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The Cambridge Neuropsychological Test Automated Battery (CANTAB) is a computerized and child-friendly neuropsychological assessment battery that includes subtests aimed at evaluating some aspects of executive functions. Using the CANTAB, this study aims to establish normative values based on the aspects of executive functions among school-aged children in Japan. The participants included 234 children (135 boys and 99 girls aged 6–12 years) enrolled in regular classes, without any clinical records of developmental disorders or educational support. The participants were grouped according to age (6–7, 8–9, and 10–12 years). Four CANTAB subtests, including spatial working memory (SWM) to assess spatial working memory, Stockings of Cambridge (SOC) to evaluate planning, intra/extradimensional set shift (IED) to evaluate attentional set shifting and flexibility, and stop signal task (SST) to evaluate inhibition, were administered to each participant. The results showed that performance in all the CANTAB subtests administered changed with age. Among the subtests, compared with performances in the SOC and IED, those in the SWM and SST improved earlier, thereby indicating that spatial working memory and inhibition develop earlier than planning as well as attentional set shifting and flexibility. Additionally, in the SST subtest, girls made fewer errors than boys did in the 6–7 years group. This study presents normative data of four CANTAB subtests according to age and sex among school-aged children in Japan. We expect that the findings will be used to develop effective tools for the early detection of and support for children with executive dysfunction.
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1. Introduction

Executive functions (EFs) are broadly defined as cognitive processes that mediate goal-directed behavior, and they are organized based on neuronal activity, which is mainly mediated by the prefrontal cortex (PFC) (Best and Miller, 2010). In the related literature, EFs are postulated to incorporate the following components: inhibition that stops or overrides a mental process intentionally or unintentionally (MacLeod, 2007) and working memory that temporarily stores and manipulates the information necessary for complex cognitive tasks (Baddeley, 1992). Other components include cognitive flexibility to selectively switch between mental processes and further generate appropriate behavioral responses (Dajani and Uddin, 2015); and planning to design and evaluate a series of future actions (Nitschke et al., 2017). Although they show different developmental trajectories, these components are also considered inter-related and interdependent (Anderson, 2002).

The development of EFs is inferred to improve significantly during school age, and it continues until adolescence and early adulthood (Anderson, 2002; Romine and Reynolds, 2005). School age is the period during which the PFC, which is one of the cortical areas to develop last, matures (Fuster, 2002), and whereby experiences as well as individual differences during early childhood appear to have observable effects (Best et al., 2009). EFs are closely related to every aspect, such as scholarly success and behavioral problems, of the daily lives of school-aged children (Gathercole et al., 2004; Borella et al., 2010; Zorza et al., 2016; Bathelt et al., 2018). Therefore, it is crucial for people handling school-aged children to understand EFs within a developmental context.

The Cambridge Neuropsychological Test Automated Battery (CANTAB) is a computerized neuropsychological assessment battery that was originally developed for the assessment of cognitive functions among the elderly (Robbins et al., 1994, 1998). The CANTAB uses a touchscreen computer, and it includes tasks that assess some aspects of EFs. The CANTAB is considered easily applicable to children because the format is interesting and motivating, and all the task stimuli are nonverbal (Luciana, 2003). For example, this test has been used to evaluate impaired EFs among children with neurodevelopmental disorders, including autism spectrum disorders (Corbett et al., 2009; Yerys et al., 2009; Chen S. F. et al., 2016) and attention deficit hyperactivity disorder (Corbett et al., 2009; Nagatani et al., 2012; Coghill et al., 2014). Moreover, normative data for children have been collected in various countries, such as the USA (Luciana and Nelson, 2002), Australia (De Luca et al., 2003), Brazil (Roque et al., 2011), and Mexico (Green et al., 2019). A previous review has reported that East Asian and Caucasian children from North America and Europe have shown differences in the development of EFs and have been subject to different cultural and socialization influences (Cho et al., 2023). It has also been reported that cultural variation in the gray matter volume of the PFC is related to the dopamine D4 receptor gene (Yu et al., 2019). Thus, practically speaking, although it is certainly essential to obtain normative data from community samples of children of different ages and sexes, to evaluate the performance of various clinical groups and those who have maladjustments (Robbins et al., 1994; Luciana and Nelson, 2002), reference data for Japanese children are yet to been collected.

This study aims to establish normative values and consider the effect of age and sex on some aspects of EFs among school-aged children in Japan, as evaluated by the CANTAB. This study provides information regarding the different developmental trajectories of each component of EFs during school age among children in Japan, and it contributes to the early detection of and provision of support for children with executive dysfunction. Additionally, a preliminary investigation was conducted to examine the differences between the outcomes of the sample in this study and that of previous study (Luciana and Nelson, 2002), which might suggest referring to normative values suitable for children.



2. Methods


2.1. Participants

The participants were recruited through public newsletters distributed in Osaka Prefecture and from elementary schools in Osaka Prefecture. Children with a clinical history of neurological or neurodevelopmental disorders or those who had received special educational support were excluded from this study. The final sample used for the current analyses included 234 children aged 6–12 years, comprising 135 boys [mean ± standard deviations (SD); 8.74 ± 1.73 years] and 99 girls (8.58 ± 1.60 years). The sample size was determined based on previous studies (Luciana and Nelson, 2002; De Luca et al., 2003).

Written informed consent for participation, in accordance with the principles outlined in the Declaration of Helsinki, was obtained from all the participants and their guardians. This study was approved by the Institutional Review Board of Osaka University Hospital (#12168-9).



2.2. Tasks

Four CANTAB1 subtests, including Spatial Working Memory (SWM), Stockings of Cambridge (SOC), Intra/ Extradimensional Set Shift (IED), Stop Signal Task (SST) were administered via a computer with a touch-enabled monitor (Figure 1). The administration of these four subtests lasted for approximately 50 min. Considering the motivation to perform, relatively easy tasks (SWM/SST) were followed by relatively difficult tasks (SOC/IED). In cases where it was difficult to complete all the four subtests depending on the age and stamina of the child, only two subtests (SWM and SST) were administered.
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FIGURE 1
 Photographs of the four CANTAB subtests. The photographs represent (A) the SWM task, (B) the SOC task, (C) the IED task, and (D) the SST subtest, respectively. SWM, spatial working memory; SOC, Stockings of Cambridge; IED, intra/extradimensional set shift; SST, stop signal task. Adapted with permission from Cambridge Cognition.



2.2.1. Spatial working memory

This self-ordered task assesses spatial working memory and heuristic strategies (Owen et al., 1990). The procedure involves finding a blue token hidden in each of the boxes and placing it into an empty column on the right-hand side of the screen (Figure 1A). No blue token was found in any box where it had been previously located. This task became increasingly difficult as the number of boxes increased from three to eight. This study presents two key outcome measures: between errors in n boxes (the number of times a participant revisited a box where a blue token had already been found on the four-, six-, and eight-box problems) and strategy (the number of times a participant began a new search with a different box on the six- and eight-box problems). A high score on between errors reflected poor spatial working memory, and a high score on strategy reflected poor use of the strategy.



2.2.2. Stockings of Cambridge

The SOC task, based on the traditional Tower of London, was used to evaluate planning (Owen et al., 1990). This task required moving the balls in the lower display for a predetermined number of times (two to five moves) to make it similar to the pattern shown in the upper display (Figure 1B). The variable of interest involved the number of problems solved in minimum moves (the number of times a participant perfectly completed a test problem using the minimum possible number of moves). A high score on the problems solved using the minimum moves possible reflected good planning ability.



2.2.3. Intra/extradimensional set shift

The IED task is an adaptation of the Wisconsin card-sorting test, which was designed to assess attentional set shifting and flexibility (Owen et al., 1991). The participants were required to form a correct response using feedback provided automatically by the computer. The task, which comprises nine stages, began with simple discrimination between two color-filled shapes displayed on the screen, and it ended with the shift of attention to a novel exemplar of a previously irrelevant perceptual dimension (extradimensional shift: EDS, Figure 1C). The criterion of set formation proceeding to the next stage was when a participant satisfied six consecutive correct responses at each stage. The test was terminated in cases where a participant failed to meet this criterion after 50 trials at a particular stage. Two outcome measures were recorded: stages completed, which was the total number of stages a participant completed successfully, and EDS errors, which was the number of errors that occurred in the EDS stage. Low scores on the stages completed and high scores on EDS errors reflected poor attentional set shifting and flexibility.



2.2.4. Stop signal task

The SST subtest is a classic signal response inhibition test (Curley et al., 2018). The participants pressed the relevant button on the press pad as quickly as possible, depending on the direction to which the arrow pointed on the screen (go trials, Figure 1D). However, if an auditory signal was present at a variable delay after the arrow was displayed, the participants withheld their responses and did not press the button (stop trials). This task comprised go trials (75%) and stop trials (25%) presented over five blocks of 64 trials each. The outcome measures were direction errors and proportion of successful stops. The former counted the number of times a participant pressed the wrong button for the direction of the arrow on the screen in the stop and go trials, and the latter referred to the number of times a participant stopped successfully, divided by the total number of stop signals using all the assessed trials. A high score on direction errors and a low proportion of successful stops reflected poor impulse control.




2.3. Data analysis

The participants were divided into three groups according to age, such as 6–7, 8–9, and 10–12 years. Because of larger inter-individual differences, especially among younger children, and the custom of dividing 6 years of elementary school into low, middle, and high grades from qualitative changes in the learning curriculum, which requires increased levels of abstract thinking, we divided our sample into three age groups on a two-year basis. In the SST subtest, the participants who showed noncompliance with the instructions or were characterized by more than two SD of the mean reaction time on the go trials when the correct button was pressed were excluded from this analysis.

We investigated the distributions of scores based on the visual inspection of histograms and the Shapiro–Wilk normality test. Considering the effect of age, we first examined the main effect of age. We further conducted post-hoc analyses to test the differences between each age group. To address the effect of sex, sex differences within each age group were also examined.

Two-way analysis of variance, with age group and sex as the between-subject factors, was used to compare the between errors in the eight-box problem in the SWM. The proportion of successful stops in the SST subtest was assessed using a two-way analysis of covariance, with age group and sex as the between-subject factors and the mean reaction time on the go trials of the SST subtest as a covariate. We performed the Kruskal-Wallis test for the between errors in the four- and six-box problems as well as strategy in the SWM, the problems solved using the minimum moves possible in the SOC, both outcome measures in the IED, and direction errors in the SST subtest because skewed distributions were observed.

The level of significance was set at p < 0.05. In the post-hoc analyses applying Bonferroni’s correction, the corrected p-value was calculated in the parametric test. However, because the uncorrected p value was provided in the non-parametric test, the p value was manually corrected and set at p < 0.017.

Spearman rank-correlation coefficients were calculated to examine interrelationships among variables of the tasks. The level of significance was set at p < 0.001.

Additionally, in the preliminary investigation examining the differences between the outcomes of this study’s sample and that of the previous study, we first adjusted our data to correspond to the age range shown in the previous study, such as six, seven, eight, 9–10, and 11–12 years (Luciana and Nelson, 2002). We used the summary independent-samples Welch’s t-test for the outcome measures common in both studies, which are as follows: between errors in the four-, six-, and eight-box problems and strategy scores in the SWM, the problems solved using the minimum possible moves in the SOC, and the stages completed in the IED. The level of significance was manually corrected and set at p < 0.01 to allow for the application of Bonferroni’s correction.

All the analyses were performed using SPSS version 22.0 (IBM, Tokyo, Japan).




3. Results

Table 1 presents the number of participants, mean score, and SD of each index in task performance within each sex-segregated age group. Table 1 also presents the median and range in the case of non-normal distribution (indicated by ※).



TABLE 1 Number, mean, and SD of each index in task performance.
[image: Table1]


3.1. Spatial working memory

The distributions of scores for the between errors in the four- and six-box problems are presented in Supplementary Figures S1A,B, respectively. The distribution pattern of the scores differed for each problem. On the four-box problem, the histogram showed a J-shaped distribution, whereby many participants made few errors, whereas some participants made some errors (Supplementary Figure S1A). Many participants, even in the 6–7 years group, showed few errors, and the number of participants who completed the stages with few errors increased with age (Supplementary Figure S1A). The ratio of the number of participants who completed the stages with zero errors accounted for 35.6, 44.7, and 75.0% in the 6–7, 8–9, and 10–12 years groups, respectively. Regarding the six-box problem, the histogram did not show a normal distribution (Supplementary Figure S1B). Compared with the four-box problem, the participants experienced increased errors as the task became increasingly difficult. The participants experienced fewer errors as age increased, but the errors were more moderate than those experienced in the four-box problem. The ratio of the number of participants who passed with zero errors accounted for 1.4, 0.0, and 14.5% in the 6–7, 8–9, and 10–12 years groups, respectively.

Through the Kruskal-Wallis test, a significant main effect of age was observed in the four- and six-box problems. In the four-box problem, the median (range) values were 1.00 (0–10), 1.00 (0–17), and 0.00 (0–9) in the 6–7, 8–9, and 10–12 years groups, respectively (p < 0.001; Figure 2A). In the six-box problem, those values were 16.00 (0–26), 11.00 (1–35), and 4.00 (0–26) in the 6–7, 8–9, and 10–12 years groups, respectively (p < 0.001; Figure 2B). Post-hoc analyses showed that the 10–12 years group made fewer errors than both the 6–7 (p < 0.003; r = 0.38) and 8–9 years groups (p < 0.003; r = 0.29). However, the values in the 6–7 and 8–9 years groups with regard to the four-box problem were not statistically significant (p = 0.200; Figure 2A). Regarding the six-box problem, there were differences among all the age groups (p < 0.017; r > 0.20; Figure 2B).

[image: Figure 2]

FIGURE 2
 Between errors and strategy in the SWM task. Between errors in the four-box (A) and six-box (B) problems as well as strategy score (D) in the SWM task. The box plot represents the score for each age group (A,B,D). *p < 0.017, **p < 0.003. Score of between errors in the eight-box problem (C) for the SWM task. Error bars indicate the standard error of the mean. *p < 0.05, ***p < 0.001. SWM, spatial working memory.


The Mann–Whitney U test did not show any statistically significant sex differences in each age group. In the four-box problem, the median (range) values were 2.00 (0–10) and 0.00 (0–10) among boys and girls in the 6–7 years group (p = 0.061). These values were 2.00 (0–8) and 0.00 (0–17) among boys and girls in the 8–9 years group (p = 0.063), and they were 0.00 (0–8) and 0.00 (0–9) among boys and girls in the 10–12 years group (p = 0.210). In the six-box problem, these values were 15.50 (0–26) and 16.00 (2–26) among boys and girls in the 6–7 years group (p = 0.592), 13.00 (1–26) and 8.00 (1–35) among boys and girls in the 8–9 years group (p = 0.124). These values were 4.00 (0–22) and 5.00 (0–26) among boys and girls in the 10–12 years group (p = 0.371).

The score of the between errors in the eight-box problem showed a normal distribution (p = 0.074), but the score of strategy did not (p < 0.001). In the eight-box problem, two-way analysis of variance revealed a significant main effect of age. The mean ± SD values were 32.34 ± 8.33, 27.41 ± 12.01, and 18.08 ± 11.48 in the 6–7, 8–9, and 10–12 years groups, respectively [F (2, 228) = 29.92; p < 0.001; ηp2 = 0.21]. Post-hoc analyses showed that there were differences among all the age groups (p < 0.05; Figure 2C). A statistically significant sex difference for each age group in the eight-box problem was not obtained through the independent t-test. The mean ± SD values were 32.33 ± 8.00 and 32.35 ± 8.89 among boys and girls in the 6–7 years group (p = 0.991), 28.56 ± 11.48 and 26.13 ± 12.59 among boys and girls in the 8–9 years group (p = 0.355), and 16.92 ± 12.10 and 20.07 ± 10.24 among boys and girls in the 10–12 years group (p = 0.250).

Regarding the strategy, there was a significant main effect of age. The median (range) values were 37.00 (22–46), 36.00 (23–43), and 34.50 (19–48) in the 6–7, 8–9, and 10–12 years groups, respectively (p < 0.001; Figure 2D), thereby indicating that there were differences among all the age groups (p < 0.017; r > 0.19). There were no statistically significant sex differences in each of the age groups. The median (range) values were 37.00 (29–42) and 38.00 (22–46) among the boys and girls in the 6–7 years group (p = 0.466). These values were 36.00 (23–43) and 36.00 (25–43) among the boys and girls in the 8–9 years group (p = 0.681) and were 32.50 (19–40) and 35.00 (19–48) among the boys and girls in the 10–12 years group (p = 0.340).



3.2. Stockings of Cambridge

The number of problems solved using the minimum moves possible did not show a normal distribution (p < 0.001). A significant main effect of age was observed. The median (range) values were 6.00 (3–10), 6.00 (3–11), and 7.00 (3–12) in the 6–7, 8–9, and 10–12 years groups, respectively (p < 0.001; Figure 3). Post-hoc analyses showed that the 10–12 years group solved more problems using the minimum moves possible than the 6–7 (p < 0.003; r = 0.38) or 8–9 years groups (p < 0.003; r = 0.29). However, there were no statistically significant differences between the 6–7 and 8–9 years groups (p = 0.246). There were no statistically significant differences in sex for each of the age groups. The median (range) values were 6.00 (3–10) and 7.00 (4–9) among the boys and girls in the 6–7 years group (p = 0.485). These values were 6.00 (3–11) and 6.50 (4–10) among the boys and girls in the 8–9 years group (p = 0.104), and they were 7.00 (3–12) and 8.00 (5–10) among the boys and girls in the 10–12 years group (p = 0.915).

[image: Figure 3]

FIGURE 3
 Problems solved in minimum moves in the SOC task. The box plot represents the score for each age group. **p < 0.003. SOC, Stockings of Cambridge.




3.3. Intra/extradimensional set shift

The score of the stages completed did not show a normal distribution for each year group (Supplementary Figure S2A). Many participants, even the youngest, reached Stage 9 owing to the ease of the task (Supplementary Figure S2A). The number of participants who reached Stage 9 increased among the older groups. The ratio of the participants who achieved Stage 9 accounted for 42.6, 60.3, and 77.6% in the 6–7, 8–9, and 10–12 years groups, respectively (Supplementary Figure S2A). A significant main effect of age was observed. The median (range) values were 8.00 (3–9), 9.00 (2–9), and 9.00 (7–9) in the 6–7, 8–9, and 10–12 years groups, respectively (p < 0.01). Post-hoc analyses showed that the 10–12 years group reached higher stages than the 6–7 years group (p < 0.003; r = 0.34; Figure 4A). However, there were no statistically significant differences between the 6–7 and 8–9 years groups (p = 0.142) and between the 8–9 and 10–12 years groups (p = 0.026). Statistically significant sex differences in each age group were not observed. The median (range) values were 8.00 (3–9) and 8.00 (7–9) among the boys and girls in the 6–7 years group (p = 0.651). These values were 9.00 (2–9) and 8.50 (6–9) among the boys and girls in the 8–9 years group (p = 0.123), and they were 9.00 (7–9) and 9.00 (7–9) among the boys and girls in the 10–12 years group (p = 0.172).

[image: Figure 4]

FIGURE 4
 Number of stages completed and EDS errors in the IED task. Number of stages completed (A) and EDS errors (B) in the IED task. The box plot presents the score for each age group (A,B). *p < 0.017, **p < 0.003. IED, intra/extradimensional set shift.


Regarding the EDS errors, the data exhibited a bimodal distribution with increased errors, thereby reflecting the failure in finding role changes (Supplementary Figure S2B). Some participants in the 6–7 years group showed fewer errors (Supplementary Figure S2B). However, the number of participants with fewer errors increased in the 10–12 years group. The ratio of the scores under seven accounted for 37.7, 40.9, and 65.7% in the 6–7, 8–9, and 10–12 years groups, respectively (Supplementary Figure S2B). There was a significant main effect of age. The median (range) values were 16.00 (0–35), 9.00 (1–33), and 5.00 (0–34) in the 6–7, 8–9, and 10–12 years groups, respectively (p < 0.01; Figure 4B). This result indicated that participants in the 10–12 years group made fewer errors in the EDS stage, compared to the 6–7 (p < 0.017; r = 0.26) or 8–9 years groups (p < 0.017; r = 0.21). However, there were no statistically significant differences between the 6–7 and 8–9 years groups (p = 0.350). There were no statistically significant sex differences in each of the age groups. The median (range) values were 16.00 (2–35) and 11.00 (0–31) among the boys and girls in the 6–7 years group (p = 0.188). These values were 8.00 (1–33) and 10.00 (1–31) among the boys and girls in the 8–9 years group (p = 0.381), and they were 5.00 (0–34) and 5.00 (0–33) among the boys and girls in the 10–12 years group (p = 0.827).



3.4. Stop signal task

Regarding the direction errors, the data exhibited a J-shaped distribution, whereby many participants made few errors, whereas some participants made some or many errors (Supplementary Figure S3). The number of participants with low errors increased in the older groups. The ratio of the errors under five accounted for 51.7, 75.0, and 83.1% in the 6–7, 8–9, and 10–12 years groups, respectively (Supplementary Figure S3). A significant main effect of age was observed. The median (range) values were 4.00 (0–43), 1.00 (0–71), and 1.00 (0–29) in the 6–7, 8–9, and 10–12 years groups, respectively (p < 0.001; Figure 5A). Post-hoc analyses showed that the 6–7 years group made more errors than the 8–9 (p < 0.003; r = 0.27) or 10–12 years groups (p < 0.003; r = 0.34). However, there were no statistically significant differences between the 8–9 and 10–12 years groups (p = 0.452). Additionally, there were significant sex differences in the 6–7 years group (Figure 5B). The median (range) values were 7.00 (0–43) and 2.00 (0–13) among the boys and girls in the 6–7 years group (p < 0.017; r = 0.34). These values were 2.00 (0–71) and 1.00 (0–11) among the boys and girls in the 8–9 years group (p = 0.037), and they were 1.00 (0–29) and 2.00 (0–14) among the boys and girls in the 10–12 years group (p = 0.396).
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FIGURE 5
 Direction errors and proportion of successful stops in the SST subtest. The box plot shows the score of direction errors for each age group (A) and that for the age and sex groups (B). *p < 0.017, **p < 0.003. Proportion of successful stops for each age group (C). Estimated marginal means represent the mean value for each category after adjusting the covariates. Error bars indicate the standard error of the mean. *p < 0.05, ***p < 0.001. SST, stop signal task.


Regarding the proportion of successful stops, the score showed a normal distribution (p = 0.057). Two-way analysis of covariance, with the mean reaction time on the go trials as a covariate, demonstrated a main effect of age (57.92 ± 12.60, 54.36 ± 10.79, and 53.23 ± 9.17 in the 6–7, 8–9, and 10–12 years groups, respectively [F (2, 204) = 22.26; p < 0.001; ηp2 = 0.18; Figure 5C]). This result indicated that the differences between all the age groups were significant (p < 0.05).

There were no statistically significant differences in sex for each of the age groups through one-way analysis of covariance [55.46 ± 12.95 and 61.36 ± 11.47 among the boys and girls in the 6–7 years group (p = 0.225), 52.26 ± 11.40 and 56.81 ± 9.62 among the boys and girls in the 8–9 years group (p = 0.290), and 52.67 ± 9.31 and 54.19 ± 9.03 among the boys and girls in the 10–12 years group (p = 0.488)].



3.5. Correlational analyses

Correlations among variables in the tasks are presented in Table 2. Between errors in the four-box problem were significantly correlated with between errors in the six- and eight-box problems as well as strategy for the SWM task (r = 0.455, 0.434, and 0.312, respectively) and the number of problems solved using the minimum moves possible in the SOC task (r = −0.318). Between errors in the six-box problem were significantly correlated with between errors in the eight-box problem and strategy for the SWM task (r = 0.719 and 0.702, respectively), the number of problems solved using the minimum moves possible in the SOC task (r = −0.345), and the direction errors in the SST subtest (r = 0.277). Between errors in the eight-box problem were significantly related to the strategy score in the SWM task (r = 0.693), the number of problems solved using the minimum moves possible in the SOC task (r = −0.364), and the direction errors in the SST subtest (r = 0.318). The strategy score was significantly correlated with the direction errors in the SST subtest (r = 0.285). In the IED task, the scores of the stages completed were significantly related to the EDS errors (r = −0.755). In the SST subtest, the direction errors were significantly correlated with the proportion of successful stops (r = −0.629).



TABLE 2 Correlation matrix for task variables.
[image: Table2]



3.6. Comparison with previously reported normative values

Figure 6 shows a comparison of our data with the normative values presented by Luciana and Nelson (2002) for the SWM, SOC, and IED subtests.

[image: Figure 6]

FIGURE 6
 Comparison between previously reported normative values. Comparison of our data regarding between errors in the four-box (A), six-box (B), and eight-box problems (C), strategy (D) in the SWM, problems solved using the minimum moves possible (E) in the SOC, and stages completed (F) in the IED task, compared to the normative values presented by Luciana and Nelson (2002). Error bars indicate the standard error of the mean. *p < 0.01. Solid circle: our study, open circle: modified from Luciana and Nelson (2002); SWM: spatial working memory; SOC: Stockings of Cambridge; IED: intra/extradimensional set shift.


Regarding the between errors in the four-box problem, at the age of 6 years, the score was lower in our data. However, there were no statistically significant differences between the previously reported data and our data. Regarding the between errors in the six-box problem, the slope of the score was almost similar, but it was significantly lower at 11–12 years in our data (4.7 ± 5.2) compared with previously reported data (10.4 ± 7.3, p < 0.001). In the eight-box problem, the scores were significantly lower at 9–10 and 11–12 years in our data (24.4 ± 13.8 and 14.6 ± 9.1) compared with previously reported data (32.6 ± 9.4 and 23.9 ± 10.0; p < 0.001, respectively). Regarding the score of the strategy in the SWM task, the previously reported data did not show obvious differences between ages, and the score was also significantly lower at 9–10 and 11–12 years in our data (34.6 ± 4.4 and 31.8 ± 5.4) compared to previously reported data (37.7 ± 3.5 and 37.0 ± 3.2; p < 0.001, respectively).

In the SOC and IED tasks, no statistically significant differences were observed between our data and previously reported data (Figure 6).




4. Discussion

The SWM task aimed to evaluate spatial working memory and heuristic strategies. This study shows significant differences between all the age groups in the between errors for the six- and eight-box problems, thereby suggesting that spatial working memory develops at a younger age.

Spatial working memory performance depends on the interaction between the ability required for each problem and developmental trends. As previously reported (Luciana and Nelson, 1998), there were no statistically significant differences between the 6–7 and 8–9 years groups in the four-box problem, and this result indicated that children in lower grades might have reached the saturation value on the four-box problem. According to a previous neuropsychological study, the performance of patients with injuries to the right frontal lobe was not significantly impaired compared to that of patients without injuries to the right frontal lobe and that of controls in the four-box problem. However, their performance was significantly impaired in the increasingly difficult problems (Chase et al., 2008). Contrary to the four-box problem, the six-box problem showed significant differences between all the age groups. However, in this study, both the four-and six-box problems did not appear in the normal distribution. Therefore, the eight-box problem may have a more sensitive structure than the four- or six-box problems for estimating SWM among elementary school children in Japan.

The SOC task was also a spatial planning test. As shown in Figure 3, significant differences in minimum moves were found between the 8–9 and 10–12 years groups, rather than between the 6–7 and 8–9 years groups. This result indicates that the ability to plan develops after 8 years of age.

In the IED task, the ratio of the participants who reached Stage 9 was very high. Additionally, our data on the number of stages completed showed results similar to those reported in previous studies (Luciana and Nelson, 2002; De Luca et al., 2003; Green et al., 2019). Owing to the ceiling effect, this outcome measure can be useful in detecting severe dysfunctions associated with the ability to understand rules, but it may not be a sensitive tool for estimating developmental trends and individual differences among school-aged children. However, the EDS errors, which estimate the flexibility of attention, were significantly different between the 8–9 and 10–12 years groups, rather than between the 6–7 and 8–9 years groups. These findings indicate that cognitive flexibility develops after 8 years of age, and the EDS errors may be more useful for elementary school-aged children.

In the SST subtest, the direction errors and the proportion of successful stops showed significant differences between the 6–7 and 8–9 years groups, which may represent inhibition improvement at a younger age. The number of direction errors in the SST subtest was lower among girls, compared to boys in the 6–7 years group. This may reflect differences in functional developmental trajectories between males and females. It was also reported that typically developing four-year-old girls exhibit more efficient brain functioning than boys in an inhibitory task (Cuevas et al., 2016). Direction errors are considered to reflect deficits in sustained attention and inhibition, both of which are mainly handled by the frontal and parietal cortices (Bari and Robbins, 2013; Langner and Eickhoff, 2013). Findings in structural magnetic resonance imaging also indicate that peak gray matter volumes in the frontal and parietal cortices occur 1–2 years earlier among females (Lenroot et al., 2007), and females reach their fractional anisotropy plateaus at an earlier age in the bilateral superior longitudinal fasciculus compared to males (Chen Z. et al., 2016). Therefore, increasingly successful performance in the inhibitory task among girls aged 6–7 years may be associated with earlier structural maturation among females.

Regarding correlational analysis, in addition to significant correlations between the variables within similar tasks, the SWM variables showed weak but significant correlations between the SOC index and direction errors in the SST subtest (Table 2). The former correlations may reflect that the SOC task assesses not only planning but also spatial working memory, and the latter may represent the aspect that working memory and inhibitory control support each other and co-occur (Diamond, 2013). However, the variables in the IED task were not significantly correlated with the variables in the other tasks. One possible explanation for this finding is that flexibility evaluated by the IED task might be an independent domain among other subcomponents of EFs. The other possible explanation is that these outcome measures may merely focus more on the aspect of higher-order functions to understand rules. Further studies are required to clarify this explanation.

This study presents different developmental trajectories depending on components of EFs summarized in Table 3, which may be organized hierarchically. In other words, higher-order EFs, such as planning and flexibility might be built on more basic functions, such as spatial working memory and inhibition. For successful performance in planning and flexibility, it is necessary to maintain information and inhibit impulsive responses. This hierarchy is consistent with Diamond’s framework of EFs, comprehensively reviewed in terms of developmental and organizational perspectives (Diamond, 2013).



TABLE 3 Summary of results for age differences.
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The hierarchy of EFs may also reflect different anatomical maturation trajectories in the subregions within the frontal cortex. According to the findings of previous studies involving adults, the SWM task is significantly related to the right pars opercularis (BA44, Chase et al., 2008). Additionally, a neuroimaging study on the SWM tasks among children indicated that improved performance was associated with cortical thickness in the right inferior frontal gyrus (Zhong et al., 2014). In the SST subtest, the findings of structural magnetic resonance imaging involving children showed associations between improved response inhibition performance and increased level of fractional anisotropy in white matter microstructure within the right pars opercularis (Madsen et al., 2010) and a relatively larger cortical surface area of the right pars opercularis (Curley et al., 2018). However, during the SOC task, more broad brain areas, including the left mid-dorsolateral PFC (BA9, Owen et al., 1996), the left dorsolateral PFC (BA9/46), and the left orbitofrontal cortex (BA 14, Beauchamp et al., 2003) were activated in positron emission tomography studies involving adults. Similarly, the IED task has been reported to be associated with the left anterior PFC and the right dorsolateral PFC (BA 10 and 9/46, Rogers et al., 2000). The maturational sequence within the frontal lobe progresses back-to-front from the precentral gyrus to the dorsolateral PFC (Gogtay et al., 2004). According to these and previous findings, the functional developmental trajectories from the ventrolateral PFC, which is responsible for more basic EFs, to the dorsolateral PFC, which is involved in higher-order functions, might be parallel to the structural sequence of maturation within the frontal cortex. The higher hierarchy functions mobilize the left hemisphere as well as the right hemisphere. This may also require the maturation of interhemispheric connections. Owing to the tasks involving different complex rules used in this study, the hierarchy of functions might be explained by the hypothesis that the development of rule use may be associated with developmental changes in its neural bases during childhood (Bunge and Zelazo, 2006).

Comparing our data with the normative values presented by Luciana and Nelson (2002), there were no significant differences in the higher hierarchized EFs, such as planning, based on the scores of the problems solved using the minimum moves possible in the SOC task and flexibility based on the scores of the stages completed in the IED task. However, there were significant differences in the between errors for the six- and eight-box problems as well as the strategy scores in the SWM task at an older age. This might indicate a different developmental trajectory between Japanese and American children. This further indicates that standard values are required for each ethnic group. Contrarily, a previous study reported a positive relationship between computer use and EFs skills among 5–12-year-old children (Rosenqvist et al., 2016). This may have resulted from the degree to which the children were exposed to computers in their daily lives. There is a nearly 15-year gap from the time between the previous study and this study, during which computers have become increasingly familiar and fundamental in the environments surrounding children. Furthermore, older children use computers more than younger children (Rosenqvist et al., 2016). Because this study did not control for some confounding variables, including the frequency of computer use, we may obtain a better understanding by making them match among studies.

The impairment of EFs has been demonstrated in various neurodevelopmental disorders, such as autism spectrum disorders and attention deficit hyperactivity disorder (Corbett et al., 2009; Yerys et al., 2009; Nagatani et al., 2012; Coghill et al., 2014; Chen S. F. et al., 2016). Over the recent years, promising interventions, including cognitive remediation and non-invasive brain stimulation methods for executive dysfunction, have been developed (Dandil et al., 2020; Khaleghi et al., 2020). In Japan, there are no normative values of some components of EFs evaluated using CANTAB. The findings of this study will enable the assessment of some aspects of EFs to understand patients’ needs for appropriate interventions.

In conclusion, this study demonstrates that the performance of all CANTAB subtests changed with age during elementary school. In each of the subtests, the performances in the SWM and SST developed at a younger age, whereas those in the SOC and IED tasks developed at an older age. Additionally, in the SST subtest, girls made fewer direction errors than boys did in the 6–7 years group. To the best of our knowledge, this study is the first to present normative data of four CANTAB subtests according to age and sex among school-aged children in Japan. This study also indicates that it was necessary to refer to appropriate normative values for the participants’ demographics, such as age and sex, to evaluate their EFs. We expect that the findings of this study will be used to develop effective tools for the early detection of and support for children with executive dysfunction.

This study has some potential limitations. First, we did not examine test–retest reliabilities. Further evaluation of the data’s reliability should be addressed in future studies. Moreover, future studies establishing the validity using a criterion measure such as BRIEF (Gioia et al., 2000) will provide more robust psychometric properties of the CANTAB for school-aged children.

Second, this study lacks a longitudinal design. Future studies using a longitudinal design would enable an increasingly reliable examination of the changes in each component of EFs throughout children’s development.

Third, this study does not include confounding factors. For example, intelligence, socioeconomic status, and frequency of computer use have been shown to be associated with EFs (Roca et al., 2010; Rosenqvist et al., 2016; Last et al., 2018). Future studies should consider these variables to ascertain purer age-related changes in EFs.
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6-7<<8-9=10-12 Direction errors (SST)

6-7=8-9<<10-12 Between errors in the 4-box problem (SWM)

6-7<8-9<10-12 Between errors in the 6-box problem (SWM)
Between errors in the 8-box problem (SWM)
Strategy (SWM)
Proportion of successful stops (SST)

6-7<10-12 Stages completed (IED)

6-7=8-9<10-12 Problems solved in minimum moves (SOC)
EDS errors (IED)

SWM, spatial working memory; SOC, Stockings of Cambridges IED, intra/extradimensional
set shift; SST, stop signal task.





OPS/images/fpsyg-14-1141628-t001.jpg
(A) SWM

Between errors  Between errors  Between errors Strategy
(4-box) (6-box) (8-box)
67 (Boy) a2 2454256 14.0557.90 32334800 3705332
200 (0-10) 15,50 (0-26)" 37.00 (29-42)"
(Girl) 31 1774262 15324666 32354889 37294520
0.00 (0-10)" 16.00 (2-26)" 38.00 (22-46)"
Total 7 2162259 1459738 32344833 37154419
1.00 (0-10) 16.00 (0-26) 37.00 (22-46)"
8-9 (Boy) 45 1845192 12.58:6.82 285641148 35734396
200 (0-8)* 13.00 (1-26)* 36.00 (23-43)"
(Girl) 40 1734356 10.908.57 26131259 35256441
000 0-17)* 800 (1-35)* 36.00 (25-43)"
Total 85 179280 1179769 274141201 355144.16
1.00 (0-17) 11.00 (1-35) 36.00 (23-43)"
10-12 (Boy) 48 0.58+1.62 563£5.25 1692£12.10 32154491
0.00 (0-8)* 400 (0-22)* 3250 (19-40)"
(Girl) 23 1324254 7614735 200721024 33792555
0.00 (0-9)* 500 (0-26)* 35.00 (19-48)"
Total 76 0862203 6361613 180821148 32754518
0.00 (0-9)* 4.00(0-26)" 3450 (19-48)"
(B) SOC
Age Problems solved in minimum moves
67 (Boy) 32 6162157
6.00 (3-10)"
(Girl) 17 647151
7.00 (4-9)*
Total 49 6272154
600 (3-10)"
89 (Boy) 34 6352156
6.00 (3-11)%
(Girl) 28 696+ 1.60
650 (4-10)"
Total 62 6632159
6.00 (3-11)*
10-12 (Boy) a 7.6642.00
7.00 (3-12)
(Girl) 25 7604153
8.00 (5-10)"
Total 66 7642182
7.00 (3-12)"
(C) IED
Age Stages completed EDS errors
67 (Boy) 34 7884125 33 162421033
8.00(3-9)" 16.00 (2-35)"
(Girl) B 8.10+091 2 134541152
8.00(7-9)" 1100 (0-31)*
Total 54 7961113 5 15.19£10.77
800 (3-9)" 16.00 (0-35)"
89 (Boy) 36 8315137 35 11771022
9.00 (2-9)" 8.00(1-33)"
(Girl) 32 8.06+1.01 31 1416£10.53
8.50 (6-9)" 1000 (1-31)"
Total 68 819£121 66 1289£10.35
9.00 2-9)* 9.00 (1-33)*
10-12 (Boy) 44 8.50+0.85 44 96121019
9.00 (7-9)" 5.00 (0-34)"
(Girl) 23 8.78+0.60 23 826+9.20
9.00(7-9)" 5.00 (0-33)"
Total 67 8.60£078 67 9.15£9.81
9.00 (7-9)* 5.00 (0-34)"
(D) SST
Direction errors Proportion of successful
stops
67 (Boy) 35 10311099 554641295
7.00 (0-43)*
(Girl) 25 3.80£4.06 e 613641147
200 (0-13)*
Total 60 7604932 579241260
400 (0-43)"
8-9 (Boy) ) 658+12.08 5226£1140
200 (0-71)*
(Girl) 37 2052278 56.81£9.62

1.00 (0-11)*

Total 80 14494929 54361079
100 (0-71)

10-12 (Boy) 45 3734623 52674931
1.00(0-29)*

(Girl) 2 2234322 54.1949.03

2,00 (0-14)*
Total 71 3184535 53.23£9.17

1.00 (0-29)

¥, Median (range).
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(4-box)
(6-box) - 0719* 0.702% ~0345* -0214 0127 0277 ~0021
(8-box) - 0693 ~0364* -0173 0.145 0318% ~0073
Strategy - -0215 ~0.204 0170 0.285% -0032
soc
Problems solved in - 0012 0033 -0118 ~0085

minimum moves

IED
Stages completed - ~0755* ~0.160 0011
EDS errors - 0.145 0.002
SST

Direction errors - ~0.629%

Proportion of successful stops -

“p<0.001; SWM, spatial working memory: SOC, Stockings of Cambridge; IED, intra/ extradimensional st shift; SST, stop signal task; BE, between errors; ST, strategy score; PS, problems
solved in minimum moves; SC, stages completeds; EDS, EDS errors; DE, direction errors; PR, proportion of successful stops.
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