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INTRODUCTION
It is widely acknowledged that children exhibit diverse morphological 
types and growth trajectories, making the evaluation of biological 
rather than chronological age an essential consideration in pediatric 
research [1]. These growth processes do not progress uniformly, as 
developmental changes occur in non-linear and individual-specific 
ways [2]. Biological maturation also plays a crucial role during child-
hood, influencing both children’s physical development and physical 
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capacities [3, 4]. Given these effects, consideration of maturation is 
essential in applied settings, allowing practitioners to align training 
loads and routines with each child’s unique developmental pace [5]. 
Among the commonly used indirect indicators of maturation, the 
maturity offset and Peak Height Velocity (PHV) provide an easy and 
cost-effective means to estimate biological age [6]. Combining this 
information, Lloyd et al. recommend PHV-based training plans 
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and BMC, with specific attention to its potential non-linear nature, 
and (2) whether BMI and maturation act as mediators in this com-
plex relationship with MC.

MATERIALS AND METHODS 
Study design
This study is based on cross-sectional data from a longitudinal study 
started in 2023 [25] and conducted in a Northern Italian region to 
evaluate the BMC and weight status of kindergarten, primary and 
middle school children. All the study procedures were approved by 
the Lombardy Regional Ethics Committee 6 (Prot. N. 0025557/25) 
and adhered to both the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) guidelines (Table S1) [26], 
and the Declaration of Helsinki [27].

Participants
Between November 2023 and April 2025, schoolchildren (5–13 years) 
from different educational institutions in North Italy were recruited 
for participation. After a thorough explanation of the study’s proce-
dures, verbal assent was obtained from the children, alongside writ-
ten informed consent from their parents or legal guardians. All 
evaluations were conducted during scheduled Physical Education 
(PE) classes. Assessments were administered by postgraduate stu-
dents in Sport Science, each of whom received detailed training and 
instructions to ensure standardized procedures. Children were in-
cluded in the study if: i) regularly attended school and PE classes, 
ii) had no contraindications or injuries that might restrict their abil-
ity to participate in physical activities and iii) understood the study 
procedures and instructions. Exclusion criteria encompassed any 
orthopedic injury within the previous six months, medical conditions 
contraindicating physical activity, or any limitation preventing par-
ticipation in PE. No academic credits were offered for participation, 
and students could withdraw of the study at any point without any 
negative consequences.

Procedures
A total of 1155 children (no missing data for all the outcomes) were 
assessed, including 665 girls (57.6 %), ranging from preschool to 
middle school. All assessments took place within the sports facilities 
of the participating schools and included both anthropometric mea-
surements and BMC evaluation. Participants were instructed to arrive 
on the day of testing having eaten only a light, traditional Italian 
breakfast. Before the start of assessments, a standardized overview 
of the study procedures was delivered to all children involved.

Anthropometric characteristics
Anthropometric assessments were conducted in accordance with the 
standards established by the International Society for the Advance-
ment of Kinanthropometry (ISAK) [28]. Participants were evaluated 
while barefoot and dressed in lightweight exercise clothing (shorts 
and T-shirt). Body mass was measured using a calibrated digital 

corresponding to the phases before, around, and after PHV to promote 
balanced physical growth [1,7].

These maturational changes are not only reflected in physical 
growth but also in the development of motor competence (MC), 
which also evolves throughout development [8]. Since maturation 
influences neuromuscular control, strength, and coordination, it plays 
a central role in shaping MC trajectories [9]. MC refers to a broad 
latent concept reflecting the degree of proficiency in motor skills and 
their underlying mechanisms, all essential for active engagement in 
sports and physical activities [9]. The relevance of MC can be sum-
marized by a theory from Stodden and colleagues [10]. Their theo-
ry concludes that poor MC in children lead to a negative spiral of 
disengagement, which leads to reduced physical activity and phys-
ical fitness, leading to a higher risk of obesity and the development 
of chronic diseases [10]. To confirm this, different studies have linked 
a higher level of MC during childhood to improved physical fitness 
and greater adherence to physical activity [11]. Moreover, others 
have observed the reverse relationship, finding that lower MC is as-
sociated with reduced activity levels and an increased risk of obesi-
ty [12, 13]. To gain a better understanding of the developmental 
foundations of MC, researchers often examine basic motor compe-
tencies (BMC), which are fundamental movements that form the ba-
sis of children’s participation in sport and physical education. [14]. 
These competencies are typically evaluated through basic tasks such 
as throwing, catching, balancing, and running, which represent the 
fundamental requirements for organized movement activities and 
foster physical literacy [15]. BMC can thus be viewed as a focused 
expression of MC, specifically designed for educational settings, em-
phasizing the essential MC required for successful participation in 
both school-related and extracurricular physical activities [16–18]. 
The progression of BMC is closely interconnected with biological 
maturation, as maturational changes in body size, proportions, 
strength, and neuromuscular control directly affect how children ac-
quire and refine motor skills [19, 20]. However, the relationship be-
tween biological maturation and BMC remains a subject of ongoing 
debate, and evidence suggests it may not be strictly linear across 
developmental stages [21]. Notably, previous studies have relied on 
linear analytical approaches [22, 23], which may oversimplify mat-
uration-related processes that are inherently non-linear, particularly 
around PHV. Such models may fail to capture phase-specific accel-
erations and decelerations in development, potentially contributing 
to inconsistent findings in the literature [24]. Moreover, excess adi-
posity is associated with lower BMC and may attenuate the positive 
effects of biological maturation [21, 24]. Despite these interconnect-
ed influences, the combined effects of biological age, Body Mass In-
dex (BMI) z-score, and BMC have rarely been explored simultane-
ously. Understanding these relationships across early and middle 
childhood is essential to design effective interventions and inform-
ing educational practice. To address this gap, the present study, an-
alyzed cross-sectional data collected from Italian schools to explore 
(1) the relationship between maturity (measured in years from PHV) 
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scale (Seca 864, Seca GmbH & Co., Hamburg, Germany) with a pre-
cision of 0.1 kg. Height was recorded to the nearest centimeter using 
a stadiometer (Seca 216, Seca GmbH & Co., Hamburg, Germany), 
with participants standing in an upright position and the head aligned 
according to the Frankfort horizontal plane. The collected measure-
ments were subsequently used to compute the body mass index 
(BMI) z-scores, according to the World Health Organization (WHO) 
Growth Standards.

Maturity offset
To estimate maturity offset, we applied Moore’s formula:

For girls:  
-7.709133 + (0.0042232 × (Age × Height))

For boys:  
Maturity Offset = -7.999994 + (0.0036124 × Age × Height).

Following this, the predicted age at PHV was calculated by sub-
tracting the maturity offset from each participant’s chronological age, 
as outlined by Kozieł and Malina and used in previous studies [6,29]. 
Based on years from PHV, participants were classified as pre-PHV 
(early maturers, -3.50 to -0.51 years), on-time (-0.50 to +0.49 years), 
or post-PHV (late maturers, +0.50 to +3.49 years).

MOBAK test
The MOBAK assessment tool measures BMC using eight distinct 
tasks, which are divided into two core domains: object manipulation 
and self-movement skills [14]. Each domain consists of four tasks 
that assess specific aspects of BMC. The object control domain in-
cludes throwing, catching, bouncing, and dribbling, while the self-
movement domain comprises balancing, rolling, jumping, and run-
ning [30]. The protocol features age-appropriate assessments tailored 
for different educational stages: MOBAK KG for preschoolers, MOBAK 
1–2 for 1st and 2nd class, MOBAK 3–4 for 3rd and 4th class, and 
MOBAK 5–6 for students in 5th class and 6th class. Each task is 
scored from 0 to 2 points, with a maximum of 8 points per domain 
and a total possible score of 16 points, reflecting overall MC. A de-
tailed description of the MOBAK test has been provided elsewhere [14] 
and in Table S3.

Statistical analysis
Descriptive characteristics were summarized as means and standard 
deviations (SD), while categorical variables were reported as frequen-
cies and percentages. To identify the most appropriate functional 
form for the association between biological maturation and BMC, 
three alternative models were compared: a linear regression, a qua-
dratic regression, and a generalized additive model (GAM) with penal-
ized splines. Model fit was evaluated using the Akaike Information 
Criterion (AIC). The quadratic model yielded the lowest AIC value 
(AIC = 6156.95), followed by the GAM (AIC = 6158.43) and the 
linear model (AIC = 6177.06), indicating that the quadratic 

specification provided the best overall fit. Based on these results, the 
association between biological maturation and BMC was evaluated 
using quadratic regression models, with maturation status considered 
as years from PHV. Both linear and quadratic terms were included 
to account for potential curvilinear relationships. Regression models 
were conducted separately for total BMC, object-movement, and 
self-movement subdomains. Two models were examined: Model 1 in-
cluded BMI z-score as a covariate, while Model 2 further adjusted 
for sex (reference: girls). Unstandardized coefficients (b), standardized 
coefficients (β), 95% confidence intervals (CI), and p-values were 
reported for all predictors. The significance threshold was set at 
p < 0.05. To further examine potential indirect pathways, a media-
tion analysis was conducted using a path model to assess whether 
BMI z-score mediated the relationship between maturation, sex, and 
MC. Standardized path coefficients and p-values were estimated, 
with statistical significance set to p < 0.05. Significant pathways 
were represented as solid lines and non-significant paths as dashed 
lines in the path diagram. To complement the continuous analyses 
based on years from PHV, maturation groups differences in total 
BMC, object-movement and self-movement scores were examined 
using analysis of covariance (ANCOVA), with maturation group as 
the fixed factor and sex included as a covariate. Assumptions of 
normality and homoscedasticity were evaluated using Shapiro-Wilk 
and Breusch-Pagan tests. When violations were detected, heteroske-
dasticity-consistent (HC3) robust standard errors were applied. Post-
hoc pairwise comparisons were conducted using estimated mar-
ginal means with Holm correction for multiple testing. Adjusted 
p-values < 0.05 were considered statistically significant. Group-wise 
results are presented graphically in Figure S1. All statistical analyses 
were performed using R software (version 4.4.0; R Foundation for 
Statistical Computing). Data visualization and diagnostic plots were 
generated using the “mgcv”, “ggplot2”, “lavaan”, “emmeans” and 
“DiagrammeR” packages.

RESULTS 
The descriptive characteristics of the total sample, divided by sex, is 
reported in Table 1. The table also presents the sex distribution across 
maturation categories (pre-PHV, around PHV, and post-PHV), show-
ing that most of both girls and boys were classified as pre-PHV (86%), 
with a higher proportion of late maturers observed among girls com-
pared with boys.

Table 2 presents the results of the quadratic regression analyses 
examining the associations between maturation status (years from 
PHV) and BMC, including total BMC, self-movement, and object-
movement subdomains. Across both models, the quadratic term for 
maturation was significantly and positively associated with all MC 
outcomes (p < 0.01), while the linear term was non-significant in 
all cases (p > 0.05), indicating a curvilinear (inverted U-shaped) re-
lationship. Specifically, the strongest quadratic association was ob-
served for total MC (Model 2: β = 0.279, p < 0.001), followed by 
self-movement (Model 2: β  = 0.266, p  <  0.001), and 
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Table 1. Descriptive characteristics of the total sample, grouped by sex.

Girls (n = 665) Boys (n = 490) All the sample (n = 1155)

Mean (95% CI)

Age (years) 9.4 (9.3, 9.5) 10.3 (10.2, 10.4) 9.8 (9.7, 9.9)

Weight (kg) 34.4 (33.6, 35.2) 38.5 (37.5, 39.4) 36.1 (35.5, 36.7)

Height (cm) 138.6 (137.7, 139.5) 144.0 (143.0, 145.0) 140.9 (140.2, 141.6)

BMI z-score 0.32 (0.23, 0.41) 0.52 (0.41, 0.64) 0.41 (0.34, 0.48)

Maturity offset (years) -2.13 (-2.24, -2.01) -2.59 (-2.70, -2.48) -2.32 (-2.41, -2.24)

Maturity status

Pre-PHV 551 (82.9%) 446 (91.0%) 997 (86.3%)

On time 46 (6.9%) 32 (6.5%) 78 (6.8%)

Post-PHV 68 (10.2%) 12 (2.4%) 80 (6.9%)

Object movement score 4.0 (3.8, 4.1) 4.9 (4.7, 5.1) 4.4 (4.2, 4.5)

Self-movement score 4.2 (4.0, 4.4) 3.2 (3.0, 3.3) 3.7 (3.6, 3.9)

Total MOBAK score 8.2 (7.9, 8.4) 8.039 (7.7, 8.3) 8.1 (7.9, 8.3)

Note: All data are presented as mean (95% confidence interval; CI). Kg, kilograms; cm, centimeters; BMI, body mass index.

FIG. 1. Association between Basic Motor Competence and maturity 
offset in children. Shading indicates the 95% confidence intervals 
of the association.

FIG. 2. Association between object- and self- movement and 
maturity offset in children. Shading indicates the 95% confidence 
intervals of the association.

object-movement (Model 2: β = 0.201, p = 0.001). BMI z-score 
showed a consistently negative and significant association with all 
MC outcomes in both models (p < 0.001), suggesting that higher 
BMI was related to lower MC. In Model 2, which included sex as an 
additional covariate, sex was a significant predictor for both self-move-
ment (β = -0.263, p < 0.001) and object-movement (β = 0.200, 
p < 0.001), with boys performing better in object-movement tasks 

and girls outperforming boys in self-movement tasks. Sex was not 
a significant predictor of total MC (p = 0.222). These associations 
have been graphically represented to improve clarity (Figure 1 and 2).

Figure 3 displays the results of the mediation analysis evaluating 
the direct and indirect effects of biological maturation (measured 
through years from PHV offset) and sex on MC, with BMI z-score in-
cluded as a potential mediator. To identify the most appropriate 
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TABLE 2. Quadratic regression analysis between basic motor competencies (object-, self- movement and the sum of the two) with 
maturation status (peak height velocity) in children of primary and middle school.

Model 1 Model 2

b (95% CI) β P b (95% CI) β P

Basic motor
competencies

Maturation – Linear (years) 0.039 (-0.259, 0.338) 0.016 0.796 0.022 (-0.278, 0.322) 0.009 0.885

Maturation – Quadratic (years) 0.202 (0.116, 0.288) 0.281 < 0.001 0.2 (0.114, 0.287) 0.279 < 0.001

BMI z-score -0.585 (-0.747, -0.424) -0.199 < 0.001 -0.578 (-0.74, -0.416) -0.196 < 0.001

Sex (boys) // // // -0.251 (-0.654, 0.152) -0.035 0.222

Self-
movement

Maturation – Linear (years) 0.048 (-0.129, 0.225) 0.033 0.595 -0.03 (-0.201, 0.141) -0.020 0.731

Maturation – Quadratic (years) 0.119 (0.068, 0.17) 0.279 < 0.001 0.113 (0.064, 0.162) 0.266 < 0.001

BMI z-score -0.383 (-0.479, -0.288) -0.220 < 0.001 -0.35 (-0.442, -0.258) -0.200 < 0.001

Sex (boys) // // // -1.131 (-1.361, -0.902) -0.263 < 0.001

Object-
movement

Maturation – Linear (years) -0.008 (-0.195, 0.178) -0.006 0.929 0.052 (-0.131, 0.235) 0.035 0.623

Maturation – Quadratic (years) 0.083 (0.029, 0.137) 0.191 0.003 0.087 (0.035, 0.14) 0.201 0.001

BMI z-score -0.202 (-0.303, -0.101) -0.113 < 0.001 -0.228 (-0.327, -0.129) -0.128 < 0.001

Sex (boys) // // // 0.88 (0.634, 1.127) 0.200 < 0.001

Model 1 was adjusted only by BMI z-score. Model 2 was adjusted for BMI z-score and sex (reference girls). b = beta unstandardized 
coefficients. β = beta standardized coefficients. CI, confidence interval; BMI, Body Mass Index.

FIG. 3. Path diagram of the mediation analysis examining the indirect and direct effects of biological maturation (PHV offset) and sex 
on motor competence, with BMI z-score as a mediating variable. Significant pathways are indicated by solid lines (p < .05; p < .001), 
and non-significant paths are shown with dashed lines.

structural model, we compared a full mediation model (excluding 
the direct pathway from maturation to motor competence) with a par-
tial mediation model in which both direct and indirect effects were 
specified. The chi-square comparison indicated that removing the 
direct pathway significantly reduced model fit (Δχ²(1) = 69.18, 
p < .001), supporting retention of the partial mediation structure. 
The final model was saturated (df = 0), meaning that traditional 
global fit indices cannot be interpreted because saturated models re-
produce the observed covariance matrix exactly [31]. Therefore, in-
terpretation is based on the nested model comparison and the sta-
tistical significance of individual pathways. Maturation had a significant 
direct negative association with MC (β = -0.24, p < .001), while it 
was not indirectly related to MC through BMI z-score. No significant 
relationship between maturation and BMI z-score was found, 

however, BMI z-score itself had a significant negative association 
with MC (β = -0.20, p < 0.001), indicating that higher BMI was 
related to lower MC. Sex was significantly associated with BMI z-
score (β = 0.08, p < 0.05), with boys showing higher BMI z-scores 
than girls, but had no significant direct effect on MC, nor an indirect 
effect through BMI z-scores. Overall, the mediation model highlights 
that BMI z-score does not mediate the relationship between matu-
ration and MC. Sex, while influencing BMI, does not have a signifi-
cant impact on MC in this model. Table S2 presents the parameter 
estimates from the mediation model, including direct, indirect, and 
total effects with bootstrapped confidence intervals.

Figure S1 illustrates adjusted group differences in BMC outcomes 
across pre-PHV (early maturers), on-time and post-PHV (late matur-
ers). For object-movement skills, early maturers scored significantly 
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used by Dos Santos et al. [23] focuses more on the evaluation of co-
ordination rather than simple basic movements. Therefore, the diver-
gence between our findings and those of Dos Santos et al. [23] may 
differ not only from model specification (linear vs non-linear) but also 
from the specific construct of MC measured. Whereas coordination 
tests emphasize complex, learned movement patterns, BMC assess-
ments reflect underlying control and body management abilities. In 
addition, when considering our results for the two MOBAK domains 
separately, the non-linear pattern appeared more pronounced for self-
movement than for object-control skills. Specifically, self-movement 
scores exhibited a steeper U-shaped trajectory across maturation, 
suggesting that these abilities are more sensitive to maturational 
transitions, specifically around the PHV period. However, the high-
er BMC observed in pre- and post-PHV children should not be inter-
preted as a true developmental advantage of one group over the oth-
er, but rather as the result of a  temporary reduction in motor 
competence around the PHV period. This interpretation is further 
supported by the categorical analyses, which showed that early ma-
turers consistently displayed higher BMC scores than their on-time 
peers across all outcomes, whereas differences between late and on-
time maturers were generally small and non-significant. Notably, the 
largest group differences emerged for self-movement skills, suggest-
ing that maturational transitions may particularly affect body man-
agement and balance-related abilities. An alteration in motor coor-
dination around peak height velocity has been reported in the literature 
and is referred to as adolescent motor awkwardness [34]. Adoles-
cent awkwardness is described as a transient and individual disrup-
tion of motor coordination around PHV, potentially linked to asyn-
chronous growth and temporary neuromuscular reorganization, 
despite the lack of a unified definition in the literature [1]. Although 
these explanations are frequently cited in the literature, they do not 
fully clarify the nature or boundaries of the phenomenon [35]. An-
other interesting result of our study is that, overall, boys outperformed 
girls in the BMC. However, as shown in our previous analysis [25], 
even when compared by age, boys typically performed better in ob-
ject-related tasks, while girls showed comparable or slightly better 
performance in self-movement in the Italian context. Another rele-
vant finding of the present study is that, while both maturation and 
BMI z-score were independently associated with BMC, the strength 
or direction of this relationship was not altered by BMI z-score. These 
results suggest that the maturational influence on BMC is relatively 
consistent across the spectrum of ponderal status, with the observed 
curvilinear (U-shaped) trajectory remaining consistent irrespective 
of overweight children. To date, few studies have explicitly tested 
whether BMI z-score or other indicators of adiposity moderate the 
link between maturity and motor performance. Research has pre-
dominantly focused on main-effect associations, showing that over-
weight and obesity are negatively related to motor coordination and 
movement proficiency [10,36,37]. For example, Martins et al. [24] 
observed inverse associations between BMI z-score and MC in pre-
schoolers but did not find evidence of differential patterns across 

higher than on-time maturers (mean difference = 0.68, p = 0.014), 
whereas no significant differences were observed between early and 
late (p = 0.318) or between late and on-time maturers (p = 0.318).

For self-movement skills, early maturers outperformed both late 
(mean difference = 0.79, p = 0.001) and on-time maturers (mean 
difference = 0.85, p = 0.001), while no difference emerged be-
tween late and on-time groups (p = 0.847). Similarly, total BMC 
scores were higher in early maturers compared with both late (mean 
difference = 1.10, p = 0.007) and on-time maturers (mean differ-
ence = 1.53, p < 0.001.

DISCUSSION 
The aim of this study was to explore potentially how biological mat-
uration is related to BMC in early and middle childhood. Our results 
showed that a quadratic, U-shaped relationship better explained the 
relationship between BMC and maturation: BMC were higher in 
pre- and post-PHV children, but lower in their “on-time” peers. This 
pattern suggests that BMC do not follow a linear trajectory with bio-
logical age during the PHV period. A secondary aim of this study 
was to examine whether ponderal status could act as a mediator in 
the relationship between maturation and BMC. Although both mat-
uration and BMI z-score were significantly related to BMC, the me-
diation analysis indicated that BMI did not significantly mediate the 
association between maturation and BMC. This suggests that while 
higher BMI is generally associated with lower MC, the maturational 
effects on MC occur largely independently of BMI, pointing toward 
other biological or neuromuscular mechanisms as primary drivers of 
this non-linear pattern.

Analyzing the association between different outcomes using non-
linear models is increasingly recognized as crucial in life-science re-
search [32]. Linear approaches often fail to capture the variability 
and adaptive fluctuations characteristic of human development. In 
line with this perspective and with our results, recently Bandeira et al. 
proposed [33] an alternative view of MC as a more complex model 
to the traditional linear approach. The authors propose a multilayer 
framework, which clearly shows that MC should be understood as 
an emerging property of a complex system, in which biological fac-
tors (maturation, body composition), behavioral factors (activity lev-
els, motivation), cognitive factors (perception of competence, self-ef-
ficacy), and environmental factors (practice opportunities, socio-cultural 
context) interact in a dynamic and non-linear way [33]. Within this 
framework, our findings emphasize the dynamic instability around 
the PHV period, likely reflecting temporary disruptions in coordina-
tion and neuromuscular control due to rapid growth. In line with our 
results, Sheehan & Lienhard [22] reported a decline in MC immedi-
ately after PHV for both boys and girls. Conversely, considering a mul-
tilevel linear model, Dos Santos et al. [23] reported an increase in 
gross MC with increased maturation. These differences from our re-
sults, aside from the use of a linear model, might be attributable to 
the methodology used to assess MC. While we used a test that al-
lows the assessment of BMC, the KöperkoordinationsTest für Kinder 
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maturational stages. Similarly, longitudinal analyses have demon-
strated that overweight children exhibit consistently lower coordina-
tion levels over time, yet the maturational status of MC remains large-
ly unchanged [37, 38]. Collectively, these findings and the current 
results indicate that, during middle childhood, body composition and 
biological maturation exert parallel rather than interactive effects on 
motor development.

Nonetheless, some limitations should be acknowledged. The cross-
sectional design precludes causal inference regarding the temporal 
sequence between maturation, overweight children, and MC. Lon-
gitudinal data would be required to confirm whether the observed 
U-shaped pattern persists across developmental transitions. The es-
timation of biological age using maturity offset equations, while prac-
tical and widely used in field settings, may introduce measurement 
error compared to radiographic or hormonal markers. Additionally, 
the sample, although large, was regionally confined to Northern It-
aly, and cultural or environmental factors influencing children’s move-
ment opportunities may limit the extrapolation of results to other 
populations. Physical activity levels and training age beyond school 
physical education were not assessed and should be considered in 
future studies. Finally, while BMI z-score was included as a proxy 
for overweight children (adiposity), it does not distinguish between 
fat and lean mass; future research should incorporate more precise 
measures of body composition, such as skinfold thickness or bio-
impedance analysis.

However, we should acknowledge several strengths of our study. 
First, it is among the few to investigate the non-linear association 
between biological maturation and BMC in a large sample of school-
aged children. The inclusion of both sexes and a broad age range, 
including pre- to post-PHV stages, enhances the generalizability of 
the findings across early and middle childhood. Moreover, the use 
of the MOBAK test battery allowed for an ecologically valid assess-
ment of BMC directly relevant to the educational context, providing 
a clear picture of children’s functional MC. The analytical approach, 
incorporating quadratic regression and mediation modeling, further 
represents a methodological strength, as it captured non-linear 

developmental dynamics often overlooked by traditional linear 
models.

CONCLUSIONS 
The present study demonstrates a non-linear, U-shaped association 
between biological maturation and BMC, with on-time maturers 
showing lower BMC compared to their pre- and post-PHV peers. 
Moreover, while both maturation and BMI z-score were indepen-
dently associated with MC, BMI did not mediate or moderate this 
relationship, suggesting that maturational effects on motor perfor-
mance are largely independent of excess weight status. Further stud-
ies are needed to evaluate whether body fat, rather than ponderal 
status, could mediate this relationship. From a practical insight, these 
findings emphasize the importance of recognizing the PHV period as 
a sensitive developmental window. Tailored interventions focusing 
on coordination, balance, strength and movement variability during 
this phase may help counteract temporary declines in motor profi-
ciency and support the consolidation of BMC. Such targeted ap-
proaches could promote long-term physical literacy and enhance 
sustained engagement in physical activity across childhood and 
adolescence.
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SUPPLEMENTARY MATERIALS

Table S1. Reporting checklist for cross sectional study.

Reporting Item Page Number
Title and abstract

Title #1a Indicate the study’s design with a commonly used term in the title or the abstract 1

Abstract #1b Provide in the abstract an informative and balanced summary of what was done and 
what was found

1–2

Introduction

Background / rationale #2 Explain the scientific background and rationale for the investigation being reported 2

Objectives #3 State specific objectives, including any prespecified hypotheses 3

Methods

Study design #4 Present key elements of study design early in the paper 4

Setting #5 Describe the setting, locations, and relevant dates, including periods of recruitment, 
exposure, follow-up, and data collection

5

Eligibility criteria #6a Give the eligibility criteria, and the sources and methods of selection of participants. 4

#7 Clearly define all outcomes, exposures, predictors, potential confounders, and effect 
modifiers. Give diagnostic criteria, if applicable

4–5

Data sources /
measurement

#8 For each variable of interest give sources of data and details of methods of assessment 
(measurement). Describe comparability of assessment methods if there is more than one 
group. Give information separately for for exposed and unexposed groups if applicable.

4–5

Bias #9 Describe any efforts to address potential sources of bias 6

Study size #10 Explain how the study size was arrived at n/a

Quantitative variables #11 Explain how quantitative variables were handled in the analyses. If applicable, describe 
which groupings were chosen, and why

6

Statistical methods #12a Describe all statistical methods, including those used to control for confounding 6

Statistical methods #12b Describe any methods used to examine subgroups and interactions n/a

Statistical methods #12c Explain how missing data were addressed 4

Statistical methods #12d If applicable, describe analytical methods taking account of sampling strategy n/a

Statistical methods #12e Describe any sensitivity analyses 6

Results

Participants #13a Report numbers of individuals at each stage of study—eg numbers potentially eligible, 
examined for eligibility, confirmed eligible, included in the study, completing follow-up, 
and analysed. Give information separately for for exposed and unexposed groups if 
applicable.

7

Participants #13b Give reasons for non-participation at each stage n/a

Participants #13c Consider use of a flow diagram n/a

Descriptive data #14a Give characteristics of study participants (eg demographic, clinical, social) and information 
on exposures and potential confounders. Give information separately for exposed and 
unexposed groups if applicable.

7

Descriptive data #14b Indicate number of participants with missing data for each variable of interest 4

Outcome data #15 Report numbers of outcome events or summary measures. Give information separately 
for exposed and unexposed groups if applicable.

n/a

Main results #16a Give unadjusted estimates and, if applicable, confounder-adjusted estimates and their 
precision (eg, 95% confidence interval). Make clear which confounders were adjusted 
for and why they were included

7–8

Main results #16b Report category boundaries when continuous variables were categorized n/a

Main results #16c If relevant, consider translating estimates of relative risk into absolute risk for a meaningful 
time period

n/a

Other analyses #17 Report other analyses done-e.g., analyses of subgroups and interactions, and sensitivity 
analyses

n/a
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https://www.goodreports.org/reporting-checklists/strobe-cross-sectional/info/#12d
https://www.goodreports.org/reporting-checklists/strobe-cross-sectional/info/#12e
https://www.goodreports.org/reporting-checklists/strobe-cross-sectional/info/#13a
https://www.goodreports.org/reporting-checklists/strobe-cross-sectional/info/#13b
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https://www.goodreports.org/reporting-checklists/strobe-cross-sectional/info/#16b
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TABLE S2. Mediation Model Examining the Relationships Between Maturity Offset, BMI z-score, Sex, and Basic Motor Competencies.

1° Outcome 2° Outcome Estimate (95% CI) p-value
Maturity offset BMI z-score -0.040 (-0.078, 0.010) 0.153
Sex BMI z-score 0.076 (0.026, 0.326) 0.015
BMI z-score Basic motor competencies -0.200 (-0.758, -0.410) < .001
Maturity offset Basic motor competencies -0.240 (-0.752, -0.462) < .001
Sex Basic motor competencies -0.038 (-0.685, 0.132) 0.200
Indirect effect / -0.040 (-0.078, 0.010) 0.166
Direct effect / 0.076 (0.026, 0.326) < .001
Total effect / -0.200 (-0.758, -0.410) < .001

FIG. S1. Adjusted group differences in movement scores by maturation status.
Distributions of objective movement, self-reported movement and total scores are shown using violin plots with overlaid boxplots 
(median and interquartile range). Pairwise differences between maturation groups were evaluated using ANCOVA with sex as a covariate 
and Holm correction for multiple comparisons. Brackets indicate adjusted significance levels.

Table S1. Continue

Reporting Item Page Number

Discussion

Key results #18 Summarise key results with reference to study objectives 9

Limitations #19 Discuss limitations of the study, taking into account sources of potential bias or imprecision. 
Discuss both direction and magnitude of any potential bias.

11

Interpretation #20 Give a cautious overall interpretation considering objectives, limitations, multiplicity of 
analyses, results from similar studies, and other relevant evidence.

10–11

Generalisability #21 Discuss the generalisability (external validity) of the study results 11

Other Information

Funding #22 Give the source of funding and the role of the funders for the present study and, if 
applicable, for the original study on which the present article is based

n/a

https://www.goodreports.org/reporting-checklists/strobe-cross-sectional/info/#18
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TABLE S3. Summary of MOBAK battery items.

Compe-
tence

Item Section Description

O
bj

ec
t 

m
ov

em
en

t

throwing MOBAK KG Throw a juggling balls six rounders from a scratch line marked 1.5 m in front of the target 
placed at 1.1 m height on a wall

MOBAK 1–2 Throw juggling balls six rounders from a scratch line marked 2.0 m  in front of the target 
placed at 1.3 m height on a wall

MOBAK 3–4 Throw juggling balls six rounders from a scratch line marked 3.0 m  in front of the target 
placed at 1.3 m height on a wall

MOBAK 5–6 Throw juggling balls six rounders from a scratch line marked 3.5 m  in front of the target 
placed at 1.3 m height on a wall

catching MOBAK KG Catch the ball after the bounce about 1.1 m up on the floor before it falls to the ground
MOBAK 1–2 Catch a rubber ball after a bounce on the ground.
MOBAK 3–4 Throw a ball in the air behind the first line, follow the ball and catch it before it falls to the 

ground behind the second line.
MOBAK 5–6 Throws a tennis ball at the wall and catch it directly when still in the air.

bouncing MOBAK KG Bounce continuously the ball to the floor with both hands and catch it again without losing 
the ball

MOBAK 1–2 Bounce a a basketball ball (N°3) through the corridor (5.0 m × 1.0m)
MOBAK 3–4 Bounce a basketball ball (N°3) through the corridor (7.0 m × 1.4 m) with four obastacles.
MOBAK 5–6 Bounce a basketball ball (N°6) quickly back and forth through an obstacle course with 

obstacle (8.0 m × 1.1 m)
dribbling MOBAK KG Dribble a football ball along a corridor until the finish line without losing the ball

MOBAK 1–2 Dribble a  football ball (N°4) along a corridor (5.0 m × 1.0 m) until the finish line without 
losing the ball 

MOBAK 3–4 Dribble a football ball (N°4) along a corridor (7.5 m × 1.4 m) with obstacles until the turning 
point and then back again without losing the ball

MOBAK 5–6 Dribble a football ball (N°4) quickly back and forth through an obstacle course (8.0 m × 1.1 m).

Se
lf-

m
ov

em
en

t

balancing MOBAK KG Balances forward over a reversed long bench from the first marking to the second marking, 
touch it and then balances backwards back to the first marking.

MOBAK 1–2 Balance forwards and backwards across a see-sawing long bench
MOBAK 3–4 Balance forwards and backwards over the long bench with 2 obstacles of 6 cm high
MOBAK 5–6 Balance forwards and backwards over the long bench with 2 obstacles of 12 cm high

rolling MOBAK KG From a squat down position, perform a roll forward on the downwardly inclined plane and 
come to a standstill on feet in one flow

MOBAK 1–2 From a squat position, perform a roll forward, with your hands placed on the mat.
MOBAK 3–4 Performs a roll forward over 2 longitudinal box pair
MOBAK 5–6  From a two-legged stand position, perform a perform a diving forward roll over the Box and 

come to the starting position
Jumping MOBAK KG From two-legged stand position behind the starting line continuously jump on one leg until 

the end line. Afterwards turn and jump on the other leg back to the starting line.
MOBAK 1–2 Jump continuously across 4 tiles placed onthe floor, between the tiles standing on one foot 

while beneath the tiles jumping with straddled legs.
MOBAK 3–4 Skip the rope without interruption for 20 seconds in place
MOBAK 5–6 Skip the rope 20s with changing rhythms at 10s

Running MOBAK KG Run forward in a corridor to the wall touching it and run backwards to the start line for two 
times

MOBAK 1–2 Run fluently sideways from the first marker to the second on a 3.0 m line
MOBAK 3–4 Run forward and sideways in a rectangular space (2.0 m × 4.0 m)
MOBAK 5–6 Run forward and sideaway in a square space (4.0 m × 4.0 m) with three steps in each hoop 

placed on the floor when running forward
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