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Abstract

This is a longitudinal study on development of prefrontal function in young children.

Prefrontal areas have been observed to develop dramatically during early childhood. To

elucidate this development, we gave children cognitive shifting tasks related to prefrontal

function at 3 years of age (Time 1) and 4 years of age (Time 2). We then monitored

developmental changes in behavioral performance and examined prefrontal activation using

near infrared spectroscopy. We found that children showed better behavioral performance

and significantly stronger inferior prefrontal activation at Time 2 than they did at Time 1.

Moreover, we demonstrated individual differences in prefrontal activation for the same

behavioral tasks. Children who performed better in tasks at Time 1 showed significant

activation of the right inferior prefrontal regions at Time 1 and significant activation of the

bilateral inferior prefrontal regions at Time 2. Children who showed poorer performance at

Time 1 exhibited no significant inferior prefrontal activation at Time 1 but significant left

inferior prefrontal activation at Time 2. These results indicate the importance of the

longitudinal method to address the link between cognitive and neural development.
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1. Introduction

Over the last few decades, cognitive neuroscience research has revealed

correlations between performance in cognitive tasks and brain activation in specific regions,

such as the prefrontal regions. Various methodological approaches have been used,

including neuropsychological, electrophysiological, and neuroimaging techniques (Dias,

Robbins, & Roberts, 1996; Konishi et al., 1998; Milner, 1963). Recently, there has been

growing interest in the relationship between cognitive and brain development during the

first few years after birth. Numerous studies have shown that cognitive development is

indeed correlated with brain development during infancy and early childhood (Liu,

Sabbagh, Gehring, & Wellman, 2009; Moriguchi & Hiraki, 2009; Rueda, Rothbart,

Saccamanno, & Posner, 2005; Taga et al., 2003; Tsujimoto et al., 2004).

Most developmental cognitive neuroscience studies have relied on a

cross-sectional design in which an investigator observes several age groups simultaneously.

This approach has several advantages (e.g., it is easier to conduct the research), but it

cannot be used to determine dynamic developmental changes (Kraemer, Yesavage, Taylor,

& Kupfer, 2000; Magnusson & Casaer, 1993). Cross-sectional research can clarify the

differences in brain activation and cognitive performance between two different age groups,



but it cannot address how the differences occur and whether there are single or multiple

paths of brain and cognitive development. Therefore, longitudinal approaches are needed to

address these issues. Nevertheless, few longitudinal studies have been conducted in

cognitive neuroscience research, especially in infants and young children, despite the

understanding that the early phases of maturation during fetal development and childhood

are the most dramatic and important (Toga, Thompson, & Sowell, 2006).

The present study aimed to investigate longitudinal brain and cognitive

development in young children, focusing on the prefrontal cortex. The prefrontal cortex is a

brain region that subserves complex cognitive functions, such as cognitive shifting (Crone

et al., 2006; Dias et al., 1996; Milner, 1963). Brain imaging studies in adults have shown

that participants were likely to recruit inferior and dorsolateral prefrontal regions during

cognitive shifting tasks, such as the Wisconsin Card Sorting Test (WCST) (Konishi et al.,

1998; Monchi et al., 2001; Sumitani et al., 2006). However, recent studies have suggested

that there are some individual differences in the laterality of activation during the WCST.

In a near-infrared spectroscopy (NIRS) study, some participants recruited the left prefrontal

areas during the WCST, whereas other participants showed right prefrontal activations

(Sumitani et al., 2006). Moreover, neuropsychological research has revealed that patients



with right lateral prefrontal damage as well as those with left lateral prefrontal damage

showed impaired performance in the WCST task, but the latter showed less impairment

(Stuss et al., 2000). Given this evidence, we believe that individual differences may exist in

the laterality of prefrontal activations in young children and that these differences may be

related to individual differences in behavioral performance on cognitive tasks.

Recently, extensive research has shown that the prefrontal cortex develops

dramatically during early childhood. Behavioral studies have repeatedly shown that during

preschool years, children’s performance improves in neuropsychological batteries related to

prefrontal function (Gerstadt, Hong, & Diamond, 1994; Luciana & Nelson, 1998; Zelazo,

Frye, & Rapus, 1996). Moreover, there is some anatomical evidence that the prefrontal

cortex develops during preschool years (Diamond, 2002; Giedd et al., 1999; Gogtay et al.,

2004; Huttenlocher, 1990). Electrophysiological studies have shown that in children, the

electroencephalogram pattern changes between the ages of 1 and 4 years in a working

memory task (Bell & Wolfe, 2007) and between the ages of 4 and 6 years in a flanker task

(Rueda et al., 2005). In addition, in a recent study, neuroimaging data have demonstrated

functional development of the inferior prefrontal regions during preschool years in a

cognitive shifting task (Moriguchi & Hiraki, 2009).



Although behavioral, anatomical, and electrophysiological research studies have

included longitudinal evidence, no longitudinal neuroimaging data exist for early childhood

(cf., school-aged children, Durston et al., 2006), and no research has examined whether

there are single or multiple developmental paths for prefrontal function. Therefore, in the

present study, we conducted a longitudinal study of the development of the prefrontal

function. Specifically, the present study focused on the longitudinal development of

prefrontal function between 3 and 4 years of age. We chose this age period because there is

ample evidence that children of those ages develop higher order cognitive functions that

may be closely related to prefrontal function, such as cognitive shifting and theory of mind

(Garon, Bryson, & Smith, 2008; Liu et al., 2009; Wellman, Cross, & Watson, 2001; Zelazo

& Muller, 2002).

We used the dimensional change card sort (DCCS), which is widely used to index

cognitive shifting in young children (Garon et al., 2008; Zelazo et al., 1996). The task was

chosen because it has been repeatedly shown that children improve their performance on

the DCCS task between 3 and 4 years of age (Kirkham, Cruess, & Diamond, 2003;

Moriguchi & Itakura, 2008; Zelazo et al., 1996). In the DCCS task, children are asked to

sort cards that have two dimensions, such as color and shape. In the preswitch phase,



children are asked to sort cards (e.g., red cups, blue stars) into trays with target cards (e.g., a

blue cup, a red star) according to one rule (e.g., color). In the postswitch phase, children are

asked to sort the cards according to a second rule (e.g., shape). Typically, 3-year-old

children perseverate to the first rule, whereas 4- and 5-year-old children do not (Kirkham et

al., 2003; Moriguchi, Lee, & Itakura, 2007; Zelazo et al., 1996).

Our previous cross-sectional neuroimaging study using NIRS with the DCCS task

showed that 5-year-old children activated bilateral inferior prefrontal regions during the

preswitch and the potswtich phases compared to a control phase, where children simply

sorted blank cards into a tray (Moriguchi & Hiraki, 2009, but see also a functional magnetic

resonance imaging [fMRI] study, Morton, Bosma, & Ansari, 2009). Moreover, the NIRS

study showed that 3-year-old children who committed perseverative errors (hereafter, the

perseverate group) failed to activate the inferior prefrontal regions, whereas those who

performed the tasks correctly (hereafter, the pass group) activated the right inferior

prefrontal regions during the preswitch and postswitch phases. These results suggested that

sustained right inferior prefrontal activations would be important for successful cognitive

shifting during the DCCS tasks.



The present longitudinal study aimed to extend the findings from our

cross-sectional study in two ways. First, we examined the longitudinal development of

prefrontal activations during the preschool age. Although our previous cross-sectional study

showed differences in behavioral performance and prefrontal activations during the DCCS

tasks between 3- and 5-year-old children, it remained unclear whether the behavioral

development was correlated with brain activation. Specifically, the present longitudinal

study examined whether brain activation was changed when children’s behavioral

performance improved in the DCCS tasks. Second, individual differences in brain

activation were also examined. Our previous study showed that children in the pass group

exhibited right inferior prefrontal activations during the DCCS tasks, whereas children in

the perseverate group failed to activate inferior prefrontal regions. Thus, we examined how

inferior prefrontal activation changed in children from both groups while performing the

same cognitive tasks.

In the present study, we gave children the DCCS tasks and examined the

developmental changes in prefrontal activations using an NIRS technique. Children were

tested twice: at 3 years of age (Time 1) and at 4 years of age (Time 2). Given the previous

NIRS results (Moriguchi & Hiraki, 2009), the region of interest was located at around F7/8



on the International 10/20 system (Figure 1 A), which corresponds to Brodmann areas

45/47 (Okamoto et al., 2004). Brain activation during the DCCS tasks was compared to

activation during the control phases. In the control phases, children were provided blank

cards and instructed to place the cards into an extra tray.

2. Materials and Methods

2.1 Participants

Fifteen right-handed 3-year-old children participated in this longitudinal study, but

two girls were excluded from the analyses because they did not participate in the second

testing. The mean age at first testing was 41.1 + 4.0 months (mean + standard deviation

[SD]; age range, 37-47 months; six girls), and the average age at the second testing was

50.1 + 4.1 months (age range, 46-55 months). The study was conducted in accordance with

the principles of the Declaration of Helsinki. Parents provided written informed consent

and were informed verbally of the purpose of the study and the safety of the NIRS

experiment. The experiments were approved by the local ethics committee. The data at

Time 1 were partly reported in Moriguchi and Hiraki (2009).

2.2 Behavioral tasks
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Children participated in the experiment sitting on the floor. The behavioral tasks at

Time 1 and Time 2 were almost the same except that different stimuli were used.

Laminated cards (3.5 cm x 7.0 cm) that had two dimensions (shape and color) were used as

stimuli. The task included target cards and test cards; target cards matched test cards in one

dimension but did not match in the other dimension (e.g., a red pig, a green tree, red trees

and green pigs. For details, see Appendix). The experiments included eight pairs of target

and test cards, each of which was different in shape and color. Four pairs of cards were

used at Time 1, and the rest of the cards were used at Time 2. There were eight pairs of

target trays, and each of the trays contained target cards. At each session, a different tray

with a different set of cards was used. For the control task, blank cards and an extra tray

were used. The extra tray was placed between two target trays (Figure 1 B). Basically, the

task was children-paced, but the experimenter controlled the children’s pace when

providing the cards.

Children were given four consecutive test sessions at Time 1 and four sessions at

Time 2. One session consisted of a control phase (control 1), a preswitch phase, a second

control phase (control 2), and a postswitch phase. During the control phases, children were

provided with blank cards and asked to place these cards into an extra tray (e.g., “All the



11

cards here”). During the preswitch and postswitch phases, children were given instructions

regarding the rules (e.g., “This is a shape game. All the pigs go here, and all the trees go

there.”), and were asked to sort the cards. The rule order (color vs. shape first) was constant

across the four sessions for each child, but the order was counterbalanced across children.

Moreover, the rule order was constant across Time 1 and Time 2. In the experiment, the

preswitch and postswitch phases were 25 s each; this included the time required to provide

instructions concerning the rules (the first 5.5 s in each phase). Each control phase was 25

The percentage of correct responses and the reaction times were analyzed. The

reaction time was defined as the average time taken by the participants to sort one test card.

The reaction time was analyzed with the video tapes. We recorded the reaction time for

each trial of each participant.

2.3 NIRS recordings and analysis

NIRS is a technique for monitoring cerebral hemodynamics by measuring changes

in the attenuation of near-infrared light passing through tissue (Firbank, Okada, & Delpy,

1998; Hoshi, Kobayashi, & Tamura, 2001). The NIRS system used and the analyses were

exactly the same for Time 1 and Time 2. A multichannel NIRS unit operating at
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wavelengths of 780, 805, and 830 nm (OMM-1080S; Shimadzu, Kyoto, Japan) was used to

measure temporal changes in the concentrations of oxyhemoglobin (HbO5),

deoxyhemoglobin (HbR), and total hemoglobin (HbT). One NIRS probe included eight

optodes that comprised 10 channels (Figure 1 A). Each channel consisted of one emitter

optode and one detector optode located 2 cm apart. The sampling rate at each channel was

approximately 10 Hz.

The region of interest was located at around F7/8 on the International 10/20 system

(Figure 1 A), which corresponds to Brodmann areas 45/47 (Okamoto et al., 2004). Given

the low spatial resolution of NIRS, channels 6, 7, and 9 (right inferior prefrontal area) and

channels 15, 17, and 18 (left inferior prefrontal area) were roughly regarded as F8 and F7,

respectively (Moriguchi & Hiraki, 2009). The test sessions in which motion artifacts were

revealed by the video recordings and NIRS data were discarded. Variations for each sample

datum of HbO, were calculated by subtracting a previous datum from a current datum.

Channels in which a variation of more than 3 SDs was detected were excluded from further

analysis. We rejected the trial where an artifact was detected. Ultimately, approximately

6% of the data from the children were excluded from the analyses. Of the three NIRS

parameters measured, a change in the HbO, concentration was considered to be the best
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indicator of brain activity (Hock et al., 1997; Toronov et al., 2001). For the validity, the

other parameters were reported in our Supporting Information online (Figure S1, S2). Raw

HbO, data from individual channels without motion artifacts were low-pass filtered through

a Savitzky-Golay filter (Savitzky & Golay, 1964). Following previous studies (Matsuda &

Hiraki, 2006; Moriguchi & Hiraki, 2009), the raw data were converted into Z scores. The Z

score was calculated using the mean value and the SD of the changes in HbO,

concentration during the control phases. Consequently, the mean value and SD during the

control phases were respectively changed to Z scores of 0 and 1 in every channel.

Since children were given instructions regarding the rules during the first 5.5 s of

the task phases, the last 19.5 s during the preswitch and postswitch phases (5.5-25 s) were

analyzed. Average changes in HbO, during the task phases were calculated for all channels

and each subject. The significance of the differences between the changes in HbO, for the

baseline (the last 5 s of the control phases) and the task (preswitch or postswitch) was

determined by a two-tailed Student’s t test for each channel. We compared the preswitch

phase to control 1 and compared the postswitch phase to control 2. As multiple

comparisons were conducted, we applied a .001 alpha level of significance (two groups,

two times, two tasks, and six channels). The differences between the pass group and the
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perseverate group as well as between Time 1 and Time 2 (i.e., comparisons of the

activations during the preswitch phases at Time 1 to those at Time 2) for each channel were

compared using a paired t test, and the significance level was set at p <.001.

Second analyses were conducted by comparing the last 5 seconds of the task

phases to the last 5 seconds of the control phases at both Time 1 and Time 2. We conducted

the analyses to control the differences of the durations between the control phases (5

seconds) and task phases (19.5 seconds) in the first analyses. The second analyses revealed

the basically consistent patterns of the brain activations to those of the first analyses,

although the effects were somewhat stronger in the second analyses than in the first

analyses. Thus, in the next section, we reported the results of the first analyses.

3. Results

The behavioral results as well as the NIRS results at Time 2 were directly

compared with those at Time 1 to assess the longitudinal developmental change in

cognitive shifting and prefrontal activation in young children. Children were classified into

the pass group or the perseverate group, according to whether they committed perseverative

errors during at least one of the four assigned sessions at Time 1. In other words, even if a

child committed perseverative errors in the first session, but not in other sessions, the child
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was classified into the perseverate group. The mean number of the sessions the children
committed the perseverative errors was 2.0 (SD = 1.26, range 1-4).
3.1 Behavioral results

The mean percentage of correct responses by children at Time 1 was 94.9% in the
preswitch phases and 72.1% during the postswitch phases. Six of the 13 children were
classified into the perseverate group, and the remaining 7 were placed in the pass group. At
Time 2, on average, children performed correctly 96.4% during the preswitch phases and
98.9% during the postswitch phases (Figure 2 A). None of the children committed
perseverative errors at Time 2. The mean percentage of correct responses for the pass group
and the perseverate group was 99.0 % and 90.3% during the preswitch phases and 96.6 %
and 43.2 % during the postswitch phases at Time 1, respectively. Also, the mean percentage
of correct responses for the pass group and the perseverate group at Time 2 was 97.9 % and
94.7% during the preswitch phases and 97.9 % and 100.0 % during the postswitch phases,
respectively. The percentage of correct responses was analyzed using a 2 (Time 1 vs. Time
2) x 2 (preswitch vs. postswitch) ANOVA, and we observed a significant interaction of the

percentage of correct responses [F (1, 95) = 11.258, p < .001, n° =.11].
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Furthermore, we compared reaction times at Time 1 with reaction times at Time 2
and found that children required more time to sort the cards during the postswitch phase (M
= 3.5 s) than during the preswitch phase (M = 2.7 s) at Time 1, whereas the reaction time at
Time 2 was almost the same during both preswitch (M = 3.0 s) and postswitch phases (M =
3.0 s) (Figure 2 B). The reaction times for the pass group and the perseverate group was 2.3
s and 3.3 s during the preswitch phases and 2.8 s and 4.5 s during the postswitch phases at
Time 1, respectively. Also, the mean percentage of correct responses for the pass group and
the perseverate group at Time 2 was 2.7 s and3.3 s during the preswitch phases and 2.7 s
and 3.2 s during the postswitch phases, respectively. We conducted a 2 (condition; pass vs.
perseverate) x 2 (time; Time 1 vs. Time 2) x 2 (phase; preswitch vs. postswitch) ANOVA
and found a main effect of condition [F (1, 86) = 17.128, p < .001, n* =.13] and phase [F (1,
86) = 5.675, p < .02, n? =.06] as well as a significant interaction between time and phase [F
(1, 86) = 6.292, p < .02, n? =.07]. Both accuracy and efficiency results therefore showed
that children improved their behavioral performance of the cognitive shifting task between
Time 1 and Time 2.
3.2 NIRS Results

3.2.1 Whole-group analysis
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First, we examined whether there was a developmental change in brain activation

for the whole group (Figure 3). At Time 1, the results of the NIRS recordings revealed that

children activated the right inferior prefrontal regions (channel 9) during the preswitch

phase but failed to activate the bilateral inferior prefrontal areas during the postswitch

phase as compared with control phases (Student’s t test, p <.001). At Time 2, in the right

(channels 6 and 7) and left (channels 15, 17, and 18) inferior prefrontal areas, the mean

change in HbO, was significantly higher during the preswitch phase than during the control

phases. During the postswitch phase, children exhibited significant changes in HbO; in the

right (channel 9) and left (channels 15, 17, and 18) inferior prefrontal areas (p < .001). We

then directly compared brain activation at Time 1 with that at Time 2 and found that

children showed significant activation in the right and left inferior prefrontal areas during

the preswitch (channels 6 and 7 and channels 15, 17, and 18) and postswitch phases

(channels 6, 7, and 9 and channels 15, 17, and 18) at Time 2 as compared with Time 1

(paired t test, p <.001). Further analyses conducted to explore the difference between

preswitch and postswitch phases are reported in our Supporting Information online.

3.2.2 Separate analyses
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Next, we analyzed the children separately according to the perseverative errors

observed at Time 1. First, we examined whether children in the pass group (n = 7) showed

similar or different brain activations for Time 1 and Time 2. In terms of similarity in brain

activation, children in the pass group showed significant right inferior prefrontal activation

(channel 6) during the preswitch and postswitch phases at Time 1 and Time 2 as compared

with the control phases (p < .001; Figures 4 and 5). In terms of differences in brain

activation, children in the pass group activated the left inferior prefrontal areas during the

preswitch (channel 15) and postswitch phases (channels 15, 17, and 18) at Time 2 but not at

Time 1 as compared with the control phases (Figures 4 and 5). We then directly compared

the brain activations at Time 1 with those at Time 2 and found that children in the pass

group exhibited greater changes in HbO- in the inferior prefrontal areas during the

preswitch phase (channels 6, 7, and 15) and postswitch phase (channels 6 and 7 and

channels 15 and 18) at Time 2 than they did at Time 1 (p < .001) (Figure S3). These results

revealed that during the DCCS tasks, children in the pass group exhibited right inferior

prefrontal activations at Time 1, while they exhibited both right and left inferior prefrontal

activations at Time 2.
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Second, we examined whether children in the perseverate group showed different

activations at Time 2 compared with Time 1. At Time 1, children in the perseverate group

exhibited no significant HbO, increases in either the right or left inferior prefrontal areas

during the task phases compared with the control phases. Rather, they showed deactivations

across the preswitch (channels 6, 15, and 18) and postswitch phases (channels 6, 9, and 15)

(Figure 4; Figure 6 A and B). However, at Time 2, they showed significant increases in

HbO, in the left inferior prefrontal regions during the preswitch (channels 17 and 18) and

postswitch phases (channels 15 and 18) (p <.001) compared with the control phases. They

did not exhibit significant HbO; increases in the right inferior prefrontal areas during either

phase, although task phases seemed to affect the brain activations (Figure 4; Figure 6 C and

D). Next, we compared the brain activations at Time 1 with those at Time 2 directly and

found that children in the perseverate group exhibited significant HbO, increases in the

bilateral inferior prefrontal areas during the preswitch phase (channels 6 and 7 and channels

15, 17, and 18) and the postswitch phase (channels 6, 7, and 9 and channels 15 and 18) at

Time 2 as compared with Time 1 (p <.001) (Figure S4). These results revealed that

children in the perseverate group exhibited no significant inferior prefrontal activations at
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Time 1, but showed significant left inferior prefrontal activations at Time 2 during the

DCCS tasks.

Finally, we directly compared the brain activation in the pass group with those in

the perseverate group. At Time 1, children in the pass group exhibited significantly stronger

inferior prefrontal activations than did those in the perseverate group during the preswitch

phase (channels 6, 7 and 9 and channels 15, 17, and 18) and the postswitch phase (channels

6, 7, and 9 and channels 15 and 17) (p <.001). Moreover, at Time 2, children in the pass

group showed significantly greater activations compared with the perseverate group during

the preswitch phase (channels 6, 7 and 9 and channels 15, 17, and 18) and postswitch phase

(channel 17), while also showing significant deactivations during the postswitch phases

(channel 9) (p < .001).

4. Discussion

Our longitudinal study clarified changes in behavioral performance and brain

development during cognitive shifting occurring in young children. On the behavioral level,

children showed a significant improvement in cognitive shifting as measured by the DCCS

tasks. Six children committed perseverative errors at Time 1, but none of the children

committed errors at Time 2. On the neural level, children showed a significant
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improvement in inferior prefrontal activations between Time 1 and Time 2. At Time 1, in

general, children showed weaker inferior prefrontal activations across the DCCS tasks; at

Time 2, children significantly activated bilateral inferior prefrontal regions during the

preswitch phase and left inferior prefrontal regions during the postswitch phase.

These results support and extend our previous cross-sectional findings (Moriguchi

& Hiraki, 2009). The previous study documented significant differences in behavioral

performance and inferior prefrontal activations during the DCCS tasks between 3- and

5-year-old children. However, it was still unclear whether the behavioral differences were

related to the inferior prefrontal activations. The present study suggests that the behavioral

development observed during the DCCS tasks was correlated with the inferior prefrontal

activations. The results implied that the development of cognitive shifting might be

supported by the development of the inferior prefrontal cortex, although we could not

discuss the causal relation between behavioral and neural changes from the results. More

generally, this study is the first to provide longitudinal data indicating that children develop

prefrontal activations between the ages of 3 and 4 years. Although some longitudinal

anatomical and electrophysiological research has demonstrated the development of

prefrontal function during the preschool years (e.g., Rueda et al., 2005), little neuroimaging
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data are available regarding prefrontal development during this time period. Coupled with

the behavioral, anatomical, and electrophysiological evidence, the neuroimaging data

would contribute to our understanding of the development of the prefrontal cortex during

early childhood.

In the present study, children generally showed stronger left inferior prefrontal

activations at Time 2 than at Time 1. There are several possible interpretations regarding

these laterality effects. One possibility is that children developed their hand-preference

during the period of the study. That is, children at Time 2 may have tended to use the right

hand to sort the cards compared with Time 1. However, we refute this possibility because

even at Time 1, children showed a strong hand preference, and all of the children were

right-handed and sorted the cards with their right hands. The second possibility is that

children developed speech perception during the study period, especially processing of the

sentences that communicated the experiment’s instructions. It has been shown in adult

fMRI studies that sentence processing may rely on the left frontal, temporal, and parietal

areas (e.g., Friederici, Ruschemeyer, Hahne, & Fiebach, 2003). However, the fact that even

at Time 1, children performed the preswitch phase of the DCCS task perfectly may weaken

this possibility. In the DCCS tasks, the instructions were fundamentally the same in both
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the preswitch and postswitch phases. This suggests that children at Time 1 understood the

instructions for the experiment but failed to activate the left inferior prefrontal regions. The

third possibility is that children may recruit inner speech to perform the tasks correctly.

Kirkham et al. (2003) showed that labeling a new rule in the DCCS task may lead to better

performance. Also, children may internalize their private speech during early childhood

(Manfra & Winsler, 2006; Vygotsky, 1988). This evidence may suggest that children at

Time 2 were more likely to engage inner speech to perform the tasks than they were at

Time 1, which may have activated the left inferior prefrontal regions.

One advantage of the longitudinal design is that we could assess how behavioral

development is related to brain development. When the children were classified into the

pass group and perseverate group, analyses yielded interesting results. At Time 1, children

in the pass group exhibited right inferior prefrontal activations across the preswitch and

postswitch phases as compared with the control phases. At Time 2, they exhibited

activations in both the right and left inferior prefrontal regions. The activation pattern was

similar to that of 5-year-old children in a previous study who exhibited bilateral inferior

prefrontal activations during the DCCS tasks (Moriguchi & Hiraki, 2009). It is likely that a
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developmental process exists whereby children first engage the right inferior prefrontal

regions and then recruit the bilateral inferior prefrontal regions during the DCCS task.

Nevertheless, the story is not that simple. Children in the perseverate group

showed a different developmental pattern. At Time 1, children in this group failed to

engage the bilateral prefrontal regions during the preswitch and postswitch phases. Rather,

their inferior prefrontal regions exhibited deactivations during the DCCS task. However, at

Time 2 the children performed the DCCS tasks almost perfectly (as did children in the pass

group at both Time 1 and Time 2), showing significant left, but not right, inferior prefrontal

activations during the preswitch and postswitch phases as compared with the control phases.

In terms of the right inferior prefrontal areas, children in the perseverate group showed

changes between Time 1 and Time 2. At Time 1, these children showed deactivations in the

right inferior prefrontal areas during the DCCS tasks, whereas these deactivations were not

observed at Time 2. We believe that the differences in performance of the DCCS tasks

between Time 1 and Time 2 may be due to the significant activations in the left inferior

prefrontal areas or the “improvement” of the deactivations in the right inferior prefrontal

regions.

In both interpretations, the results for children in the perseverate group at Time 2
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were different from the results for children in the pass group at Time 1 and Time 2. The

results for Time 1 and Time 2 suggested that unilateral (either right or left) inferior

prefrontal activations may be important for successful performance in cognitive shifting

tasks, such as the DCCS task. A previous study suggested that “sustained right inferior

prefrontal activation might be crucial for successful cognitive shifting in young children” (p.

6019, Moriguchi & Hiraki, 2009). Instead, we suggest that sustained inferior prefrontal

activations rather than sustained right inferior prefrontal activations may be crucial for

successful cognitive shifting in young children. Taken together, these separate analyses

suggest the existence of multiple paths in the development of the prefrontal activations

observed during the cognitive shifting tasks. However, due to the small sample size in both

analyses, these findings are, at present, inconclusive. Further research should be done to

assess and confirm the present findings with a bigger sample size.

In general, our findings with regard to unilateral activations seem to be consistent

with those of some previous studies in which participants recruited either right or left

inferior prefrontal regions during cognitive shifting tasks. Adult brain imaging studies have

suggested that there are individual differences in the laterality of the activation during the

WCST; some participants recruited the left prefrontal areas, whereas other participants
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demonstrated right prefrontal activations (Sumitani et al., 2006). Bunge et al. (2002)

reported that adult participants recruited right ventrolateral prefrontal regions during a

flanker task, whereas school-aged children activated left ventrolateral prefrontal regions,

suggesting that children may use different strategies compared with adults. Moreover,

neuropsychological research has revealed that patients with right or left lateral prefrontal

damage experienced difficulty with the WCST, but those with left lateral prefrontal damage

(i.e., those with intact right prefrontal regions) showed less impairment (Stuss et al., 2000).

This neuropsychological evidence may accord with the present results indicating that

3-year-old children in the pass group first recruited the right inferior prefrontal areas. In

other words, right inferior prefrontal areas may be relatively dominant in cognitive shifting

tasks, and left inferior prefrontal areas may support or compensate for right inferior

prefrontal activations.

Finally, the fact that there might be multiple neural developmental paths in

prefrontal function may contribute to our understanding of developmental disorders such as

attention-deficit hyperactivity disorder (ADHD). It has been hypothesized that patients with

ADHD may have functional deficits in the prefrontal cortex (Bush, Vaela, & Seidman,

2005). However, it is still unclear when and how children with ADHD exhibit this deficit in



27

prefrontal function. Children with ADHD may exhibit a delay in the maturation of

prefrontal areas (Shaw et al., 2007). Nevertheless, given the results of the present study, it

may be possible that prefrontal function follows a different developmental pathway in early

childhood in children with ADHD compared with children undergoing typical development.

Further research using longitudinal methods should be performed to address these issues.
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Appendix

Stimuli used at Time 1 and Time 2

Time 1

Pair 1: a red star, a blue cup, red cups, and blue stars

Pair 2: a green car, a yellow house, green houses, and yellow cars

Pair 3: an orange face, a purple flower, orange flowers and purple faces

Pair 4: a gray camera, a brown computer, gray computers, and brown cameras

Time 2

Pair 1: a red pig, a green tree, red trees and green pigs

Pair 2: a yellow bag, a blue truck, yellow trucks, blue bags

Pair 3: a purple triangle, a brown circle, purple circles, and brown triangles

Pair 4. a gray cloud, a white TV, gray TVs, and white clouds
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Figure Legends

Figure 1. Experimental settings. (A) The NIRS probe was attached to the inferior prefrontal

area. Each channel consisted of one emitter optode and one detector optode. The region of

interest was located near F7/8, which corresponds to channels 15, 17, and 18 and channels

6, 7, and 9, respectively. (B) A sequence of the experiment.

Figure 2. Behavioral results. (A) Percentage of correct responses and (B) reaction time

during the preswitch and postswitch phases at Time 1 and Time 2. Error bars indicate

standard error (SE). * p <.05.

Figure 3. Data from children in the whole group at Time 1 (A, B) and Time 2 (C, D) during

the DCCS task. Averaged overall data during the task phases compared with the control

phases are shown. The numbers (1-20) indicate the channels of the NIRS probe. (A)

Preswitch phase and (B) postswitch phase at Time 1. (C) Preswitch phase and (D)

postswitch phase at Time 2.
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Figure 4. Temporal changes in the HbO, concentration in the right (ch 6) and left (ch15)

inferior prefrontal areas during the experiment. (A) and (B) show the preswitch phases and

the postswitch phases, respectively. Data of the group mean in children in the pass group at

Time 1 (yellow line) and Time 2 (red line), and children in the perseverate group at Time 1

(green line) and Time 2 (blue line) are shown.

Figure 5. Data from children in the pass group at Time 1 (A, B) and Time 2 (C, D) during

the DCCS task. Averaged overall data during the task phases compared with the control

phases are shown. The numbers (1-20) indicate the channels of the NIRS probe. (A)

Preswitch phase and (B) postswitch phase at Time 1. (C) Preswitch phase and (D)

postswitch phase at Time 2.

Figure 6. Data from children in the perseverate group at Time 1 (A, B) and Time 2 (C, D)

during the DCCS task. Averaged overall data during the task phases compared with the

control phases are shown. The numbers (1-20) indicate the channels of the NIRS probe. (A)

Preswitch phase and (B) postswitch phase at Time 1. (C) Preswitch phase and (D)

postswitch phase at Time 2.



