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Abstract

Introduction: Neurological soft signs (NSS) are minor deviations from the norm in motor
performance that are commonly assessed using neurological examinations. NSS may be of
clinical relevance for evaluating the developmental status of adolescents. Here we investigate
whether quantitative force plate measures may add relevant information to observer-based
neurological examinations.

Methods: Male adolescent athletes (n=141) aged 13-16 years from three European sites
underwent a neurological examination including 28 tests grouped into six functional clusters.
The performance of tests and functional clusters was rated as optimal/non-optimal resulting in
NSS+/NSS- groups and a continuous total NSS score. Participants performed a postural
control task on a Balance Tracking System measured as path length, root mean square and
sway area. ANCOVAs were applied to test for group differences in postural control between
the NSS+ and NSS- group, and between optimal/non-optimal performance on a cluster- and
test-level. Moreover, we tested for correlations between the total NSS score and postural
control variables.

Results: There was no significant overall difference between the NSS+ and NSS- group in
postural control. However, non-optimal performing participants in the diadochokinesis test
swayed significantly more in the medial-lateral direction than optimal performing
participants. Moreover, a lower total NSS score was associated with reduced postural control
in the medial-lateral direction.

Conclusion: Our findings demonstrate that NSS are related to postural control in adolescent
athletes. Thus, force plate measures may add a quantitative, objective measurement of
postural control to observer-based qualitative assessments, and thus, may complement clinical

testing.



Keywords: Neurological Soft Signs; Postural Control; Adolescent Athletes; Diadochokinesis;

Maturation; Minor Neurological Dysfunction
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1 Introduction

Neurological soft signs (NSS) are minor deviations from the norm in motor performance and
sensory-motor integration [1]. In contrast, major (also called hard) signs are rated as
pathological and include findings such as hyperreflexia and spasticity [2,3]. Even though not
considered pathological, and also present in healthy adults [4], investigating NSS in
adolescents is clinically relevant because it was found to be associated with an increased
vulnerability for mental disorders [5,6]. More specifically, there is initial evidence for NSS
being a non-specific marker for developing developmental deficiencies such as attention-

deficit hyperactivity disorder and schizophrenia spectrum disorder [7-9].

NSS are typically assessed using a clinical neurological examination [10]. Commonly
used rating systems are qualitative and include the Neurological Examination Scale (NES)
[11], the Cambridge Neurological Inventory (CNI) [12], the Heidelberg NSS Scale (HS) [13],
and the age-dependent assessment of Minor Neurological Dysfunction (MND) [14,15] (for
review of NSS rating systems see [16]). With some minor differences, most rating systems
comprise tests of coordination, fine motor skills, and postural control [17]. Importantly, these
assessments are based on the examiners’ observation and therefore are qualitative rather than
quantitative by nature. Particularly when it comes to subtle alterations as it may be the case
for physically trained adolescent athletes, the addition of instrumented investigations such as
force plate measures assessing postural control, which are considered to be the “gold
standard” for assessing postural stability [18], may provide valuable insights by quantitatively
detecting variability in performance that might not be detected visually.

Postural control is considered a milestone of physiological development and allows
individuals to engage in various static and dynamic activities [19]. It can be described as the
maintenance of the center of pressure inside the base of support and is defined by Bartlett and

Birmingham as the ability to maintain internal stability (e.g., to stand upright) and to
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anticipate and avoid instability in response to an external perturbation [20]. Generally, motor
performance and postural control development take place according to two stages. First,
young children, approximately until the age of five years, follow an open-loop strategy,
characterized by the explorative activity of the nervous system exploring all motor
possibilities. This strategy is also referred to as the ballistic strategy and is characterized by a
greater displacement of the center of pressure (COP) and thus greater instability [21]. Around
the age of eight years, children transfer to using a closed-loop strategy (or sensory strategy)
where they use various movement possibilities in each specific situation, resulting in better
postural control [21,22]. As children age further, their nervous system adapts, and
multisensory integration is improved. More specifically, older children integrate information
from different modalities (e.g., visual and somatosensory system) more successfully to control
posture, making them better equipped to function in a changing environment [22,23].
However, any disturbances of this maturation process will likely result in less optimal or non-
optimal postural control. Of note, postural control has been shown to mature later along the
ML compared to the AP axis [21-23]. Currently, there is no clear consensus in the literature
regarding at what age adolescents reach their peak performance in postural control. Some
studies suggest that adolescents have not yet reached an adult-like performance in postural
control at the age of 14 years [24] while others found that processes underlying the
maintenance of an optimal postural stability are mature much earlier [25]. In adolescent
athletes, this developmental process was reported to be ongoing until the age of 19 years as
shown by normative Balance Tracking System (BTrackS) data of more than 10 000

adolescent athletes between 8 and 21 years [26].

To the best of our knowledge, no study has yet used a combined approach of observer-
based neurological examination and quantitative assessment of postural control to
comprehensively assess motor maturation between the ages of 13 and 16 years. Thus, to date

it remains unknown whether the findings of both assessments are interrelated. Therefore, this
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study aims to provide information on the additional use of force plate measures in a clinical
setting. It is expected that a lower qualitative NSS score derived from a neurological
examination is reflected in reduced postural control performance. The use of force plates as an
objective measure will allow for a detailed quantification of higher-order motor functioning in
addition to clinical observer-based assessments. This will add relevant information when

investigating motor functioning in a clinical setting.

2 Materials and Methods

2.1 Study design and participants

Participant data were extracted from the multi-site study REPIMPACT (Repetitive
Subconcussive Head Impacts — Brain Alterations and Clinical Consequences; 2017-2020).
The study enrolled male adolescent athletes aged 13-16 years between July 2017 and April
2020 from three study sites (Oslo, Norway; Leuven, Belgium; Munich, Germany). Included
athletes participated in various sports that were primarily soccer, but also swimming, track
and field, cross-country skiing, cycling, tennis, biathlon, and rowing. Participants and their
legal guardians at all three data acquisition sites provided written informed consent in
accordance with the local ethics board approvals and the Declaration of Helsinki.

In short, inclusion criteria for participating in the study were: (1) 13-16 years of age,
(2) male, (3) participation in sports at a competitive level with training at least three times per
week in the respective sport, and (4) fluent language skills of the respective country of
citizenship (i.e., German, Dutch, or Norwegian). For more details on the REPIMPACT study

design, see [27].

Participants were excluded from the analysis in case of (1) history of serious medical
condition (history of encephalitis: n = 3), (2) incidental finding on a magnetic resonance

imaging scan (periventricular gliosis: n = 1, subependymal heterotopia: n = 1), (3) premature
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birth (i.e., < 37 weeks of gestation) (n = 3), (4) diagnosed attention deficit disorder (n = 1), (5)
neurological hard signs as evident by neurological examination (n = 0), or (6) no performed
neurological examination as part of the REPIMPACT project (n = 17). This resulted in an
included sample of 141 participants (Table 1). The neurological examination and the postural

control assessment were performed at the same visit.

Table 1. Cohort Characteristics

NSS+ (n = 26) NSS- (n = 115) Statistical test
X* = 8.540, df =
Study site B (2, G (5), N B (32), G (38), N
2,
(n) (19) (45)
p=.014*
Age [years] t (139) =-2.798,
14.70 (0.67) 15.14 (0.74)
Mean (SD) p =.006 *
Height [cm] t (135) =-1.861,
170.32 (10.01) 173.62 (7.50)
Mean (SD) p =.065
Weight [kg] t (134) =-1.130,
58.19 (10.35) 60.39 (8.55)
Mean (SD) p =.260
Total NSS score Median 21.50 (0.55) 25.30 (0.19) t (139) =-7.912,
(SE) p<.001*

Note. * Indicates significant difference between groups at p < .05.
Abbreviations. B = Belgium, G = Germany, N = Norway, NSS = neurological soft signs, SD

= standard deviation, SE = standard error, X*= Chi Square
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2.2 Neurological examination assessing NSS

A standardized pediatric neurological examination based on the William DeMyer's
Neurological Examination was performed [28]. This examination included the evaluation of
NSS in line with the distinct age-related rating framework published within the MND
concept [14]. We decided to follow the MND concept because it has proven useful when
investigating developmental cohorts [29-31]. Of note, compared to other assessments such as
the NES, CNI, HS, the MND concept considers the developmental status of a child and
assesses performance with respect to age [14,32] . Using an age-dependent concept allows to
detect even subtle changes which is particularly helpful in a cohort of physically trained

adolescent athletes that are expected to perform well in tasks assessing motor performance.

The MND examination consists of 64 tests grouped as eight functional clusters. More
details are published elsewhere[15]. In our examination, 28 out of these 64 tests were
performed, assessing six functional clusters: (1) Fine motor skills (e.g., finger-opposition test:
tapping the tip of the thumb with each finger of the same hand in a specific sequence), (2)
Coordination & balance (e.g., diadochokinesis test while standing: quick antagonistic pro-
and supination movements of the forearm), (3) Posture & tone (e.g., posture while sitting,
standing, or walking), (4) Involuntary movements (e.g., sitting/standing choreatic movements
or tremor) (5) Associated movements (e.g., in didochokinesis or finger-opposition test), and
(6) Sensory function (e.g., graphesthesia, kinesthesia).

The performance of every test was rated as either optimal or non-optimal based on the
neurological optimality score (NOS), indicating how many items are performed in an optimal
way [15,33]. Optimal performance is based on predefined criteria, meaning that failing a test
indicates not meeting the specific predefined criteria of the respective test.

A non-optimal performed cluster is defined as a cluster that includes a number of non-

optimal performed tests that exceeds a specific threshold. If one or more clusters were rated as
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non-optimal, a participant was assigned to the group with NSS (NSS+ group), and otherwise
in the group without NSS (NSS- group). In addition to the overall group categorization,
participants were categorized as optimal/non-optimal performing on the cluster-level and on
the test-level, respectively.

In a second step, an additional continuous NSS score was calculated because this
qualitative clinical categorization approach does not allow to differentiate between
participants with higher and lower NSS scores within a specific group. This score is in
alignment with the NOS and is referred to as the total NSS score. For instance, a score of 26
indicates that the participant performed optimal in 26/28 tests. Consequently, a higher NSS
score indicates better neurological functioning.

In Germany, the assessment was performed by experienced pediatric neurologists.
Examiners from Norway and Belgium were trained by experienced pediatric neurologists
from Germany before performing the examination independently. In addition, examinations
from Norway and Belgium were videotaped and recorded and were then re-assessed

independently by three pediatric neurologists from Germany.

2.3 Assessment of postural control using BTrackS

Postural control was assessed at all study sites using a validated portable force platform,
BTrackS (Balance Tracking Systems Inc., San Diego, CA, USA) [18,34,35], consisting of a
0.4m x 0.6m force platform. A 25 Hz sampling rate was used to capture the ground reaction
forces of the postural control assessments, which was registered as resulting COP and was
filtered with a second-order, low-pass Butterworth filter (cut-off frequency of 4 Hz) prior to
export. Postural control was tested both on a rigid and a compliant (foam) surface. The
compliant surface consisted of a 6 cm thick Airex Balance Pad (Alusuisse Airex AG,

Switzerland) placed on the force plate.
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Participants performed all postural assessments without shoes and with socks.
Following plate calibration, participants were instructed to stand on the force plate with their
head in an upright position and as still as possible with eyes closed, hands on the hips, and
feet apart at shoulder width. The start and end of each trial were indicated with an auditory
tone. Each trial lasted 20 seconds and was repeated to obtain a total of three trials per
condition (i.e., rigid and foam) per participant. All participants performed the rigid trials first,
followed by the foam trials. A trial was repeated if a participant did not perform the task
correctly (e.g., when a participant kept his eyes open).

The mean/total displacement of the COP, in addition to anterior-posterior (AP) and
medial-lateral (ML) directional components, were used to quantify postural stability among
participants. Utilizing COP-based equations developed by Thomas Prieto and colleagues in a
custom MATLAB [36] script [37], three traditional postural metrics were derived for each
axis (Mean/AP/ML): (1) path length (PL), which informs about the COP trajectory
magnitude, (2) root mean square (RMS) amplitude deviations which represents the standard
deviation of the displacement of the COP, and (3) sway area, or the COP displacement
between the beginning and end of trial across axes [38]. The three dependent variables were
chosen to describe the spatial-temporal and variability aspects of postural performance,
respectively. For all measurements, higher values are indicative of poorer static postural

control.

2.4 Statistical analyses

Statistical analyses were performed using the software R (version 4.0.1) [39]. In the first
analysis, a categorical approach using a cut-off criterion based on clinical diagnostic practices
was used. Participants were categorized into two groups: a group with and without NSS
(NSS+ and NSS-) and groups with optimal/non-optimal performance in the fine motor skills

and coordination & balance cluster, as well as in the finger-opposition test and the
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diadochokinesis test. We selected these two clusters and two tests (1) because based on
clinical experience, the performance of fine motor skills and coordination is highly relevant
and commonly assessed, and (2) they were the most often non-optimal performed
clusters/tests in our cohort. The sample size of participants that performed non-optimal in the
other clusters/tests was too small (n < 20) to categorize reasonable groups. It was evaluated
whether these groups differ in performance on the postural control tasks. However, while
clinically relevant, this approach does not allow for a differentiation between participants with
higher and lower NSS scores within a specific group. Therefore, for the second analysis, the

continuous total NSS score was correlated with the postural control performance.

2.4.1 Differences in demographical variables between the NSS+ and NSS- group

Chi-Square tests were used to evaluate whether the distribution of participants from the three
study sites was similar in the NSS+ and NSS- group. Moreover, to test whether the NSS+ and
NSS- group include similar populations, demographical variables such as age, height, and

weight and the total NSS score were assessed using independent t-tests.

2.4.2 Differences in postural control between groups

Data from the three acquired trials for each condition (rigid and foam) and each postural
control variable (PL, RMS, sway area) were averaged. Outliers were visually inspected and
removed if they were most likely caused by a technical error, resulting in an exclusion of one
trial of n = 1 participant in the rigid condition. In this case, the remaining two trials were
averaged.

Between-group differences (NSS+ and NSS-) in postural control performance in the
rigid and foam condition for the variables of interest path length, root mean square, and sway
area were calculated using ANCOVAs with age at the time of the neurological examination as
a covariate. Additional analysis including study site as a covariate (not shown here), did not

change the results. Multiple comparisons were corrected for 14 variables (PL (Mean/AP/ML),
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RMS (Mean/AP/ML) and sway area in both rigid and foam condition) using the Bonferroni

method. The level of significance was set to a = .05.

2.4.3 Correlation between postural control and total NSS score

Spearman correlation coefficients were used to test whether the total NSS score was
associated with postural control performance in the rigid and the foam condition. Spearman
correlation was used because the total NSS score was not normally distributed, with more

participants scoring on the higher end, meaning better overall performance.

3 Results

3.1 Demographic differences between the NSS+ and NSS- group

Table 1 summarizes the demographic information for both groups (NSS+ and NSS-).

Based on the neurological examination, 26 (18.4%) participants were categorized as NSS+
and 115 (81.6%) participants as NSS-. Of the 141 participants, 115 (81.6%) participants
performed optimal in all six clusters (NSS- group), 24 (17.0%) performed non-optimal in one
cluster, 1 (0.7%) performed non-optimal in two clusters, and 1 (0.7%) in four clusters. The
cluster that most often was performed non-optimal was fine motor skills, performed non-
optimal by 24 participants (17.0%), followed by a non-optimal performance of 3 participants
in associated movements (2.1%), of 2 participants in coordination & balance (1.4%) and of 1
participant (0.7%) in posture & tone. Of note, none of the participants performed non-optimal
in the sensory function cluster.

There was a significant between-group difference for study site (p = .014) with a greater
proportion of participants in the NSS+ group coming from Norway compared to Belgium and
Germany. Furthermore, there was a significant between-group difference for age (p = .006),
with the NSS+ group being significantly younger than the NSS- group. In addition, there was

a significant between-group difference for the total NSS score (p < .001). Height and weight
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did not differ significantly between the NSS+ and NSS- group (all p > .05). Moreover, a-
priori analyses revealed no statistically significant between-group differences regarding the
type of sports (soccer versus non-contact) and concussion history (no previous concussion,
probable concussion, physician-diagnosed concussion) in the prevalence of NSS (all p > .05)
and in the postural control performance (for each dependent variable and condition; all p >

05).

3.2 No difference in postural control between the NSS+ and NSS- group

There were no significant differences in postural control for any of the variables of interest,
neither in the rigid nor the foam condition between NSS+ (n = 26) and NSS- group (n = 115)

(all p > .05; see Table A 1).

3.3 No difference in postural control between groups performing

optimal/non-optimal on the cluster-level

There were no significant differences in postural control for any of the variables of interest,
neither in the rigid nor the foam condition between the groups of participants with optimal
and non-optimal performance in the fine motor skills cluster or the coordination & balance

cluster (all p > .05).

3.4 Significant difference in postural control between groups performing

optimal/non-optimal on the test-level

There were no significant differences in postural control for any of the variables of interest,
neither in the rigid nor the foam condition, between the groups of participants with optimal (n
= 105) and non-optimal (n = 36) performance in the finger-opposition test (all p > .05). The
group that performed non-optimal in the diadochokinesis test (n = 33), however, had

significantly higher sway area (p = .003), mean path length (p = .022), path length in the ML
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direction (p = .002), mean root mean square (p = .044), and root mean square in the ML
direction (p = .002) in the rigid condition compared to the group that performed optimal in
this test (n = 108). Path length and root mean square postural performance in the AP direction,
as well as all variables in the foam condition, were not significantly different between groups
after correcting for multiple comparisons (p > .05). Differences in postural control between

the groups performing optimal/non-optimal in the diadochokinesis test are illustrated in

Figure 1 and listed in Table 2.
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Figure 1. Significant difference between groups performing optimal/non-optimal in the
diadochokinesis test in the rigid condition. Higher values indicate worse performance in
postural control. Variable y-axis scaling was used for better visualization.

Note. * All p-values were corrected for 14 variables at p < .05.

Abbreviations. ML = medial-lateral, PL = path length, RMS = root mean square
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Table 2. Difference in Postural Control between Groups Performing Optimal/Non-Optimal in

the Diadochokinesis Test

Postural Non-optimal Optimal
control diadochokinesis diadochokinesis F p
Mean (SD) Mean (SD)

Rigid

PL 30.82 (10.34) 25.11 (7.93) F (1, 136) p = .022
10.429 *

PL ML 16.77 (7.55) 12.34 (4.28) F (1, 136) p = .002
15.651 *

PL AP 21.79 (6.97) 18.99 (6.67) F (1, 136) p=.526
4.410

RMS 0.63 (0.24) 0.51 (0.16) F (1, 136) p = .044
9.060 *

RMS ML 0.27 (0.10) 0.20 (0.08) F (1, 136) p = .002
15.185 *

RMS AP 0.56 (0.23) 0.47 (0.15) F (1, 136) p=.187
6.279

Sway area 0.28 (0.21) 0.17 (0.10) F (1, 136) p = .003
14.756 *

Foam

PL 66.41 (20.72) 60.96 (13.95) F (1, 136) p >.999
2.093

PL ML 30.73 (8.90) 27.71 (7.89) F (1, 136) p>.999
2.515
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PL AP 52.46 (17.34) 4838 (11.17) F (1, 136) = p>.999
1.754

RMS 1.31 (0.36) 1.25 (0.26) F (1, 136) = p>.999
0.652

RMS ML 0.63 (0.17) 0.61 (0.18) F (1, 136) = p>.999
0.170

RMS AP 1.14 (0.34) 1.07 (0.24) F (1, 136) = p>.999
0.781

Sway area 1.17 (0.62) 1.00 (0.43) F (1, 136) = p>.999

2.313

Note. * All p-values were corrected for 14 variables at p < .05.
Abbreviations. AP = anterior-posterior, ML = medial-lateral, PL = path length, RMS = root

mean square, SD = standard deviation

3.5 Significant correlation between postural control and total NSS score

Figure 2 and Table 3 show the correlations between postural control and the total NSS score.
The correlations were statistically significant for path length (p = .016) and root mean square
in the ML direction in the rigid condition (p = .011), and for path length in the ML direction
in the foam condition (p = .025). No significant correlations between postural control in the

other variables were detected (all p > .05).
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Figure 2. Scatterplots showing negative correlations between postural control and the total
NSS score. Lower NSS scores and higher postural control variables indicate lower
performance.

Note. * All p-values were corrected for 14 variables at p < .05. Variable y-axis scaling was
used for better visualization.

Abbreviations. AP = anterior-posterior, ML = medial-lateral, NSS = neurological soft signs,

PL = path length, RMS = root mean square
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Table 3. Correlation between Postural Control and Total NSS Score

NSS

Postural control

Rho

p

Total NSS score

Total NSS score

Total NSS score

Total NSS score

Total NSS score

Total NSS score

Total NSS score

PL Rigid

PL ML Rigid
PL AP Rigid
RMS Rigid
RMS ML Rigid
RMS AP Rigid

Sway area Rigid

rs (139)=-.195 p=.

r (139) = -.271
rs (139) = -.132
rs (139) = -.156
rs (139) = -.279
rs (139) = -.097

rs (139) = -.222

p:

p>

290

.016 *

999

.906

011 *

999

114

Total NSS score

Total NSS score

Total NSS score

Total NSS score

Total NSS score

Total NSS score

Total NSS score

PL Foam

PL ML Foam
PL AP Foam
RMS Foam
RMS ML Foam
RMS AP Foam

Sway area Foam

rs (139) = -.141
rs (139) = -.260
rs (139) = -.189
rs (139) = -.064
rs (139) = -.093
rs (139) = -.055

rs (139) = -.182

999

025 *

357

999

999

999

424

Note. * All p-values were corrected for 14 variables at p < .05.

Abbreviations. AP = anterior-posterior, ML = medial-lateral, NSS = neurological soft signs,

PL = path length, RMS = root mean square
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4 Discussion

This study aimed to investigate the association between an objective quantitative assessment
of postural control using force plates and an observer-based neurological examination in a
cohort of adolescent athletes. Such associations have not been assessed before, but are of
critical importance for clinicians as it provides a more comprehensive assessment of motor
maturation between the ages of 13 and 16 years. It was assumed that lower NSS scores would
be reflected in reduced postural control performance.

Our results revealed that participants performing non-optimal in the diadochokinesis
test showed significantly reduced postural control. More specifically, this effect was only
observed in the rigid condition of the postural control measurement, and primarily in the ML
direction. No significant between-group differences in postural control were found in the
foam condition.

Moreover, we found that the continuous total NSS score was, indeed, correlated with
postural control performance. The results revealed a significant correlation between total NSS
score and postural control in the ML direction, suggesting that those with lower performance
in the neurological examination also tended to produce more ML COP movement in the force

plate assessment.

4.1 A multi-method approach to NSS evaluation

In the clinical context, postural control is commonly assessed using observer-based tools such
as classical neurological tests (i.e., Romberg stance, one-legged stance, tight rope walk).
Particularly when it comes to subtle alterations, instrumented tools such as force plates may
add additional and objective information to what even an experienced clinician can detect by
eye. Using force plates in addition to a neurological examination may, thus, support clinicians
by providing a more comprehensive and personalized assessment of motor maturation.

Indeed, in the current study, the instrumented assessment of postural control revealed that
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reduced performance in postural control along the ML axis was associated with a lower total
NSS score. Nonetheless, more research is needed to determine the common underlying
neurodevelopmental substrates of the quantitative and qualitative findings and whether other
instruments or test conditions can quantitatively reflect other tasks derived from the NSS

assessment.

4.2 Association of NSS with postural control in medial-lateral direction

Our findings of lower postural control in the ML direction being significantly correlated with
a lower total NSS score, and being significantly reduced in the group of participants
performing non-optimal in the diadochokinesis test is in alignment with previous literature on
motor development [21,22,40]. It has been shown that AP and ML postural adjustments
follow different maturation processes. More specifically, there is evidence that postural
control along the ML axis matures later than along the AP axis, possibly being caused by (1)
earlier maturation of antigravity muscles responsible for AP control, (2) daily life experience
that is expected to be greater in the AP direction, and (3) earlier development of the ankle
strategy involved in AP postural control than the hip strategy involved in ML postural control
[21,22,40]. We did not observe an association between postural control in the AP axis and
NSS scores. While the existence of such an association cannot be ruled out with certainty
based on these data, the pattern that we observed is compatible with the possibility that the

maturation along the AP axis is already fully developed in our sample.

Moreover, among the neurological tests, the performance of antagonistic forearm
movements in quick succession, as examined in the diadochokinesis test, has been shown to
mature later than other tests assessing upper-limb motor proficiency [41]. Of note, the two
tasks are based on similar underlying functional mechanisms. Both tasks involve higher-order
motor networks that control the alternation and timing of muscle activity in agonist and

antagonist muscles as a result of cortical excitatory and inhibitory neuronal activity [41].
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Thus, our unique finding of reduced postural control along the ML axis in a group of
participants that performed non-optimal in the diadochokinesis test aligns with already
existing knowledge. The performance in postural control and diadochokinesis movements

may thus serve as indicators of motor maturation.

Adolescent competitive athletes receive extensive physical training during a crucial
period of physiological motor development. Accordingly, one may expect that adolescent
athletes will be more skilled in motor tasks, including postural control, than the general
adolescent population. Indeed, it has been demonstrated that increased sensorimotor
experience in sensitive developmental periods can improve motor proficiency [42,43].
Interestingly, Bie¢ & Kuczynski have shown that in sports disciplines such as soccer which
requires bodyweight transfers along the ML axis, 13-year old soccer players had better
postural control in the ML direction in comparison with a control group [43]. Moreover, a
recently published study found a positive effect of special sensorimotor training in kicking
sports on medio-lateral performance in postural control (REFERENCE). Thus, differences in
postural control performance depending on the participants’ athletic background may be
assumed. Unfortunately, we were unable to compare sport disciplines (e.g., soccer,
swimming, etc.) in our sample due to insufficient sizes of subsamples. It may be interesting
for future studies to evaluate the association between postural control along the ML axis and

NSS in athletes from different disciplines and compare with a non-athlete population.

4.3 Group differences in the rigid but not foam condition

We detected group differences only in the rigid, but not the foam condition. Moreover, fewer
variables in the foam condition compared to the rigid condition were significantly correlated
with the total NSS score. While the rigid condition is a well-validated method that is often
used in research [35], the foam condition may have resulted in a greater variability, or in other

words random noise, of postural control performance e.g., due to differences in the ability to
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deal with less stability. Indeed, our data showed a greater variance of postural sway between
participants and within the trials of individual participants in the foam condition compared to
the rigid condition. Thus, the effects detected in the standardized, rigid condition may have
been absent in the foam condition due to individual differences in response to the alteration of
tactile inputs (decrease plantar pressure sensations) and stimulation of proprioceptive inputs
(instability). Moreover, the foam condition was always performed after the rigid condition
and thus, may have been affected more by potential training effects. However, we do not

anticipate strong learning effects as only 3 trials of the rigid condition were performed.

4.4 Strengths and limitations

It is important to note that in our sample, the NSS+ group was significantly younger than the
NSS- group. Preliminary evidence shows that by reaching puberty, the prevalence of NSS
decreases due to several factors, including hormonal changes and brain maturation processes
[32,44]. Therefore, we explicitly controlled our group analyses for a potential age effect.
Correcting or not correcting for age resulted in similar findings. This additional analysis
confirmed that in our sample, the age difference between groups did not explain the
differences in postural control. Moreover, we replicated our analysis in a sub-sample only
including participants from Germany and Norway and excluding participants from Belgium
that turned out to be older (~5 months) than the rest of the cohort. Again, our results did not
change compared to our main analyses, further confirming that our findings were not merely

the result of an age difference between groups.

The fact that we performed an adapted version of the neurological examination to
maximize the cost-benefit ratio, leaves the possibility that we may have missed potentially
relevant tests in one of the clusters, in particular, the coordination & balance cluster. Such
tests, in addition to the performance in the diadochokinesis test, may have correlated with the

objective postural control assessment. Moreover, given that the sample size of some non-
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optimal performed clusters and tests was too small for further analyses, we cannot interpret

the association of these motor functions with postural control performance.

In addition to investigating an understudied population, another strength of the current
study is that we were able to recruit athletes from various disciplines and three different study
sites, resulting in a comparably large sample of this specific population. While this multi-site
approach required differences in the NSS assessment setup (i.e., video vs. in-person
evaluation), this decision allowed for relying on a comprehensive multi-rater approach to

score the video examinations.

5 Conclusion

The current study demonstrated that the presence of NSS, and in particular non-optimal
performance in the diadochokinesis test, is related to objective postural control performance
in male adolescent athletes. Our findings reveal new knowledge by showing that a
quantitative measurement of postural control may complement observer-based qualitative
neurological examinations of NSS by capturing more detailed quantitative information. Future
research should include larger samples of the general (healthy) population, with the inclusion
of female participants, and participants of additional age ranges. This will ensure to capture a
more complete picture of motor development, its variance, and its value to identify at-risk

individuals with altered developmental trajectories.
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Appendix

Table A 1. Differences in Postural Control between the NSS+ and NSS- Group

Postural control NSS+ NSS- Note. All p-
Mean (SD) Mean (SD) F p values were
Rigid corrected for
PL 27.27 (10.95) 26.32(8.34) F(1,138)=0.078 p>.999 14 variables
PL ML 15.20 (7.86)  12.98 (4.79) F(1,138)=1.347 p>.999 and
PL AP 19.02 (6.69) 19.85(6.87) F(1,138)=0.299 p>.999 conditions
RMS 0.56 (0.23) 0.54(0.18)  F(1,138)=0.052 p>.999 atp<.05.
RMS ML 0.25(0.12)  0.21(0.08) F(1,138)=3.074 p>.999 Abbreviatio
RMS AP 0.49 (0.21)  0.49(0.17) F(1,138)=0.034 p>.999 ns. AP=
Sway area 0.23(0.21)  0.19(0.12) F(1,138)=1.098 p>.999 anterior-
Foam posterior,
PL 65.05 (20.83) 61.54 (14.53) F(1,138)=0.247 p>.999 ML=
PL ML 29.92 (8.71) 28.02(8.08) F(1,138)=0.317 p>.999 medial-
PL AP 51.37 (17.97) 48.85(11.51) F(1,138)=0.178 p>.999 lateral, PL =
RMS 1.30(0.34)  1.26(0.27)  F(1,138)=0.033 p>.999 path length,
RMS ML 0.62(0.16)  0.62(0.18)  F(1,138)<0.001 p>.999 RMS =root
RMS AP 1.13(0.33)  1.08(0.25)  F(1,138)=0.073 p>.999 mean
Sway area 1.14 (0.61)  1.01(0.45)  F(1,138)=0.489 p>.999 square, SD
= standard
deviation
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Highlights

¢ Neurological soft signs are related to postural control in male adolescent athletes
e Quantitative postural control assessments may complement neurological examinations

e Non-optimal performance in diadochokinesis is related to more medial-lateral sway
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