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Abstract

Background: Individuals suffering a sport-related concussion typically recover within 1 month;
however, persistent post-concussive symptoms are known to occur beyond this period. Clinical
guidelines may not be sufficient to determine if dynamic postural control is still impaired at the
point of the return to play decision.

Research Question: Do individuals with a previous sport-related concussion who have returned to
play show differences in postural control compared to individuals without a previous concussion,
in response to continuous platform perturbations?

Methods: Eight previously concussed and eight age- and position-matched participants completed
six one-minute trials (three with eyes open/closed) whilst stood on a moving platform that rotated
about the pitch axis with a peak-to-peak amplitude of 4° at a frequency of 0.8 Hz. Six trials were
also captured during static quiet stance for comparison. Reactive and anticipatory stages of
postural control were analysed by determining anteroposterior margins of stability (MoS) as a
measure of whole-body postural control and head-to-trunk anchoring index as an indication of the
head-trunk segmental coupling strategy.

Results: Posterior MoS during platform rotations reduced for both groups during eyes closed trials,
but previously concussed participants exhibited a significantly greater reduction (1.97cm) in
comparison to matched-controls (0.34cm). Participants, regardless of group, showed a preference
towards a head-stabilised-to-trunk strategy during platform rotations. There were no differences
during static trials.

Significance: This preliminary study suggests previously concussed athletes demonstrate a greater
reduction in postural control whilst undergoing continuous platform rotations with eyes closed,
which could indicate possible lingering deficits to other sensory systems such as the vestibular
system, though participants were not likely to lose their balance.
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1.0 Introduction

Sport-related concussion (SRC) has been defined as a rapid onset of short-lived neurological
impairment as a result of ‘traumatic brain injury induced by biomechanical forces’ [1]. Estimating
SRC rates can be difficult due to inconsistencies in injury surveillance [2]. Nevertheless, previous
estimates of 3.8 million SRCs occurring annually in the USA highlight the significance of the
injury, with associated healthcare costs estimated to be $56 billion [3]. Awareness of, and an
improved ability to screen for, SRC have resulted from an increased focus on education, in-game
management, treatment of SRC and identifying dangerous head accelerations in recent years [2,
4-6]. Most individuals experiencing SRC recover from a clinical perspective within 1 month, with
individual differences in recovery time; however, in some cases persistent post-concussive
symptoms are known to occur beyond this period, delaying a clinical decision to return to play [7].
Present clinical guidelines may not be sufficient to determine if dynamic postural control is still

impaired at the point of the return to play decision.

Return-to-play management of SRC is important for player safety: athletes should be free of SRC-
related symptoms before returning to play. Recommended tools for assessing SRC are the Sport
Concussion Assessment Tool 5" Edition (SCAT5) [8] and Child SCAT5 [9] which offer a
standardised approach in assessing for injury [2]. These assessments aid diagnosis and take into
account possible SRC symptoms related to postural control and sensory integration. Postural
control is the ability to achieve, maintain or restore balance during any activity or posture by
applying corrective torques to counteract those produced by gravity [10]. The three primary
sensory systems responsible for maintaining postural control are the visual, vestibular, and
proprioceptive sensory systems. These systems integrate sensory input to provide important
information about spatial orientation within the environment, stabilise vision during rotational
movements and linear accelerations of the head, and gauge the relative position and motion of
neighbouring body parts to maintain postural control. Examples of impairments affecting how the
sensory system operates following concussion include oculomotor dysfunction such as
disconjugate eye movements [11], increased saccadic latencies [12], dizziness [13, 14], and
impaired gait stability [15], though these findings are not exclusive to both children and adults.
When these sensory systems are impaired because of SRC, the ability to maintain postural control
is reduced [16]. Challenging one or more of the sensory systems could therefore be an essential
for assessing postural control to ensure safe return to play following SRC.



Limitations with assessing and monitoring SRC symptoms include relying on subjective
assessment of the athlete completing balance tasks that do not typically reflect the dynamic
requirements and postural demands experienced within game situations. For example, the modified
Balance Error Scoring System (mBESS), part of the SCAT5 assessment tool, evaluates postural
control by asking the athlete to maintain balance with eyes closed during double, single and tandem
stance. Assessments in static poses rarely form part of the requirements of game situations where
SRC is likely to occur. Developing an assessment of dynamic postural control which does not rely
on subjective assessment of the athlete completing a series of static balance tasks whilst also

providing insights in to the neural control of balance is therefore more desirable.

Objective biomechanical measures that reflect the dynamic requirements of postural control in
adults, such as the velocity of the centre of pressure (CoP) [17] and postural sway determined by
inertial sensor based approaches [16], have previously been used to assess recovery from SRC.
Athletes suffering SRC returned to typical values of CoP displacement following a return to play,
but CoP velocity remained increased compared to matched controls when completing a standing
balance task with eyes closed [17]. The authors suggest this may be due to an increased demand
placed on the vestibular and proprioceptive sensory systems since they removed visual input
during the task. Another measure of postural control is the margin of stability (MoS) which reflects
the position of the extrapolated centre of mass (CoM) relative to the border of the base of support
(BoS) [18] may be more appropriate in dynamic moving platform tasks. Stabilisation of the head,
where the sensory organs of the visual and vestibular systems are located and known to be affected
by an SRC, is also essential for maintaining postural control [19]. Understanding the interaction
between the head and trunk unit during recovery from SRC could therefore be important and has
not previously been determined. This can be achieved in one of two ways: the head can be
stabilised to the inferior segment (the trunk) referred to as the head stabilised to trunk strategy
(HSTS). To compensate for sensory impairment, individuals might adopt this strategy (i.e. lock
the head to the trunk) in order to stabilise sensory inputs. Alternatively, the head can be stabilised
within 3D space, referred to as the head stabilised in space strategy (HSSS) [20]. The Anchoring
Index (Al) provides a measure of this stabilisation strategy [21]. HSSS is often preferred in low-

difficulty tasks, while HSTS is often adopted as task difficulty increases [22].

This study aimed to determine postural control in young adults with a previous SRC who had
returned to play, whilst being perturbed by a moving platform, compared to a matched control

group. It was hypothesised that postural control would be impaired in individuals who had



previously suffered SRC, demonstrated by a reduced MoS and adoption of a HSTS strategy during

platform perturbations when vision was removed.

2.0 Methods

2.1 Participants

Eight previous SRC participants (averagex1SD; age: 21.9+2.8 years, height: 1.8+0.7m, mass:
85.0£20.0kg, 3 females) and eight non-SRC participants (average+1SD; age: 21.5+1.2 years,
height: 1.8+0.3m, mass: 79.2+7.9kg, 3 females) matched for age, sporting level and position took
part in the study. A priori statistical power calculations (Gpower statistical software) using data
from Powers et al [2014] estimated 4 participants per group were required to identify a meaningful
difference in anteroposterior centre of pressure velocity between groups (mean difference = 6.17,
o=1.11, 0= 0.05, power = 95%). All SRC participants suffered SRC within the last 6 months that
required them to miss a fixture/match/game/training session in their chosen sport, or a day of
higher education/work, but had since been cleared to return to play by their team medical
practitioner/physician with no known symptoms remaining due to SRC. Individuals who had
suffered a non-SRC, or diagnosed with a neurological or vestibular condition affecting balance
performance were excluded. All participants provided written informed consent to take part, the
tenets of the Declaration of Helsinki were observed and institutional ethical approval was obtained.

2.2 Protocol

Participants completed six one-minute unperturbed and perturbed standing trials with feet
positioned shoulder-width apart, arms placed on hips with elbows turned outwards and head facing
forwards. Six successive trials (3 eyes open (EO), 3 eyes closed (EC)) of unperturbed stance were
followed by six (3 EO, 3 EC) perturbed trials. Presentation order of visual conditions was
counterbalanced between matched pairs [17]. For perturbation trials, participants stood on a
hydraulic movable platform (CAREN platform, Motekforce Link, Netherlands), ankles aligned
with the surface axis of rotation. The platform perturbed participants by rotation about the pitch
axis of the platform using a sinusoidal input function with a peak-to-peak amplitude of 4° (range
-2° to +2°) at a frequency of 0.8Hz. Whole-body kinematics (excluding arms) were captured at
100Hz using a 16-camera motion capture system (Vicon, Oxford Metrics, UK).

2.3 Data Analysis



Marker trajectories were labelled and gap filled using Nexus 2.6 (Vicon, Oxford, UK), with further
analysis in Visual 3D (C-Motion, Germantown, USA). All trajectories were smoothed using a 4™
order Butterworth low-pass digital filter with a 6 Hz cut-off. For the platform rotation trials, two
well-established periods of time were considered: (i) the first five cycles of platform rotation,
defined as the reactive stage of postural control (to monitor initial adjustments/responses to
perturbation) and (ii) the last eight cycles, defined as the anticipatory postural responses of the
‘steady-state’ stages (to assess adaptation over time) [22]. The MoS and the Al were determined

for each stage. Unperturbed standing trials was analysed across the full one-minute time period.

2.3.1 Margins of Stability
Whole-body CoM was computed based on the segmental positions of the head, trunk, pelvis,
thighs, shanks and feet. The sagittal plane margins of stability (MoS) were calculated as the
minimum distance between the extrapolated centre of mass (xCoM) and boundaries of the base of
support (BoS) [18];

MoS = BoS —xCoM (Eq.1)

Where xCoM was defined as;

xCoM = pCoM + vCoM /+/(gl~') (Eq.2)

where pCoM is the AP position of the CoM, vCoM is the instantaneous AP velocity of the CoM, g
is acceleration due to gravity, and / is the absolute distance between the CoM and the ankle joint
centre. BoS was defined as the midpoint between left and right toe markers in the anterior direction
and midpoint between left and right calcaneal markers in the posterior direction. A lower value of
MoS indicated the xCoM was closer to the border of the base of support. The minimum values of
the anterior and posterior MoS during the one-minute unperturbed trials and the

reactive/anticipatory stages of perturbation trials were extracted for further analysis.

2.3.2 Anchoring Index
The absolute pitch angle of the head compared to the external lab coordinate system and relative
pitch angle of the head compared to the trunk were computed. These values were used to calculate
the Al (equation 3) to determine the stabilisation strategy of the head segment [21]:

Al = [o} — df]/[d? + d¢] (Eq.3)



where o4 IS the standard deviation of the absolute head angle relative to the external lab coordinate
system, oy is the standard deviation of the head angle relative to the trunk segment. A positive Al
represented a head stabilised in space strategy (HSSS), a negative Al represented a head stabilised
on trunk strategy (HSTS).

2.4 Statistical Analysis

The averages of successive trials for each block of trials (condition) were considered for statistical
analysis. Matching previous SRC and non-SRC participants for age, playing level and position
allowed consideration of group as a repeated factor during statistical analysis. Therefore, a three-
way repeated measures analysis of variance (ANOVA) (SPSS 24.0 for Windows, Chicago, IL,
USA) determined differences during perturbation trials with time (reactive or anticipatory stage),
group (previous SRC or non-SRC participants) and visual condition (EO or EC) as repeated
factors. A two-way repeated measures ANOVA determined differences during the unperturbed
trials with group (previous SRC or non-SRC participants) and visual condition (EO or EC) as
repeated factors. Post-hoc analyses were performed using a Bonferroni correction and level of
significance was set at p<0.05. Effect sizes are reported as both partial and generalised eta squared

values [23, 24]. Unperturbed and perturbed trials were not compared.

3.0 Results
There were no significant interactions or main effects during unperturbed trials between groups or

visual conditions (Table 1).

3.1 Margins of Stability

Anterior Margin of Stability

During perturbed trials there was a significant interaction between time and vision (F1, 7=16.668,
P=0.005, #p?=0.704, 5c?=0.064). With EC, MoS decreased by 1.35cm from the reactive to
anticipatory stage. There was a 0.17cm increase between the reactive and anticipatory stages with
EO. A significant main effect for visual condition between EC (6.96+0.53cm) and EO
(8.70+0.58cm) was present (F1,7=2.465, P<0.001, #,>=0.872, 15%=0.259) (Table 2).

Posterior Margin of Stability

There was a significant interaction between group and vision during perturbation trials; previous
SRC participants’ MoS decreased by 1.97cm during EC trials compared to EO, whilst control
participants’ MoS decreased by 0.34cm (F1,7=10.424, P=0.014, #,>=0.598, 15%=0.133) (figure 1).



There was also a significant interaction between time and vision (Fi, 7=14.705, P=0.006,
75°=0.678, 7c>=0.178). With EC the MoS increased by 2.29cm from the reactive to anticipatory
stage. With EO, there was an increase of 0.37cm in the anticipatory stage. There was a significant
main effect of time, with MoS increasing by 1.33cm from the reactive to anticipatory stage, (Fi,
7=26.825, P=0.001, 7p>=0.793, 15%=0.294). Vision had a significant main effect on posterior MoS,
decreasing by 1.16cm during EC trials (EC=12.76+0.39cm, EO=13.93+£0.48cm, Fi, 7=5.898,
P=0.046, 5,2=0.457, 5°=0.200).

TABLE 1
TABLE 2
FIGURE 1

3.2 Anchoring Index

Head-to-Trunk Anchoring Index

A significant interaction between time and vision was present during perturbation trials; during
the reactive stage Al decreased by 0.29 with EC compared to EO, but during the anticipatory stage
Al decreased by 0.07 with EC (F1,7=11.303, P=0.012, #,?=0.618, #5°=0.180) (figure 2). There was
a significant main effect of time, with an Al of -0.12+0.25 during the reactive stage, compared
to -0.31+0.21 in the anticipatory stage (F1,7=7.681, P=0.028, #,?=0.523, #5%=0.316). There was a
significant main effect of vision; with EC, Al was -0.30+0.24 compared to -0.13+0.23 with EO
(F1,7=115.208, P=0.000, #,°=0.943, 75?=0.383).

FIGURE 2

4.0 Discussion

The present study investigated whether athletes who had previously suffered SRC exhibited
deficits in postural control, and the strategy used to achieve postural control, in response to
platform rotations after they had returned to play. Results indicate partial support for our
hypotheses. A group by vision interaction for posterior MoS was present during perturbation trials,
with previously concussed individuals closer to the border of the base of support than matched
controls. Irrespective of group, vision had a significant impact on postural control evidenced by a
reduced MoS and increased preference for HSTS during perturbation trials. The lack of a main

effect of vision during the standing trials indicates that removing vision during quiet stance was



not sufficient to cause difficulty in maintaining postural control. However, care should be taken
when generalising our findings due to limited knowledge regarding the period of time that had
elapsed and number of sessions missed since participants had suffered their SRC. Factors that may
influence recovery from SRC include period of rest, reintroduction to activity and exercise,
physical and psychological therapy [2], therefore these factors could have influenced our findings.
Furthermore, participants were recruited from the university/amateur sports teams, however
individuals competing at professional/semi-professional level are likely to receive greater attention
which could differentially influence recovery time.

Removing vision whilst challenging proprioception (platform perturbations) may have placed an
increased demand on the way in which sensory inputs are weighted, and possible deficits in a SRC
athlete’s ability to process this information could be responsible [11-14, 17]. This potential sensory
reweighting could have increased the demand on the vestibular or proprioceptive system and is a
possible explanation for the shift towards HSTS during the reactive stage when vision was
removed. The removal of vision in combination with initial exposure to platform movements are
considered to increase task difficulty and as a result, the degrees of freedom are reduced [22, 25].
Locking of the head to the trunk is therefore a functional method of stiffening to provide a stable
egocentric frame of reference [20]. This would suggest that postural control assessment in SRC
management should not rely solely on quiet stance, rather should include a degree of dynamic
control through perturbation in combination with the removal and/or addition of multiple sensory
cues to challenge the sensory system. However, this hypothetical link, whilst logical, requires

further investigation.

The hypothesis that previous SRC athletes would rely more on HSTS compared to the controls
was unsupported. Instead, no differences in Al between groups during standing and perturbation
trials indicates that previous SRC athletes had reverted to a similar stabilisation strategy as
matched controls. Since athletes with a previous SRC are adaptable in their ability to adopt new
strategies to produce functional movement and appear symptom-free [26], future research should
continue to assess Al but focus on the symptomatic phase of SRC to establish whether changes in
the head-trunk segmental control strategy are exhibited. An increasing posterior MoS in the
anticipatory compared to the reactive stage suggests that postural control is improved as
individuals (regardless of a previous SRC) adapt to the postural challenge. Considering there is an

associated learning effect involved in the completion of the mBESS [27], and the present findings



indicate a similar change in postural control over a one-minute period, future assessment of SRC
may be better focused on the reactive stage only in perturbation trials, during which there is an

initial increase in the postural task difficulty.

Participants used an unexpected HSTS in the anticipatory stage of perturbation trials. Since this
stage was considered ‘steady state’ (i.e. a period of predictable platform movement), we expected
participants to shift towards a HSSS (i.e. anticipatory postural control), as seen in previous research
[22, 28]. A HSSS provides a stable allocentric frame of reference for the head, which is considered
to be the more efficient strategy when dealing with an increased threat to equilibrium, such as
removal of vision or destabilising platform rotations [29]. Sensory reweighting during, or leading
up to, the steady state period may help to explain this preference towards HSTS. For example,
Isableu et al. [30] suggested that a change in responsiveness could be a result of a shift in central
set point (i.e. a shift in reliance on one source of information (e.g. visual) to another (e.g. vestibular
or proprioceptive). However, this is unlikely in our case, as trials with full vision also demonstrated
a shift to HSTS in the anticipatory stage. It is possible the perturbations were not destabilising
enough to elicit an adequate change in Al from reactive to anticipatory measures.

Further investigation using similar methods from the present study may be necessary to determine
how soon an athlete should return to play following SRC. Modifications to the perturbation trials,
such as increases in the frequency or magnitude of the platform rotations, or a change in the
direction or type of platform movement (e.g. translation rather than rotation) could elicit larger
differences between groups and better inform the monitoring of athletes before returning to play.
A more comprehensive approach to challenging the reactive and anticipatory responses of postural
control might be to increase the frequency of perturbations at successive time intervals within trials
[22], or to use pseudo-random stimuli that challenges sensory-motor control, such as the central
sensorimotor integration test [31]. Since balance deficits in athletes with a previous SRC are also
pronounced in the mediolateral direction [15], mediolateral platform perturbations could also be
used in future to challenge multi-directional postural control. Future studies may also look to
investigate movements similar to those produced during platform perturbations, such as
consecutive heel-toe raises, which could provide clinicians with a simple method of assessing

balance control without the need for more comprehensive equipment such as a moving platform.

4.1. Limitations
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Small-scale studies with low participant numbers, if well designed and well executed, but
preliminary in nature, can advance the scientific understanding of an important research field.
Although low, the small sample size in this study may be used to inform sample size estimations
for similar future studies on dynamic postural control in individuals with previous SRC, or might
help to inform future meta-analyses investigating perceived worthwhile effects in response to
dynamic task requirements [32]. Future research should ensure that individuals are monitored both
in the symptomatic and asymptomatic phases of recovery, include responses to the SCAT5 at each
of these phases, and take into account individual characteristics of the concussive incident to
appreciate the immediate sensory impairments caused by the SRC. Based on these limitations, care

should be taken when generalising our findings.

5.0 Conclusion

Athletes suffering SRC within the previous 6 months demonstrate a greater reduction in
postural control in comparison to matched controls whilst undergoing perturbation trials with EC,
suggesting possible lingering deficits in postural control. However, a loss of balance or a fall
occurring was unlikely. While the present perturbation trials may not be destabilising enough to
elicit a loss of balance, the large effect sizes in our results suggest this method may be useful in

developing more sensitive SRC assessments in future.

Declaration of interest; none

11



References

1.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

McCrory, P., et al., Consensus statement on concussion in sport—the 5th international
conference on concussion in sport held in Berlin, October 2016. Br J Sports Med, 2017: p.
bjsports-2017-097699.

Harmon, K.G., et al., American Medical Society for Sports Medicine position statement on
concussion in sport. Br J Sports Med, 2019. 53(4): p. 213-225.

Langlois, J.A., W. Rutland-Brown, and M.M. Wald, The epidemiology and impact of
traumatic brain injury: a brief overview. The Journal of head trauma rehabilitation, 2006.
21(5): p. 375-378.

Camarillo, D.B., et al., An instrumented mouthguard for measuring linear and angular
head impact kinematics in American football. Annals of biomedical engineering, 2013.
41(9): p. 1939-1949.

Ellis, M.J., J. Leddy, and B. Willer, Multi-disciplinary management of athletes with post-
concussion syndrome: an evolving pathophysiological approach. Frontiers in neurology,
2016.7: p. 136.

O'Connor, K.L., et al., Head-impact—-measurement devices: a systematic review. Journal of
athletic training, 2017. 52(3): p. 206-227.

Iverson, G.L., et al., Predictors of clinical recovery from concussion: a systematic review.
Br J Sports Med, 2017. 51(12): p. 941-948.

Echemendia, R.J., et al., The sport concussion assessment tool 5th edition (SCAT5). Br J
Sports Med, 2017: p. bjsports-2017-097506.

Davis, G.A,, et al., The child sport concussion assessment tool 5th edition (child scat5):
background and rationale. Br J Sports Med, 2017. 51(11): p. 859-861.

Pollock, A.S., et al., What is balance? Clinical rehabilitation, 2000. 14(4): p. 402-406.
Samadani, U., et al., Eye tracking detects disconjugate eye movements associated with
structural traumatic brain injury and concussion. Journal of neurotrauma, 2015. 32(8): p.
548-556.

Akhand, O., L.J. Balcer, and S.L. Galetta, Assessment of vision in concussion. Current
opinion in neurology, 2019. 32(1): p. 68-74.

Mucha, A., et al., A brief vestibular/ocular motor screening (VOMS) assessment to
evaluate concussions: preliminary findings. The American journal of sports medicine,
2014. 42(10): p. 2479-2486.

Valovich MclLeod, T.C. and T.D. Hale, Vestibular and balance issues following sport-related
concussion. Brain injury, 2015. 29(2): p. 175-184.

Catena, R.D., P. van Donkelaar, and L.-S. Chou, Different gait tasks distinguish immediate
vs. long-term effects of concussion on balance control. Journal of neuroengineering and
rehabilitation, 2009. 6(1): p. 25.

King, L.A., et al., Sensor-based balance measures outperform modified balance error
scoring system in identifying acute concussion. Annals of biomedical engineering, 2017.
45(9): p. 2135-2145.

Powers, K.C., J.M. Kalmar, and M.E. Cinelli, Recovery of static stability following a
concussion. Gait & posture, 2014. 39(1): p. 611-614.

Hof, A., M. Gazendam, and W. Sinke, The condition for dynamic stability. Journal of
biomechanics, 2005. 38(1): p. 1-8.

Pozzo, T., Y. Levik, and A. Berthoz, Head and trunk movements in the frontal plane during
complex dynamic equilibrium tasks in humans. Experimental Brain Research, 1995.
106(2): p. 327-338.

12



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Assaiante, C., et al., Development of postural control in healthy children: a functional
approach. Neural plasticity, 2005. 12(2-3): p. 109-118.

Amblard, B., et al.,, Voluntary head stabilization in space during oscillatory trunk
movements in the frontal plane performed in weightlessness. Experimental brain
research, 1997. 114(2): p. 214-225.

Mills, R.S. and H. Sveistrup, Kinematics and postural muscular activity during continuous
oscillating platform movement in children and adolescents. Experimental brain research,
2018. 236(5): p. 1479-1490.

Bakeman, R., Recommended effect size statistics for repeated measures designs. Behavior
research methods, 2005. 37(3): p. 379-384.

Lakens, D., Calculating and reporting effect sizes to facilitate cumulative science: a
practical primer for t-tests and ANOVAs. Frontiers in psychology, 2013. 4: p. 863.

Caillou, N., et al., Overcoming spontaneous patterns of coordination during the acquisition
of a complex balancing task. Canadian Journal of Experimental Psychology/Revue
canadienne de psychologie expérimentale, 2002. 56(4): p. 283-293.

Ellemberg, D., et al., Advances in sport concussion assessment: from behavioral to brain
imaging measures. Journal of neurotrauma, 2009. 26(12): p. 2365-2382.

Mulligan, 1.J., M.A. Boland, and C.V. Mcllhenny, The balance error scoring system learned
response among young adults. Sports health, 2013. 5(1): p. 22-26.

Laessoe, U. and M. Voigt, Anticipatory postural control strategies related to predictive
perturbations. Gait & posture, 2008. 28(1): p. 62-68.

Assaiante, C. and B. Amblard, Ontogenesis of head stabilization in space during
locomotion in children: influence of visual cues. Experimental Brain Research, 1993. 93(3):
p. 499-515.

Isableu, B., et al., Individual differences in the ability to identify, select and use appropriate
frames of reference for perceptuo-motor control. Neuroscience, 2010. 169(3): p. 1199-
1215.

Peterka, R.J., et al.,, Implementation of a Central Sensorimotor Integration Test for
Characterization of Human Balance Control During Stance. Frontiers in neurology, 2018.
9: p. 1045.

Batterham, A.M. and G. Atkinson, How big does my sample need to be? A primer on the
murky world of sample size estimation. Physical Therapy in Sport, 2005. 6(3): p. 153-163.

Table 1. Changes in postural control during static quiet standing (mean (1SD)), in previous sport-

related concussion and matched-control participants during eyes closed and eyes open conditions.

Concussed Control

Eyes Closed | Eyes Open Eyes Closed | Eyes Open

Ant. Min. MoS (cm) 8.73(1.46) |9.81(1.63) |9.37(1.50) |9.88 (2.47)
Post. Min MoS (cm) 14.95 (0.94) | 14.51 (1.60) |15.04 (1.53) | 14.80 (2.15)
Head-Trunk Al -0.13(0.31) |-0.12(0.29) |-0.10(0.21) |-0.18 (0.17)
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Table 2. Changes in postural control in response to continuous platform rotations (mean (1SD))
during the reactive and anticipatory stage, in previous sport-related concussion and matched-
control participants during eyes closed and eyes open conditions.

Reactive stage Anticipatory stage

Concussed Control Concussed Control

Eyes Eyes Eyes Eyes | Eyes Eyes | Eyes Eyes
Closed | Open | Closed | Open | Closed | Open | Closed | Open
Ant. Min. | 7.45 7.97 7.83 9.24 6.16 8.17 6.40 9.40
MoS (cm) 29 | (2.19) | (1.74) | (1.40) | (1.45) | (2.00) |(2.35) | (1.80) | (2.0)
Post. Min

MoS (cm) & b
c,d

11.07 |14.13 |12.18 |1335 |13.76 |14.64 |14.10 | 13.60
(1.68) | (1.67) | (2.53) |(1.69) | (0.78) |(1.65) | (2.50) | (1.60)

Head-Trunk |-023 |-0.03 |-029 |008 |-032 |-025 |-037 |-0.31
Al ac.d (0.22) |(0.24) | (0.25) |(0.13) | (0.22) |(0.16) | (0.29) | (0.16)

2 Interaction between time and vision

b Interaction between group and vision
¢ Main effect of time

4 Main effect of vision
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Figure 1. Posterior MoS (mean + 1SD) during platform rotation trials was reduced for both

groups of participants during eyes closed trials, but participants with a previous sport-related

concussion exhibited a significantly greater reduction in comparison to matched-controls.
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Figure 2. Anchoring index (mean + 1SD) for previous sport-related concussion and matched
controls combined during platform rotation trials. There was no strategy preference between
the head and trunk during the reactive stage with eyes open, but a shift towards the head
stabilised to trunk strategy when the eyes were closed. During the anticipatory stage

participants chose the head stabilised to trunk strategy with eyes open or closed.
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