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The development of executive functions (EF) has been widely investigated and is associated with various domains of expertise, such as academic achievement and sports performance. Multiple factors are assumed to influence the development of EF, among them biological maturation. Currently the effect of biological maturation on EF performance is largely unexplored, in contrast to other domains like physical development or sports performance. Therefore, this study aimed (a) to explore the effect of chronological age on EF performance and (b) to investigate to what extent age-related changes found in EF are affected by biological maturation on both sexes. To this end, EF performance and degree of maturity, indexed by percentage of predicted adult height (%PAH), of 90 adolescents (11–16 years old, 54% males) were measured on three occasions in a time frame of 12 months. A Generalized Estimating Equation (GEE) approach was used to examine the association between chronological age and %PAH and the weighted sum scores for each EF component (i.e., inhibition, planning, working memory, shifting). All models were run separately for both sexes. The males’ results indicated that EF performance improved with age and degree of maturity on all four components. Interaction effects between age and %PAH on inhibition showed that at a younger age, males with a higher %PAH had a lower chance of performing well on inhibition, whereas at later ages, males with a higher %PAH had a higher chance to have a good inhibition performance. For working memory, it seems that there is no maturity effect at a younger age, while at later ages, a disadvantage for later maturing peers compared to on-time and earlier maturing male adolescents emerged. Females showed slightly different results. Here, age positively influenced EF performance, whereas maturity only influenced inhibition. Interaction effects emerged for working memory only, with opposite results from the males. At younger ages, females with lower %PAH values seem to be scoring higher, whereas at later ages, no maturity effect is observed. This study is one of the first to investigate the effect of biological maturation on EF performance, and shows that distinct components of EF are influenced by maturational status, although the effects are different in both sexes. Further research is warranted to unravel the implications for maturation-driven effects on EF that might significantly affect domains of human functioning like academic achievement and social development.

Keywords: executive function, maturation, adolescence, development, generalized estimation equation


INTRODUCTION

Executive functions (EF) are cognitive processes required for the behavioral control of numerous daily-life tasks and are crucial for cognitive, social, and psychological development (Diamond, 2013). Typically, EF performance and development are investigated from a “chronological age”-point of view. However, it is known that there is considerable inter-individual variation in the rate and timing of biological maturation, which makes chronological age an estimate of development at best (Lloyd et al., 2014). This is especially true for adolescence, which is accompanied with many biological within-person changes (Grumbach and Styne, 1998). Biological maturation refers to the timing and tempo of the progress toward the mature biological state related to growth (Malina et al., 2004). In contrast to the EF research field, studies on physical development in the sports context have widely investigated and applied the impact of biological maturation (Cumming et al., 2017). These studies generally indicate an advantage for early maturing adolescents compared to late maturing adolescents on sports performance during these pubertal phases due to their advanced growth and physical fitness level (Meylan et al., 2010; Rommers et al., 2019). Biological maturation could have a similar influence on EF and EF development (Juraska and Willing, 2017; Chaku and Hoyt, 2019; Stumper et al., 2020), and can affect academic performance, social development or even risk behavior (Magnusson et al., 1985; Baxter-Jones et al., 2005; Koerselman and Pekkarinen, 2017).

Four main EF factors are categorized during adolescence, i.e., inhibition, shifting, working memory and planning (Miyake et al., 2000; Laureys et al., 2021). Inhibition is associated with “the deliberate, controlled suppression of prepotent responses” (Miyake et al., 2000). Shifting concerns switching between multiple tasks, operations or mental sets (Miyake et al., 2000). Working memory refers to remembering, monitoring, coding incoming information and updating information (Miyake et al., 2000; Nemati et al., 2017); and planning is related to problem solving (Laureys et al., 2021). These four EF components (i.e., inhibition, planning, shifting, working memory) will further be used in this paper to determine EF performance during adolescence.

In spite of the abundance of publications on EF and its factor structure, the development of EF is not fully understood. EF development is associated with brain maturation in general and specifically with maturation of the prefrontal cortex (Diamond, 2002; Huizinga and Smidts, 2011), resulting in a relatively rapid improvement of all four EF components during childhood (until the age of 12) in comparison to early and late adolescence (12–18 years old) (Anderson et al., 2001). During adolescence (around the age of 15), the rate of improvement decreases and adult levels of EF are attained (Huizinga et al., 2006). Zooming in on the adolescent phase, the suggestion that biological maturation may influence the rate and timing of EF development has repeatedly been made (Best and Miller, 2010). Two main hypotheses have been presented to explain such effects. The hormonal influence hypothesis suggests that during adolescence, an increase in sex hormones in the brain are related to the start and end of sensitive periods in the brain that affect EF and behavior (Chaku and Hoyt, 2019; Laube and Fuhrmann, 2020). At the onset of adolescence, the release of these sex hormones can cause an excess of synapses, a phenomenon that can evoke a decrease in the quality of information processing and possibly even EF performance [see Blakemore and Choudhury (2018) for a review]. However, once the pruning process of neural pathways has started, the prefrontal cortex is also reorganized, leading to more efficient cognitive processing (Crone, 2009; Koolschijn et al., 2014; Juraska and Willing, 2017; Chaku and Hoyt, 2019; Laube and Fuhrmann, 2020).

The second hypothesis takes into account the biological influence, as well as the social changes and challenges that are associated with adolescence (Ge and Natsuaki, 2009). This maturation disparity hypothesis states that, compared to their peers, earlier maturing adolescents might encounter more physical, cognitive and social challenges they are not always emotionally ready to cope with. The hypothesis is mainly investigated in females, and only rarely in males. Although this hypothesis is often used to clarify a higher number of psychopathological symptoms in early maturers, there could also be beneficial consequences for EF (i.e., increase in attention for early maturers; Chaku and Hoyt, 2019). The small number of studies on the relationship between EF development and biological maturation contrasts with the potential impact of maturation-driven differences EF might have on an individual’s success in the social, academic, and professional domains (Diamond, 2013). From that perspective, further clarification of the association between biological maturation and EF is mandatory.

Next to differences in the timing and tempo of EF development, biological maturation could also play a role in sex-related differences during EF development. A recent review of Grissom and colleagues (2019) showed that there still is a lot of ambiguity in sex differences on the different EF components. Some studies indicate equal EF performance between males and females from childhood to adulthood (Grissom and Reyes, 2019), while in other studies females are found to outperform males on inhibition and working memory (Laureys et al., 2021). Especially during adolescence, possible sex differences in EF development could be explained by different timing and rate of biological maturation and the underlying hormonal processes (Anderson et al., 2001). Females typically mature earlier than males, where females start the adolescent period around 10–11 years, and males at around 11.5 years old (Malina and Bouchard, 1992). The difference in timing of maturation is also visible in brain maturation, more specifically, in the increase in frontal gray matter that reaches its peak at different ages for both sexes (11.0 years for females and 12.1 years for males) (Giedd, 2004).

Until now, EF development has been mainly investigated from a “chronological age”-perspective. Hence, the main goal of this study is to examine the influence of biological maturation on age-related differences in EF between 11- to 16-years-old adolescents. Because of the difference in rate and timing of biological maturation between males and females, we expect differences in EF performance. Therefore, we will investigate the influence on EF separately for males and females. The hypothesis is that older adolescents will perform better than their younger peers, and that by the end of the puberty phase, early maturing adolescents will also have an advantage over late maturing adolescents.



MATERIALS AND METHODS


Participants

A convenience sample of 94 Flemish adolescents between 11 and 16 years participated in this study. The participants were all recruited from the first until the fifth year at one secondary school. Only data of students who participated in at least two or three test occasions were included for further analyses, leading to a total of 90 participants (54% males). From these 90 participants, 88 were present at the first test occasion, 84 at the second test occasion and 85 at the third test occasion. Reasons for drop-out were sickness at the day of testing or changing schools between test occasions.

This project has been conducted in accordance with the Helsinki Declaration and was approved by the Ethical Committee of the Ghent University Hospital (number 2017/1548). Since all participants were minors, parents or their legal representatives gave their written informed consent. All data were analyzed confidentially.



Study Design

A mixed-longitudinal follow-up design with three test occasions was set up to measure the influence of biological maturation on EF development. Originally, it was intended to have 4 months between each test moment. The first occasion was in October 2019, the second in January-February 2020. The third test moment was planned in May 2020, but due to the COVID-19 pandemic including the closing of the schools in Flanders, this test moment was postponed until October 2020.

During each test occasion, anthropometric characteristics were measured, and EF performance was assessed using an online EF test battery. Both tests were administered in a separate room with enough space for the participants to work without disturbance of others. At least two of the researchers were present to explain all the tests separately and to answer questions. Before the first test occasion, parents were asked to complete a form with demographic data, including birth date and sex of the participant, and the biological parents’ body height.



Measurements


Anthropometry

During each test moment, stature and weight of the participants were measured. Stature was measured to the nearest 0.1 cm using a portable stadiometer. The participants were asked to stand barefoot with their heels against the stadiometer and with their head in a neutral position. Weight (0.1 kg) was measured using a digital scale. Body mass index (BMI, kg/m2) was calculated with the height and weight measurements from the first test occasion. Further BMI classifications were made, based upon the BMI cut-off scores developed by the International Obesity Task Force (IOTF) (Cole and Lobstein, 2012). With these cut-off scores, the adolescents were categorized as being underweight, normal-weight, overweight or obese.



Percentage of Predicted Adult Height

The measured anthropometrics of the participants were used to determine the percentage of predicted adult height (%PAH) of each individual. In this study, the Khamis–Roche method was used (Khamis and Roche, 1995). With this Khamis–Roche method, an estimation of the biological maturation was made, based on anthropometrics. Therefore, the biological age of individuals can be biologically ahead of (early maturing), on time with (average maturing) or behind (late maturing) their chronological age. This type of estimation is previously linked to the pubertal status estimated with the Tanner stages (Cumming et al., 2017). The adolescent’s chronological age, body height and weight, as well as the body height of both biological parents, were entered in the following equation:
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The intercept (β0) and coefficients (β1, β2, β3) in the equation depend on age and sex.

No objective classification of early, on-time, and late mature adolescents could be made in this study. Instead, we compared EF performance of earlier (same age and sex peers with a higher %PAH) and later (same age and sex peers with a lower %PAH) maturing adolescents within this sample.



Cambridge Brain Sciences Test

The EF test battery used in this study was the web-based Cambridge Brain Sciences (CBS) test battery. The tests used in the CBS, are all computerized versions of well-known and widely used neuropsychological tests to measure EF constructs. Test-retest reliability of the CBS test battery further proved to be decent (r = 0.68) (Hampshire et al., 2012). All tests were administered online, on a 9.7-inch iPad 2017 (iOS 12.1, Apple Inc., Cupertino, CA, United States).

The CBS test battery can contain up to thirteen EF tests, including a wide range of outcome variables. In this study, seven tests were used: Spatial Span, Double Trouble, Token Search, Odd One out, Spatial Planning, Monkey Ladder and Sustained Attention to Response tasks (SART). The Spatial Span is derived from the Corsi Block Tapping task (Corsi, 1972). An adapted version of the Stroop task is used here as the Double Trouble task (Stroop, 1992). The Token Search, otherwise known as the Spatial Search task, is based upon the work of Collins et al. (1998). The Odd One Out is a computerized version of the classic fluid intelligence test, used by (among others) Brenkel et al. (2017). The Spatial Planning task is an online version of the Tower of London task (Shallice, 1982). The Monkey Ladder is a visual-spatial working memory task derived from non-human primate literature (Inoue and Matsuzawa, 2007). Lastly, the SART is based upon a Go/No-Go task (Robertson et al., 1997). The Spatial Span, Token Search and Monkey Ladder are tests to assess visual-spatial working memory. To assess inhibition, the Double Trouble and Sustained Attention to Response tasks are used. The Odd One Out was included to evaluate shifting performance and the Spatial Planning for planning performance. Detailed information about the seven specific tasks and the outcome measures is included in Supplementary Material 1. These seven tests were always assessed in the same order as described above. All tests started with the same (low) level of difficulty for each participant, and the complexity increased or decreased depending on the accuracy of response.




Data Analysis

The raw CBS scores were converted into a weighted sum score for the four EF components separately (inhibition, working memory, planning and shifting). These sum scores were calculated based on the four-factor model and factor loadings as described by Laureys et al. (2021). The outcome measure per EF task was multiplied by their respective standardized factor loading for each EF component. The sum per EF component of these weighted scores was then calculated. Detailed information about the four-factor model and factor loadings, can be found in Supplementary Material 2. Based on the weighted sum scores for each EF component, means and standard deviations (SD) could be calculated per age group (11.75–12.74; 12.75–13.74; 13.75–14.74; 15.75–16.74) and %PAH group (79–85; 86–90; 91–95; 96–100). To end up with equal ranges for both the age and %PAH group, categorization of these groups was based on the lowest and highest numbers for both variables. Means and SD were also provided for the EF components and anthropometric data per sex, age and/or %PAH group. To facilitate comparison of age- and maturity-related changes between the different EF components, the mean difference between the oldest and youngest age group, and most and least mature group across all three test occasions was expressed as a percentage for each EF component.

To examine the influence of age and biological maturation and the interaction between these factors on EF performance, a generalized linear model is necessary which investigates population average effects. Therefore, a Generalized Estimating Equation (GEE) approach (Gaussian family) was used. This approach requires repeated measures over time, without providing insight into longitudinal change over time (within individuals). Participants with at least two of the three time points completed, were included in this analysis. All individual data points (e.g., the two or three measurements of each participant are considered as single data points) were used to make population-based prediction plots, while still accounting for the non-independence (i.e., intra-personal clustering) of EF scores recorded at different time points for the same participant. Chronological age and %PAH were included in the model as continuous predictor variables and the weighted sum scores for each EF component as the outcome variable. Age and %PAH were added both separately and in interaction with each other in the different GEE models. Because differences in maturational timing for males and females occur during adolescence, the GEE models were run separately for both sexes. In total, three models were fit for each EF component and per sex, including the following independent variables:

(1) EF × Age

(2) EF × %PAH

(3) EF × (Age × %PAH)

Variance Inflation Factor (VIF) was checked as a measure of multicollinearity. If the VIF factor scores above 10, collinearity is present and interaction effects should be excluded from the analyses (Bagheri, 2015). The age and %PAH models were compared using quasi-likelihood under the independence model criterion (QICu) (Pan, 2001; Xu et al., 2019). Generally, a lower QICu indicates a better model fit. All statistical analyses were conducted in R (version 3.5.2), and STATA (version 16.1) was used to visualize the results.




RESULTS

An overview of the means and standard deviations for each of the four EF components per sex, age and %PAH group is provided in Table 1. To allow for qualitative comparison of age- and maturity-related differences across the four EF components, the difference between the score of the oldest and youngest age group, and most and least mature group were expressed as a percentage score. The difference between the youngest participants (11.75–12.74) and the oldest participants (15.75–16.74) was 29% for inhibition, 38% for planning, 8% for shifting and 9% for working memory. With regard to %PAH, the group with highest %PAH (96–100%) scored 15% higher on inhibition, 51% higher on planning, 14% higher on shifting and 10% higher on working memory than the group with the lowest %PAH (79–85%). Next to EF descriptive values, we also provided information about the height, weight, BMI and %PAH per sex and age group in Table 2. BMI could not be calculated for five out of 90 participants (height and/or weight was missing; 5.6%). When BMI cut-offs were used on the first test occasion, 14 participants were classified as underweight (15.6%), 64 as normal-weight (71.1%), seven as overweight (7.8%) and no adolescents were classified as obese.


TABLE 1. Number of participants (N) and means with standard deviation (M ± SD) of each EF component per sex and per age and %PAH.
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TABLE 2. Descriptive information about height, weight, BMI and %PAH with means and standard deviation (M ± SD) per sex and age group.
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Age

The first GEE models used the available data points of 49 males and 41 females, and showed a significant effect of age for both sexes, with older participants having significantly higher scores on all four components compared to their younger peers. The results are presented in Table 3 under Model 1. A visualization of this set of GEE models can be found in Figure 1. Here, we can interpret a gradual increase in performance on all four EF components for both sexes.


TABLE 3. Outcomes of the three GEE models split out for males and females, for each EF component with the unstandardized coefficient (b), the standard error (SE) and the 95% Confidence Interval (95% CI).
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FIGURE 1. Prediction plots of the means and standard deviations based on GEE Model 1. Per EF component, a prediction of the mean with its standard deviation in relation to age is made, based upon the weighted sum scores. Blue represents males, red females. (A) Inhibition. (B) Planning. (C) Shifting. (D) Working Memory.




%PAH

For the second set of GEE models (Model 2, Table 3), the influence of %PAH was investigated in more detail. Since %PAH could not be calculated for eight participants (i.e., body height of biological mother and/or father was missing), 45 male clusters and 37 female clusters were used in these analyses. Results from these models showed different results for both sexes. Male participants with a higher %PAH have significantly higher scores on all four EF components than participants with a lower %PAH value. In females, a higher %PAH led to higher scores on inhibition only. A marginal influence of %PAH was observed for shifting. These models are visualized in Figure 2, which again suggests that the EF performance improves with increasing %PAH, for both sexes.
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FIGURE 2. Prediction plots of the means and standard deviations based on EEG model 2. Per EF component, a prediction of the mean with its standard deviation in relation to %PAH is made, based upon the weighted sum scores. Blue represents males, red females. %PAH, percentage of predicted adult height. (A) Inhibition. (B) Planning. (C) Shifting. (D) Working Memory.




Interaction Age With %PAH

Before running the interaction models between age and %PAH, the VIF score was checked. In this study, the VIF-score was 3.34, which implies no multicollinearity issues. In this final set of models (Model 3, see Table 3), 45 male clusters, 37 female clusters were used again. Main effects of age and %PAH on EF performance, addressed in Model 1 and 2, are not considered in Model 3. Results for the interaction effects of each EF component are interpreted using the prediction plots (see Figure 3).
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FIGURE 3. Prediction plots based on the interaction between age and %PAH in GEE model 3 per sex (A = male, B = female), for each EF component (1 = Inhibition, 2 = Planning, 3 = Shifting, 4 = Working memory). On the x-axis, age is portrayed and, on the y-axis, %PAH. EF performance is divided in seven equal intervals, going from the lowest (blue color) to highest (red color) score on the particular EF component. %PAH, percentage of predicted adult height.


For inhibition, the age by %PAH interaction was significant for males. The males’ prediction plot shows that, at a younger age, adolescents with a higher %PAH are likely to score lower than adolescents with lower %PAH. Around the age of 15, there seems to be a shift in this trend. Adolescents with higher %PAH are now more likely to have a better performance on inhibition than adolescents with lower %PAH. No significant interaction effect was found for females in inhibition. However, the females’ plot shows a similar pattern, with the shift at a slightly earlier age.

No significant interaction effect of age and %PAH was found for planning in either of the sexes. Nevertheless, the males’ plot for planning is similar to the inhibition plot, although higher scores (i.e., indicated by the yellow, orange, and red colors) are only seen at a later age. The female prediction plot indicates that at the younger ages, performance is rather low (indicated by the blue colors). It is only around the age of 14 that the scores gradually increase for planning. From this age onward, adolescents are more likely to perform better with age or %PAH.

For shifting again, the increase in EF performance with age is without interaction of biological maturation for both sexes. Shifting scores increase with age, independent of %PAH.

The prediction plot for working memory shows a different image, with marginal effects for both males and females. Here it seems that, until the age of 13–14 years old, all male adolescents score medium to high on the working memory task, without a clear distinction between those with a lower or a higher %PAH. Around the age of 14, more distinct effects of biological maturation emerges. From that age onward, male adolescents at the higher-end of %PAH are more likely to have a better performance. In contrast, male adolescents at the lower-end of %PAH have more chance to have lower scores for working memory. The females’ working memory plot shows a different pattern. Younger female adolescents with a higher %PAH seem to score lower on working memory. However, from 14 years old and onward, a high working memory score is observed, independent of the adolescents’ %PAH.




DISCUSSION

The current study explored the association of age, biological maturation and sex on EF development during adolescence. For males, age and %PAH separately are positively associated with EF performance on all four EF components (inhibition, working memory, planning and shifting). Furthermore, a significant interaction between age and %PAH was observed for inhibition and working memory, indicating that the effect of maturity varied across age. For shifting and planning, no interaction between age and %PAH was found. Age also positively influenced all four components for females, whereas maturity only influenced inhibition. The age and %PAH interaction effect only emerged for working memory, showing that females at younger ages and with lower %PAH values seem to be scoring higher, whereas at later ages, the score is similar for females with higher and lower %PAH.

The results of the current study indicate that EF performance improves with chronological age. Although a small percentage of the increase could potentially be attributed to practice effects, results are in line with previous research, indicating that EF keep developing during adolescence, although at a lower rate than during childhood (Anderson et al., 2001; Best and Miller, 2010). We observed variation in the overall % difference scores in all EF components. For shifting and working memory, relatively low differences of only 8 and 9% were observed between the oldest and youngest age group. Although other studies found a plateau for shifting performance around late childhood (12 years old) (Huizinga et al., 2006; Best and Miller, 2010), we still observed a small increase in score per year indicated by the GEE model next to the age-related differences. The relatively low level of complexity of the shifting and working memory tasks might explain this variation. More complex EF tasks are indeed documented to keep increasing at higher rates and at later ages (Miyake et al., 2000; Huizinga et al., 2006). In our study, the inhibition and planning components are based on these more complex tasks (i.e., an adapted version of the Stroop task and Tower of London task), and we also observed a difference in performance of 29% and 38% between the oldest and youngest group of adolescents.

Mixed results are observed for the influence of biological maturation in both sexes. Biological maturation significantly influences all four EF components for males and seems to explain less variance in females. Nevertheless, when the age and %PAH models are compared, a better model fit (i.e., indicated by lower QICu values) is seen for %PAH across all EF components and both sexes. There are several possible explanations for the differences between both sexes. One could be that the females in this study already passed the onset of puberty and were systematically further down their maturation process compared to the males, since higher female %PAH values were seen. Therefore, it could be that the females in this study already passed the sensitive period for changes in plasticity caused by hormonal and neural reactions. Secondly, when observing the standard deviations on the average %PAH, the variation is smaller for females than males. Although this could also indicate that females indeed are reaching the end of maturity before the males, it might also indicate that there is more variation in timing of maturity in males. When the majority of females are “on-time” maturers, it is hard to detect differences in timing of maturity, possibly explaining why biological maturation has less influence on EF performance here. In general, the different results on EF performance might indicate that the existence of sex-related differences on EF performance could not only be related to chronological age, but also to biological maturation. We suggest that future studies expand the sample size in both sexes and start measuring both biological maturation and EF performance already at a younger age (around 10 years old) up until older ages (around 18 years old), to examine this potential mechanism in more detail.

Biological maturation did not influence age-related differences in performance on shifting and planning for both sexes, but a significant interaction effect between age and %PAH was found for inhibition (males) and working memory (males and females). More specifically for the males, earlier maturing adolescents scored lower on inhibition compared to on-time and later mature adolescents, at a younger age. However, the difference seems to reduce during adolescence, and eventually, the earlier mature male adolescents outperform their later maturing peers at later ages on inhibition. For working memory, average scores were observed for young male adolescents, independent of maturity. By the end of the adolescent period, the later maturing adolescents are more likely to have a lower performance score, compared to the average to very good performance for earlier and on-time maturing adolescents. Female adolescents have slightly different results for working memory. At a younger age, earlier maturing adolescents are having lower scores, when females are older high working memory scores are observed independent of biological maturation. On both inhibition and working memory, a temporarily lower score is seen for earlier maturing adolescents. This could possibly be due to the reorganization of the prefrontal cortex, induced by sex hormones (Chaku and Hoyt, 2019; Laube and Fuhrmann, 2020), although the temporary decline in performance should eventually emerge in all adolescents at some chronological age, when puberty onset starts, a general temporary decline in score was not observed in this study. The maturation disparity hypothesis can explain why the short decrease in scores could potentially only happen to earlier maturing adolescents, because they might encounter more challenges at puberty onset than their peers, resulting in different EF scores during adolescence (Ge and Natsuaki, 2009; Laube and Fuhrmann, 2020). We should also take into account that females have a 2-year head start in their biological maturation process compared to males (Malina et al., 2004). This might explain why for working memory, an influence of biological maturation was found at the older ages for males, but not for females. The end of the adolescent period in females occurs around the age of 16–17. Since the adolescent period for males can last until 18–19 years old, it could be that similar results can be found at these ages. Detailed neuroimaging studies are required to fully comprehend the brain maturation process during adolescence for both sexes and shed light on the possible differences between early and late maturing adolescents on EF development.

The results of the current study using GEE models are promising to measure the influence of the timing of biological maturation on EF performance. Nevertheless, some limitations and future recommendations should be addressed. First, future studies should benefit by expanding the age range. Both younger age groups (closer to onset of puberty for females) and older age groups (closer to end of puberty for males) could be included to clarify the influence of biological maturation on EF performance and perhaps also indicate when the plateau of EF performance begins. Second, in the current study GEE models predict the influence of biological maturation, based on the raw scores of the individual data points of all participants. However, the majority of the participants are more likely to be maturing on-time, with only a few earlier and later maturing adolescents (compared to their same-age, same-sex peers within this sample), as is seen in a normal population. It should be noted that with each method estimation biological maturation (e.g., Khamis–Roche method), some degree of error should be taken into account. Furthermore, prediction for participants at the extreme ends of the maturation continuum (i.e., earlier or later maturing adolescents) could have a larger error rate and should be interpreted with caution. Future studies could benefit from a longer follow-up period with a wider age range and a larger sample size to investigate the interaction between EF development and biological maturation in more detail. Third, the current study used seven tasks of the CBS test battery, each with specific performance indicators. Since more research is revealing that the EF factor structure is in part dependent on the selected tasks and outcome measures (Karr et al., 2018), it would be advisable to replicate the current study with the seven EF tasks used in this study and perhaps add other EF tasks to see if the same results will hold up. Nevertheless, and in contrast with many underpowered research concerning EF factor structure, the performance indicators resulted in a four-factor structure with weighted sum scores was based on a large sample (>2,000 participants), as was established by Laureys et al. (2021). Lastly, other influential factors, such as socioeconomic status (Jacobsen et al., 2017) IQ (Ardila et al., 2000) or physical activity (Alghadir et al., 2019) could be included to further examine their role in EF performance during adolescence.

This study examined the influence of biological maturation on EF performance during adolescence. Previous research traditionally analyzed EF development in function of chronological age, but our results indicate that biological maturation should also be taken into account, and even provides a better fit when examining EF performance. This is especially the case in research where maturation could potentially clarify differences in EF development and sex differences on EF performance. However, it is also important in daily-life settings, since EF can affect academic, social, and emotional development during adolescence. The pattern of interaction between age and biological maturation differs between EF components and between both sexes, probably related to maturational timing. Inhibition and working memory are clearly affected by the timing and tempo of biological maturation, while the effect on planning and shifting was minimal.
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