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Abstract

In response to the Coronavirus Disease 2019 (COVID-19) pandemic, various measures were taken to
contain its spread, including restrictions on physical education and sports clubs. These measures
substantially limited children's physical activity behaviors and may have compromised their motor
development. Such compromising effects may be particularly prevalent among children from lower
socioeconomic background (SEB) who tend to be less physically active than higher SEB peers. In this
study, the impact of COVID-19 pandemic-related restrictions on children's motor development was
investigated with respect to children's SEB within the PESCov DFG project. Data from 68,996 children
from a metropolitan region in Germany (Age: 8.83 years +- 0.56, range: 6.4—13 years, 35,270 female,
51.1%) assessed between 2011/2012 and 2022/2023 were analyzed as part of the longitudinal cohort
study “Berlin hat Talent”. Assessment took place before and after the onset of the pandemic using the
German Motor Fitness Test. The test includes assessments of various motor skills covering endurance,
strength, coordination, and flexibility. Demographic variables (e.g., age, gender) were collected via
questionnaires. SEB was derived on school level, which was determined using the official school type
classifications of the state of Berlin. Cross-classified linear mixed effect models were fitted to account for
hierarchies in the data, with individual test values (level 1) being nested in motor domains (level 2a) and
in participants (level 2b) and participants being nested in schools (level 3b). Outcome measure was
motor skill performance transformed from German reference percentiles to z-scores per motor skill. The
effects of Time (pre, post LD |, post LD Il), Motor Domain, and SEB (continuous, -2—2) were estimated
while controlling for Age, Gender, and Secular Trends. Main effects of Time, Motor Domain, and SEB were
significant. Further, a significant Time x Motor Domain interaction revealed that motor skills differentially
developed during the pandemic. Coordination, strength, and flexibility decreased, while endurance
increased. SEB had a negative effect on overall motor development of third graders. However, this effect
varied between motor domains (coordination = endurance > strength > flexibility). Totally, motor skills were
on average about 4 percentile points lower after lockdown |, and the effect of the pandemic was stronger
after controlling for domain-specific secular trends. Results suggest highly differential effects of the
pandemic on children's motor development, which should be considered when recovering motor skills in
the post-pandemic era. To avert these trends and the lifelong consequences of impaired motor
development in childhood, comprehensive monitoring of children’s motor performance levels is needed as
well as support programs for children with compromised motor performance, particularly for children
from lower SEBs.

Introduction

In response to the COVID-19 pandemic, governments worldwide have taken an unprecedented array of
measures since early 2020 to contain the spread of the virus (ECDC, 2022). For example, in Germany,
various restrictions were imposed on travel (e.g., airplanes/trains), public gatherings (e.g., concerts),
leisure facilities (e.g., restaurants/bars), schools, and sports clubs, with the stringency of these
restrictions increasing considerably during episodes of higher incidence/prevalence. Many of these
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pandemic measures were evaluated to effectively control the virus’s spread. However, the social
distancing associated with these measures also led to several detrimental consequences for large parts
of the population, such as (i) increased feelings of loneliness and lack of motivation, (ii) higher
prevalence of neuropsychiatric disorders and mental health problems, and (iii) growing rates of
sedentariness and physical inactivity in some parts of the population (Bourmistrova et al., 2022; Dawel et
al., 2020; O'Sullivan et al., 2021). While much of the discussion about the adverse effects of the
pandemic has focused on adults, emerging evidence suggests that children’s mental health and quality of
life may also be affected (Hamatani et al., 2022; Kauhanen et al., 2022; Ravens-Sieberer et al., 2021).
Thus, there is a growing body of research suggesting that the abrupt cessation of daily routines brought
about by the pandemic and associated policies had far-reaching adverse collateral effects for various
age groups. However, few studies have also investigated the development of children’s motor
performance levels in the context of the COVID-19 pandemic.

Physical inactivity in children and adolescents, already considered an epidemic (Sallis et al., 2016), has
been identified as one of the various adverse epiphenomena of the current pandemic (Rossi et al., 2021).
Following pandemic measures, children and adolescents have been observed to be less physically active
than at pre-pandemic levels. The restricted access to or closing of facilities for organized forms of
physical activity, such as at schools and sports clubs during the pandemic, particularly during nationwide
lockdowns, contribute to these findings (Schmidt et al., 2020; Wunsch et al., 2021). In school, children and
adolescents are physically active in a structured way, ensuring a minimum level of weekly physical
activity. With this space for curricular physical engagement being not available during the pandemic,
children were deprived opportunities for physical activity. In addition to that, leisure time activities were
also restricted during early stages of pandemic-related lockdowns. The resulting lack of physical activity
may have led to compromised motor development trajectories and thus resulted in persistent adverse
effects on motor performance. Additionally, physical activity during childhood and motor performance
levels at an early age can predict physical activity behavior in (later) adulthood and adolescence
(Stodden et al., 2008). Previous studies showed that being less active as a child resulted in lower physical
activity as an adult. Lower physical activity, in general, is associated with compromised physical and
mental health, neurocognitive functioning, and well-being (Biddle & Asare, 2011; Ludyga et al., 2020;
Rodriguez-Ayllon et al., 2019), all of which are important for maintaining a healthy lifestyle throughout
the lifespan. Hence, the effects of the current pandemic may have widespread and long-lasting adverse
effects on several health-related factors.

As part of the holistic understanding of the physical literacy concept, physical (in)activity is assumed to
be closely interrelated with motor performance, particularly in children (Cairney et al., 2019; Schmutz et
al., 2020; T. Utesch et al., 2018). Here, motor performance consists of both motor domains and physical
fitness. Various motor tests are mostly administered to measure children or adolescents motor
performance levels (Hands et al., 2015; Utesch et al., 2019). Important domains are, for instance,
cardiovascular endurance (e.g., running), postural control (balance), strength (e.g., sit-ups), speed (e.g.,
sprint), coordination under time pressure (e.g., jumping sideways) or flexibility (e.g., forward
bending/stretching). Different Motor Domains typically show differential developmental trajectories
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throughout childhood and adolescence (Fiihner et al., 2021; Stodden et al., 2008). While some skills
display a relatively linear progression (e.g., gross Motor Domains, flexibility), other skills evolve during
critical developmental periods (e.g., motor coordination, endurance). Since the pandemic spanned a
considerable period in the lives of children and adolescents, including these critical developmental
periods, there may have been differential effects on the development of different Motor Domains. Some
Motor Domains may have suffered exceptionally from the lack of physical activity during the pandemic.
In contrast, others may have remained somewhat more stable as they are less sensitive to critical
environmental or life events. The absence of organized forms of physical activity during the pandemic
may also have led to differences in Motor Domains development. Physical education, for example,
explicitly aims for holistic motor development that incorporates all aspects of motor performance
(Escalie et al., 2017; Fairclough & Stratton, 2004). Due to these forms of physical activity being
substantially reduced during the pandemic, only leisure-time physical activities were possible; as such, it
is conceivable that only specific motor domains primarily associated with leisure-time physical activity
could be maintained. In summary, it is plausible that the reorganization of physical activity in children
and adolescents during the pandemic resulted in differential effects on the development of different
motor domains.

In addition to physical activity, various other factors can influence motor development in children and
adolescents. One important factor is children’s socioeconomic background (Rahman & Chandrasekaran,
2021). On average, children and adolescents from lower socioeconomic background tend to show lower
motor performance across different Motor Domains than those from higher socioeconomic background
(Ferreira et al., 2018). This difference is often explained by the parents’ different knowledge regarding the
importance of and interest in being physically active. Moreover, the socioeconomic disparities in
children’s physical activity levels may also be attributed to time and financial constraints of parents with
lower socioeconomic status. As such, the socioeconomic background can be determined at the level of
the parents, i.e., the socioeconomic status of the parents, as well as, for example, at the school or district
level. Schools are typically assigned to a particular socioeconomic type for which the average
socioeconomic background of the population of a catchment area is considered.

During the pandemic, these socioeconomic differences may have been exacerbated, as parents with
higher levels of education may have been more supportive of their children’s physical activity than
parents with lower levels of education. However, it is also conceivable that these differences were
somewhat mitigated during the pandemic, as children and adolescents from wealthier socioeconomic
background were more physically active before the pandemic. However, during the pandemic, active
children and adolescents could not maintain their higher activity levels. In contrast, the physical activity
levels of children and adolescents from lower socioeconomic background may have remained similar to
pre-pandemic levels, which may have mitigated the differences in motor performance between
differential socioeconomic background. Therefore, it remains up for debate to which extent child’s
socioeconomic background may have been decisive for their motor development in the context of the
COVID-19 pandemic.
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Another critical aspect to consider when examining the impact of the pandemic on children’s motor
development is the option of a secular trend, i.e., a long-term change in children’'s motor performance
levels over a longer period of years. The results of previous studies vary widely and include negative,
positive, as well as stagnating trends in motor performance over the past several years (Fiihner et al.,
2021; Knaier et al., 2023; Schlag et al., 2021; Spengler et al., 2017; Tomkinson et al., 2021; Tomkinson et
al., 2003). Although there is no clear pattern of secular trends in motor development, an important
consensus among these studies is that temporal trends for individual Motor Domains appear to be
specific and should be considered as such (Fiihner et al., 2021). This finding is important to consider
when examining the pandemic’s potential negative impact on motor performance, especially
differentiating this impact from recent secular trends. Lower motor performance during the pandemic
compared with before the pandemic could otherwise be falsely attributed to the pandemic, whereas this
result could also be due to a negative secular trend. Therefore, to correctly determine the impact of the
pandemic and related lockdowns on motor performance, this trend must be considered, for example, by
comparing actual motor performance during the pandemic with the predicted motor performance based
on the secular trend of previous years. Thus, the true impact of the pandemic can be separated from the
‘normal’, i.e., non-pandemic, secular motor development.

In this study, we aimed to investigate the adverse effects of the global COVID-19 pandemic on children’s
motor performance levels in a metropolitan region. We analyzed data from the “Berlin hat Talent” study, a
longitudinal cohort-sequence study examining the motor performance of third graders across different
schools in Berlin each year since 2011, including the pandemic years from 2020 to 2022. We were
particularly interested in the impact of the pandemic on different Motor Domains, including the influence
of school-level based socioeconomic background, specifically in the sense that we assumed
socioeconomic disparities may have influenced the pandemic’s impact on motor performance. We
hypothesized that both pandemic related lockdowns had a negative impact on children’s motor
performance, such that motor performance measured after the two pandemic lockdowns would be worse
for children than children’s motor performance in pre-pandemic years. In addition, we expected that the
negative effects of the pandemic would differentially affect different motor domains, as a result of the
absence of physical education classes in schools and a shift in favor of leisure-time physical activities. In
this vein, we also assumed that children’s school-based socioeconomic background also moderated the
pandemic’s impact on motor performance. Most importantly, all analyses also considered recent secular
trends to provide a more accurate picture of the true impact of the pandemic on children’s motor
performance levels. This study contributes to a better understanding of the adverse effects of the
pandemic on motor development of children and adolescents and aims to support the development of
tailored and individualized rehabilitation programs to counteract these consequences.

Methods

2.1 Study characteristics and participants
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The current study was funded by the German Research Foundation (DFG; PESCov project) as a
secondary analysis of data from the independent “Berlin has Talent” program (BHT). BHT is an initiative
of the Landessportbund Berlin (LSB) and the Berlin senate that aims at promoting more specialized
physical activity programs to facilitate physical fitness and activity in children with compromised or
superior sports performance. The program started in 2011 and since then follows a quasi-longitudinal
panel design (e.g., Zinner & Biisch, 2014, 2016; Zinner, Blisch, et al., 2015; Zinner, Werner, et al., 2015).
That is, each year, primary school third graders are tested for their motor performance using the German
Motor Test (GMT; Bos & Schlenker, 2011; BOs et al., 2009). Each year, various public primary schools were
selected to participate in the program, with the aim to continuously include a larger amount of schools
over the course of the program. All schools were located in different districts of Berlin covering a wide
variety of regions with different socioeconomic background. Before participation, the schools received a
written invitation from the Berlin school administration to participate in the project. Data assessment was
then carried out by a professional assessment team with trained assessors over the past 10 years. The
assessment team took care of the selection of children per school, based on recommendations of the
State Sports Federation of Berlin and the Berlin school administration. All children participated voluntarily,
and their parents provided written informed consent for them to participate. The reporting of this study
was implemented in accordance with the STROBE guidelines (von Elm et al., 2008).

2.2 Measures — German Motor Fitness Test & Socioeconomic Background

The German Motor Fitness Test (GMT; Bos & Schlenker, 2011; Bos et al., 2009) is a test battery that is
recommended by the German Association for Sport Science to assess motor performance and physical
fitness in school children and adolescents from 6 to 18 years. It has been validated multiple times for six
items: 6-minute run, sit-ups, push-ups, standing long-jump, 20m sprint, and jumping sideways (Utesch et
al,, 2015; Till Utesch et al., 2018). The items cover various domains of motor performance, including
endurance, strength, speed, and coordination.

Endurance (aerobic) was assessed using the 6-minute run test. Participants had to run around a
volleyball court (54 m) for six minutes. They motivated the children, who were instructed to complete as
many rounds as possible. The distance covered within six minutes was measured for each subject. The
covered distance (in m), derived from the number of laps completed within six minutes, plus the distance
covered in the last lap was used for analysis.

Strength was assessed by performing sit-ups, push-ups, and long-jump, which require muscular
endurance of the trunk and lower and upper extremities musculature. For both tests, participants were
instructed to perform as many repetitions as possible within 40 s. For sit-ups, participants lay down on
their back. They were asked to put down their feet on the floor, and to bend their knees. The experimenter
held down the feet during testing and made sure that the knees were bent by approx. 80°. The hands had
to be placed at the temples. Sit-ups were performed by raising the upper body from the supine position
until both knees could be touched with the elbows, after which they had to return to the supine position
with both shoulders touching the mat. For push-ups, participants were instructed to start from a lying
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position with both hands fold together behind their back. After the start command, they had to do push-
ups by placing their hands next to their shoulders, pushing off the ground, then releasing one hand from
the ground to touch the other hand, and then returning to the starting position. For both sit-ups and push-
ups participants were instructed to complete as many repetitions as possible within 40s. One trial was
performed per test. The experimenter controlled for correct performance. Outcome measure was the
number of correct repetitions (n) within 40s. Next to these tests, jumping strength was measured using
the standing long-jump test. Participants were asked to stand at a starting markup line with their feet
parallelly aligned to the markup line. They then had to jump as wide as possible starting from that
position, and they were instructed to land with both feet simultaneously. Two runs were performed. The
outcome measure was defined as the distance (in cm) between their landing position at the heel of their
rear foot and the markup line. The better run was forwarded to analysis.

Speed was measured with the 20-meter sprint test. The participants start from a standing position. After a
short starting command, the participants were instructed to run as fast as possible over a distance of 20
m. Two runs were performed. False starts were stopped and repeated by the experimenter. Time was
measured with a hand-held stopwatch (accuracy 1/100 of a second). Performance was defined as the
time (in seconds) taken to run the 20m. The better of two runs was used for analysis.

Coordination under time pressure was measured using the side jumping test. Participants were instructed
to jJump sideways across a mark-up line (XX cm width) centered to their body (sagittal) and that was
placed on a rubber mat (size: 50 cm x 100 cm). They were asked to jump with both legs simultaneously
and to try to cross the line as often as possible while not stepping on the markup line or crossing the
marked area of the rubber mat. Two runs at 15s each were performed, with a short rest period of at least
60s to recover. The outcome measure was the number of jumps (n) completed within 15s. The average of
the two runs was analyzed.

Socioeconomic Background

The socioeconomic background (SEB) of children was derived at the school level, which was determined
using the official but confidential school type classifications of the state of Berlin. Here, each school type
is defined by various SEB characteristics of the school’s catchment area, such as parental income or
employment rate. These aspects are summarized in a school type score ranging from 1 (very low SEB) to
7 (very high SEB). However, in the present sample, too few schools had a school type of 1 or 7. Therefore,
these two types were combined with school types 2 and 6, respectively. The final school type score (1 very
low SEB to 5 very high SEB) was used in the statistical analysis.

2.3 Procedure

Beginning in 2011/2012, several schools were invited each school year to participate in the BHT program.
After acceptance to participate, a date was set for a professional assessment team to come to the
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schools to conduct the tests. The tests took place mainly between August and April because of the spring
and summer vacations in Germany. All the equipment needed for the tests was brought by the
assessment team and prepared in a gymnasium or larger room before the children and adolescents
arrived. All children in a class coming to the GMT test, received a short overall instruction of the general
procedure, and were then divided into eight groups. They started at one station and were sent to the next
testing station after completing each test until they had completed all eight tests. Experimenters always
remained at their test station. The children’s performance measures were protocolled by the
experimenters per test station and entered into a predefined database by the assessment team after the
tests. The same procedures were applied before and during the pandemic, i.e., after LD | (March 22, 2020
— Mai 04) and after LD Il (Nov 02, 2021 - Mai 2022; see Figure 1) in Germany.

2.4 Data Analysis and Statistics
All data analyses and statistics were performed with R Studio (v 4.2.1; R Core Team, 2020).

First, raw data on motor performance were categorized into percentile values based on German norm
values (Niessner et al., 2020) per test measure (6 min run, sit-ups, push-ups, long-jump, 20m run, jumping
sideways) and biological sex (female, male), to convert motor performance raw data into age- and sex-
normalized values. This transformation is particularly important to consider, when investigating secular
trends in motor performance over multiple years, because current trends in motor performance can
influence the effect and interpretation of other influencing variables or events, such as the impact of the
pandemic. After transformation in percentiles, data was transformed to standardized z-values per test
measure for statistical analysis, and back-transformed to quantile normalized percentile values after
analysis to facilitate interpretation of the results.

The aim of the analysis was to investigate the effect of the COVID-19 pandemic related lockdowns on
general motor performance in primary school-aged children (H1). Additionally, we analyzed whether the
pandemic had differential negative effects on different motor domains, (H2), and we investigated the
moderating effects of SEB to identify whether motor performance in children from lower or higher SEB
has been differently affected during the pandemic (H3).

The analysis was twofold: First, motor performance during the pandemic was compared to the average
motor performance in pre-pandemic years (August 2011/12 - March 2019/20). However, these analyses
can be affected by recent secular trends and therefore may not reflect the true effect of the pandemic.
Therefore, in the second part of our analyses, we accounted for secular trends by comparing actual motor
performance with the predicted motor performance following recent secular trends. More detailed
information on these analyses is presented below.
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Comparison of motor performance before and during the pandemic

In the first analysis approach, we performed a cross-classified linear mixed effects model (Ime4’ package;
Bates et al., 2015) with all data available (2011/12 to 2022/23) with individual test values (level 1) arein
motor domains (level 2a) and nested in participants (level 2b) and participants are nested in schools
(level 3). Here, we analyzed the difference between pre-pandemic motor performance and motor
performance after LDl and LDII (H1). Secular trends were not yet considered at this point. The dependent
variable was motor performance (z-values, continuous scale). Further, level 2 and level 3 variables were
included in the model: Sex (level 2; male, female), Time (level 2; pre, post LDI, post LDII), and SEB (level 3;
continuous integers from 1-5, higher values indicate higher SEB) as well as all interactions between
independent variables, i.e., two-way and three-way, were added to the model as fixed effects. For the
random effects term, random intercepts were added for Motor Domain and School, with Participants
nested in Schools. The model was fitted using maximum likelihood estimation (ML), which is assumed to
provide better estimates for fixed effects than restricted maximum likelihood estimation (REML) (Field et
al., 2012). In addition to the model estimated, F-statistics were obtained for main and interaction effects
using type-lll sum of squares ANOVA (“anova”; R base package) with Satterthwaite-Approximation, a
slightly more liberal procedure than the Kenward-Roger method (Halekoh & Hgjsgaard, 2014).
Significance level was set to a < .05. Post-hoc tests were performed on significant main and interaction
effects using planned contrasts with estimated marginal means (for factor variables) and estimated
marginal trends (for continuous variables) both from the emmeans package (Lenth, 2020). Because we
were particularly interested in the effects of the pandemic on motor performance and to provide a
parsimonious and hypothesis-driven analysis, we only performed post-hoc tests on the main effect of
Time and its interactions, but not on the other significant main or interaction effects. For example,
significant interactions of Motor Domain x SEB were not planned to be followed up by post hoc tests.

Trend Analysis — Differences between actual and predicted motor performance during the pandemic

The second part of our statistical analysis aimed at considering secular trends in investigating the effects
of the pandemic on motor performance. Here, we aimed to use the secular trends to make the most
accurate predictions of what motor performance the children would have achieved without the influence
of the pandemic. These predictions can then be compared to the children’s actual motor performance
during the pandemic to better assess the true effect of the pandemic. However, different secular trends
may result in varying predictions depending on the data/years used. To also account for this variability in
secular and varying predictions, respectively, different starting years (2011-2017) were used in an iterative
process to predict motor performance during the pandemic school years.

In the first step, linear secular trends were calculated, i.e. the effect of the independent variable Year on

the outcome measure motor performance. These trends were calculated by using cross-classified linear

mixed effects models (Ime4’, cf. above), separately for each Motor Domain (20m run, side jumps, sit-ups,

push-ups, long-jump, 6min run) and each SEB (factorized to 5-level factor) with Motor Domain as level 1,
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and Participant as level 2. The outcome measure was motor performance (z-scaled). The main
independent variable was Year (continuous, 2011/12 — 2019/20), which was entered as fixed effect. In an
iterative process, the starting year for the variable Year was systematically increased from 2011/12 to
2018/19, while the end year remained at 2019/2020. This procedure was used to calculate different
secular trends, i.e., estimates for Year, to account for the variability of secular trends depending on the
time period used for the estimation as it was a political decision to start the project BHT in 2011/12.
Additionally, Sex was added as a fixed effect control variable, and random intercepts were included for
School. ML estimation was applied for calculating fixed effects estimates (cf. above). In a second step,
we then predicted motor performance for the two pandemic school years 2020/2021 and 2021/2022
based on the model estimate obtained for Year, which reflects the linear secular trend calculated for the
years included. That is, for each child, we obtained a predicted and an actual value for motor
performance at the two post-lockdown time points (LDl and LDII). In a third step, these data were
forwarded to another linear mixed model to estimate the difference between predicted and actual motor
performance. Hence, the outcome measure was motor performance. The independent variable was Type
(predicted, actual), which was added as fixed effect, and random intercepts were added for participants.
Again, models were fitted with ML. In total, 480 linear mixed models were computed, resulting in 480
estimates for the difference between predicted and actual motor performance for Time, Motor Domain,
SEB, and Starting Year of the secular trend, i.e., 2 (LD) x 6 (Motor Domain) x 5 (SEB) x 8 (Starting Year).

Finally, these model estimates were forwarded to the final analysis investigating the true effect of the
pandemic on motor performance. That is, a final linear mixed effects model was performed. The outcome
measure was the estimate of the difference between predicted and actual motor performance. In the first
model, we only added random intercepts for Starting Year of the secular trend. Here, we examined the
significance of the intercept only, to investigate whether the estimates of the difference between predicted
and actual motor performance are not equal to zero, thus indicating a non-zero overall effect of the
pandemic related lockdown on motor performance. After that, we also added fixed effects for the
independent variables, Lockdown (LDI and LDII), Motor Domain (6-level factor, cf. above), and SEB (5-
level factor, cf. above), and their interaction, to investigate the true effect of the pandemic on motor
performance (H1), distinct effects of the pandemic on different Motor Domains (H2), and the moderating
effect of school-level SEB (H3). ML was applied for estimation of fixed effects (cf. above). Significant
interaction effects were followed up using planned contrast with estimated marginal means.

For all analyses, the partial eta-squared (n?) is reported as a measure of effect size. However, to further
facilitate the interpretation of the results, the z-values based on the linear mixed effect models were back-
transformed into quantile-normalized percentile values. Based on these values, the differences between
actual and predicted motor performance can be interpreted with practical relevance.

Results

3.1 Motor Performance during Covid-19 compared to pre-pandemic
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The first cross-classified linear mixed effects model was performed to investigate the effects of Time,
Motor Domain, SEB, and their interaction on motor performance. First, we observed a significant main
effect of Time (F(2,32199) = 3.59, p = 0.028, n?<.01). Post-hoc contrasts revealed trend-level lower
motor performance at LDIl compared to pre (p = .061), but no significant differences between LDII and
LDl and between LDI and pre. Second, the main effect of the Motor Domain (F(5,335151) = 7102.35, p <
.001, n?=.10) was significant, indicating differential motor performance in different Motor Domains.
Post-hoc tests were not performed as described above, because we were not interested in differences
between Motor Domains in this study. The main effect of SEB was also significant (F(1, 789) = 450.50, p
<.001, n?=.36), indicating that children from lower SEB generally have worse levels of motor
performance than children from higher SEB.

In addition to these main effects, we also found significant interactions, including an interaction of Time
x Motor Domain (F(10, 335,085) = 117.85, p=.001, n?<.01). Pairwise post-hoc tests were performed to
investigate the effect of Time on each Motor Domain separately. For the 20m run, performance was lower
at LDl (p<.001) and LDIl (p< .001) compared to pre, and also trend-level lower at LDIl compared to LDI (p
= .074). For side jumps, performance was lower at pre and LDl compared to LDII (p < .001), and there was
no difference between pre and LDI. For push-ups, there was no significant difference between pre, LDl and
LDII. For sit-ups, in contrast, performance was lower at pre compared to LDI (p < .011) and performance
at LD | was higher compared to LDII (p < .001), with no significant difference between pre and LDII. For
the long-jump, performance was higher at pre compared to LDI (p = .045) and LDII (p = .001), but there
was no difference between LDl and LDII. Lastly, the performance of the 6 min run was lower at pre
compared to LDI (p = .016) but higher compared to LDII (p = .001), and higher at LDl compared to LDII (p
<.001). The interaction of Motor Domain x SEB (F(5, 335,055) = 26.92, p< .001, n?<.01) was also
significant, but not further evaluated given the above reasons. Lastly, the interaction of Time x SEB was
not significant (F(2, 36,451) = 0.48, p<.618, n?=.01), indicating that the effect of SEB on motor
performance was similar at pre, LDl and LDII.

However, the triple interaction of Time x Motor Domain x SEB was significant (F(10, 335,059) = 9.67, p <
.001, n?=.01). That effect was followed up with post-hoc estimated marginal trend analysis to examine
whether the effect of SEB on motor performance differed between pre, LDI and LDII, and further varied
between Motor Domains. Stronger effects (i.e., trends) of SEB indicated larger differences between
children from lower compared to higher SEB. For the 20 m run, the effect of SEB was not significantly
different between pre, LDI and LDII. For side jumps, the effect of SEB was stronger at LDIl compared to
pre (p = .01), but both LDIl and pre were not different from LDI. Likewise, for push-ups, the effect of SEB
was more pronounced at LDIl compared to pre (p = .017), but there was no difference between pre and
LDI or between LDI and LDII. For sit-ups, the effect of SEB on motor performance was also higher, at trend
level, at LDIl compared to pre (p = .087) and compared to LDI (p = .044). However, there was no difference
between pre and LDI. For the long-jump, there was an inverse effect, such that the trend of SEB was
higher at pre compared to LDI (p = .029), but there was no difference in trends between pre and LDII or
between LDl and LDII. Lastly, for 6 min run, there was a higher effect of SEB on motor performance at pre
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compared to LDII (p <.001), but neither a significant difference between pre and LDI nor between LDI and
LDILI.

3.2 Predicted vs actual motor performance based on different secular trends.

The second part of our analyses aimed to consider secular trends in examining the effects of the
pandemic on motor performance by comparing actual motor performance during the pandemic with the
predicted motor performance levels children would have achieved in the absence of the pandemic. Figure
2 illustrates the rationale for considering secular trends for the whole period of time: It shows the secular
trend in motor performance per Motor Domain (boxes) and SEB (colors) from 2011 to 2019 (linear
predictions) in addition to actual motor performance during the pandemic (rhombs). As Figure 2 shows,
motor performance during the pandemic should not be compared only to average motor performance in
previous years (e.g., average between 2017-2019 or 2011-2019), because these analyses do not account
for recent secular trends in specific Motor Domains. These data suggest that recent trends in motor
performance would have resulted in higher (e.g., push-ups) or lower (e.g., 6-minute run) motor
performance in the two years of the pandemic. Therefore, not including these trends in statistical
analyses could lead to underestimation or overestimation of the impact of the pandemic on motor
performance.

In the second part of our analyses, 480 linear mixed effects models were run systematically to calculate
different secular trends in motor performance, to predict children’s motor performance during the two
pandemic years, and to investigate the difference to their actual motor performance during pandemic
years, separately per Motor Domain, SEB, lockdown period, and starting year. These linear mixed models
were not intended to reach statistical conclusions, but to make predictions about estimated motor
development based on differential recent secular trends. The resulting 480 estimates of the differences
between predicted and actual motor performance are presented in Figure 3, which provides a first
overview of the differential effects on the various Motor Domains and moderating effect of SEB. These
estimates were analyzed in a final linear mixed effects model.

First, we found that the intercept was significantly different from zero (t(7) =-5.39, p = 0.001, B =-0.10,
-3.85%). That is, the actual motor performance during pandemic was significantly different from the
motor performance predicted from secular trends. The main effect of Lockdown, however, was not
significant (F(1,413) = 2.09, p= 0.148, n?< .01). That is, there was no difference between LDI and LDIl in
their overall effect on motor performance. The main effect of Motor Domain was significant (F(5, 413) =
182.06, p<.001, n?=.69), indicating differential effects of the pandemic on individual Motor Domains.
Further details on pairwise post-hoc tests can be found in the supplement (Table S1). Push-ups were
affected most negatively (8 = -0.40, -15.47%), followed by 20m run (B = -0.26, -10.32%), long-jumps (B =
-0.12,-4.63%), and sidejumps (B = -0.06, -2.58%). The two other skills, 6min run (8 = .19, 7.56%) and sit-
ups (B = 0.07,2.75%) improved during pandemic. The effect of SEB also was significant (F(4, 413) =
57.48, p>.001, n?= 0.36). The higher negative effect was found for children from very high SEB (B =
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-0.22,-8.56%), followed by children from high SEB (B = -0.15, -5.85%), children from low SEB (8 =-0.15,
-5.80%), and children from average SEB (B = -0.04, -1.50%). Children from very low SEB showed higher
actual motor performance than predicted motor performance (8 = 0.06, 2.51%). Post-hoc tests were
performed using consecutive contrasts between the five levels of SEB. Given the non-linear results, we
then also performed pairwise post-hoc tests contrasting all levels of SEB against each other. Results of
mean differences can be found in the supplement (Table S2). In addition to these main effects, all
interactions were significant, including the interaction of Lockdown x Motor Domain (F(5, 413) = 18.94, p
<001, n?=.19). Planned contrast post-hoc tests revealed that LDI had a stronger effect than LDIl on
push-ups (p < .001) and sit-ups (p < .001), and that LDIl had a more pronounced effect than LDl on 20m
run (p <.001) and side jumps (p < .001). There was no difference between LDI and LDII in their effect on
6émin run (p = .541) and long-jump (p = .665). Furthermore, the interaction of Lockdown x SEB was
significant (F(4, 413) = 11.24, p< .001, n?=.10). Post-hoc tests showed that during LDI had a stronger
effect than LDII on motor performance in children will very low SEB (p = .013), and that LDIl had a more
pronounced effect on LDI on children with low SEB (p < .001) and very high SEB (p = .016). There was no
difference between the effects of LDI and LDIlI on motor performance in children from average SEB and
high SEB. Moreover, the interaction of Motor Domain x SEB (F(20, 413) = 7.28, p<.001, n?= .26) was
significant. Lastly, also the triple interaction of Lockdown x Motor Domain x SEB was significant (F(20,
413) = 1.68, p = .034, n?=.08), indicating that the two lockdowns had differential effects on specific
Motor Domains that further varied between different SEBs.

Discussion

Our main objective was to investigate the effects of the COVID-19 pandemic on motor performance of
school children, including differential consideration of different Motor Domains and moderating effects
of SEB. In general, motor performance in Berlin third graders was overall lower compared to German norm
values. While we found a slightly negative effect of the pandemic on motor performance, the effects were
highly differential between Motor Domains and with respect to children’s SEB. For example, we observed
that children performed worse on push-ups and 20m run during the pandemic compared to pre-pandemic
levels. For the 6min run in contrast, children performed better during the pandemic as compared to pre-
pandemic. Similarly, the pandemic had differential effects on specific Motor Domains between children
from different SEB, such that the difference in motor performance in children from lower and higher SEB
became more pronounced during the pandemic compared to pre-pandemic for side-jumps, push-ups, and
sit-ups, but decreased for long-jump and 6min run. After controlling for secular trends, the impact of the
pandemic was stronger, further supporting the above results. Compared with the predicted motor
performance following recent secular trends, children’s actual motor performance was decreased by
about 4% in the order of quantile-normalized percentile values. However, again, these effects were highly
specific to individual Motor Domains, such that, for example, push-up performance decreased by -15.47%
and 20m run by -10.32%. In contrast, performance in the 6min run increased by +7.56% and sit-up by +
2.75%. These differential effects on Motor Domains may reflect adapted physical activity behaviors in
children during the pandemic, such as fewer physical education classes and higher leisure-time physical
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activity. In addition, the secular trend analysis showed that motor performance was particularly
compromised in children with very high SEB (-8.56%) and high SEB (-5.85%), while children with very low
SEB showed minor improvements (+2.51%). Thus, the pandemic slightly closed the current SEB gap in
motor performance. It should be noted, however, that while it is generally desirable for the motor
performance of low SEB and high SEB groups to converge, it would be preferable if this convergence were
to occur by the low SEB children catching up to the high SEB children rather than by the high SEB children
having their motor performance impaired. In summary, the pandemic had various effects on motor
performance, some of which were strongly negative (e.g., push-up performance), while others also had a
positive impact (e.g., 6min run or smaller SEB gap). Further steps are now to consider, develop, and
implement specialized (physical activity and motor performance promoting) programs to rehabilitate the
performance losses in the most compromised Motor Domain domains and provide solutions to facilitate
motor performance across children from different SEB.

General Discussion

Consistent with previous research, we found an overall negative effect of the pandemic on children’s
motor performance (Basterfield et al., 2022). Although this effect appears to be rather small (-4%), it
should be kept in mind that even such a small average effect can have serious and persistent negative
consequences for various health-related factors, both for childhood and adolescence and beyond. For
example, lower levels of physical fitness and activity have been found to lead to lower motivation for
physical activity in later adulthood, which in turn may affect physical, cognitive, and psychosocial health
(Hirvensalo & Lintunen, 2011; Telama et al., 1997; Telama et al., 2005). In other words, the pandemic may
have latent long-term effects that should be counteracted promptly to prevent these negative late effects.
Further, from a developmental perspective, 4% equal about one year of development (cf. Niessner et al.,
2020). Estimating the delay in motor development that has occurred in response to the pandemic is
important in itself, but also because delayed motor development may compromise development in other
domains, such as cognitive, social, and emotional development (Bushnell & Boudreau, 1993; Slining et al.,
2010; Thelen, 1985). Interpretation of these results should also take into account that the pandemic had
highly varying effects on different Motor Domains, both positive and negative, which offset each other to
some extent when the overall impact is examined. Thus, a differential analysis is critical. For example,
some Motor Domains received significantly less training during the pandemic, potentially at critical
stages of development. Therefore, performance in these Motor Domains suffered the most significant
drop during the pandemic (e.g., push-ups or 20m run), while others tended to remain stable (e.g., side
jumps) or even improved (e.g., 6-minute run). Another reason for these differential effects could also be,
in particular, the discontinuation of physical education classes and activity in sports clubs. In these
organized forms of physical activity, the focus is more on promoting Motor Domains in a holistic way.
Leisure time physical activity, on the other hand, potentially improves specific Motor Domains only in
specific developmental stages. During the pandemic, children were constrained to be more active during
their leisure time and could only participate in physical education classes or sports clubs to a very limited
extent. This change in physical activity behavior could have led to the observed differential effects on

Motor Domains and explain the improvement in the 6min run, an endurance-related skill that might
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benefit especially from leisure-time physical activity. What effects these specific changes could have on
future physical activity behavior or physical, neurocognitive, and psychological health in children remains
to be determined. It therefore is important to continue to monitor these aspects to be able to intervene at
an early stage with adapted physical activity and training programs. Here, beside traditional approaches
such as local school communities (e.g., Naul et al., 2018), exergaming technology could play an
important role (cf. Oppici et al., 2022).

Another important finding is the moderating effect of children's SEB on pandemic-related changes in
Motor Domains. Although there was no overall effect of children's SEB on pandemic-related changes in
motor performance, we found differential effects for individual Motor Domains that were in line with the
differential findings described above. For some Motor Domains, we observed that the difference in motor
performance between children with lower and higher SEB increased (side jumps, push-ups, and sit-ups),
whereas on the other hand, for other skills, the difference between them decreased (long-jump and 6-
minute run). This pattern of results could also be related to a change in the children’s physical activity
behavior, including their SEB. Children with higher SEB were more likely to be active in sports clubs,
whereas children with lower SEB were less likely to be physically active in sports clubs. Because sports
clubs were largely closed during the pandemic, children with higher SEB could not maintain their physical
activity levels, while children with lower SEB remained similarly (in)active. That is, children from higher
SEB were more likely to fall behind in their motor development because they started from a higher
baseline level, so the gap closed to some degree. However, it is very likely that other SEB-related factors
had differential effects on physical activity and Motor Domain changes during the pandemic, such as
parental employment and income. Children with higher SEB are more likely to have both parents
employed, whereas children with lower SEB are more likely to have one parent unemployed who could
have cared for the children during the pandemic and beyond, such as going to the playground. Children
with higher SEB, on the other hand, may be more likely to have stayed at home with their siblings or
grandparents, resulting in lower levels of physical activity. However, it also should be considered that SEB
was assessed at the school level. The quality and focus of physical education classes may differ to
some degree between schools with higher and lower school types, e.g., due to infrastructure. Physical
education classes are more likely to be more advanced and effective in schools with higher SEB, i.e. with
catchment areas of higher SEB. The loss of higher-quality physical education could therefore have had a
greater impact than the lack of lower-quality physical education, which also narrowed the gap between
lower- and higher SEB.

The results of this study have several implications. First, given that impaired motor development can
compromise various aspects of lifelong health, communities and policymakers should take effective
action to compensate for the pandemic-based negative trends in children’s motor performance. Second,
SEB-related disparities in motor performance have decreased during the pandemic, although they may
increase again once sport clubs and physical activity facilities reopen. Therefore, authorities are called
into action to promote and subsidize access to physical activity facilities and sport clubs, particularly for
low SEB neighborhoods. Third, further and comprehensive monitoring of children’s motor development in

whole Germany is strongly needed in the future to a) evaluate the long-term impact of the pandemic in
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prospective years, and b) design and evaluate effective physical activity programs for children with
compromised motor performance. This monitoring should pay special attention to specific motor
domains within physical fithess and motor competence (cf. Utesch et al., 2019). Further, support
programs are needed especially in neighborhoods with low SEB for whom declines in motor performance
levels were observed the most providing programs that are effective, tailored and individualized to the
specific needs of the children.

The strength of this study is the large sample and the fact that motor performance was tracked since
2011 which allowed us to account for secular trends. Sophisticated statistical analyses were utilized to
examine potential effects of COVID-19 related lockdowns on children’s motor performance. The German
Motor Test was used in this study, which is supported by both the German Government and the German
Sport Association. However, this study is not without limitations. The data stems only from one large city
and metropolitan area in Germany and is not representative for rural areas. The secular effects might
result from political strategies which came together with the project BHT as local sports support groups
were created in the different city districts and schools, however, this cannot be answered in this study.
Socio-economic status was not measured on individual levels, but on the school level. While the sample
was large, aggregated effects on the school level might have led to biased results.

Conclusion

The special circumstances related to the COVID-19 lockdowns on a global scale had an impact with
sustained implications for all levels of society. However, the situation can be seen as a natural experiment
to examine the motor development of children and the related effects of pandemic-related lockdowns.
This study shows that the lockdowns went along with detrimental developmental effects on children’'s
motor performance levels. The severity and chronicity of COVID-19 will test the resilience, the
resourcefulness of communities, and the political will to counteract unpleasant consequences of political
decisions. Children require continued individual support and activity also in a pandemic situation. To
counteract the described development, comprehensive monitoring across different regions of children’s
motor performance levels is needed. Further, local support programs should be implemented in order to
foster children's motor development as it is important for their overall development. Hence, education,
early interventions, and social services must take responsibility and collaborate to focus on the needs of
children’s health and development.
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Figure 1

Exemplary overview of the number of third graders assessed in the two years before COVID-19 and after
the two major lockdown periods in Germany (LD 1 and LD II) from 2018 to 2022 illustrating that the dates
of assessments throughout the year.

In the current study, data from 68,996 children were analyzed (Age: 8.83 years +- 0.56, range: 6.4-13 years,
35,270 females, 51.1 %, which were assessed between school years 2011/2012 and 2021/2022.

Note. Assessments prior to 08/2018 are not shown here because the date of the assessment was not
available. The two lockdown periods are highlighted as transparent red areas. Light gray color indicates
assessments before COVID (Preg,,iq, l€ft), darker gray color indicates assessments after Lockdown |

(Post,p ), dark gray color indicates assessments after Lockdown Il (Post, ). The prevalence of COVID-
19, i.e. the number of actively infected individuals, is shown as red solid line.
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Motor Performance - Secular Trend and Covid Impact by SES and Motor Domain
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Secular trend of motor performance between 2011 to 2019 and motor performance during the pandemic
(after LDI and LDII) per Motor Domain (panel) and school-level socioeconomic background (color).

Note. Motor Performance (z-transformed quantile-normalized percentile values) are presented on the y-
axis, school years from 2011/12 to 2022/23 are given on the x-axis. Linear secular trends (straight lines)

were calculated based on data from 2011/12 to 2019/20 (points) for each Motor Domains and

socioeconomic background separately. Motor performance values during pandemic (rhombs) are also
presented per Motor Domain and socioeconomic background to the right of the straight black line per

panel.
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Predicted (dotted line) and actual motor performance (colored dots) during pandemic lockdowns LDI
(left) and LDII (right) per Motor Domain (y-axis) and school-based socioeconomic background (by color)
using different starting years for secular trend prediction.

Note. Rhombs reflect the median of estimates for the different starting years. Estimates located to the left
of the dotted black prediction line indicate lower actual motor performance during pandemic compared to
the predicted motor performance, while estimates to the right indicate higher actual motor performance

compared to predicted motor performance during pandemic.
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