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Abstract 

Relationships among skeletal age (SA), body size and fundamental motor skills (FMS) and 

motor performance were considered in 155 boys and 159 girls 3-6 years of age. Stature and 

body mass were measured. SA of the hand-wrist was assessed with the Tanner-Whitehouse II 

20 bone method. The Test of Gross Motor Development, 2
nd

 edition (TGMD-2) and the 

Preschool Test Battery were used, respectively, to assess FMS and motor performance. Based 

on hierarchical regression analyses, the standardized residuals of SA on chronological age 

(SAsr) explained a maximum of 6.1% of the variance in FMS and motor performance in boys 

(ΔR
2

3, range 0.0% to 6.1%) and a maximum of 20.4% of the variance in girls (ΔR
2

3, range 

0.0% to 20.4%) over that explained by body size and interactions of SAsr with body size 

(step 3). The interactions of the SAsr and stature and body mass (step 2) explained a 

maximum of 28.3% of the variance in boys (ΔR
2

2, range 0.5% to 28.3%) and 16.7% of the 

variance in girls (ΔR
2

2, range 0.7% to 16.7%) over that explained by body size alone. With 

the exception of balance, relationships among SAsr and FMS or motor performance differed 

between boys and girls. Overall, SA per se or interacting with body size had a relatively 

small influence in FMS and motor performance in children 3-6 years of age. 

 

Keywords: Early childhood, bone age, motor development, movement proficiency 
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1 Introduction 

The importance of movement proficiency for perceived competence, physical activity and 

health-related fitness of children has been increasingly noted.
1-6

 The development of 

fundamental motor skills (FMS) and subsequent changes in movement proficiency occur 

during early and middle childhood, an interval characterized by significant changes in body 

size, proportions and composition.
7
 As such, studies of the development of movement 

proficiency in young children are often set in the context of potential relationships with 

growth status, estimated body composition, and weight status, specifically overweight and/or 

obesity.
8-10

 

Early studies generally assumed that developmental progress in movement proficiency during 

the preschool years (≤5 years) largely reflected neuromuscular maturation or ‘intrinsic 

factors’, although potential environmental influences were also emphasized.
11-13

 The potential 

influence of individual differences in biological maturity status on the development of 

movement proficiency has not been systematically addressed in preschool children. Skeletal 

maturation expressed as skeletal age (SA) is the primary indicator of maturity status during 

early and middle childhood.
7
 Early correlational studies of children 6-9 years (middle 

childhood) noted low to moderate relationships between SA, chronological age (CA) and 

body size with several motor tasks.
14-16

 More recent studies of children spanning 6-14 years 

have used regression protocols incorporating interactions among SA, CA and body size 

(stature and body mass) to evaluate maturity-associated variation in performance
17,18

 and 

more recently in FMS and motor coordination (MC).
19,20

 Overall, SA alone or interacting 

with stature and mass had a relatively limited influence on FMS, MC and motor performance. 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Given the importance of movement proficiency among preschool age children and the lack of 

attention to potential influences of biological maturation at these ages, the purpose of this 

study is to evaluate the influence of individual differences in skeletal maturity status per se 

and of interactions between skeletal maturity status and body size on the FMS and motor 

performance of children 3-6 years of age. The FMS battery considers status or the stage of 

development of several locomotor and object-control skills at the time of observation, while 

the motor performance battery considers the outcome of performances on several specific 

tasks. Both constructs, status and outcome, were approached separately using the original 

terminologies. Based on observations in older children, it was hypothesized that skeletal 

maturation alone or interacting with body size would have a relatively small influence on 

FMS and motor performance at these young ages. 

 

2 Methods 

2.1 Sample and sampling 

Subjects were 314 schoolchildren, 155 boys and 159 girls, 3 to 6 years of age, from Madeira 

and Porto Santo Islands, Portugal. Subjects were participants in the ‘Healthy Growth of 

Madeira Study’, which was a cross-sectional study of Madeira children.
21

 

The primary objective of the ‘Healthy Growth of Madeira Study’ was to investigate the inter-

individual variability in maturity status, body dimensions, FMS, motor performance, MC, 

physical fitness, physical activity, eating behaviour, and cardiovascular risk factors in 

Madeira children between 3 to 14 years of age. Two-stage stratified random sampling was 

used. First, the target sample size was 400 children from four single year age groups (3, 4, 5, 

and 6 years). Fifty boys and 50 girls per age groups were sampled from pre- and elementary 
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schools. Second, the number of participants was proportional to the number of inhabitants in 

each age group by sex. Children in attendance at 40 public and/or private schools were 

randomly selected until the required number of boys and girls was obtained.
21

 Sampling was 

done with the guidance of the Statistics Portugal, the National Statistical Institute of Portugal. 

The Scientific Board of the University of Madeira and the Regional Medical Ethics 

Committee approved this study. Permission was also granted from the Educational 

Authorities of Madeira, Portugal. The children’s parents or legal guardians signed an 

informed consent and the child gave his/her verbal assent. Participation was voluntary. 

In 2005, the ‘Healthy Growth of Madeira Study’ started with a pilot study conducted with 46 

schoolchildren, 3-10 years. Information about the pilot study, along with the training program 

and data collection, is given in the field procedures (see 2.6 below). 

 

2.2 Anthropometry 

Stature was measured to 0.1 cm with a portable stadiometer (Siber-Hegner, GPM) and body 

mass was measured to 0.1 kg on a balance-beam scale (Seca Optima 760, Germany) 

following established procedures.
22

 Measurements were taken with children wearing a 

swimming costume (two-piece for girls) with shoes removed. For stature, the child stood 

upright with feet together and the heels, buttocks and scapulae in contact with the backboard 

of the stadiometer; the head was positioned in the Frankfort horizontal plane. For body mass, 

the child stood straight and still on the scale. Absolute and relative intra-observer technical 

errors of measurement in the pilot study were, respectively, 0.31 cm and 0.26% for stature, 

and 0.66 kg and 2.56% for body mass. Test–retest reliability with ANOVA-based intraclass 

correlations ranged from 0.98 to 0.99 for stature and body mass. 
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2.3 Fundamental motor skills (FMS) 

The Test of Gross Motor Development, 2
nd

 edition (TGMD-2)
23

 was used to evaluate the 

level of development of FMS reflected in six locomotor and six object control skills. Each 

FMS had 3, 4 or 5 performance criteria which were rated qualitatively as present or not 

present; if the child’s performance met a specific criterion, a score of 1 was assigned; if not, a 

score of 0 was assigned. 

Locomotor skills included: 

1. Running – cones 50 feet apart, run as fast as possible from one cone to the other; 

2. Galloping – cones 25 feet apart, gallop from one cone to the other; 

3. Hopping – hop a minimum distance with the preferred and then the non-preferred 

foot; 

4. Leaping – run and leap over a bean bag on the floor; 

5. Horizontal jumping – with both feet at the starting line, jump horizontally as far as 

possible; 

6. Sliding – cones 25 feet apart on a line, slide from one cone to the other and back. 

Object control skills included: 

1. Striking a stationary ball – strike a plastic ball placed on a tee at waist level with a 

plastic bat; 

2. Stationary dribble – without moving the feet, dribble a basketball with one hand 

(dominant hand) a minimum of four times before catching the ball with both hands; 

3. Catching – with both hands catch a plastic ball (4 inches in diameter) tossed 

underhand from a distance of 15 feet; 
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4. Kicking – with a running approach, kick a stationary soccer ball with the preferred 

foot; 

5. Overhand throwing – with an overhand motion, throw a tennis ball as hard as possible 

at a wall 20 feet away; 

6. Underhand rolling – roll a softball with sufficient force that it passes between two 

cones 4 feet apart and 20 feet away. 

Two trials were given for each locomotor and object control task. The sum of scores of the 

two trials represented the assigned score for each task. The maximum total score was 48 for 

the six locomotor and 48 for the six object-control tasks. As recommended,
23

 raw scores for 

the locomotor and object control subtests were used in the analysis. Mean test-retest 

reliability coefficients for TGMD-2 assessments in the pilot study were 0.90 for the 

locomotor and 0.85 for the object control subtests. 

 

2.4 Motor performance 

The Preschool Test Battery (PTB)
24

, which includes six specific motor tasks, was used. The 

outcome of performance on each task was recorded: 

1. Catching - catch an 8.5 inch playground ball that was tossed underhand by the 

assessor through a hula hoop placed halfway between the child and the assessor; the quality 

of each catch was scored on a 0-3 point scale; 10 trials were given and the average of the 10 

trials was used for analysis; 

2. Scramble - move as fast as possible from the supine to vertical position, run a distance 

of ten feet, pick up a fleece ball, and return to a horizontal position in the starting area; the 

time in seconds from the start signal through picking up the ball to crossing a line 5 feet from 
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the starting line was recorded; four trials were given and the average of the four trials in 

seconds was used for analysis; 

3. Speed run – with a 12 feet running start, run as fast as possible for a distance of 40 

feet; the time in seconds to cover the distance was recorded; three trials were given and the 

average of the two best test trials in seconds was used for analysis; 

4. Standing long jump – with a two-foot take-off, jump horizontally as far as possible 

and land without falling backwards; the distance of the jump in cm was measured; five trials 

were given and the average of the best four jumps in cm was used for analysis; 

5. Balance – while standing on two adjacent blocks, balance on one foot for as long as 

possible; there is no maximum time; time balanced on one foot was recorded in seconds; 

seven trials were given, the best and poorest performances were deleted, and the average of 

the remaining five trials in seconds was used for analysis; 

6. Tennis ball throw for distance - throw a tennis ball as far as possible; the distance of 

each of seven throws in cm was measured; the best and poorest trials were deleted and the 

average of the five remaining throws in cm was used for analysis. 

Except for catching which is qualitatively rated, outcomes of performances on the other five 

skills are recorded as an elapsed time or distance. Test-retest reliability for the six tests in the 

pilot study, based on intraclass correlation coefficients, ranged from 0.48 to 1.00 for the tests 

comprising the battery. 
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2.5 Skeletal age 

Radiographs of the left hand and wrist were taken with a portable X-ray apparatus (Top 25, 

For you, Belgian) using Kodak films (OMAT MA, Ready Pack). SA was assessed with the 

Tanner-Whitehouse (TW2) 20 bone method.
25

 The radius, ulna, seven carpals (excluding the 

pisiform) and metacarpals and phalanges of the 1
st
, 3

rd
 and 5

th
 rays were compared to written 

criteria for each bone; maturity scores were summed and converted to skeletal age. The TW2 

20-bone method was selected because the ossification and development of the carpal bones 

are dominant features of the skeletal maturation of the hand-wrist between 3 and 6 years of 

age.
7
 Of note, a 20 bone maturity score and SA are not available in the most recent version of 

the Tanner-Whitehouse method (TW3).
26

 

Skeletal age assessments were done by the lead author. Inter-observer agreement between the 

author and an experienced assessor was 85.3%; intra-observer agreement was 91.8%.
27 

 

2.6 Field procedures 

Data were collected between February and July 2006 by a team of six physical education 

teachers who completed a 3-month theoretical and practical training program on 

anthropometry and motor assessment. Equipment, measurement procedures, performance 

criteria, administration and scoring were studied in detail using demonstration, discussion, 

DVDs and videos. A pilot study was conducted with 46 schoolchildren, 3-10 years who were 

measured and who completed the test batteries twice within an 8-day period. 

In January of 2006, all selected schools were visited by the field staff and an assessment plan 

was outlined together with the Director. Anthropometry, radiography and motor tests were 

assessed in the morning. Stature and body mass were measured in the gymnasium or an 
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empty classroom. Whenever possible, motor tests were conducted in an outdoor area. 

Children received a verbal description and then a visual demonstration of each motor test. 

Given the large sample size and the number of variables understudy, videotape records were 

not possible during the fieldwork. Motor tests were administered in a single day, about 20 

participants per day. The sequence of motor testing was TGMD-2 followed by PTB. Children 

and assessors did not present overt signs of fatigue and were highly motivated when, 

respectively, performing and administrating the tests. Details of field procedures and 

assessment have been reported.
21 

 

2.7 Analysis 

All statistics analyses were carried out using STATA, version 14 and IBM SPSS 22.0. Sex-

specific descriptive statistics (means and standard deviations) for all variables were 

calculated by single year age groups (3-6 years). Two-way ANOVA was used to evaluate 

differences among age groups and between boys and girls. Since the homogeneity of variance 

assumption was not met for the scramble, speed run, balance and tennis ball throw for 

distance, a more stringent significance level was set (p < 0.01). Effect size was calculated as 

partial eta squared (η
2

p). The strength of effect sizes was interpreted after the threshold values 

of Cohen.
28

 Multiple comparisons among groups were evaluated with post-hoc analyses using 

the Tukey HSD test. 

Hierarchical multiple regressions were conducted to investigate the effect of skeletal 

maturation on FMS and each motor performance test above and beyond the effects of body 

size. The standardised residual of the regression of SA on CA (SAsr)
18

 was used as the 

indicator of skeletal maturity status in the models. Body mass, scramble, speed run, balance 

and tennis ball throw for distance were transformed using 1/square root or inverse or 
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logarithm formulae. First- and second-order interactions were computed from the 

standardised values before being modelled. Independent variables were entered into the 

hierarchical multiple regressions in three-blocks: block 1 included stature, body mass, and 

stature × body mass; block 2 included SAsr × stature, SAsr × body mass, and SAsr × stature 

× body mass; and block 3 included SAsr. In some models, body mass, stature × body mass, 

SAsr × stature, SAsr × body mass or SAsr × stature × body mass interactions were excluded 

due to collinearity (r > 0.76).
29

 Correlations between SAsr and FMS and each motor 

performance task ranged from -0.41 to 0.48, indicating a moderate relationship. Variance 

inflation factor (VIF) values ranged from 1.097 to 3.667, far off the benchmark of 10.
30

 

The portion of explained variance by addition of each block was extracted with R
2
 change, 

and significance was assessed through F-tests. The effect size (f
2
) was calculated after Cohen 

et al.
29

, i.e., f
2
 = (R

2
AB – R

2
A)/(1- R

2
AB), where R

2
A is the variance accounted for a block of 

independent variables A and R
2

AB is the combined variance accounted for the block of 

independent variables A and another block of independent variables B. Significant 

interactions were graphically displayed by calculating predicted values of Y under different 

conditions of X and Z and were visually inspected following Dawson.
31 

The Chow test for 

structural change
32

 was used to test the equality of intercepts and slopes in boys and girls, i.e., 

whether relationships between SAsr and FMS or motor performance tests were similar among 

boys and girls. This was only done at 4 years of age, steps 2 and 3, where the models 

presented the same number of parameters. At the remaining ages (3, 5 and 6 years), some 

parameters were excluded due to collinearity. As such, the equality of regression coefficients 

cannot be tested in the model because they are different. The residual sums of squares 

obtained in each of the three ANOVAs (boys, girls, and sexes pooled) were used in the 

computations. An alpha level of 0.05 was used for significance, unless otherwise noted. 
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3 Results 

3.1 Preliminary analyses 

Descriptive statistics for CA, SA, body size, FMS and each motor performance task are 

summarized in Table 1 for boys and girls. CA significantly affects stature (F3, 306 = 200.62, p 

< 0.001, η
2

p = 0.66), body mass (F3, 306 = 49.90, p < 0.001, η
2

p = 0.33), locomotor subtest 

score (F3, 306 = 52.82, p < 0.001, η
2

p = 0.34), object control subtest score (F3, 306 = 46.70, p < 

0.001, η
2

p = 0.31), catching (F3, 306 = 62.49, p < 0.001, η
2

p = 0.38), standing long jump (F3, 306 

= 71.13, p < 0.001, η
2

p = 0.41) and balance (F3, 304 = 40.49, p < 0.001, η
2

p = 0.29). With few 

exceptions, older children are taller and heavier, are more proficient in FMS, and perform 

better than younger peers. Boys are significantly taller (F1, 306 = 4.51, p = 0.034, η
2
p = 0.02) 

and heavier (F1, 306 = 2.05, p = 0.153, η
2
p = 0.01), and perform better in locomotor skills (F1, 

306 = 3.96, p = 0.048, η
2
p = 0.01), object control skills (F1, 306 = 43.72, p < 0.001, η

2
p = 0.13)], 

catching (F1, 306 = 12.54, p < 0.001, η
2
p = 0.04) and the standing long jump (F1, 306 = 14.89, p 

< 0.001, η
2

p = 0.05) than girls. Differences for the remaining motor performance items are not 

significant. 

 

3.2 Hierarchical multiple regression 

The variance in FMS and motor performance tasks explained by SAsr alone or interacting 

with body size is summarized in Tables 2 and 3. Hierarchical regression statistics for the 

three steps are provided in the supplementary information. When the interactions of SAsr 

with body size (step 2) or SAsr alone (step 3) added significantly to the explained variance in 

a FMS or motor performance, the regression models were plotted and illustrated in Figure 1. 
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The interactions of SAsr with body size explain 1.2 to 11.7% (boys) and 0.7 to 3.2% (girls) of 

the variance, over and above body size for the locomotor items (Table 2, see also 

supplementary file 1, Tables S1-S2). The addition of SAsr on the third block accounts for an 

additional 0.1 to 1.8% (boys) and 0.1 to 13.9% (girls) of the variance in locomotor scores. 

Changes in R
2
 from step 2 to step 3 are statistically significant at 3 years for girls (ΔR

2
3 = 

0.14, F change 1, 22 = 4.37, p = 0.048, f
2
 = 0.20). The regression plot of the third model 

depicting the relationship of SAsr with the locomotor subtest for girls 3 years of age is 

illustrated in Figure 1, upper left. The model was plotted through predicted values from the 

regression equation. 

The variance explained by the interactions of SAsr with body size is 1.2 to 26.5% in boys and 

2.2 to 10.8% in girls for the object control tasks (Table 2, see also supplementary file 1, 

Tables S1-S2). SAsr explains an additional 0.4 to 5.6% of the variance in boys and 1.6 to 

20.4% in girls. The third model adds significantly to the explained variance in object control 

scores for girls at 3 years (ΔR
2

3 = 0.20, F change 1, 22 = 7.71, p = 0.011, f
2
 = 0.35). The 

regression plot of the full model is graphically illustrated in Figure 1, upper right. 

 

For catching performance, the introduction of SAsr × stature, SAsr × body mass, and SAsr × 

stature × body mass in block 2 contributes an additional 2.2 to 16.4% (boys) and 4.6 to 10.1% 

(girls) of the explained variance over and above body size (Table 2, see also supplementary 

file 2, Tables S3-S4). The addition of SAsr in the third step adds 0.0 to 4.3% to the explained 

variance in boys and 0.0 to 8.2% in girls. However, the addition of the SAsr and body size in 

steps 2 and 3 in both boys and girls does not significantly increase R
2
. 

The variance explained by the interactions of SAsr with body size ranges from 2.3 to 14.2% 

in boys and from 3.4 to 9.8% in girls over and above the variance accounted for by body size 
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in the scramble test (Table 2, see also supplementary file 2, Tables S3-S4). The explained 

variance for SAsr alone ranges from 0.0 to 2.7% in boys and 0.0 to 7.2% in girls. The 

interaction of SAsr and body mass on the scramble is statistically significant in boys at 4 

years. Scores on the scramble test overlap between body mass groups at low levels of SAsr, 

but are higher among lighter boys than heavier peers at high levels of SAsr (Figure 2). 

 

In the three-step hierarchical multiple regression model for running speed, the interactions of 

SAsr with body size explain an additional 0.5 to 16.7% (boys) and 1.1 to 16.7% (girls) of the 

variance over and above that explained by stature, body mass, and the stature × body mass 

interaction (Table 3, see also supplementary file 3, Tables S5-S6). The interactions of SAsr 

with body size add significantly to the explained variance in boys at 4 years (ΔR
2

2 = 0.17, F 

change 3, 36 = 2.98, p = 0.044, f
2
 = 0.25). The regression plot is shown in Figure 1, lower left. 

The addition of SAsr in step 3 of the model accounts for an additional 1.2 to 4.8% (boys) and 

0.1 to 14.6% (girls) of the variance in running speed. The SAsr × ST × BM interaction is a 

significant negative predictor of running speed in girls at 4 years, step 2. As the interaction 

term increases (i.e., SA, ST and BM increase), less time is required to complete the running 

test, and a lower time indicates a better performance. 

The addition of SAsr × stature, SAsr × body mass, and SAsr × stature × body mass 

interactions explains 2.2 to 28.3% (boys) and 3.4 to 7.8% (girls) of the variance in the 

standing long jump (Table 3, see also supplementary file 3, Tables S5-S6). After the entry of 

SArs in step 3, the percentage of variance explained beyond steps 1 and 2 ranges from 0.0 to 

1.6% in boys and 0.3 to 9.1% in girls. The SAsr × BM interaction is a significant negative 

predictor of standing long jump performance in boys at 3 years; as shown in Figure 3, at high 

levels of SAsr, lighter boys perform better than heavier boys. At low levels of SAsr, in 
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contrast, performance scores on the standing long jump are similar between body mass 

groups. 

 

The interactions of SAsr with body size account for an additional 4.4 to 10.7% (boys) and 2.9 

to 11.9% (girls) of the variance in the balance task (Table 3, see also supplementary file 4, 

Tables S7-S8). The SAsr × ST interaction is negatively associated with balance performance 

in boys at 6 years. In the final step, SAsr increases the predicted variance in balance by 0.0 to 

6.1% (boys) and 0.1 to 9.9% (girls). The F change in R
2
 (ΔR

2
3) is significant at 5 years in 

girls (ΔR
2

3 = 0.10, F change 1, 41 = 4.73, p = 0.036, f
2
 = 0.11). The predicted values from the 

regression equation are shown in Figure 1, lower right. 

Over and above the variance accounted for by body size alone, the variance in the tennis ball 

throw for distance explained by the interactions of SAsr with stature and body mass and of 

stature and body mass range from 2.3 to 12.0% in boys and from 3.6 to 10.3% in girls (Table 

3, see also supplementary file 4, Tables S7-S8). Corresponding estimates for SAsr are 0.0 to 

1.7% in boys and 0.3 to 4.1% in girls. Body size and the interactions of SAsr with body size 

and SAsr do not contribute significantly to the variance in tennis ball throw for distance. 

 

3.3 Structural changes 

The Chow test for structural change
32

 was used to evaluate whether relationships between 

SAsr and FMS or performances on several motor tasks were similar among boys and girls at 

4 years of age. Results of the Chow tests are summarized in Table 4. With the exception of 

balance, all F tests are higher than the critical value indicating structural differences in the 

regression coefficients for all FMS and performances on the remaining motor tasks in boys 
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and girls. The relationship between balance and independent variables is the same in boys 

and girls, i.e., steps 2 and 3, indicate no structural differences between boys and girls (step 2: 

Chow test F = 1.13 < F7,64 = 2.16, α = 0.05); step 3: Chow test F = 1.75 < F8,62 = 2.09, α = 

0.05). 

 

4 Discussion 

Relationships between skeletal maturity status expressed at the standardized residual of SA 

on CA and FMS and performances on several motor tests were evaluated in preschool 

children 3 to 6 years of age. The results indicated low to moderate associations between 

skeletal maturity status and FMS and the six motor performance tests, although several 

relationships were expressed differently in boys and girls. 

Results of the analysis among boys 3-6 years were generally similar to corresponding results 

observed among boys 7-10 years using the same analytical approach.
20

 SAsr alone accounted 

for a maximum of 6.1% of the variance in FMS and the six motor performance tasks in boys 

3-6 years over that attributed to body size per se and interactions between SAsr and body size 

compared to 7.0% of corresponding variance in boys 7-10 years. On the other hand, the 

maximum variance in FMS explained by SAsr alone, over and above body size, and 

interactions of SAsr with body size, was considerably higher among girls 3-6 years (20.4%) 

than among girls 7-10 years (3.0%). 

Comparative studies of the influence of skeletal maturity status on the motor performance of 

preschool children on different tasks are apparently lacking. Interrelationships among skeletal 

maturity expressed as SAsr, body size and three motor performance tests were evaluated in 

children 7-12 years.
18

 As in the present study, Tanner-Whitehouse II 20 bone SAs were used 
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in the study of older children. Results of stepwise multiple regression analyses indicated SAsr 

as the best predictor of the 35-yard dash, standing long jump, and softball throw for distance, 

but the explained variances varied between sexes. The variance explained by the SAsr was 

7% to 14% in boys and only 4% in girls, while the interactions terms (SAsr × stature, SAsr × 

body mass, and SAsr × stature × body mass) explained 3% to 7% of the variance in boys and 

2% to 9% in girls. The explained variance in girls 7-12 years was less than the variance in the 

three corresponding motor performance tasks attributed to SAsr observed among girls in the 

current study, 0.1% to 14.6%. The interactions terms of SAsr and body size also explained 

less variance in children 7-12 years than in the present study in both boys (0.5% to 28.3%) 

and girls (1.1 to 16.7%). SAsr by itself or in combination with body size thus appeared to 

influence the running, jumping and throwing performances of pre-school children to a greater 

extent than the corresponding performances of children 7-12 years of age. 

Prior studies have linked motor development in infancy and early childhood to the rapid 

growth of the brain and central nervous system.
33

 It is therefore reasonable to assume that 

age- and sex-specific relationships among biological maturation and FMS and performances 

on specific motor tasks may be associated with changes in brain structure and function 

underlying neuromuscular maturation.
7
 

In developing toddlers and young children, 1-6 years of age, age-related linear, logarithmic, 

and quadratic patterns of change in cortical development depending on region of the brain, 

and right-left hemisphere asymmetry in the development of cortical thickness, surface area, 

mean curvature, and volume have been noted.
34

 Longitudinal observations of the 

development of white matter in the brains of healthy infants and toddlers also showed distinct 

patterns for boys and girls, and noted significant relationships between myelin content and 

cognitive function, including visual reception, gross motor ability and receptive language.
35
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Moreover, a non-linear sigmoidal developmental trajectory of white matter myelination 

throughout the brain was noted across the first five years of life.
36

 

A recent review
37

 highlighted the importance of environmental conditions on the developing 

brain. Specifically, structural and functional changes in white matter architecture occurred in 

response to environmental stimulation, and had significant implications in cognition, 

behaviour, and motor function; and the brain was sensitive to manipulations of the 

environment during restricted temporal windows, and responded in a region-specific manner. 

Although development and myelination of the brain have a primary role in the development 

of FMS and performances on a variety of motor tasks in young children, the issue of sex 

differences in maturation merits attention. While the criteria for evaluating SA are the same 

for boys and girls, the scales for converting bone-specific stages to scores and in turn to SA 

are sex-specific.
25,26

 For the same maturity score (sum of ratings for the 20 bones), girls are 

assigned a lower SA than boys; conversely, boys are assigned a higher SA than girls. By 

inference, there is a sex difference in skeletal maturation from early childhood through 

adolescence. Girls also attain skeletal maturity, on average, at an earlier age than boys.
25

 The 

sex-specific differences in skeletal maturity are consistent with the observation that girls are 

closer to adult height at all ages from infancy through adolescence.
38

 Girls are also in advance 

of boys in the timing of the growth spurt (take-off, age at peak height velocity) and sexual 

maturation.
7
 Similarly, the study of brain development during childhood and adolescence 

showed robust male/female differences in trajectories. Total cerebral volume peaked at 10.5 

years in females and 14.5 years in males, while cortical and subcortical gray matter 

trajectories followed an inverted U shaped path with peak sizes 1 to 2 years earlier in 

females.
39
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The apparent sex difference in biological maturation may extend to mechanisms that regulate 

neuromuscular maturation and skeletal maturation. This may be implied from results of the 

Chow tests (Table 4) which suggested that relationships between SAsr and FMS and 

performances on the specific tests comprising the PTB might differ between boys and girls. 

Of course, behavioural and cultural factors, and their interactions with neuromuscular and 

skeletal maturation during early childhood need to be considered. Unfortunately, behavioural 

and cultural factors potentially associated with the development of movement proficiency in 

early childhood were not included in the design of the study; this is an acknowledged 

limitation. These factors include environmental conditions at home, preschool and 

neighbourhood; rearing style; parent-child interactions; interactions with siblings and peers; 

opportunities for outdoor play and physical activity; among others. Differential growth in 

body size, proportions and composition, and genotypic effects on movement proficiency per 

se are additional considerations
40

 which were beyond the scope of the present analysis. 

 

4.1 Strengths and limitations 

While this study evaluated qualitative assessment of FMS and quantitative assessments of 

performances on six motor tasks relative to skeletal maturation and body size in a sample 

spanning 3 to 6 years, several limitations should be noted. First, the study was cross-

sectional. Second, the sample size at 3 years was small. Third, potential environmental 

correlates of FMS and motor performance were not considered. There is a need for 

longitudinal research that captures the dynamic interactions among motor development, 

physical growth, biological maturation and the environments of home, preschool and the 

community. 
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4.2 Conclusions 

SA per se or interacting with body size had a relatively small influence in explaining 

variation in FMS and performances on specific motor tasks by children 3-6 years of age, 

although SA per se added significantly to the explained variance in girls at 3 years. 

Moreover, relationships between SAsr and FMS and the motor performances may differ 

between boys and girls, as suggested in results of the Chow tests. 

 

4.3 Perspective 

Allowing for sex differences in biological maturation, skeletal maturation may be more 

closely related to neuromuscular maturation in girls than in boys at these young ages. While 

this interpretation may be plausible, it emphasizes the need to better understand how 

biological maturation may influence the development of movement proficiency in young 

children and may interact with growth status and environmental variables. These 

considerations have implications for those working with preschool children. 
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Table 1. Descriptive statistics for the chronological age, skeletal age, body size, fundamental motor skills and motor performances by sex and age group. 

 

Variables Age groups, years 

 3  4  5  6  All 

 Boys Girls  Boys Girls  Boys Girls  Boys Girls  Boys Girls 

 (n = 24) (n = 28)  (n = 43) (n = 35)  (n = 46) (n = 47)  (n = 42) (n = 49)  (n =155) (n = 159) 

Chronological age (years) 3.8±0.2 3.6±0.2  4.4±0.3 4.5±0.3  5.5±0.3 5.5±0.3  6.5±0.3 6.4±0.3  5.2±1.0 5.2±1.1 

Skeletal age (years) 3.6±0.4 3.3±0.6  4.3±0.9 4.4±0.9  5.3±0.9 5.5±0.8  6.1±1.0 6.1±0.9  5.0±1.2 5.0±1.3 

Anthropometry               

Stature (cm) 103.2±4.0 99.0±4.4  106.5±4.2 106.8±4.2  113.9±6.0 113.6±5.4  120.6±5.2 119.9±5.0  112.0±8.2 111.5±8.9 

Body mass (kg) 16.6±2.1 15.2±2.0  19.1±3.6 18.2±3.0  21.1±4.0 21.3±5.1  24.3±5.1 23.7±4.9  20.7±4.8 20.3±5.2 

Fundamental motor skills               

Locomotor, total score 17.6±6.8 15.4±8.2  23.4±8.0 20.1±7.2  27.7±7.3 26.5±6.6  30.7±6.4 30.7±6.3  25.7±8.4 24.5±8.9 

Object control, total score 17.8±8.7 13.4±7.1  20.4±6.4 17.6±5.5  25.3±5.8 19.1±5.3  30.0±5.2 24.4±6.2  24.0±7.7 19.4±7.1 

Motor performance               

Catching (0-3 point scale) 1.5±0.4 1.5±0.4  2.0±0.5 1.7±0.6  2.4±0.4 2.1±0.5  2.6±0.4 2.5±0.4  2.2±0.6 2.0±0.6 

Scramble (s) 6.2±0.8 7.4±1.5  5.7±0.9 6.2±0.9  5.1±0.7 5.3±0.6  4.9±0.7 4.9±0.5  5.4±0.9 5.7±1.2 

Running speed (s) 3.7±0.5 4.4±0.8  3.4±0.6 3.8±0.7  3.1±0.6 3.3±0.5  3.0±0.6 3.0±0.3  3.2±0.6 3.5±0.8 

Standing long jump (cm) 56.5±18.4 49.0±18.9  68.0±19.7 55.3±19.9  87.0±20.9 74.6±17.2  95.8±19.6 94.0±18.0  79.4±24.4 71.8±25.3 

Balance (s) 4.3±3.4 4.5±3.4  6.7±4.9 6.3±4.8  13.0±10.1 17.6±12.1  24.8±24.0 29.4±22.6  13.1±15.8 16.4±17.4 

Tennis ball throw for distance (m) 3.8±1.5 3.0±1.0  5.3±2.2 4.0±1.9  7.4±2.6 4.6±1.1  8.7±3.1 6.4±2.0  6.6±3.0 4.7±2.0 

Values are expressed as mean ± standard deviation. Numbers in parentheses denote sample size. 
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Table 2 Summary of the variance explained by the standardised residuals of skeletal age on chronological age 

for fundamental motor skills and for catching and scramble performances. 

 

Variable†  Fundamental motor skills   Motor performance 

 Locomotor  Object control  Catching  Scramble 

 Age groups, years  Age groups, years  Age groups, years  Age groups, years 

 3
‡
 4 5 6  3 4 5 6  3 4 5 6  3 4 5 6 

Boys                     

ΔR2
2 9.5 11.7 1.2 10.2  26.5 3.6 6.3 1.2  16.4 14.9 2.2 13.2  10.8 14.2 4.5 2.3 

ΔR2
3 0.6 0.4 1.8 0.1  5.6 0.5 0.4 0.5  4.3 0.0 0.9 0.0  2.7 1.0 0.1 0.0 

Girls                    

ΔR2
2 1.6 3.2 2.2 0.7  10.8 2.2 7.0 3.3  10.1 5.3 5.7 4.6  3.4 9.8 4.8 8.7 

ΔR2
3 13.9* 0.1 0.2 4.8  20.4* 4.4 2.0 1.6  8.1 8.2 2.4 0.0  5.7 0.3 7.2 0.0 

 

†
Block 1: stature, body mass and stature × body mass; block 2: SAsr × stature, SAsr × body mass, and SAsr × 

stature × body mass; block 3: SAsr; 
‡
age group; ΔR

2
, explained variance by addition of each block; ΔR

2
2: 

changes in R
2
 from step 1 to step 2; ΔR

2
3 changes in R

2
 from step 2 to step 3; 

*
p < .05. 
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Table 3 Summary of the variance explained by the standardised residuals of skeletal age on chronological age 

for performances in running speed, the standing long jump, balance, and the tennis ball throw for distance. 

 

Variable† Motor performance 

 

Running speed  Standing long jump  Balance  

Tennis ball throw for 

distance 

 Age groups, years  Age groups, years  Age groups, years  Age groups, years 

 3
‡
 4 5 6  3 4 5 6  3 4 5 6  3 4 5 6 

Boys                     

ΔR2
2 8.7 16.7* 5.1 0.5  28.3 4.6 12.0 2.2  10.7 4.4 5.6 10.4  12.0 2.3 2.6 10.8 

ΔR2
3 4.8 2.9 2.0 1.2  0.0 1.6 0.0 0.9  6.1 0.1 1.0 0.0  0.7 0.5 0.0 1.7 

Girls                    

ΔR2
2 1.4 16.7 1.1 4.0  4.4 7.8 3.4 5.9  11.9 8.8 3.9 2.9  10.3 6.8 6.6 3.6 

ΔR2
3 14.6 1.6 5.4 0.1  9.1 0.9 5.7 0.3  0.1 5.7 9.9* 1.3  4.1 3.1 1.1 0.3 

 

†
Block 1: stature, body mass and stature × body mass; block 2: SAsr × stature, SAsr × body mass, and SAsr × 

stature × body mass; block 3: SAsr; 
‡
age group; ΔR

2
, explained variance by addition of each block; ΔR

2
2: 

changes in R
2
 from step 1 to step 2; ΔR

2
3 changes in R

2
 from step 2 to step 3; 

*
p < .05. 
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Table 4 Structural changes among boys and girls 4 years of age. 

 

FMS
†
/motor performance Regression models 

 Step 2 Step 3 

 Chow test (F) Structural change Chow test (F) Structural change 

Fundamental motor skills     

Locomotor 4.88*** Yes 4.62*** Yes 

Object control 3.65
**

 Yes 3.09
**

 Yes 

Motor performance     

Catching  8.93*** Yes 8.41*** Yes 

Scramble 6.00*** Yes 5.81*** Yes 

Running speed 12.54*** Yes 14.00*** Yes 

Standing long jump 8.34*** Yes 7.26*** Yes 

Balance 1.13 No 1.75 No 

Tennis ball throw for distance 4.85*** Yes 4.34*** Yes 

†
FMS, fundamental motor skills; 

*
p < .05; 

**
p < .01; 

***
p < .001. 
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Figure 1 Regression plots depicting the relationship of standardized residuals of skeletal 

age on chronological age with locomotor subtests (upper left; girls, 3 years), object control 

subtests (upper right; girls, 3 years), running speed (lower left; boys, 4 years) and balance 

(lower right; girls, 5 years). Models were plotted through predicted values. 
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Figure 2 Two-way interaction between standardised residuals of skeletal age on 

chronological age (SAsr) and body mass on the scramble test among boys, 4 years of age. 

  

0.00 

0.05 

0.10 

0.15 

0.20 

0.25 

Low SAsr High SAsr 

S
cr

a
m

b
le

 

Low body mass 

High body mass 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 

 

 

Figure 3 Two-way interaction between standardised residuals of skeletal age on 

chronological age (SAsr) and body mass on the standing long jump among boys 3 years of 

age. 
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