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Abstract

Background/Objectives: The Test of Gross Motor Development (TGMD-2) totals assume
equal weighting of the 12 locomotor (LOC) and object control (OC) skills, yet validation
studies indicate differential contributions. The study compared equal- and differential-
weighted scores for LOC and OC skills, with three fitness and two physical activity (PA)
outputs during guided active play (GAP). Methods: Children’s (n = 82; 7.6 & 1.5 years)
TGMD-2 LOC and OC differential factor weights were estimated with Exploratory Factor
Analysis (EFA) and compared to equal weights with multiple linear regression (two, five,
and eight predictors) and Chi-square analyses. Predictor variables included fitness, BMI,
sex, age stages, and PA assessed by energy expenditure (PAEE) and intensity (MVPA)
estimated using accelerometry during 1 h GAP. Results: EFA supported a two-factor
structure (variance explained = 51.1%) with >0.500 loadings for 9/12 skills. Differential-
and equal-weighted LOC and OC scores showed varied contributions from individual
skills. Multiple linear regression analysis showed similar explained variances (R?) of
53% (PAEE), 40% (MVPA), 31% (OC), and 14% (LOC) for equal or differential scores
with eight predictors. Although p coefficients varied, going from two, five, and eight
predictors, the impact of equal and differential weights was comparable. Chi-square
analysis indicated high OC associated with MVPA (X2 (4) =9.42,p <0.05), LP, and STR
with PAEE. Conclusions: TGMD-2 outputs with equal- and differential-weighted scores
are adequate for clinical/educational use, which show similar relationships with PA and
HREF variables. Differential-weighted TGMD-2 scores comprise different contributions of
movement skills and may hold promise for intervention studies focused on varied or target
tasks and movement abilities.

Keywords: locomotor and object control skills; measurement; factor loadings; guided
active play

1. Introduction

Motor competency involves independent and interdependent functions, including
motor coordination, motor ability, motor fitness, motor proficiency, gross motor compe-
tency, and Fundamental Movement Skills (FMS) [1]. Developing motor competence during
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childhood is important for accomplishing fine and gross motor tasks that impact goal-
directed movements required of daily living. Movement/motor skills are categorized into
locomotor skills (LOC) and object control (OC)/manipulative skills and described as the
building blocks of more complex movements [2]. To better understand the relationships
between developing movement skill competency and complex movements, a model fo-
cused on developmental trajectories leading to health- and performance-related outcomes
has been proposed [3]. The model hypothesizes synergistic and reciprocal bidirectional
relationships among movement skill levels, perceived physical competence, components
of health-related fitness (HRF) and physical activity (PA) participation, which are stage-
and sex-related during childhood [3]. It is hypothesized that during early childhood (EC),
PA participation, improvements in HRF, and perceived physical competence contribute
to gains in EMS levels. During middle-to-late childhood (MC-LC), it is hypothesized that
proficiency gains in FMS contribute to complex movement patterns and PA participation
that support positive health-related and performance/sport-related outcomes [1,3,4].

Of the several instruments assessing movement skills, the Test of Gross Motor
Development-2 (TGMD-2), Movement Assessment Battery for Children-2 (MABC-2), and
Bruininks-Oseretsky Test of Motor Proficiency (BOT-2) have been widely used in research,
education, and clinical settings [1,5,6]. Whether the revised TGMD-3, with its focus on
a general motor skills factor and specific factors for LOC and ball skills, supersedes the
use of the TGMD-2 in the future is to be determined [7,8]. Notwithstanding the future
potential of TGMD-3, the challenges and inconsistencies identified for interpreting LOC
and OC scores when comparing relationships with behavioral and biological variables may
persist [9]. Specifically, TGMD-2 validation studies show that the 12 movement skills have
differential factor (skill) weights; however, the practice of computing summed LOC and
OC scores assumes equal factor (skill) weights [5,10-12]. This methodological approach to
applying skill factor weights may bias relationships between dependent and independent
variables [13]. Although several reports have identified the relationships between equal-
weighted total, LOC, and OC scores with PA and components of HRF [1-4], investigations
of differential-weighted LOC and OC scores and PA and HREF are lacking in the litera-
ture [11,14]. Previous reports showing considerable variability for differential weights of
TGMD-2 skills may be responsible for the gap in the literature [11]. For example, the range
of differential factor weights reported for running includes 0.20, 0.45, 0.71, and 0.94 [10,12].
Differences in factor weights have been attributed to inappropriate or mis-specified ap-
proaches in estimating factor weights, with Exploratory Factor Analysis recommended over
Confirmatory Factor Analysis for TGMD-2 outputs [11,13]. Specifically, Exploratory Factor
Analysis using Maximum Likelihood factor extraction with oblique rotations provides an
opportunity to explore how each skill loads on both factors. Furthermore, it is important to
determine if the factor weights for LOC and OC skills align with the two-factor hypothesis
for the TGMD-2 [5] prior to considering further statistical analysis [13,15]. While equal- and
differential-weighted scores assess the same movement skills (LOC and OC), it is uncertain
if the differential-weighted scores show similar relationships to equal-weighted scores.

To investigate the multiple linear regression relationships for LOC and OC skills with
HRF and PA outputs, it is important to assess individual and /or grouped predictors since
relationships between a predictor and the outcome may vary with increased predictors.
Specifically, adding predictors can change relationships in many ways, including masking
and/or mediating independent variable effects, re-evaluating the individual contribution
of a predictor, and adjusting for multicollinearity and/or confounding variables [16,17].
Studying relationships between motor skills, fitness, and physical activity demonstrates
how adding new variables reveals a more complex picture [18]. Therefore, the analysis of
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equal- and differential-weighted LOC and OC skills should include comparisons of many
individual and/or groups of predictors (i.e., fitness, sex).

The concern that equal-weighted LOC and OC scores may mask differential factor
weights has also been approached by categorizing high scores with relevant cut-off thresh-
olds [13]. An investigation using cut-off thresholds to classify high LOC and OC levels in
youth found significant associations between high movement skill categories and HRF [19].
As well, results for children (7-12 years) showed that cut-off categories for high movement
skills not only align with motor skill proficiency but a significant association was observed
with high levels of PA participation [20]. Furthermore, using cut-off thresholds for TGMD-2
skills has proven invaluable for categorizing childhood FMS levels from 25 countries across
six continents [21]. However, cut-off thresholds applied to equal-weighted LOC and OC
sum scores may not represent the characteristics of the measurement instrument, which
might misclassify “high-level” classifications [13]. Individual averaged scores rather than
summed scores may preserve the test metrics [13]. Investigation of high categories for LOC
and OC scores and/or individual averaged scores for LOC (LIA) and OC (OIA) scores
with PA outputs and HRF have yet to be reported. In addition, whether associations
between high LOC and OC classifications and PA and HRF share a similar pattern of results
compared to differentially weighted LOC and OC skills with PA and HRF is uncertain.

Previous studies using habitual and/or school-based PA with their sporadic bouts of
different PA domains may provide too few opportunities for LOC and OC skills, thereby
impacting the relationships with PA outputs [1,22,23]. It has been suggested that the
relationships between LOC and OC scores and PA outputs may be impacted by the choice of
locations used to capture children’s PA participation. In contrast, guided active play (GAP)
has been suggested to promote opportunities for more varied activities for movements
requiring combinations of LOC and OC skills [24-26]. While equal- and differential-
weighted scores assess the same movement skills (LOC and OC), it is uncertain if the
different weights show similar relationships with complex or challenging physical activities.
Furthermore, whether guided active play (GAP)-based PA outputs for cooperative social
games show similar relationships between PA with equal- and differential-weighted LOC
and OC scores remains uncertain [27,28].

The purposes of this study were to (1) investigate if equal- and differential-weighted
LOC and OC scores modify the nature of the relationships with guided active play PA
and HRF; and (2) examine associations among high LOC, high OC skills, high guided
active play PA outputs, and high components of HRF across childhood. Our objectives
were the following: (a) compute differential-weighted LOC and OC scores by obtaining
differentiated factor weights for LOC and OC using two-factor Exploratory Factor Analysis;
(b) conduct multiple linear regression analysis of two (FMS and PA), five (+HRF) and
eight (+sex, BMI, and age stages) predictor models to compare the influences of equal- and
differential-weighted LOC and OC scores. Specifically, predictors included Physical Activ-
ity Energy Expenditure (PAEE), moderate to vigorous PA (MVPA), Aerobic Power (AP),
Leg Power (LP), average grip strength (STR), sex and body mass index (BMI); (c) evaluate
the associations between relevant cut-off thresholds for high categories of LOC, LIA, OC,
and OIA skills with high PAEE, MVPA, and HRF variables; and (d) identify if equal- and
differential-weighted LOC and OC scores and categorized LOC, LIA, OC, and OIA skills
demonstrate shared relationships with PA and HRF.

It is hypothesized that (a) differential-weighted LOC and OC scores would demon-
strate different contributions of movement skills to LOC and OC scores; (b) differential-
weighted LOC and OC scores would demonstrate different relationships with PA and HRF
outcomes compared to equal-weighted scores using two, five and eight predictors; and
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(c) high LOC and OC levels would be significantly associated with higher PAEE, MVPA,
and HRF components across childhood.

2. Materials and Methods
2.1. Participants and Study Design

Children ranging from 5 to 10 years old registered in a seven-week community-based
summer day camp program (subsidized fees) were recruited to participate in the study.
Following an orientation session, 70% of parents/guardians provided their children’s PA
readiness survey and informed consent for their children. Children excluded from the
study were those not completing all the assessments (12%) and those with incomplete
consent information (18%). All procedures in this study were supported by the community
center and approved by the University’s Human Participation Research Ethics Committee
prior to the start of the study.

The study was conducted within a community-based summer day camp program
scheduled for 7 weeks (4 d wk~!) from 8:30 am-3:30 pm (exclusive of weekends). Children
completed two trials of anthropometric, health-related fitness, and FMS measurements
separated by two days in an air-conditioned gymnasium. Children’s PA data was collected
during a 55 min guided active play (GAP) program using cooperative (social) games, such
as Fishes and Whales, What time is it Mr. Wolf, Clothespin tag, Crocodile-Crocodile, and
Arches tag, framed by a warm-up (i.e., static/dynamic stretches) and cool-down [26,27].

2.2. Anthropometric and Health-Related Fitness

Body mass and standing height were determined using an electronic scale and a
stadiometer, with body mass index (BMI) calculated as previously described [26,29]. Re-
garding health-related fitness parameters, Aerobic Power (AP), expressed as VO,max, was
estimated from a multistage 20 m shuttle run using the speed of the last stage completed
and age (VO,max = 31.025 + 3.238 (Speed) — 3.248(Age) + 0.1536.Age x Speed) [30]. The
20 m shuttle run test has demonstrated moderate to high construct validity (r = 0.78) for
measuring VO;max when compared to direct gas analysis and high test-retest reliability
(r = 0.89) [30-32]. Leg Power (LP), expressed in Watts, was derived from vertical jump
height (VJH), calculated as the difference between standing reach and jump reach (cm),
and body mass (kg) (W =54.2 x VJH + 34.4 x body mass — 1520.4) [33]. Strength (STR)
was measured using a hand grip dynamometer and expressed in kilograms (kg). Handgrip
strength was measured in two trials per hand, performed alternately. The mean score
for each hand was then combined to obtain the overall grip strength STR score [27]. All
HREF variables were assessed by experienced university students who had demonstrated a
coefficient of variability (+/—3%) for each method.

2.3. Fundamental Movement Skills

The Test of Gross Motor Development 2 (TGMD-2) was used to assess gross motor
quotient (GMQ), locomotor skills (run, hop, leap, horizontal jump, slide, gallop), and
object control skills (striking, kicking, dribbling, catching, throwing, rolling) as outlined in
TGMD-2 Examiner’s Manual [5]. Performance criteria for each skill were assessed during
two test trials. If a child demonstrated the performance criterion, they received a score of 1;
if not, a 0 was recorded. FMS mastery was achieved if all performance criteria were met,
and FMS proficiency was obtained if all but one of the performance criteria were met [5].
Kinesiology students trained in administering the TGMD-2 tests completed all assessments
in small groups (<4) of children. Prior to the study, intra-rater reliability for each rater
(kinesiology student) was assessed on four or more randomly assigned videotaped trials of
six children performing the TGMD-2 test over 8 days. Inter-rater reliability was assessed
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between 10 raters measuring the same 10 children performing at least 10 or more TGMD-2
tests over 8 days. The intra-rater and inter-rater reliabilities were strong, with ICC = 0.97
(C10.94 to 0.99) and ICC = 0.93 (CI 0.90 to 0.96), respectively. Furthermore, the variability
in FMS scoring for all assessors against standardized tasks was determined by comparing
scores with those from an expert (i.e., PhD with 10 years of experience with children’s
assessments).

2.4. Physical Activity

Children’s PA was quantified and characterized with accelerometers (ACC; ActiGraph
GT3X+, Pensacola, FL, USA) worn on the right hip during each GAP session (55 min). The
sampling interval was set at a 10 s epoch with a frequency of 30 Hz, and ActiLife v6.1
software was used to calculate ACC vectors expressed in arbitrary units (counts per 10
s). Physiologically relevant outputs were determined using vector outputs to estimate
oxygen consumption (VO,) (mLO; kg’l min~!) with a regression equation (y = 0.0025
(V) + 2.2266) derived from children’s games [26], which were used to calculate energy
expenditure (EE) during the GAP sessions. For estimated VO,, the explained variance (R?)
and Standard Error of Estimate (SEE) using specific laboratory-based equations were 0.95
and 1.07 mLO, kg ! min~", respectively. Furthermore, physiologically estimated metabolic
equivalents (MET) were determined using a regression equation (y = 0.0045 (V) + 0.9912)
generated for GAP games. The METs were used to classify PA intensity as sedentary (<1.9
MET), very light (2.0-2.9 MET), light (3.0-3.9 MET), moderate (4.0-5.9 MET), and vigorous
(>6 MET) [19,21]. Intensity data reported are expressed as a percentage of PA time spent at
moderate and vigorous PA (%MVPA; >4 MET).

2.5. Statistical Analysis

Descriptive statistics (mean, standard deviation, skewness, and homogeneity of vari-
ances) were determined for anthropometric, FMS, HRF, and PA variables using SPSS v29.
TGMD-2 individual movement skills were summed into Total (LOC + OC), LOC, and OC
subtypes, assuming equal (E) weighting of each skill. The percentage of contribution of
each LOC and OC skill to the summed score was determined. Differential factor (DF)
weights were obtained with Exploratory Factor Analysis (EFA) and a two-factor solution
using Maximum Likelihood extraction and oblimin rotation with Kaiser Normalization.
These factor weights were used to compute differential-weighted Total, LOC, and OC
scores. EFA of TGMD-2 data showed that factor loadings had a strong fit for further factor
analysis as evidenced by the Kaiser-Meyer-Olkin measure (0.83) of sample adequacy and
a significant Bartlett’s Test of Sphericity (X? (66) =186.83, p < 0.001) and a goodness-of-fit
test (X? (43) =35.706, p = 0.777). Our cohort comprised girls and boys ranging from 5 to
7 years (early childhood) and 8-to-10 years (primary school children), since they influence
motor skill scores and may have limited the stability and generalizability of our results.
As such, two approaches were used to improve the stability and generalizability of the
results. These included (a) comparison of estimated EFA factor loadings using a split
sample; and (b) adjusting for sex, BMI, and stage covariates with multiple linear regres-
sion analysis of E and DF weighting scores on the dependent variable. A split-sample
cohort was prepared using stratified sampling of two stages for children in the current
sample (n = 40) and for children from previous studies (n = 42) [27]. Split-group analysis
showed comparable statistics for the Kaiser-Meyer-Olkin measure (0.822), Bartlett’s Test of
Sphericity (X? (66) = 294.184, p < 0.001), and goodness-of-fit test (X? (43) = 46.004, p = 0.349).
Power analysis showed that a sample size of 86 was necessary to achieve a power level
of 0.80 with an alpha level of 0.05, an effect size of 0.42 (based on factor loadings for 12
observed variables and 12 latent variables) [34,35]. Differential-weighted LOC and OC
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skills were obtained by multiplying individual motor skills by the weighted estimates. The
differential-weighted scores for LOC and OC skills, and the percent contribution of each
differential weighted skill, were determined for all children, girls and boys. The LOC and
OC equal- and differential-weighted scores and the 12 individual scores were compared
using Analysis of Variance (ANOVA), as well as paired and independent ¢-tests with SPSS
v29. Power analysis for t-tests (n = 82) showed a power level of 0.8933 with an effect size
of 0.35 and an alpha level of 0.05 [36]. For ANOVA, the within and between interactions
showed a power level of 0.999 with an effect size of 0.33 and an alpha level of 0.05 [36].

Multiple linear regression was used to examine the reciprocal relationships between
LOC and OC equal- and differential-weighted scores and PAEE and MVPA. Regression
models examined reciprocal relationships between LOC and OC equal- and differential-
weighted scores with PAEE and MVPA (two predictors). Second, the impact of AP, LP, and
STR variables was included (a total of five predictors), followed by the addition of sex, BMI,
and stage (a total of eight predictors). Sex was represented with girls as the reference group,
and stage was represented with early childhood as the reference group. Also, model fit
was assessed with the F-statistic (F), as well as the total variance accounted for (R?) and the
adjusted variance accounted for (aR?). Standardized beta () coefficients for all variables
were assessed at alpha levels, p < 0.05, p < 0.01, and p < 0.001. A post hoc power analysis
was conducted using G*Power 3.1 [36] to assess the adequacy of the sample size for the
multiple linear regression (n = 82) indicated a power level of 0.99 with eight predictors, an
effect size of (0.68), and an alpha level of 0.05.

Categorization of TGMD-2 LOC and OC skills, PA, and HRF variables was classified
by cut-off thresholds between low (<33%), medium (33-66%), and high (>66%) categories.
ANOVA and Tukey’s post hoc test assessed the mean differences between tertiles for LOC,
OC, PAEE, MVPA, and HRF variables at p < 0.05. The associations were assessed with a
3 x 3 Chi-square Fisher Exact test and Likelihood Ratio for small sample sizes (<50) and
small cell sizes (<5). Cramer’s V statistic was used to assess the strength of a relationship
between two categorical variables, as small (<0.15), medium (>0.15 and <0.25), and large
(=0.25) [37]. Statistical comparisons of cross-tabulation analysis involved calculating z-
scores from standardized residuals to determine alpha levels when comparing high and
low classifications. The significance (p < 0.05) levels were adjusted with the Bonferroni
method to account for the number of statistical comparisons performed. Power analysis
for Chi-square tests (n = 82) showed a power level of 0.721 with degrees of freedom (4),
moderate effect size (0.325), alpha level of 0.05, and a Critical X? = 9.043 [36]. All analyses
were conducted using SPSS v29, with statistical significance of p < 0.05, unless stated
otherwise.

3. Results
3.1. Descriptive and Pearson Correlation Results

Children’s anthropometric, fitness, and FMS characteristics (mean and SD) are pre-
sented in Table 1. Children with a mean age of 7.6 £ 1.5 years were partitioned into age
stages I (5-7 years) and II (8-10 years). Significant differences across the age stages were
observed for Aerobic Power (AP) (F (1, 78) = 17.4, p < 0.001), with children in stage I
showing higher AP scores than stage II children. There was a significant difference across
the age stages and between girls and boys for Aerobic Power (AP). AP decreased with
age stages overall and more for girls, while boys were relatively stable (F (1, 78) = 9.2,
p < 0.001). Physical Activity Energy Expenditure (PAEE) (F (1, 78) = 17.2, p < 0.001), Leg
Power (LP) (F (1,78) = 11.3, p < 0.001), and grip strength (STR) (F (1, 78) = 296.9, p < 0.001)
significantly increased with age stages. Sex differences for moderate-vigorous physical
activity (MVPA) showed that boys had significantly more intensity than girls across all
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age stages (F (1) = 18.8, p < 0.001). Boys demonstrated higher object control (OC) skills
than girls (F (1, 78) = 13.4, p < 0.001) during age stages I and II (F (1, 78) =5.1, p < 0.05).
Differences across age stages and between girls and boys for BMI and LOC scores were not
statistically significant (p > 0.05).

Table 1. Characteristics of children’s movement skills, physical activity, and health-related fitness
stratified by age stages and sex (mean =+ standard deviation). Abbreviations include the following:
PAEE (PA energy expenditure, kcal.55 min~1); MVPA (percent time in moderate-vigorous PA); AP:

Aerobic Power (VO;max, mLO; kg min~1); LP (Leg Power in Watts); STR (average grip strength in
kg); and BMI (body mass index).

Total All Age Stages Girls Age Stages Boys Age Stages
(n=282) (n =82) (n = 40) (n=42)
I II I II I II
5-7 years 8-10 years 5-7 years 8-10 years 5-7 years 8-10 years
(n =40) (n=42) (n =20) (n =20) (n =20) (n=22)
Ace 7.6 6.3 8.8 6.1 8.8 6.5 8.7
& +1.5 +0.8 +0.8 +1.0 +0.9 +0.5 +0.8
PAEE 207.2 177.9 235.0 2 ** 168.7 219.6 187.2 249.0
+67.9 +44.6 +74.8 +42.1 +64.6 +46.2 +82.0
MVPA 38.9 39.3 38.5 37.1 32.5 41.6 44,00 *
+9.3 +7.6 +10.8 +6.5 +9.0 +8.3 +94
38 39 38 37 39 40 37
Loc £8 +7 +8 +8 +7 +6 +9
oC 37 35 39a* 33 35 37 420
+7 +8 +6 +8 £3 +7 +5
AP 45.1 47.1 43.82* 47.6 41.6 46.7 457 ¢*
+4.3 £2.38 +4.8 £1.38 +3.8 £3.5 +4.5
LP 654.4 514.1 788.0 @ ** 549.6 774.2 478.6 800.6
+386.7 +308.1 +409.4 +360.7 +450.8 +249.2 £378.1
STR 18.8 9.6 2753 ** 9.4 28.1 9.8 27.0
+10.0 £2.6 +6.0 +2.5 +6.0 +2.8 +6.0
BMI 18.4 17.8 19.0 17.9 17.9 17.8 20.0
+3.6 £3.2 +3.8 £3.0 +3.1 £3.3 +4.3

Statistical differences between stages I and II are designated with ?; girls vs. boys not stage-dependent are

designated with ®; girls vs. boys across stages I and II are designated with ¢. Probability levels are represented by
*p <0.05; and ** p < 0.001.

Pearson correlations showed that LOC and OC were not significantly related to PAEE
(r=0.15and r = 0.19, p > 0.05). In contrast, MVPA positively correlated with LOC (weak
effect, r = 0.28, p < 0.05) and with OC (moderate effect, r = 0.36, p < 0.01). MVPA was
strongly related to PAEE (r = 0.67, p < 0.01). Based on the correlation analyses, PAEE
was moderately related to LP (r = 0.55, p < 0.01) and STR (r = 0.51, p < 0.01). MVPA was
moderately related to AP (r = 0.45, p < 0.01) (Table 2).

3.2. Exploratory Factor Analysis of the Test of Gross Motor Development-2

Exploratory Factor Analysis identified two factors that explained 51.1% of the variance.
The rotated factor loadings showed a strong pattern grouping of OC skills with Factor 1
and LOC skills with Factor 2 (Table 3). Although two skills, run and hop, showed weaker
loadings on Factor 2, they were included with Factor 2 to coincide with the two-factor
structure model [5]. The highest factor weight estimates for each movement skill were
used to compute differentiated Total, LOC, and OC skill scores. Positive relationships were
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observed between equal- and differential-weighted scores for Total (r = 0.998, p < 0.001),
LOC (r=0.995, p <0.001), and OC (r = 0.996, p < 0.001) scores. A comparison of the means
for equal- and differential-weighted LOC and OC scores showed significantly lower LOC
and OC skills scores for the differentiated-weighted skills (Table 4). Boys were found to
have higher total and OC scores than girls (p < 0.05). Girls and boys showed non-significant
differences for equal- and differentiated-weighted LOC scores.

Table 2. Pearson Correlation Matrix for body mass index (BMI), Aerobic Power (AP), Leg Power (LP),
grip strength (STR), gross motor quotient (GMQ), locomotor skills (LOC), object control skills (OC),
Physical Activity Energy Expenditure (PAEE), and Moderate-to-Vigorous Physical Activity (MVPA)
(n = 82).

BMI AP LP STR GMQ LOC OoC PAEE
AP —0.35 **
LP 0.35 ** —0.23*
STR 0.30 ** —0.47 ** 0.51 **
GMQ —0.11 0.21 0.17 0.08
LOC —0.06 0.19 0.11 —0.03 0.88 **
oC -0.07 0.15 0.25* 0.22* 0.88 ** 0.570 **
PAEE 0.55 ** —0.33 ** 0.55 ** 0.51 ** 0.05 0.15 0.19
MVPA —0.10 0.45** 0.07 —0.08 0.37 ** 0.28 * 0.36 ** 0.67 **

*. Correlation is significant at the 0.05 level (two-tailed). **. Correlation is significant at the 0.01 level (two-tailed).

Table 3. Factor weightings following Exploratory Factor Analysis using Maximum Likelihood
extraction and oblimin rotation for 12 locomotor and object control skills assessed by the Test of
Gross Motor Development-2. The stability of the LOC and OC factor weights was compared with a
split-group sample for Factor 1 and Factor 2 loadings. Standardized beta coefficients for the two-factor
structure used to compute differential factor weighting are depicted in bold.

EFA Hypothesis Split Sample

Skill Factor 1 Factor 2 Skill Factor 1 Factor 2
Run 0.555 0.134 Run 0.561 0.061
Gallop —0.088 0.687 Gallop —0.172 0.775
Hop 0.400 0.208 Hop 0.511 0.253
Leap 0.332 0.521 Leap 0.402 0.511
Jump 0.326 0.513 Jump 0.228 0.524
Slide 0.310 0.484 Slide 0.050 0.547

Strike 0.525 0.061 Strike 0.724 —0.338
Dribble 0.628 0.338 Dribble 0.475 0.426
Catch 0.530 0.130 Catch 0.515 0.192
Kick 0.453 0.151 Kick 0.492 0.247

Throw 0.887 —0.160 Throw 0.703 —0.146
Roll 0.734 —0.200 Roll 0.434 0.102

3.3. Comparison of Equal Weights and Differential Weights for Individual LOC and OC Skills

The impact of factor weights assessed by percent contribution of individual equal
and differential weighted LOC and OC skills relative to the LOC and OC subtype scores
is presented in Figure 1. Overall, the percentage of equal-weighted skills ranged from
11.5 £ 4.4% (leap) to 20.4 £ 5.3% (hop) and DF skills from 10.3 = 2.3% (run) to 22.6 & 6.3%
(gallop) for LOC scores. Considering differential-weighted skills, the gallop (t = 42.46,
p < 0.05) and jump (t = 33.98, p < 0.05) showed significantly higher contributions to the
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LOC score, while the contribution of the run skill was lower by 7% (t = 48.43, p < 0.05).
Analysis of girls and boys showed similar differences for the percent contributions when
comparing equal and differential-weighted LOC skills.

Table 4. Comparison of Total, locomotor (LOC), and object control (OC) scores for equal (E)-weighted
and differential (DF)-weighted Test of Gross Motor Development-2 outputs. Exploratory Factor
Analysis was used to compute differential (DF)-weighted scores for Total, LOC, and OC outputs.
Results and standard deviation are provided for all children (n = 82), girls (n = 40) and boys (n = 42).

All Girls Boys
Skill E DF E DF E DF
Total 75£13 42 +8* 72 +13 40+7* 79+£11* 44£7*
LOC 38 £38 22+4* 377 22 +4* 38 £38 22 £5*
ocC 37 £8 20£4* 34+7 18+ 4% 39£72%  22££4*1

Statistical comparisons are noted by * for E vs. DF at p < 0.05and G vs. Bby ® at p < 0.05.

OE mDF
*

Slide Strike Dribble Catch Kick

Object Control

Gallop  Hop Leap  Jump Throw  Roll

Locomotor

Figure 1. Percent contributions of locomotor and object control movement skills” equal and differential
weightings. The “star” denotes statistical significance for equal- and differential-weighted skills at
p < 0.05. The differential factor weighting for each movement skill was determined by multiplying
the LOC and OC raw scores by their assigned weight following Exploratory Factor Analysis using
Maximum Likelihood extraction and oblimin rotation with Kaizer Normalization.

The percent contributions for OC skills showed equal-weighted skills ranging from
14.5 & 3.0% (catch) to 19.5 & 5.5% (strike) and differential-weighted skills from 12.3 £ 2.4%
(kick) to 23.6 £ 5.9% (strike). Differential-weighted strike (t = 39.03, p < 0.05) and throw
(t=39.69, p < 0.05) skills showed significantly higher contributions to the OC score, while
kick showed a lower contribution of 6.5% (t = 48.99, p < 0.05) to the OC score (Figure 1).

3.4. Multiple Linear Regression Analysis for Equal- and Differential-Weighted LOC and OC Skills
with Physical Activity and Health-Related Fitness

Regression analysis of equal- and differential-weighted LOC and OC scores with PAEE
and MVPA was compared with the F-statistic, R?, and aR? (Table 5). For all models, the
use of differential-weighted skills for LOC and OC scores displayed comparable model fit
statistics observed for equal-weighted skills. Generally, increasing the number of predictor
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variables from two (LOC, OC) to eight (LOC, OC, AP, LP, STR, sex, BMI, and stage) showed
larger F-statistics and larger aR? from 6% to 41% for PAEE (p < 0.001) and from 12% to
34% for MVPA (p < 0.001) (Table 5). When OC was the dependent variable, a similar
pattern was observed for two (PAEE, MVPA) and eight (PAEE, MVPA, AP, LP, STR, sex,
BMI, and stage) predictors, with the aR? going from 13% to 27%. Predicting LOC with 2 to 8
predictors showed a lower trend, with F-statistics reporting 8% for 2 predictors to an aR? of
3% for 8 predictors. Overall, results showed a positive reciprocal relationship from MVPA
to OC and from OC to MVPA with R? values of 31% and 40% for each pathway. Conversely,
a significant positive relationship was evident for PAEE to LOC (R? of 53%, p < 0.001),
while the reverse pathway was not significant (R? of 14%, p > 0.05). The relationships
identified for equal- and differential-weighted LOC and OC scores as either dependent or
independent variables were comparable when considering two-, five- and eight-predictor
models (Table 5).

Table 5. Summary of multiple linear regression analysis comparing equal and differential weighting
for locomotor (LOC) and object control (OC) skills, Physical Activity Energy Expenditure (PAEE),
Moderate-to-Vigorous Physical Activity (MVPA), and health-related fitness. LOC and OC skills were
predicted from two (PAEE, MVPA), five (PAEE, MVPA, Aerobic Power (AP), Leg Power (LP), and
average grip strength (STR)) and eight (PAEE, MVPA, AP, LP, STR, sex, body mass index (BMI), and
stage) independent variables. PAEE and MVPA dependent variables were predicted from two (LOC,
0Q), five (LOC, OC, AP, LP, STR), and eight (LOC, OC, AP, LP, STR, sex, BMI, and stage) independent
variables. Model fit measures include F-statistic (F), degrees of freedom (df), the variance accounted
by R-squared (R?) and adjusted variance explained (aR?). Sex includes girls as the reference group.
Statistical significance probability levels are included (p).

Dependent Variables Dependent Variables
Equal Weighting Differential Weighting
LOC ocC LOC oC
F=4.73,df2, F=6.78,df2, F=450,df2, F=6.75,df2,
Predictors: R?0.11 R?0.15 Predictors: R20.10 R?0.15
PAEE, MVPA aR? 0.08 aR%0.13 PAEE, MVPA aR? 0.08 aR20.12
p <0.05 p <0.01 p <0.05 p <0.01
Predictors: F=2.39,df5, F =4.40, df 5, Predictors: F=2.16,df5, F=421,df5,
: 2 2 : 2 2
PAEE, MVPA, AP, LD, R 20.14 R 20.24 PAEE, MVPA, R 20.12 R 20.22
STR aR? 0.08 aR? 0.17 AP. 1P STR aR? 0.07 aR? 0.17
p <0.05 p < 0.001 [l p>0.05 p <0.01
Predictors: F=1.74,df7, F=4.70,df7, Predictors: F=1.61,df7, F=467,df7,
recictors: R2 0.14 R2 031 PAEE, MVPA, R20.13 R20.31
PAEE, MVPA, AP, LP, 5 5 5 5
STR. Sex. BML Stage aR? 0.06 aR20.24 AP, LP, STR, Sex, BMI, aR? 0.05 aR20.24
T /218 p>0.05 p < 0.001 Stage p>0.05 p < 0.001
PAEE MVPA PAEE MVPA
F=3.55,df2, F=6.66,df2, F=2.60,df2, F=6.89,df2,
Predictors: R20.08 R20.14 Predictors: R20.06 R20.15
LOC, OC aR? 0.06 aR20.12 LOC, OC aR? 0.04 aR20.13
p <0.05 p <0.01 p>0.05 p <0.01
F=10.29, df5, F=6.71,df5, F=10.01, df 5, F=6.77,df5,
Predictors: R? 0.40 R?0.26 Predictors: R? 0.40 R?0.31
LOC, OC, AP, LP, STR aR? 0.36 aR20.26 LOC, OC, AP, LP, STR aR? 0.36 aR20.26
p < 0.001 p <0.001 p < 0.001 p <0.001
Predictors: F=12.00,df7, F=7.08,df7, Predictors: F=11.90,df7, F=7.12,df7,
: 2 2 : 2 2
LOC, OC, AP, LD, STR, R20.53 R20.40 LOC, OC, AP, LP, STR, R20.53 R2O.40
o BML Stane aR? 0.49 aR? 0.34 S BML Stave aR? 0.49 aR? 0.35
’ +2tag p <0.001 p < 0.001 ’ s Otag p < 0.001 p <0.001
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Standardized beta ([3) coefficients were compared for equal- and differential-weighted
skills to better understand the explanatory power of regression models with varying
numbers of predictors. In two-predictor models for PAEE and MVPA using equal-weighted
LOC and OC skills, OC showed significant relationships with PAEE (5 = 0.339, p < 0.05)
and MVPA (3 = 0.283, p < 0.05), while LOC skills were not significant. When fitness
predictors (i.e., AP, LP, and STR) were included, the relationships between motor skills and
PA outputs were no longer significant. However, children’s LP (3 = 0.386, p < 0.001) was
related to PAEE, and AP (3 = 0.441, p < 0.001) influenced MVPA. When the 5-predictor
model included adjustments for sex, BMI, and stage (early childhood and primary school
children), the motor skill predictors did not significantly predict PA outputs. Adjusting
for stages revealed non-significant relationships to PA outputs; in contrast, BMI was
significantly related to PAEE ( = 0.316, p < 0.001), while sex showed boys having a
relationship to MVPA (3 = 0.351, p < 0.001) compared to girls. The relationships identified
for equal- and differential-weighted LOC and OC scores predicting PAEE and MVPA
outputs were consistent across the two-, five-, and eight-predictor models (Supplementary
Tables S1 and S2).

Multiple linear regression analysis examining LOC and OC scores as dependent
variables, with PA outputs, fitness, sex, BMI, and stages as predictors, revealed that among
the five predictors (PAEE, MVPA, AP, LP, and STR), only MVPA (3 = 0.304, p < 0.05) had a
statistically significant effect on LOC. The other predictors were not significant (p > 0.05).
MVPA did not predict OC scores; however, when adjusting for sex, results showed that boys
were significantly related to OC scores (3 = 0.345, p < 0.05), but not developmental stage
and/or BMI. (Supplementary Table S3). Furthermore, the prediction of movement skills
scores was consistent across the two-, five-, and eight-predictor models (Supplementary
Tables S3 and S4).

3.5. Associations Between High and Low Classifications for PA Outputs, Components of HRF,
Summed LOC and OC Skills, and Individual Averaged LOC (LIA) and OC (OIA)

A summary of the Chi-square Fisher Exact analysis for FMS, PA, and HRF variables
is presented in Table 6. Significant associations were observed between MVPA with OC
(X2 (4) =9.42; p < 0.05) and OIA (X2 (4) =9.55; p < 0.05), where 37% of the high MVPA
group were overrepresented by children from the high OC and high OIA categories. Of
the 12 motor skills, only the high dribble showed a significant association with high MVPA
(X? (4) = 11.72; p < 0.05), with 41% of the children overrepresented in the high MVPA
(Supplementary Material). Non-significant associations were found between MVPA with
LOC and LIA skills. Non-significant associations were found between PAEE and LOC, OC,
LIA, and OIA skills.

Examination of PA outputs and HRF showed significant associations between PAEE
with LP (X? (4) =14.04; p < 0.05) and STR (X? (4) =15.51; p < 0.05) (Table 6). Specifically,
the high PAEE group (>221 kcal 55 min~!) was overrepresented by children in the high
LP (52%) and high STR (56%) groups. Significantly more boys with high PAEE were
associated with the high LP and high STR groups. Conversely, the low PAEE group was
overrepresented by 57% of the low LP group. Furthermore, a significant association was
observed between MVPA and AP (X2 (4) =14.55; p <0.05), with low MVPA overrepresented
by 57% in the low AP category (Table 6).

Investigation of LOC and OC skills with components of HRF showed significant
associations between OIA and STR (X2 (4) =11.21; p < 0.05). Cross-tabulation analysis
showed that children in the high OIA category were overrepresented by 42% more children
with high STR (>24.1 kg), while LOC associations were non-significant. Boys showed a
significant association between OIA and STR (X? (4) =13.00; p < 0.05) compared to girls in
the high OIA group, with an overrepresentation (45%) from the high STR group. LOC, OC,
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LIA, and OIA showed non-significant associations with AP and LP. Of the 12 motor skills,
only the high throw showed a significant association with high LP, with 50% of the children
overrepresented in the high LP group (X? (4) =11.40; p < 0.05) (Supplementary Material).

Table 6. Chi-square and cross-tabulation analyses with effect sizes for relationships among physical
activity (PA), Fundamental Movement Skills (FMS), and health-related fitness (HRF) (N = 82). MVPA
= Moderate-to-Vigorous Physical Activity; PAEE = Physical Activity Energy Expenditure; OC = object
control; OIA = individual average score of OC skills; STR = strength; LP = Leg Power; AP = Aerobic
Power; H = high; L =low. Significance at p < 0.05.

Associations X2 df=4) Cramer’s V Overexpression Observed in H and L Categories
PA and FMS
MVPA with OC 9.42 0.24 37% of HOC in H MVPA
MVPA with OIA 9.55 0.24 37% of H OIA in H MVPA
PA and HRF
PAEE with LP 14.04 0.29 52% of H LP in H PAEE; 57% of L LP in L PAEE
PAEE with STR 15.51 0.30 56% of H STR in H PAEE
MVPA with AP 14.55 0.31 57% of L AP in L MVPA
HRF and FMS
STR with OIA 11.21 0.25 42% of HSTR in H OIA

4. Discussion

The purpose of this study was to examine the relationships between TGMD-2 outputs
computed with equal and differential weights with PA outputs, HRF, sex, and BMI. LOC
and OC scores using differential motor skill weights obtained from a two-factor Exploratory
Factor Analysis were found to have a strong linear relationship with equal-weight motor
skill scores. Multiple linear regression revealed good model fit statistics for equal- and
differential-weight LOC and OC scores. Equal- and differential-weighted LOC and OC
scores showed similar relationships when predicted with PAEE, MVPA, AP, LP, STR, sex,
BMI, and stage. (3 coefficients for equal- and differential-weighted LOC and OC skills each
confirmed significant bidirectional effects between OC skills and MVPA across childhood.
In addition, novel one-way relationships between OC on PAEE and MVPA on LOC were
observed with guided active playing of cooperative games. Comparison of {3 coefficients
across two, five, and eight predictors showed suppressed effects by AP, LP, sex, BMI,
and stage on PA outputs that were consistent for both equal- and differential-weighted
LOC and OC skills. To the best of our knowledge, this is the first study to calculate and
compare different percentage contributions of movement skills for LOC and OC scores
using equal- and differential-weighted factors. Analysis of high LOC and OC categories
showed findings comparable to results with equal- and differential-weighted skills. In
summary, positive relationships between LOC and OC skills with PA outputs and HRF
were consistent across three weighted approaches for computing TGMD-2 scores. In
conclusion, equal-weighted scores provide valuable clinical and educational information
about children’s gross motor competence. However, differential weighting shows promise
of a more comprehensive description of the relationship between individual movement
skills and the types of movement activities with PA outcomes.

Previous reports supporting a two-factor structure model for TGMD-2 LOC and OC
scores are theoretically justified [5,10,11]. While summing LOC and OC skills provides
a broad assessment of overall gross motor competency, this approach does not consider
differential factor weightings with estimated cross-loadings and latent variances for LOC
and OC skills [11]. Although Exploratory Structural Equation Modeling is preferred, our
study adopted a two-factor Exploratory Factor Analysis that explained 51% of the variance,
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showing moderate-to-strong standardized beta (3) coefficients (>0.500) for 9 out of 12
movement skills. Although two skills, run and hop, revealed lower beta (3) coefficient
estimates for Factor 2 than with Factor 1, based on the two-factor structure validated for
the TGMD-2, Factor 2 estimates were used to determine differential weighting. The process
of assigning individual skills with lower estimates to align with the TGMD-2 subtypes has
been used in previous studies [10-12]. Because factor loadings are sensitive to extraction
and/or rotation methods, individual factor loadings may not be an accurate representation
of the differences among factors [11,13]. Also, computing scores with differential weights
may not conserve characteristics of factors identified in the original data [13,15]. It was
reported that a linear relationship of r = 1.0 between equal- and differential-weighted data
found is indicative of a preserved structure from the original assessment [15]. Accord-
ingly, the near-perfect strong positive linear relationship of r = >0.98 between equal- and
differential-weighted scores for LOC and OC skills in our sample indicates that differential
weighting preserved the original measurement structure.

While equal-weighted LOC and OC scoring is widely used, the use of differential-
weighted skills has been suggested for research studies to help mitigate potential biases
and provide more insight into the skill-PA relationship [11]. Studies using equal-weighted
scoring have consistently found a positive relationship between overall gross motor compe-
tence and participation in MVPA. Specifically, the association between OC skills and MVPA
is non-linear, with scores below the proficiency threshold weakly related to PA [38]. In con-
trast, the relationships between LOC skills and MVPA are linear across all skill scores and
not just the highest levels of proficiency. Regarding sex-based differences in LOC scores, a
stronger relationship between LOC skills and VPA in boys than in girls was reported [14,38].
To date, reports examining relationships between equal- and differential-weighted TGMD-2
outputs for LOC and OC skills with PA outputs and HRF are lacking, likely because most
studies adhere to equal-weighted scoring to maintain comparability with TGMD-2 norms
and the prior literature [1,5,9,11,14]. The results of our analysis showed minimal differences
for R? and aR? with equal- and differential-weighted skill scores when transitioning from
two, five, and eight predictors for PAEE and MVPA. Similar results were found when pre-
dicting equal- and differential-weighted scores for OC; however, predicting LOC showed
very little change in R? and aR? as predictors were added. Correlations between LOC and
other variables were marginal and did not account for a similar aR? as evidenced by the
<1.5 Variance Inflation Factor. In summary, regression models showed that equal-weighted
LOC and OC scores are adequate to make an inference on the relationships with PAEE
and MVPA.

It has been discussed that the addition of more predictors generally decreases the
precision of individual 3 coefficient estimates [39]. Specifically, our analysis showed a
reduction in {3 coefficients for OC with MVPA from 3 = 0.283 (p < 0.05) to 0.018 (p > 0.05),
moving from two to eight predictors. No differences were noted for (3 coefficients for
equal- and differential-weighted skill scores. The reduction in 3 coefficients for OC on
MVPA may partially be explained by the increased effect of AP and/or sex (boys > girls)
in suppressing or masking OC’s impact on PA intensity. The reduced impact of LOC on
MYVPA may be attributable to LP and BMI masking the impact of LOC on MVPA. Overall,
our proposed masking or mediation results agree with previous reports for relationships
between summed LOC and OC scores with PA and HRF [16,17] and further demonstrate
that equal- and differential-weighted LOC and OC scores are comparable across several
independent variables. Chi-square results showing that high OC was associated with high
MVPA (>42% MVPA) were consistent with previous reports linking OC competence to
MVPA [20,38] and mirrored our unadjusted regression in which weighted OC predicted
MVPA (i.e., before including sex and BMI as covariates). Furthermore, the categorical
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association between MVPA and summed and individual average scores of OC skill showed
no sex difference. The outcomes show that OC skill proficiency is associated with greater
levels of guided active play MVPA across childhood for both boys and girls. This finding
is inconsistent with previous research, which suggested a stronger association between
OC skill and MVPA in boys than in girls [40]. Stratifying children by developmental stage
might reveal sex-based differences in the association. Regarding health-related fitness, the
associations between categorized high LP and AP, and high PAEE and MVPA, respectively,
were comparable to the findings from multiple linear regression analysis of LP with PAEE
and AP with MVPA, both adjusted and unadjusted for sex and BMI. However, the use of a
cut-off threshold in Chi-square analysis revealed a strong, significant association between
STR and PAEE, which was not evident in the regression analysis between PAEE and STR.
In addition, the use of relevant cut-off thresholds for motor skills provides a practical
approach to examine all associations among FMS, PA, and HRF across childhood, while
identifying meaningful targets for positive skill- and health-related outcomes [39]. For
example, categorization revealed that children aged 5-10 years may require a high STR
(>24 kg) to exhibit high PAEE (>221 kcal/min—!). By classifying FMS, HRF, and PA into
high and low groups, this method reveals performance thresholds that are associated with
FMS proficiency, as well as higher levels of PA and fitness.

Additionally, we observed both sum- and average-based classifications to verify
whether associations are sensitive to the scoring method. The use of individual average skill
scores of LOC (LIA) and OC (OIA) in the categorical association tended to provide greater
insight into the associations between FMS and PA output, as well as HRF. Specifically, a
significant association was observed between high OIA and STR, an association that was
not detected when using the summed OC skill score. Our results suggest that averaging
individual OC skills followed by categorization allows for a meaningful association for OIA
with muscle strength [13,15]. In contrast, the categorical associations between MVPA and
both the summed OC score and OIA score were significant. This indicates that the method
of aggregation (sum vs. average) did not differentially affect the observed relationship
with PA, highlighting the robustness of OC skill and PA intensity associations regardless of
scoring method.

Summed scores for the Test of Gross Motor Development (TGMD-2) play an appropri-
ate role in education and clinical settings; however, when focused on research outcomes,
the assumption that all skills are equal becomes challenging [5,11]. In short, if all items
do not contribute equally, as endorsed in validation studies, then the score for each skill
matters. For example, the finding that the run skill contributes half to the LOC score
compared to the equal sum score constrains our understanding of the impact of motor
skills on biological and behavioral variables. While equal weighting might be useful for
some purposes, it could mask important differences in the quality of movement and the
underlying motor control strategies. Differential weighting, on the other hand, can better
capture the variations in skill execution that are more likely to be associated with physical
activity levels. Whether differential weighting can provide a more refined understanding
of a child’s gross movement skill development, highlighting strengths and weaknesses in
specific areas, is to be determined.

Our study has some limitations to be considered when interpreting the results. Firstly,
our sample size (n = 82) may have limited the stability and generalizability of our EFA
findings. Statistical power analysis showed that a sample size of 86 was necessary to
achieve a power level of 0.80 for EFA. However, our sample size (n = 82) was associated
with a statistical power level of 0.77, which is just shy of the desirable level of >0.80. Since
the smaller sample size (82 vs. 84) may have affected the generalizability and stability of
the factor structure, a split-group analysis with previous data [27] showed strong model
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fit statistics with comparable factor structures for the data set. Future studies with larger
sample sizes and factor validation using Confirmatory Factor Analysis are required.

Second, our cohort (n = 82) comprised children (49% girls) from 5 to 10 years old,
with 51% between 8 and 10 years. The full cohort was analyzed and not subjected to
stratified sampling, since the formation of 2-3 smaller stratified samples would have
compromised statistical power for any further analysis. Thus, the heterogeneity existing
in the sample may have limited the stability and generalizability of our findings when
assessing the predictability of equal- and differential-weighted motor skill scores. As a
result, the multiple linear regression analysis of equal- and differential-weighted motor
skill scores with PA and fitness outputs was adjusted for sex, BMI, and developmental stage
(early childhood and primary school children). This multiple linear regression approach
provided information on important covariates within a sample size and associated statistical
power of 0.99 for our sample.

Finally, the representativeness of TGMD-2 outputs is important and may limit the
generalizability of our results. To assess the potential for generalizability, a comparison of
descriptive and percentile data for FMS, HRF, and PAEE outputs for children in our conve-
nience sample was completed. The average LOC and OC subtype scores for our sample of
5-10-year-old children was compared with the US normative data [5,41]. Our observations
that FMS profiles and proficiency levels of our convenience sample are consistent with
other published reports support the generalizability of our findings.

5. Conclusions

In summary, equal-weighted scores remain appropriate for clinical /educational pur-
poses; however, to understand the nuanced relationships between PA, FMS, and HRF
across childhood in a research setting, differential weighting of skills may be prudent. In
our study, equal- and differential-weighted scores were related (r = 0.99) and model fits
and 3 coefficients were similar, indicating equal weights sufficient for overall reporting. Yet
differential weighting changes how individual skills shape LOC and OC scores. Although
associations with PA and HRF were comparable under equal and differential weights, dif-
ferential weights reveal that specific skills may drive relationships. Practically, this means
equal weighting is adequate for global associations, while differential weighting promises
to be more informative for designing targeted guided active play interventions. Encourag-
ing studies that combine differential-weighted movement skills with physiology-based PA
outputs for guided active play could enhance our understanding of how movement skills
contribute to biological and behavioral outcomes across childhood.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/children12121615/s1. Table S1: Standardized 3 coefficients for
Physical Activity Energy Expenditure (PAEE) and Moderate-Vigorous Physical Activity (MVPA)
predicted by equal-weighted locomotor (LOC) and object control (OC) skills, Aerobic Power (AP),
Leg Power (LP), strength (STR), sex, and BMI: two-, five-, and eight-factor predictor models; Table S2:
Standardized 3 coefficients for Physical Activity Energy Expenditure (PAEE) and Moderate-Vigorous
Physical Activity (MVPA) predicted by differential-weighted (DF) locomotor (LOC) and object control
(OC) skills, Aerobic Power (AP), Leg Power (LP), strength (STR), sex, and BMI: two-, five-, and
seven-factor predictor models; Table S3: Standardized 3 coefficients for equal-weighted locomotor
(LOC) and object control (OC) skills predicted by Physical Activity Energy Expenditure (PAEE) and
Moderate-Vigorous Physical Activity (MVPA), Aerobic Power (AP), Leg Power (LP), strength (STR),
sex, and BMI: two-, five-, and seven-factor predictor models; Table S4: Standardized [ coefficients for
differential-weighted locomotor (LOC) and object control (OC) skills predicted by Physical Activity
Energy Expenditure (PAEE) and Moderate-Vigorous Physical Activity (MVPA), Aerobic Power (AP),
Leg Power (LP), strength (STR), sex, and BMI: two-, five-, and seven-factor predictor models.


https://www.mdpi.com/article/10.3390/children12121615/s1
https://www.mdpi.com/article/10.3390/children12121615/s1

Children 2025, 12, 1615 16 of 18

Author Contributions: Conceptualization, A.B.; methodology, A.B., G.M., VK. and D.C.; formal
analysis, A.B. and G.M.; supervision, A.B. and T.C.; writing—original draft preparation, A.B., G.M.,
VXK. and D.C.; writing—review and editing, A.B., G.M. and T.C. All authors have read and agreed to
the published version of the manuscript.

Funding: The research was funded by Canadian Tire Charities JumpStart, grant number ON2277428-CDG.

Institutional Review Board Statement: This study was conducted in accordance with Canada’s
Tri-Council Policy for the Ethical Conduct of Research Involving Humans. The University’s Human
Participant Research Ethics Committee approved all aspects of this study (protocol code 2015-200
and date of approval: 16 July 2015).

Informed Consent Statement: Informed consent was obtained from parents or guardians, who
also completed a physical activity readiness questionnaire (PAR-Q+) for their children following the
program orientation sessions.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are not publicly available but are available from the corresponding author, who was an
organizer of the study.

Acknowledgments: The authors would like to acknowledge the support of KinKids: Children’s
Guided Active Play Program for providing volunteers. The experiments comply with the current
laws of the country in which they were performed.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

Barnett, L.M.; Lai, S.K.; Veldman, S.L.C.; Hardy, L.L.; Cliff, D.P.; Morgan, PJ.; Zask, A.; Lubans, D.R.; Shultz, S.P,; Ridgers, N.D.;
et al. Correlates of Gross Motor Competence in Children and Adolescents: A Systematic Review and Meta-Analysis. Sports Med.
2016, 46, 1663-1688. [CrossRef]

Logan, S.W.; Ross, S.M.; Chee, K.; Stodden, D.F.; Robinson, L.E. Fundamental Motor Skills: A Systematic Review of Terminology.
J. Sports Sci. 2018, 36, 781-796. [CrossRef] [PubMed]

Stodden, D.F.; Goodway, J.D.; Langendorfer, S.J.; Roberton, M.A.; Rudisill, M.E.; Garcia, C.; Garcia, L.E. A Developmental
Perspective on the Role of Motor Skill Competence in Physical Activity: An Emergent Relationship. Quest 2008, 60, 290-306.
[CrossRef]

Britton, U.; Issartel, ]J.; Symonds, J.; Belton, S. What Keeps Them Physically Active? Predicting Physical Activity, Motor
Competence, Health-Related Fitness, and Perceived Competence in Irish Adolescents after the Transition from Primary to
Second-Level School. Int. ]. Environ. Res. Public Health 2020, 17, 2874. [CrossRef] [PubMed]

Ulrich, D.A. Test of Gross Motor Development, 2nd ed.; Pro-Ed: Austin, TX, USA, 2000.

Eddy, L.H.; Bingham, D.D.; Crossley, K.L.; Shahid, N.E,; Ellingham-Khan, M.; Otteslev, A.; Figueredo, N.S.; Mon-Williams, M.;
Hill, L.J.B. The Validity and Reliability of Observational Assessment Tools Available to Measure Fundamental Movement Skills in
School-Age Children: A Systematic Review. PLoS ONE 2020, 15, e0237919. [CrossRef] [PubMed]

Garn, A.C.; Webster, E.K. Bifactor Structure and Model Reliability of the Test of Gross Motor Development—3rd Edition. J. Sci.
Med. Sport 2021, 24, 67-73. [CrossRef]

Maiano, C.; Morin, A.].S.; April, J.; Kipling Webster, E.; Hue, O.; Dugas, C.; Ulrich, D. Psychometric Properties of a French-
Canadian Version of the Test of Gross Motor Development—Third Edition (TGMD-3): A Bifactor Structural Equation Modeling
Approach. Meas. Phys. Educ. Exerc. Sci. 2022, 26, 51-62. [CrossRef]

Ng,J.Y.Y;; Jiang, S.; Chan, C.H.S.; Ha, A.S. Assessing Fundamental Movement Skills Using the Test of Gross Motor Development
(TGMD): Challenges and Solutions to Comparability and Standardization. Sports Med. Health Sci. 2025, 7, 299-301. [CrossRef]
Kim, C.I.; Han, D.W.,; Park, I.H. Reliability and Validity of the Test of Gross Motor Development-II in Korean Preschool Children:
Applying AHP. Res. Dev. Disabil. 2014, 35, 800-807. [CrossRef]

Garn, A.C.; Webster, E.K. Reexamining the Factor Structure of the Test of Gross Motor Development-Second Edition: Application
of Exploratory Structural Equation Modeling. Meas. Phys. Educ. Exerc. Sci. 2018, 22, 200-212. [CrossRef]

Farrokhi, A.; Zadeh, Z.M.; Alvar, K.L.; Kazemnejad, A ; Ilbeigi, S. Reliability and Validity of Test of Gross Motor Development-2
(Ulrich, 2000) among 3-10 Aged Children of Tehran City. J. Phys. Educ. Sports Manag. 2014, 5, 18-28.

DiStefano, C.; Zhu, M.; Mindrila, D. Understanding and Using Factor Scores: Considerations for the Applied Researcher. Pract.
Assess. Res. Eval. 2009, 14, 20. [CrossRef]


https://doi.org/10.1007/s40279-016-0495-z
https://doi.org/10.1080/02640414.2017.1340660
https://www.ncbi.nlm.nih.gov/pubmed/28636423
https://doi.org/10.1080/00336297.2008.10483582
https://doi.org/10.3390/ijerph17082874
https://www.ncbi.nlm.nih.gov/pubmed/32326333
https://doi.org/10.1371/journal.pone.0237919
https://www.ncbi.nlm.nih.gov/pubmed/32841268
https://doi.org/10.1016/j.jsams.2020.08.009
https://doi.org/10.1080/1091367X.2021.1946541
https://doi.org/10.1016/j.smhs.2025.02.007
https://doi.org/10.1016/j.ridd.2014.01.019
https://doi.org/10.1080/1091367X.2017.1413373
https://doi.org/10.7275/da8t-4g52

Children 2025, 12, 1615 17 of 18

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Barnett, L.M.; Webster, E.K.; Hulteen, R-M.; De Meester, A.; Valentini, N.C.; Lenoir, M.; Pesce, C.; Getchell, N.; Lopes, V.P;
Robinson, L.E.; et al. Through the Looking Glass: A Systematic Review of Longitudinal Evidence, Providing New Insight for
Motor Competence and Health. Sports Med. 2022, 52, 875-920. [CrossRef]

McNeish, D.; Wolf, M.G. Thinking Twice about Sum Scores. Behav. Res. Methods 2020, 52, 2287-2305. [CrossRef]

Lima, R.A.; Pfeiffer, K.; Larsen, L.R.; Bugge, A.; Moller, N.C.; Anderson, L.B.; Stodden, D.F. Physical Activity and Motor
Competence Present a Positive Reciprocal Longitudinal Relationship across Childhood and Early Adolescence. J. Phys. Act.
Health 2017, 14, 440-447. [CrossRef] [PubMed]

Gu, X.; Tamplain, PM.; Chen, W.; Zhang, T.; Keller, M.].; Wang, ]. A Mediation Analysis of the Association between Fundamental
Motor Skills and Physical Activity during Middle Childhood. Children 2021, 8, 64. [CrossRef]

den Uil, AR; Busch, V; Janssen, M.; Scholte, R.H.]. Unraveling the Dynamics Between Motor Skill Competence, Physical Activity,
Perceived Motor Competence, Health-Related Fitness, and Weight Status in Children: A Spiral of (Dis)Engagement? . Mot. Learn.
Dev. 2025, 13, 366-388. [CrossRef]

Stodden, D.E; True, L K.; Langendorfer, S.J.; Gao, Z. Associations among Selected Motor Skills and Health-Related Fitness:
Indirect Evidence for Seefeldt’s Proficiency Barrier in Young Adults? Res. Q. Exerc. Sport 2013, 84, 397—-403. [CrossRef]

De Meester, A.; Stodden, D.; Goodway, J.; True, L.; Brian, A_; Ferkel, R.; Haerens, L. Identifying a Motor Proficiency Barrier for
Meeting Physical Activity Guidelines in Children. . Sci. Med. Sport 2018, 21, 58-62. [CrossRef]

Bolger, L.E.; Bolger, L.A.; O’Neill, C.; Coughlan, E.; O’Brien, W.; Lacey, S.; Burns, C.; Bardid, F. Global Levels of Fundamental
Motor Skills in Children: A Systematic Review. J. Sports Sci. 2021, 39, 717-753. [CrossRef]

Schmutz, E.A.; Leeger-Aschmann, C.S.; Kakebeeke, T.H.; Zysset, A.E.; Messerli-Biirgy, N.; Stiilb, K.; Arhab, A.; Meyer, A H;
Munsch, S.; Puder, ].]J.; et al. Motor Competence and Physical Activity in Early Childhood: Stability and Relationship. Front.
Public Health 2020, 8, 39. [CrossRef] [PubMed]

Liu, D.; Huang, Z.; Liu, Y.; Zhou, Y. The Role of Fundamental Movement Skills on Children’s Physical Activity during Different
Segments of the School Day. BMC Public Health 2024, 24, 1283. [CrossRef]

Johnstone, A.; Hughes, A.R.; Martin, A.; Reilly, ].J. Utilising Active Play Interventions to Promote Physical Activity and Improve
Fundamental Movement Skills in Children: A Systematic Review and Meta-Analysis. BMC Public Health 2018, 18, 789. [CrossRef]
[PubMed]

Truelove, S.; Vanderloo, L.M.; Tucker, P. Defining and Measuring Active Play among Young Children: A Systematic Review. J.
Phys. Act. Health 2017, 14, 155-166. [CrossRef]

Moghaddaszadeh, A.; Jamnik, V.; Belcastro, A.N. Characteristics of Children’s Physical Activity during Active Play. ]. Sports Med.
Phys. Fit. 2018, 58, 369-376. [CrossRef]

Moghaddaszadeh, A.; Belcastro, A.N. Active Play Promotes Physical Activity and Improves Fundamental Motor Skills for
School-Aged Children. J. Sports Sci. Med. 2021, 20, 86-93. [CrossRef]

Liu, B.; Yan, Y,; Jia, J.; Liu, Y. Can Active Play Replace Skill-Oriented Physical Education in Enhancing Fundamental Movement
Skills among Preschool Children? A Systematic Review and Meta-Analysis. BMC Public Health 2025, 25, 1399. [CrossRef]
Moghaddaszadeh, A.; Ahmadi, Y.; Belcastro, A.N. Children and Adolescent Physical Activity Participation and Enjoyment during
Active Play. J. Sports Med. Phys. Fit. 2017, 57, 1375-1381. [CrossRef]

Léger, L.A.; Mercier, D.; Gadoury, C.; Lambert, ]. The Multistage 20 Metre Shuttle Run Test for Aerobic Fitness. J. Sports Sci. 1988,
6,93-101. [CrossRef] [PubMed]

Mayorga-Vega, D.; Aguilar-Soto, P; Viciana, J. Criterion-Related Validity of the 20-M Shuttle Run Test for Estimating Cardiorespi-
ratory Fitness: A Meta-Analysis. J. Sports Sci. Med. 2015, 14, 536-547.

Artero, E.G.; Espaa-Romero, V.; Castro-Piero, J.; Ortega, E.B.; Suni, ].; Castillo-Garzon, M.].; Ruiz, ].R. Reliability of Field-Based
Fitness Tests in Youth. Int. ]. Sports Med. 2011, 32, 159-169. [CrossRef]

Gomez-Bruton, A.; Gabel, L.; Nettlefold, L.; Macdonald, H.; Race, D.; McKay, H. Estimation of Peak Muscle Power from a
Countermovement Vertical Jump in Children and Adolescents. |. Strength Cond. Res. 2019, 33, 390-398. [CrossRef] [PubMed]
Soper, D.S. A-Priori Sample Size Calculator for Structural Equation Models (Software). 2025. Available online:
https:/ /www.danielsoper.com/statcalc/calculator.aspx?id=89 (accessed on 23 November 2025).

Christopher Westland, J. Lower Bounds on Sample Size in Structural Equation Modeling. Electron. Commer. Res. Appl. 2010, 9,
476-487. [CrossRef]

Faul, F; Erdfelder, E.; Buchner, A.; Lang, A.G. Statistical Power Analyses Using G*Power 3.1: Tests for Correlation and Regression
Analyses. Behav. Res. Methods 2009, 41, 1149-1160. [CrossRef]

Kim, H.-Y. Statistical Notes for Clinical Researchers: Chi-Squared Test and Fisher’s Exact Test. Restor. Dent. Endod. 2017, 42,
152-155. [CrossRef]

Barnett, L.M.; Verswijveren, S.J.].M.; Colvin, B.; Lubans, D.R,; Telford, R.M.; Lander, N.J.; Schott, N.; Tietjens, M.; Hesketh, K.D.;
Morgan, PJ.; et al. Motor Skill Competence and Moderate- and Vigorous-Intensity Physical Activity: A Linear and Non-Linear
Cross-Sectional Analysis of Eight Pooled Trials. Int. ]. Behav. Nutr. Phys. Act. 2024, 21, 14. [CrossRef]


https://doi.org/10.1007/S40279-021-01516-8
https://doi.org/10.3758/s13428-020-01398-0
https://doi.org/10.1123/jpah.2016-0473
https://www.ncbi.nlm.nih.gov/pubmed/28169569
https://doi.org/10.3390/children8020064
https://doi.org/10.1123/jmld.2024-0047
https://doi.org/10.1080/02701367.2013.814910
https://doi.org/10.1016/j.jsams.2017.05.007
https://doi.org/10.1080/02640414.2020.1841405
https://doi.org/10.3389/fpubh.2020.00039
https://www.ncbi.nlm.nih.gov/pubmed/32154207
https://doi.org/10.1186/s12889-024-18769-3
https://doi.org/10.1186/s12889-018-5687-z
https://www.ncbi.nlm.nih.gov/pubmed/29940923
https://doi.org/10.1123/jpah.2016-0195
https://doi.org/10.23736/S0022-4707.16.06704-9
https://doi.org/10.52082/jssm.2021.86
https://doi.org/10.1186/s12889-025-22398-9
https://doi.org/10.23736/S0022-4707.16.06732-3
https://doi.org/10.1080/02640418808729800
https://www.ncbi.nlm.nih.gov/pubmed/3184250
https://doi.org/10.1055/s-0030-1268488
https://doi.org/10.1519/JSC.0000000000002002
https://www.ncbi.nlm.nih.gov/pubmed/28570492
https://www.danielsoper.com/statcalc/calculator.aspx?id=89
https://doi.org/10.1016/j.elerap.2010.07.003
https://doi.org/10.3758/brm.41.4.1149
https://doi.org/10.5395/rde.2017.42.2.152
https://doi.org/10.1186/S12966-023-01546-7

Children 2025, 12, 1615 18 of 18

39. Zapf, A.; Wiessner, C.; Konig, .R. Regression Analyses and Their Particularities in Observational Studies: Part 32 of a Series on
Evaluation of Scientific Publications. Dtsch. Arzteblatt Int. 2024, 121, 128. [CrossRef]

40. Cohen, K.E,; Morgan, PJ.; Plotnikoff, R.C.; Callister, R.; Lubans, D.R. Fundamental Movement Skills and Physical Activity among
Children Living in Low-Income Communities: A Cross-Sectional Study. Int. . Behav. Nutr. Phys. Act. 2014, 11, 49. [CrossRef]

41. Bardid, F; Huyben, F.; Lenoir, M.; Seghers, J.; De Martelaer, K.; Goodway, J.D.; Deconinck, FJ.A. Assessing Fundamental Motor
Skills in Belgian Children Aged 3-8 Years Highlights Differences to US Reference Sample. Acta Paediatr. Int. ]. Paediatr. 2016, 105,
€281-e290. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3238/ARZTEBL.M2023.0278
https://doi.org/10.1186/1479-5868-11-49
https://doi.org/10.1111/APA.13380

	Introduction 
	Materials and Methods 
	Participants and Study Design 
	Anthropometric and Health-Related Fitness 
	Fundamental Movement Skills 
	Physical Activity 
	Statistical Analysis 

	Results 
	Descriptive and Pearson Correlation Results 
	Exploratory Factor Analysis of the Test of Gross Motor Development-2 
	Comparison of Equal Weights and Differential Weights for Individual LOC and OC Skills 
	Multiple Linear Regression Analysis for Equal- and Differential-Weighted LOC and OC Skills with Physical Activity and Health-Related Fitness 
	Associations Between High and Low Classifications for PA Outputs, Components of HRF, Summed LOC and OC Skills, and Individual Averaged LOC (LIA) and OC (OIA) 

	Discussion 
	Conclusions 
	References

