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AbsTrACT
Objectives We used objective assessment tools to 
detect subtle neurological deficits that accompany 
repetitive and mild head impacts in contact sport across a 
season.
Methods Female participants (n=13, 21±1.8 years old; 
167.6±6.7 cm; 72.8±6.1 kg) completed assessments pre 
and post the varsity rugby season. A commercial balance 
board was used to assess static balance and response to 
dynamic postural challenge. Spinal cord excitability via the 
soleus H- reflex was assessed in both legs. Video analysis 
was used to identify head impact exposures.
results A total of 172 potential concussive events were 
verified across 11 athletes (15.6±11; 95% CI: 6.5 to 19.8). 
Balance performance was worse at post- season for total 
centre of pressure which increased by 26% in the double 
stance on a stable surface (t(12)=-2.33; p=0.03; d=0.6) 
and by 140% in the tandem stance on a foam surface 
(t(12)=-3.43; p<0.01; d=0.9). Despite that, dynamic 
postural performance was improved after the season 
(p<0.01). Spinal cord excitability in rugby athletes did not 
change across the season but deviated from normative 
values at baseline.
Conclusion Quantitative measures revealed that 
exposure to impacts across a competitive rugby season 
impair balance in two specific stances in female rugby 
athletes. Tandem- leg stance on an unstable surface and 
double- leg stance on firm surface are useful assessment 
conditions when performed over a low- cost balance board, 
even without clinically diagnosed concussion.

InTrOduCTIOn
While explorations of ‘visible” concussive 
incidents are receiving increased attention, 
the cumulative effects of impact forces that 
operate below the threshold necessary to 
produce overt symptoms remain relatively 
neglected1–4 and inconsistent.5–7If repetitive, 
mild head impacts may result in delete-
rious effects to the integrity and function of 
the brain,1 6 7 neuropsychological vulnera-
bility,8 and vestibular function.9 However, 

conclusions may differ when standard clinical 
measures are applied.5

A common practice for evaluating inte-
gration deficits of the somatosensory, visual 
and vestibular systems is the use of balance 
tests.10 11 For instance, the Balance Error 
Scoring System (BESS) is a useful sideline 
assessment tool, but results usually depend on 
a subjective error counting system and testing 
conditions.10 12Alternatively, the use of a low 
cost commercially available balance board 
(BB) is promising for improving test accu-
racy and reliability,13 and to quantify dynamic 

What are the new findings

 ► A competitive rugby season induces subtle deteri-
orations in neuromuscular function that is not cap-
tured in traditional sideline assessment.

 ► Differentiation between static stances which range 
in difficulty is relevant to uncover subtle changes in 
balance.

 ► Tandem- leg and double- leg static stances are sensi-
tive to detect centre of pressure alteration following 
a season of recurrent head impacts.

 ► Spinal cord excitability measurements suggest devi-
ated values at baseline.

How might it impact on clinical practice in the 
future

 ► Implementing an objective balance measure as a 
clinical assessment may uncover subtle neurological 
impairments without diagnosed concussion.

 ► Double- leg stance is often overlooked by subjective 
assessments, but it provides an insightful outcome if 
performed using a sensitive tool.

 ► The challenging tandem- leg stance over a foam pad 
notably contributes to a clinical assessment after re-
current mild head impacts.

 ► Spinal cord excitability may be suitable for detecting 
particular neurological patterns in female athletes 
exposed to head impacts.
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postural adjustments.14 The Hoffmann (H) reflex is also 
a reliable method to analyse modulations of spinal excit-
ability,15 16 and is sensitive for detecting effects caused by 
head trauma17 and spinal cord injury.18 In addition to 
traditional amplitudes, bilateral reflex fluctuations have 
provided information on (ab)normal states associated 
with the spinal cord circuitry.19

There is a need to further explore the abovementioned 
methods as a probe to identify otherwise asymptom-
atic brain trauma and injury, mainly in contact sports 
athletes. Rugby is a modality with frequent head impacts 
due to some techniques (eg, tackle and ruck), and the 
early identification of disruption can prevent further 
damage.1 20 Therefore, the aim of the present study was 
to investigate subtle underlying neurological deficits that 
may accompany recurrent mild head impacts in female 
rugby athletes. It was hypothesised that the test battery 
used would reveal changes in neuromuscular function 
after a season’s worth of head impacts.

MATerIAl And MeTHOds
Participants
Female collegiate varsity rugby athletes (n=13; 21±1.8 
years old; 167.6±6.7 cm; 72.8±6.1 kg) with 6±2.7 years 
of rugby experience participated in the study. Inclusion 
criteria were absence of chronic disease, neurological 
impairments and acute lower limb injuries affecting 
balance. The number of previous medically diagnosed 
concussions ranged from 0 to 3 (mode=1) and eight 
participants reported sustaining at least one episode. 
No concussion was diagnosed throughout this study. 
Participants completed assessments of static and dynamic 
balance, and soleus H- reflexes before (pre) and after 
(post) the six games, 12 weeks, varsity rugby season. The 
athletes provided written informed consent to partici-
pate.

Control procedures
A multiple baseline, which included three pre- season 
visits, within- participant control design was performed as 
in recent intervention studies.21–24 This approach allows 
participants to create a reliable pre- season baseline and 
enable them to act as their own control, thus reducing 
the impact of between subject variability and allowing 
for single participant statistical analysis.24 Additionally, 
although more labour intensive and time consuming, 
this procedure provides higher internal consistency of 
measures and decreased variability.21–24 The order of test 
administration, time of the day and other environmental 
conditions were consistent for all participants and testing 
sessions. A video analysis frequency chart for all season 
games was used to quantify head impacts for each partic-
ipant.

balance tests
A commercially available BB (Nintendo, Kyoto, Japan) 
was interfaced with a computer using customised soft-
ware (LabVIEW 2011 National Instruments, Austin, 

Texas, USA), and data were sampled at 100 Hz.25 The 
BB is a validated (r=0.99) and reliable (ICC=0.88) force 
detecting instrument that is widely available and rela-
tively inexpensive.13

During the static balance task, participants performed 
one trial of 20 s of each stance of the BESS (ie, double- leg, 
single- leg and tandem- leg).10 All three stances were 
performed barefoot, eyes closed, hands on the hips on the 
BB board (firm condition) and repeated with a medium 
density foam (Airex Balance Pad Elite 81002, 50.08 cm 
x 40.64 cm x 6.35 cm) placed over the BB (foam condi-
tion). Centre of pressure (CoP) was defined according 
to Winter26 and calculated from the BB output for the 
medio- lateral (CoP

ML
) and antero- posterior (CoP

AP
) 

axes, as well as the total path length (CoP
T
) (online 

supplementary appendix 1).
In the dynamic assessment, each participant stood 

barefoot on the BB, feet at shoulder width, eyes opened, 
hands on the hips, in front of a laptop screen at chest 
height which displayed the CoP as a white dot. On the 
initiation of a trial, a target dot (red) appeared on the 
screen and moved in random sequence among eight 
cardinal and ordinal directions. Participants were 
instructed to shift their weight on the BB so that the CoP 
met the target on the screen as quickly and accurately 
as possible. Following the familiarisation set, participants 
completed five trials with appropriate rest time between 
them.14 The averaged time to reach target (tTarget), 
time to return to centre from target (tCentre) and their 
computed sum (tTotal) were obtained.14

spinal cord excitability
Participants were seated with both feet flat on the floor. 
Electromyography was collected using bipolar surface 
electrodes placed bilaterally on the tibialis anterior, vastus 
lateralis and soleus muscles while a grounding electrode 
was placed over the right and left patella. Recordings 
were sampled at 2.5 kHz, amplified (500 times for soleus 
and 5000 times for other muscles) and filtered (10 to 
1000 Hz for soleus and 100 to 300 Hz for others) (P511 
Grass Instruments, Astro- Med, Inc, West Warwick, Rhode 
Island, USA).

A square wave (1 ms) electrical stimulus was applied 
simultaneously to both tibial nerves using a Digitimer 
(Mendtel, New South Wales, Australia) constant current 
stimulator. Initially, a recruitment curve was recorded 
where the stimulus intensity was continuously increased 
until at least three maximal M- waves were recorded.27 
Bilateral H- reflexes were then evoked pseudorandomly 
(1 to 3 s) and the stimulation was adjusted to elicit wave-
forms between 50% and 80% of Hmax recorded on the 
ascending limb of the recruitment curve.16 Five hundred 
and ten sweeps were collected on both legs simultane-
ously and the first 10 were discarded to remove the initial 
transient caused by homosynaptic depression.19 28 Coef-
ficient of variation (ie, ratio between SD over the mean) 
was calculated for the remaining 500 responses.28 The 
cross- covariance (CCV) of H- wave amplitude sequence 
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Figure 1 Pre–Post comparison of group (a) and individual 
(b) results of medial- lateral (CoP

ML
), anterior- posterior 

(CoP
AP

), and total (CoP
T
) centre of pressure in the double- leg 

stance on a firm surface. *p<0.05.

was evaluated using the same method developed by 
Mezzarane and Kohn.19

Head impact video analysis
Two independent reviewers analysed a total of six 
games, obtained from videos recorded by the University 
women’s rugby team. The reviewers were former athletes 
who were knowledgeable of the rugby rules and trained 
to recognise the visible signs of concussion, consistently 
described elsewhere.29 Both reviewers detected impacts 
in which impulsive forces resulted in whiplash type 
head movements during a game (eg, tackled from front, 
tackled from behind, ruck). Within each of the impacts 
registered, the player was further observed for visible 
signs of concussion. A potential concussive event was 
registered when both reviewers independently agreed 
after analysing the visual signs.

statistical analysis
All statistical analysis was performed using SPSS (V.24, 
Armonk, New York: IBM Corp) with the level of signif-
icance set at p<0.05. For group comparisons, the three 
pretesting sessions were first compared via Repeated 
Measures Analysis of Variance. Sphericity was assumed via 
Mauchly’s test (p>0.05) and if not, df and p values were 
corrected using Greenhouse- Geisser method. Given that 
there was no difference between the pre results, an aver-
aged preseason value was formed and then compared 
with the post season result using a paired t- test. For indi-
vidual comparisons, a 95% CI was established from the 
three prevalues. Post values were then compared with 
the respective 95% CI, and considered statistically signif-
icant if they fell outside the range.24 Independent t- tests 
were conducted to compare the coefficient of variation 
and the CCV from the present study with original data 
from Mezzarane et al.28 Assumptions of normality were 
confirmed via Shapiro- Wilk test. Effect size (Cohen’s d) 
was calculated to provide magnitude of changes.30 Data 
from the head impact video analysis are presented using 
descriptive statistics.

Patient and public involvement
No, patients or the public were not involved in the design, 
or conduct, or reporting, or dissemination plans of our 
research

resulTs
static balance assessments and head impacts
Results from the analysis of variance showed no differ-
ence between the three baseline tests in the firm and 
foam surfaces, respectively, for the double- leg CoP

ML
 

(F
2,18

=0.67, p=0.5; F
2,20

=0.39, p=0.6), CoP
AP

 (F
2,18

=0.66, 
p=0.5; F

2,20
=1.64, p=0.2), CoP

T
 (F

2,18
=3.87, p=0.06; 

F
2,20

=0.34, p=0.7), single- leg CoP
ML

 (F
2,18

=1.85, p=0.1; 
F

2,20
=0.19, p=0.8), CoP

AP
 (F

2,18
=0.68, p=0.5; F

2,20
=0.13, 

p=0.8) and CoP
T
 (F

2,18
=1.92, p=0.1; F

2,22
=0.11, p=0.9) and 

tandem- leg stance CoP
ML

 (F
1,10.5

=0.87, p=0.3; F
1.3,13

=0.7, 

p=0.4), CoP
AP

 (F
1,10

=0.98, p=0.3; F
1.2,12.3

=0.95, p=0.3) and 
CoP

T
 (F

1,10.4
=1.22, p=0.3; F

2,20
=1.29, p=0.3).

On the firm surface, group analysis showed differ-
ences in the CoP

AP
 (t(12)=-2.56; p=0.02; d=0.7) and CoP

T
 

(t(12)=-2.33; p=0.03; d=0.6) and on the double- leg stance 
(figure 1A). There was no difference in the CoP

ML
 in the 

double- leg stance, nor in CoP
ML

, CoP
AP

 and COP
T
 in the 

single- leg and tandem- leg stances (p>0.05). Individual 
analysis showed that five and six participants wors-
ened performance in the CoP

AP
 and CoP

T
, respectively 

(figure 1B).
Over the foam surface, individual analysis showed that 

performance for the majority of participants (seven for 
CoP

ML
 and CoP

AP
; nine for CoP

T
) significantly worsened 

in the tandem- leg stance at the end of season (figure 2B). 
Changes were 180, 160, and 140% for the CoP

ML
 (t(12)=-

2.86; p=0.01; d=0.8) CoP
AP

 (t(12)=-2.55; p=0.02; d=0.7), 
and CoP

T
 (t(12)=-3.43; p<0.01; d=0.9), respectively 

(figure 2A). There was no difference in the CoP
ML

, CoP
AP

, 
and CoP

T
 in the double- and single- leg stances (p>0.05).

Eleven out of 13 (84.6%) participants accounted for a 
total of 172 impacts considered as potential concussive 
events throughout the six games season. For each athlete- 
exposure (ie, one athlete in one game), 2.2 potential 
concussive events were registered, with a minimum of 2 
and maximum of 34 events per participant (mean±SD: 
15.6±11; 95% CI: 6.5 to 19.8; median: 20; mode: 20). The 
two athletes that did not present any potential concussive 
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Figure 2 Pre- Post comparison of group (a) and individual 
(b) results of medial- lateral (CoP

ML
), anterior- posterior (CoP

AP
) 

and total (CoP
T
) centre of pressure in the tandem- leg stance 

over a foam surface. *p<0.05; **p<0.01.

Figure 3 Time to reach the target (tTarget), to get back to 
centre (tCentre) and the sum of them (tTotal) in the dynamic 
postural test; group (a) and individual (b) pre versus post 
analysis. *p<0.05.

event during the season games were further investigated. 
Performance in the double- leg firm was maintained 
(CoP

ML
 and CoP

AP
) and increased (CoP

T
) in one athlete 

and worsened in the other. In the tandem- leg foam, both 
athletes’ performance worsened in all variables.

dynamic postural assessment
Analysis of variance showed no difference between the 
three baseline tests for tTarget (F

2,20
=8.73, p=0.05), 

tCentre (F
1.1,12

=3.96, p=0.07) and tTotal (F
1,10.4

=4.79, 
p=0.06). Group analysis showed that tCentre (t(12)=3.48; 
p<0.01; d=1.2) and tTotal (t(12)=4.19; p<0.01; d=1.2) 
were decreased (ie, improved performance) in the post 
season (figure 3A). Individual analysis suggests that 
performance was improved by seven and maintained 
by six athletes (figure 3B). No difference was shown in 
tTarget (t(12)=2.15; p=0.05; d=0.5), where four athletes 
improved, six maintained and three worsened perfor-
mance.

spinal cord excitability
Reflex amplitudes (normalised to supramaximal M- wave 
amplitudes) were not significantly different from pre to 
post, confirming that our measures were well controlled 
in the different time points of data collection. Pre- season 
left and right Hmax/Mmax ratios were 54% and 63%, 
while post- season values were 42% and 45%, respectively. 

Pre- season left and right H- reflex amplitudes were 46±11.6 
and 48.9%±13% of Hmax (32.4±21.7 and 26.4%±18.9% 
of Mmax, respectively), while post season amplitudes 
were 65±14 and 65.6%±14% of Hmax (31.6±14.7 and 
27.3%±15.1% of Mmax, respectively). There were no 
statistically significant changes in H- reflex amplitude for 
left (p=0.67) or right (p=0.29) legs. M- wave amplitudes 
on the left and right sides were 6.2±7 and 6.2%±9.4% of 
Mmax in the pre- season, while in post season amplitudes 
were 6.9±10.2 and 8.3%±7%, respectively.

No difference was found between time points in the 
coefficient of variation for the right (pre: 41±28 vs post: 
32%±21%; p=0.31, d=0.3) and left legs (pre: 42±33 vs 
post: 31%±17%; p=0.27, d=0.2). Likewise, the CCV was 
unchanged from pre (0.5±0.13) to post (0.53±0.16) 
(p=0.54, d=0.2).

To assess relative spinal cord excitability in this sample 
of contact sport athletes, pre- season baseline values from 
the present study were compared with original data on 
recreationally active (non- contact sport) participants 
from Mezzarane et al,28 and results are shown in figure 4. 
The CCV was significantly higher in the present study 
(p<0.001, d=2.63), whereas no difference was observed 
for the coefficient of variation of the right (p=0.16, 
d=0.58) and left legs (p=0.1, d=0.67).
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Figure 4 Comparison between non- contact control 
population from Mezzarane et al (2017) with the pre- season 
data of our sample. Mean±SD of cross covariance (CCV) (left 
Y axis) and coefficient of variation (%) for right and left legs 
(right Y axis).*p<0.001

dIsCussIOn
balance performance in double and tandem stances are 
impaired across a season of impact exposures
Our data suggest that tandem stance on an unstable 
surface is the most susceptible static balance measure for 
revealing subtle postural decrements given the notice-
able worsening of CoP displacement from pre- season 
to post season. Moreover, there was a CoP increase 
between study time points of double- leg stance on a firm 
surface. Our findings highlight the sensitivity of the BB 
instrument by presenting deficits associated with both a 
challenging stance (ie, tandem), but also the easiest one 
that often gets overlooked (ie, double- leg) given its status 
as a fundamental posture for human locomotion devel-
opment.31

Despite being a practical tool, the BESS lacks of 
discrimination between increasingly difficult balance 
stances, with the analysis based on total score.10 There-
fore, successful performance of less challenging postures 
or learning effects in serial administration of assessments 
may mask the subtle changes to balance that we observed 
here. For instance, the double- leg stance in a firm surface 
is the only stance where a perfect score (ie, no errors) 
is often achieved, making it impossible to assess its reli-
ability10 and validity.13

The integration of a low- cost commercially available 
tool to a well- known balance test protocol was able to 
unveil subtle changes in two stances after recurrent mild 
head impacts. Conversely, Murray et al5 did not observe 
impairment in postural control assessed with sensi-
tive linear and non- linear metrics over the course of a 
competitive football season, although a different testing 
protocol was performed. Studies using advanced neuro-
imaging techniques were able to detect impairments 
after repetitive head impacts,6 7 32 including correlation 
of head impacts throughout a season with microstruc-
tural alterations of grey matter7 and dynamic cerebral 
autoregulation.6 In these studies, head impacts were 
assessed through sensors during practices and games. 
Further analysis in the present study showed that, even 
with no potential concussive event recorded during the 
games, two athletes exhibited worsened performance 
in most of the variables, highlighting the importance of 
tracking impacts in practices.

Time in dynamic postural test improves in athletic population
Assessing postural control is an indirect way of uncovering 
neurophysiological damage to supraspinal centres after 
suspected concussion.33 It was expected that a season’s 
worth of head impacts would be reflected in task incom-
petency in a dynamic balance test where attention must 
be divided between simultaneous cognitive and motor 
functions.34 Also, the competition between cognitive and 
motor resources has been shown to persist up to 1 month 
following a concussion,35 whereas exclusively neurocog-
nitive tests seem to be insensitive in female athletes.1 36 
However, there was a decrease of 20% in the time it took 
for participants to return to the centre and 14% in the 
total time after the postural challenge between study 
time points.

Results indicate skill improvement in the dynamic 
postural test. Our sample was composed of competi-
tive athletes skilled at performing object tracking,37and 
with an inherent motivation for the task, a poten-
tial confounding factor also seen in other athlete 
studies.38 39Despite any observable task ineptitude here, 
computerised dynamic postural assessment remains a 
potential area to explore for assessing neurophysiolog-
ical decline with accumulated head impacts. However, 
it must be taken into account to ensure the absence of 
learning effects, as demonstrated here by the absence of 
difference among three baseline tests, and consider that 
neurophysiological changes from repetitive impacts may 
precede discernible neurocognitive deficits.1

spinal cord excitability measures are a useful adjunct
Results of coefficient of variation for both legs and CCV 
did not change significantly from pre to post despite a 
season’s worth of accumulated head impacts. While the 
first represents the variability of the H- reflex amplitude 
sequences in each leg, the latter enables the detection 
of bilateral fluctuations in H- reflex excitability and 
exposes temporal linkages between right and left legs.28 
Both techniques have been used mostly in neurologi-
cally intact population,19 28 40 whereas the rugby athletes 
in this study have a history of exposure to body impact 
and head trauma, including concussive episodes, which 
could be presumed to affect descending spinal cord regu-
lation. Prior work associated H- reflex modulation with 
the descending control from supraspinal centres18 thus 
motivating the direct comparison of two distinct samples 
in terms of exposure to head trauma (ie, the present data 
with Mezzarane et al).28

Female athletes from the present study showed 
significantly higher values of CCV compared with the 
neurologically intact participants from Mezzarane et 
al.28 This may suggest that the cumulative impact of 
rugby training and playing alters supraspinal regula-
tion of bilateral fluctuations in spinal cord excitability. 
Such a chronic alteration as a potential result of athletic 
training and impact exposure may drive a neuroplastic 
change in CCV, thus rendering it insensitive to further 
change across a competitive season. Nonetheless, factors 
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as methodological procedures15 16 and chronic joint 
instability41 are known to influence spinal cord excit-
ability and should be considered, especially the latter 
in an athletic population. Limited but unfortunately 
flawed evidence suggests that some athletes may present 
higher values of H- waves CCV.40 Significant method-
ological issues and interpretation within the prior study 
of Ceballos- Villegas et al40 prevent firm conclusions for 
their own data and impair translation to ours. This is an 
area in which further investigation is needed to trans-
late how an increased CCV reflects the evaluation of 
plastic changes in the motor reflex responses in humans. 
Although approximately 50% higher, results of coeffi-
cient of variation from female rugby athletes were not 
different compared with neurologically intact popula-
tion.28 However, the observed effect sizes for the right 
and left legs justify future studies to verify whether a 
longer history of head impact exposure can affect this 
measure. It was already shown that neurologically intact 
subjects presented more synchronous Ia afferent input 
between legs compared with individuals with spinal cord 
injury.18

Although insensitive to detect differences as a result 
of recurrent head impacts over a season due to chronic 
pathological adaptation indicated above, bilateral H- re-
flex amplitude fluctuations seems promising to reveal 
particular neurological patterns in individuals with years 
of accumulated exposure to head impact. Full explo-
ration of this hypothesis was beyond the scope of this 
project but warrants future consideration. There are 
evidence of injury in the central nervous system despite 
no overt behavioural deficits following head impacts,4 
and that head injury affects many areas of the nervous 
system, not just where the mechanical stress is applied.17 
Alternatively, H- reflex changes may be suitable for symp-
tomatic athletes as there is likely greater damage to 
supraspinal control centres in the acute phase following 
a head trauma.17

Some important limitations should be identified in the 
present study and considered in future investigations. 
Impacts to the head during practices were not tracked, 
which would have enriched the analysis possibilities 
and is suggested as a key focus point in future studies. 
Also, musculoskeletal injuries resulted from the season 
were not considered, although acute lower limb injuries 
affecting balance was considered an exclusion criteria. 
Literature has endorsed that trials longer than 20 s are 
needed for CoP measures and different testing protocols 
may be applied. Additionally, it is important to consider 
that a change in a particular plane of movement (eg, 
CoP

AP
) is likely to have a direct influence in the total 

path length. Finally, control groups without exposure to 
head impacts, with and without athletic training, would 
allow for further interpretation. This may be particu-
larly relevant for spinal cord excitability measurements, 
as results from the present study were compared with a 
non- matched control group.

COnClusIOn
When performed using a low- cost balance board, 
tandem- leg stance on an unstable surface and double- leg 
stance on a firm surface revealed relevant information 
on balance deficits following head impacts over a rugby 
season, even without diagnosed concussion. Spinal cord 
excitability should be further investigated in contact- 
sports population.

Author affiliations
1Rehabilitation Neuroscience Laboratory, University of Victoria, Victoria, BC, Canada
2School of Exercise Science, Physical and Health Education, University of Victoria, 
Victoria, BC, Canada
3Human Discovery Science, International Collaboration on Repair Discoveries 
(ICORD), Vancouver, BC, Canada
4Laboratory of Signal Processing and Motor Control, Faculty of Physical Education, 
University of Brasilia, Brasilia, DF, Brazil
5Centre for Biomedical Research, University of Victoria, Victoria, BC, Canada
6Division of Medical Sciences, University of Victoria, Victoria, BC, Canada

Acknowledgements All authors thank the varsity female rugby team from the 
University of Victoria. RAM was supported by grants from Conselho Nacional de 
Desenvolvimento Científico e Tecnológico (CNPq;406917/2016–7); Fundação 
de Amparo à Pesquisa do Distrito Federal (FAPDF; 193.001.010/2015) (FAPDF; 
193.001.655/2017); Coordenação de Aperfeiçoamento de Pessoal de Nível 
Superior - Brasil (CAPES) –Finance Code 001.

Contributors SEB was involved in the study design, data collection and data 
analysis; BF was involved in data analysis and interpretation, and manuscript 
preparation; RAM participated in data collection and analysis; GEPP and YS 
contributed to study design, data analysis and interpretation; EPZ participated in 
the study design, interpretation and manuscript preparation.

Funding This work was partially supported by an NSERC Discovery grant to EPZ.

Competing interests None declared.

Patient consent for publication Not required.

ethics approval This project was approved by the University of Victoria Human 
Research Ethics Committee (protocol #15–193).

Provenance and peer review Not commissioned; externally peer reviewed.

data availability statement Original data may be available upon reasonable 
request.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the 
use is non- commercial. See: http:// creativecommons. org/ licenses/ by- nc/ 4. 0/.

OrCId ids
Bruno Follmer http:// orcid. org/ 0000- 0001- 5052- 9648
Rinaldo André Mezzarane http:// orcid. org/ 0000- 0001- 9659- 4015
Gregory E P Pearcey http:// orcid. org/ 0000- 0002- 6751- 4351

reFerenCes
 1 Mainwaring L, Ferdinand Pennock KM, Mylabathula S, et al. 

Subconcussive head impacts in sport: a systematic review of the 
evidence. Int J Psychophysiol 2018;132:39–54.

 2 Wong RH, Wong AK, Bailes JE. Frequency, magnitude, and 
distribution of head impacts in POP Warner football: the cumulative 
burden. Clin Neurol Neurosurg 2014;118:1–4.

 3 Montenigro PH, Alosco ML, Martin BM, et al. Cumulative head 
impact exposure predicts later- life depression, apathy, executive 
dysfunction, and cognitive impairment in former high school and 
College football players. J Neurotrauma 2017;34:328–40.

 4 Bailes JE, Petraglia AL, Omalu BI, et al. Role of subconcussion in 
repetitive mild traumatic brain injury. J Neurosurg 2013;119:1235–45.

 5 Murray NG, Grimes KE, Shiflett ED, et al. Repetitive head impacts do 
not affect postural control following a competitive athletic season. 
Int J Psychophysiol 2018;132:81–6.

copyright.
 on M

ay 19, 2023 by guest. P
rotected by

http://bm
jopensem

.bm
j.com

/
B

M
J O

pen S
port E

xerc M
ed: first published as 10.1136/bm

jsem
-2020-000740 on 25 June 2020. D

ow
nloaded from

 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-5052-9648
http://orcid.org/0000-0001-9659-4015
http://orcid.org/0000-0002-6751-4351
http://dx.doi.org/10.1016/j.ijpsycho.2018.01.007
http://dx.doi.org/10.1016/j.clineuro.2013.11.036
http://dx.doi.org/10.1089/neu.2016.4413
http://dx.doi.org/10.3171/2013.7.JNS121822
http://dx.doi.org/10.1016/j.ijpsycho.2017.09.018
http://bmjopensem.bmj.com/


7Black SE, et al. BMJ Open Sp Ex Med 2020;6:e000740. doi:10.1136/bmjsem-2020-000740

Open access

 6 Wright AD, Smirl JD, Bryk K, et al. Cerebral autoregulation is 
disrupted following a season of contact sports participation. Front 
Neurol 2018;9:868.

 7 Gong N- J, Kuzminski S, Clark M, et al. Microstructural alterations 
of cortical and deep gray matter over a season of high school 
football revealed by diffusion kurtosis imaging. Neurobiol Dis 
2018;119:79–87.

 8 Shuttleworth- Edwards AB, Smith I, Radloff SE. Neurocognitive 
vulnerability amongst university rugby players versus noncontact 
sport controls. J Clin Exp Neuropsychol 2008;30:870–84.

 9 Hwang S, Ma L, Kawata K, et al. Vestibular dysfunction after 
Subconcussive head impact. J Neurotrauma 2017;34:8–15.

 10 Bell DR, Guskiewicz KM, Clark MA, et al. Systematic review of the 
balance error scoring system. Sports Health 2011;3:287–95.

 11 Horak FB. Postural orientation and equilibrium: what do we need to 
know about neural control of balance to prevent falls? Age Ageing 
2006;35 Suppl 2:ii7–11.

 12 Fox ZG, Mihalik JP, Blackburn JT, et al. Return of postural control to 
baseline after anaerobic and aerobic exercise protocols. J Athl Train 
2008;43:456–63.

 13 Chang JO, Levy SS, Seay SW, et al. An alternative to the balance 
error scoring system: using a low- cost balance board to improve the 
validity/reliability of sports- related concussion balance testing. Clin J 
Sport Med 2014;24:256–62.

 14 Sun Y, Cullen HM, Zehr EP. Harnessing the power of a novel 
program for dynamic balance perturbation with supported body 
weight. J Mot Behav 2019:1–13.

 15 Grosprêtre S, Martin A. H reflex and spinal excitability: 
methodological considerations. J Neurophysiol 2012;107:1649–54.

 16 Zehr EP. Considerations for use of the Hoffmann reflex in exercise 
studies. Eur J Appl Physiol 2002;86:455–68.

 17 Katayama Y, Glisson JD, Becker DP, et al. Concussive head injury 
producing suppression of sensory transmission within the lumbar 
spinal cord in cats. J Neurosurg 1985;63:97–105.

 18 Nozaki D, Nakazawa K, Yamamoto Y. Supraspinal effects on the 
fractal correlation in human H- reflex. Exp Brain Res 1996;112:112–8.

 19 Mezzarane RA, Kohn AF. Bilateral soleus H- reflexes in humans 
elicited by simultaneous trains of stimuli: symmetry, variability, and 
covariance. J Neurophysiol 2002;87:2074–83.

 20 McCrory P, Meeuwisse W, Dvořák J, et al. Consensus statement on 
concussion in sport- the 5thinternational conference on concussion in 
sport held in Berlin, October 2016. Br J Sports Med 2017;51:838–47.

 21 Bütefisch C, Hummelsheim H, Denzler P, et al. Repetitive training of 
isolated movements improves the outcome of motor rehabilitation of 
the centrally paretic hand. J Neurol Sci 1995;130:59–68.

 22 Sun Y, Ledwell NMH, Boyd LA, et al. Unilateral wrist extension 
training after stroke improves strength and neural plasticity in both 
arms. Exp Brain Res 2018;236:2009–21.

 23 Klarner T, Barss TS, Sun Y, et al. Reliability of multiple baseline 
measures for locomotor retraining after stroke. In: Jensen W, 
Andersen OK, Akay M, et al, eds. Replace, repair, restore, relieve 
– bridging clinical and engineering solutions in neurorehabilitation. 
Springer International Publishing, 2014: 479–86.

 24 Kaupp C, Pearcey GEP, Klarner T, et al. Rhythmic arm cycling 
training improves walking and neurophysiological integrity in chronic 
stroke: the arms can give legs a helping hand in rehabilitation. J 
Neurophysiol 2018;119:1095–112.

 25 Holmes JD, Jenkins ME, Johnson AM, et al. Validity of the Nintendo 
Wii® balance board for the assessment of standing balance in 
Parkinson's disease. Clin Rehabil 2013;27:361–6.

 26 Winter DA. Human balance and posture control during standing and 
walking. Gait Posture 1995;3:193–214.

 27 Klimstra M, Zehr EP. A sigmoid function is the best fit for the 
ascending limb of the Hoffmann reflex recruitment curve. Exp Brain 
Res 2008;186:93–105.

 28 Mezzarane RA, Nakajima T, Zehr EP. Bilateral reflex fluctuations 
during rhythmic movement of remote limb pairs. Front Hum Neurosci 
2017;11:355.

 29 Echemendia RJ, Bruce JM, Meeuwisse W, et al. Can visible signs 
predict concussion diagnosis in the National hockey League? Br J 
Sports Med 2018;52:1149–54.

 30 Sullivan GM, Feinn R. Using effect Size- or why the P value is not 
enough. J Grad Med Educ 2012;4:279–82.

 31 Adolph KE. Learning to move. Curr Dir Psychol Sci 2008;17:213–8.
 32 Svaldi DO, McCuen EC, Joshi C, et al. Cerebrovascular reactivity 

changes in asymptomatic female athletes attributable to high school 
soccer participation. Brain Imaging Behav 2017;11:98–112.

 33 Cavanaugh JT, Guskiewicz KM, Giuliani C, et al. Detecting altered 
postural control after cerebral concussion in athletes with normal 
postural stability. Br J Sports Med 2005;39:805–11.

 34 Register- Mihalik JK, Littleton AC, Guskiewicz KM. Are divided 
attention tasks useful in the assessment and management of sport- 
related concussion? Neuropsychol Rev 2013;23:300–13.

 35 Parker TM, Osternig LR, van Donkelaar P, et al. Balance control 
during gait in athletes and non- athletes following concussion. Med 
Eng Phys 2008;30:959–67.

 36 Forbes CR, Glutting JJ, Kaminski TW. Examining neurocognitive 
function in previously concussed Interscholastic female soccer 
players. Appl Neuropsychol Child 2016;5:14–24.

 37 Zhang X, Yan M, Yangang L. Differential performance of Chinese 
volleyball athletes and nonathletes on a multiple- object tracking 
task. Percept Mot Skills 2009;109:747–56.

 38 McAllister TW, Flashman LA, Maerlender A, et al. Cognitive effects of 
one season of head impacts in a cohort of collegiate contact sport 
athletes. Neurology 2012;78:1777–84.

 39 Chin EY, Nelson LD, Barr WB, et al. Reliability and validity of the 
sport concussion assessment Tool-3 (SCAT3) in high school and 
collegiate athletes. Am J Sports Med 2016;44:2276–85.

 40 Ceballos- Villegas ME, Saldaña Mena JJ, Gutierrez Lozano AL, et al. 
The complexity of H- wave amplitude fluctuations and their bilateral 
Cross- Covariance are modified according to the previous fitness 
history of young subjects under track training. Front Hum Neurosci 
2017;11:530.

 41 Kim K- M, Kim J- S, Cruz- Díaz D, et al. Changes in spinal and 
corticospinal excitability in patients with chronic ankle instability: a 
systematic review with meta- analysis. J Clin Med 2019;8:1037.

copyright.
 on M

ay 19, 2023 by guest. P
rotected by

http://bm
jopensem

.bm
j.com

/
B

M
J O

pen S
port E

xerc M
ed: first published as 10.1136/bm

jsem
-2020-000740 on 25 June 2020. D

ow
nloaded from

 

http://dx.doi.org/10.3389/fneur.2018.00868
http://dx.doi.org/10.3389/fneur.2018.00868
http://dx.doi.org/10.1016/j.nbd.2018.07.020
http://dx.doi.org/10.1080/13803390701846914
http://dx.doi.org/10.1089/neu.2015.4238
http://dx.doi.org/10.1177/1941738111403122
http://dx.doi.org/10.1093/ageing/afl077
http://dx.doi.org/10.4085/1062-6050-43.5.456
http://dx.doi.org/10.1097/JSM.0000000000000016
http://dx.doi.org/10.1097/JSM.0000000000000016
http://dx.doi.org/10.1080/00222895.2019.1670129
http://dx.doi.org/10.1152/jn.00611.2011
http://dx.doi.org/10.1007/s00421-002-0577-5
http://dx.doi.org/10.3171/jns.1985.63.1.0097
http://dx.doi.org/10.1007/BF00227184
http://dx.doi.org/10.1152/jn.00129.2001
http://dx.doi.org/10.1136/bjsports-2017-097699
http://dx.doi.org/10.1016/0022-510X(95)00003-K
http://dx.doi.org/10.1007/s00221-018-5275-6
http://dx.doi.org/10.1152/jn.00570.2017
http://dx.doi.org/10.1152/jn.00570.2017
http://dx.doi.org/10.1177/0269215512458684
http://dx.doi.org/10.1016/0966-6362(96)82849-9
http://dx.doi.org/10.1007/s00221-007-1207-6
http://dx.doi.org/10.1007/s00221-007-1207-6
http://dx.doi.org/10.3389/fnhum.2017.00355
http://dx.doi.org/10.1136/bjsports-2016-097090
http://dx.doi.org/10.1136/bjsports-2016-097090
http://dx.doi.org/10.4300/JGME-D-12-00156.1
http://dx.doi.org/10.1111/j.1467-8721.2008.00577.x
http://dx.doi.org/10.1007/s11682-016-9509-6
http://dx.doi.org/10.1136/bjsm.2004.015909
http://dx.doi.org/10.1007/s11065-013-9238-1
http://dx.doi.org/10.1016/j.medengphy.2007.12.006
http://dx.doi.org/10.1016/j.medengphy.2007.12.006
http://dx.doi.org/10.1080/21622965.2014.933108
http://dx.doi.org/10.2466/pms.109.3.747-756
http://dx.doi.org/10.1212/WNL.0b013e3182582fe7
http://dx.doi.org/10.1177/0363546516648141
http://dx.doi.org/10.3389/fnhum.2017.00530
http://dx.doi.org/10.3390/jcm8071037
http://bmjopensem.bmj.com/

	Exposure to impacts across a competitive rugby season impairs balance and neuromuscular function in female rugby athletes
	Abstract
	Introduction
	Material and methods
	Participants
	Control procedures
	Balance tests
	Spinal cord excitability
	Head impact video analysis
	Statistical analysis
	Patient and public involvement

	Results
	Static balance assessments and head impacts
	Dynamic postural assessment
	Spinal cord excitability

	Discussion
	Balance performance in double and tandem stances are impaired across a season of impact exposures
	Time in dynamic postural test improves in athletic population
	Spinal cord excitability measures are a useful adjunct

	Conclusion
	References


