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Summary

Executive functions may be defined as those skills necessary
for purposeful, goal-directed activity, and are generally con-
sidered to be largely mediated by the frontal and prefrontal
cortices of the brain. These cerebral regions are relatively
immature during childhood, with development thought to be
a protracted process which continues into early adolescence.
While early theorists suggested that executive skills were not
functional until cerebral maturity, recent research provides
evidence that such skills can be elicited in early childhood.
The aim of this paper is to review current theories of develop-
ment of executive functions throughout childhood. In keeping
with contemporary approaches to child neuropsychology,
three critical dimensions will be evaluated; biological factors,
psychological dimensions, and developmental trajectories. In
addition, the literature which addresses assessment of these
functions will be examined, with reference to developmental
trajectories observed in normal populations, and in
brain-damaged samples, where there may be disruption to
the underlying neural substrates thought to be subsuming
these functions.

Introduction

The concept of ‘executive function’, although vari-
ously defined, is generally agreed to encompass the skills
necessary for purposeful, goal-directed activity [1-4].
Neuropsychological evidence suggests that these skills
may be largely mediated by the prefrontal cortex of
the brain and related descending systems, providing a
framework within which stored information can be
adaptively applied to novel, problem-oriented situations
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[4—6]. These cerebral regions are relatively immature
during childhood, with development thought to be a
protracted process which continues into early adoles-
cence [7-8]. Parallels between ongoing maturation of
the frontal lobes and the emergence of executive capa-
cities have been reported in a number of studies. These
results suggest that, where developmentally appropriate
assessment tools are employed, evidence of executive
skills can be elicited in children as young as the age of
6 years [9-20].

There is now growing evidence that children sustain-
ing brain damage exhibit deficits in executive skills. Such
problems may interfere with the child’s capacity to
develop normally and interact effectively with the envir-
onment, thus leading to ongoing cognitive, academic,
and social disturbances [21, 22]. Individual case studies
provide anecdotal evidence of problems in planning,
problem solving, and abstract thinking in the day-to-
day lives of these children [23-25]; however, such ‘execu-
tive dysfunction’ is often difficult to detect using tradi-
tional assessment tools. Further evidence comes from a
handful of recent studies which have examined executive
functions following childhood brain injuries. Findings
suggest that residual deficits in planning, problem solv-
ing, and adaptive behaviour are associated with head-
injury [26-29], hydrocephalus and spina bifida [30], and
cranial irradiation for treatment of childhood cancers
[31, 32]. However, accurate and reliable identification
of such deficits, both in clinical practice and research
endeavours, continues to be limited owing to the lack
of developmentally appropriate assessment tools.

The aim of this paper is to review current theoretical
models of executive function in children, from a neuro-
psychological perspective. In keeping with contempor-
ary approaches to child neuropsychology [33-35], three
critical dimensions will be evaluated; biological factors,
psychological processes, and developmental trends. In
addition, the literature which addresses assessment of
these functions will be examined, with reference to
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developmental trajectories observed in normal popula-
tions, and in brain-damaged samples where there may
be disruption to the underlying neural substrates
thought to be subsuming these functions.

Definitions of executive function

Before embarking on a discussion of executive func-
tion, issues of definition must be considered. Over time,
there has been a gradual conceptual shift, with early
notions describing a homogeneous set of processes,
and not differentiating among individual sub-skills
which might be incorporated by such a Iabel.
Currently, while the range of skills included in specific
definitions varies, most authors agree that ‘executive
functions’ may be best understood as an umbrella
term, encompassing a number of interrelated sub-skills,
necessary for purposeful, goal-directed activity [4, 36].

In a recent comprehensive review of neuropsycho-
logical assessment procedures, Lezak ([36] p. 42) states
that executive functions are ‘capacities that enable a
person to engage successfully in independent, purpose-
ful, self-serving behaviours’. She suggests that they may
be conceptualized as having four components: (1) voli-
tion; (2) planning; (3) purposeful behaviour; and (4)
effective performance, with each involving a distinctive
set of activity-related behaviours. Lezak [36] distin-
guishes between cognitive abilities, which may be seen
as domain specific, and executive skills, which act more
globally and impact upon all aspects of behaviour. She
argues that the integrity of these functions is necessary
for appropriate, socially responsible conduct. Stuss [37]
provides an integrated model of executive function,
including a set of associated skills which allow the indi-
vidual to develop goals, hold these goals in active mem-
ory, monitor performance, and control for interference
in order to achieve these goals. Other authors include
focused and sustained attention, generation and imple-
mentation of strategies, monitoring, and utilization of
feedback under the umbrella term ‘executive functions’
[6, 25, 38, 39]. Shallice [40] and Walsh [41] fine-tune the
concept further, arguing that executive functions are not
in maximal usage for the execution of routine, well-
learned behaviours, but are specially activated in novel
or unfamiliar circumstances, where no previously estab-
lished routines for responding exist.

Such definitions are commonly operationalized, for
the purpose of neuropsychological assessment, to
include planning, problem solving, abstract thinking,
concept formation, self-monitoring, and mental flexi-
bility [5, 42, 43]. Thus, ‘executive dysfunction’ may be
reflected in test performances by poor planning and
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organization, difficulties with generating and imple-
menting strategies for problem-solving, perseveration,
inability to correct errors of use feedback, and rigid or
concrete thought processes [6, 41]. Qualitative features
of executive dysfunction may include poor self-control,
impulsivity, erratic careless responses, poor initiation,
and inflexibility [36]. While these behaviours are com-
monly considered to be ‘deviant’ in adults, a similar
interpretation may not always be warranted for chil-
dren. Before determining whether such behaviours are
indicative of executive dysfunction in children, develop-
mental expectations need to be considered.

Frontal lobe function/executive function?

The terms ‘executive function’ and ‘frontal lobe
function” have developed in parallel in the neuropsycho-
logical literature. Furthermore, they are often employed
interchangeably, most likely due to observations of
executive dysfunction in patients with frontal lobe
damage [5, 41, 44-47]. However, the practice of local-
izing executive functions to the frontal lobes has been
questioned with similar patterns of behavioural disturb-
ance identified in patients where pathology is not
restricted to these regions [38, 46, 48]. It may be argued
that, while the frontal regions play a vital role in their
mediation, the integrity of the entire brain is necessary
for intact executive function. Alternatively, executive
function may be interpreted purely as a psychological
concept, relating to a set of observable behaviours, with-
out any reference to possible anatomical underpinnings
[37]. Tt is this latter psychological perspective which is
emphasized in the present discussion.

There is a growing body of developmental research
which describes a sequential improvement of perform-
ance on executive tasks through childhood, coinciding
with growth spurts in frontal lobe development [18, 47,
49-51]. Such findings have been interpreted as providing
support for the mediation of executive functions via
anterior cerebral regions, and the prefrontal cortex
specifically. While this may be the case, these cerebral
regions are dependent upon other cerebral areas for
input, making it difficult to isolate frontal functions
from those of other developing cerebral areas. It may
be that, as for research based on brain-damaged popu-
lations, the maturation of executive function reflects the
integrity of cerebral development throughout the brain.
Similarly, from a cognitive perspective, the development
of executive functions may be inextricably associated
with the gradual emergence of other cognitive capacities,
with ample evidence for associated gradual increments
in skills such as language [5, 52, 53], attention [54, 55],
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speed of processing [56, 57], and memory capacity
[58-61].

PHYSIOLOGICAL DEVELOPMENT UNDERPINNING
EXECUTIVE FUNCTIONS

Knowledge of central nervous system (CNS) matura-
tion and related cognitive development is gradually
increasing, with advances in technical methodologies.
It is now well established that cerebral development is
ongoing during childhood. Brain weight increases from
~400 grams at birth to 1500 grams at maturity in early
adulthood, although most maturation is thought to
occur during the first decade of life [62]. While pre-
natal development is primarily concerned with struc-
tural formation, post-natal development is associated
with elaboration of the CNS [63, 64]. In particular, pro-
cesses such as dendritic aborisation, myelination, and
synaptogenesis have all been reported to progress during
early childhood, in a largely hierarchical manner, with
anterior regions the last to reach maturity [65-68].
Initially, developmental neuropsychology was influ-
enced by a view that the frontal lobes were ‘functionally
silent’ in infancy and early childhood, with executive
skills not measurable until the second decade of life
[69]. A number of neropsychological studies now refute
this view, documenting frontal lobe activity even in
infancy. For example, Chugani et al. [70] measured
local cerebral metabolic rates of glucose in infants and
young children, and found evidence of frontal metabolic
changes in infants as young as 6 months of age.
Similarly, Bell and Fox [49] have documented changes
in scalp recorded electroencephalograms (EEGs) in
frontal regions during the first year of life, relating
these to improvements in behavioural performance.
Many workers now support the notion that these bio-
logical growth markers may explain some of the age-
related variation in ‘non-biological’ development such
as cognition [50, 51, 62].

It is generally agreed that the frontal lobes are hier-
archically organized, with all areas receiving input from
posterior and subcortical cerebral regions. In particular,
the prefrontal cortex, thought to be the primary media-
tor of executive functions, receives input from all areas
of the frontal and posterior neocortex [65, 71]. Thus
sensory and perceptual data are processed by the frontal
lobes, where actions are organized and executed. This
pattern of connectivity suggests that, while prefrontal
regions may ‘orchestrate’ behaviour, they are also
dependent on all other cerebral areas for input, with
efficient functioning reliant upon the quality of informa-
tion received from other cerebral regions.

Development of the frontal lobes also appears to
follow a hierarchical pattern, consistent with processes
such a myelination, which progress through a number of
stages, from primary and sensory areas to association
areas and finally frontal regions [65, 72, 73]. Vestibular
and spinal tracts, related to basic postural control, are
myelinated as early as at term. Midbrain cortical—
visual pathways show evidence of myelination by 2-3
months of age, and descending lateral cortical tracts
by the end of the first year of life, when fine motor
control appears [74]. Cerebellar—cerebral connections
are not myelinated until the second year of life, with
reticular tracts still maturing at school age and tracts
connecting specific and associative areas showing
ongoing development into adulthood [8].

Results from the EEG studies also indicate CNS
changes through childhood. Thatcher [50, 51] has
described a number of growth periods, the first between
birth and 2 years, another from 7 to 9 years with a final
spurt in late adolescence (16—19 years). These growth
spurts are thought to be associated with increases in
either the number or strength of cortical synaptic con-
nections. Consistent with Thatcher’s findings, Hudspeth
and Pribram [72] document EEG data which indicate
maturational peaks and plateaux continuing through
childhood and into adolescence. They report a differen-
tial progression of regional cerebral development, with
simultaneous completion of maturation throughout the
CNS. In frontal regions, they describe accelerated devel-
opment from 7-10 years, which then terminates syn-
chronously with development of other brain regions.
Age-related pre-frontal ribonucleic acid and develop-
ment, through to ~9 years of age [75], and changes in
pattern of metabolic activity and levels of various
enzymes [76], also support a hierarchical model of fron-
tal lobe development.

It may be that not all CNS development conforms to
this hierarchical model. An alternative argument sug-
gests that, while measurable parameters behave in a
spurt-like fashion, underlying development is essentially
continuous [37]. For example, synaptogenesis appears to
be simultaneous in multiple areas and layers of the cor-
tex [77], with neurotransmitter receptors throughout the
brain reported to mature at the same time [78]. Such
findings suggest concurrent development, where poster-
ior and anterior structures develop along approximately
the same time-table. Not all research supports this view
of simultaneous maturation, even for neurochemical
markers, with some arguing that this pattern, while
present in non-human species, may not hold for humans
[79]. Clearly, there is a need for further research to
delineate these complex issues.
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To summarize, these various lines of inquiry suggest
that cerebral development is likely to be primarily hier-
archical, both within and across cerebral regions, with
frontal areas reaching maturity relatively late, in early
puberty. Further, there is substantial support for a step-
wise model of development, rather than a gradual pro-
gression, with convergent evidence that growth spurts
occur in early infancy, again around 7-10 years of age,
with a final spurt during adolescence.

PSYCHOLOGICAL DEVELOPMENT

A number of parallels may be drawn between patterns
of cognitive and biological development. Numerous
studies have now reported that executive functions pro-
gress in a stage-like manner, consistent with growth
spurts identified within the CNS. Historically, cognitive
models have strongly supported such a hierarchical view
of development. In particular, Piaget’s theory of cogni-
tive development [80], while providing no reference to
possible neural substrates, is highly compatible with cur-
rent understandings of cerebral development. Piaget
describes four sequential cognitive stages including sen-
sorimotor (birth—2 years), pre-operational (2-7 years),
concrete operational (7-9 years) and formal operational
(early adolescence). While more contemporary develop-
mental psychologists may dispute some of the principles
of Piagetian theory [81], it is worthy of note that the
hypothesized timing of transition between Piaget’s
cognitive stages coincide quite closely with growth
spurts identified within the CNS.

Some researchers have employed Piagetian techniques
to investigate early cognitive development and its rela-
tionship with cerebral development. In a series of inves-
tigations, Diamond and Goldman-Rakic [14, 15, 82, 83]
employed the classic Piagetian object permanence para-
digm, as well as an object retrieval task, to investigate
goal-directed behaviours in infants. To establish links
with possible cerebral substrates, they compared per-
formances of human infants to those of both adult
and infant rhesus monkeys with focal lesions. They
found that infants as young as 12 months were able to
exhibit object permanence, as were monkeys with par-
ietal lesions. By contrast, older rhesus monkeys with
frontal lesions were unable to complete these tasks suc-
cessfully. Similarly, for objective retrieval tasks, human
infants showed age-related improvements in planning
and self-control, mirroring those of normal infant mon-
keys. Monkeys with frontal lesions were unable to mas-
ter these tasks. These results have been interpreted as
evidence that frontally mediated, goal-directed, planful
behaviour is present as early as 12 months of age in
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human infants. However, such findings need to be inter-
preted cautiously, with the understanding that cross-spe-
cies distinctions are problematic, as are comparisons
between the process of normal development and the
effects of acquired brain pathology.

Other studies have attempted to map developmental
trajectories for aspects of executive function in older
children. Passler er al. [19] report one of the earliest
studies employing this methodology. Using measures
of executive functioning adapted from adult neuro-
psychology, they have shown that children as young
as 6 years are able to exhibit strategic and planful behav-
iour. Their results suggest a stage-like progression of
executive skills, with mastery still not achieved by the
age of 12. In a follow-up study, Becker et al. [84] report
a similar pattern of results, once again noting a failure to
achieve adult levels on executive measures by the age of
12. Using the Wisconsin Card Sorting Test as their
measure of executive function, Chelune and Baer [85]
report improvements in performance between 6 and 10
years, with adult performance achieved by 12 years.
Further, they observed that 6-year-old children demon-
strated difficulties similar to those seen in adults with
focal frontal lesions!

More recently, a number of researchers have
employed a ‘battery model’, administering a range of
tests purported to measure executive functions. Such
an approach, while providing developmental trajectories
for each of these tasks, also enables investigation of
possible relationships among measures, thus addressing
the crucial issue of test validity. Levin et al. [18] eval-
uated 52 normal children and adolescents in three age
bands, 7-8 years, 9—12 years, and 13-15 years. They
administered a range of ‘executive’ measures and identi-
fied developmental gains across all tasks, reflecting pro-
gress in concept formation, mental flexibility, planning
and problem solving through childhood. Although their
sample size was relatively small, they performed prin-
cipal components analysis on their data, identifying
three factors which they argued were associated with
specific aspects of executive functions, as well as unique
developmental patterns. Factor 1 tapped semantic as-
sociation/concept formation and Factor 3 was primarily
concerned with problem solving, with each of these abil-
ities showing a gradual progression over the three age
ranges. Factor 2 was related to impulse control and
mental flexibility, and these behaviours were noted to
reach adult levels by the age of 12.

Welsh et al. [20] also studied a sample of normal
children, aged 3-12 years, using a series of measures
of executive function. Consistent with previous findings,
their results provide evidence for stage-like develop-
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ment, with some components of executive function
maturing earlier than others, thus supporting a multi-
dimensional notion of executive function. They argue
for three distinct developmental stages, the first com-
mencing around age 6, a second about age 10, and
final spurt in early adolescence. They suggest that the
ability to resist distraction is the first skill to mature, at
around age 6. Organized search, hypothesis testing, and
impulse control appear to reach adult levels at around
age 10, with verbal fluency, motor sequencing and plan-
ning skills not at adult levels at age 12. They further
investigated possible associations among their measures,
and identified three discrete factors: Factor 1, described
as representing speeded responding; Factor 2, an indi-
cator of hypothesis testing and impulse control; and
Factor 3, reflecting planning ability.

Anderson et al. [56] employed a similar methodology,
with the primary aim of providing normative data for a
number of commonly used clinical tests, purported to
measure executive functions. Their sample included 376
children aged 7—13 years, selected to be representative of
the general population with respect to social factors and
gender. In line with the work of Levin [39] and Welsh et
al. [20], results suggest continued significant improve-
ments in test performance through middle childhood,
indicating ongoing gains in executive functions. An ex-
amination of correlations among these executive meas-
ures, outlined in table 1, suggests relatively strong
associations between tasks tapping problem solving
and planning ability. By contrast, only a weak relation-
ship was found between these measures and tests of
concept formation, again suggesting that executive func-
tion is likely to incorporate a range of sub-skills.

The parallels between the developmental trajectories
described in these studies, and those reported in neuro-
physiological research are difficult to ignore. However,
the situation is complex. While all measures employed in
these studies provide evidence that executive function,
rather than being a unitary concept, may be divided into
a number of specific categories, exhibiting different
developmental trajectories, and maturing at differential
rates. These varying patterns may reflect mediation by

specific areas within the frontal lobes, also maturing at
different rates. From a biological perspective, the poss-
ible influence of ongoing development of other cerebral
areas also needs to be considered. For example, the
quality of neural transmission from posterior and sub-
cortical regions may impact upon the functioning of the
frontal and prefrontal cortices which have rich connec-
tions with all cerebral areas. Maturation of these poster-
ior regions may then enhance the functioning of
anterior cerebral areas. From a cognitive viewpoint,
similar considerations are important. The gradual emer-
gence of greater memory capacity, more advanced lan-
guage skills, and faster speed of processing will all
enhance the child’s capacity to function on measures
of executive functioning. While tentative links have
been established, there is still a way to go to define
relationships between development of executive skills
and frontal structures, or isolate cognitive gains specific
to executive functions, divorced from lower-order
cognitive capacities. Regardless, this convergence of
evidence emphasizes the importance of close communi-
cation among disciplines involved in improving one’s
understanding of brain—behaviour relationships in the
developing child.

Assessment of executive function

The assessment of executive function is a topic which
has received considerable attention in adult neuro-
psychology. Early, localizationist models designated
tests such as the Wisconsin Card Sorting Test [86, 87]
or the Complex Figure of Rey [88] as indicators of
frontal lobe or executive function, based on poor per-
formance by patients with frontal lobe pathology.
Contemporary neuropsychological theory would argue
that such an approach is too simplistic. The efficiency of
executive skills, and also of frontal lobe functioning, is
necessarily mediated by lower-order processes. It is
important then to view executive functions in the con-
text of these other functions, and to evaluate carefully
assessment tools, considering the specific components of
executive function they measure. In many cases this may

Table 1 Correlations among tests of executive function from Anderson et al. [56]
Measure Trails A Trails B CFR: copy CFR: organization TOL: correct
COWAT 0.20 0.06 —0.11 —0.11 0.40%*
Trails A 0.37%* —0.22 —0.21 —0.28**
Trails B —0.30%* —0.32%* —0.35%*
CFR: copy 0.48%* 0.37**
CFR: organization 0.31%*

**p < 0.001.

COWAT: Controlled Oral Word Association Test; CFR: Complex Figure of Rey; TOL: Tower of London.
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be difficult to tease out, and often the ‘endpoint score’ is
not particularly sensitive to executive functions, as it
commonly summarizes performance on a variety of dif-
ferent cognitive components. Assessment and isolation
of executive deficits may rely on administration of mul-
tiple tests, each focusing on specific aspects of function,
and sequentially ruling out skills as deficient.

A number of authors comment on the problems of
assessing executive function. In addition to being acces-
sible only through tests which include lower-order func-
tions, deficits in these skills are often difficult to detect
within the clinical context, using standardized assess-
ment tools. Typically, the neuropsychogical assessment
is conducted in a well-structured clinic setting, where the
examiner plans and initiates the majority of the evalua-
tion. Lezak [36] emphasizes these problems, noting that
deficits in executive function are rarely reflected in test
scores, as the majority of assessment tools are also
highly structured. Parker and Crawford [45], in a review
of assessment procedures, claimed to measure executive
functions, found ‘disappointingly few sensitive and
reliable tests which the clinical neuropsychologist can
depend upon’ (p. 286). They go further to argue that,
when evaluating executive function, the clinician is often
forced to rely on qualitative observations and informed
judgement, as well as reports from family and social
contexts.

Child assessment

Whilst some researchers [69] have suggested that
executive functions do not emerge until early adoles-
cence, recent studies provide compelling evidence that
these skills are assessable even in the preschool child,
provided appropriate measures are employed. Given
the vulnerability of executive functions to early brain
damage [25], the importance of intact executive function
to ongoing cognitive development [22], and to the suc-
cess of treatment and rehabilitation programmes, there
is a need to devise valid and well-standardized assess-
ment measures, specifically designed for children, and
based on current understandings of the nature of both
cerebral and cognitive development through childhood.

There are many papers and even entire tests devoted
to neuropsychological assessment of children. A perusal
of chapter topics and subject indexes suggests that
executive function is frequently neglected [24, 34, 89—
91]. Further, most available or commonly utilized tests
purported to measure executive function in children
have been developed for use with adults, with their
inclusion in test protocols for children based on the
assumption that they will detect similarly localized dys-
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function in both groups. Such assumptions remain
untested, suggesting that caution is required when pro-
viding localizing interpretations of test performance
[92]. At a more practical level, these tests may be of little
interest or relevance to young children, and frequently
lack normative information with respect to developmen-
tal expectations. Todd et al. [93] stressed the importance
of establishing expected normal levels of executive
function in children and adolescents, when they com-
pared the results of head-injured and healthy adoles-
cents on tests of planning ability. They found that,
while deficiencies in planning were evident in their
head-injured sample, this was also true for healthy ado-
lescents. The clinical implications of such findings are of
significance, when it may be that such deficits are inac-
curately interpreted by clinicians as injury-related con-
sequences, rather than developmentally appropriate
levels of skill.

To establish valid measures of executive function,
which overcome the problems described above, it is
essential to evaluate their capacity to measure the
primary skills included in definitions of the concept:
planning, problem solving, abstract thinking, concept
formation, self-monitoring, and mental flexibility [5,
42, 43, 47]. Walsh [41] argues that, in order to tap
these skills effectively, tasks require several characteris-
tics: novelty, complexity, and the need to integrate infor-
mation. In support of Walsh’s ‘formula’ for assessment
of executive functions, Shallice [40] states that routinized
tasks can be performed almost automatically, without
reference to executive skills. However, novel or complex
tasks require the individual to develop new schema, for-
mulate new strategies, and monitor their effectiveness,
thus activating executive skills.

The most widely accepted measures of executive func-
tion have been designed or borrowed from cognitive
psychology, with these basic requirements in mind.
One of the greatest problems, however, is the lack
of consensus as to which of these measures is a valid
indicator of executive function. A review of a number
of recent studies which have been designed to assess
executive skills shows that individual researchers
vary in their understanding of which tests provide
the best measures of executive functions. Table 2
lists the tests included in a number of recent child-
based studies, each of which employed multiple
measures of executive functions. Clearly, some measures
are more universally accepted. For example, the
Controlled Oral Word Association Test (COWAT)
[52] was employed in half of the studies reviewed, and
was generally described as a measure of abstraction or
concept formation. Similarly, the Wisconsin Card
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Table 2 Tests purported to measure executive functions in child-based studies

Trail

TOL/ Go/ Porteus  Category Making TOVA|/  Twenty Stroop
Study wcCST TOH no go COWAT CFR mazes test test MFFT CPT questions  test
[84] - - * - - - -
[33] _ _ _ _ * * . . . *
[39] _ _ _ * * * . . . * .
[ 1 8] * * * * . . . . . . * .
[20] * * . * . . . . * .
[94] - * - * - - - - - -
[9 5] * . . * * . . . * . *
[96] * _ _ * * * _ * _ * _ *
[56] _ * _ * * _ _ * _ _
[97] _ _ _ * _ _ _ _ * _ * _
[98] _ * _ _ * _ _ _ _ * _
[99] * _ _ * * _ _ _ _ * _ _

WCST: Wisconsin Card Sorting Test; TOL/TOH: Tower of London/Tower of Hanoi; COWAT: Controlled Oral Word Association Test; CFR:
Complex Figure of Rey; MFFT: Matching Familiar Figures Test; TOVA: Test of Visual Attention; CPT: Continuous Performance Test.

Sorting Test (WCST) [87], variations of the Tower of
London (TOL) [2], the Complex Figure of Rey (CFR)
[88], and Trail Making Test [100] were also commonly
included in batteries purported to tap executive skills in
children. Details of each of these tests are provided in
the following discussion.

METHODS OF ASSESSMENT
Standardize d measures

There are a range of child-based battery-style
psychometric tests available; however, they commonly
pay scant attention to the measurement of executive
function (e.g. Halstead Reitan Neuropsychological
Test Battery for Children [101]; Reitan—-Indiana
Neuropsychological Test Battery for Younger Children
[102]; Luria—Nebraska Neuropsychological Battery
[103]). For the Wechsler scales (Wechsler Intelligence
Scale for Children—III [104]; Wechsler Preschool
and Primary Scale of Intelligence—Revised [105]),
there is a similar lack of focus on measures of executive
function, although, from adult samples, it has
been argued that individual subtests may measure
aspects of executive function. For example,

Table 3 Tests purported to tap specific aspects of executive function

Block Design [41], Picture Arrangement [45] and
Similarities have been earmarked as measures of
planning, problem solving, and abstraction, respect-
ively. Even more recently developed, process-based
assessment batteries (e.g. McCarthy Scales of
Children’s Abilities [106]; Kaugman Ability Battery for
Children [107]) include no specific analysis of these
skills. Lezak [36] argues that, in general, these tests
may be too highly structured to tap executive functions
accurately, which may be best identified on the basis of
careful observation of qualitative features of test
performance and from information provided by family
and educational sources with respect to day-to-day
functioning.

Individual test procedures

One method of rationalizing the current relatively
arbitrary use of individual tests purported to measure
executive function is to categorize each test (or test
component) according to the skills they are thought to
measure. Table 3 provides one possible example, listing
commonly used measures, according to the primary
aspects of executive function involved in each task.

Executive function Test

Standar d administration Normative data

Complex Figure of Rey
Porteus Mazes
Tower of London

Planning and organization

Problem solving

Yes For 6 years and older
Yes No
Several versions For 6 years and older

Tower of Hanoi No No
Abstraction/concept formation Controlled Oral Word Association Yes For 6 years and older
Twenty Questions Several versions in use No
Mental flexibility Wisconsin Card Sorting Test Yes Yes
Trail Making Test Yes For 6 years and older
Stroop Test Yes No
RIGHTS
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Figure 1 The Complex Figure of Rey.

What follows is a brief description of some of these
measures, with discussion restricted to those tests for
which there are standardized administration procedures
and adequate developmental norms.

PLANNING ABILITY

The Complex Figure of Rey (CFR) [88] requires the
child to copy a complex geometric design, illustrated in
figure 1, and then redraw it from memory following a 3-
minute delay. It is generally described as a test of plan-
ning and organization skills; however, other lower-order
skills are also important to efficient performance. These
skills include visual perception, visuo-motor skills, fine
motor skills, and visual memory. All might contribute to
overall performance. Scores have been devised for copy
accuracy, recall, and organizational efficiency, with a
number of references providing scoring protocols and
developmental norms [56, 108, 109]. Accuracy, recall,
and organizational scores have been shown to improve
through childhood, as illustrated in figure 2 [56], and
figure 3 provides examples of copies produced by
normal children of varying ages, emphasizing individual
differences in performance, even within age bands.

With respect to executive functions, one of the great-
est breakthroughs has been the development of organ-
izational measures, rather than simple accuracy and
recall indices. Waber and Holmes [109] devised one of
the earliest versions of organizational scoring, employ-
ing a 5-point scale to rate productions in terms of out-
come. Because of perceived limitations in this method,
Anderson et al. [110] have developed an alternative
model which specifically addresses the ‘process’ em-
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ployed in copying the figure. This procedure is based
on scoring the copy as the child is drawing, noting
the order in which component parts are produced, and
whether the child has employed a logical, planful
approach, or a more piecemeal random method. As
with other organizational scores, there is a gradual
improvement in organizational level with age. Further,
and perhaps not surprisingly, there is a close relation-
ship between quality of organization of copy and quality
of recall, emphasizing the importance of intact planning
for day-to-day functioning.

A number of clinical studies have included the CFR
in their test protocols, with deficient performances
observed in a range of patient populations, including
learning-disabled children [111], head-injured children
[98], post-meningitic children [112], and cranially irra-
diated children [31, 113]. However, while these findings
provide support that the CFR is a useful measure of
planning ability in children with both developmental
and acquired CNS disorders, there is no evidence as
yet that performance on the task is specifically related
to frontal lobe dysfunction.

Maze Tasks (Porteus Mazes [114]; Mazes, Wechsler
Intelligence Scale for Children—III [104]; Wechsler
Preschool and Primary Scale of Intelligence—Revised
[105]) have also been employed to assess planning and
foresight in children. Specific maze formats and admin-
istration procedures vary across tests, but each provide
some developmental data, enabling interpretation of
performance with respect to age expectations. As for
the CFR, the evaluation of executive functions via
maze tasks is confounded by other skills required for
efficient performance, including fine motor skills, visual
perception, and speed of response.

PROBLEM SOLVING

The Tower of London (TOL) [2] measures problem-
solving aspects of executive functioning. The task in-
volves 12 items, with each requiring children to rear-
range three coloured balls to a configuration presented
on a stimulus card, and in a prescribed number of
moves. Where a child fails to complete an item correctly,
the balls are replaced in their original configuration, and
the child has the opportunity to try again. Scores include
number of items correct, numer of failed attempts,
planning time, and time taken to complete each item.
An example of one of the items in the test is shown in
figure 4.

Shallice [2] argues that the TOL involves minimal
contribution of lower-order skills, such as perceptual
and motor abilities, short-term memory, and sustained
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Figure 2 Development trajectories for the Complex Figure of Rey.

attention, based on low associations noted between the
TOL and other cognitive measures. If this is the case,
then the TOL may overcome some of the difficulties of
other executive tests. In addition, the test may be utilized
to tap a number of components of executive function,
including planning speed, impulsivity, and flexibility.
While originally designed for use with adults, the TOL
has a number of features that allow it to be readily
applicable to pediatric populations. First, the task is
generally challenging and attractive to children of vary-
ing ages. In addition it incorporates a range of difficulty
levels, so that even young children are able to complete
initial items.

Despite its potential advantages, clinical use of the
TOL has been restricted, owing to the lack of standar-
dized administration protocols and normative data.
However, two recently published studies provide alter-
native testing protocols, and both include developmen-

tal data [9, 115]. These findings describe continued
improvements in test performance through childhood,
with some evidence for developmental spurts at around
age 8-9 and again around age 10-11. Developmental
trajectories for the TOL from the Anderson et al. [9]
sample are shown in figure 5. Finally, the TOL is one
of the few executive measures which has been directly
related to frontal lobe damage in children. Levin et al.
[116] found deficient performance on the TOL to be
associated with head injury in children. In addition,
they identified a specific contribution of frontal lobe
damage to performance levels, and in particular to the
frequency of rule-breaking behaviours.

The Tower of Hanoi (TOH) [16, 61] is a similar disk-
transfer task, requiring a child to solve a problem to
which the solution is not immediately apparent, but
requires the formulation of a new plan. Similar to the
TOL, the child is directed to plan a sequence of legal
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Figure 3 Examples of normal children’s productions of the Complex Figure of Rey. (@) 6-year-old children, (b) 8-year-old children, and (¢) 12-year-
old children.
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Mean score

moves in order to transfer the initial configuration into a
target configuration, using as few moves as possible.
There are several versions of this task; however, no
uniform administration procedures or normative data
are available, limiting its use in child assessment.

ABSTRACTION AND CONCEPT FORMATION

Controlled Oral Word Association Test (COWAT) [52]
is a measure of verbal fluency and the ability to generate
words based on a set of arbitrary rules. Children are
asked to generate words beginning with a certain letter
in a I-minute period. These words must be selected with
consideration of two rules: (1) No words must be begin
with a capital letter, and (2) each word must be used
only once. Scores include total number of words gener-

) 3 Moves X
ated over three letter trials, number of words repeated,
Figure 4 The Tower of London. and number of rule breaks. While some normative data
—{3F— Number correct
"""" <~ Failed attempts
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Figure 5 Developmental trajectories for the Tower of London.
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Figure 6 Developmental trajectories for the Controlled Oral Word Association Test.

were included in the original description of this task,
subsequent studies have provided more substantial nor-
mative data [53, 56], making it a more useful clinical
tool. Changes in performances with age, as reported
by Anderson et al. [56], are given in figure 6.

The COWAT is one of the most commonly used
measures of executive function in pediatric research.
Deficient performances on this test have been described
following pediatric head injury [117], and childhood
meningitis [118], as well as for children with Tourette
syndrome [99], although not for focal frontal involve-
ment. Interpretation of the COWAT is problematic
within the pediatric population. The lower-order skills
required for the task include phonological awareness,
which is not well developed in younger children. It is
not uncommon for children to provide words such as
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elephant or uncle when asked to generate words com-
mencing with the letter A, and concept of ‘capital
letters’ may not be adequately established for some age
groups. Thus, the interpretation of this measure as one
of executive function needs to be made cautiously, with
such developmental considerations taken into account.
To emphasize this point, a number of studies of reading-
disabled children, who are thought to experience specific
phonological deficits, have reported deficits on the
COWAT [119, 120].

Twenty Questions [121] is a test of a child’s ability to
utilize feedback and re-evaluate goals to reach a correct
response. The child is shown a card with 42 hand-drawn
pictures which may be grouped into various categories
(for example, animals, plants, utensils). The child is
asked to identify which picture the examiner has in
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mind, and is able to ask 20 questions to do so. Only
questions necessitating a yes or no response are allowed.
Scoring may include time taken to detect target and
total questions asked. Unfortunately, developmental
norms are not available for this task, and administration
protocols vary considerably. The task can, however,
provide qualitative information regarding the child’s
concept-formation strategies, by dividing questions
into specific categories. For example, hypothesis-seeking
approaches such as ‘is it the pot plant?’ are inefficient as
they only eliminate one of the pictures. By contrast,
constraint-seeking questions, such as ‘is it alive’, will
eliminate several possibilities, and thus are more effi-
cient. Levin et al. [18] utilized this measure in their
study of executive function, and found that older chil-
dren needed to ask fewer questions to identify target
pictures, suggesting better capacity to form concepts
and utilize feedback. Garth et al. [98] employed the
Twenty Questions test with children who had sustained
frontal lobe damage. They found no differences between
a clinical group and controls on summary measures of
total questions asked and time to completion. Using a
qualitative analysis of the nature of questions posed,
they identified less efficient performance by children
with frontal lesions. This group exhibited higher
frequencies in the hypothesis-seeking and pseudo-
constraint-seeking categories and lower frequencies of
the more effective constraint-seeking questions. These
findings provide some initial support for a link between
performance on Twenty Questions and specific frontal
lobe involvement.

MENTAL FLEXIBILITY

Wisconsin Card Sorting Test (WCST) [86, 87] is also
commonly considered to tap aspects of executive skill, in
particular the ability to form abstract concepts and shift
and maintain set. The test begins with the child being
presented with four stimulus cards, the first showing a
red triangle, the second two green stars, the third three
yellow crosses, and the fourth four blue circles. The
child is then given 128 response cards, each with config-
urations similar to those appearing on the stimulus
cards, but each varying with respect to colour, number,
and geometric shape. The child is directed to match each
card to one of the four stimulus cards and informed that
they will be told whether or not each response is correct.
Initially, the correct sorting criteria is colour, and once
the child has achieved 10 correct responses, the examiner
shifts the target dimension to form. Subjects are not
informed directly of the particular dimensions for sort-
ing, but must determine this on the basis of feedback

from the examiner. The test continues until six correct
categories have been achieved, or until all cards are
sorted. Scores derived from the test include number of
categories achieved, total number of errors, and percen-
tage of perseverative errors.

Chelune and Baer [85] provide normative data for
children aged between 6-12 years on the WCST,
indicating improvements in performance throughout
childhood, reflecting increasing abilities in concept for-
mation and ability to shift a set flexibly. The test has
also been employed with a number of clinical samples,
suggesting that the task is sensitive to the generalized
impact of head injury [117, 122], cranial irradiation
[118], as well as developmental disorders including
Tourette syndrome [99] and attention deficit hyperactiv-
ity disorder [123, 124]. Currently, there is no evidence
that the test is able specifically to differentiate frontal
lobe dysfunction in children.

Trail Making Test [100] measures speed of visual
search, attention, mental flexibility, and visuo-motor
function. The children’s version of the task has two
levels. Trails A consists of 15 circled numbers randomly
positioned on a page. Children are required to connect
the numbers in order by making pencil lines. This level
provides a baseline indication of speed of visual search
and visuo-motor functioning. The second level, Trails B,
requires children to connect 15 numbers and letters in
alternating order. This level incorporates an additional
component of shift or mental flexibility. Completion
time and number of errors are recorded for each level.
There are a handful of clinical studies which have
employed this task and identified reduced performances
associated with developmental disorders and generalized
cerebral dysfunction [96, 117, 120, 122]. Age-related per-
formance patterns for normal children are illustrated in
figure 7.

Stroop Test [125] is a popular measure of cognitive
flexibility, tapping a child’s ability to shift a cognitive
set to conform with changing demands, and suppress a
habitual response in favour of a more novel one. The
task includes three subtests: First, the “Word’ condition,
where the child reads out a list of colour names printed
in black type; secondly, the ‘Colour’ condition where the
child must name the colour of groups of dots; and
thirdly, the ‘Colour/Word’ task, where colour names
are presented in coloured ink, with the two dimensions
not always compatible. The requirement is to ignore the
verbal content and name the colour in which the words
are printed. For each condition, number of errors is
recorded, and if a time-limited administration is not
employed, time taken to completion may also be scored.
There are several published versions of the Stroop
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Figure 7 Developmental trajectories for the Trail Making Test.

paradigm, with one designed specifically for children
[126]; however, normative data are limited. Despite its
popularity, many child-based studies report that this
measure is not a good indicator of cerebral dysfunction
in general or frontal lobe damage in particular [96,
127].

QUALITATIVE APPROACH

While a number of these traditional executive meas-
ures employ ‘endpoint’ or summary scores as indicators
of performance, it may be argued that qualitative
aspects of performance or ‘microanalysis’ of individual
skills required for adequate performance provides a
more accurate picture of executive functioning. In the
adult literature, a number of such approaches has been
developed, and found to be sensitive to subtle deficits in
executive function not apparent on standard measures
[128, 129]. Discourse analysis procedures [130, 131],
involving fine-grained analysis of language transcripts,
have also been employed to investigate subtle differences
in conversation patterns between clinical and control
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groups, with some success. Outside the neuropsycho-
logical literature, several researchers have investigated
functional planning skills in children and adolescents
[132, 133]. In these studies, information such as the
use of strategies, presence of purpose, and assistance
gained by aids has been analysed to determine what
constitutes good planning. Some researchers have
begun to use these approaches in clinical populations
[93, 98, 134, 135] to fractionate aspects of executive skills
exhibited by children with disabilities. Information
obtained from such qualitative analysis of behaviour
may be usefully employed in the design of rehabilitation
programmes and remedial interventions.

Future directions

Several lines of evidence now provide a picture of
ongoing development of executive functions through-
out childhood. Physiological research describes sub-
stantial CNS development continuing at least into
early adolescence, with anterior cerebral regions matur-
ing relatively late, and showing a series of growth spurts.
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Neuropsychological studies have also identified ‘growth
spurts’ represented by distinct improvements in per-
formance on tests purported to measure executive
functions. Further, there is a suggestion that these phy-
siological and cognitive ‘spurts’ may coincide, with tran-
sitions in cognitive development reflecting ongoing
cerebral development.

The immaturity of these executive skills through
childhood suggests that they may be vulnerable to the
impact of early cerebral insult, where emerging and
developing abilities have been noted to be particularly
at risk [22]. The presence of ‘dysexecutive syndrome’
early in life may have important implications for
ongoing cognitive development. The lack of ability to
plan, reason, abstract, and think flexibly may impinge
on a child’s capacity to learn and benefit from the envir-
onment. Clinical observations of brain-injured children
support this notion, with recent research also demon-
strating the presence of residual executive dysfunction
following early cerebral insult. To describe accurately
the range of deficits associated with childhood brain
insult, and provide appropriate treatment, neuro-
psychologists need to include measures tapping these
skills in their assessment protocols. At present, there
are few useful tests of executive function available for
childhood populations. Of those currently employed,
most have been designed for adult populations. Many
lack standardized administration and scoring pro-
cedures. Few have adequate developmental norms, pre-
cluding accurate interpretation of developmentally
appropriate levels of performance. As a consequence,
clinicians are often required to base their analysis of
executive function on qualitative observation and con-
textual data.

In order to establish valid and reliable assessment
of executive function in children, further research is
essential. First, traditional tests need to be normed for
children, to provide information with respect to age-
appropriate test performances, thus enabling detection
of deviant results. Secondly, rather than restricting
interpretation to summary scores, maximum informa-
tion may be obtained from these tests through a micro-
analysis of test performance, where individual test
variables are considered and interpreted with respect
to specific components of executive function. Thirdly,
drawing on both adult tests and developmental psychol-
ogy, new ‘child-friendly’ procedures need to be designed
and validated. Further, current findings are largely
based on cross-sectional studies. Longitudinal studies,
mapping developmental trajectories for individual chil-
dren, may provide additional insights into the pattern of
development of executive skills through childhood.
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