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Abstract. The lateral prefrontal cortex (LPFC) plays a major role in both working memory (WM) and response inhibition (RI), which
are fundamental for various cognitive abilities. We explored the relationship between these LPFC functions during childhood development
by examining the performance of two groups of children in visuospatial and auditory WM tasks and a go/no-go RI task. In the younger
children (59 5- and 6-year-olds), performance on the visuospatial WM task correlated significantly with that in the auditory WM task.
Furthermore, accuracy in these tasks correlated significantly with performance on the RI task, particularly in the no-go trials. In contrast,
there were no significant correlations among those tasks in older children (92 8- and 9-year-olds). These results suggest that functional
neural systems for visuospatial WM, auditory WM, and RI, especially those in the LPFC, become fractionated during childhood, thereby
enabling more efficient processing of these critical cognitive functions.
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Introduction

Working memory (WM) refers to the brain mechanism for
temporary storage and manipulation of information. It is
important for a wide range of cognitive functions, such as
language comprehension, reasoning, and learning (Badde-
ley, 1986). Response inhibition (RI), the ability to withhold
behavioral responses that are inappropriate in the current
context, is also fundamental to various cognitive abilities
and adaptive behaviors (Barkley, 1997; Diamond, 2002).
WM has long been a focus of neurophysiological and le-
sion studies of monkeys (Funahashi, Bruce, & Goldman-
Rakic, 1993; Sawaguchi & Iba, 2001; Tsujimoto & Sawa-
guchi, 2004) and brain-imaging and neuropsychological
studies of humans (Freedman & Oscar-Berman, 1986; Jo-
nides et al., 1993; McCarthy et al., 1994; Tsujimoto, Ya-
mamoto, Kawaguchi, Koizumi, & Sawaguchi, 2004). The
neural basis of RI has also been extensively studied in neu-
roimaging studies on human adults, which mainly use vari-
ations of a go/no-go task paradigm (Casey et al., 1997; Lid-
dle, Kiehl, & Smith, 2001). These studies have established
that the lateral areas of the prefrontal cortex (LPFC) play
a critical role in the execution of both WM and RI tasks
(for a review, see Fuster, 1997).

The present study focused on the development of WM
and RI. This developmental approach to examining cogni-
tive function may not only extend our understanding of
cognitive development, but also our understanding of the
neural mechanisms underlying these cognitive functions
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(Casey, 2001). Studies of brain morphology have shown
that the LPFC in humans undergoes considerable matura-
tion during early childhood (between the ages of about 2
and 7 years), including a dramatic reduction in neuronal
density (Huttenlocher, 1990), a marked expansion in the
dendritic trees of pyramidal cells (Mrzlijak, Uylings, van
Eden, & Judas, 1990), and an increase in the volume of
gray and white matter (Giedd et al., 1999). Therefore, the
period from early childhood to school age should be im-
portant in the development of the LPFC function. Indeed,
behavioral measures of WM systems improve substantially
between the ages of 5 and 9 years (Gathercole, Pickering,
Ambridge, & Wearing, 2004; Logie & Pearson, 1997; Lu-
ciana & Nelson, 1998). However, little is known about the
relationship between visual WM, WM for other modalities,
and RI during early childhood development.

Recent studies have provided evidence that subsystems
for higher cognitive functions, such as WM, are fraction-
ated in the adult human brain (for a review, see Baddeley
& Dela Sala, 1998). For example, Bushara et al. (1999)
reported that separate, adult, human brain areas were acti-
vated during visual and auditory WM tasks even in the
same participants. Consistent with this notion, Sweeney,
Rosano, Berman, and Luna (2001) suggested that WM and
inhibitory control are processed independently in normal
elderly participants. The LPFC of young children, howev-
er, is still immature (Huttenlocher, 1979), and has the po-
tential to change with learning and practice (Gaillard et al.,
2000; Goldman, Rosvold, & Mishkin, 1970; Tucker &
Kling, 1967). Therefore, the neural systems in the LPFC
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may fractionate through development from early childhood
to adolescence or early adulthood. Indeed, Logie and Pear-
son (1997) suggested that the systems for visuospatial WM
are fractionated to a greater extent in children aged 8 to 9
years than in those aged 5 to 6 years, and Gathercole et al.
(2004) showed that the modular structure of WM is present
from 6 years of age, but is not present in 4-year-olds.
Thus, it is likely that the LPFC functions of WM for
different modalities and RI use common neural systems in
young childhood, and become fractionated during later de-
velopment. We therefore hypothesized that performance in
visual WM would be more highly correlated with perfor-
mance in WM for a different modality, and with RI in
younger children than in older children. Specifically, young
children, but not older children, with higher visual WM
performance should also show higher auditory WM and RI
performance. To test this hypothesis, we examined the be-
havioral performance of two age groups, 5- and 6-year-olds
and 8- and 9-year-olds, in visuospatial and auditory ver-
sions of an n-back task and a go/no-go task. Several neu-
roimaging studies in children of these ages have reported
that the LPFC is actually activated during both WM and RI
processing (Casey et al., 1997; Tamm, Menon, & Reiss,
2002; Tsujimoto et al., 2004). The n-back task is a typical
WM task involving temporary storage, manipulation, and
selection of information. It has been widely used to assess
WM function in many neuroimaging studies (Carlson et al.,
1998; Cohen et al., 1997; Kwon, Reiss, & Menon, 2002),
and in behavioral studies (Steenari et al., 2003; Vuontela et
al., 2003). The go/no-go task requires participants to with-
hold their responses to a designated item in a series of stim-
uli; it has been extensively used to assess RI function (Ca-
sey et al., 1997; Liddle et al., 2001; Tamm et al., 2002).

Methods

Participants

Participants of this study were sampled from two age rang-
es. Younger participants were 59 5- and 6-year-old children
(26 boys and 33 girls), ranging in age from 5 years 1 month
to 6 years 8 months (mean = 5 years 11 months; SD = 5.1
months). Older participants were 92 8- and 9-year-old chil-
dren (47 boys and 45 girls), ranging in age from 8 years 9
months to 9 years 8 months (mean = 9 years 3 months; SD
= 3.4 months). Younger children were recruited from two
preschools in Japan, and the older children were recruited
from a public elementary school in Japan. None of the par-
ticipants had a history of neurological or psychiatric disor-
ders. Before the children participated in the experiment,
their parents provided written informed consent.

An additional 31 younger children and six older children
participated, but were excluded from the analyses in this
report because they either did not complete the three tasks
(see below) or did not satisfy the criterion of more than
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60% correct in at least one of three tasks. The criterion of
60% correct was adopted because it was possible that the
difference in variability between age groups caused the dif-
ference in correlation. This resulted in the exclusion of
more participants from the younger group than from the
older group. However, we note that the major results were
similar when using the original sample without exclusion
by the 60% criterion (N = 72 for younger children; N = 92
for older children).

Behavioral Tasks

We employed three tasks: visuospatial n-back, auditory n-
back, and go/no-go tasks to examine visuospatial WM, au-
ditory WM, and RI, respectively. Both visuospatial and au-
ditory n-back tasks had two different conditions, called 1-
back task and 2-back task. The 1-back task was used for
the younger group, and the 2-back task was used for the
older group. The tasks were controlled using a Pentium-
based computer running visual C++ software (Microsoft
Japan, Tokyo). Visual stimuli were presented on a liquid
crystal display, and auditory stimuli were presented using
a headphone. Temporal sequences of the three tasks are
shown in Figure 1.

The visuospatial n-back task (Figure 1A) started when
a fixation spot (white cross, ~1° x 1°) appeared at the center
of the display. While the participants fixated on the central
cross, white squares (~1.5° x 1.5°) were presented sequen-
tially and pseudo-randomly at one of eight possible loca-
tions that were distributed approximately 6° from the cen-
tral cross. The stimuli were presented for 0.1 s, with an in-
ter-stimulus interval (ISI) of 3 s. Only the central fixation
cross was visible on the display during the ISI. In the 1-
back task, on presentation of each stimulus except the first,
the participants were required to decide whether the stim-
ulus appeared at the same location as the immediately pre-
ceding one (see black arrows in Figure 1A). In the 2-back
task, the participants were required to decide whether the
current stimulus appeared in the same location as the one
that had been presented two stimuli previously (see gray
arrows in Figure 1A). The participants had 2's to report
their decision by pressing one of two buttons: “yes” was
indicated using the right index finger and “no” by the left
index finger. “Yes” and “no” trials were pseudorandomized
and approximately equal in number.

The auditory n-back task (Figure 1B) had the same tem-
poral sequence as the visuospatial n-back task but with au-
ditory instead of visual stimuli. The auditory stimuli were
pseudo-randomly selected from 46 single Japanese hira-
gana letters. Hiragana are Japanese phonograms, originally
kanji but strongly simplified over the centuries: Hence, the
auditory stimuli used here did not have any semantic mean-
ing. The auditory stimuli were presented while the partici-
pants fixated on the central cross, with an ISI of 3s. In a
similar fashion to the visuospatial n-back task, the partici-
pants were required to report by button-press whether the
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stimulus was the same as the immediately preceding one
(1-back task; see black arrows in Figure 1B) or the one that
had been presented two stimuli previously (2-back task; see
gray arrows in Figure 1B).

In the go/no-go task (Figure 1C), participants fixated on
the central cross, and blue or green squares (~4° x 4°) were
sequentially presented at the center of the display, over the
fixation cross. Stimuli were presented for 0.1 s, with an ISI
of 1s. Participants were instructed to push the response
button as fast as possible when the blue stimulus was pre-
sented (go trial), but not push the button when the stimulus
was green (no-go trial). In the go trials, the correct trials
were defined as those where the participants pressed the
button within 1.1 s or 0.6 s after the onset of the blue stim-
ulus for younger or older participants, respectively. In the
no-go trials, the trials were correct when the participants
did not press the button before the next stimulus appeared.
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Figure 1. The temporal sequence of
behavioral tasks. (A) Visuospatial n-
back task. Visual stimuli (white
squares) were sequentially presented
at one of eight possible locations for
100 ms, with an inter-stimulus inter-
val (IST) of 3000 ms. In the 1-back
task (for the younger children), the
participants were required to report
whether the location of the stimulus
was identical to that of the previous
one (black arrows). In the 2-back task
(for the older children), the partici-
pants were required to decide whether
the current stimulus appeared in the
same location as the one that had been
presented two stimuli previously
(gray arrows). Y and N show that the
correct response is “yes” and “no,” re-
spectively. (B) Auditory n-back task.
Temporal sequence and task require-
ments were the same as for the visual
n-back task, but the stimuli was a Jap-
anese single letter sound presented
through a headphone. (C) Go/no-go
task. Green or blue (gray or white, re-
spectively, in this figure) squares were
sequentially presented at the center of
the screen with an IST of 1000 ms. The
participants were required to press a
button when the color was blue and
withhold the response if the target was
green.

Reaction time for this go/no-go task was calculated only
for the correct go trials. The go trials were more than three
times as frequent as the no-go trials, so that the load of RI
would be relatively high.

Procedure

Oral instructions were given to the participants before each
experimental session, using a large screen and video pro-
jector. Participants then practiced each task. Once they ap-
peared to understand the tasks and were able to perform
them adequately (~70% correct response), the experimen-
tal session began. Each participant performed 20 trials for
each task (i.e., 60 trials in total). The order of sessions for
each task was balanced across participants for each group
separately.
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Table 1. Descriptive statistics and reliabilities

33

Visual WM Auditory WM Go trials No-go trials
Younger Older Younger Older Younger Older Younger Older

% correct

Mean 85 86 86 86 97 94 86 77

SD 12 14 13 12 7 12 16 21

Reliability* 0.74 0.79 0.72 0.80 0.92 0.88 0.79 0.70
Reaction time

Mean 1076 556 1346 797 570 328 - -

SD 296 156 313 181 115 52 - -

Reliability* 0.82 0.86 0.81 0.86 0.90 0.93 - -

Note: *Reliability indicates Guttman split-half coefficients.

Data Analysis

To compare the reliability of the results from each task in
each age group, we calculated Guttman split-half coeffi-
cients. We also tested the variance between two age groups
using the F-test. We then examined the correlation between
different modalities of WM, and between WM and RI. In
this analysis, correct performance rate, reaction time, and
age in months were used as variables. Besides the Pearson’s
simple correlations, we also calculated the partial correla-
tion coefficient in order to factor out the effect of age. To
further examine the relationship among the three tasks, we
illustrated path diagrams based on the replication of multi-
ple regression analyses, where performance on one task
was used as the dependent variable, and performance on
the other two tasks, and age (in months), were used as the
predictor variables. All the analyses were performed using
SPSS 13.0 for Windows (SPSS, Chicago, IL, USA).

Results

Descriptive Statistics

A total of 59 5- and 6-year-olds and 92 8- and 9-year-olds
performed more than 60% of the three tasks correctly. The
descriptive statistics are summarized in Table 1. Both
groups showed more than 85% mean correct responses in
both visuospatial and auditory WM tasks. In the go/no-go
task, both groups showed high performance (> 90%) in go
trials, whereas percentage correct was relatively lower in
the no-go trials (86% and 77% for younger and older chil-
dren, respectively). The variance was not significantly dif-
ferent between two age groups for the three tasks (F' = 0.68
for visuospatial WM; F = 1.18 for auditory WM; and F =
0.68 for RI; p > .05 for all tasks). The reliability was rela-
tively high (> 0.7) for both percentage correct and reaction
time, and there was no clear difference between the two age
groups on any measure.
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Figure 2. Diagrams show the relationship among three
tasks for younger (A) and older age groups (B), based on
multiple regression analyses. The standardized partial re-
gression coefficients (3) and probabilities (p) are shown for
each pair of structures. Note that the effect of age was also
taken into consideration in the regression model, although
it is not shown for simplification. VWM, visuospatial
working memory; AWM, auditory working memory; RI,
response inhibition.
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Table 2. Correlation matrices for percentage of correct response

Age VWM AWM GNG G NG
Younger group (5- and 6-year-olds)
Age -
VWM 26% - 38 33% -.04 A0%*
AWM .20 A1HE - 4% 17 ALFE
GNG .09 345 A3 - .627%% .89%*
G only 21 .02 .20 .62%% - 21
NG only —-.02 38 40%* .88** .20 —
Older group (8- and 9-year-olds)
Age -
VWM 27H* - 13 .10 -.03 17
AWM 17 17 - .05 .07 -.01
GNG 17 .14 .08 - T2 S55%%*
G only .20 .03 .10 72 - -.19
NG only .00 17 -.01 S4H* -.19 -

Note: Numbers below the diagonal show Pearson’s correlation coefficients, and numbers above the diagonal show standardized partial
correlation coefficients (controlled for age). G and NG indicate the results of go and no-go trials of the go/no-go task, respectively.

*p < .05, **p < .0l.

Table 3. Correlation matrices for reaction time

Age VWM AWM GNG
Younger group (5- and 6-year-olds)
Age -
VWM -10 - 54 39k
AWM -.06 53 - .18
GNG -19 A0%* .16 -
Older group (8- and 9-year-olds)
Age -
VWM -21* - .16 .19
AWM .14 A3 - .20
GNG -.07 20 .18 -

Note: The format and abbreviations are the same as those used in Table 2. Note that reaction time in go/no-go task was calculated from go trials

only.

Correlations Among Three Tasks

To examine the relationship between each task, we calcu-
lated simple correlation coefficients for percentage correct
and reaction time separately. This is shown in the area be-
low the diagonal in Tables 2 and 3. In the younger group,
all three combinations of the three tasks for percentage cor-
rect were significantly correlated at the .01 level, and, when
trials of the go/no-go task were divided into go and no-go
trials, performance in no-go trials, but not in go trials, was
significantly correlated with the other tasks (Table 2).
There was a significant correlation in reaction time both
between visuospatial and auditory WM tasks, and between
visuospatial WM and go/no-go tasks in the younger group
(Table 3). In the older group, there were no significant cor-
relations between all three combinations for percentage
correct (Table 2) or reaction time (Table 3).
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It was possible, however, that these correlations could
only reflect the effects of age, rather than the correlation
between task performances. To address this point, partial
correlation coefficients were calculated with age in months
factored out (Tables 2 and 3, above the diagonal). As shown
in Tables 2 and 3, however, correlations between each pair
of tasks in the younger group, but not in the older group,
remained significant in this analysis.

Thus, the correlation analysis showed that correlations
between each combination of three tasks were significant
in the younger group, but not in the older group. To exam-
ine this point further, we applied multiple regression anal-
yses, where performance on one task was used as the de-
pendent variable, and performance on the other two tasks
and age (in months) were used as the predictor variables.
Specifically, we used the following regression model:

TASK; = o + Bi(TASK)) + Bo(TASK,) + Bs(Age)
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where TASK;, TASK;, and TASK| are percentage correct
in given tasks i, j, and k, respectively, o is the constant term,
and [,—f; are standardized partial regression coefficients.
Because there were three tasks, this analysis was replicated
three times, each of which used performance on a different
task as the dependent variable. The results are summarized
in Figure 2. In the younger group, performance in every
task was significantly predicted by every other task. In the
older group, however, each of three tasks was unrelated to
the others and formed three independent structures.

Discussion

We examined the behavioral performance of 59 5- and 6-
year-olds and 92 8- and 9-year-olds during behavioral tasks
assessing LPFC functions, namely visuospatial and audito-
ry n-back WM tasks, and a go/no-go RI task. In younger
participants, there was a significant correlation not only be-
tween performance of visuospatial and auditory n-back
tasks but also between n-back tasks and go/no-go task, es-
pecially in the no-go trials. In contrast, the older partici-
pants did not show any significant correlations between any
pairs of tasks. Furthermore, multiple regression analyses
revealed that each of three components of LPFC functions
(visuospatial and auditory WMs, and RI) were significantly
related to each other in the younger children, while they
were independent in the older children. These findings
could not be ascribed to the difference of either sample size
or to the variation of age range between two groups because
of the following reasons: (1) the participant group with the
larger sample size (i.e., the older group) showed weaker
correlations between tasks, despite the fact that larger sam-
ple size tends to be associated with stronger statistical pow-
er; (2) the variances of task performance were not signifi-
cantly different between age groups for all three measure-
ments; and (3) the results of correlation analyses remained
even after the effect of age was partialed out. Thus, these
results suggest that, in the LPFC, different modalities of
WM and RI share some common system during early child-
hood (5- and 6-year-olds), whereas, in 8- and 9-year-olds,
different modalities of WM and RI recruit different sys-
tems.

The findings for independent structures in older chil-
dren, particularly regarding different WM systems, are
consistent with the well-known model of WM developed
by Alan Baddeley (for a review, see Baddeley, 1986). This
model assumes two independent subsystems, a “visuospa-
tial sketch pad” and a “phonological loop”, which are spe-
cialized for processing visuospatial information and
speech-based information, respectively. Consistent with
this model, Shah and Miyake (1996) suggested domain-
specific fractionated systems for spatial and oral executive
analysis. The present results imply that 8- and 9-year-old
children already have such fractionated systems for WM.
The present results also imply that the RI system is separate
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from the WM systems in 8- and 9-year-olds. Taken together
with the findings of significant correlations between differ-
ent modalities of WM, and between WM and RI, in 5- and
6-year-olds, we suggest that functional neural systems, es-
pecially those in the LPFC for visuospatial WM, auditory
WM, and RI, become fractionated during childhood, there-
by enabling more efficient processing of these critical cog-
nitive functions.

That there is “developmental fractionation” of the LPFC
during childhood is consistent with evidence from several
lines of study. During young childhood, the LPFC shows
considerable changes in morphology (Giedd et al., 1999;
Huttenlocher, 1979). Such changes should provide the
structural basis of functional development, including de-
velopmental fractionation. In addition, it has been reported
that the LPFC shows age-related changes in neural activity
during childhood (Kwon et al., 2002; Tamm et al., 2002).
Interestingly, this change in LPFC activity includes both an
increase in activity in focal, restricted brain-regions, and a
decrease in activity when a broader region is included in
analysis (Kwon et al., 2002; Tamm et al., 2002). Based on
these findings, it has been proposed that, throughout child-
hood development, neural systems in the LPFC become
finely tuned to more specific regions, which play a major
role in some specific functions (Casey, Galvan, & Hare,
2005; Tamm et al., 2002). This fine-tuning process could
be the neural basis of the developmental fractionation of
the LPFC functions.

This study suffers from some limitations, which stem
from differences in the tasks used for each group. Because
many older children responded correctly to 100% of the
1-back tasks in the preliminary experiment (i.e., ceiling ef-
fect), we employed visuospatial and auditory 2-back tasks
for the older group. The 2-back tasks have been commonly
used as higher load version of the 1-back task in a number
of previous studies, which have shown that these two tasks
activate the same LPFC region, while the level of activation
changes (e.g., Cohen et al., 1997). Although we acknowl-
edge that the 2-back task adds some other features to the
1-back task, the 2-back task still includes the basic charac-
teristics of WM (i.e., short-term retention and manipulation
of information) that the 1-back task includes. Therefore, if
the processing for each WM were not independent, there
would be some correlations in these tasks, though this was
not the case with our sample of older children. For the same
reason given for the n-back tasks (i.e., ceiling effect), we
changed the time limit for the response of go/no-go task.
We acknowledge that this could have caused the difference
in the strategy used by each group of children, which could
have produced the difference in correlation, although the
experimenters instructed both groups of children similarly
to respond as fast as possible when the “go” stimuli ap-
peared. Ideally, this issue should be addressed further using
the same measures.

We should also keep in mind that the presence or ab-
sence of correlations in behavioral performance does not
need to be associated directly with fractionation in neural
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systems. For example, an alternative explanation is that de-
veloping executive ability causes the older children to
adopt a more diverse range of cognitive strategies. This
limitation cannot be overcome in the behavioral experi-
ment only. Nevertheless, developmental change in cogni-
tive ability, including application of different strategies,
should be a result of developmental change in neural sys-
tems, and our results imply that fractionation is an impor-
tant feature in such functional neural development. Anoth-
er possible explanation of the present findings is that the
significant correlation in the younger participants might
stem from factors unrelated to neural function, such as the
degree of participants’ comfort with the experimental setup
or the environment. However, this possibility is unlikely,
because the present experiment was performed in the
rooms that were used for everyday classes, and the partic-
ipants practiced sufficiently with the equipment used for
the experiment. Thus, we believe that the present study
should contribute substantially to the understanding of cog-
nitive development, although ideally further studies, in-
cluding those using neuropsychological and neuroimaging
techniques, are needed to clarify this issue (Casey, 2001).

In conclusion, the present study suggests that the neural
systems underlying visuospatial WM, auditory WM, and
RI become fractionated during childhood between pre-
school age and school age. Such fractionation will enable
children to exhibit more complex cognitive abilities. The
so-called differentiation theory (or Spearman’s law of di-
minishing returns) states that the correlation between 1Q
tests decreases as intellectual efficiency increases (Spear-
man, 1927), and therefore the fractionation of neural sys-
tems may be a general principle of brain function to enable
more efficient processing. In future studies, the conver-
gence of evidence from different experimental approaches,
including psychology and neuroscience should further de-
velop our knowledge.
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