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Abstract

Relatively little is known about normal prefrontal lobe development. We used three-dimensional magnetic resonance imaging (MRD-
based brain volumetry to characterize developmental changes in prefrontal lobe volumes in infants and children. Prefrontal volumes werc
determined in 30 subjects aged 5 months to 18 years (221 months) and 3 adults aged 28-39 years (324-468 months). Images were acquired on

a 1.5-T MRI system using T1-weighted gradient-echo sequences.

Volumes of the frontal and prefrontal lobes were determined using a

workstation, and the prefrontal-to-frontal volume ratio was calculated. Prefrontal lobe volume increased slowly until 8 years (96 months) of
age, contrasting sharply with rapid growth between 8 and 14 years (96 and 168 months). The prefrontal-to-frontal volume ratio increased
with age as a sigmoid growth curve. A prefrontal growth spurt occurs in late childhood. Knowledge of prefrontal lobe development is

essential for understanding cognitive development and dysfunction.
© 2002 Elsevier Science B.V. All rights reserved.

Kevwords: Three dimensional magnetic resonance imaging: Brain volumetry; Frontal lobe; Prefrontal lobe

1. Introduction

The prefrontal lobe functions in response inhibition,
emotional regulation, and planning; prefrontal dysfunction
can cause attention deficit/hyperactivity disorder (ADHD)
or lack of moral judgment [1-8]. Prefrontal function and its
disorders, however, are not immediately apparent, since the
prefrontal fobe is among the last cortical regions to reach
full structural development [1,9]. Prefrontal functions there-
fore show an unusually long period of increased vulnerabil-
ity, in which neurons and glial cells are affected easily by
many factors including genetic influences, hormonal mili-
eus, and external insults such as infections, toxins, and
trauma [10].

Magnetic resonance imaging (MRI)-based volumetry has
become established as a versatile, reliable method for inves-
tigating the biology of-the human brain [11,12]. Such volu-
metric analysis has contributed to the search for structural
correlates of developmental disorders such as autism and
ADHD [13-15]. However, relatively few imaging studies
have presented the quantitative measurement of the frontal
lobe volumes in infants and children. Furthers, to our

* Corresponding author. Tel.: +81-55-273-9606; fax; +81-55-273-6745.
E-mail address: maihara@res yamanashi-med.ac.jp (M. Aihara).

knowledge, no attempt has been made to measure develop-
ment of the prefrontal lobes in this period by imaging until
our preliminary three-dimensional (3D) MRI study in 13
children and three adults showing that growth of frontal
and prefrontal lobes accelerated during preadolescence
[16]. Interpretation of this finding has been limited by the
small sample size. Moreover, there was unevenly distribu-
ted among the ages of the subjects. Therefore, it was impos-
sible to take statistical analysis. In the present investigation,
we studied developmental changes of the frontal and
prefrontal lobe volumes in larger group to establish such
developmental characteristics of the prefrontal lobe as the
prefrontal growth spurt and the growth difference between
prefrontal and frontal lobes.

2. Subjects and methods
2.1. Subjects

The study group consisted of 30 children including 22 boys
and eight girls, ranging in age from 5 months to 18 years (221
months) (mean, 8 years; 96 months), and also three adults (two
men and one woman) aged 28-39 years (324-468 months). All
were born at term (37-42 weeks gestational age) following

0387-7604/02/ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

doi: 10.1016/50387-7604(02)00214-0
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Fig. |. Three-dimensional {3D) surface and axial views. (A) 3D surface view of the left hemisphere with the central sulcus identified in red and the precentral
sulcus in yellow. (B) Regions anterior to the precentral sulcus, with ‘erasure’ of all voxels posterior to the yellow line. (C.D) Representative images resliced in
the axial plane paralic! to the anterior and posterior commissure line. Maps of the anatomy were used to compare these axial views with illustrations in the atlas

of Damasio and Damasio [18]. Numbers identify Brodmann areas.

uncomplicated prenatal and perinatal courses, and their neuro-
developmental and medical histories were normal. None in
school age had received special educational services or private
tutoring. None had a history of behavioral or psychiatric disor-
der. Clinical indications for MRI were followed, i.e. suspected
brain trauma, suspected brain tumor, short stature, and
migraine; these factors proved to be neurologically and
neuropsychologically insignificant during a follow-up period
of 2—4 years after MRI. No subject had abnormal findings by
routine MRI. Informed consent was obtained from the subjects
and their parents.

2.2. Image acquisition and processing

All MRI was performed on a 1.5-T Signa unit (General
Electric, Milwaukee, WI). The 3D MRI data were acquired
by fast spoiled-gradient recalled echo in a steady state with
3D Fourier transformation. Contiguous 1.0-1.2-mm slices
were obtained through the head (flip angle, 30°; matrix size,
256 % 256; TR, 14.5 ms; TE, 4.5 ms; field of view, 18 18
to 22 X 22 cm). Using an Advantage Windows RP 3D analy-
zer (General Electric), 3D images of the brain surface were
generated from the 124 MRI slices. Next, the central and
precentral sulcus were identified in left and right lateral as
well as superior 3D views of the brain surface, according to
boundaries described by Ono et al. [17]. The frontal and
prefrontal lobes were determined as the regions anterior to
the central and precentral sulcus, respectively. We also
confirmed frontal and prefrontal lobe extent by comparisen

of scans with images resliced in the axial plane parallel to
the anterior and posterior commissure (AC-PCj line, using
the standardized stereotaxic atlas of Damasio and Damasio
[18]. Finally, we measured the frontal and prefrontal lobe
volumes by the volume measurement function of the work-
station based on the 3D images.

To confirm the reliability of workstation functions, we
compared the whole-brain volume calculated from 3D data
with direct!ly measured volumes for three cadaver brain speci-
mens. To assess intra-rater, inter-trial reliability all images
were remeasured 2 weeks after the first measurement. Ten
images were chosen randomly to assess inter-rater reliability.

2.3. Statistical analysis

Pearson’s correlation coefficient was used to assess inter-
observer agreement and intra-rater, inter-trial reliability. For
statistical interpretation of growth patterns, nonlinear
regression analysis was performed. The equation chosen
for curve-fitting was a cubic equation representing a
sigmoid growth function.

3. Results

3.1. 3D brain surface images and frontal and prefrontal
lobe determinations

Fig. 1A shows a 3D surface view of the left hemisphere
with the central stlcus identified as red and the precentral
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Fig. 2. Developmental changes in frontal and prefrontal lobe volumes.
Scatter plots by age of volumes of fromtal {squares) and prefrontal (circles)
iobes for infant, children, and adults.

sulcus as yellow. In Fig. 1B, only areas anterior to the
precentral sulcus are shown, with elimination of all voxels
posterior to this sulcus. The representative images resliced
in the axial plane parallel to the AC-PC line are shown in
Fig. 1C,D. Using the atlas of Damasio and Damasio [18],
anatomic regions corresponding to Brodmann areas in these
images were determined precisely. The ‘prefrontal lobe” in
this study was defined as the regions anterior Lo the yellow
line, including the prefrontal lobe proper (Brodmann areas
8.0, 10, 11, 12, 13, 44, 45, 46, and 47) plus anterior regions
of Brodmann area 6, the corpus callosum, and the cingulate
2yTus.

3.2. Reliability: workstation, intra-rater and inter-rater

Directly measured volumes of whole brains ranged from
869 cm” to 1163 cm®. The error range for the volumes
calculated from 3D MRI for these brains was 0.17-2.02%

Prefrontal-to-frontal
volume ratio
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Fig. 3. Developmentul changes in prefrontal-to-frontal volume ratios. Scat-
ter pluts by age of prefromtal-to-frontal volume ratios for infants, children.
and adults.
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[16]. Correlation was strong (P < 0.001) between direculy
measured and catculated volumes. Iater-rater correlation
coefficient for measurements of ten randomly chosen frontal
lobes was 0.87, while the intra-rater correlation coeflicient
for all cases was 0.93.

3.3, Volumetric measurements of the frontal and prefrontal
lobes

Measured volumes for frontal and prefrontal lobes are
shown in Fig. 2. Frontal lobe volumes increased steadily
with advancing age until age of 10 years (120 months),
continuing to increase slowly thereafter. Prefrontal lobe
volumes, on the other hand, increased slowly until the age
of 8 years (96 months), contrasting sharply with rapid
growth between 8 and 14 years (96 and 168 months)
reach completion at about age 18 years (216 months).

3.4. Prefrontal-to-frontal lobe volume ratio

Prefrontal-to-frontal volume ratio as a function of age is
shown in Fig. 3, with a slow increase until the age of 8 years
(96 months) and a sigmoid curve between 8 and 14 years (96
and 168 months), after which an adult ratio was reached.

4. Discussion

This study established that both frontal and prefrontal
lobe volumes consistently increased during childhood and
adolescence. Moreover, differential growth of the prefrontal
lobe relative to the frontal lobe resulted in an increase in the
volume ratio of the prefrontal to frontal lobe that continued
until adolescence. Accordingly, the prefrontal cortex is one
of the last cortical regions to reach full structural develap-
ment. We had anticipated such preponderance of volume
increase in the prefrontal lobe based on phylogenetic
comparisons of relative prefrontal surface arcas, such as
for humans versus primates [1]. To our best knowledge,
this study is the first to show developmental progression
and completion of growth in the human prefrontal lobes.

The reliability of MRI-based volumetric analysis stems
from advances both in imaging and image analysis
{11,19,20]. Performance of fast spoiled gradient-recalled
echo imaging in the steady state permits rapid acquisition
and 3D volumetric calculations. Very thin contiguous
images through the brain can be obtained in a relatively
short time without compromising the signal-to-noise ratio
[21]. Anatomically reliable identification of the central and
precentral sulci is easy with these methods. Past MRI
analyses of the size of structures have used manual tracing
of structures presented in single planes to estimate a struc-
ture’s area in the section.

Accuracy of an MRI-based technique for volumetric
measurement such as ours is another important issue. We
found a high degree of accuracy comparing direct and MRI
volumetric measurements in cadaver brains. The mean
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percentage error of calculated velumes compared with
actuak volumes was 0.85%, which was no less accurate
than in previous reports in which mean error range was
2.33-3.4% [22,23]); we also obtained a strong statistical
correlation between the two methods of measurement
(P < 0.0001). Furthermore, intra- and inter-rater variation
was comparable to those in other studies [24].

In our sample of three adults, mean frontal and prefrontal
lobe volumes by our method (averaging the two trials by one
rater)y were 338.1 £ 15.5 cm® and 180.8 = 6.5 cm®, respec-
tively. This mean frontal lobe volume was almost the same
as reported by Aylward et al. [24] and Andreasen et al. [25]
for healthy control subjects, respectively based on surface
landmarks (366 * 23 cm®) and stereotactic brain-warping
(387 £ 50 cm"). Though no reliable sulcal landmarks exist
to measure the size of the prefrontal lobe proper after exclu-
sion of premotor, supplementary motor, and limbic cortices,
our mean volume for the prefrontal lobe was close to that
obtained by another investigator who examined a subsection
of the frontal cortex that included all prefrontal cortices
[26]. Thus, using the above method for measurement of
the frontal and prefrontal lobe in MRI was considered
appropriate for comparison between infants and adulis.
While a close relationship, best represented by a hyperbolic
{function, has been shown between brain weight and body
weight throughout growth and maturation, comparing
prefrontal-to-frontal lobe volume ratios eliminates need to
correct measurements for body weight [27].

The size of brain structures directly reflects number,
shape, pauern of arrangement, and densities of different
cellular components, specifically neurons and glial cells.
In normal brain development, which invelves overproduc-
tion and then selective elimination of neurons through apop-
tosis. glia cells outnumber neurons and undergo a constant
cycle of cell proliferation and death [28]. One glial cell
activily is myelination by oligodendrocytes. Postmortem
studies indicate that myelination begins in utero in the
second trimester and continues well into the third decade
of life; the frontal lobes are the last to myelinate [29].
According to a recent longitudinal MRI study, amount of
gray matter in the frontal lobe increased to a maximum
during pre-adolescence, followed by a decline after adoles-
cence. In contrast, the volume of white matter increased ina
linear manner with age from 4 to 20 years [28]. Other inves-
tigators reported an increase in prefrontal white matter
volume (P < 0.01) with increasing age (4-18 years) [30].
These findings supported the hypothesis that increases in
myelination in the first and second decades of life are
primarily responsible for determining the volume of the
prefrontal lobe. During certain phases of rapid brain growth,
neurons and glial cells are affected by many factors includ-
ing -genetic influences, hormonal milieus, nutrition, and
other external conditions [10]). Qur findings that prefrontal
growth spurts occur during adolescence and limited periods
before and afterward may predict that those periods are not
only critical for cognitive development concerning response

inhibition, emotional regulation, and planning but also are
period of vulnerability to structural damage that may cause
developmental disorders.

Recent evidence from electrophysiologic studies and
positron-emission tomography studies indicates relatively
late frontal maturation [31]. The prefrontal cortex has a
well-known functional role in working memory [32]. As a
result, neuropsychologic studies show that performance of
delayed tasks does not attain full development until adoles-
cence [33]. Fuster [2] postulates that the prefrontal cortex is
critical for the temporal organization of goal-directed
actions, which involves three cognitive functions: attention,
short-term memory, and planning. These cognitive compo-
nents develop gradually, with spurts between 5 and 10 years
of age, reaching completion at post-adolescence [1]. These
observations suggest that both MR volumetric and neurop-
sychologic studies can detect disturbances in form/function
relationships in the prefrontal lobe, providing ways of asses-
sing prefrontal development.

Quantification of normal prefrontal lobe volume as in our
study is a useful way to characterize excessive deviation in
prefrontal lobe size. The maturation-associated changes
detectable during development will be important for
comparison with maturational sequences in developmental
disorders. According to Fuster [2], empirical evidence
suggests that early frontal lesions can result in deficits not
immediately apparent but predisposing to later developmen-
tal problems such as leaming disabilities, ADHD, emotional
instability, lack of moral judgment, and even criminal beha-
vior. Volumetric analysis of the developing brain, especially
the frontal and prefrontal lobes, may predict function in
corresponding regions.

Ongoing investigation of these and other issues in our
laboratory include analysis of gender-associated differences
in right-left asymmetry in the prefrontal lobe [34,35], as
well as longitudinal analysis with serial MRI in children
who have experienced insults such as hypoxic-ischemic
brain damage, malnutrition [36], congenital infection,
hormonal disorders, and effects of chromosomal anomalies.

5. Conclusion

Using MRI-based volumetry, we established develop-
mental characteristics of the prefrontal Iobe, including a
prefrontal growth spurt in late childhood and a growth
difference between the prefrontal lobe and the remainder
of the frontal lobe. Enhanced knowledge of -prefrontal
lobe development from birth to adulthood ‘is essential for
understanding cognitive development and dysfunction.
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Abstract

Two functionally and neurally distinct cognitive selection mechanisms involve the prefrontal lobes: those based on internal representalions
{context dependent) and those involving exploratory processing of novel situations (context independent), We used a cognitive bias task
(CBT) representing contextual reasoning 1o correlate lateralization with age in the frontal lobes. Subjects included 37 healthy right-handed
male childeen and adolescents (age range, 5— 18 years). Controls were |9 right-handed men (rom 20 to 30 years old. A computer-presented
version of the original card-choice task simplified, modified for children was used (modified CBT: mCBT). Simple visual stimuli diftered
dichotomously in shape, color, number. and shading. A target objeet presented alone was followed by two choices from which subjects
selected according to prefercuce. Considering ait four characteristics, similarity between target and subject choice was scored for 30 trials. A
high score implicd a context-dependent response selection bias and a fow score, a context-independent bias. Similarity increased significantly
with age. The youngest children (5~7 years) scored lower than ages from 11 years 10 adulthood. Between 7 and 9 years, scores began 1o
increase with age to reach an adult level by age 13~16. Young children showed context-independent responses representing right frontal lobe
function. while adolescents and adulis showed context-dependent responses implicating left frontal lobe function. The locus of frontal
cortical control in right-handed male subjects thus shifts from right to left as cognitive contextual reasoning develops.
© 2003 Elsevier B.V. All rights reserved.

Kevwords: Cognitive bias task: Context-dependent reasoning: Prefrontal lobe function: Lateralizatton: Handedness

1. Introduction the frontal lobe damage, hypothesis-driven studies are
needed to explore functions such as working memory or
inhibition during childhood, instead of sole reliance on
traditional intelligence tests.

Some researchers have hypothesized two functionally
and neurally distinct cognitive selection mechanisms
involving the prefrontal lobes: those involving processing
based on internal representations, e.g. planning (context-
dependent reasoning) and those involving exploratory
processing of novel cognitive situations (context-indepen-
dent reasoning) {6-8]. Goldberg et al. recently have refined
a cognitive bias task (CBT) for use as an activation pro-
cedure representing contextual reasoning, concluding that
extreme context-dependent and context-independent
response sclection biases are respectively linked 1o lefi
and right frontal systems in right-handed male-subjects
[9-11]. On the basis of these findings, we used the CBT 1o

The prefrontal cortex, which is critical for the temporal
organization of cognitive processes, is among the last
cortical regions to reach full functional maturity [l,2].
Prefrontal functions therefore show an unusually long
period of vulnerability in which neurons and glia are
affected easily by internal and external insults [3].
Furthermore, early frontal lesions can result in deficits not
immediately apparent but predisposing to later develop-
mental problems such as learning disabilities, attention
deficit/hyperactivity disorder (ADHD), and even problems
with moral judgment {4,5). To fully appreciate the impli-
cations of developmental problems in children with

Part 11: Shimoyam et al. will be published in volume 26, doi: S0387-
TO0HOIHHNIG2-5.

* Coresponding author. Tel.: +81-55-273-9606: fax: +8§1-55-273-6745. explore development of lateralization in the frontal lobes as
E-miatil acldress: maihara@res.yamanashi-med.ac_jp (M. Aihara). a function of age.
(1387-7604/03/$ - see front matter © 2003 Elsevier B.V. All rights reserved.
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2. Methods
2.1. Subjects

Subjects included 37 healthy children and adolescents
{all male; age range, 5—18 years), and 19 men aged from 20
to 30 years who served as controls. Subjects were evaluated
for handedness using Chapman’s inventory [12]; all were
found to be right-handed, having a score of 17 or less.
Informed consent was obtained from subjects and/or their
parents.

2.2. Task design

A modified version of the original task developed in 1994
by Goldberg et al. [9] was designed for children (modified
CBT; mCBT). Computer-presentad ‘cards’ in the mCBT
differed dichotomously in four respects: shape (circle vs.
square), color (red vs. blue), number (one vs. two), and
shading (outline only vs. homogeneously filled). Thus, 16
different stimuli can be presented. A trial involved
presentation of the target card alone, followed by two
choice cards below it (Fig. 1). An investigator instructed the
subject to look at the target and then select the choice that he
preferred. The 30 trial sequences that followed were the
same for all subjects. Before presentation of the target card,
subjects either read or listened to the following instructions
(a Japanese version of Goldberg's instructions: “You will
see cards with different designs. The designs may vary in
several respects. You will see one card at the top and two
cards below it. Look at the top card and choose one of the
two cards below that you like the best. There are no correct
or incorrect responses. Your choice is entirely up to you.
Please try to make your choices quickly. Do you have any
questions?").

An index of similarity to the target designed never to be
equal between the two choices offered was determined for
the subject’s choice in each trial, which would be 4 for
identical stimuli and range to O for stimuli differing in all
four possible respects. All interchoice similarity index
and target-to-choice similarity index values were equally
represented and counterbalanced through the trial sequence.
The mCBT raw score was the sum of similarity indices
across trials, designed to range from 30 to 90. High and low
raw scores implied consistently similar choices—a target-
driven selection bias. A middle-range score (around 60}
implied that choices were unrelated to corresponding targets
{(indifferent selection bias). The converted mCBT score was
computed as the absolute value of the deviation of the raw
score from the midpoint of the raw-score scale, equal to 60.
On the converted scale, ranging from 0 to 30, a high score
implied a context-dependent response selection bias and a
low score, a context-independent bias, irrespective of
direction of deviation from the midpoint.

Furthermore, to establish that age influences response
bias rather than simply ability to perform the CBT, two

O

Fig. 1. Example of a cognitive bias task toial. A trial involves presentation
of the target alone. with two choices immediately added below the target in
vertical alignment. Here, if a subject selects the upper choice as his
preference, the similarity index would be 3 (similar in shape, color, and

number, but not in shading). In these examples, the actuat color of all
figures was blue.

control tasks with explicit ‘choose the most similar’ or
‘different’ instructions were administered after the mCBT.
Finally, subjects were asked to select one of the two choice
cards at random without presentation of a target card.

2.3. Statistical analysis

All statistical analyses were performed by using SPSS
software (version 8). Whether or not distributions were
Gaussian was determined using Leven’s test; since data
proved to be non-uniformly distributed, non-parametric
analysis was used. The performance of each age group was
examined using one-way Kruskal-Wallis test, with the
Mann—Whitney U-test for post hoc comparison. Data are
presented as the median.

3. Results

The mCBT converted score is shown as a function of age
in Fig. 2A. A significant increase in scores was observed
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Fig. 2. Converted scores for the modified cognitive bias task (A) and raw
scores for control tasks (B) as a function of age. Solid bars represent the
median in cach age group (57 years, 7-9 years, 9 11 years, 11-13 years,
t3i-16 years, 16=20 years, and 20-30 years). A, "most similar’ choice
requested; 0, ‘random’ choice {no targety: O, ‘most different” choice
requested.

with age (Spearman, r= 0.619, P < 0.01). Scores in
children between 7 and 13 years of age showed much
greater interindividual variation than those in other age
groups. The youngest children (3-7 years) had a lower
converted score than other groups aged from L1 years to
adulthoed (Kruskal—Wallis, x2=13205, P < 0.0!; Mann-
Whitney {/-test with Bonferroni correction, P < 0.05 vs.
groups over 13 years old). Beginning between 7 and 9 years,
scores increased as a function of age to reach adult levels by
age 13-16. We confirmed that all subjects were able to
discriminate the four dichotomies in the two control tasks
and showed, by design, a middle-range raw score {around
60) in the task without presentation of a target (Fig. 2B).

4. Discussion

Understanding how the human mind deals with intemnal
or external stimuli to result in behavior remains a major
challenge for science [13]. Information processing is a key
cognitive link between perception and action [14,15].
Hemispheric specialization in the frontal lobes is hypothe-
sized to exist for cognitive activities (context-dependent vs.

context-independent reasoning) in response to ongoing
events [7.8.16,17]. The CBT designed by Goldberg et al.
in 1994 is one of very few instruments that can directly
demonstrate hemispheric specialization in the frontal lobes
[9]. Our study therefore is relevant to understanding the
processes of mental development as well as tmpairment of
frontal lobe function in children.

4.1. Why focus on right-handed males?

Tn our preliminary study in adults, one-way Kruskal-
Wallis analysis of variance for Cognitive Bias Score showed
highly significant ditferences (x?=6.637, P=0.036)
between right-handed men (n = 19), right-handed women
(n = 13, and non-right-handed men (r = 9; mean ranks,
26.08, [6.27, and 17.11, respectively), as we reported
previously {9]. Furthermore, cognitive [18], lesional [9,10],
hormonal [19], biochemical [20] evidence indicates that
hemispheric specialization is pronounced in right-handed
males. For these reasons we focused on right-handed male
subjects.

4.2, Details of experimental design for demonstrating
hemispheric specialization in the frontal lobes

Traditional intelligence tests measure convergent think-
ing in the sense that a question usually has just one answer.
Tests of divergent thinking, in contrast, emphasize number
and variety of answers to a single question [21]. The latter
mode of thinking has been reported to be particularly
affected by frontal lobe injuries [9,22,23]. In our study, two
of the control tasks (selection of the most similar or different
choice) demanded convergent thinking. On the other hand,
the first task (CBT) required divergent thinking, since bias
or preference rather than performance or accuracy was
examined. The prefrontal cortex is instrumental in selecting
goal-appropriate internal representations and bringing them
‘on line’ [24). Left and right prefrontal systems, respect-
ively, .show different response selection biases: those
guiding behavior relying on internal context-based prin-
ciples, and those using external environment-based prin-
ciples {9—11]. If subjects prefer choices more similar to a
target, they are deciding based on an internal context of
ordering hypothesized to involve the left prefrontal cortex in
right-handed men.

According to this hypothesis, the task was designed to
ensure that similarity indices for the two choices présented
were never equal; therefore, in each trial the subjects had to
choose the image more similar to the target or the image
more different from the target. Thirty independent, counter-
balanced trials were performed, and each subject performed
the same sequence of trials. All similarity indexes and
unequal target-choice similarity-index pairs were equally
represented and counterbalanced throughout the trial
sequence.
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4.3. Why modify the original CBT?

The original CBT, as described by Goldberg et al. in
1994, entails geometric designs characterized by five
variables: color, shape, number, shading, and size (large
vs. small), However, we found that young children aged
from 5 to 7 could not discriminate all five variables in the
two control tasks when explicit instructions were given to
choose the figure more similar or different from the target,
Accordingly, a computer-administered mCBT was designed
for children using four dichotomous variables (color, shape,
number, and shading). We confirmed that all subjects were
able to discriminate -the four dichotomies in the above two
control tasks performed after the CBT.

4.4. Why did the degree of left-hemispheric advantage
{or context-dependent reasoning) increase with age in these
stbjects?

We could not rigorously determine whether the timetable
for development of hemispheric specialization during
childhood depended upon social as opposed to biologic
factors, since all Japanese children over 6 years of age have
begun compulsory education. Cognitive longitudinal studies
[25-27] have indicated that the right hemisphere plays a
role in the early stage of learning, and the left-hemisphere
takes over at a more advanced learning stage. In an mCBT
study in adults, on the other hand, we found both sexual
dimorphismt and a gender-handedness interaction in neural
mechanisms of response selection. This indicates the
importance of biologic factors, as seen in Goldberg's
studies [9,10]. Further studies using mCBT are needed to
examine interactions between gender and handedness as a
function of age.

4.5. Clinical significance

In a review of frontal lobe injury during childhood,
Anderson et al. postulated that children with frontal jobe
lesions are likely to present a giobally depressed cognitive
profile because of the impact of such injuries on children’s
capacity to acquire new skills [28]. Therefore, hypothesis-
driven studies could contribute to advancements in
assessment of frontal lobe dysfunction during childhood.
Indeed, our own unpublished mCBT data in patients with
unilateral frontal lobe lesions {# = 15) or frontal lobe
epilepsy (n = 12) suggest that extreme context-indepen-
dent response biases occur in patients with left frontal lobe
damage.

Many rescarchers have concluded that ADHD is caused
by a lag in neurat development, possibly involving the
prefrontal cortex [4,29,30]. Evidence of abnormal left-
hemispheric development in another disorder, autism,
comes from a study comparing hemispheric specialization
for processing of spoken stimuli with that for other stimuli
[34]. and also from a positron emission tomographic study
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involving a ‘theory of mind’ task [32}. We ultimately scek
to determine whether a specific relationship exists between
abnormal development of hemispheric specialization and
pathogenesis in developmental disorders (such as autism.
ADHD, and other learning disorders), as previously has
been investigated with respect to psychiatric disorders [33].

5. Conclusion

The youngest children in our study displayed extremely
context-independent responses, while adolescents and
adults responded in an extremely context-dependent
manner, This pattern supports the hypotheses that the
locus of cortical control in right-handed male subjects shifts
from the right to left frontal lobe as cognitive contextual
reasoning develops.

Further mCBT studies are needed to examine possible
interaction between gender and handedness as a function
of age, and t6 identify the functional anatomy linked to
context-dependent reasoning using neuroimaging of acti-
vation. Additionally, similar studies in children with ADHD
and autistic disorder may shed light on basic questions
regarding the effects of a deficit in normal development of
hemispheric specialization upon symptoms.
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Abstract

Askin tumor is a malignant smatl round ce!l tumor that originates from the thoracopulmonary region
and is a member of Ewing sarcoma family of tumors (ESFT). Only a few Askin tumor cell lines
have been established. An Askin tumor cell line, designated MP-ASKIN-SA, was established from
the left thoracic umor of a 13-year-old Japanese boy. ESFT is known to have a high rate of distant
metastases at diagnosis. The genes controlling the spread of ESFT cells, however, have not been
elucidated. G-banding chromosome analysis revealed that the MP-ASKIN-SA cell line has complex
chromosomal abnormalities including trisomy 8, The EWS/FLII chimeric transcript and c-myc
overexpression were revealed by the reverse transcriptase-polymerase chain reaction and Northern
blot analysis, Furthermore, we investigated the expression of the focal adhesion kinase (FAK) gene
in the ESFT cell lines using Northern blot analysis. In addition to the MP-ASKIN-SA cell line, six
Ewing sarcoma celi lines, one peripheral nerve sheath tumor cell line, and two Askin tumor cell
lines were analyzed. All ESFT cell lines, including MP-ASKIN-SA, expressed five- to twenty-
eight-fold—increased values of FAK, as compared with fibroblasts obtained from the bone marrow
of a healthy volunteer. These results raise the possibility that the overexpression of c-myc and FAK

are involved in the poor prognesis of ESFT. © 2003 Elsevier Inc. All rights reserved.

1. Introduction

The Ewing sarcoma family of tumors (ESFT) represents
small round cell childhood malignancies of bone and soft
tissues, and includes Ewing sarcoma (ES), peripheral primi-
tive neuroectodermal tumors, and Askin tumors. Askin
tumor, also known as malignant small round cell tumor
of the thoracopulmonary region, was originally proposed
as a distinct clinicopathologic entity by Askin et al. [1]. This
tumor arises in the periosteum, soft tissue, and extrapulmo-
nary fields of the thoracic wall and in the lung, with or
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without rib involvement, which presents in both children
and young adults. Histologically, it contains homogeneocus
small round-to-spindle cells growing in compact sheets on
pseudolobules and is mostly devoid of any particular micro-
scopic differentiation. Rosette-like figures of the Homer-
Wright type, however, are occasionally seen. Clinically,
tumors of this type resemble those described in bone and
soft tissue but they are located anatomically outside the
trunk. Local recurrence and metastasis are observed
frequently, leading to poor survival rates.

Cytogenetically, most tumers in the ESFT share the same
reciprocal t(11;22)(q24;q12) or t(21:22)(q22;q12) [2.3].
These chromosomal translocations result in a fusion protein
of the N-terminal EWS region and the C-terminal FLI1 or
ERG region [2,3]. The EWS/FLI! protein has been shown
to transform NIH3T3 cells efficiently and is thought to be
involved in the oncogenesis of ESFT {4].
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The genetic aberrations that are responsible for the malig-
nant progression of ESFT, however, are poorly understood.
Sollazzo et al. suggested a possible role of the c-mye gene
in the malignant progression of ES [5]. The c-myc gene is
related to the malignant progression of various tumors [6].
Another candidate gene is the focal adhesion kinase (FAK)
gene. FAK is a tyrosine kinase that localizes to cellular focal
adhesions and associates with a number of other proteins
such as integrin adhesion receptors {7]. Studies addressing
the role of FAK in cell adhesion suggest that it can contribute
to both focal adhesion assembly and focal adhesion turnover
[8]. FAX overexpression has been found in various tumors,
which suggests that it is related to the malignant progression
of these tumors [9-12]. Whether there is a relationship be-
tween ESFT and FAK overexpression, however, has not yet
been examined.

In this study, a new Askin tumor cell line was established
from the left thoracic tumor of a 13-year-old Japanese boy.
The cell line was characterized and confirmed to have a
characteristic phenotype of ESFT, clinically, histologically,
and cytogenetically. Furthermore, examination of 10 ESFT
cell lines indicated a possible association between FAK over-
expression and malignant progression of ESFT.

2. Materials and methods
2.1. Clinical history

A 13-year-old Japanese boy was referred to the Oita
Medical University in January 1998 with a 3-month history
of pain in the left chest. A physical examination revealed
an enlarged mass in his left back. A CT scan of the chest
showed a huge heterogeneous soft-tissue mass in the left tho-
racic cavity (Fig. 1). Biopsy of the tumor was composed of
a diffuse proliferation of small round cells with hyperchro-
matic nuclei in small amounts of fibrovascular stroma. The
tumor cells showed scant or clear cytoplasm (Fig. 2A). Most
of the tumor cells strongly reacted with HBA71 antibody
(Fig. 2B). The tumor was diagnosed as an Askin tumor.
Three courses of preoperative chemotherapy with cyclophos-
phamide (CY), etoposide (VP-16), cisplatin, and pirarubicin,

Fig. 1. Horizontal CT scan of the chest of a 13-year-old boy with a large
heterogeneous tumor (13 x 11 x 7 cm) on the left side of the chest cavity.
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Fip. 2. Histopathologic and immunohistochemical appearance of the pri-
mary tumor. (A) A proliferation of small round cells having hyperchromatic
nuclei (hematoxylin and eosin; x400). {B) Most of the tumor cells showed
strong posilive immunareactivity with HBAT! antibedy.

and complete surgical resection led to a complete response.
The patient received an additional two courses of combina-
tion chemotherapy with actinomycin D and CY, and three
courses of combination chemotherapy with vincristine, pira-
rubicin, CY, and VP-16, ifosfamide, and irradiation to the
left thoracic cavity (5,000 cGy in fractions). In light of his
poor prognosis, an autologous bone marrow transplantation
was performed in February 1999. In July 1999, routine exam-
ination with a computed tomography scan revealed a recur-
rence in the left thoracic cavity. Despite the subsequent
intensive therapy, in May 2000 the patient expired due to
progressive disease.

2.2, Cell culture

A tumor sample for cell culture was obtained from the
thoracic tumor at the time of recurrence (August 1999).
Informed consent for use of the tissue in research was ob-
tained from the patient’s parents. The tumor tissue was
minced and suspended in RPMI-1640 medium containing
penicillin (100 U/mL), streptomycin (100 jig/mL.), and 10%
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heat-inactivated fetal calf serum. The cultures were incu-
bated at 37°C in a humidificd atmosphere of 5% CO; in air.
The medium was changed every 3-4 days. Upon reaching
the confluent state, the monolayers were treated with trypsin
and the dispersed cells were transferred into new colla-
gen-coated culture flasks.

2.3. Immunohistochemistry

To test for the expression of HBA7!1 antigen in a tissue
sample, HBA71 monoclonal antibody (Dako Japan, Kyoto,
Japan) was used. Tissue was fixed in 10% formalin for 18
hours and embedded in paraffin, Sections (4 pm thick) were
examined immunohistochemically with the standard strep-
tavidin-biotin-immunoperoxidase staining method (His-
tofine SAB-PO kit; Nichirei, Tokyo, Japan). Preimmune
mouse IgG was used as a negative control.

2.4. Chromosome analysis

For cytogenetic studies, chromosomes were prepared by
standard techniques and analyzed by the Q-banding method
as described previously {13).

2.5. Detection of chimeric transcript EWS/FLIL by reverse
transcriptase polymerase chain reaction (RT-PCR)

Total RNA was extracted from cultured cells using a
TRIZOL RNA extraction kit (GIBCO BRL, Rockville, MD).
AnES cellline, RD-ES, was used as a positive control [14]. A
neuroblastoma cell line, KP-N-RT, was used as a negative
control [15]. Reverse transcription of 1 |ug total RNA was
carried out using a reaction mixture of a first-strand cDNA
synthesis kit (Takara Shuzo, Kyoto, Japan). The primers for
the fusion gene were 5'-CCCACTAGTTACCCACCCCA-3
for sense and 5-TGTTGGGCTTGCTTTTCCGCTC-3’ for
antisense [2). After a 60-minute incubation at 37°C, 0.2
pumol/L of each primer and 0.025 U/uL of Taqg DNA poly-
merase were added, and the total volume was adjusted to
50 pL with distilled water. Thermal cycling was performed
with an initial denaturation at 94°C for 1 minute, 35 cycles
of denaturation at 94°C for 1 minute, annealing at 68°C for 1
minute, and extension at 72°C for 1 minute. The polymerase
chain reaction (PCR) products were electrophoresed in 2 2%
agarose gel in the presence of 0.5 pg/mL ethidium bromide
and revealed by ultraviolet irradiation. The f-actin gene
was also amplified as a control to demonstrate the integrity
of the cDNA after PCR.,

2.6. Sequencing

Both strands (80 ng PCR product of each) were sequenced
using the cycle sequence method with a Prism BigDye Ter-
minator Cycle Sequencing Ready Reaction kit and a model
310 sequencer (both from Applied Biosystems, CA, USA)

2.7. ESFT cell lines

Ten cell lines were used to examine the degree of FAK
expression in various ESFT cell lines. These included six
ES cell lines (KP-EW-YI, KP-EW-MS, RD-ES, SK-ES-1,
TC71, and SCMC-ES1), one peripheral nerve sheath tumor
cell line (SK-N-LO), and three Askin tumor cell lines (NCR-
EW3, SK-N-MC, MP-ASKIN-SA) {14,16-19].

2.8. c-myc and FAK mRNA expressions

Twenty micrograms of total RNA was electrophoresed
through a 1.5% formaldehyde-agarose gel and transferred to
a nylon membrane by Northern blotting, as described pre-
viously [13]. The membranes were hybridized with a ¥*P-
radiolabeled DNA probe. Each probe of ¢-myc and FAK was
a 660- and a 1010-base pair (bp) fragment, respectively.
The B-actin gene was also used as an internal control. The
relative intensities of the hybridization signals were quanti-
fied by scanning the autoradiograms with a densitometer, For
the analysis of c-myc expression, the human promyelocytic
leukemia cell line HL60, which highly expresses c-myc, was
used as a positive control [20] and peripheral lympho-
cytes from a healthy volunteer were used as a negative
control. For the analysis of FAK expression, the RD rhabdo-
myosarcoma cell line, which is known to highly express FAK,
was used as a positive control [11], and fibroblasts obtained
from the bone marrow of a healthy volunteer were used as
a negative control. FAK expression was also examined in
the neuroblastoma cell line SJ-N-KP [21] and in the undiffer-
entiated sarcoma cell line A204 [22] as representative malig-
nant tumors other than ESFT.

3. Results
3.1, Establishment of the MP-ASKIN-5A cell line

Tumor cells obtained from a metastasis of the thoracic
cavity grew in the form of an adherent monolayer. The cells
have a polygonal shape with processes (Fig. 3). The cells have

Fig. 3. Phase-contrast microphotograph of the MP-ASKIN-SA cell line.
Small polygonal cells with slender processes are shown (x200).
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Table |
Karyotypes of 15 metaphase cells from the MP-ASKIN-SA cell line

Karyotype No. of cells

50.X. =Y.+ L7 12)(p22:g22),+ 8,dek9)(p22), ~ I L+ 12.+15.+ 20, + 22

S1.X. =Y.+ 147, 12)(p22:22), +8.del{9)(p22).add( 1 1){g22), +12,+15.+ 20,422

51X, =Y.+ L7 12)(p22:q22), +8,del(9)(p22),add (11 }{q22), + 12,4+ 13, + 22, +mar

51X, =Y.+ 1,4(7;12)(p22:q22), +8,del{9)(p22),add{ | L}q22), + 12, + 15, + 2mars

51X =Y.+ L(7:02)(p22;q22), + 8.del(9)(p22),— 10.add( 1 1)(q22), + 12, + 15, + 20, + 22, +mar
S1X. =Y.+ LT 12)(p22:922), +8,del(9)p22).add( 1 Mq22),+ 1 2.+ 15.+ 20, + mar

SLX.=Y,+ 1 (T12)(p22,022),+ 8,—9.del( 9} p22),add(11)(q22),— 1 1. +12.+ 15,+20,+22,+2mars

52X, Y.+ 1(7:12)(p22;,g22), +8,del(9Kp22),add(11)(q22)2%,+12,+15,+20.+ 22

52 X~ Y.+ 1.7 2)(p22:q22), + 8, —9.del(9)(p22), — 10,add( | 1)(q22), +12,+15,+20,+ 4mars

52.X. Y, + LT 2Hp22:q22), + 8.del(9)(p22),add( 1 1)(g22) + 12, + 15,420, + 22, + mar
$3.X.—Y.H7:12)p22:22).der(9)t(%:7)(p22:7). - 10,add( 1 1)(g22), + 12,+ 13, +15.+ 20, + 5Smars

58.X.—Y,+ 1, +2,+5,+6.der(7)(7;12)(p22:q22), +8,del(9)(p22).add( 1 1)(q22), + 12.+ 13, +14,+ 15, +16,+18,—[9,+20,+ 21, +mar

U S S

been maintained for more than 50 passages over a 2-year
period. This new cell line was designated MP-ASKIN-SA.
The doubling time of the cultured cells is 19 hours.

3.2. Chromosome analysis

For a chromosome analysis, a total of metaphases were
examined. The modal chromosome number was 51 and a
representative karyotype was 51, X, - Y, +1,1(7;12) (p22;q22),
+8.,del(9)(p22),add(11)(q22),+12,+15,+20,+22 (Table 1;

Fig. 4). The reciprocal t(11;22)(q24,q12), which is a charac-
tetistic cytogenetic abnormality of ESFT, was not found.

3.3, Detection of chimeric transcript EWS/FLII by RT-PCR

EWS/FLII chimeric transcripts were detected in the MP-
ASKIN-SA cell line (Fig. 5).

3.4. Sequencing

Sequencing of the amplified cDNA confirmed that EWS
exon 7 is fused to FLII exon 6 (Fig. 6).

Fig. 4. A representative Q-banded karyotype of the MP-ASKIN-SA cell Tine: 51X, — Y, + L7 12)(p22:q22), + 8,del(9)(p22).add(1 1)(q22).+ 12,+15,+20,+22.
Arrows indicate structural abnormalities and arrowheads indicate numerical changes.
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