may eventually lead to elevated or
lowered risk of neurological disorders such as Alzheimer’s disease.
Mutations in three genes, the APP gene on chromosome 21, PS1 on
chromosome 14, and PS2 on chromosome 1, are usually found in families
with an autosomal dominant pattern of disease inheritance beginning as
early as the third decade of life (St. George-Hyslop, 2000). Studies of mutant
genes from these families indicate that many lead to enhanced generation or
aggregation of AP that is subsequently deposited in the brain in the form of
neuritic plaques, suggesting a pathogenic role. Further, each APOE &4 allele
lowers the age at onset by several years (Corder et al., 1993). This common
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variant may influence the age at onset in some families with mutations in
the amyloid precursor protein gene (Levy-Lahad & Bird, 1996) and in
adults with Down syndrome who develop dementia as they age (Schupfet al.,
1996).

Three additional candidate loci for AD have been reported. Initially a
locus on chromosome 12 conferring susceptibility was reported by Pericak-
Vance and colleagues (1997). Subsequent confirmation of this finding has
been limited as many studies show strong linkage to 12p (Mayeux et al., 2002;
Pericak-Vance et al., 1997; Pericak-Vance et al., 2000; Rogaeva et al., 1998;
Wu et al., 1998). However, this candidate region was approximately 40 cM,
aregion far too broad for gene identification. The observed variation is likely
to be due to locus heterogeneity and clinical heterogeneity. As a support,
Scott et al. (2000) showed that some AD patients who have Lewy bodies as
well as plaques and tangles may represent a distinct subset with different
genetic factors contributing to their AD. Similarly, chromosome 10 has
been of interest to many groups (Bertram et al., 2000; Blacker et al., 2003;
Ertekin-Taner et al., 2000; Lee, Mayeux, et al., 2004; Li et al., 2002; Myers
et al., 2000). Initially, three studies reported strong support for a candidate
gene on 10q (81 cM) with both Alzheimer’s disease (Bertram et al., 2000;
Myers et al., 2000) and variation in AP level in plasma of family members
(Ertekin-Taner et al., 2000). Subsequently, three genes—PLAU gene which
encodes urokinase-type plasminogen activator (Ertekin-Taner et al., 2005);
VR22 which encodes alpha-T catenin (Ertekin-Taner et al., 2003), and
glutathione S-transferase, omega-1 (Li et al., 2003)—have been implicated,
but not yet confirmed in independent datasets. Lastly, Pericak-Vance
and associates have identified a locus on chromosome 9p with linkage to
Alzheimer’s disease restricted to a series of families in whom the diagnosis
was confirmed by post-mortem examination (Pericak-Vance et al., 2000).

Use of endophenotypes such as Ap and memory scores will improve the
capacity of genetics as a means to understand the pathobiology of AD
(Ertekin-Taner et al., 2000; Lee, Mayo, et al., 2004). More importantly, it is
also possible to further explore the pathobiology underlying memory decline
by examining how a given gene is related to Ap and memory decline.

In sum, researchers are beginning to localize and identify potential genes
that influence memory, memory decline, intelligence and language. Findings
from animal studies, human studies, and studies of AD, need to be inte-
grated. Mutations in the AD genes—PS1, PS2, and APP—cause memory
decline in early onset AD patients. APOE appears to have significant influ-
ence on memory as well as in AD among healthy elders. Other candidate
genes—such as genes that cause human single gene disorders that have a
memory part of the phenotypes, candidate genes from genome wide searches
of familial Alzheimer’s disease, as well as those from animal studies that
control the number of neurons—need to be explored together to better
understand CR.



2. Cognitive reserve and genetics 23
Environmental and cultural influences on cognitive reserve

The main objective in studies of cognitive reserve is to understand the vari-
ability in cognitive function in response to brain insult from environmental
risk factor. As in most non-Mendelian traits, environmental factors will
influence cognitive functions in conjunction with genetic factors. Therefore, it
is necessary to understand how gene together with environment influence
cognitive function. Studies have shown that environmental and cultural
influences contribute to memory and other cognitive functions (Manly et al.,
1998; Stern, Albert, Tang, & Tsai, 1999; Stern et al., 1994; Unverzagt, Hui,
Farlow, Hall, & Hendrie, 1998). Educational and occupational attainment
have been cited as the most important examples. However, additional risk
factors, including severe head injury, estrogen deficiency, diet, AIDS, syphilis,
toxic encephalopathy, contribute to memory impairment (Kawas &
Katzman, 1999). The phenotypic manifestation of the gene—environment
interaction can be differential risk or differential rate of progression. Here
I introduce three environmental or host risk factors, namely head injury,
estrogen and diet, in the context of gene—environment interaction.

Head injury

Head injury has been known to increase the likelihood of AD (Heyman,
Wilkinson, Stafford, Helms, Sigmon, & Weinberg 1984; Mayeux et al., 1995;
Mayeux et al., 1993; Mortimer, French, Hutton, & Schuman, 1985; van Duijn
et al., 1992), and it may work by increasing deposition of AB (Roberts,
Gentleman, Lynch, Murray, Landon, & Graham, 1994). The risk of memory
impairment following head trauma varied by the individual’s ability to clear
amyloid or by the propensity for accumulating AB. Mayeux and colleagues
(1995) observed that the risk of AD following head injury varies with the
presence or absence of apolipoprotein €4 allele. Those with an ¢4 allele
had a 10-fold increased risk of having AD following head injury compared
with those without. The &4 allele may slow down clearance of A in the
brain. However, it is unclear as to whether the head injury has to occur
immediately prior to dementia or not, and how severe the injury has to be.
It would be more informative to examine rate of memory decline associated
with head injury in a longitudinal study. Certainly, genes involved in AP
production will also interact with these insults.

Estrogen

Estrogen plays an important role in the normal maintenance of brain
function in the hippocampus and the basal forebrain. Estrogen may delay
cognitive decline through maintenance of cholinergic neurons, stimulation
of acetylcholine activity and the formation of synapses and dendritic spines,
antioxidant effects, and slowing accumulation of AB (McEwen & Alves,
1999).
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In ovariectomized rats, estrogen replacement therapy (ERT) increased
cholinergic activity and improved performance in memory tasks compared
with estrogen-deprived rats (Singh, Meyer, Millard, & Simpkins, 1994). In
guinea pigs, ovariectomy led to increased levels of AP peptides AB1-40 and
AB1-42 in the brain and the effect was partially reversible with exogenous
estrogen treatment (Petanceska, Nagy, Frail, & Gandy, 2000).

In human observation studies, however, the relation between estrogen
in postmenopausal women and memory and other cognitive functions
appears ambiguous. Several studies showed slower declines in memory
and other cognitive functions with the use of estrogen, hormonal replace-
ment therapy, or high serum concentrations of non-protein-bound estradiol
(Jacobs et al., 1998; Kawas et al., 1997; Tang et al., 1996; Yaffe, Lui,
Grady, Cauley, Kramer, & Cummings, 2000), while other studies did not
show any significant improvement (Barrett-Connor & Goodman-Gruen,
1999; Barrett-Connor & Kritz-Silverstein, 1993; Yaffe, Sawaya, Lieberburg,
& Grady, 1998). Further, randomized controlled clinical trials of ERT in
women with moderate to severe AD have failed to show cognitive improve-
ment. It may be that the major effect of estrogen is to delay onset rather than
reverse cognitive and functional decline (Henderson et al., 2000; Mulnard
et al., 2000), and the ERT may require early or longer exposure for it to be
effective.

Some of the observed variations in estrogen influence may be due to
underlying genetic variations. Yaffe, Haan, Byers, Tangen, and Kuller (2000)
found that ERT/HRT was protective for cognitive decline only in women
without an APOE &4 allele. In the brain, two estrogen receptors, ERa and
ERp, have been identified (McEwen & Alves, 1999). Two polymorphisms
Pvull (P and p) and Xbal (X and x) in ERa, have been reported to influence
APOE synthesis and beta amyloid metabolism. Having at least one copy of
homozygous PP or XX was associated with earlier onset of menopause (Weel
et al., 1999) or increased risk for AD (Brandi et al., 1999; Isoe-Wada et al.,
1999; Ji, Urakami, Wada-Isoe, Adachi, & Nakashima, 2000). The increased
risk of AD associated with ERa PP and XX genotypes was greater in those
with an €4 allele than in those without (Brandi et al., 1999; Ji et al., 2000;
Mattila et al., 2000). Moreover, ER3 was reported to be involved in
hippocampal formation, entorhinal cortex, and thalamus. In a small post-
mortem study, reduced ERp mRNA was associated with increased risk of
depressive symptoms (Ostlund, Keller, & Hurd, 2003).

Diet

Reduced caloric intake (RCI) has been shown to influence aging for the past
70 years (Koubova & Guarente, 2003; Lee, Klopp, Weindruch, & Prolla,
1999; Mattson, 2003b). The supporting evidence has been coming primarily
from animal models. Recent epidemiologic studies are beginning to show that
RCI, by the means of reduced oxidative stress, is associated not only with the
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aging process itself, but also with a number of common neurodegenerative
diseases (Luchsinger & Mayeux, 2004; Luchsinger, Tang, Stern, Shea, &
Mayeux, 2001; Mattson, 2003b). Some suggested that malnutrition, par-
ticularly at an early age, can increase the likelihood of cognitive deficit later
in life (Bauer, Boschmann, Green, & Kuehnast, 1998; Bryan, Osendarp,
Hughes, Calvaresi, Baghurst, & van Klinken, 2004), and deficiencies in these
micronutrients are quite common in developing countries (Sharmanov,
1999). For example, 62.8% of the children age 2-15 surveyed in Kazakhstan
had severe folic acid deficiency (Sarbayev, Kudaibergenov, Chuyenbekova, &
Imanbayev, 1999). It has been reported that deficiencies in folic acid, vitamin
B12, and vitamin B6 can lead to elevated homocysteine levels, and may lead
to eventual late-age cognitive impairments (Auer, Lamm, & Eber, 2004;
Duthie, Whalley, Collins, Leaper, Berger, & Deary, 2002; Luchsinger &
Mayeux, 2004; Mattson, 2003a). Further, life expectancy in these developing
countries is increasing rapidly, such that cognitive aging will become a signifi-
cant public health burden. For this purpose, it would be powerful to compare
populations that experience extreme ends of the distribution of nutritional
exposure. [t would be even more powerful if populations from a single genetic
background are utilized. To this end, migrant studies, such as the Korean
diaspora study (Terwilliger et al., 2002) and the Ni-Hon-San study of
Japanese Americans (Benfante, 1992), can provide an effective means to look
into this complex biological process.

Future directions

There is strong evidence that genetic variation accounts for a significant pro-
portion of cognitive variation, supporting the phenomenon of cognitive
reserve. Thus the genetic approach can enhance our understanding of
cognitive reserve. Fundamentally, this can be achieved by clarifying geno-
type—phenotype relations. Recent advances in biotechnology have made
tremendous improvements in developing cost-effective and accurate methods
of identifying genes. Progress has also been made at the phenotypic
end, where better characterization of phenotypes is possible via imaging
techniques and newly discovered biomarkers. At the same time, it is necessary
to design the study that will provide optimal power to test the hypothesis.
Only when all three factors are taken into account and methods integrated,
will it be possible to understand the complex neuronal networks involved
in CR.
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3 Lifetime antecedents of cognitive reserve

Marcus Richards, Amanda Sacker, and Ian J. Deary

Brain reserve capacity, or cognitive reserve is thought to provide a threshold
below which cognitive decline or impairment, during normal aging or
through insult to the central nervous system (CNS), begins to impact on daily
living. Structural, passive reserve, or “brain reserve capacity,” focuses on the
protective potential of anatomical features such as brain size, neural density,
and synaptic connectivity (Katzman, 1993), whereas functional, active or
“cognitive” reserve emphasizes efficiency of neural networks and active
compensation by alternative or more extensive neural networks following
challenge (Stern, 2002, 2003). Both approaches, however, imply a graded
neural substrate that is capable, by degree, of protecting against the func-
tional consequences of neuropathology (Richards & Deary, 2005). An
important task in cognitive epidemiology is to understand how this sub-
strate develops across the life course. Before we approach this task, however,
it is worth asking what it means to say that reserve protects against the
functional consequences of neuropathology. In the context of clinical
dementia function is usually equated with activities of daily living (ADL)
(American Psychiatric Association, 1994). However, it would be unwise to
place too much emphasis on ADL as an index of underlying neuropatho-
logical severity since, in practice, the stage at which ADL are likely to be
classified as impaired will be at least partly determined by extra-biological
factors, such as availability and uptake of clinical services, level of social
capital, social and cultural norms, and so forth. Furthermore, education,
occupation and lifestyle may interact with this social determination,
independently of their effects on the brain.

A more tractable, empirical approach would be to equate function with
measured cognitive performance, while acknowledging that it is just one of
the effects that determine ADL (Richards & Deary, 2005). In this way, the
concept of reserve may become a viable model of cognitive aging, and
the task of cognitive epidemiology in this context therefore becomes one of
understanding how mature cognitive function develops across the life course
(Richards & Deary, 2005).

In this chapter, we highlight two comprehensive models that we hope will
advance this task. The first was developed by Richards and Sacker (2003),
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and is a simple structural model that encompasses paths from parental
origins to peak mature cognitive ability in adulthood, via own early cognitive
ability and subsequent own socioeconomic attainment. The second model
was proposed by Richards and Deary (2005), and suggests how cognitive
reserve may develop in a wider life course framework that includes morbid as
well as normal function.

A simple path model of mature cognitive ability

First, we turn to the structural model of Richards and Sacker (2003), which
encompasses paths from parental origins to peak mature cognitive ability.
Peak mature ability may be difficult to capture, however, since cognitive func-
tion can be augmented over the adult years (Rabbitt, 1993; Schaie, 1996;
Anstey & Christensen, 2000), against a background of age-associated decline
(Schaie, 1996). One solution is to use a measure of ability that represents
accumulated experience, but is relatively resistant to decline, therefore pro-
viding a “high water mark” for cognitive ability at any time in the adult life
course. Measures of so-called crystallized intelligence, defined by Carroll
(1993) as “a type of broad mental ability that develops through the ‘invest-
ment’ of general intelligence into learning through education and experience”
(p. 599), are optimal in this respect. For example, the National Adult Reading
Test (NART: Nelson & Willison, 1991) is a pronunciation test, where the words
are chosen to violate conventional grapheme-phoneme correspondence
rules, and are therefore unlikely to be read correctly unless the reader is
familiar with them in written form, rather than relying on intelligent guess-
work (Nelson & Willison, 1991). It therefore represents a cognitive skill that
depends on the accumulation and use of information. Since this mainly
involves recognition, the NART arguably makes minimal demands on
processing capacity, and should therefore be relatively insensitive to age-
associated decline (Salthouse, 1996), a suggestion for which there is support
(Rabbitt, 1993). The NART can be used as a brief measure of general ability,
and indeed predicts full-scale IQ (Crawford, Stewart, Parker, Besson, & De
Lacey, 1989; Nelson & Willison, 1991).

If the NART provides a working measure of cognitive reserve, what are its
major determinants across the life course? Influences on cognitive ability
begin with the uterine environment (Barker, 1998; Welberg & Seckl, 2001),
and the heritable component of 1Q (Plomin, 1999), but many factors that
determine early cognition are subsumed under the umbrella of parental
social background. The effect of parental occupational social class on
cognition is evident by 22 months (Feinstein, 2003), and is detectable at least
as far as late middle age (Kaplan, Turrell, Lynch, Everson, Hekala, &
Salonen, 2001). However, the paths through which parental background
influences cognitive reserve are still unclear.

Historically, cognitive reserve has been strongly linked to education,
and there are numerous studies showing the protective effect of this variable
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on cognitive aging (e.g. Evans et al., 1993; Stern, Gurland, Tatemichi, Tang,
Wilder, & Mayeux, 1994; White et al., 1994; Geerlings, Schmand, Jonker,
Lindeboom & Boulter, 1999, but see Christensen, Hofer, Mackinnon,
Korten, Jorm, & Henderson, 2001). Indeed, a recent study showed that the
influence of paternal occupation on midlife cognition was mediated by own
educational attainment (Kaplan et al., 2001), although it is worth noting that
a portion of the variance attributed to educational attainment may be
explained by cognitive ability, which, in turn, has a genetic component
(Plomin, 1999). Another crucial mediator is cognitive development itself.
Low intellectual ability is a risk factor for cognitive decline (Schmand, Smit,
Geelings, & Lindeboom, 1997), a risk that has been traced back through
early adulthood (Snowdon, Kemper, Mortimer, Greiner, Wekstein, &
Markesbery, 1996) to childhood (Whalley, Starr, Athawes, Hunter, Pattie,
& Deary, 2001). In fact an early path analysis failed to show independent
effects of paternal education and occupation on adult cognitive ability when
own education and childhood cognitive ability were included (see Snow &
Yalow, 1982). Furthermore, whatever the direct or indirect role of parental
occupation, own adult occupation may also be important, since low occu-
pational attainment is a risk factor for age-associated cognitive decline
(Dartigues et al., 1992; Stern et al., 1994; Bonaiuto et al., 1995; Callahan,
Hall, Hui, Musick, Unverzagt, & Hendrie, 1996, but see Jorm et al., 1998;
Helmer et al., 2001). The paths through which cognitive reserve is shaped
by even this small set of fundamental variables are therefore likely to be
complex.

A simple model that highlights links between these variables used data
from the U.K. Medical Research Council National Survey of Health and
Development, also known as the British 1946 birth cohort (Richards &
Sacker, 2003). This prospective birth cohort study followed a representative
sample of the UK. general population from their birth in 1946, and
repeatedly obtained demographic, medical and psychological information on
its members through midlife. Path analysis was used to assess the relative
contribution of paternal occupation, childhood cognition, educational
attainment, and adult occupation to cognitive ability at 53 years. For
simplicity, paths to the NART only are summarized in this chapter, although
the interested reader is referred to Richards and Sacker (2003) for details of
paths to verbal memory and visual search speed at the same age.

The MRC National Survey of Health and Development (NSHD) is a
socially stratified birth cohort of 2548 women and 2814 men, followed up
20 times between their birth during one week of March 1946 and the age of
53 years (Wadsworth, 1991). At 43 years, the population interviewed were
representative, in comparison with census data, of the British population of
that age in most respects (Wadsworth, Mann, Rodgers, Kuh, Hilder, & Yusuf,
1992). Exceptions were an over-representation among non-responders of the
never married, the least literate, those always in manual social class circum-
stances, and those with psychiatric disturbance. By age 53 years permanent
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losses comprised 469 (8.7%) deaths, and 640 (11.9%) refusals, and temporary
losses were 639 (11.9%) emigrations or residence overseas and 580 (10.8%)
failures to contact. Since large-scale Commonwealth immigration to Britain
did not begin until the late 1940s, the ethnic composition of this birth cohort
is entirely white European.

Paternal occupation was assigned according to the Registrar General sys-
tem (OPCS, 1970), classified as professional, managerial, intermediate,
skilled manual, semi-skilled manual, and unskilled, when the participant was
aged 11 years or, if this was unknown, occupation at 4 years or 15 years. At
8 years cohort members took tests of verbal and non-verbal ability devised
by the National Foundation for Educational Research (Pigeon, 1964),
and administered by teachers or other trained personnel. These tests were:
(1) reading comprehension (selecting appropriate words to complete 35
sentences); (2) word reading (ability to pronounce 50 words); (3) vocabulary
(ability to explain the meaning of these 50 words); and (4) picture intelligence,
consisting of a 60-item non-verbal reasoning test. Scores from these tests
were summed to create a total score representing overall cognitive ability
at this age. The highest educational or training qualification achieved by
26 years was classified by the Burnham scale (DES, 1972). From this scale
they were grouped into no qualification, below ordinary secondary qualifica-
tions (vocational), ordinary secondary qualifications (“O” levels and their
training equivalents), advanced secondary qualifications (“A” levels and their
equivalents), or higher qualifications (degree or equivalent). Own current or
last occupation by age 43 years was measured using identical categories to
those for paternal occupation.

The path model contained three components: (1) paths from paternal
occupation to childhood cognitive function, education and own occupation;
(2) simultaneous paths from these variables to the cognitive outcome
(NARTY); and (3) paths within childhood cognition, education and occupa-
tion; that is, from childhood cognition to educational attainment and adult
occupation, and from educational attainment to adult occupation. A par-
ticular hypothesis examined was that the entire effect of father’s occupation
was entirely mediated through childhood cognitive function, educational
attainment, and own occupation.

The analysis was carried out using the latent variable modeling program
AMOS 4.01 (Arbuckle, 1999). The estimation method of choice in most
latent variable modeling programs is maximum likelihood. The AMOS pro-
gram also employs maximum likelihood estimation based on incomplete
data, i.e., the full information maximum likelihood (FIML) approach. FIML
is preferable to estimation based on complete data, i.e., the list-wise deletion
(LD) approach, since FIML estimates tend to be less biased and more reliable
than LD estimates, even when the data deviate from missing at random and
are non-ignorable (Arbuckle, 1996).

Figure 3.1 shows the path model. The numerical values refer to standard-
ized regression weights. All paths are statistically independent.
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Figure 3.1  Major lifetime antecedents of cognitive reserve in the British 1946
birth cohort (adapted from Richards & Sacker. 2003).

Although a direct path from father’s occupation to the NART was sig-
nificantly different from zero, this path is substantially unimportant (r = .05),
and is not considered further.

Three independent indirect pathways from paternal occupation were
found. Of these, the strongest led to childhood cognition, followed by that to
educational attainment, then that to own occupation. Of particular interest
are the independent paths from childhood cognitive ability, educational
attainment and occupational attainment to the NART. The path from child-
hood cognitive ability was the strongest, and that from occupational attain-
ment was the weakest. Other notable features of the model are the strong
path from cognitive ability to educational attainment, and the relatively weak
path from cognitive ability to occupational attainment. As expected, there
is a strong internal path from educational attainment to own occupation,
since level of occupation is largely dependent on level of educational
qualification.

It should be acknowledged that the structure of this model is unlikely to
be invariant over time or across cultures. Indeed, it is almost certain to vary
across different socioeconomic and sociocultural environments. Instead of
constituting a limitation, 1t is hoped that this fluidity will lead to deeper
understanding of cognitive reserve and its determinants through carefully
planned comparative research. With this issue in mind, the paths to cognitive
reserve via childhood cognition, education and occupation are now con-
sidered in detail.

Concerning the path via childhood cognition, previous studies have
reported an association between cognition in later life and cognition in
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childhood (Deary, Whalley, Lemmon, Crawford, & Starr, 2000) and early
adulthood (Plassman, Welsh, Helms, Brandt, Page, & Breitner, 1995;
Snowdon et al., 1996). The Richards and Sacker (2003) model described
above shows that this path receives a substantial initial input from parental
social class. A proportion of the variance of this input is almost certainly
accounted for by genetic factors, since there is evidence of a strong heritable
component to general cognitive ability (Plomin, 1999). In addition, environ-
mental effects of parental background on cognition are demonstrated by
evidence that social advantage can benefit cognitive development independ-
ently of biological origin (Schiff & Lewontin, 1986; Capron & Duyme, 1989),
although evidence from twin and adoption studies suggests that the effect
of shared family environments on cognition, while appreciable in early
childhood, is overshadowed later in the life course by genetic influence (e.g.
Petrill, Pike, Price, & Plomin, 2004; Deater-Deckard, Petrill, Thompson, &
DeThorne, 2005; Loehlin, Horn, & Willerman, 1997). Care should be taken,
furthermore, in considering the ways in which parental social class exerts
an environmental influence on cognitive development. There is a range of
possible mediators, including economic conditions (Duncan, Brooks-Gunn,
& Klebanov, 1994), school social composition (Sacker, Schoon, & Bartley,
2002), health (Douglas, 1964; McKeown & Record, 1976; Kramer, Allen, &
Gergen, 1995), nutrition (Koletzko et al., 1998) and maternal depression
(Weinberg & Tronick, 1998). The influence on cognitive development of at
least some factors, however, such as material home conditions (Douglas,
1964), parental encouragement (Douglas, 1964), and the home linguistic
environment (Tizard, Hughes, Carmichael, & Pinkerton, 1983; Tizard &
Hughes, 1984), is not necessarily explained by social class. More complex
issues, such as parent—child reciprocity, the variety and meaningfulness
of their content, and the active role taken by the child, may need to be taken
into account before the influence of parental input on cognition can be fully
understood (Rutter, 1985).

The second path to midlife cognition in the Richards and Sacker model,
that via educational attainment, is easier to conceptualize, since there is
clear evidence that schooling per se can lead to cognitive gains, even in late
adolescence (Rutter, 1985). Indeed, earlier data from the 1946 birth cohort
show that academic performance of the primary school (i.e., its record in
sending pupils to selective secondary schools) was predictive of increased
cognitive performance (Douglas, 1964). Furthermore, it has been shown in
the British 1958 birth cohort that the academic performance of the school
is one of the major contributors to social class differences in childhood
cognitive function (Sacker et al., 2002). As with the home, the effect of
schooling is not simply a matter of input. In addition to their teaching skills,
schools with good scholastic performance tend to promote efficient learning
through a variety of factors, including good classroom management,
the aiding of high morale, appropriately high teacher expectations, and the
fostering of pupils’ commitment to educational goals (Rutter, 1985).
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The third path to midlife cognition in the Richards and Sacker model,
that via adult occupation, is the weakest, and perhaps the least explored.
However, several studies show that high occupational attainment can protect
cognitive function in adult life (Dartigues et al., 1992; Stern et al., 1994;
Bonaiuto et al., 1995; Callahan et al., 1996). An important point in this
context is that neuronal plasticity and development are by no means confined
to early life. In a striking demonstration, London taxi drivers, who are
required to undertake intensive navigational study of the city as part of their
training, show significantly larger posterior hippocampi than controls, the
size correlating with amount of occupational experience (Maguire et al.,
2000). We should note that the classification of occupation in terms of social
class (according to the Registrar General system) is relatively crude, and gives
few clues as to the specific occupational skills that benefit cognition. This
issue warrants further investigation. Again, the model showed paths from
paternal occupation to own occupation, independent of childhood cognition
and educational attainment, consistent with an earlier analysis (Snow &
Yalow, 1982). In addition to the direct effects of occupation on cognition,
possible mechanisms underlying this relationship include cultural factors
such as the occupational aspirations of parents and children, and greater
opportunities for financial aitd and social influence among more advantaged
families. It should be noted, however, that these paths were weak in the
Richards and Sacker model, consistent with some previous studies (Jorm
et al., 1998; Helmer et al., 2001).

A life course model of cognitive reserve

A long-term goal is to develop a more comprehensive life course model of
cognitive reserve. To this end, Figure 3.2 shows the second model highlighted
in this chapter, that proposed by Richards and Deary (2005).

At the center is pre-morbid cognitive ability, which modifies (path a) the
clinical expression (path b) of disease that is influenced by CNS lesions. The
major proximal input into pre-morbid cognitive ability comes from brain size
and function, based on structural neural network complexity (Satz, 1993),
and functional processing capacity and efficiency (Stern, 2002, 2003). Influ-
encing brain size and function are a range of more distal factors (path c),
beginning with genes (Deary et al., 2002; Hassan et al., 2002; Wilson, Bienia,
Berry-Kravis, Evans, & Bennett, 2002; Deary et al., 2004) and pre-natal
exposures (Barker, 1998; Seckl, 1998). In regard to the latter, a positive
association between birth weight, representing fetal growth, and cognitive
development is well established in the normal population (Sorensen, Sabroe,
Olsen, Rothman, Gillman, & Fischer, 1997; Matte, Bresnahan, Begg, &
Susser, 2001; Richards, Hardy, Kuh, & Wadsworth, 2001; Shenkin, Starr,
Pattie, Rush, Whalley, & Deary, 2001; Jefferis, Power, & Hertzman, 2002;
Shenkin, Starr, & Deary, 2004), although factors that modify this association
are yet to be clarified (Richards, in press). Early post-natal influences include
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Figure 3.2 A proposed life course model of cognitive reserve (from Richards &
Deary. 2005). a. Cognitive reserve is represented by peak pre-morbid
cognitive ability. b. Cognitive reserve modifies the clinical expression of
CNS lesions. ¢. Cognitive reserve is influenced by many factors across
the life course. d. These same factors influence the accumulation of
CNS lesions. ¢. CNS lesions in turn damage brain size and function.
f. There are also factors other than CNS lesions that affect disease
(especially dementia) expression.

birth order {(Belmont & Marolla, 1973), nutrition {Anderson, Johnstone, &
Remley 1999; Koletzko et al., 1998), material home conditions {Douglas,
1964), physical growth (Richards, Hardy, Kuh, & Wadsworth, 2002; Pearce,
Deary, Young, & Parker, 2005), physical health (Douglas, 1964; Kramer
et al., 1995), and parental encouragement (Douglas, 1964). These influencing
factors then extend to the major inputs of education, occupation and the
adult socioeconomic environment, to physical health, health behaviors, and
degree of engaged lifestyle activity. As already noted, neuronal plasticity
permits cognitive reserve to be enhanced or maintained during the adult
years. Factors associated with cognitive benefit during maturity include
physical activity (Albert et al., 1995; Carmelli, Swan, LaRue, & Eslinger,
1997; Kramer et al., 1999; Richards, Hardy, & Wadsworth, 2003), nutrition
(Gale, Martyn, & Cooper, 1996; Jama et al., 1996; La Rue, Koehler, Wayne,
Chiulli, Haaland, & Garry, 1997), and social and intellectual engagement
(Arbuckle, Gold, Andres, Schwartzman, & Chaikelson, 1992; Bassuk, Glass,
& Berkman, 1999; Hultsch. Hertzog. Small, & Dixon, 1999), although the
causal direction of these associations is not always clear (Hultsch et al.,
1999). These factors are themselves linked to early determinants, so patterns
of risk and protection are likely to accumulate across the life course. For
example, adult physical health is influenced by childhood health (Kuh & Ben
Shlomo, 1997), and propensity towards active lifestyle shows antecedents in
childhood (Kuh & Cooper, 1992).
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Two further points are important to make. First, although much of the
neuropathology highlighted in the CNS lesions box in Figure 3.2 is associated
with later life, the model is capable of application to earlier phases of the
life course. For example, it might apply to protection against the cognitive
effects of head injury at any age. Second, it is important to emphasize that
influencing factors not only determine cognitive ability at any given age, but
also are capable of augmenting ability (or protecting it from decline) over
time. That is, taking prior ability into account, the signature of the accrual of
reserve is the identification of something that adds variance to later cognitive
function. For example, education and occupation are positively associated
with mature ability, even after taking childhood ability into account, as
shown in Figure 3.1 (Richards & Sacker, 2003); physical exercise is associated
with slower cognitive decline in midlife after taking adolescent ability into
account, as well as educational and occupational attainment, and cardio-
respiratory function (Richards et al., 2003). Occupation contributes signifi-
cant variance in fluid reasoning in old age after childhood ability and white
matter lesions are taken into account (Staff, Murray, Deary, & Whalley,
2004). As these latter authors suggest, “reserve should account for significant
variance in the cognitive outcomes in old age after adjusting for variance
contributed by childhood mental ability and burden. In other words, possess-
ing some reserve means that one’s cognitive score is greater than would be
predicted from the person’s childhood ability and the amount of overt,
accumulated burden”™ (p. 1192).

Note that there are paths connecting the Influencing factors to Brain
structures (path c) and to CNS lesions (path d). For example, poor education
may not only inhibit optimal brain development, but may also lead to
increased risk of cerebrovascular damage, via cardiovascular disease and
diabetes (Roman, Erkinjuntti, Wallin, Pantoni, & Chui, 2002), exacerbated
by negative health behaviors such as sedentary lifestyle, poor diet and
smoking (Meyer et al., 1999; Starr et al., 2004; Taylor et al., 2003). As already
noted, from the perspective of dementia, brain reserve and neuropathology
are regarded as fully independent entities; there is no suggestion that educa-
tion protects against the acquisition of AD neuropathology, only against its
clinical expression. If, however, the model is broadened to address a range
of CNS pathologies, particularly cerebrovascular disease, but also injury
and toxic or metabolic disruption, it is clear that this independence is not
sustainable.

This, however, raises a difficulty for the concept of cognitive reserve. Note
that CNS lesions by definition damage brain size and function, as represented
by path e in Figure 3.2. If brain size and function are the major proximal
determinants of peak pre-morbid cognitive ability, then the model is capable
of working in a negative circular manner. That is, negative influences on
brain size and function, such as low educational and occupational attain-
ment, are also risk factors for the development of CNS lesions, which in turn
can deplete cognitive reserve and lower protection against their clinical
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expression. However, only certain cognitive domains, particularly “fluid”
skills requiring effortful information processing, are likely to be vulnerable
to the effects of CNS damage. Crystallized ability, on the other hand, is
not only resistant to age-associated decline but is also capable of being
augmented across the adult life course (Rabbitt, 1993; Richards & Sacker,
2003), and is to some extent robust to the effects of frank neuropathology
(McGurn et al., 2004), although it does eventually decline with increasing
severity of dementia (Taylor, 1999; Cockburn, Keene, Hope, & Smith,
2000). This recapitulates the issue raised in the presentation of the path
model of Richards and Sacker (2003) above, that measures of crystallized
intelligence provide the optimum opportunity to capture peak mature
cognitive ability, in terms of cognitive reserve. The question of whether
preserved crystallized ability in the face of impaired fluid ability is sufficient
to protect against the clinical expression of neuropathology is a matter for
further debate.

Conclusions

The concept of reserve has proved to be heuristic in neuroscience, as a poten-
tial mechanism to explain why diseases of the CNS that affect cognition are
less likely to be detected, and less likely to impair daily function, in some
individuals than in others. However, since disease detection and perceived
functional capacity are partly determined by factors that are independent of
the individual, the most important focus for reserve theory should arguably
be cognitive function itself. This is not a new idea. Indeed, Stern (2003)
has argued that an active approach to reserve is equally viable for normal
cognitive function as it is for explaining the clinical manifestations of disease.
Our suggestion is to extend this further by allowing the reserve model to
apply across the life course, to cognitive development in childhood, as well as
to adulthood and later life, recognizing that cognitive ability is modifiable
at all stages of the life course. We suggest that cognitive reserve reflects the
combined influence of factors that promote physical and mental health
across the life course, that in turn enhance and maintain neural integrity.
Rather than an entity that is fixed during development, cognitive reserve
represents a dynamic process in development and aging, with crucial implica-
tions for cognitive function in later life. We close with one further thought;
our life course approach highlights an important distinction—that between
reserve factors, i.e., the class of processes and events that affect reserve and its
indicators, and reserve per se. The latter is the biological instantiation of
the construct, by far the most interesting and enigmatic aspect of the entire
approach that is cognitive reserve theory.
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4 Brain reserve capacity, cognitive reserve
capacity, and age-based functional
plasticity after congenital and
acquired brain injury in children

Maureen Dennis, Keith Owen Yeates,
H. Gerry Taylor, and Jack M. Fletcher

An intrinsic property of any brain, mature or immature, intact or injured,
is to learn and to change. In a perfectly malleable brain, any brain lesion
would be followed by structural and functional changes sufficient to restore
or maintain function. Such is not the case, and the response to brain lesions
is often incomplete or maladaptive. More important, the functional outcome
of brain insult in both children and adults is usually predictable for groups
but variable for individuals. In adults, individual differences in functional
outcome have been explained by the construct of reserve capacity (Katzman,
1993; Satz, 1993; Stern, 2002), which encompasses both the passive capacity
of the brain (brain reserve capacity, BRC) and the active capacity in the
individual (cognitive reserve capacity, CRC) that maintain function after
brain insult.

BRC is not directly observed, but is rather a hypothetical construct refer-
ring to a critical or threshold level of brain size, synapse count, or the like,
with functional deficits occurring when the pathology burden is such that the
brain substance is reduced below a critical level. In some formulations of
BRC (e.g., Satz, 1993), the idea is that deficits emerge when a BRC threshold
is reached and, compared to those with less BRC, individuals with more BRC
will be deficit-free for longer after similar-sized lesions or require larger
lesions to generate symptoms. Variables like head circumference, brain
volume, and less direct indices such as education and occupation have been
used as proxies for BRC (e.g., Kesler, Adams, Blasey, & Bigler, 2003;
Mortimer, Snowdon, & Markesbery, 2003).

CRC is the ability to optimize or maximize performance through differen-
tial recruitments of brain networks that reflect the use of alternate cognitive
strategies (Stern, 2002). Cognitive reserve is present in healthy individuals: an
individual who uses a brain network more efficiently or generates cognitive
strategies in response to increased demand is deemed to have more CRC. In
the standard formulation, cognitive reserve refers to individual differences
in recruiting either the same or alternative networks (Stern, 2002).

The concept of functional plasticity links outcomes to brain-related
changes in behavior and cognition, and encourages the search for a biological
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account of the effects of age and risk and resilience factors on children’s
response to brain insult. In the most general sense, plasticity is an intrinsic
property of the human brain to adapt to environmental pressures,
physiologic changes, and experiences by dynamic shifts in the strength of pre-
existing neural connections, or by modifications of neural circuits in response
to changes in afferent input or efferent demand (Pascual-Leone, Amedi,
Fregni, & Merabet, 2005). In this chapter, we define the term more narrowly
to refer to brain-based changes in behavior and cognition, and we focus
specifically on those changes potentially explained by BRC and CRC.
Because we are interested in accounting for outcomes following childhood
brain insult, we emphasize those forms of functional plasticity in children
that appear to vary with age and that may distinguish how reserve operates in
cases of child versus adult neuropathology.

Outcome after childhood brain insult involves multiple domains of
function. Physical outcome refers to whether the child’s height, weight,
fatigue tolerance, endurance, and motor performance are normal for age.
Cognitive-academic outcome 1s usually measured by a standard intelligence
test and by assessment of academic skill attainments. Neuropsvchological
outcome refers to capacities such as motor speed, attention, perception,
memory, language, and executive function. Psychosocial outcome refers to
an individual’s ability to function in the social world of family, school, and
community.

This chapter examines evidence for childhood reserve and considers
factors that contribute to variations in BRC and CRC as moderators of
functional plasticity in this age group. We propose that childhood brain insult
constitutes a pathological load, but that functional outcome is mediated by
reserve, as evidenced by accelerated aging in adulthood, greater vulnerability
to subsequent brain insult, or diminished capacity to make age-appropriate
developmental progress. Our views about these constructs are developed in
the individual difference model in Figure 4.1, which assumes:

1. There is a quantum of brain reserve capacity or BRC, a form of passive
reserve (Stern, 2003) that varies in degree among children due to both
single or multiple challenges to brain status.

2. The amount of BRC can be measured directly by variables such as
residual brain volume on voxel-based morphometry or structural
connectivity on diffuse tensor imaging (DTI). Alternatively, BRC
can be measured by the extent or likelihood of brain abnormality in
persons subsequently exposed to unrelated brain insults or the effects of
aging. In the latter instance, proxies for reduced BRC include genetic
anomalies (polymorphisms, microdeletions, repeats, or mutations) that
affect brain development and prior brain lesions stemming, for
example, from past concussions or from treatment-related insults such
as radiotherapy and chemotherapy.
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BRC may additionally be indexed by multiple brain insults. Some indi-
viduals suffer an initial brain insult that is followed either by a second
injury of the same type, such as a repetitive concussion, or by treatment
required by the initial insult, such as radiation and chemotherapy.
Childhood brain tumors represent a well-studied childhood model of
multiple brain insults in that a primary insult, the tumor, is treated
either by a relatively benign procedure, surgery that does not seem to
add to tumor morbidity, or by treatments such as radiotherapy and
chemotherapy that by themselves constitute an additional brain insult
that diminishes BRC.

. There 1s a quantum of CRC after developmental brain insult, a form of

active reserve that varies in degree among individuals, again reflecting
both single and multiple challenges.

. The amount of CRC is not measured directly, but rather by proxies

such as pre-injury cognitive function, socioeconomic status, and family
function.

. BRC and CRC mutually influence each other.
. Moderators are variables that specify the condition under which a given

effect occurs, as well as the conditions under which the direction or
strength of the effect will vary, and so interact with a predictor variable
to affect outcome (Holmbeck, 1997). Ouicomes of brain disorders in
childhood are moderated by two sets of variables that contribute to
variations in BRC and CRC as mediators of functional plasticity and
thus of functional outcome.

. The first moderators are age and time variables: 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 evaluation. Age- and time-
related issues are relevant to the outcomes of brain insult at any point in
the lifespan, but they are especially important in understanding the
outcomes of childhood brain insult (Dennis, 2000; Taylor & Alden,
1997). Almost all neurocognitive skills show age-related improvements,
and a number of outcomes vary with age at onset of brain insult. Time
is important because outcome may be different when evaluated at
different time points after brain insult, from acute, subacute, and long-
term to very long-term (Dennis, Spiegler, Riva, & MacGregor, 2004).

. The second moderators are gradients of lesion location, whether up—

down, left-right, or front-back. Recent studies of childhood brain
lesions have allowed BRC in children to be conceptualized in terms of
spatial gradients with varying degrees of age-based functional plasticity
and outcomes. Spatial gradients are considered to be moderators
because they interact with BRC to influence outcome.

. Functional plasticity is the reorganization within an individual that

emerges from the action of the two mediators BRC and CR, measured
in physical, cognitive, academic, neuropsychological, and psychosocial
domains.
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Figire 4.1 Developmental model of brain reserve capacity (BRC) and cognitive
reserve capacity (CRC) showing mediated (striped) and moderated (cross-
hatched) relations.

11. The moderating influences of age variables and lesion characteristics
predict individual differences in functional plasticity and thus help to
explain group and individual variability in functional outcome.

Proxies for brain reserve capacity

BRC may be measured directly. Diffusion tensor imaging (DT1) measures
diffusion of water throughout the brain. Water diffusing equally in all
directions (e.g., in cerebrospinal fluid) is isotropic, whereas restricted
diffusion of water (e.g.. within axons) is anisotropic. Areas of dense white
matter have more directional diffusion {fractional anisotropy) than areas
of lower density, and DTI images outlining cortical and subcortical white
matter tracts can be used to examine models of connectivity between cortical
areas with respect to the number and strength of fiber paths. Childhood
brain trauma reduces functional brain connectivity, as evidenced by changes
in the directionality and integrity of white matter tracts (Lee, Byun, Jang,
Ahn, Moon, & Chang, 2003). Residual brain connectivity constitutes a direct
measure of BRC.

More commonly, BRC can be measured indirectly in terms of brain
integrity prior to a neurological insult. Proxies such as head size have gener-
ally not been studied in children: for one reason, head and brain size in
children change over development: for another, some of these size changes
are not linear increases (e.g.. frontal cortical development involves thinning
of the frontal polar cortex, O'Donnell, Noseworthy, Levine, Brandt, &
Dennis, 2005).
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Genetic heterogeneity

Investigation of children with genetic disorders provides a method of examin-
ing the effects of reduced BRC. Genetic defects in children (repeats, micro-
deletions, mutations, or polymorphisms) are associated with deficits in the
functions specific to brain regions that depend on neurotransmitters con-
trolled by the deficient genes. Evidence suggests that these children have a
reduced normal brain substrate compared with children without genetic
disorders, so that study of the effects of genetic defects on recovery from
childhood brain insults and on later age-related loss of skills can illuminate
the consequences of diminished BRC.

Phenylketonuria is a genetic disorder associated with atypically high levels
of phenylalanine and low dopamine. The catechol gene affects the duration
of dopamine activity in the prefrontal cortex, and the methionine poly-
morphism results in a slower breakdown of prefrontal dopamine. Children
with phenylketonuria and high phenylalanine levels have impairments, not
only in the dorsolateral prefrontal cortex functions of inhibitory control and
working memory, but also in visual contrast sensitivity, which varies with
retinal dopamine levels (Diamond, 1996). Children homozygous for the
methionine polymorphism perform poorly on tasks sensitive to the level of
dopamine (Diamond, Briand, Fossella, & Gehlback, 2004).

Genetic disorders may progressively slow the trajectory of development.
Males with the fragile X mutation show loss of cognitive abilities as they
mature, with increasing inability to master more complex cognitive skills as
they progress into adolescence (Hodapp et al., 1990). In this instance, reduced
BRC is evidenced by slowing in the rate of development.

Just as genetic heterogeneity in the apolipoprotein E (ApoE) genotype is a
factor in diminished reserve in adults with Alzheimer disease (e.g., Massart,
Reginster, & Brandi, 2001), so is genetic heterogeneity in childhood genetic
disorders associated with accelerated aging. Williams-Beuren syndrome is a
rare genetic disorder related to a sporadic heterozygous contiguous gene
deletion on chromosome 7 (Osborne, 1999). Individuals with this condition
have physical signs of premature aging (reduced longevity, graying of hair in
early adult life, and premature aging of skin, as well as chronic anxiety and
hypertension; Mervis, Morris, Bertrand, & Robinson, 1999). Adults with
Williams-Beuren syndrome show a chronologically early and precipitous age-
associated decrease in long-term episodic memory, a decrease not observed in
age peers with unspecified mental retardation (Devenny, Krinsky-McHale,
Kittler, Flory, Jenkins, & Brown, 2004).

Another form of genetically based mental retardation, Down syndrome,
produces premature aging and Alzheimer disease. Because of the triplication
of chromosome 21, individuals with this condition have an increased
gene dosage for amyloid precursor protein (cleavage of which is involved in
generating the main constituents of neuritic plaques), and they develop
amyloid plaques and neurofibrillary tangles during the fourth and fifth
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decades of life (Janicki & Dalton, 1998; Karlinsky, 1986). Risk factors for
development of Alzheimer disease in individuals with Down syndrome
include age, apolipoprotein E (ApoE) genotype, brain size, ability level, and
head trauma (Ward, 2004).

Individuals with spina bifida meningomyelocele (SBM) have genetic
anomalies that are associated with specific brain dysmorphologies and
specific cognitive deficits. It has been hypothesized that those with a genetic
mutation in the folate metabolic pathway have more compromised brain
tissue in the cerebellum and midbrain, and corpus callosum dysgenesis,
especially in the splenium, which results in more severe neurocognitive
deficits than occur in children with the condition without the genetic
mutation (Fletcher et al., 2005). As adults, individuals with spina bifida
meningomyelocele have clinical memory problems (Dennis et al., 2000), and
the hypothesis that their aging is accelerated is supported by proposals such
as those arguing for faulty folate metabolism and B-group vitamin deficiency
as risk factors for Alzheimer disease in Down syndrome (Ward, 2004), and
for declines in the corpus callosum splenium as part of the neuropathology of
Alzheimer disease (Rose et al.. 2000). Evaluation of these hypotheses awaits
modeling of variability at genetic, neural, and cognitive levels.

Multiple insults
Repetitive concussions

Repetitive brain injuries in adults, such as those from sports injuries, diminish
BRC and accelerate dementia, likely because of cumulative damage to
hippocampal cells (Slemmer, Matser. DeZeeuw, & Weber, 2002). For many
children, brain insult involves a singie event, although repetitive insults, such
as a series of concussions, may additionally impair cognitive function. Com-
pared to those with no prior concussion, amateur athletes with a history of
three or more concussions show more preseason cognitive problems and are
nearly eight times more likely to show a major drop in memory function after
an additional concussion (Iverson. Gaetz. Lovell, & Collins, 2004).

Treatment-related insults
RADIOTHERAPY

In children, compromised intelligence is associated with conventional cranial
radiation treatment (Ellenberg, McComb, Siegel, & Stowe, 1987; Jannoun
& Bloom, 1990; LeBaron. Zeltzer, Zeltzer, Scott, & Martin, 1988). The
mechanism is thought to involve a progressive vascular and demyelinating
neuropathology, beginning after the end of treatment, reaching a peak over
the next few years, and then maintaining a persisting but less steep decline
(Cohen & Duffner, 1994). The concomitant cognitive impairment is inversely
related to age of treatment (Eiser, 1978; Packer et al., 1989) and directly
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related to the dose and field of cerebral radiation (Mulhern, Horowitz,
Kovnar, Langston, Sanford, & Kun, 1989). Attempts to adjust radiation dose
on the basis of age or tumor site have not fully eliminated the cognitive
deficits (Cohen & Duffner, 1994), and hyperfractionation of the radiation
dose reduces but does not eliminate cognitive deficits (Riva, 1995).

Brain scans of children treated with cranial radiation for primary brain- or
skull-based tumors show generalized brain atrophy, calcifications in brain
matter distant from the site of the primary tumor, and white matter
abnormalities (Davis, Hoffman, Pearl, & Braun, 1986). Serial neuroimaging
has demonstrated an increasing number and size of lacunae within the white
matter in a proportion of children whose brain tumors were treated with
radiation (Fouladi et al., 2000). Progressive white matter damage has also
been documented after cranial radiation for medulloblastoma (Mulhern
et al., 1999, 2001; Reddick et al., 2000), and the volume of normal-appearing
white matter declines over time in children radiated for medulloblastoma,
a decline that is faster in children with higher radiation dose (Mulhern et al.,
1999, 2001). Children with higher radiation doses may have less BRC to
maintain age-appropriate rates of skill acquisition.

CHEMOTHERAPY

Intrathecal chemotherapy, particularly methotrexate, produces significant
cognitive morbidity (Maria, Dennis, & Obonsawin, 1993), and the risk is
greater when intrathecal methotrexate is used in association with radio-
therapy (Bleyer & Poplack, 1985). Intravenous chemotherapy alone may have
a good outcome in young children (Copeland, deMoor, Moore, & Ater, 1999;
Moore, Ater, & Copeland, 1992). In children treated for medulloblastoma,
radiotherapy in association with intrathecal methotrexate impairs cognitive
development (Riva et al., 2002). Intraventricular methotrexate combined
with radiotherapy produces poor outcome (Ottensmeier & Kuhl, 2000).

Proxies for CRC

CRC involves risk and resilience factors that hamper or promote various
outcomes {(Guralnick, 1989; Masten, Hubbard, Gest, Tellegen, Garmezy, &
Ramirez, 1999). Some CRC factors are intrinsic to the child (e.g., pre-injury
cognitive ability), while others reflect environmental influences (e.g., socio-
economic status, parenting skills).

Pre-injury cognitive ability

Several recent studies have investigated proxies for CRC, including pre-
morbid cognitive and behavioral status, to predict outcome after childhood
traumatic brain injury (TBI). Cass, Yeates, Taylor, and Minich (2005)
hypothesized that CRC moderates neuropsychological outcome attributable
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to TBI, such that outcome would be poorer among children with lower rather
than higher CRC as measured by pre-injury cognitive status. Growth curve
analyses revealed that CRC predicted individual differences in neuro-
psychological functioning. An additional finding was that children with
higher reserve showed more rapid cognitive growth than children with lower
reserve on some measures, although these effects did not differ by group. An
effect of CRC on subsequent cognitive development is consistent with the
hypothesis that additional CRC was conferred by higher cognitive abilities
prior to injury, but CRC was not confirmed as a moderator of the effects
of TBL

One of the challenges of studying attention problems in children with TBI
is that they have more attention problems and higher rates of attention-deficit
hyperactivity disorder (ADHD) prior to injury compared with non-injured
controls or normative expectations (Bloom et al., 2001; Gerring et al., 1998;
Max et al., 1997; Max, Lansing, Koele, Castillo, Bokura, & Schachar 2004;
but see Schachar, Levin, Max, Purvis, & Chen, 2004). Unfortunately, studies
of outcomes of TBI frequently fail to obtain information about pre-morbid
attention problems, or do so long after the TBI, increasing the likelihood of
retrospective bias (Anderson, Fenwick, Manly, & Robertson, 1998; Fenwick
& Anderson, 1999; Konrad, Gauggel, Manz, & Scholl, 2000; Max et al.,
1997, 1998; Schachar et al., 2004; Vriezen & Piggott, 2000; Wassenberg,
Max, Lindgren, & Schatz, 2004). Yeates et al. (2005) examined predictors of
post-injury attention problems in children with severe TBI, moderate TBI,
or orthopedic injuries, comparing pre-injury ratings to ratings obtained an
average of 4 years post-injury. At the long-term follow-up, the severe TBI
group displayed significantly more attention problems than the orthopedic
injury group at 4 years post-injury, both behaviorally and cognitively.

Evidence for CRC is that group differences in behavioral symptoms were
significantly larger for children with more pre-morbid symptoms than for
children with fewer pre-morbid problems. Interestingly, pre-injury attention
problems did not moderate group differences on long-term cognitive out-
comes assessed by neuropsychological tests, but only on long-term behavioral
symptoms assessed with rating scales, the latter more like methods used to
assess CRC. In previous research with this same sample, behavioral and
adaptive outcomes were more likely than cognitive outcomes to be affected
by moderators extrinsic to the child, such as family functioning or parental
perceived burden (Taylor, Yeates, Wade, Drotar, Stancin, & Minich, 2002;
Yeates et al., 2002). The current findings suggest that the same may be true for
moderators intrinsic to the child, such as pre-injury attention function. The
dissociation may reflect a greater susceptibility of behavioral outcomes to
environmental influences, as well as the weak relationship between cognitive
and behavioral outcomes following childhood TBI (Fletcher, Ewing-Cobbs,
Miner, Levin, & Eisenberg, 1990).
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Socioeconomic status and family funetion

Childhood TBI increases the likelihood of deficits in social information pro-
cessing, and hence of atypical social interaction and poor social adjustment
(Janusz, Kirkwood, Yeates, & Taylor, 2002; Warschausky, Cohen, Parker,
Levendosky, & Okun, 1997). Broader aspects of the family environment,
including poverty and parental unemployment, parental conflict, and parent
mental health, also may influence children’s social outcomes (Cochran &
Niego, 2002; Zahn-Waxler, Duggal, & Gurber, 2002). To the extent that the
latter factors serve as proxies for CRC, they may also play a role in mediating
functional plasticity.

In a study that illustrates the influences of environmental factors on child
outcomes following childhood brain insult, Yeates and colleagues (2004)
conducted growth curve analyses of social outcomes from TBI baseline to the
4-year follow-up. Examining predictors of long-term post injury social out-
comes using contemporancous measures of executive functions, language
pragmatics, and social problem solving, the results indicated that child-
hood TBI was associated with adverse social outcomes, effects that were
exacerbated by fewer family resources and poorer family function. Although
the better outcomes observed in children with TBI from more advantaged
circumstances may be explained in terms of higher level of environmental
supports for behavioral change, they are also consistent with the hypothesis
that privileged environments impart greater CRC.

Moderators of the relation between BRC, CRC and outcome

Study of age-related factors on outcomes of childhood brain insult suggests
that BRC and CRC are not constant across development, but vary with age at
insult, age at testing, and time since insult.

. Age at insult

Further evidence for both BRC and CRC in children is provided by data
suggesting that brain insults early in life are more detrimental to longer-term
development than are later-occurring lesions. To illustrate, lower intelligence
is related to an earlier age at diagnosis and treatment in children with brain
tumors (Duffner, Cohen, & Parker, 1988; Packer et al., 1989; Hoppe-Hirsch,
Renier, Lellouch-Tubiana, Sainte-Rose, Pierre-Kahn, & Hirsch, 1990;
Jannoun & Bloom, 1990), and a younger age at brain tumor onset is associ-
ated with more deficits in expressive language 8 months post-onset (Doxey,
Bruce, Sklar, Swift, & Shapiro, 1999). Additionally, younger children with
TBI 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 (Anderson & Moore, 1995; Anderson et al.,
1997; Ewing-Cobbs, Fletcher, Levin, Francis, Davidson, & Miner, 1997). A
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prospective longitudinal study that tracked a large cohort of children with
mild head injury found that, after accounting for several demographic,
family features, and pre-injury characteristics, psychosocial deficits (but not
cognitive or academic deficits) were more prevalent in the group injured
before 5 years of age (McKinlay, Dalrymple-Alford, Horwood, & Fergusson,
2002). Similarly, Dennis, Wilkinson, Koski, & Humphreys (1995) found that
selective attention was inversely correlated with age at injury and time since
injury. Recent studies of preschool children suggest that acquired brain
injuries sustained during infancy or early childhood are associated with
more persistent deficits in a range of outcome domains, including social cog-
nition, than are injuries occurring during later childhood and adolescence
(Anderson & Moore, 1995; Anderson et al., 1997; Dennis, Barnes, Wilkinson,
& Humphreys, 1998; Ewing-Cobbs et al., 1997). It is not surprising that
younger children are more adversely affected by a number of brain insults
than are older children, because younger children have brains that are in more
rapid phases of development and that have had less opportunity to develop
cognitive skills. Compared to later insult, early brain insult diminishes BRC
and CRC over a larger portion of the development period, making the child’s
neural substrate unable to support subsequent developmental change.

Time since insult

Children generally display a gradual recovery over the first few years after an
acquired brain injury, with the most rapid improvement occurring soon after
the injury. The initial rate of recovery is often more rapid among children
with severe injuries than among those with milder injuries, although severe
injuries also are associated with persistent deficits after the rate of recovery
slows down (Taylor et al. 2002; Yeates et al., 2002). It is difficult to dis-
entangle age and time dimensions, even in longitudinal research (Taylor &
Alden, 1997). In the case of brain insult at birth, these two factors are indis-
tinguishable. Nevertheless, studies that have followed children after brain
insults and examined the influences of both factors, including recent investi-
gations of meningitis and of TBI in children, have found that time since
injury predicts outcomes independent of the effects of age at injury (Taylor,
Schatschneider, & Minich, 2000; Yeates et al., 2004), consistent with the
hypothesis that childhood brain insult depletes CRC, yielding less capacity to
support post-injury skill acquisition.

Age at evaluation

Of the three age-related dimensions potentially related to the outcomes of
childhood brain disorder, the influence of age at evaluation has been the
focus of the least research. The effects of age at testing would be reflected in
demonstrations of latent or delayed sequelae resulting from children’s failure
to meet new developmental demands as a result of a brain disorder. Levin
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et al. (1988) found greater memory impairment in adolescents than in
children following severe TBI, and suggested that adolescents need to
use more advanced memory strategies to perform according to normative
expectations, and that such strategies might be especially vulnerable to TBI.
Although Yeates, Enrile, Loss, Blumenstein, and Delis (1995) did not observe
a similar age-related deficit, Taylor and colleagues have examined the con-
sequences of several forms of early brain insult across the school-age years
(Taylor et al., 2000; Taylor et al., 2002; Taylor, Minich, Klein, & Hack, 2004).
Findings from these studies show that some skills decline relative to age
expectations with advancing age, while other deficits remain stable over time.
Declines relative to age standards have also been observed in children treated
for cancer (Dennis, Spiegler, Hetherington, & Greenberg, 1996). The inability
of children to maintain age-appropriate rates of skill acquisition implies loss
of reserve, although it is unclear from these results, however, if age-related
declines in functioning reflect loss of BRC, CRC, or both.

Spatial gradients of brain insult

Up--down: Outcomes after subtentorial, brainstem and subcortical lesions
in children

An earlier era of research into the effects of brain injury in children con-
cluded that cortical lesions in children had fewer consequences for outcome
than did cortical lesions in adults (e.g., Basser, 1962), although comparisons
were often made between different pathologies or without appropriate
benchmarks of typical development (Dennis, 2003). A revision in the view
of privileged cortical plasticity in children was prompted by outcome
studies involving children with subtentorial and brainstem lesions, which has
suggested an up-down BRC gradient in the immature brain, with limited
plasticity and thus reduced reserve, following subtentorial, midbrain, and
subcortical lesions.

SUBTENTORIAL LESIONS

Timing information generates predictions about the durations of different
perceptual events and the sensory consequences of movement (Franz,
Zelaznik, & Smith, 1992; Ivry & Richardson, 2002; Keele, Pokorny, Corcos,
& Ivry, 1985; Rao, Mayer, & Harrington, 2001). The cerebellum is important
for short-duration timing, deficits in which are apparent over the lifespan in
individuals with cerebellar lesions, including adults with acquired cerebellar
lesions (Ivry & Keele, 1989); adult survivors of childhood cerebellar lesions
(Hetherington, Dennis, & Spiegler, 2000); children with genetic cerebellar
disease, such as ataxia-telangiectasia (Mostofsky, Kunze, Cutting, Lederman,
& Denckla, 2000); children with cerebellar pathologies (Mostofsky, Bunoski,
Morton, Goldberg, & Bastian, 2004), and children with embryogenetic
cerebellar defects, such as SBM, who have deficits in short-duration timing
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on both perceptual and motor timing tasks (Dennis, Edelstein et al., 2004).
Further, children with SBM have reduced cerebellar volumes on quantitative
MRI studies (Fletcher et al., 2005), with timing deficits being related to
reduced cerebellar volume (Dennis, Edelstein et al., 2004).

MIDBRAIN LESIONS

The posterior attention system (Posner, Cohen, & Rafal, 1982) concerns
stimulus-driven processes such as orienting to salient or unexpected events,
and its operation is measured by functions such as cued covert orienting and
inhibition of return. The brain bases of stimulus-driven orienting involve a
distributed noradrenergically modulated system that includes the midbrain,
superior colliculus, pulvinar, and posterior parietal lobe. Inhibition of return
depends on midbrain structures such as the superior colliculus (Rafal &
Henik, 1994). School-aged children with SBM have a deficit in covert atten-
tion orienting. They orient more slowly to, and take longer to disengage from,
what has captured their attention (Dennis et al., 2005a). The deficit is selective
because they have difficulty disengaging from salient stimuli but not when
orienting to cognitively interesting stimuli, which are under goal-directed,
top-down control (Dennis et al., 2005a).

Adaptive visual search requires that attention not be returned to a recently
explored location. A mechanism for this is inhibition of return (IOR), which
is operationalized as the increase in time to react to a target in a previously
attended location (Posner & Cohen, 1984; Posner, Rafal, Choate, & Vaughan,
1985). As an adaptive function, IOR increases the chance that exploration
will occur with new objects and in new locations, and thereby provides a
strategy for efTective visual search and foraging in a complex visual environ-
ment (Klein, 1988, 2000). Compared to controls, children with SBM show
attenuated IOR in the vertical plane (Dennis et al., 2005b). The midbrain,
including the superior colliculus, is part of a circuit that controls orienting to
salience. Children with SBM who are born with abnormality of the midbrain
and tectum (tectal beaking, the characteristic midbrain malformation of
SBM) are particularly compromised in attention orienting, both overtly with
eye movement, and covertly, in shifting attention, showing more difficulties
with orienting to salience and a more attenuated inhibition of return response
in the vertical plane than children with SBM who do not have tectal beaking
(Dennis et al., 2005b).

PERIVENTRICULAR LESIONS

Deficits following early periventricular brain insults are also highly persistent.
Evidence for limited plasticity of functions mediated by this brain region is
provided by a recent study (Taylor, Minich, Bangert, Filipek, & Hack, 2004)
that examined long-term outcomes at age 16 of below 750 g birth-weight
children. Compared to term-born controls, the low birth-weight group had
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memory and executive function deficits, suggesting a limited capacity for
recovery after subcortical, frontostriatal, and medial temporal insults. A
related study found slower age-related increases in tests of executive function
in the low birth-weight group compared with the term-born controls (Taylor
et al., 2004), offering further evidence for limitations in plasticity following
perinatal subcortical lesions.

Left-right: Syntax after left-sided or right-sided lesions in children

Components of the language production system are important for producing
free-standing function words and inflectional morphemes in sentences,
including the inflectional (1) system subcategories, tense, subject agreement,
and object agreement. Compared to those with right hemispherectomy,
children with left hemispherectomy have difficulty producing inflectional
morphology (Dennis & Whitaker, 1976), use a restricted range and number
of I-system morphemes, and have particular problem with auxiliaries,
despite intact syntactic and morphological structures of other types
(Curtiss & Schaeffer, 2005). As with the effects of lower brain lesions on
timing, attention orienting, and executive functions, left-hemisphere insult
may allow for only a limited form of plasticity, implying a relatively con-
strained capacity of reserve in this hemisphere to support certain language
skills.

Syntactic structures are representations that assign important aspects of
sentence meaning (Caplan & Hildebrandt, 1988), especially of functional
roles (who is acting, who is being acted on). The adult left hemisphere has a
strong association with syntax; functionally, it constructs syntactically
licensed dependencies in real time (Swinney, Zurif, Prather, & Love, 1996)
and assigns syntactic structure during language comprehension (Caplan,
1992; Caplan & Hildebrandt, 1988; Stromswold, Caplan, Alpert, & Rausch,
1996). The immature left hemisphere also has a strong association with
syntax. Compared to those with early right-hemisphere damage and hemi-
spherectomy, individuals with congenital damage to, and removal of, the
left hemisphere are slower and less accurate in understanding sentences with
non-canonical word orders (e.g., reversible passive sentences such as the dog
is chased by the cat) in which meaning is provided by syntactic structure
but not semantic plausibility, whether comparisons are made between
hemidecorticate groups with early lateralized hemispheric damage from
varying pathologies (Dennis & Kohn, 1975) or from a single pathology
(Dennis & Whitaker, 1976). The syntactic comprehension deficit after
left-hemisphere damage is evident whether comparisons are made to
chronological age (Aram, Ekelman, Rose, & Whitaker, 1985; Dennis, 1980;
Dennis & Kohn, 1975; Dennis & Whitaker, 1976; Paquier & Van Dongen,
1993), mental age (Stark, Bleile, Brandt, Freeman, & Vining, 1995), or
brain-intact co-twins (Feldman, Holland, & Keefe, 1989; Hetherington &
Dennis, 2004).
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Syntactic comprehension disorders in adults arise from at least two
separable impairments (Caplan & Hildebrandt, 1988): a specific disturbance
with parsing processes and/or linguistic representations, including problems
with functional argument structure and difficulties with non-canonical
orders of sentence constituents (Berndt, Mitchum, & Wayland, 1997), and a
reduction in the computational resources available for syntactic compre-
hension (Crain, Ni, & Shankweiler, 2001). Individuals with hemispherectomy
for early left-hemisphere injury appear to have a combined impairment. They
are insensitive to the role of function words that cue syntactic structure,
even on metacognitive tasks with no time constraints (Dennis, 1980), which
suggests that they have trouble constructing functional argument structures.
In addition, they make fewer errors on non-canonical sentences when they
respond slowly (Dennis & Kohn, 1975), which suggests a limitation in pro-
cessing resources whereby performance deficits become attenuated when
more resources are allocated to comprehension.

Measurement of language recovery is a precondition for investigation of
brain reserve. To do so demands that the researcher both assesses language
skills compared with a reference group of the same age, and projects the level
of language development that would have been attained had the neurological
insult not occurred. Age-referenced language skills measure recovery rather
than individual development; that is, they indicate whether a particular
language skill is below, at, or above age expectations, but do not reveal how
language would have developed without the stroke. Individual developmental
trajectories for language after childhood stroke have been difficult to estab-
lish, because language development varies with many of the factors (perinatal
history, socioeconomic status, education; Aylward, Verhulst, & Bell, 1989;
Selzer, Lindgren, & Blackman, 1992) that also affect language recovery
(Yeates, 2000).

Later in childhood, more restricted left-sided lesions to the perisylvian
region as a result of left middle cerebral artery ischemic stroke produce
language deficits, the syntactic component of which shows some recovery but
limited development. In a co-twin control study, Hetherington and Dennis
(2004) studied language in 13-year-old same-sex twins raised together but
discordant for left hemisphere stroke that one twin sustained at age 7, which
caused him to change handedness. Five years post-stroke, syntactic deficits
were apparent in the form of deficits in rules for negation and polarity and
understanding sentences with non-canonical word orders, which suggests
that one part of the disorder is a specific difficulty with parsing and syntactic
representations. The affected twin also required additional time to perform
syntactic operations in sentences with either canonical or non-canonical
word order, suggesting some limitation in the computational resources
required for successful syntactic comprehension. Importantly, he showed
recovery but not development of syntax: syntax skills improved to their level
at the time of the injury, but were developmentally arrested thereafter.
Follow-up of the affected twin provides a case illustration of the effect of
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depleted BRC, and the arrest of syntactic development is presumptive
evidence of limited BRC.

Front-back: Frontal lobe functions after anterior lesions in children

Traumatic brain injury, a common form of acquired brain disorder, is often
associated with damage to anterior brain regions, and provides a model
of anterior damage to compare to more posterior lesions. The prefrontal
damage following childhood TBI is of three types. The first is contusional
injury to the frontal cortex, which, like the temporal lobe, is especially vul-
nerable to contusional injuries (Levin et al., 1996). The second is diffuse
axonal injury, which is seen on late MRI in the form of gliosis, hemosiderin
deposits, and volume loss, occurs throughout the corpus callosum and frontal
lobe white matter, and becomes more evident in the 3 years following
severe childhood TBI (Levin et al., 2000). The third is a reduction in brain
connectivity, as shown by changes in the directionality and integrity of white
matter tracts (Lee et al., 2003). Examination of regionally specific effects of
TBI suggest that some cognitive-behavioral outcomes are highly vulnerable
to frontal lesions, implying that frontal reserve may be limited in support of
these functions.

The prefrontal lobes have two processing resources, inhibitory control
(the ability to stop or modulate ongoing actions or to hold competing repre-
sentations) and working memory (the process by which information is
temporarily activated in memory for rapid manipulation and retrieval).
Children with TBI have difficulty maintaining selective attention (Dennis
et al., 1995); withholding an action in response to a signal (Konrad et al.,
2000; Levin et al., 1993; Schachar et al., 2004); maintaining a counterfactual
rule (Manly, Robertson, Anderson, & Nimmo-Smith, 1999), and switching
between salient and non-salient responses (Roncadin, Rich, Pascual-Leone,
& Dennis, 2003). Moderate or severe childhood TBI is associated with
working memory deficits (Levin, Hanten et al., 2004; Roncadin, Guger,
Archibald, Barnes, & Dennis, 2004), which, in turn, are associated with
impairments in sentence comprehension (Dennis & Barnes, 1990; Hanten,
Levin, & Song, 1999; Montgomery, 1995), inferencing (Barnes & Dennis,
2001), and discourse (Chapman et al., 1992; Dennis & Barnes, 1990, 2000).
Outcomes of pediatric TBI on behavioral inhibition also reveal effects of
diminished BRC in the anterior brain system on post-injury cognitive
development. Levin et al. (1993), for example, found that GO/NOGO per-
formance on a response inhibition task was impaired in children 2 years
post-injury, with performance related to volume of left prefrontal lesions
(Levin et al., 1993).

The ability to link the past and the future, termed time travel (Fuster,
2000) or chronesthesia (Tulving, 2002), is an important prefrontal function,
possibly a distinctly humanly one (Roberts, 2002). Time travel enables
autobiographical memory, prospective memory, and planning. School-age
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children who have sustained a TBI at least 2 years prior to testing are
impaired on event-based and activity-based prospective memory tasks
(McCauley & Levin, 2000, 2001). For adolescents with TBI, event-based
prospective memory worsens with increased cognitive demands (Shum,
2005). Compared with children with mild TBI, children with severe TBI do
not benefit from prospective memory reminders (McCauley & Levin, 2004).
Planning deficits are also evident in children with TBI (Levin, Song, Ewing-
Cobbs, & Robertson, 2001), and performance is correlated with lesion
volume, including orbitofrontal, dorsolateral, and frontal white matter
lesions (Levin et al., 1994, 2001). Adolescents with early damage to the pre-
frontal cortex are inaccurate planners, like younger, typically developing
children (Ratterman, Spector, Grafman, Levin, & Harwood, 2001).

Flexible access to one’s own mind (through metacognition) and to the
minds of others (through theory of mind) is important for the development
of socially appropriate behavior. Children with TBI exhibit problems with
metacognitive monitoring, being unable to judge the adequacy of ambiguous
directions, or to detect anomalies in sentences (Dennis, Barnes, Donnelly,
Wilkinson, & Humphreys, 1996), especially sentences presented under con-
ditions of high memory load (Hanten et al., 1999) and with metacognitive
knowledge, being unable to predict the ease with which they will learn
specific items or to estimate their memory span accurately (Hanten, Dennis,
Zhang, Barnes, & Robertson, 2004). Problems in metacognition are especially
apparent when TBI occurs early in development and/or includes CT evidence
of contusional damage to the frontal lobes (Dennis, Barnes et al., 1996).

Theory of mind involves the ability to think about mental states (thoughts,
beliefs, intentions, and desires) and to use them to understand and predict
what other people need to know and how they will act (Bibby & McDonald,
2005). Childhood TBI in the school-age years is associated with deficits in
making pragmatic inferences about the presuppositions, entailments, and
implications of mental state verbs (Dennis & Barnes, 2000), a class of words
that includes know, remember, forget, think, believe, and pretend (Hall &
Nagy, 1986; Kiparsky & Kiparsky, 1970; Karttunen, 1971), and in producing
speech acts (Dennis & Barnes, 2000), prototypical forms of pragmatic com-
munication that express the mutual intentions of a speaker and a listener.
Children with severe TBI, although not those with mild TBI, have difficulty
understanding literal statements concerned with first- and second-order
beliefs and intentions (Dennis, Purvis, Barnes, Wilkinson, & Winner, 2001).

Children with TBI have deficits in social information processing that
predict their social and academic function {(Warschausky et al., 1997). They
prefer solutions to social dilemmas and evaluate the outcome of dilemmas
in a less developmentally advanced fashion than their peers, although they
can define the problem and generate alternative solutions (Janusz et al.,
2002). Adolescents with TBI have poorer social information processing than
age peers (Turkstra, McDonald, & DePompei, 2001).

The ability to link affect and cognition fosters hedonic encoding and
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decision making that combines affect and thought, allows expression of
emotions to be regulated according to the cognitive understanding of the
situation, and allows social-affective messages to be communicated with a
softening of the negative affect (e.g., in ironic criticism) or a heightening of
the positive affect {e.g., in empathic lies). Children with TBI understand emo-
tional facial expressions, but do not regulate the social display of emotive
facial expressions (Dennis et al., 1998). Emotive identification is particularly
impaired in children with early-onset injuries or injuries that involve the
frontal lobes ( Dennis et al., 1998). Irony and empathy engage complex theory
of mind processes concerned with affective evaluations of one individual
that manipulate the mental states and feelings of another. Children with TBI
have difficulty understanding the affective valence of first- and second-order
intentions in irony and empathy, even when they understand the intentions of
literal statements (Dennis et al., 2001).

Neuroimaging studies of childhood TBI have shown that focal lesions are
larger and more numerous in the anterior cortex (Wilde et al., 2005), and that
these lesions are related to social-cognitive and social-behavioral outcomes
(Levin et al., 1989; Mendelsohn et al., 1992). The link has been made between
focal frontal lesions and psychosocial outcomes. In a recent study of child-
hood TBI (Levin, Zhang, et al., 2004), children with frontal lesions (but not
those with non-frontal lesions) displayed poor socialization and maladaptive
behaviors compared to children with non-frontal lesions, and frontal lobe
lesion volume (but not posterior lesion volume) predicted poor socialization
(Levin, Zhang, et al., 2004). A related study found that personality change,
including changes in social behavior, is associated with lesions of the dorsal
prefrontal cortex (Max et al., 2005). Persistent personality change occurred in
18% of children with TBI in this sample. The most common changes involved
affective lability, aggressive behavior, and poor social judgment (e.g., tactless
comments about the listener, inappropriate sharing of personal information).
Personality change was more common with more severe injuries, and was
associated with lesions to several distinct regions as seen on MRI1. However,
only lesions in the superior frontal gyrus accounted for unique variance in
this outcome.

Children with preserved anterior brain regions provide a useful contrast to
those with lesions in this area, and allow assessment of variations in BRC
along an anterior-to-posterior gradient. Children with preserved anterior
brain appear to have more preserved anterior brain functions. For example,
children with SBM have normal frontal volumes (on voxel-based morpho-
metry), despite volume loss and loss of connectivity in the posterior cortex
(Fletcher et al., 2005). These children have deficits in the posterior attention
functions of attention orienting and inhibition of return, but retain normal
top-down attention control on endogenous orienting tasks (Dennis et al.,
2005a). The implication of these data for BRC is that there are distinct
ways in which anterior and posterior brain insults constrain subsequent
development.
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Discussion

That children sustain brain insults does not speak to the issue of reserve.
Both children and adults have a pathological burden as a direct effect of brain
insult. What does speak to reserve is that the functional outcome of child-
hood brain insult is mediated by BRC and CRC, as evidenced by accelerated
aging in adulthood, greater vulnerability to subsequent brain insult, or
diminished capacity to make age-appropriate developmental progress.
Whereas in general terms the data reviewed in this chapter validate the utility
of the constructs of BRC and CRC in interpreting the outcome of brain
insults in children, they also highlight some important differences between
reserve in adults and children.

Normal cognitive development may require more neural resources (more
BRC and CRC) than the maintenance of cognitive structures already
developed (Hebb, 1942). After brain insult, the task of the mature brain is
to support the restitution and reorganization of functions that have been lost
or disrupted. The child with a central nervous system (CNS) insult faces
the normal task of cognitive development involving the acquisition of new
functions, skills, and knowledge and the abnormal task of formulating a
strategic, adaptive response to the insult to recover functions existing at the
time of the injury. Thus children with brain injury exhibit two kinds of
changes, one an adaptive or maladaptive response to the injury, the other a
normal or abnormal trajectory of skills not yet acquired at the time of injury
(Dennis, 1988).

The cognitive deficits of children with genetic deficits reflect deficient
genetic control of the neurotransmitter systems and other neural processes
underlying cognition. Genetic syndromes and genetically based congenital
malformations of the brain are more common in children than in adults.
Genetic heterogeneity is a proxy for diminished brain reserve in a number
of childhood conditions. As these individuals age, the consequences
of diminished BRC become increasingly evident in the form of accelerated
normal or abnormal aging. For many years, genetic anomalies such as those
in Down syndrome have been known to reduce BRC brain reserve and
accelerate aging. What is emerging as a new research area is normal and
abnormal aging in childhood brain disorders such as SBM. Recent advances
in the genetics of complex neurobehavioral conditions, including dyslexia,
ADHD, and autism, also raise the possibility of investigations of BRC and
CRC in these populations. Finally, it may be that forms of genetic anomalies
in adults other than the apolipoprotein allele diminish brain reserve and
accelerate aging.

Children with congenital forms of brain insult have predictable patterns
of brain dysmorphology. Whereas selective midbrain lesions in the adult
superior colliculus are rare single cases (e.g., Sapir, Soroker, Berger, & Henik,
1999), congenital malformations of the midbrain are relatively common in
childhood conditions such as SBM. Follow-up of children with such con-
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ditions enables study of age-based variations in functional plasticity over the
lifespan after damage to midbrain structures and encourages comparison
of the relative capacity for functional plasticity in midbrain as opposed to
cortical lesions. The higher frequency of subtentorial and midbrain lesions
in children enables a number of useful comparisons over the lifespan and
in relation to the spatial gradients in the brain. Aging in conditions such
as SBM, with genetic mutations that affect brain development in highly
specific ways but that are congruent with normal intelligence, may provide an
impetus for future research. For example, comparison of rate of cognitive
aging in individuals with SBM with and without callosal dysgenesis of
the splenium is theoretically relevant to recent hypotheses about the role
of the splenium in adult-onset Alzheimer disease (reviewed in Reuter-Lorenz
& Mikels, 2005).

In recent years, medical advances have created cohorts of survivors of
formerly lethal or cognitively devastating childhood brain disorders who are
moving from childhood to adulthood and gradually into old age. Older indi-
viduals who face aging with diminished reserve because of early brain insults
have diminished BRC and CRC and so are at high risk for poor outcome
(Dennis, Spiegler, & Hetherington, 2000); for example, children with lower 1Q
scores are more likely than those with higher IQ to develop cognitive decline
in mid-life and beyond (Richards, Shipley, Fuhrer, & Wadsworth, 2004). As
new treatments improve survival rates and reduce cognitive morbidity for
children with genetic-metabolic disorders, strokes, severe brain trauma, and
malignant brain tumors, these new populations provide the opportunity to
study questions about reserve in adults using measures of childhood BRC
and CRC. These measures supplement the traditional reserve proxies such as
head size, IQ or education used in some previous child-to-adult longitudinal
studies of reserve and dementia.

Advances in pediatric neuroimaging now allow direct measures of BRC.
Measures of fractional anisotropy from DTI measure residual connectivity in
the brain, and studies of DTI in relation to various forms of functional
plasticity after childhood TBI should provide important new perspectives on
BRC in pediatric populations, and add to the information base for studying
reserve as these individuals reach adulthood.

Most studies of reserve have emerged from cortical function in adults.
New studies of adult aging have suggested that white matter hyperintensities
on MRI correlate with cognitive burden in old age (Leaper et al., 2001).
White matter lesions are more common in children than in adults, and
important evidence about age-based functional plasticity will come from
comparisons of similar outcomes following white matter lesions in children
and adults.

Studies of how the outcome of childhood brain lesions is moderated
according to different spatial gradients provide a new perspective on
functional plasticity and, by implication, BRC. An up-down gradient is
supported by evidence of some cortically mediated functional plasticity.
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However, the timing functions of the cerebellum, the attention orienting
functions of the midbrain, and executive and memory functions mediated
by the periventricular region exhibit little age-based functional plasticity,
and deficits appear similar over the child-to-adult age span. In the case of
the midbrain, there is little functional tissue to afford reserve, so attention-
orienting deficits follow midbrain lesions over the lifespan. A left-right BRC
gradient appears to allow for some functional plasticity following early brain
disease, but is insufficient to support normal syntactic development after left-
hemisphere cortical lesions, whether focal in the perisylvian area or involving
the entire hemisphere, and whether sustained congenitally or in mid-
childhood. Compared to similar lesions of the right hemisphere, large,
hemisphere-wide congenital pathology of the left hemisphere is associated
with syntactic deficits: use of the inflectional morphology system; a specific
disturbance with parsing processes and/or linguistic representations; and
a reduction in the computational resources available for syntactic com-
prehension. Depletion of BRC is implicated to the extent that children
with early left-hemisphere lesions fail to acquire skills at a normal rate
and children with later left-hemisphere lesions have syntactic skills arrested
at the time of the insult. With respect to an anterior-to-posterior gradient,
anterior cortical lesions in children produce deficits in a number of functions
associated with the prefrontal lobes, and, further, these impairments
are correlated with the presence of frontal lobe injury (Scheibel & Levin,
1997). Similar lesion—function relations are not observed with posterior
lesions, evidencing a front-to-back gradient for a number of functional
outcomes.

Studies of childhood brain insult can also address issues of compensation
(Stern, 2002), whether reserve involves undamaged brain tissue in a typical
substrate or new functionality in an atypical substrate. For children with
hemispherectomy, the limitation is clearly related to an atypical substrate
because all the cortical mass of one hemisphere has been removed. Syntactic
comprehension deficits for non-canonical word orders are evident when only
part of the left hemisphere is removed but speech control has shifted to
the right hemisphere (Kohn, 1980), showing that residual left-hemisphere
tissue does not support normal syntax when language has shifted to the
right hemisphere. Despite the presence of undamaged tissue in the right
hemisphere, the right hemisphere is not specified as a substrate for syntactic
function, as is the left hemisphere in right dominant individuals. Supporting
the i1dea of atypical cognitive strategies, individuals with either congenital
or acquired lesions require additional time to make accurate syntactic dis-
criminations, and those with left hemispherectomy use a simpler, canonical
functional argument structure (Dennis, 1980), both of which suggest
recruitment of distinct, top-down networks.

Further studies are needed to advance knowledge of the vulnerabilities of
children with congenital or acquired brain disorders to further brain insult or
to difficulties in making developmental transitions. Little research has been
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conducted in this area, and children with pre-existing conditions are often
excluded from studies of long-term outcomes of brain insult. Additional
research is also required to examine brain regions that have greater reserve
capacities and the neural basis of reserve, perhaps using cortical activation
and functional imaging methods. The notion of a gradient of reserve, rather
than all-or-none thresholds, deserves further study as well. Although there
may be thresholds of damage that, when exceeded, preclude plasticity of
function, the concept that reserve varies in degree finds considerable support
in the literature reviewed in this chapter. Interpretative and methodological
issues are also important, as Stern (2002) emphasizes. For example, investiga-
tors must consider the possibility that impaired developmental progress
after brain insult reflects lack of environmental supports or motivational
changes, as well as the brain-based mechanisms implied by brain reserve;
and measures of reserve must be distinguished from the outcomes they are
purported to explain.

At the most general level, it is clear even now that issues of reserve—both
BRC and CRC—concern the brain’s capacity to mediate adaptive changes,
optimal or suboptimal, at any point in development. While reserve questions
about BRC, CRC and compensation have not generally been addressed with
children, new research suggests that comparative studies of reserve in adults
and in children might be mutually informative.
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5 Traumatic brain injury and
cognitive reserve

Erin D. Bigler

At the time of a traumatic brain injury (TBI) a complex array of factors
converge to contribute to recovery or the lasting cognitive and neuro-
behavioral effects of the injury (Tucker, 2005). Since TBI is an acquired
injury, a brain’s “health” and overall functional integrity at the time of injury
should be key factors in the ultimate effects of the injury. In this context, two
obvious factors that relate to outcome are a brain’s ability to withstand the
initial injury (i.e., protective factors) and its capacity for repair and recovery
(i.e., recuperative or promoting factors of healing and adaptation). Such
factors relate to a given brain’s reserve capacity first to withstand the injury
and then to repair itself and potentially recover. Within each general factor
are hosts of potential contributing factors that, at any given time, may influ-
ence outcome. “Protective” factors were first observed early in the course of
animal brain-behavior research, three-quarters of a century ago (see Schulkin,
1989). It was noted that prior to surgical ablation of a given brain structure,
pre-surgical experience made a difference in outcome (Schulkin, 1989).
Evidently, the amount and type of functional neural networks in place at the
time of injury have a bearing on outcome. From a developmental perspective,
complex interactions between experience and neural development lead to
overall brain development. Therefore, the interaction of neural growth,
experience, and the timing and mastery of cognitive abilities relates to opti-
mal brain function at any given point in life. If these factors are important in
brain development for a given brain to reach optimal levels of function, they
are likely also to be important for how a brain responds and recovers when
injured. In fact, although not coined in terms of contemporary theories
of “cognitive reserve,” this was notably part of Karl Lashley’s (1950) quest
more than 70 years ago in his search for the “engram,” the neural locus
of memory. At the conclusion of this chapter, the concepts introduced by
Lashley are revisited in light of contemporary methods of neuroimaging
analysis, cognitive reserve theory, and acquired brain injury.

Reserve theory of brain function also applies to cases of TBI with regard
to the remote sequela of the injury, not observed during the recovery and
stabilization phase but expressed later in life, sometimes decades after injury.
For example, in individuals who have ostensibly recovered from TBI there is
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an increased risk of developing neuropsychiatric and neurodegenerative dis-
orders later in life (Fann, Burington, Leonetti, Jaffe, Katon, & Thompson,
2004; Jorge, Robinson, Moser, Tateno, Crespo-Facorro, & Arndt, 2004;
Murrey, Starzinski, & LeBlanc, 2004; Plassman et al., 2000; Streeter, Van
Reekum, Shorr, & Bachman, 1995; Timonen et al., 2002; Tucker, 2005). As
such, the brain injury becomes a vulnerability factor for the expression of
disorders later in life. These three main topics—protective, promoting and
vulnerability factors—provide the theme for discussion of cognitive reserve
theory and the effects of TBI. Cognitive reserve has, at times, been used
interchangeably with brain reserve and one metric of brain reserve has been
overall brain volume. For the purposes of this chapter, the size of the brain
and its component structures serve as a marker for reserve capacity, as
explained below.

Total brain volume (TBV) and total intracranial volume (TICYV) as
markers of cognitive reserve

Hominid evolution shows a progression in brain size related to various oper-
ational definitions of cognitive complexity (Bruner, 2004; Lefebvre, Reader, &
Sol, 2004). The intellectual quotient (IQ) has been a psychometric tool for
approximately a century and is widely recognized as one index of cognitive
ability, including tasks that assess complex cognitive abilities (Frey &
Detterman, 2004; Vernon, Wickett, Bazana, & Stelmack, 2000). In fact, IQ is
the best predictor of neuropsychological test performance across a broad
band of neuropsychological tests (Diaz-Asper, Schretlen, & Pearlson, 2004).
Therefore, from an evolutionary perspective there should be some positive
relationship between the size of the organ that gives rise to complex mental
functions and complex mental functions however measured. Thus IQ and
brain size should be positively related. Interestingly, this concept had to first
overcome the pseudoscientific history of phrenology, the critique of which
discounted the potential association between the size of an organ like the
brain and intellectual ability (Gould, 1996). Thus the relationship between 1Q
and brain size was not systematically investigated until the late 1980s when
Willerman and colleagues first examined the association between total brain
volume (TBV) and 1Q (Willerman, Schultz, Rutledge, & Bigler, 1991). They
observed a positive correlation of approximately .4. Similar findings have
now been replicated in numerous studies (Haier, Jung, Yeo, Head, & Alkire,
2004; Ivanovic et al., 2004; Toga & Thompson, 2005; Vernon et al., 2000) and
likewise the control of TBV is well established statistical parameter essential
to any study examining cognitive ability, brain structure and function (Bigler
et al., 2004).

Total intracranial volume (TICV) is a proxy for TBY, a fact that can be
readily appreciated by viewing Figure 5.1 from Courchesne et al. (2000).
There is a dynamic relationship between brain growth and development and
expansion of the cranium. Expanding brain parenchyma stimulates cranial
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Figure 5.1 (A) TICV growth plots by age, showing rapid head size increase over the
first few years of life, but stable TICV after about age 8. (B) TBV growth
plots that mirror TICV until after age 20 when subtle volume decreases
occur. Used with permission from Courchesne et al. (2000).

vault expansion, reflected in increased head size. The correlation between
TBV and TICV in control subjects exceeds .85 (Courchesne et al., 2000;
Lainhart, Lazar, Alexander, & Bigler, 2005) and therefore, TICV can be used
as a proxy for TBV. Furthermore, since head circumference (HC), typically
measured in the occipito-frontal plane or OFC, represents the outer circum-
ference of the skull, it is another proxy for TBV. Because HC measurements
are external, and therefore influenced by such things as skull thickness, size of
the frontal sinus, hair, and so on, the relationship between HC and TBV is less
robust than the TBV-TICV relationship, but is nonetheless positive, where
correlations in the .5 range have been reported (Lainhart et al., 2005). In
fact, the first demonstration of smaller head size as a risk factor for dementia
was the Schofield, Mosesson, Stern, & Mayeux (1995) study that used HC as
a proxy for TBV. TICV becomes invariant over the life span (see Figure 5.1),
but since its peak value is determined by maximum brain expansion, TICV
represents a proxy for original brain volume before the effects of volume loss
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from aging, disease or disorder reduce peak TBYV earlier in life (Lainhart
et al., 2005).

The reason that these measures give some index of brain health and
reserve can also be appreciated from Figure 5.1. As shown in this figure, at
birth TBV is approximately 25% of its adult size, but by age 5, it is 90 to 95%
of its adult size. So TBV, TICV and OFC are early markers of brain growth
and all three are inexorably interrelated. In other words, a change in one
measure affects the other two during the first years of life, and each repre-
sents a measure of brain integrity. Accordingly, any adverse events during
developmental stages, such as injury, infection, poor nutrition, and so on,
would likely be expressed in smaller values (Peterson, 2003; Peterson et al.,
2000). Indeed, it is well established that prematurity, early stroke, brain infec-
tion or TBI result in not only reduced brain volume (Cooke, 2005) but lower
1Q levels (Grunau, Whitfield, & Fay, 2004), where the children never get back
to levels seen in age-matched controls (Cooke, 2005; Cooke & Foulder-
Hughes, 2003). Smaller brain volume later in childhood in those receiving
whole brain radiation as part of their treatment for cerebral neoplasm is
associated with greater cognitive deficits (Mulhern, Merchant, Gajjar,
Reddick, & Kun, 2004). Relatedly, TICV and TBV have been found to be
significantly smaller in childhood neuropsychiatric disorders including
schizophrenia and attention deficit hyperactivity disorder (ADHD), the
interpretation of such findings being related to some adverse effects early in
brain development (Gogtay et al., 2004; Thompson et al., 2004). Of particu-
lar interest in these associations is that IQ in these neuropsychiatric groups is
found to be lower than in matched cohorts without neuropsychiatric disorder
(Badcock, Dragovic, Waters, & Jablensky, 2005; Hervey, Epstein, & Curry,
2004; Toulopoulou et al., 2004). Also, there are genetic disorders, manifested
in part by deficits in brain growth and head size, that relate to deficits in
intellectual level (i.e., microcephaly) (Lainhart et al., 2005). From a cognitive
reserve perspective optimal brain growth is also influenced by experience,
including the complexity of the environment and adequacy of the diet
(Ivanovic et al., 2004). For example, in animal models, optimal brain growth,
when all other factors are controlled but the enrichment of the environment,
occurs in those exposed to enriched environments (Levitt, 2003). Thus
the relationship between experience, neural function and brain growth sets
the stage for TBV as an index of cognitive reserve. So a “healthy” brain
exposed to the most favorable cognitive and behavioral experiences while
simultaneously tolerating typical adverse consequences of childhood (i.e.,
routine illnesses, infections, etc.), represents a brain that may be optimized
from a cognitive reserve standpoint and, therefore, the most resilient when
injury occurs. Since peak TBV and TICV occur prior to puberty and OFC
is set prior to adulthood, these markers, when used to study cognitive
reserve, reflect the cumulative effects of diverse factors potentially affecting
the function of the brain.
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TBYV and the intellectual quotient (1Q)

As already mentioned, in 1991 Willerman et al. published the first study using
magnetic resonance imaging (MRI) to assess the relationship between TBV
and 1Q, where TBV was positively related to 1Q. This has now been replicated
by numerous studies (Vernon et al., 2000). Recently, Haier et al. (2004, 2005)
demonstrated the importance of frontal and temporal regions in their con-
tribution to TBV-IQ relationships, which had been demonstrated earlier
by Flashman, Andreasen, Flaum, and Swayze (1998). If diverse cognitive
functions that underliec what is psychometrically assessed by 1Q tests relate
positively to TBYV, this merely underscores the importance of optimal brain
development in understanding the neural basis of cognition (Deary & Caryl,
1997; 1saacs, Edmonds, Chong, Lucas, Morley, & Gadian, 2004).

TBI and TBY

Moderate-to-severe TBI has been consistently shown to result in reduced
overall brain volume (Bigler, 2001b; Bigler, 2005). In fact, it has been esti-
mated that the average volume loss associated with severe TBI is a 50 ¢cm®
reduction in brain parenchyma, which is an astonishing figure when one
considers the complexity of brain function and that billions of synapses
reside in one cubic millimeter (Bigler, 2001a). MacKenzie et al. (2002), in a
within-subjects prospective study of brain volume, found subtle volume loss
even in cases of mild TBI. Figures 5.2 and 5.3, taken from a patient who
sustained a severe TBI, graphically show the reduction in brain volume and
the global atrophic processes that occur over time following a brain injury.
Brain imaging studies prior to injury were available so the patient acts as his
own control in demonstrating the principle that acquired cerebral atrophy in
TBI is reflected as overall brain volume loss. Figure 5.2 also demonstrates the
calculation of a common metric to measure brain atrophy—the ventricle-to-
brain ratio or VBR (Bigler et al., 2004), which has also been used in studies of
cognitive reserve in cases of TBI. As a ratio, the VBR automatically adjusts
for head size differences. Because of the considerable heterogeneity in head
size, and since head size is also related to sex and overall physical size, signifi-
cant confounds occur when TBYV is not corrected for head size differences.
Figure 5.4 shows the age-dependent increase in VBR from age 16 to over 90
in control subjects without neuropsychiatric disorder. As distinctly reflected
in Figure 5.4 a “normal” brain volume loss occurs in healthy individuals
as they age. Returning to Figure 5.2 and comparing this patient’s VBR of
3.43 to those subjects in his decade of life (35-45), where the normal VBR
value should be under 2.0 (standard deviation of 0.5), the VBR in this TBI
patient is indicative of massive tissue loss as a consequence of the brain
injury. This is also easily appreciated in Figure 5.3 where the three-
dimensional depiction of the ventricle is presented and compared to that of
an age-matched control.
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2 Years Pre-injury DOI 1 Day Post Injury
VBR:1.64 VBR : 0.66 VBR: 0.46

e =2

7 Dyas Post Injury 16 Weeks Post Injury 2 Years Post Injury
VBR: 0.71 VBR:2.49 VBR : 3.43

Figure 5.2 Neuroimaging depiction of cerebral atrophy is unmistakably identified in
this sequential series of scans. The image in the upper left was obtained
2 years prior Lo sustaining a TBI, when the patient underwent routine
head MRI (inverted T2 image) as part of an evaluation for headaches,
The arrow points to the normal size of the ventricle, pre-injury. Pre-injury
VBR was well within normal limits for age (see Figure 5.4). Computer-
ized tomography clearly shows diffuse edema on the day of injury (DOI)
scan where the VBR is reduced to 0.66 because of massive brain swelling.
Note that most cortical sulci are indistinct, also a reflection of generalized
cerebral edema. The arrow points to [ocal extracerebral edema in the
frontal region where the patient sustained a blow to the head, resulting in
extensive swelling as well. Note by 1 day post-injury, the patient’s VBR
has been reduced to 0.46. but begins to recover by 1 week post-injury.
However, by 16 weeks post-injury VBR has markedly increased with clear
dilation of the ventricular system. By 2 years post-injury, even greater
cerebral atrophy has taken place, where the VBR is approaching six
standard deviations above what is normal for age.

As a general principle the more severe the injury the greater the likelihood
of the presence of diffuse damage and generalized parenchymal volume loss
as reflected in increased VBR. Similarly, VBR as an expression of global
damage also relates to cognitive outcome, where increased VBR is typically
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Control

Figure 5.3 3-D ventricular reconstruction depicting TBI-induced ventricular expan-
sion is presented in this dorsal view of the brain on the right, from the
patient described in Figure 5.2, compared to the age-matched control
subject on the left. Note that all aspects of the ventricular system are
dilated.

associated with worse cognitive and neurobehavioral functioning (Bigler,
2005). Because of these features, brain volume and/or VBR are excellent
metrics to test cognitive reserve theories as they relate to TBI.

TBYV as an indicator of cognitive reserve

As introduced above, many diverse, complicated and intertwined factors
influence optimal brain growth. However, it is safe to assume that some
factors that promote optimal brain growth and cognitive development also
likely optimize the brain against injury. For example, from conception to just
prior to birth, neurogenesis and neuropil development occur at astonishing
rates (Levitt, 2003), with remarkable neural organization occurring within a
short time span. For that organization to be optimized there has to be an
orchestration between neurogenesis and apoptosis and the establishment and
functionality of almost an infinite number of synapses. When this process
occurs optimally it could be theorized that it also confers some ability for that
brain to either better withstand an injury or, once injured, have a greater
capacity for recovery and/or reorganization. The intrauterine environment
is a challenge for the fetus and if that is successfully mastered, the next
challenge occurs—birth, In fact, the theory of redundancy and adaptability
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Figure 5.4 Plotting VBR by age shows a relatively stable ventricular volume to brain
volume ratio until middle age in normal controls who have no neuro-
logic or psychiatric symptoms and had volunteered to be part of a com-
parison group for studies involving aging and dementia (see Bigler et al.,
2000; Blatter et al., 1995). However, starting in the mid-50s, VBR starts to
change significantly, reflecting age-related brain volume loss, basically
associated simply with aging. Accordingly, injury from cerebral trauma
that occurs in the older individual is happening in a brain that has already
lost volume. If volume is a proxy for brain reserve then the diminished
volume would result in greater vulnerability of the brain to injury.

of the infant brain at the time of birth has long been assumed to represent a
protective factor related to survivability and the inevitability of brain damage
occurring during «any birth (Towbin, 1978; Villablanca, Carlson-Kuhta,
Schmanke, & Hovda, 1998). Natural birth is considered a traumatic event
and the mechanical distortion of the skull as it passes through the birth
canal likely exposes the infant brain to its first chance for a traumatic injury
(Towbin, 1978). So how the brain meets the first challenge of birth becomes
an important factor in a brain’s reserve capacity (Adelson, Dixon, &
Kochanek, 2000). In fact from an evolutionary perspective, there probably
has been some selection between manageable head size for exiting the birth
canal that produces the least injury, since large fetal head size is associated
with greater injury (Nassar, Usta, Khalil, Melhem, Nakad, & Abu Musa,
2003; Raio et al., 2003) but head size must be large enough to result in
optimal brain growth after birth, particularly in the first year. For those with
perinatal complications such as hypoxic brain injury, traumatic birth,
prematurity and low-birth weight are all known risk factors associated with
smaller brain volume and greater risks for cognitive sequela (Cooke, 2005;
Grunau et al., 2004; Marlow, Wolke, Bracewell, & Samara, 2005; Peterson,
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2003; Peterson et al., 2000). In fact, Abernethy, Palaniappan, and Cooke
(2002) demonstrated that the presence of any lesion was associated with
lower 1Q, and that caudate volume positively correlated with 1Q. From the
reserve standpoint, optimal size occurs because during the pre- and perinatal
periods of early brain development multiple potentially adverse biological
and environmental factors were successfully navigated, resulting in maximum
brain development.

Once life begins independent of the womb, a host of environmental influ-
ences are at play including illness, diet and stress-mediated factors. Illness is
important because it is well known that high fevers increase the risk of febrile
seizures, and history of febrile seizures is associated with various neurological
sequelae (MacDonald, Johnson, Sander, & Shorvon, 1999; Sulzbacher,
Farwell, Temkin, Lu, & Hirtz, 1999). Experimental models of febrile epilepsy
show subtle changes in neural function at a pathological cellular level in
otherwise healthy appearing brains, particularly at the temporal lobe
level (Dube, da Silva Fernandes, & Nehlig, 2001). This implies that subtle
environmental effects like fever can have a deleterious effect on brain function
and development, which could detract from any reserve potential (see
MacDonald et al., 1999). Several studies have also demonstrated that adverse
psychosocial stressors may also impact brain development, including brain
volume (King, Ferris, & Lederhendler, 2003). Ivanovic et al. (2004) have
shown the relationship between poor diet, lower brain volume and reduced
1Q. Thus, just as with the intrauterine environment, post-birth is fraught
with many challenges to be overcome for optimal postnatal brain growth.
However, as shown in Figure 5.1, peak TBV and TICV occur early in child-
hood, so from a cognitive reserve standpoint, when TICV is used, it is a
reflection of the cumulative influences of brain development before puberty.

Cognitive reserve, brain size, pre-experience as a protective factor
and TBI

The edited text by Schulkin (1989) reviewed numerous studies on pre-injury
factors that influence outcome after brain injury. However, of the 14 chapters,
only one dealt with any aspect of pre-injury factors related to outcome in
humans after TBI (Grafman, Lalonde, Litvan, & Fedio, 1989). The only
major previous human study that attempted to systematically address pre-
morbid factors in post-injury outcome was Weinstein and Teuber (1957),
where using army data on education and ability testing prior to injury they
evaluated the relationship of pre-injury education and intelligence; however,
these factors were not very predictive of outcome in their study (see also
Teuber, 1972). Of course, Teuber’s work was done prior to any contemporary
imaging and, likewise, prior to current concepts in cognitive neuroscience and
recovery of function. Grafman et al. (1989) explored pre-morbid factors
more systematically, including various quantitative methods of brain image
analysis examining the effects of the size and location of the lesion on
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recovery of function. Grafman et al. found that after controlling for size and
location of acquired injuries to the brain: “Premorbid level of cognitive
ability remains the most powerful factor in predicting postinjury level of
recovery” (p. 299). This has also been demonstrated in more recent research
(Salazar, Schwab, & Grafman, 1995). Grafman et al. (1989) speculated that
the reason for the positive influence of pre-morbid ability on post-morbid
recovery following TBI was the potential for neural redundancy in informa-
tion processing systems, so that if one system is injured others could assume a
compensatory role.

Seshadri et al. (2004), as part of a long-term longitudinal study of aging,
examined “participants who where free of clinical stroke and dementia”
(p. 1591), measuring TBV and assessing their cognitive status on a variety
of neuropsychological measures. They observed that smaller TBV was
associated with poorer cognitive function in general. From a brain reserve
perspective, this could be interpreted as smaller brain volume being
associated with less cognitive reserve.

Assuming a relationship between pre-injury ability level, TBV and cogni-
tive function, Bigler, Johnson, and Blatter (1999) performed a retrospective
analysis of 33 cases of moderate-to-severe TBI. All subjects received stand-
ard 1Q testing and underwent a uniform MR imaging protocol that included
quantitative MRI measures. Not surprisingly, those with more severe
intellectual deficits had greater overall atrophy (i.e. smaller TBV) and spec-
ifically had more prominent temporal lobe atrophy. However, what was
particularly interesting from a cognitive reserve standpoint and the earlier
work by Grafman et al. (1989), was that those with post-injury IQ scores at or
below 90 (i.e. low average) as a group had the smallest TICV. This group with
the lowest [Q scores after moderate-to-severe TBI also had the smallest TBYV,
consistent with what the brain reserve hypothesis would predict: smaller
TICV and TBV would be most likely associated with greater lowering of I1Q
following brain injury.

While the Bigler et al. (1999) study inferred a role of cognitive reserve in
TBYI, it was not designed to control for actual pre-injury cognitive status. As
a follow-up, a larger group of TBI patients (N = 59), some of whom were in
the original Bigler et al. (1999) study, were contacted post-injury by Kesler
and Colleagues (Kesler, Adams, Blasey, & Bigler, 2003). They attempted to
get standardized academic testing, most typically the American College
Testing Program or ACT scores that were performed in high school, and
use the overall achievement score as an index of pre-injury cognitive ability.
Since these types of standardized tests have a significant positive relationship
with 1Q (Frey & Detterman, 2004), they represent an excellent index of
pre-injury Q. Knowing the pre-injury IQ estimate it was possible to calculate
a standardized change score of pre-injury 1Q to post-injury level. For those
post-TBI who had 1Q scores 90 or above, their change in IQ scores, based on
pre-injury estimates from standardized achievement testing, was less than
those with 1Q scores less than 90, but what was most interesting about this
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group with 1Q scores below 90 was that their TICV was significantly smaller.
These findings would be fitting with the cognitive reserve hypothesis that
having a larger brain resulted in less difference between pre-morbid and
post-morbid IQ following TBI, and overall higher TICV was associated with
having post-injury [Q scores above 90. Thus, from a brain reserve perspective,
the Kesler et al. (2003) study supports the notion that smaller pre-morbid
brain size and lowered achievement ability result in greater vulnerability in
terms of neuropsychological outcome from TBL.

Pre-injury factors that increase the vulnerability of TBI

Fann, Leonett, Jaffe, Katon, Cummings, and Thompson (2002) used a case
control method to study the potential influence of prior psychiatric illness
and subsequent brain injury, where they found the relative risk significantly
elevated, concluding that “psychiatric illness appears to be associated with an
increased risk for TBI” (p. 615). Obviously, complex factors are at play, but
one may be diminished cognitive reserve in those with psychiatric disorder
resulting in greater likelihood for TBI being expressed when injury occurs.
Farmer, Kanne, Haut, Williams, Johnstone, & Kirk (2002) tested this in a
more direct manner by examining the outcome of TBI in children who had
been previously diagnosed with a learning deficit (LD). Those with well-
defined learning deficits, from well-documented assessments done prior to
brain injury, had worse outcome following TBI than injury-matched controls
who did not have an LD when injured. These types of outcomes would be
predicted from the cognitive reserve theory as it relates to TBI. This type of
vulnerability would also suggest that following TBI, there would be a greater
likelihood of expression of neuropsychiatric disorder, which is also the case
(see Levin et al., 2004; Bombardier, Machamer, Fann, & Temkin Dikmen,
2004).

Latent or delayed effects of TBI on neurobehavioral and
neuropsychiatric status

To understand the long-term latent effects of TBI, it is important to briefly
review its typical underlying neuropathology. As already mentioned, there is a
diffuse component to TBI particularly at the level of moderate-to-severe
injury. This observation is supported by post-mortem (Graham, Gennarelli,
& Mclntosh, 2002) as well as numerous imaging studies (see Bigler, 2005). A
major component of this diffuse damage is white matter pathology (Wu et al.,
2004), which can be generalized and nonspecific. However, what is also clear
is that there is greater vulnerability for damage to frontal, temporal and
limbic regions of the brain (Bigler, Anderson, & Blatter, 2002; Hurley,
Hayman, Puryear, & Goldstein, 1995). The selectivity of frontotemporo-
limbic damage is critical in understanding the initial as well as long-term
effects of brain injury. The most common sequelae associated with TBI have



96 Bigler

been summarized as reduced processing speed (Mathias, Beall, & Bigler,
2004; Mathias, Bigler et al., 2004), impaired short-term memory (Vakil,
2005), and reduced executive functioning (Scheibel et al., 2003; Suchy, Leahy,
Sweet, & Lam, 2003) along with changes in personality and temperament
(Salazar et al., 1995; Swanson, Rao, Grafman, Salazar, & Kraft, 1995). Of
particular interest is that the sequelae just listed have, independent of TBI
studies, been shown to be at least partly dependent on frontotemporolimbic
regions. The associations become even more important when one examines
the type of neuropsychiatric disorders that increase in frequency after TBI,
such as major depression, anxiety and stress-mediated disorders, obsessive-
compulsive disorder and schizophrenia to list the most prominent (Fann
et al., 2004; Fann et al., 2002; Holsinger et al., 2002; Jaskiw & Kenny, 2002;
Jorge et al., 2004; Tucker, 2005). What is particularly interesting about these
studies is that they have examined the long-term sequelae wherein TBI
patients have ostensibly “recovered” or at least reached some level of post-
injury stability, but subsequently develop neuropsychiatric disorders or
dementia. One interpretation of such findings is that the brain injury creates
“vulnerability” for later expression of a disorder given the right interface of
environmental and genetic effects. Accordingly, having a brain injury
increases the risk for later in life neuropsychiatric disorder.

One particularly interesting factor associated with TBI and dementia later
in life (Bachman, Green, Benke, Cupples, & Farrer, 2003; Plassman et al.,
2000), is that at a molecular level, brain injury results in increased deposition
of beta-amyloid (Blasko et al., 2004; Bramlett, Kraydieh, Green, & Dietrich,
1997; Chen et al., 2004; Olsson et al., 2004; Verhoeff et al., 2004). This same
pathology is found in Alzheimer’s disease, where the senile plaques diagnostic
of Alzheimer’s disease are largely composed of aggregated beta-amyloid
(VerhoefT et al., 2004). Futhermore, lkonomovic et al. (2004) undertook
histological analysis of actual excised temporal cortex following TBI and
further documented a variety of Alzheimer’s-like neuropathology. Thus the
connection between brain injury and subsequent dementing disorders may
be related to how a particular brain handles the biochemical and neuro-
pathological cascade of damage and repair, which undoubtedly relates in
some fashion to that brain’s “reserve” ability.

Normal aging and prior TBI

The brain changes with age, both in structure and function (Richter &
Richter, 2003). As discussed elsewhere in this text, those who age optimally
have successfully navigated various challenges to the integrity of the brain
throughout their life span. Living longer and intactly implies better brain
reserve capabilities. This also probably applies to factors that relate to TBI.
Any factor that adversely impacts the health of the brain, such as a brain
injury, would have a deleterious effect on successful aging (Colantonio,
Ratcliff, Chase, & Vernich, 2004). In fact, prior TBI is associated with shorter
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