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Mapping relationships among gross
motor skills in 16,989 children
using network analysis
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Giovanni MusellaZ> & Daniele Magistro*™

The development of gross motor skills during childhood is crucial for shaping more complex
movements and laying the groundwork for physical activity, and subsequently lifelong health and
enhanced well-being. Performance in motor skills improves throughout development, with the
greatest improvements occurring during childhood. Understanding the relationships between
developing gross motor skills is essential for informing educational and intervention practices. A

total of 16,989 children aged 3-11 years underwent assessment of gross motor skills. Using network
analysis, gross motor skills networks were constructed for the entire sample, and stratified by age and
sex. The accuracy and stability of the networks were assessed, and centrality and bridge statistics were
estimated for each node. The results indicated that running and two-hand catching exhibited higher
centrality and bridge statistics compared to the other nodes in the all-sample network. Additionally, it
was observed that the strength between nodes decreased and their distance increased with age. These
results highlight the importance of specific gross motor skills due to their significant role in relation

to other skills within the network. Gross motor skills progress towards increased independence and
specialisation during development, indicating the importance of early educational interventions where
children could benefit from educational practices focused on catching and running.
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Early childhood is an essential period for the development of gross motor skills'. These gross motor skills involve
acquiring control over and effectively using large muscle groups to produce controlled movements?. In essence,
gross motor skills encompass full-body movements and they form movement patterns designed to achieve
specific aims*%. These skills encompass a wide range of movement patterns, which can be broadly categorized
into locomotor skills (e.g., running, hopping, jumping etc.) and ball/object control skills (e.g., throwing,
catching, and kicking a ball). The acquisition of these skills holds significance for various aspects of daily life.
For example, those young people with higher levels of gross motor skills are more likely to be physically active®,
not least due to greater (perceived) competence for many physical activities. Subsequently, gross motor skills are
also important for a range of positive outcomes, including: fostering and sustaining physical fitness®, preventing
children’s obesity’, promoting lifelong health®, nurturing social and emotional well-being®, enhancing adaptive
skills'’, enhancing cognitive abilities'! !> and influencing academic achievements'*!®. The development of these
gross motor skills is also crucial since they underpin the development of more complex movements>!® and the
development of activity and sport-specific abilities.

Given the importance of gross motor skill development in young people, investigating the relationships
between the development of different gross motor skills is vital. Furthermore, understanding how the
relationships may change over time can further shed light on the high variability that children exhibit during the
development of gross motor skills'”, and how this development may be important for motor-related problems,
such as developmental coordination disorder'®!”. Indeed, during development many factors such as expertise,
body changes due to growth, and biomechanical changes affect children’s motor skills?®. This is important to
understand, given that it is hypothesised that gross motor skills follow a developmental sequence progressing
from simple to more complex skills, with aspects of gross motor skills (e.g., arm swing during running)
underpinning the development of more ‘complex’ skills (e.g., skipping)®.
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It is known that the performance of motor skills increases during development and as a result of ageing?!.
Specifically, evidence suggests that the greatest improvements are achieved during childhood?, and this
development consistently has a major role in determining motor competence?*. The development of motor skills
with ageing is influenced by various factors, including body proportions, maturation, and the availability of
practice opportunities®»?. Roughly 75% of pre-school children can proficiently master the skill of running,
while many of the other abilities such as galloping, hopping, jumping, striking, catching, kicking, and throwing
are still in the process of development!. By the age of 7, it is anticipated that these skills will have reached an
adequate level of competency, coinciding with the point at which children typically begin to participate in more
specific physical activities®. Alongside age, it is also important to consider how sex influences the development of
motor skills. Whist it has been suggested that males are more proficient in ball skills and females more proficient
in locomotor skills?*~?%, a recent meta-analysis indicated that males and females have similar competence for
locomotor skills, while males tend to display greater object manipulation skills?®. It has been hypothesised that
these differences in performance may be due to the different kind of activities that males and females typically
participate in?®. However, to date, how age and sex affect the relationships between gross motor skills has not
been examined.

Therefore, the aim of the present study was to analyse the relationships and interactions between gross motor
skills in pre-school and school aged-children. Specifically, this study aimed to: i) understand which gross motor
skills act as a central component in the relationships between gross motor skills; ii) understand how relationships
among gross motor skills change during development; and iii) understand whether the interactions between
gross motor skills are different between boys and girls.

Methods

Procedure

The study was conducted in accordance with the Declaration of Helsinki and following ethical approval (Ethical
committee—Torino University—ID100949), 16,989 children (51% female) aged 3-11 years (7.26 £2.19 years)
from 122 pre-schools and primary schools in the north of Italy participated in the study. A written informed
consent form was completed by parents/guardians, and verbal assent was gained from participating children.
Gross motor skills were assessed with the Test of Gross Motor Development—Third Edition (TGDM-3)>-31,
The TGMD-3 was administered in schools (typically in a gym/sports hall) during normal school hours. The
TGMD-3 assesses two gross motor skill dimensions according to its two subscales: the Locomotor skills (Ls)
subscale (run, gallop, hop, horizontal jump, skip, slide) and the Ball skills (Bs) subscale (one hand forehand
strike of self-bounced tennis ball, kick a stationary ball, overhand throw, underhand throw, two hand strike of
a stationary ball, one hand stationary dribble, two hand catch). During the assessment, each skill is observed
and evaluated using qualitative performance criteria (3-5 performance criteria per skill). For each criterion, a
score of 1 is awarded if it is fulfilled, and a score of 0 if it is not. The TGMD-3 was administered in accordance
with the original authors’ recommendations®! and took approximately 20 min per child. Each skill was evaluated
twice within the same testing session, immediately following the practice trial. There was no extended time lag
between the two formal trials, as they were conducted consecutively to maintain consistency in evaluation and
minimise potential external influences on performance. Each child’s performance was observed and scored in
real time by two independent testers, who were randomly paired for each assessment session. The agreement
between the scores recorded by the two testers exceeded 95%. To assess inter-rater agreement for all TGMD-
3 criteria, Cohen’s kappa®* was calculated, with values ranging from 0.8 to 1, indicating excellent to almost
perfect agreement. Additionally, inter-rater reliability for the final TGMD-3 score was evaluated using a two-way
random intraclass correlation (absolute agreement), with coefficients above 0.90, signifying excellent reliability.
The locomotor subscale has a maximum score of 46, and the ball skill subscale a maximum score of 54, yielding a
total score out of 100. The TGMD-3 has been shown to have strong construct validity and reliability in measuring
gross motor skills in children®.

Preliminary analysis

As a preliminary analysis, we performed a MANOVA to assess whether participants’ sex and age affected gross
motor skills. Sex and age were used as independent variables to investigate their combined and interactive
effects on gross motor skills, which served as the dependent variable. MANOVA is designed to assess differences
across multiple dependent variables simultaneously, offering valuable exploratory insights for subsequent
network analysis, as this approach models the variables together. The multivariate test indicated an interaction
of sex and chronological age (Hotellings trace=1.54, F ) 13,6 =1007.16, p<0.001), which was observed in
all individual skills of the TGMD-3: Run (F =2480.17, p<0.001); Gallop (F(2 16986) =2702.72, p<0.001);
Hop (F, g6 =3201.57, p<0.001); Skip (F, )=2606.86, p<0.001); Horizontal jump (F, ¢4, =2051.86,

p<0. 001) Slide (F,, 2.16986) = 2608.49, p <0. 001) Two-hand strike of a stationary ball (F (2,16986) —2720 05,p<0.001);

Forehand strike of self-bounced (F(2 L6086) = 4037.14, p <0. 001); One-hand dribble statlonary (F (2,16986) = 0348.29,

p<0.001); Two-hand catch (F(2 L6086 = 3814.53, p<0.001); Kick a stationary ball (F(2 16986) = 3819.99, p<0.001);

Overhand throw (F (2.16086) = 1903.55, p<0. 001); and Underhand throw (F 216086 = 267044, p<0. 001).

Accordingly, our subsequent analyses were performed considering age (stratified as 3-5, 6-8 and 9-11 years
old) and sex. TGMD-3 scores of the sample, split by age and sex, are depicted in Fig. 1. Age was stratified
into three groups to minimize variability within each group. The selected age ranges were chosen to effectively
capture developmental differences, facilitating statistically significant comparisons. The stratification of ages
3-5, 6-8, and 9-11 years is based on well-established psychological and physical developmental milestones.
Psychologically, these divisions align with Erikson’s psychosocial development theory, where children progress
from initiative vs. guilt (ages 3-5), industry vs. inferiority (ages 6-8), and early identity formation (ages 9-11),
shaping autonomy, academic self-efficacy, and peer interactions®>**. Physically, motor skill development follows

(2,16986)
(2,16986)
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Fig. 1. Violin plots of samples according to age strata and sex for each TGMD-3 subscale.

a structured trajectory: children aged 3-5 refine fundamental movement skills such as running and jumping;
those aged 6-8 enhance coordination, agility, and sports-related activities; while those aged 9-11 develop greater
strength, endurance, and fine motor proficiency due to early pubertal changes™.

Network construction

Network analysis provides an effective tool for grasping intricate and abstract structures like relationships and
interactions, offering an intuitive way to understand them?®®%. In a network, variables are referred to as “nodes’,
connected by “edges” that can be weighted, with a higher weight indicating a stronger connection to a given
node than an edge with a lower weight. Additionally, in undirected networks, this relationship is bi-directional.
The nodes in the network for the present study comprise the skills measured using the TGMD-3, and their
relationships are demonstrated by weighted and undirected edges that mirror the regularised partial correlations
between them. These partial correlations are derived through the estimation of a Gaussian Graphical Model*®
using a variant of the least absolute shrinkage and selection operator (LASSO) called graphical LASSO%. This
technique reduces the occurrence of false positive connections by eliminating edges with values that are nearly
zero***!, The optimal model fitting is determined by selecting a tuning parameter through the minimization
of the Extended Bayesian Criterion (EBIC), which is then controlled by a parameter y*°. This approach helps
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to identify the best-fitting model and ensures that the model is neither overfit nor underfit and the EBIC index
is used to measure the trade-off between model fit and model complexity*?. In our study, y was set at 0.25 in
accordance to the guidance provided by Epskamp*®. Unlike direct calculations of partial correlations, graphical
LASSO is useful for improving network sparsity>®, emphasizing the most relevant and reliable relationships*.

Network statistics

We computed centrality and bridge centrality statistics for each network, evaluating Strength centrality,
Closeness centrality, and Betweenness centrality, along with their corresponding bridge centrality statistics*>+.
Strength centrality measures a node’s communication ability based on its number of neighbours and the strength
of its connections. Closeness centrality indicates the shortest path between a node and all other reachable nodes
in the network, reflecting the node’s proximity to others. Betweenness centrality measures a node’s importance
as a bridge between other nodes in the network. Bridge centrality statistics consider network communities,
which represent subsets of highly interconnected nodes” or a theoretically based group of nodes*. In our
analyses, nodes were divided into two communities: Locomotor Skills and Ball Skills, as per the design of the
TGMD-3%. Bridge centrality statistics encompass Strength centrality, Closeness centrality, and Betweenness
centrality measures, but they specifically focus on a node’s relationships with communities outside its own.
Bridge Strength assesses a node’s overall and direct connectedness to nodes in different communities. Bridge
Betweenness measures how frequently a node falls on the shortest path between nodes belonging to separate
communities. Bridge Closeness calculates the average distance between a given node and all other nodes outside
its own community®’. Centrality measures have been calculated as specified by Opsahl et al.*8, considering the
absolute values of the edges. The shortest path has been determined using Dijkstra’s algorithm®.

We estimated 95% Confidence Intervals (CIs) for each statistic by conducting 1000 non-parametric
bootstraps for each network and calculating bootstrapped Cls for each statistic®. These CIs were used to evaluate
the accuracy of the results, network statistics where the CIs do not span zero were considered accurate and
reproducible. Additionally, we utilised the CIs to evaluate the differences between the groups in terms of network
statistics, identifying significant differences where the ClIs did not overlap. We used this approach to compare
age groups and sex. Accordingly, in the presentation of the results, we report the average bootstrap values and
the respective CIs. The stability of the networks’ indices was assessed via case-dropping subset bootstrap and
the correlation stability coefficient (CS(cor=0.70)), which indicates the highest proportion of cases that can
be randomly dropped while maintaining a correlation>0.70 with the original network statistics with 95%
confidence. Values of the correlation stability coefficient >0.25 were considered as acceptable’®.

To the best of our knowledge, this study represents the first attempt to use this approach for comprehending
the relationships among gross motor skills; therefore, we regarded all analyses as exploratory. Statistical analyses
were performed with R, using the qgraph®' and bootnet>® packages. Regularized partial correlations for each
network have been provided as supplementary material (Table S1 to Table S10). Additionally, partial correlations
between variables, calculated without regularisation, have been provided for comparison (Table S12 to Table
S21).

Results

All-sample network

The all-sample network (N =16,989) is depicted in Fig. 2. Results indicated a good network stability (Fig. 3a) and
every network statistic showed a correlation stability coefficient>0.25.

Figure 4 illustrates the centrality and bridge centrality statistics of the all-sample network. All nodes displayed
non-zero values within their CIs for strength and closeness centrality, as well as for bridge strength and bridge
closeness (Fig. 4). However, this was not the case for betweenness centrality and bridge betweenness, and some
nodes had zero in their CIs; specifically, hopping, skipping, horizontal jumping, kicking, and overhand throwing
for betweenness centrality; and hopping, skipping, horizontal jumping, forehand striking, kicking stationary
ball, and overhand throwing for bridge betweenness. This suggests poor accuracy of these values and calls for
caution in their interpretation. Detailed mean values of the network statistics and their corresponding CIs for
both the all-sample network and the age groups networks are reported in detail in Table 1.

Based on our findings, hopping displayed higher strength centrality than other nodes, followed by forehand
striking and running. This suggests that these nodes have stronger connections with their neighbouring nodes
(Fig. 4). Additionally, two-hand catching, running, and one-hand stationary dribbling exhibited higher values of
closeness centrality than other nodes, indicating they were closer to all other nodes in the network; as evidenced
by their centrality in the network (Fig. 2). This suggests that these motor skills are more closely related to all other
nodes. Furthermore, in terms of betweenness centrality, two-hand catching had higher values than other nodes,
followed by running and one-hand stationary dribbling (Fig. 4), representing important “bridges” between other
nodes in the network. These results suggest the importance of these nodes in the all-sample network, as they
exhibit stronger, closer relationships with other nodes and play crucial linking roles.

Regarding bridge centrality statistics, two-hand catching exhibited higher values of bridge strength than
all other nodes, followed by running, and hopping (Fig. 4). This indicates that these nodes have the strongest
direct connections to the other community (i.e., two-hand catching had the greatest relationship on locomotor
skills, and running and hopping had the greatest relationship on ball skills). Nodes with non-zero values of
bridge betweenness are highlighted in Table 1. Two-hand catching exhibited the highest values of bridge
betweenness, followed by one-hand stationary dribbling and running. This highlights the role of two-hand
catching in connecting nodes from two different communities, serving as the most important bridge between
them. Running, even if with a lesser value, serves as the counterpart among Locomotor skills.
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Fig. 2. Network of the whole sample. Each node represents a measure of TGDM-3, the edges are represented
by blue (positive correlation) or red dashed (negative correlation) lines, the connection weight is represented
by the thickness of the line. Nodes that are more strongly connected are positioned closer together, while
nodes with weaker connections are placed further apart. Network with fixed node positions is provided as
supplementary material (Figure S1).

Network comparisons by age

Figure 5 presents the networks stratified by age (N375y: 3525, N, =7882, Ny ;; =5582). These networks
demonstrated good stability (Fig. 3). Additionally, all of the statistics displayed a CS(cor=0.70)>0.25, with
the 3-5 and 9-11 age groups showing the lowest on betweenness centrality (CS(cor=0.70)=0.28, for both).
This indicates that the data demonstrates high consistency across all statistics, signified by a stability coefficient
greater than 0.25. This consistency confirms the results are stable and reliable. Detailed values of networks
statistics and comparisons between age group are reported in Table 1.

All nodes showed non-zero values within their CIs on strength and closeness centrality, as well as for bridge
strength and bridge closeness, while for betweenness centrality and bridge betweenness this was affected by age
(Figs. 6 and 7). Regarding betweenness, findings indicated that running appeared to be particularly important,
as it did not have a zero value among its Cls in all age groups. Similarly, the forehand striking node was also
found to be important across all age groups, with no zero values in its Cls. Regarding bridge betweenness, only
running did not contain zero among its Cls in all age group networks (Table 1). This suggests that for all age
groups, running seems particularly important in bridging nodes in the network and between communities.

Group comparisons revealed meaningful insights (Table 1). Regarding centrality statistics, results indicated
a trend where strength and closeness statistics decreased with age, with significant differences between age
groups. Specifically, the 3-5 year old network showed higher (i.e. non-overlapping CIs) centrality strength values
compared to the 6-8 year old network on Locomotor skills such as running, galloping, hopping, skipping, sliding,
and on Ball skills such as two-hand striking of a stationary ball, two-hand catching, and underhand throwing.
Differences were also found between the 6-8 and 9-11 year old group networks, where strength was lower on
galloping and two-hand catching in the older age group. Results showed a reduction of closeness centrality
between 3-5 and 6-8 year old networks on Locomotor skills as hopping, skipping, and sliding and on Ball skills
such as two-hand striking of a stationary ball, forehand striking, two-hand catching, overhand throwing and
underhand throwing. There were no significant differences in betweenness centrality values between different
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the 2.5th and the 97.5th quantile.
age groups. However, overall, these results suggest that the nodes tend to get further apart during development
(i.e., the relationships between gross motor skills are strongest in young children and get weaker as children age).
The reliability of the results is confirmed by the correlation stability coefficient, which demonstrated robustness
under varying weight distributions caused by subsampling.
A similar trend was found regarding bridge centrality statistics. There were differences between 3-5 and
6-8 year old networks on bridge strength for hopping and two-hand striking, with the younger group having
higher values. Whilst there were no differences between the 6-8 and 9-11 year old groups, it is interesting to
report that in the 9-11 year old network, running has the highest significant bridge strength compared to all
other nodes (Fig. 7). There were differences between the 3-5 year old group and the 6-8 year old networks
regarding bridge closeness, where the older group showed lower values on Locomotor skills such as hopping,
skipping, sliding, and on Ball skills such as two hand striking, forehand striking, one-hand stationary dribbling,
and underhand throwing; suggesting an increase of the average distance between nodes of different communities
in older age groups.
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Fig. 4. Centrality and bridge centrality statistics of the all-sample network. Coloured dots indicate original
sample (red) and bootstrapped (blue) mean values, lines denote the range of the 95% Cls.

Network comparisons by sex

Results concerning sex are presented in the supplementary material. The findings indicated that for betweenness
statistics of 9-11 year old boys and betweenness and bridge betweenness of all three age groups of girls, the CS
(cor=0.70) values were less than 0.25. This suggests that caution should be exercised when interpreting results
related to these statistics. Networks are depicted in Supplementary Figure S2 and Figure S3. The results for male
and female, when analysed separately by age groups, revealed the same trend observed in the previous networks;
whereby there was a decrease in network strength accompanied by a reduction in node closeness in the older
age groups (Supplementary Figures S4 to S7, and Table S11). A Chi-square test also showed that there is no
statistically significant difference in the distribution of boys and girls across the age groups (Chi-square(2) =5.60,
p=0.061), indicating the sample distribution of boys and girls is balanced across the age groups.

Discussion

This study examines the relationship between gross motor skills through network analysis. The findings shed
light on a robust interconnectedness among gross motor skills, where locomotor skills and ball skills exhibit
particularly strong associations with other skills within their respective categories. Notably, two-hand catching

Scientific Reports |

(2025) 15:11591

| https://doi.org/10.1038/s41598-025-95924-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

panunuo)

[os00

~0%0°0] [€50°0-0%0°0] | [SS0°0-€%0°0] | [€£0°0-190°0] | [650°0-L¥0°0] | [150°0-T¥0°0] | [8%0°0-,€0°0] | [1S0°0-T¥0°0] | [150°0-T¥0°0] | [£F00-8€0°0] | [2S0°0-S¥0°0] | [950°0-9%0°0] | [£90°0-950°0] 0h g-9
Sh0°0 L¥0°0 6900 £90°0 x€50°0 X9%0°0 XTH0°0 «L¥0°0 9%0°0 XTH0°0 «870°0 150°0 7900
N
[890°0 e I, _con: —non- _ccn: IO cn e [zL00 P _ncn e
~150°0] [990°0-6¥0°0] | [¥S0°0-S¥0°0] | [280°0-€90°0] | [6£0°0-090°0] | [¥90°0-€S0°0] | [8£0°0-6S0°0] | [S900-2S0°0] | [¥90°0-050°0] ~9500°0] [920°0-650°0] | [S90°0-050°0] | [¥£0°0-LS0"0] ok c—¢
. 950°0 0500 €£0°0 +x690°0 x650°0 +x890°0 ++850°0 950°0 . +x£90°0 LS00 $90°0
+x850°0 +¥90°0
[9s0°0 | [¥S0° [$50°0-9%0°0] | [160°0-520°0] | [990°0-50°0] | [$50°0-8500] | [190°0-10°0] | [120°0-250°0] | [250°0-9%0°0] | [£50°0-80°0] | [650°0-150°0] | [$90°0-550°0] | [650°0-090"0]
-050°0] 0-9%0°0] $50°0-9%0°0] | [160°0-5£0°0 990°0-£50°0] | [¥50°0-8%0°0 190°0-150°0 1£0°0-£50°0] | [250°0-950°0] | [£50°0-870°0] | [650°0-150°0] | [¥90°0-¥50°0] | [650°0-090°0] | , jypes 1y
. . 0500 080°0 190°0 150°0 S0°0 090°0 6700 7500 $50°0 8500 ¥90°0
€500 6700
$59UIS0]0 AP1ig
[s10-90°0] | [¥T'0-F1°0] [92°0-91°0] [z€r0-0z°0] [2z0-€1°0] [czo-11°0] [91°0-50°0] [zz0-11°0] [0Z°0-60"0] [61°0-80°0] [sz0-s1°0] [92°0-91°0] [err0-1€°0] ok 116
01’0 61°0 170 970 0Z°0 91°0 010 81°0 P10 €1°0 +61°0 170 9¢€°0
[£1°0-200] | [9z0-91°0] | [21°0-90°0] | [8€'0-6C°0] [e€00-€2°0] | [81°0-60°0] [1z0-11°0] [eero-61°0] | [0z0-TT°0] | [sT0-€1'0] | [cz'0-€1°0] | [9T°0-8T°0] | [0¥°0-z€0] o0h g-9
o 10 1o €€°0 8T°0 €1'0 K910 ST'0 91'0 81°0 AK] 7T0 9¢€'0
[tz°0-01°0] | [FT'O-¥T'0] [61°0-10°0] [2€0-€T°0] [e€0-€T°0] [81°0-50°0] [#¥°0-82°0] [zz0-¥1°0] [1z°0-01°0] [6€70-61°0] [zvr0-1€°0] [s2°0-60°0] [1¥°0-¥2°0] ok c—¢
P10 61°0 60°0 67°0 870 1o ~SE0 61°0 ST'0 LT0 +9€°0 L1°0 €0
[8T°0-21°0] | [¥T0-LT'0] [¥1°0-60°0] [8¥°0-€¥°0] [z€0-9T°0] [81°0-¥1°0] [9z°0-17°0] [sz'0-81°0] [61°0-¥1°0] [9z°0-17°0] [¥€0-62°0] [ze0-LT70] [zv0-8€70] odures-[ry
ST°0 10 o S0 670 91°0 €20 170 L1°0 €T0 €0 670 070
y18ua4js aprig
[s1-0l €L | [vT-¥locer | [81-0] %99 [8-0] ¥6'T [91-0] 6% [¥e-t] 9¢ o1 [o1-0] 11 [81-2] ¥8°L +[82-9] 2191 | [01-0] S6'C [oz-0] sT'8 [o1-0] 89C [ov-8] so'cT ok 11-6
[oz-¥] 211 | [01-0] T0'F [c1-0] s¢°¢ [oz-¥] 90°€T1 [oz-¥] 95 1T | [81-%] 168 [¥-0] 120 [91-7] S8°6 [z1-0] 29°C [9-0] ¥¥'T [81-2] 06'01 | [91-0] 0¥'8 [ce-o1] %9 1T 0f 8-9
[cz-z] 1€°0t | [01-0] 81T [o1-0] 26 [91-¥] 8¢°6 [oz-T] €211 | [91-2] 189 [92-9] LT¥1 [c1-0] 20F L[F-0l 6270 [81-2] 0¢°6 [92-9] 1791 | [8-0] 66'T [9z-2] 8T 1 ok g-¢
[81-¥]so1 | [¥-0] O¥'1 [¥-0] Ls'T [9z-91] 850 | [0Z-8] ¥8°€T | [01-T] ¥S'S [e1-2] 09 [oz-9] s¥*11 | [0-0] 20'0 [8-0] 2LT [8-0] 9s°¢€ [c1-T] €7 [zz-9] 80°€1 adwres-[ry
\O:S‘::wu ssauuaamjag
[€s00°0 [s500°0 [9500°0 [9%00°0 [9500°0 [9500°0 [2500°0 [#500°0 [9500°0 [8¥00°0 [8500°0 [1500°0 [€900°0
~T7¥00°0] -7¥00°0] -9%00°0] -5€00°0] -€%00°0] -5¥00°0] ~T%00°0] ~T¥00°0] ~L¥00°0] -6£00°0] ~L¥00°0] -0%00°0] -2500°0] ok 11-6
+L¥00°0 67000 1500°0 +0%00°0 +6%00°0 +0500°0 +9%00°0 +L¥00°0 1500°0 +€500°0 +£€500°0 +5700°0 L5000
[9500°0 [#500°0 [2500°0 [9500°0 [8500°0 [2500°0 [2500°0 [#500°0 [ss00°0 [0500°0 [8500°0 [9500°0 [€900°0
-£¥00°0] -S%00°0] -8%00°0] -L¥00°0] -6%00°0] -6¥00°0] -€%00°0] -9%00°0] -£¥00°0] -T%00°0] -1500°0] -8%00°0] -9500°0] 04 g-9
+TS00°0 «0500°0 £500°0 0xCS00°0 €500°0 +€S00°0 «L¥00°0 «0500°0 1500°0 x9%00°0 <5000 7500°0 0900°0
[2£00°0 [8900°0 [s900°0 [6900°0 [6900°0 [6900°0 [92£00°0 [6900°0 [s900°0 [¥£00°0 [s£00"0 [8900°0 [9200°0
-6500°0] -6500°0] -$500°0] -6500°0] -8500°0] -6500°0] -$900°0] -8500°0] -$500°0] -1900°0] -€900°0] -$500°0] -7900°0] oh g-¢
+x6900°0 «1900°0 6500°0 +¥900°0 49000 +¥900°0 +0200°0 +x€900°0 6500°0 +xL900°0 +x6900°0 +1900°0 8900°0
[€900°0 [8500°0 [1900°0 [6900°0 [9900°0 [1900°0 [¥900°0 [¥900°0 [9500°0 [0900°0 [¥900°0 [1900°0 [8900°0
-8500°0] -7500°0] -¥500°0] -$900°0] -0900°0] -9500°0] -£500°0] -6500°0] -1500°0] -€500°0] -8500°0] -6500°0] -1900°0] a[dues-[[y
0900°0 $500°0 £500°0 9900°0 7900°0 6500°0 1900°0 7900°0 ¥500°0 9500°0 1900°0 8500°0 ¥900°0
\D:EE% $S2UISO]D)
(¥8'0-120] | [F6'0-28°0] | [220-€9'0] | [15°0-L€"0] [vL0-85'0] | [26'0-8L°0] [9£:0-z9°0] [0-95'0] | [68°0-s£'0] | [£9'0-zs'0] | [S80-1L0] | [8s0-€¥'0] | [28'0-6970] ok 11-6
+LL0 88°0 0L'0 +PF0 99°0 S8'0 +89°0 +59°0 18°0 +65°0 +8L°0 +05°0 +SL°0
[98'0-.'0] | [¢8'0-0L0] | [€8°0-0L°0] | [89°0-8S°0] [¥8'0-zz0] | [S6'0-€8°0] [22:0-29°0] [18'0-z9'0] | [s80-sz'0] | [90-z9'0] | [68°0-6£°0] | [020-090] | [€8'0-PL0] o g-9
«08°0 9.0 SL'0 ox€9°0 8L°0 88'0 KL X120 6L°0 +89°0 «¥8°0 ¥9°0 ¥8L°0
[00'T-280] | [68°0-6,°0] | [96°0-S0] | [98°0-0L0] [6.:0-89'0] | [96°0-28°0] [1r1-€6°0] [oo'1-¥8'0] | [6£°0-6970] | [1T'T-98'0] | [01'T-66'0] | [06'0-€L0] | [2I'I-€670] ok c—¢
+T6°0 ¥8°0 680 #9L°0 ¥L0 88°0 10T +06°0 ¥L0 ++L6'0 +S0°T 180 10T
[96'0-68°0] | [98°0-64°0] [98°0-28°0] [€6°0-88°0] [€6°0-88°0] [10°T-6°0] [16°0-8°0] [68°0-08°0] [¥8°0-08°0] [£8'0-€8°0] [80°T-€0°1] [¥8°0-6,0] [10°1-96°0] aduwes-[y
76'0 780 ¥8'0 06'0 06°0 66'0 68'0 $8'0 780 $8'0 90'L 180 66'0
Anpaguad yiSuaug
Moxy} Moxy) req Poed Areuoneys AL ML IPIS 95T dum( dpjsTHsT doyy¢sT dofren—¢s1 uny ST sdnoin
pueyidpun pueyiAQ Areuonje)s | puey-oMI Hsq puey | pueysaioj gsq | puey-omM], [sqg [eyuozLIoy
AL | “osq PO G -uQ ¢sq TGS

nature portfolio

| https://doi.org/10.1038/s41598-025-95924-9

(2025) 15:11591

Scientific Reports |


http://www.nature.com/scientificreports

“romiau dnois pio s1eak [1-6 o3 pue YIomiau dnoid p[o s1eak g—¢ YY) U2aMIIq 2OUISYIP © $2)edTpUT , “YIom)au dnoid pio s1eak [1-6 o) pue yiomiau dnoid pjo
SIeAK §—9 AU} U2IM]IOq DUIIYIP © $JedIPUl , Y1om)au dnoid pio sxeak g—9 ay) pue yrom1ou dnoid (‘o) p[o sTeah G—¢ Y} UIIMIIQ OUIIPIP € SAJEIIPU], “P[Oq UT 2B 0IZ dPN[OUT JOU
op 1Y SID %S6 "SI0mIdu sdnoid ae oy pue yromiou sjdures-[[e 9y} y10q 10§ pa310dal a1k [S[D) 9S6] S[EAINUI DUIPYUOD JRY} YIImM SUOTE SISTIEIS SYIOMIDU JO SIN[BA UBSJN [ I[qBL

www.nature.com/scientificreports/

[s-0] 61T [8-0] ¥9'¢ [o1-0] S¥'¥ [p-0] L1'1 [¥-0] 290 [o1-0] ZT’€ [s-0] 950 [s-0] €T er-€lers | [¥-0199°0 [6-0] 60°€ [s-0] ss'T [12-s] €Tet oL [1-6
[s-0] z¥'C [s-0] 06T [s-0] 60T [o1-€] 2679 [6-Tl¥Ts [9-0] 821 [1-0] 800 [8-7] 88F [¥-0] 260 [c-0] 850 [£-0] sT°¢ [8-0] #0'% [91-9] 62701 0k g-9
[£-0] s€'C [¥-0] 060 [1-0] 800 [8-2¢] 18'% [o1-1] 06°S [¥-0] S6°0 [t1-2] €29 [s-0] 6€'T +[z-0l 670 [8-0] 06°¢ [e1-T] 65°L [¥-0] 60 [c1-1] S¥'s ok 5-¢
[s-1] 1€ [2-0] 690 [1-0] 200 [e1-8] 62701 [6-¥] 6€'9 [2-0] 850 [9-z0'0] 18'C | [o1-€]TL'S [0-0] 10°0 [z-0] €90 [e-0] 220 [9-1] 8€C [o1-€] 829 a[dures-[ry
SSAUUIIM]AG ATPLIT
-mmc.am%c 0| [150°0-850'0] | [190°0-5¥0°0] | [990°0-850°0] | [#50°0-8€0°0] | [¥S0°0-850°0] | [6v0°0-950'0] | [Sh00-£€0°0] | [150°0-T500] | [S¥O°0-S€0°0] | [950°0-€50°0] | [¥S0'0-0500] | [£90°0-200°0] | ¢ -6
750°0 00 €500 L50°0 F10°0 S10°0 +170°0 L1700 9500 +6€0°0 +670°0 L¥0°0 650°0
N
Moxy) Mmoxyy req yoyed Axeuoneys LS ML IPIS 9ST dum( dpjsTHsT dog—¢s1 dofren¢s1 uny ST sdnoin
pueyipupn pueyAQ Areuonjeys | puey-om] Hsg puey | pueyaroj ¢sg | puey-oM], [sq [ejuozZrIoy
AL “9sq PO Ssq -uQ €sq S

nature portfolio

| https://doi.org/10.1038/s41598-025-95924-9

(2025) 15:11591

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

3-5 years old 6-8 years old 9-11 years old

Ls1: Run

Ls2: Gallop

Ls3: Hop

Ls4: Skip

Ls5: Horizontal jump

Ls6; Slide

Bs1: Two-hand strike of a stationary ball
Bs2: Forehand strike of self-bounced ball
Bs3: One-hand stationary dribble

Bs4: Two-hand catch

Bs5: Kick a stationary ball

Bs6: Overhand throw

0000000000 OCOO

Bs7: Underhand throw

Fig. 5. Network of the three age groups. Each node represents a measure of TGDM-3, the edges are
represented by blue (positive correlation) or red dashed (negative correlation) lines, the connection weight is
represented by the thickness of the line. Nodes that are more strongly connected are positioned closer together,
while nodes with weaker connections are placed further apart. Networks with fixed node positions are
provided as supplementary material (Figure S1).

(a Ball Skill) and running (a Locomotor Skill) emerge as pivotal elements. Furthermore, as individuals age, these
interconnections between skills tend to weaken, leading to a greater degree of independence between them. The
results also demonstrate that similar patterns can be observed in the relationships in gross motor skills between
boys and girls.

The network analysis indicated important characteristics of the relations between gross motor skills. From
the graphical representations of the overall sample network, it can be observed that all the nodes in the network
are highly connected (Fig. 2), confirming that all 13 gross motor skills examined in the TGMD-3 are strongly
related. It can also be observed that Locomotor skills and Ball skills tends to cluster by themselves, confirming
these as two different sets of gross motor skills***!.

According to the network analysis results, two-hand catch (a Ball Skill) and running (a Locomotor Skill)
seem particularly important. It can be observed that two hand catch and running (Fig. 2) tend to be in the
middle of the network, with their importance supported by the network statistics. We can therefore assume
that the other gross motor skills rely, to some extent, on the development of these two main skills. Indeed,
two-hand catch demonstrates greater values than other nodes in terms of closeness and bridge closeness, as
well as betweenness and bridge betweenness. It also has higher values for bridge strength compared to other
nodes. This indicates that it is highly connected with all the other skills in its own community (i.e., Ball skills)
and in the other community (i.e., Locomotor skills). Additionally, the high values in centrality betweenness
and bridge betweenness suggest that two-hand catch serves as an important “bridge” between skills within its
community and with others. Catching a ball is a multifaceted motor skill that necessitates precise adjustment of
hand movement force and timing in response to the ball’s direction, speed, weight, and size®*, and to complete a
successful catch the motions preparation and initiation must be seamlessly integrated within a controlled body
posture®*. Moreover, in terms of biomechanics, arm coordination is associated with locomotor performance, as
arm swing is linked to performance in both the maximum jump distance and the horizontal aspects of the ground
reaction force®. Thus, the gross motor skill two-hand catch is an important fundamental for the development of
other gross motor skills, as evidenced by the network statistics in the present study.

Similarly, running consistently exhibited higher values compared to most other nodes in all considered
statistics, indicating that it is one of the most influential skills in the network. Running is a transition from walking
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Fig. 6. Centrality statistics of the age groups network. Coloured dots indicate original sample (red) and
bootstrapped (blue) mean values, lines denote the range of the 95% Cls.

and many of the motion parameters between these tasks are highly related. The developmental transition from
walking to running is related to many mechanisms such as neural control, sensory control, and strength and
postural control capacities®®*’. Furthermore, running includes both leg and arm actions, synchronised with
the leg pattern®. Evidence suggests that children typically become proficient runners during pre-school, before
mastering other gross motor skills!. Thus, given its importance and relationship with the early stages of motor
and brain development®, the processes involved in running skills are highly associated with other gross motor
skills.

Results indicated important differences in the relationships between gross motor skills during development
and ageing. Overall, the network statistics indicated a trend where strength and bridge strength were lower in the
older age groups, alongside lower values for closeness and bridge closeness. These findings suggest that younger
children have stronger and closer connections between their gross motor skills, which decrease with ageing and
development. This suggests that during development each gross motor skill becomes more independent as the
associations grow weaker, and the nodes become more distant. Indeed, as children become more proficient,
specific movements are acquired and specific motor programs are developed to pursue specific goal-oriented
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Fig. 7. Bridge centrality statistics of the age groups network. Coloured dots indicate original sample (red) and
bootstrapped (blue) mean values, lines denote the range of the 95% Cls.

actions®®¢L, likely occurring with greater specialisation to specific sports and activities. The results of the
network analyses also indicated similar relationships between gross motor skills in boys and girls. This suggests
that, despite potential differences in performance®, the relationships and interactions of gross motor skills on
each other is similar between boys and girls. Thus, it is likely that both boys and girls aged 3-11 could benefit
from educational practices focused on gross motor skills in a similar manner. It is noteworthy that, to some
extent, this supports the hypothesis that differences between boys and girls during childhood could be due to the
kind of activities they typically participate in?°.

To the best of our knowledge, this is the first study that analysed the dynamics among gross motor skills
during the development of 3 to 11 year old children using network analysis. One particular strength of study
is related to the sample size of the participants (~ 17,000 children), indeed, the networks obtained showed high
stability, indicating high replicability of the results*’. However, the present study is also not without limitation.
For example we analysed differences between age groups in a cross-sectional design, thus it is not possible to
exclude the effect of confounding variables (although this is unlikely in such a large sample). In future work,
a longitudinal design should be considered to track the development of gross motor skills with ageing, and to
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track the changing nature of the relationships between gross motor skills. To further extend the present study
(conducted in children aged 3-11 years old), future studies should also consider older age groups, and how
gross motor skills track into adolescence and adulthood. In adolescence, it would be particularly interesting
and pertinent to examine sex differences in gross motor skill networks due to the differing hormonal and
developmental profiles of boys and girls during this time. While the correlation stability coefficient demonstrated
robustness under varying weight distributions within each age group, it does not fully account for potential
differences in weight distributions across groups. Therefore, caution should be exercised when interpreting
between-group comparisons.

In conclusion, two-hand catching and running were identified as particularly important gross motor skills in
our network analyses. For this reason, these two skills should be given special attention during the early stages of
fundamental motor skill development, and emphasised in educational, clinical, and intervention contexts. The
findings of the present study also demonstrate developmental changes in the relationship between gross motor
skills; whereby the relationships between gross motor skills are strongest in the youngest age group (3-5y) and
get weaker as children get older. Finally, the present study demonstrates similar networks of gross motor skills in
boys and girls aged 3-11 years old; suggesting that the relationships between gross motor skills are not different
between boys and girls at this age. Overall, the findings of the present study provide important, novel, evidence
of the relationships between gross motor skills during childhood, and how these change as children get older.
These findings have important implications for the teaching of gross motor skills and ensuring optimal gross
motor skill development in young people.
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