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intelligence and visuospatial working memory tasks in preschool
children as revealed by optical topography
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Abstract General fluid intelligence (gF) is a major

component of intellect in both adults and children.

Whereas its neural substrates have been studied relatively

thoroughly in adults, those are poorly understood in chil-

dren, particularly preschoolers. Here, we hypothesized that

gF and visuospatial working memory share a common

neural system within the lateral prefrontal cortex (LPFC)

during the preschool years (4–6 years). At the behavioral

level, we found that gF positively and significantly corre-

lated with abilities (especially accuracy) in visuospatial

working memory. Optical topography revealed that the

LPFC of preschoolers was activated and deactivated during

the visuospatial working memory task and the gF task. We

found that the spatio-temporal features of neural activity in

the LPFC were similar for both the visuospatial working

memory task and the gF task. Further, 2 months of training

for the visuospatial working memory task significantly

increased gF in the preschoolers. These findings suggest

that a common neural system in the LPFC is recruited to

improve the visuospatial working memory and gF in pre-

schoolers. Efficient recruitment of this neural system may

be important for good performance in these functions in

preschoolers, and behavioral training using this system

would help to increase gF at these ages.

Keywords PFC � gF � Executive function � Spatial

matching-to-sample � Preschoolers � fNIRS

Introduction

General fluid intelligence (gF) is related to reasoning

ability, novel problem-solving, and adaptation to new sit-

uations. It is a major intellectual component of individual

differences among both adults and children (Cattell 1973;

Engle et al. 1999), and it is closely related to social risk

success (Gottfredson 1998, 2004) and scholastic achieve-

ment (e.g., Luo et al. 2003; Frey and Detterman 2004).

Therefore, it is important to improve gF in children to

enhance their educational activities, and identification of

the neural substrates of gF in children would promote such

improvement. However, the neural substrate of gF in

children, particularly preschoolers (4–6 years old), is

poorly understood. In adults, gF is associated with neural

activity in the lateral prefrontal cortex (LPFC) and other

related areas (e.g., the posterior parietal cortex) (Duncan

et al. 2000; Gray et al. 2003). Therefore, gF is likely to be

associated with LPFC activity also in preschoolers,

although neuroimaging evidence for this hypothesis is

lacking.

It is well known that gF in adults is related to working

memory, particularly to its capacity (Engle et al. 1999;

Conway et al. 2002, 2003; Ackerman et al. 2005; Kane and

Engle 2002; Kane et al. 2004, 2005; Oberauer et al. 2005).

Working memory is responsible for the temporary storage

and manipulation of information, and is a critical founda-

tion for various cognitive functions (Baddeley 1986, 1992).
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The LPFC plays a major role in working memory (e.g.,

Freedman and Oscar-Berman 1986; Funahashi et al. 1993;

Jonides et al. 1993; McCarthy et al. 1994; Sawaguchi and

Iba 2001). Thus, not surprisingly, a brain-imaging study

revealed a positive correlation between gF and neural

activity related to working memory ability in the LPFC

(Gray et al. 2003). In preschoolers, we previously dem-

onstrated that the LPFC is activated during a visuospatial

working memory task, similar to the case with adult sub-

jects (Tsujimoto et al. 2004).

Based on these findings, we hypothesized that gF is

associated with LPFC activity and that gF and visuospatial

working memory share a common neural system within the

LPFC during the preschool years. To address these

hypotheses, we examined neural activity in the LPFC of

preschool children (4–6 years old) while they performed a

spatial matching-to-sample (SMS) task and a gF task, using

a functional near-infrared spectroscopy (fNIRS) brain-

imaging technique and optical topography (OT). The SMS

paradigm is adequate for assessing working memory for

visuospatial information in preschoolers (Tsujimoto et al.

2004). Further, OT takes advantage of the principle that

near-infrared light is absorbed by oxygenated and deoxy-

genated hemoglobin (e.g., Kono et al. 2007). Because OT is

noninvasive and does not require a head constraint, it is

useful for imaging neural activity in the cerebral cortex in

preschoolers (Tsujimoto et al. 2004). We also performed a

behavioral study in a larger sample of preschoolers to

examine the possible correlation between gF and visuo-

spatial working memory abilities during the preschool

years. In the same sample, we performed a pilot study on the

effect of working memory training with the SMS task on gF.

Methods

Subjects for the behavioral-level study

Ninety healthy preschool children [ages 4–6 years,

70.3 ± 8.21 (mean ± SD) months, 46 males and 44

females] participated in the behavioral-level study. The

children were currently attending Kannami-Sakura Nursery

School, Shizuoka, Japan, or Sapporo International School,

Hokkaido, Japan. The parents of all participants provided

written informed consent prior to the start of the study, and

the experiment was approved by the guidelines of our

institutes and the Code of Ethics of the World Medical

Association (Declaration of Helsinki) (Rickham 1964).

Behavioral tasks

We employed a spatial matching-to-sample (SMS) task as

a visuospatial working memory task (c.f., Sawaguchi and

Yamane 1999) (Fig. 1a) and Cattell’s Culture Fair Intelli-

gence Test (CFIT) SCALE 1 (Cattell and Briston 1933;

Cattell 1940; Cattell et al. 1941) (Fig. 1b). In the SMS task,

after a warning period of 1 s, a sample cue array consisting

of several squares (approximately 1.58 9 1.58) was pre-

sented on a computer monitor for 2 s. This was followed

by a delay period of 8 s, after which a white square

Fig. 1 Behavioral tasks.

a Spatial matching-to-sample

(SMS) task (with memory

load = 4). In the SMS task, the

subjects remembered the

locations of sample cues. They

were then required to report

whether or not the location of

the test cue was identical to that

of one of the sample cues.

b Cattell’s Culture Fair

Intelligence Test (CFIT)

SCALE 1. This test consists of

four separate and timed subtests

(Substitution, Classification,

Maze, and Similarities)
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(approximately 1.58 9 1.58) was presented as a test cue.

(The average spatial separation between no probes and the

nearest point in the sample array is 2�.) The subjects were

required to decide whether or not the test cue location was

identical to any of the sample cue locations. The subjects

reported their response by pressing a button on a computer

keyboard within 5 s; ‘‘yes’’ was indicated by the right

index finger and ‘‘no’’ by the left index finger. When a

subject responded, the test cue was turned off, and the trial

ended. Each trial was followed by an intertrial interval

(ITI) of 2 s with a gray cross (approximately 18 9 18)
appearing in the center of the display. One block consisted

of ten trials, with the same number of sample cue stimuli

being presented in each. All subjects started with four

samples because the four-sample cue condition appeared to

be suitable for examining a subject’s abilities during the

practice tests they performed before the experiments in the

group condition. (That is, during practice it seemed too

easy when fewer than four memory items were used, and

too difficult when more than four memory items were

used.) After the practice, we started the experimental ses-

sion. In this session, the task difficulty was adjusted to each

subject’s performance by changing the number of sample

cue stimuli. The criterion for changing this number was a

correct score rate over 80%, in which case we increased the

number of sample cue stimuli in the next block. When the

subject had a correct rate of less than 80%, we decreased

the number of sample cue stimuli in the next block. All

subjects performed at least three blocks of trials in total,

and three blocks seem to be the most that most of the

subjects could complete before losing their concentration.

The CFIT SCALE 1 was composed of four separate

and timed subtests (Substitution, Classification, Maze,

Similarities).

Data analysis for the behavioral-level study

We examined capacity, accuracy, and reaction time as

measures of visuospatial working memory ability. The

capacity was defined as a value of x when y = 0.75 in a

fitted regression line (y = mx ? b, where x is the number

of sample cue stimuli, and y is the correct rate under each

sample cue condition). The accuracy and reaction time

were defined as the rate of correct responses and the

reaction time under the four-sample cue condition,

respectively. We used four-sample cue conditions to ana-

lyze accuracy and reaction time because we examined the

abilities of all subjects in this memory load. In another

memory load, these abilities were examined in only a

subset of the subjects. Each measure of visuospatial

working memory ability was significantly correlated with

age in months (r = 0.27, t = 2.61, df = 88, P \ 0.05 for

capacity; r = 0.25, t = 2.38, df = 88, P \ 0.05 for

accuracy; r = –0.32, t = 3.25, df = 88, P \ 0.01 for

reaction time). Therefore, the working memory ability

must be corrected by age in months. We therefore intro-

duced the ‘‘working memory quotient’’ (WQ) to factor out

age-dependent differences in visuospatial working memory

abilities. We prefer this method over multiple regression

analysis in which working memory capacity, accuracy,

reaction time, and age are the dependent variables while gF

is an independent variable. Because gF was corrected by

age in months, we think that it is also appropriate to correct

working memory abilities by age in months. Of course, we

understand that multiple regression analysis is useful for

examining the correlations among several components.

Further, the methods used by Cowan et al. (2005), in which

the capacity was measured by the original accuracy and

reaction time by using varying memory loads, are also

useful in case the accuracy and reaction time were mea-

surable with varying memory loads in all subjects.

To use the WQ in the present work, we first used the

least-squares method to calculate the best-fit regression

between each visuospatial working memory ability (W)

and each age in months (M), as follows:

W capacityð Þ ¼ 0:0585�M� 1:5926

W accuracyð Þ ¼ 0:0058�Mþ 0:1824

W reaction timeð Þ ¼ �22:749�Mþ 3735:3:

Since the reaction time was negatively correlated with

M and we wished to use the same method for calculating

WQ for each ability, ‘‘mental age’’ (MA) for each ability

was calculated with the following equations:

MA capacityð Þ ¼ W capacityð Þ þ 1:5926Þf g=0:0585

MA accuracyð Þ ¼ W accuracyð Þ � 0:1824f g=0:0058

MA reaction timeð Þ
¼ �W reaction timeð Þ=22:749� 3735:3f g=22:749:

WQ(capacity, accuracy, reaction time) was calculated

using these equations for each subject, as follows:

WQ capacity, accuracy, or reaction timeð Þ
¼ MA capacity, accuracy or reaction timeð Þ=M � 100:

For example, when the age of a subject is 74 months and

his or her working memory capacity is 4.4, MA is 102.4

months {= (4.4 ? 1.5926)/0.0585} and WQ(capacity) is 138

(= 102.4/74 9 100).

Subjects for the neural-level study

Five healthy preschool children [aged 4–6 years, 62.8 ±

3.49 months (mean ± SD), 3 males and 2 females: AK,

HT, KS, RS, MW] participated in the neural-level study.

The children were attending Sapporo International School,
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Hokkaido, Japan. The parents of each child provided

written informed consent and were informed of the purpose

of the study; they were also made aware of the safety of

OT. The experiment was approved by the guidelines of our

institutes and the Code of Ethics of the World Medical

Association (Declaration of Helsinki) (Rickham 1964).

Behavioral task for the neural-level study

We employed the same tasks as used in the behavioral-level

study, although we made some modifications to make them

suitable for this study (Fig. 2a, b). The SMS task was

exactly the same as that used for the behavioral-level study

except that the warning period was random (1–3 s) and the

ITI was longer (25 s). The subjects performed the four-

sample cue condition in eight trials. The number of trials

was restricted to eight because that seemed to be the limit of

the subjects’ ability to concentrate. For the same reason, we

used only one memory load value, i.e., four memory loads.

The CFIT SCALE 1 was restricted to the Classification

subtest because this subtest was easy to control, and per-

formance on it significantly predicted the raw score for gF

in our behavioral-level study (standardized partial correla-

tion coefficient, r = 0.24, df = 88, P \ 0.001; multiple

regression analysis was used with the raw score of gF as the

dependent variable, and the performance in subtests one to

four as the predictor variables). In the CC (Cattell’s Clas-

sification) task, after a warning period of 1 s, six sample

pictures (approximately 7� 9 6�; three in one group and

three in another) and one test picture (approximately

7� 9 6�) were presented simultaneously. The subject was

required to decide which group the test cue belonged in. The

subject reported his or her response by pressing a button

within 10 s; the ‘‘right side’’ was indicated by the right

index finger, and the ‘‘left side’’ by the left index finger.

When the subject responded, the sample pictures and test

pictures were turned off, and the trial ended. Each trial was

followed by an ITI of 25 s, during which a gray cross was

presented at the center of the display.

All subjects were instructed in the task rules before

commencing the experimental session. After receiving the

instruction, they practiced samples of the SMS and CC

tasks. Once they understood the task rules and were able to

perform adequately (approximately 80% correct respon-

ses), the experimental session began. In the experimental

session, the subjects each performed two blocks of eight

trials, each trial consisting of four ‘‘Low-g’’ trials and four

‘‘High-g’’ trials, randomly selected. The Low-g trials were

defined as set 1 to set 4 of the Classification subtest, and the

High-g trials were defined as set 5 to set 8 of that subtest.

The order of tasks and conditions was counterbalanced

among the subjects.

OT measurements

During task performance, we measured hemoglobin oxy-

genation in the subjects’ LPFC using a 24-channel event-

related OT system (OMM-3000; Shimadzu Corp., Kyoto,

Japan). The area measured covered the 60 9 60 mm2 area

of each frontal cortex, including the LPFC.

Fig. 2 Behavioral tasks for the

neural-level study (a, b) and

positions of the OT

measurements (c). a Spatial

matching-to-sample (SMS) task

(with memory load = 4).

b Cattell’s Classification Test

(CC task). In the CC task, the

subject was required to decide

to which group the test cue

belonged (in this example, the

test cue belonged to the ‘‘circle’’

group). c Configuration of

incident position, detection

position, and measurement

position for the two

hemispheres
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The methods of recording were similar to those used in

our previous studies on the prefrontal cortex in preschool

children (Tsujimoto et al. 2004), except that we used the OT

system from Shimadzu Corp. (Khoa and Nakagawa 2008).

This system contains three laser diodes 780, 805, and

830 nm as light sources. The system used a cutoff filter

whose threshold was 50 Hz wavelength. In the LPFC of

each hemisphere, five emitters and four detectors were

placed at alternate square intersection points on a 3 9 3

grid (Fig. 2c). This configuration enabled us to detect sig-

nals from 12 channels in each hemisphere (a total of 24

channels). Near-infrared rays leave each illuminator, pass

through the skull and the brain tissue of the cortex, and are

received by the detector optodes (Khoa and Nakagawa

2008). The system detected cortical changes in oxy-hemo-

globin concentration (C_oxy-Hb), deoxy-hemoglobin con-

centration (C_deoxy-Hb), and total hemoglobin

concentration (C_total-Hb). We adjusted the sensitivity of

each measurement point after the phantom experiment

every time. Therefore, the sensitivity of each measurement

point was not varied by more than 5% of the original value

during the resting period. The spatial resolution was a few

centimeters. We used 10–20 standard positions, which were

usually used for the electroencephalogic landmarks (c.f.,

Okamoto et al. 2004) to posit a similar optical probe for all

subjects. Briefly, in this method, we measured the length

between nasion and inion. Then, we divided the length

between the nasion and inion among the rates of 10, 20, 20,

20, 20, and 10% (Fpz, Fz, Cz, Pz, Oz). Next, we measured

the length between the nasion and inion through the audi-

tory canal. By referring to this length and points above (Fpz,

Fz, Cz, Pz, Oz), we were able to determine certain points in

the frontal cortex. So, we placed the probe carefully by

referring to these points. Raw optical data were recorded

every 85 ms. The timing of each task event, such as the

onset of the sample cue, was also transmitted to the data-

collection computer from the task-control computer via

parallel I/O connections. These digitized data were stored

on a hard disk drive and were eventually transferred to

magneto-optical diskettes for further off-line analysis.

Data analysis for the neural-level study

To analyze the transmittance data adequately, we excluded

the data from the error trials and inappropriate data

obtained when the subject moved too much. The mean

numbers of error trials were 3 for the SMS task, 2.4 for the

High-g task, and 2.2 for the Low-g task. The methods used

to extract the features with wavelet analysis were described

in detail in a previous study (Khoa and Nakagawa 2008).

Briefly, in this system, reflected near-infrared rays were

changed according to the change in the hemoglobin con-

centration. Therefore, we were able to measure changes in

hemoglobin concentration as changes in brain activity.

First, we defined the ‘‘insensitive’’ measurement points by

visual inspection after the phantom examination. Then, we

defined the criterion to determine insensitive measurement

points as a hemoglobin concentration above 0.2 m Mcm,

which was based on the average of all correct trials.

Inadequate signals were recorded because some of the

sensors were placed poorly or placed too far from the brain.

Data were then smoothed using a Savitzky–Golay filter,

which is a roll-off filter. The smoothing point was 39, and

the one smoothing was performed. The cardiac pulse was

removed by this method. The baseline was then corrected

for the subsequent analyses. The baseline was defined as

the average of the parameters obtained from 10 s before the

cue presentation until the start of the cue presentation.

After these processes, we defined the ‘‘activation period’’

and ‘‘control period’’ for each task with the time delay of

the blood flow following brain activation, as follows: (1)

the control period was the period from 5 s before cue

presentation until the start of cue presentation for each task;

(2) the activation period in the SMS task was the period

from the start of the cue presentation until 15 s after cue

presentation; and (3) the activation period in the CC task

was the period from the start of the sample cue presentation

until 8 s after cue presentation.

To investigate whether or not the activation levels dif-

fered significantly among tasks at each recording site, we

compared the concentration of oxy-hemoglobin (C_oxy-

Hb) during the control period with that during the activa-

tion period using Student’s t test (P \ 0.05) for each task

for each channel separately for each subject. In this pro-

cedure, we compared the C_oxy-Hb serving every 85 ms

during the control period with that during the activation

period. For this comparison, we used the average data from

each trial. To compare the activation levels between the

High-g and Low-g conditions for the CC task, we applied a

paired t test during the activation period. Only when this

comparison showed a significant difference (P \ 0.05), the

change in C_oxy-Hb was considered significant for the CC

task. In addition, to clarify the gF-associated changes in

C_oxy-Hb, we usually examined C_oxy-Hb in the CC task

by subtracting the concentration seen in the Low-g condi-

tion from that in the High-g condition, because the acti-

vation period in the CC task involved components other

than gF, such as hand and eye movements. This method

was considered useful for detecting the gF component.

Procedures of working memory training

Sixty of the children [aged 4–6 years, 63.0 ± 6.93 months

(mean ± SD), 30 males and 30 females] in the behavioral-

level study also participated in the examination of the

training effect on gF. The subjects were divided into three
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groups (n = 20 in each; the number of males was approxi-

mately equal to the number of females in each group): (1)

the working memory training group [60.9 ± 6.87 months

(mean ± SD), 10 males and 10 females], (2) the placebo-

training group [63.2 ± 6.93 months, 9 males and 11

females], and (3) the no-training group [64.9 ± 6.74

months, 11 males and 9 females]. The average number of

training days was 6 per week for about 2 months. On each

training day, the subjects trained for about 10 min. During

each training session, the experimenter directed the subject

to perform the SMS task (working memory training group)

or placebo task (placebo-training group) at a similar rate and

for a similar number of trials (a total of *40 trials) for

*10 min at the same time each day. The working memory

training and placebo training were conducted in two separate

rooms. In the working memory training group, the subject

performed an SMS task. This task was exactly the same as

that used in the behavioral-level study except that it was

somewhat modified for the training: there were always four

sample cues and the delay period was 8 s. The training was

performed under a group condition. The instructor presented

a visual cue printed on a sheet of paper for about 2 s, then hid

the paper. This was followed by a ‘‘delay period’’ of 8 s. The

instructor then presented a sheet of paper with the test cue

printed on it. Children were required to make an oral

response of ‘‘yes’’ or ‘‘no’’. The placebo-training group

performed a conditional response task. In this task, the

children made oral responses (i.e., ‘‘yes’’ or ‘‘no’’) to visual

cues, as in the SMS task. These cues were the same as the

matching cues in the SMS task and were allocated to ‘‘yes’’

or ‘‘no’’ cues. The ‘‘yes’’ and ‘‘no’’ cues were switched in

different daily sessions. Thus, the placebo task consisted of

responses and response cues similar to those in the SMS task,

but it did not require working memory. The procedure in the

‘‘placebo’’ task was similar to that in the SMS task, even

though this task did not include the short-term delay period.

The gF scores were compared before and after the

training period for each subject by using the same test as

used in that study (i.e., CFIT SCALE 1). For the compar-

ison of gF, a modified version of the original CFIT was

made, matching the CFIT instruction. Each subject per-

formed the original CFIT before the training and the

modified CFIT after the training. A paired t test was used

for the comparison of pre- and post-training gF.

Results

Correlation between working memory accuracy and gF

The mean gF of our subjects (aged 52–83 months) in the

behavioral study was 134.1 ± 23.7 (mean ± SD, n = 90),

as assessed by the CFIT SCALE 1 test. We examined these

preschoolers’ capacity, accuracy, and reaction time in the

SMS task. Table 1 shows the relationships between three

types of memory loads (i.e., two, four, and six spatial cues)

and working memory abilities (accuracy, reaction time). As

shown, accuracy decreased as memory load increased, and

the difference in accuracy by different memory-load con-

ditions was statistically significant (P \ 0.01, one-way

ANOVA, df = 2, 267, F = 4.696), although accuracy in the

two memory load was not significantly different from that in

the four memory load (P [ 0.05, paired t test). Accuracy

in the six memory load was significantly different from that

in the four memory load (P \ 0.05, paired t test). On the

other hand, reaction time did not differ across different

memory loads (two vs. four memory load, P [ 0.05, four vs.

six memory load, P [ 0.05, paired t test). Next, we calculated

the working memory quotient (WQ). Each WQ(capacity,

accuracy, and reaction time) was positively and significantly

correlated with gF (Fig. 3a, b, c; Table 2). We also examined

the relationship between WQ and gF subscores (i.e., Substi-

tutions, Classification, Maze, and Similarities). In this pro-

cedure, gF subscores were corrected by age in months

because the value of WQ was also corrected by age in months.

In the gF subsets, Classification was positively and signifi-

cantly correlated with all of the WQs (capacity, accuracy,

reaction time) (Table 3). In contrast, the other gF subscores

were significantly correlated with only a subset of the WQ or

not significantly correlated with all WQs.

Because WQ(capacity) was highly correlated with

WQ(accuracy) (r = 0.76, df = 88, P \ 0.001; Table 1),

we used stepwise multiple regression analysis to determine

which components of the WQ more accurately predicted

gF. The best-fit multiple regression equation, using stan-

dard partial regression coefficients, was formulated as

follows (Fig. 3d):

gF ¼ 0:33�WQ accuracyð Þ þ 0:18�WQ reaction timeð Þ:

The gF values measured using this equation were

significant even at the 0.05% level (F = 8.47, df = 2, 87,

Table 1 Relationship between memory load and working memory

abilities

Mean SD

Accuracy (rate)

2 memory load 0.64 0.22

4 memory load 0.59 0.19

6 memory load 0.55 0.18

Reaction time (ms)

2 memory load 2003.88 650.23

4 memory load 2135.60 571.11

6 memory load 1942.46 50.77

SD standard deviation

386 Exp Brain Res (2010) 206:381–397
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P = 0.00044, P \ 0.001). The multiple correlation

coefficient (r) was 0.40, and the proportion of shared

variance (r2) was 16.3%. WQ(capacity) was excluded from

this best-fit multiple regression equation. WQ(accuracy)

was statistically significant (t = 3.30, P = 0.0014,

df = 89, P \ 0.01), and WQ(reaction time) tended to be

as well (t = 1.85, P = 0.067, df = 89, P \ 0.1). Thus, the

correlation between gF and WQs was highly significant,

and the gF was predicted most closely by WQ(accuracy).

Behavioral performance at the neural-level study

During the measurement of neural activity, we examined

the correct rate and reaction times of the behavioral per-

formance of the 5 subjects used in this brain-imaging study.

The success rate in the SMS task was 62 ± 22.8%

(mean ± SD), and the reaction time was 1870.2 ±

551.0 ms (mean ± SD).

The CC (Cattell’s Classification) task was used as the gF

task in the brain activity study. The rate of correct responses

under the Low-g condition of the CC task was not signifi-

cantly different from that under the High-g condition

(72.5 ± 24.0% for the Low-g condition; 77.5 ± 25.6% for

the High-g condition; df = 4, P = 0.65, NS, paired t test).

However, the reaction time was significantly shorter for the

Low-g condition of the CC task than for the High-g condition

Fig. 3 Correlation between gF

and working memory ability

a WQ(capacity),

b WQ(accuracy),

c WQ(reaction time).

r correlation coefficient;

P probability. d Standard partial

regression coefficients for the

best-fit multiple regression

equation for gF with WQ.

r multiple correlation

coefficient; r2 proportion of

shared variance

Table 2 Correlation matrix of gF and WQ

Correlation coefficient

WQ

(capacity)

WQ

(accuracy)

WQ

(reaction time)

gF

WQ(capacity) –

WQ(accuracy) 0.76*** –

WQ(reaction time) 0.06 0.17 –

gF 0.35*** 0.36*** 0.24* –

* P \ 0.05; *** P \ 0.001

Table 3 Correlation matrix of gF subtests and WQ

Correlation coefficient

Substitution Classification Maze Similarities gF

WQ(capacity) 0.09 0.36*** 0.28** 0.16 0.35***

WQ(accuracy) 0.12 0.32** 0.21* 0.25* 0.36***

WQ(reaction

time)

-0.12 0.23* 0.17 0.29** 0.24*

* P \ 0.05; ** P \ 0.01; *** P \ 0.001
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(3265.2 ± 893.6 ms for the Low-g condition; 4180.0 ±

1157.0 ms for the High-g condition; df = 4, P \ 0.05,

paired t test). This indicates that the task load was signifi-

cantly different between the Low-g and High-g conditions of

the CC task. We therefore usually examined neural data for

the High-g condition minus the Low-g condition in the CC

task to identify neural activity associated with gF.

Neural activity in the LPFC and its spatial similarity

between the SMS and CC tasks

While the subjects were performing the SMS and CC tasks,

we measured spatiotemporal changes in C_oxy-Hb using a

24-channel event-related OT system. We found that

C_oxy-Hb increased in the LPFC of all subjects during the

SMS task, confirming our previous finding that the LPFC

of preschoolers is activated (i.e., there is an increase in

C_oxy-Hb) during SMS task performance (Tsujimoto et al.

2004). The number of regions (channels) associated with

significant increases in C_oxy-Hb varied from subject to

subject, and we found that this number was significantly

correlated with the difference in accuracy and reaction time

in the SMS task across the subjects (Spearman rank cor-

relation test, rank correlation coefficient = 0.76, P \ 0.01,

for accuracy; rank correlation coefficient = 0.82,

P \ 0.01, for reaction time; also see Fig. 6). These findings

suggest that the increase in brain activity during the SMS

task is related to working memory, including its accuracy.

The LPFC also showed an increase in C_oxy-Hb during the

CC task in all subjects, although the number of regions

with significant increases in C_oxy-Hb varied from subject

to subject, as was the case in the SMS task.

An example is shown in Fig. 4, where the spatiotem-

poral pattern of the change in C_oxy-Hb during the CC

task (High-g minus Low-g) is illustrated before and after

the onset of the sample/test stimulus. As shown in Fig. 4

(RS, a 5-year-old subject), C_oxy-Hb increased after the

onset of the sample/test stimulus in wide regions of the

recorded area of the LPFC of both hemispheres. The

increase in C_oxy-Hb was sustained for some seconds after

the sample/test stimulus onset, and the areas showing an

increase seemed to change after the stimulus onset. Further,

C_oxy-Hb decreased in some areas of the LPFC bilaterally.

Thus, the LPFC showed hemodynamic changes during the

CC task, which were characterized by a major increase and

a minor decrease in C_oxy-Hb.

In the comparison of C_oxy-Hb in the activation period

between the SMS task and CC task (the High-g condition

minus the Low-g condition) in each subject, some similar

regions of the LPFC showed clear increases in C_oxy-Hb

during both tasks. Figure 5 shows a typical example. In this

subject (RS, a 5-year-old subject), similar regions of the left

LPFC showed clear increases during the SMS and CC tasks at

*10 and *7 s after the onset of the sample cue for the SMS

task and the sample/test stimulus for the CC task, respectively.

To confirm the spatial similarity of the C_oxy-Hb

increase between the tasks, we examined the spatial dis-

tribution of the overall change in C_oxy-Hb during the

Fig. 4 The spatiotemporal

pattern of the change in

concentration of oxy-

hemoglobin (C_oxy-Hb) during

the CC task performance (High-

g minus Low-g) for the right

and left LPFC of RS in a 5-year-

old subject. The onset of the

sample/test stimulus is 0 s. Data

were smoothed using a

Savitzky–Golay filter. Inset the

approximate recording area.

Sup superior, Inf inferior,

Ant anterior, Pos posterior
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activation period of the SMS and CC tasks in each hemi-

sphere of each subject. The results are shown in Fig. 6,

which illustrates the measurement points with significant

increases in C_oxy-Hb for only the SMS task, only the CC

task, or both. As shown in Fig. 6, some regions showed

significant increases in both tasks for all subjects, although

there were individual differences in the number and posi-

tion of these regions. We examined the difference in

hemoglobin oxygenation between the two hemispheres and

within each hemisphere. However, the hemisphere bias for

the increase in C_oxy-Hb was not clearly observed at either

the individual or population level (v2 or Fisher’s test,

df = 1, P [ 0.05, NS).

To further confirm the spatial similarity of the LPFC

activity between the SMS and CC tasks, we compared

changes in C_oxy-Hb between these tasks among different

Fig. 5 Spatial pattern of

changes in C_oxy-Hb in the left

LPFC in RS in a 5-year-old

subject. The image during the

SMS task performance was

captured for approximately 10 s

following the onset of the

sample cue. The image for the

CC task (contrast for High-g

minus Low-g) was captured

approximately 7 s following the

onset of the sample/test cue.

Data were smoothed using a

Savitzky–Golay filter. The cross
indicates the location where a

clear increase in C_oxy-Hb was

evident during the performance

of both the SMS and CC tasks.

The inset and abbreviation are

the same as those in Fig. 4

Fig. 6 Schematic diagram

showing the spatial distribution

of changes in C_oxy-Hb in the

left and right hemispheres in 5

subjects. The colored symbols
excluding the gray symbols
indicate the position (channel)

showing a significant increase

(P \ 0.05) in C_oxy-Hb during

the activation period. The inset
and abbreviation are the same as

those in Fig. 4
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measuring points for each subject. In Fig. 7, the change in

C_oxy-Hb during the CC task performance (High-g minus

Low-g) is plotted against that during the SMS task per-

formance for all measuring points excluding the insensitive

measurement points of each subject. Obviously, the sample

did not show normal distribution, and we employed non-

parametric tests for the spatial distribution analysis. Even

when the C_oxy-Hb changes at all available measuring

points were compared (i.e., including insignificant and/or

decreased points) between the SMS and CC tasks, a non-

parametric correlation test (Spearman’s rank correlation

test) revealed positive correlations between them for all

subjects (rank correlation coefficient, 0.23–0.57), which

were statistically significant for all but one subject (rank

correlation coefficients, 0.50, P \ 0.01 for AK; 0.40,

P \ 0.01, for HT; 0.39, P \ 0.01, for KS; 0.57, P \ 0.01,

for RS; 0.23, P [ 0.05, NS, for MW). Furthermore, the

paired comparison by a nonparametric test (Wilcoxon

signed rank test) revealed no significant differences

(P [ 0.05, NS) in C_oxy-Hb change between these tasks in

all available measurement points for all subjects. Thus, the

spatial profile in C_oxy-Hb was similar between the tasks

for all subjects.

Temporal profiles of activity in the LPFC

To examine whether or not temporal profiles of neural

activity in the LPFC are similar between the SMS and

CC tasks, we measured the temporal changes in C_oxy-

Hb as well as in the deoxy-Hb concentration (C_deoxy-

Hb) at the population level (n = 5) at points where a

significant increase in C_oxy-Hb had been observed

during both tasks (n = 10 for right hemispheres, n = 11

for left hemispheres; these points are indicated by red

Fig. 7 Change in C_oxy-Hb

during the performance of the

SMS task (x axis) and the

change seen during the CC task

(High-g minus Low-g) (y axis)

in subjects. Data from the

insensitive measurement

positions were excluded from

the analysis
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dots in Fig. 6). The temporal profiles of these changes

appeared to be similar between the tasks (the CC task,

High-g—Low-g, High-g, and the SMS task) (Fig. 8a, b).

C_oxy-Hb during SMS was clearly increased and sus-

tained during the delay period in both hemispheres. In

the CC task, C_oxy-Hb was also increased and sustained

for more than 10 s after the sample/cue onset in both

hemispheres in the High-g—Low-g and High-g condi-

tions. In contrast, the increase in C_oxy-Hb in the Low-g

condition was smaller than that in the High-g condition.

Further, the increase in the Low-g condition was not

sustained for more than 10 s. This finding suggests that

the activity in the High-g—Low-g conditions represented

gF-related activity. The onset latency of the significant

increase in C_oxy-Hb during the SMS task was similar

to that during the CC task. In contrast to C_oxy-Hb,

C_deoxy-Hb did not show any clear increase during the

delay period in the SMS task or after the sample onset in

the CC task (Fig. 8a, b). These findings for the SMS task

are similar to those described in our previous study using

fNIRS and a working memory (SMS) task in preschool

children (Tsujimoto et al. 2004), in which the change in

C_oxy-Hb, but not in C_deoxy-Hb, was shown to rep-

resent task-related neural activities.

Because the spatial change in C_oxy-Hb was similar in

both tasks (see above), we also examined the temporal

population change in C_oxy-Hb in all available regions

(n = 46 for the right hemisphere, n = 41 for the left

hemisphere; these points are indicated by dots that were

excluded from the red dots in Fig. 6), excluding the points

showing a significant increase in C_oxy-Hb during both

tasks. Although the temporal change was relatively small,

Fig. 8 The time courses of

C_oxy-Hb and C_deoxy-Hb

changes in the LPFC in subjects

for the points showing a

significant increase in C_oxy-

Hb during performance of both

the SMS task and the CC task.

a The time courses of C_oxy-

Hb and C_deoxy-Hb changes in

the SMS task. The data are the

mean concentration changes.

b The time courses of C_oxy-

Hb and C_deoxy-Hb changes in

the CC task. C_oxy-Hb and

C_deoxy-Hb changes are shown

separately for conditions (High-

g—Low-g, High-g, Low-g). SC
sample cue onset, TC test cue

onset; S/TC sample/test cue

onset
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it also appeared to be similar during both tasks, with a few

sustained decreases in the right hemisphere appearing after

the cue or cue/target onset for either task (SMS and High-

g—Low-g, High-g, Fig. 9a, b).

The effect of working memory training on gF

The effect of working memory training with the SMS task

was examined for a total of 20 preschoolers. gF was sig-

nificantly higher after 2 months of training (*10 min

daily, 6 days per week; mean ± SD, 135.1 ± 14.0 for pre-

training, 147.6 ± 7.5 for post-training; P \ 0.001,

df = 19, paired t test) (Fig. 10). In contrast, gF was not

significantly different between pre- and post-training for

either the placebo-training (135.2 ± 11.1 for pre-training,

136.1 ± 11.8 for post-training; P = 0.72, df = 19, NS) or

no-training group (135.2 ± 14.6 for pre-training,

135.5 ± 13.9 for post-training; P = 0.93, df = 19, NS)

(Fig. 10). We confirmed that there was significant inter-

action between the training type and both pre- and post-

training (two-way ANOVA, F = 3.115, P \ 0.05). In the

working memory training group, there were no significant

correlations/differences in percent increase of gF with

respect to either age in months (correlation coefficient

r = 0.24, P = 0.31, df = 18, NS) or gender (males vs.

females, 10.5 ± 14.3 vs. 10.2 ± 10.6%, P [ 0.05, U- test).

In addition, among the four CFIT subsets, the Classification

score was the most significantly increased by working

memory training (8.9 ± 3.8 for pre-training, 10.8 ± 3.0

for post-training; P \ 0.001, df = 19, paired t test), fol-

lowed by Substitution (14.1 ± 5.7 for pre-training,

17.5 ± 4.7 for post-training; P \ 0.01). The scores for the

Fig. 9 The time courses of

C_oxy-Hb and C_deoxy-Hb

changes in the LPFC in subjects

in all available points excluding

the points showing a significant

increase in C_oxy-Hb during

both the SMS and CC tasks.

a The time courses of C_oxy-

Hb and C_deoxy-Hb changes in

the SMS task. The data are the

mean concentration changes.

b The time courses of C_oxy-

Hb and C_deoxy-Hb changes in

the CC task. C_oxy-Hb and

C_deoxy-Hb changes are shown

separately for conditions (High-

g—Low-g, High-g, Low-g). The

abbreviations are the same as

those in Fig. 8
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other subtests (Maze and Similarities) did not change after

working memory training (Maze, 20.6 ± 5.0 for pre-

training, 21.7 ± 5.1 for post-training; P = 0.24, NS;

Similarities, 18.4 ± 4.7 for pre-training, 18.2 ± 4.1 for

post-training; P = 0.78, NS).

Discussion

To our knowledge, this is the first study in which the LPFC

showed similar neural activities between a gF task and a

visuospatial working memory task in preschoolers

(4–6 years old). Together with the behavioral-level finding

that gF was significantly correlated with visuospatial

working memory ability (particularly accuracy) during the

preschool years, our findings suggest that a common neural

system in the LPFC is recruited for these functions in

preschoolers.

Correlation between gF and working memory accuracy

In several studies, gF has been correlated with working

memory in adults (Conway et al. 2002, 2003; Engle et al.

1999; Gray et al. 2003; Ackerman et al. 2005; Kane and

Engle 2002; Kane et al. 2004, 2005; Oberauer et al. 2005).

Of the various components of visuospatial working mem-

ory in the SMS task, gF was most significantly correlated

with its accuracy. Several studies in adults have demon-

strated that gF correlates with working memory capacity

(Engle et al. 1999; Conway et al. 2002, 2003; Ackerman

et al. 2005; Kane and Engle 2002; Kane et al. 2004, 2005;

Oberauer et al. 2005). In contrast to these studies, working

memory capacity did not significantly predict gF in our

study. Since WQ(capacity) was highly correlated with

WQ(accuracy), the present findings are not inconsistent

with these previous results. However, using stepwise

multiple regression analysis, we found that WQ(accuracy),

not WQ(capacity), was the major variable in predicting gF

in children. This seems consistent with a study by Gray

et al. (2003) that showed a significant correlation between

gF and working memory accuracy in adults performing an

n-back task. In their study, the correlation between gF and

working memory ability in ‘‘lure’’ trials was 0.36, com-

parable to that (r = 0.36) in the present study.

It has been proposed that working memory capacity and

gF constructs share *50% of their variance (Kane et al.

2005) and that working memory capacity is a strong pre-

dictor of gF (Oberauer et al. 2005). However, only 16% of the

gF variability in the present study could be explained by

variances in WQ(accuracy) and WQ(reaction time). This

discrepancy might have been due to differences in subject

ages and/or the task used, although further studies will be

needed to clarify the primary reason for these discrepancies.

Nevertheless, our findings should be useful for developing a

methodology to improve gF in children (also see below).

Methodological comments on event-related OT

We examined brain activity in the LPFC of preschoolers

using an event-related OT technique. The technique

adopted here is a type of near-infrared spectroscopy (NIRS)

(Jöbsis 1977). OT can measure temporal changes in

hemoglobin oxygenation from multiple regions simulta-

neously, via multiple pairs of light emitters and detectors

(Koizumi et al. 1999, 2003). Indeed, OT has been used to

examine hemodynamic changes associated with various

cortical functions using a block-design paradigm (Maki

et al. 1995, 1996; Watanabe et al. 1998; Sato et al. 1999;

Miyai et al. 2001; Kennan et al. 2002), as previously used

in some fMRI studies.

More recently, Tsujimoto et al. (2004) developed an

event-related design in OT, similar to the event-related

fMRI. They demonstrated this methodology’s usefulness in

studying cognitive functions of the LPFC in both adults

and children. However, brain imaging even with event-

related OT has some disadvantages compared to brain

imaging with fMRI or PET, such as (1) its relatively low

spatial resolution; (2) its inability to measure the absolute

value of oxy- or deoxy-hemoglobin in the brain; (3) its

inability to examine the activity of medial/ventral cortices

or subcortical structures; and (4) its inability to examine the

activity of the whole brain simultaneously. However, fMRI

and PET are difficult to employ in children, particularly

preschoolers, because of the possible invasiveness of these

modalities in developing brains and because of the

requirement for a rigid head constraint. In contrast, because

OT is noninvasive in nature and does not require a rigid

Fig. 10 The effect of working memory (WM) training (*10 min

daily, 6 days a week, 2 months) on gF in the preschoolers. gF was

significantly higher after training than before in the WM training

group (paired t test) but not in the placebo-training or no-training

group. Means ± SEM are shown for the pre- and post-training scores
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head constraint, it is useful for examining the cortical

neural activity of children, particularly preschoolers (see

Tsujimoto et al. 2004). We therefore used an event-related

OT paradigm in preschoolers and succeeded in showing

spatiotemporal changes in hemodynamics in the LPFC

during SMS and CC tasks.

However, the present OT method has some critical

limitations. First, aside from the LPFC, the present OT

cannot examine cortical areas that are important for gF,

such as the parietal lobe, anterior cingulate cortex, some

specific regions in the temporal lobe and occipital lobe, and

limbic areas such as the hippocampus (Deary et al. 2010).

Furthermore, it is difficult to use OT to examine pre-

schoolers for a prolonged period because of their inability

to concentrate for extended periods. Hence, we tested the

SMS task in only one memory load condition during the

OT examination. Therefore, it should be noted that our

findings and discussions about the neural activity for

working memory and gF have some limitations and are

only related to the LPFC.

Neural system for visuospatial working memory and gF

in the LPFC

We focused on LPFC because it is involved in gF in adults

(Prabhakaran et al. 1997; Duncan et al. 2000; Gray et al.

2003) and adolescents (Lee et al. 2006), but this might not

always be the case in children. gF is thought to provide the

ability to govern performance in all cognitive tasks (c.f.,

Tsujimoto 2008). The keys to understanding gF are the

relationship between gF and working memory and the

neural systems underlying them (Jensen 1998; Deary et al.

2010). We focused here on the LPFC activity of pre-

schoolers who performed the SMS and CC tasks. As a

result, some of the same regions in this cortical area

showed clear increases in oxy-Hb concentrations (C_oxy-

Hb) during both tasks (SMS task and CC task; High-g

condition minus Low-g condition). The major component

of the SMS task should be visuospatial working memory,

because the accuracy and reaction time on SMS task sig-

nificantly correlated with the number of significant acti-

vation points, and C_oxy-Hb showed a sustained increase

during the delay period, as found in our previous study

(Tsujimoto et al. 2004). In the CC task, C_oxy-Hb

increased after the onset of the sample/test cue associated

with the problem-solving of each gF test in High-g—Low-

g and in High-g conditions. Since the increase in C_oxy-Hb

in the cortex is associated with neural activation, these

findings suggest that some of the same parts of the LPFC

are activated in relation to visuospatial working memory

and gF in preschool children.

Although the regions that were significantly activated

during both tasks were limited in each subject and varied

both between subjects and within individual subjects, the

spatial patterns of the changes including the decrease in

C_oxy-Hb were similar during both tasks for all subjects. A

decrease in C_oxy-Hb is associated with neural deactiva-

tion, and it has been demonstrated that not only activation

but also deactivation in the frontal cortex is important for

cognitive functions (e.g., Coull et al. 1998; Gilbert and Fiez

2004; Sakatani et al. 2006; Weissman et al. 2006). Further,

the temporal profiles of the change in C_oxy-Hb were

similar for the performance of both tasks. These findings

suggest that a common neural system within the LPFC is

one of the systems underlying the performance of both

tasks during the preschool years.

However, as described earlier, our study also includes

several limitations: the number of subjects was small

(n = 5), the activation patterns observed were varied, and

only limited regions were examined. Further studies will be

needed to clarify these points. Nevertheless, we consider

that the present findings allow us to conclude that a com-

mon neural system at least in the LPFC may be recruited

for the performance of visuospatial working memory and

gF in preschoolers. In a neuron-level study with an SMS

paradigm in nonhuman primates, the LPFC was shown to

contain a subset of neurons that exhibited sustained activity

during the delay period (Sawaguchi and Yamane 1999);

this finding is in line with our present observation of a

sustained increase in C_oxy-Hb in the LPFC during the

delay period of the SMS task. These neurons appear to play

a role in increasing the accuracy of visuospatial working

memory (Sawaguchi and Yamane 1999). Further, a previ-

ous study has suggested that strong links between gF and

working memory occur in common neural systems (Pra-

bhakaran et al. 1997), and a brain-imaging study in adults

found a positive correlation in the LPFC between gF and

activity related to working memory accuracy (Gray et al.

2003). Therefore, this common neural system is likely

related to the accuracy of working memory. In addition, the

C_oxy-Hb change included not only an increase but also a

decrease (deactivation) (see above), and at least some of

the neural deactivation has been demonstrated to be asso-

ciated with neural efficiency for frontal cortical functions

(Pochon et al. 2002; Neubauer et al. 2004; Hall et al. 2005;

Koch et al. 2006). Taken together, the previous and present

findings suggest that the efficient recruitment and usage of

a common neural system in the LPFC may be important for

good performance of visuospatial working memory and gF

in preschoolers.

Many studies have suggested that the fronto-parietal

network is crucial for gF (Prabhakaran et al. 1997; Duncan

et al. 2000; Gray et al. 2003; Lee et al. 2006). Lee et al.

(2006) suggested that the parietal region is more important

than the frontal cortex for gF (‘‘superior-g’’) in adolescents.

However, as we did not examine here the activity of the
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parietal cortex, it is unknown how the activity of this cortex

or the fronto-parietal network is associated with gF or its

level during the preschool years. Further, other areas, such

as the anterior cingulate cortex, specific regions in the

temporal and occipital lobe, and limbic areas including the

hippocampus, which plays an important role in gF (Deary

et al. 2010), were not assigned in this study. These prob-

lems remain to be addressed by further studies on children

in this age range.

Implications for education and therapeutic methods

Given the nature of gF and the significance of education in

early childhood, we believe that our findings are important

for education and related activities for preschool children.

Our results suggest that appropriate activity in the neural

system of the LPFC for visuospatial working memory may

form one of the critical bases for gF during the preschool

years.

Although gF is known to be substantially heritable

(Plomin et al. 1994; Finkel et al. 1995, Finkel and McGue

1997), it is possible that gF may be improved even by

training in a simple visuospatial working memory task

associated with LPFC activity during these years. Indeed,

the SMS task is quite simple and easy even for pre-

schoolers, whose daily performance in the SMS task during

a period of 2 months significantly increased gF, by *10%

on average in the present study. The gF score did not

increase in either the placebo-training group or the no-

training group, and two-way ANOVA demonstrated a

significant interaction between pre- and post-training for

each training type. Further, as indicated earlier, the same

sample of children showed a significant correlation

between gF and performance on the SMS task, which

required visuospatial working memory. Thus, we conclude

that visuospatial working memory training could increase

gF in the preschoolers.

Among four subtests for gF examination, the Classifi-

cation score was most significantly increased by working

memory training. This appears consistent with the finding

that the score of Classification, but not those of other

subtests, was positively and significantly correlated with all

of the WQs (see Table 3). This suggests that, among gF

subtests, Classification is most strongly associated with

visuospatial working memory, and that working memory

training affects the neural system for Classification most

strongly among the neural systems for gF subtests.

In adults, working memory training for 5 weeks is

known to modulate neural activity related to working

memory (Olesen et al. 2004). Further, a positive correlation

between gF and working memory-related activity has been

found in the adult LPFC (Gray et al. 2003). Therefore, our

SMS training is likely to modulate the neural system for

visuospatial working memory, which is probably one of the

common neural systems for visuospatial working memory

and gF, thereby increasing gF in preschoolers. This notion

is further supported by the present findings that the Clas-

sification score was significantly correlated with all WQs,

being the most significantly increased by SMS training, and

that neural activity for Classification (i.e., CC task) was

similar to that for the SMS task in the LPFC. Recently,

Jaeggi et al. (2008) demonstrated that it is possible to

improve gF in adults by working memory training. Our

findings are consistent with theirs, suggesting that working

memory training is applicable to gF improvement in a wide

range of ages, from preschool children to adults.

In the working memory training examination, we did not

compare LPFC activity before and after the training. Fur-

ther, there was no follow-up study performed. Therefore, it

remains unknown how long the gF level would be main-

tained without further training. Moreover, the training sig-

nificantly improved the subscore on only some gF tests.

Thus, the present examination of the effect of working

memory training on gF has some critical limitations, and

further studies are needed. Nevertheless, the results of this

examination should be useful for improving gF in the pre-

school years. We believe that the methodology used here

that is, daily training with a simple visuospatial working

memory task would be useful for developing educational

activities in normal children, and may also be as an effective

therapy for children with gF or working memory malfunc-

tions such as ADHD (Klingberg et al. 2005). In this way,

daily working memory training could make a significant

contribution to the social well-being of children.
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