& frontiers | Frontiers in Neurology

@ Check for updates

OPEN ACCESS

EDITED BY
John K. Yue,

University of California, San Francisco,

United States

REVIEWED BY
Gary B. Wilkerson,

University of Tennessee at
Chattanooga, United States
Joseph Bleiberg,

Independent Researcher, Bethesda,
MD, United States

*CORRESPONDENCE
Per-Anders Fransson
Per-Anders.Fransson@med.lu.se

SPECIALTY SECTION
This article was submitted to
Neurotrauma,

a section of the journal
Frontiers in Neurology

RECEIVED 28 March 2022
ACCEPTED 15 August 2022
PUBLISHED 12 September 2022

CITATION

Al-Husseini A, Gard A, Fransson P-A,
Tegner Y, Magnusson M, Marklund N
and Tjernstrom F (2022) Long-term
postural control in elite athletes
following mild traumatic brain injury.
Front. Neurol. 13:906594.

doi: 10.3389/fneur.2022.906594

COPYRIGHT
© 2022 Al-Husseini, Gard, Fransson,
Tegner, Magnusson, Marklund and
Tjernstrom. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiersin Neurology

TYPE Original Research
PUBLISHED 12 September 2022
pol 10.3389/fneur.2022.906594

Long-term postural control in
elite athletes following mild
traumatic brain injury

Ali Al-Husseini!, Anna Gard!, Per-Anders Fransson?*,
Yelverton Tegner®, Mans Magnusson?, Niklas Marklund® and
Fredrik Tjernstréom?

!Department of Clinical Sciences Lund, Neurosurgery, Skane University Hospital, Lund University,
Lund, Sweden, ?Department of Clinical Sciences, Lund University, Lund, Sweden, *Department of
Health Sciences, Lulea University of Technology, Lulea, Sweden

Background: Traumas to the head and neck are common in sports and often
affects otherwise healthy young individuals. Sports-related concussions (SRC),
defined as a mild traumatic brain injury (mTBI), may inflict persistent neck
and shoulder pain, and headache, but also more complex symptoms, such as
imbalance, dizziness, and visual disturbances. These more complex symptoms
are difficult to identify with standard health care diagnostic procedures.

Objective: To investigate postural control in a group of former elite athletes
with persistent post-concussive symptoms (PPCS) at least 6 months after
the incident.

Method: Postural control was examined using posturography during quiet
stance and randomized balance perturbations with eyes open and eyes closed.
Randomized balance perturbations were used to examine motor learning
through sensorimotor adaptation. Force platform recordings were converted
to reflect the energy used to maintain balance and spectrally categorized into
total energy used, energy used for smooth corrective changes of posture (i.e.,
<0.1Hz), and energy used for fast corrective movements to maintain balance
(i,e., >0.1 Hz).

Results: The mTBI group included 20 (13 males, mean age 26.6 years) elite
athletes with PPCS and the control group included 12 athletes (9 males, mean
age 26.4 years) with no history of SRC. The mTBI group used significantly more
energy during balance perturbations than controls: +143% total energy, p =
0.004; +122% low frequency energy, p = 0.007; and +162% high frequency
energy, p = 0.004. The mTBI subjects also adapted less to the balance
perturbations than controls in total (18% mTBI vs. 37% controls, p = 0.042),
low frequency (24% mTBI vs. 42% controls, p = 0.046), and high frequency
(6% mTBI vs. 28% controls, p = 0.040). The mTBI subjects used significantly
more energy during quiet stance than controls: +128% total energy, p = 0.034;
+136% low-frequency energy, p = 0.048; and +109% high-frequency energy,
p = 0.015.
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Conclusion: Athletes with previous mTBl and PPCS used more energy to stand
compared to controls during balance perturbations and quiet stance and had
diminished sensorimotor adaptation. Sports-related concussions are able to
affect postural control and motor learning.

mild traumatic brain injury, postural control, sports-related concussion, adaptation,
vision, persisting post-concussive symptoms

Introduction

Participation in high-velocity sports, such as football, ice
hockey, and rugby, may lead to a risk of sustaining neck and
head trauma from a collision with another player, the playing
surface, or an advertising board (1). At impact, the athlete
may sustain a concussion [termed a sports-related concussion
(SRC)], that per definition is a mild traumatic brain injury
(mTBI)(2) (2). High-velocity sports carry an increased risk of
mTBI (3). The SRC rates are highest in men, but in gender-
comparable sports, women have higher concussion rates (3). The
reported number of SRCs has increased in the last 20 years,
possibly due to increased monitoring and recognition. However,
the true incidence is still likely underestimated (4-6).

mTBI may cause persistent neck and shoulder pain, and
headache. Typically, these symptoms subside within 14 days
of the incident (2, 7-9). However, if the incident is severe,
the individual can also experience imbalance, dizziness, and
visual disturbances, and symptoms may take months or years
to subside (10-12) or remain throughout life (8, 13), termed
persistent post-concussive symptoms (PPCS) (14). Recently,
we have shown that PPCS athletes suffering from vestibular
symptoms commonly have dysfunction of the inferior vestibular
nerve (15). As the inferior vestibular nerve conveys information
from the posterior semicircular canal and sacculus to the
vestibular nucleus, PPCS is likely to diminish the perception
of left-right tilt and angular head movements in an anterior-
posterior direction. Given the contribution of head position
to upright standing, it seems reasonable to assume that PPCS
can affect postural control, and particularly when the balance
is perturbed.

Imbalance following mTBI is not routinely assessed and
individuals can overlook this symptom in a background of pain
and headache. When postural control is assessed, it is typically
measured from a quiet stance. However, a quiet stance is less
sensitive to balance defects than a postural control submitted to
balance perturbations. When patients are subjected to increased
postural challenges, the likelihood to detect defects is increased
and the level of reliance on each sensory system can be assessed.
For example, during balance perturbations, the level of reliance
on the visual system can be assessed by comparing postural

Frontiersin Neurology

02

responses with eyes open to eyes closed (16-18). Following
an SRC, the results of postural control tests serve a role as
supplementary to neurophysiological functioning tests (9, 19,
20), particularly when balance perturbations are used. When
balance is perturbed repeatedly, the central nervous system
acts to reduce the imbalance. This is a motor learning process
called postural adaptation that depends on the integrity of the
sensory and motor systems (17, 18). The postural challenge
from balance perturbations also increases stress, which may
exacerbate balance defects (9, 21). One method of perturbing
balance is to apply bilateral mechanical vibration over the
gastrocnemii muscles. The vibration produces an increased
activation of muscle spindles, and subsequently, an illusion
of muscle lengthening, which induces a stretch reflex that
creates a posterior displacement. When the vibration ends,
corrective mechanisms produce an anterior displacement. When
balance perturbations are applied repeatedly, an adaptation in
postural control normally occurs, which over time diminishes
the amplitude of anterior and posterior displacement (22-24).
The study aimed to determine whether mTBI affects postural
stability with eyes open and eyes closed, and the degree of
motor learning through sensorimotor adaptation. The reliance
on the visual system for postural control was also determined by
comparing postural responses with eyes closed to eyes open.

Materials and methods

Ethical approval

The investigations were performed in accordance with the
latest version of the Helsinki declaration and all subjects gave
written informed consent before any assessments. The study
was approved by the Ethics Review Board (Dnr 2017/1049),
Lund, Sweden.

Participants
The eligible mTBI group consisted of elite athletes, before

their injury active in ice hockey (6 participants), soccer (4),
karate (4), handball (2), floorball (2), wrestling (1), and riding
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(1). They all had to terminate their sports career due to neck
and head injuries (SRCs/mTBIs) obtained while executing their
sports, which were still causing them various degrees of post-
concussive symptoms. They suffered their latest injury more
than 6 months before the investigations and reported persistent
symptoms for more than 6 months. PPCS is defined as persistent
post-concussive symptoms beyond normal clinical recovery,
typically more than 3-6 weeks post-injury. All participants
in our cohort had symptoms persisting for more than 6
months. The most common complaints included fatigue/low
energy (experienced by 100%), headache (in 95%), “pressure in
head” (in 95%), difficulty concentrating (in 95%), difficulties in
remembering (in 95%), and irritability (in 95%). After medical
examinations, including oculomotor and vestibular tests using
an Interacoustics™ VNG system (Middelfart, Denmark, version
7.0.9.7), and interviews by a physician, 20 individuals were
included in the mTBI group [13 males, mean age 26.6 years (SD
1.2 years, range 19-35 years], with mean weight 73.7kg (SEM
3.6 kg) and mean height of 178.6 cm (SEM 2.6 cm).

The control group
males, mean age 26.4 years (SD 1.6 years, range 20-38
years)], mean weight 71.3kg (SEM 3.8kg), mean height
183.2cm (SEM 2.6 cm) with no history of previous mTBI or
neurological/musculoskeletal conditions. The control group

included 12 participants [nine

was checked by physicians for inclusion/exclusion criteria.
Oculomotor and vestibular caloric tests were also done using
an Interacoustics™ VNG system (Middelfart, Denmark) to
exclude abnormal oculomotor and vestibular performance.
The participants were instructed to avoid alcohol at least 48 h
before testing.

Procedure

The participants performed four posturography tests,
identically executed by all subjects. Two tests included recording
the stability during 120 s of quiet stance while standing with eyes
closed (EC) or eyes open (EO) as instructed. Two additional
tests, also performed with eyes closed and open, included
a 30-s quiet stance period successively followed by a 200s
period with balance perturbations. The balance perturbations
were randomized and induced by vibrators strapped over the
gastrocnemii (calf) muscles. The vibrators (6cm long and
Icm in diameter) produced an 85Hz and 1.0 mm amplitude
vibration. The custom-made vibrators (Section of medical
engineering, Skdne University Hospital, Lund, Sweden). The
vibration was produced by revolving a 3.5g weight placed
1.0mm eccentric on the rotation axis. The vibrators were
custom-made for its purpose by the Section of medical
engineering, Skane University Hospital, Lund, Sweden, and the
design included using DC motors from Escap, La Chaux-de-
Fonds, Switzerland. The vibrations were applied as a sequence
of individual balance perturbations by turning ON and OFF
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the vibrators. The duration of both the ON and OFF state
ranged randomly from 0.8 to 6.4 s, according to a pseudorandom
binary sequence (PRBS) schedule (25). An identical stimulation
sequence was used for all participants and in all balance
perturbation tests.

The stability was assessed with a custom-built force platform
(Department of Automatic Control, Lund University, Sweden),
which recorded both torques and shear forces with six degrees of
freedom (d.f.) using force transducers with an accuracy of 0.5N.
A custom-built software (Postcon™, Department of Clinical
Sciences, Lund University, Sweden) sampled the force platform
data at 50 Hz and produced the balance perturbation sequences
by using a 16-bit AD-board (PCI-6036E, National Instruments).

At each posturography test, the subject was instructed to
stand in an erect and relaxed posture with their arms folded
across the chest. The subject stood barefoot on the force platform
and using guidelines, their heels were placed 3 cm apart and
their feet placed deviating about 30° open to the front. When
performing tests with eyes open, the subject was instructed to
focus on a 4 x 6 cm image placed at eye level on a wall 1.5m in
front of them. None of the test subjects had any prior experience
with the posturography tests used in the study, and they received
no information about how the balance perturbations would
affect them. During the posturography tests, the subjects listened
to calm classical music using headphones to avoid extraneous
sound distractions. The subjects were allowed to rest for 5min
between each of the four posturography tests.

Analysis

Only the properties of the movements in the anteroposterior
direction were analyzed since balance perturbations from
calf muscle vibration primarily induce forward and backward
movements (24, 26). The variance of the torque values recorded
by the force platform was calculated because this parameter
corresponds to the energy used toward the support surface to
preserve stability (27), i.e., the parameter reflects the efficiency
of the central nervous systems (CNS) control of the standing
(28). For a more detailed explanation of the relationship between
recorded torque and standing postural control, see Johansson
etal. (27).

The force platform recordings were divided into three
spectral categories: (a) total torque variance (total energy); (b)
torque variance below 0.1 Hz (low-frequency energy); and (c)
torque variance above 0.1 Hz (high-frequency energy) using
a fifth-order digital Finite Duration Impulse Response (FIR)
filter. The filter components were selected to avoid aliasing.
This spectral categorization was done to obtain information also
about the energy used for corrective changes of posture (ie.,
<0.1 Hz) and for fast corrective movements to maintain balance
(i.e., >0.1Hz) (29). Typically, the fast corrective movements
(>0.1Hz) are increased by decreased visual information (29)
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or by factors like being overweight or fatigued (30). The low-
frequency movements (<0.1 Hz) are commonly increased by
unstable surface conditions like standing on foam (31, 32).

We analyzed the stability during the two quiet stance tests
as one continuous time period (0-120s). The stability during
the two balance perturbation tests was analyzed and segmented
into five time periods, a quiet stance period (0-30's), and during
the vibratory stimulation as four consecutive 50-s time periods;
Period 1 between 30 and 80s; Period 2 between 80 and 130s;
Period 3 between 130 and 180 s; and Period 4 between 180 and
230s. During all the four stimulation periods P1 to P4 analyzed,
the vibration stimulus had a similar effective bandwidth in the
region of 0.1-2.5 Hz.

Statistical analysis

Before the statistical analyses were performed, the force
platform recordings during the four posturography tests (i.e.,
the two quiet stance tests and the two balance perturbation
tests) were first separated into three spectral bandwidths
(total: <0.1Hz and >0.1Hz). The torque variance values for
these three spectral datasets were thereafter calculated and
normalized using the subjects’ height and weight to account
for anthropometric differences, as these individual factors
influence recorded torque values (27). Finally, the normalized
torque variances were log-transformed (using natural log) in
preparation for the statistical analyses.

As the initial step, statistical analyses were performed with
repeated measures of General Linear Model (GLM) Analysis
of Variance (ANOVA). The statistical method was used after
ensuring that all dataset combinations analyzed in the study
fulfilled the three criteria: (1) appropriate independency; (2)
produced acceptable sphericity according to the Greenhouse-
Geisser evaluation; and (3) that the model residuals had normal
or close to a normal distribution, thus validating the method’s
appropriateness (33-35).

The main factor combinations analyzed for their effects on
stability within the three spectral bandwidths (total; <0.1 Hz and
>0.1 Hz) during the two balance perturbation tests were:

(1) Main factors mTBI, df 1),
Vision (Eyes Open vs. Eyes Closed, df 1), and
Repetition (Vibration periods 1-4, df 3). The model
parameter Group is a Between-Subjects factor, and

Group (Controls vs.

the model parameters Vision and Repetition are
Within-Subjects variables.
(2) Performed for each individual group: Main factors Vision
(Eyes Open vs. Eyes Closed, df 1) and Repetition
(Vibration periods 1-4, df 3). The model parameters

Vision and Repetition are Within-Subjects variables.
The main factor combinations analyzed for their effects on

the stability within the three spectral bandwidths (total; < 0.1Hz
and > 0.1Hz) during the two quiet stance tests were:
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1) Main factors Group (Controls vs. mTBI, df 1) and Vision
(Eyes Open vs. Eyes Closed, df 1). The model parameter Group
is a Between-Subjects factor, and the model parameter Vision is
a Within-Subjects variable.

In all analyses, p-values < 0.05 were considered significant.
Procedures were utilized to address potential Type I and Type
II errors. The need to use Bonferroni correction was considered
but regarded as not required as no dataset was included in the
Within-subject or the Between-groups tests more than once. The
Shapiro-Wilk test revealed that some datasets were not normally
distributed, and that normal distribution could not be obtained
by log transformation. Thus, non-parametric statistical methods
were used in all post-hoc statistical evaluations (33).

In post-hoc analyses, Within-Subjects paired comparisons
were performed to study the effects of Vision and the adaptive
changes from Repetition, ie., the cumulative changes from
perturbation period 1 to period 4 (36) using the Wilcoxon
matched-pairs signed-rank test (Exact sig. 2-tailed). Between-
group comparisons of mTBI vs. controls were performed with
Mann-Whitney U Tests (Exact sig. 2 tailed) (33).

Results

Stability during the balance perturbation
tests

Repeated measures GLM ANOVA of the model (Group,
Vision, Repetition) showed by the main factor Group that
subjects who suffered from mTBI used significantly more energy
compared with controls during the balance perturbation within
all three spectral categories; total (143% more energy, p = 0.004),
low frequency (122% more, p = 0.007), and high frequency
(162% more, p = 0.004), see Table 1 and Figure 1. The results for
the main factor Vision revealed that significantly more energy
was used with eyes closed compared with eyes open in the
categories: total (51% more, p < 0.001) and high frequency (99%
more, p < 0.001). Analysis of the main factor repetition revealed
that across the vibration periods the subjects of both groups used
less energy to handle the balance perturbations within all three
spectral categories: total (27% less, p = 0.001), low frequency
(33% less, p = 0.012), and high frequency (17% less, p = 0.002).

The Group X Repetition interaction result showed that
controls had a better adaptation to the balance perturbations
compared with mTBI subjects within all three spectral
categories: total (18% mTBI vs. 37% controls, p = 0.042), low
frequency (24% mTBI vs. 42% controls, p = 0.046), and high
frequency (6% mTBI vs. 28% controls, p = 0.040) bandwidths.

Repeated measures GLM ANOVA analyses of the model
(Vision, Repetition) on group level revealed for the main factor
Vision that mTBI subjects used significantly more energy with
eyes closed compared with eyes open in the spectral categories:
total (63% more, p < 0.001) and high frequency (93% more,
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TABLE 1 GLM ANOVA analysis of effects of Group, Vision and Repetition on the stability during balance perturbations.

Energy use within Group Vision Repetition Group x Group x Vision x Group x
different spectral Vision Repetition Repetition Vision x
categories* Repetition
Total 0.004 [9.8] <0.001 [28.7] 0.001 [12,3] 0.271[1.3] 0.042 [4.5) 0.322 [1.0] 0.171 [2.0]
<0.1Hz 0.007 [8.2] 0.394[0.7] 0.012 [7.1] 0.198 [1.7] 0.046 [4.3] 0.317 [1.0] 0.413 [0.7]
> 0.1Hz 0.004[9.7]  <0.001[136.3] 0.002 [12.2] 0.946 [0.0] 0.040 [4.6] 0.143 [2.3] 0.232 [1.5]

*The notation “<0.001” means that the p-value is smaller than 0.001. F-values are presented in the squared parenthesis. The significant differences are marked in bold text.

:E A Total energy, Eyes Closed B Total energy, Eyes Open
Vi 16.0 0.035 0.022 0.004 0.013 10.0 0.040 <0.001 0.044
3 14'0 1 1 1 1 9.0 1 M 1
= i [ 8.0
£ 10.0 6.0
<
i 8.0 5.0
g 6.0 4.0
s T 3.0
z 4.0 20
8 20 1.0
g 00 0.0
E Quiet Stance Period 1  Period2  Period3  Period 4 Quict Stance Period I Period2  Period 3  Period 4
= mTBI 1 Controls " mTBI u Controls
C D
Energy < 0.1Hz, Eyes Closed Energy < 0.1Hz, Eyes Open
0.036 0.015 0.001
- M m A2 1
7.0 4.0
6.0 35
5.0 24
2:5
4.0 20
3.0 15
2.0 1.0
1.0 0.5
0.0 0.0
Quiet Stance Period 1  Period2  Period 3  Period 4 Quiet Stance Period 1  Period2  Period 3  Period 4
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E F
Energy > 0.1Hz, Eyes Closed Energy > 0.1Hz, Eyes Open
3.0 0.044 0.024 0.004 0.005 45 0.043 0.047 0.002 0.010
o M 1 . I 1 1 r1 1
6.0 3.5
5.0 ;(5)
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3.0 1.5
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0.0 0.0
Quiet Stance Period I  Period2  Period 3  Period 4 Quiet Stance Period |  Period2  Period 3  Period 4
= mTBI 1 Controls = mTBI 1 Controls
FIGURE 1
Energy used by mTBI subjects and by controls during the five balance perturbation periods; (A) Total energy, Eyes Closed; (B) Total energy, Eyes
Open; (C) Energy < 0.1 Hz, Eyes Closed; (D) Energy < 0.1 Hz, Eyes Open; (E) Energy > 0.1 Hz, Eyes Closed; (F) Energy > 0.1 Hz, Eyes Open.
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TABLE 2 GLM ANOVA analysis of effects of vision and repetition on
group level on the stability during balance perturbations.

Energy use Vision Repetition Vision x
within Repetition
different
spectral
categories*
mTBI
Total < 0.001 [39.6] < 0.001 [30.1] 0.770 [0.1]
<0.1Hz 0.701 [0.2] <0.001 [22.1] 0.448 [0.6]
> 0.1Hz <0.001[99.2] 0.009 [8.6] 0.605 [0.3]
Controls
Total 0.051 [4.8] 0.024 [6.8] 0.089 [3.5]
<0.1Hz 0.230 [1.0] 0.047 [5.0] 0.399 [0.8]
> 0.1Hz <0.001 [47.4] 0.002 [17.1] 0.082 [3.7]

*The notation “<0.001” means that the p-value is smaller than 0.001. F-values are
presented in the squared parenthesis. The significant differences are marked in bold text.

p < 0.001), see Table2 and Figure 1. Analysis of the main
factor Repetition revealed that across the vibration periods mTBI
subjects used less energy to handle the balance perturbations
within all three spectral categories: total (18% less energy, p <
0.001), low frequency (24% less, p < 0.001), and high frequency
(6% less, p = 0.009).

Repeated measures GLM ANOVA analyses of the model
(Vision, Repetition) on group level revealed for the main factor
Vision that control subjects used significantly more energy with
eyes closed compared with eyes open in the spectral category;
high frequency (116% more, p < 0.001), see Table 2 and Figure 1.
Analysis of the main factor Repetition revealed that across the
vibration periods control subjects used less energy to handle the
balance perturbations within all three spectral categories: total
(37% less, p = 0.024), low frequency (42% less, p = 0.047), and
high frequency (28% less, p = 0.002).

Post hoc analysis of group

With eyes closed, during all balance perturbation periods
from period 1 to period 4, mTBI subjects used significantly
more energy compared with controls in the spectral categories:
total (mean 171% more, p < 0.035) and high frequency
(mean 153% more, p < 0.044), see Figure 1. Moreover, during
balance perturbation periods 1 and 3, mTBI subjects used
significantly more energy than controls in the spectral category:
low frequency (mean 210% more, p < 0.036).

With eyes open, during balance perturbation periods 2, 3,
and 4, the mTBI subject used significantly more energy than
controls in the spectral category: total (mean 137% more, p <
0.044). During all balance perturbation periods from period 1 to
period 4, the mTBI subject used significantly more energy than
controls in the spectral category; high frequency (mean 183%
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more, p < 0.047). Moreover, during balance perturbation period
3, the mTBI subject used significantly more energy than controls
in the spectral category; low frequency (178% more, p < 0.001).

Post hoc analysis of vision

The mTBI subjects used significantly more energy with eyes
closed compared with eyes open in the spectral category: total—
during the initial quiet stance period (103% more, p = 0.008) and
during all balance perturbation periods from period 1 to period
4 (mean 63% more, p < 0.008), see Table 3. The mTBI subjects
also used significantly more energy with eyes closed compared
with eyes open in the spectral category: high frequency—during
the initial quiet stance period (75% more, p = 0.019) and during
all balance perturbation periods from period 1 to period 4
(mean 93% more, p < 0.001). Moreover, mTBI subjects used
significantly more energy with eyes closed compared with eyes
open in the spectral category: low frequency—during the initial
quiet stance period (116% more, p = 0.015).

The control subjects used significantly more energy with
eyes closed compared with eyes open in the spectral category:
total—during the initial quiet stance period (98% more energy, p
=0.009), see Table 3. The control subjects also used significantly
more energy with eyes closed compared with eyes open in
the spectral category: high frequency—during the initial quiet
stance period (54% more, p = 0.003) and during all balance
perturbation periods from period 1 to period 4 (mean 116%
more, p < 0.005).

Post hoc analysis of adaptation to balance
perturbation

In mTBI, the balance perturbations caused a cumulative
adaptation of about 34% with eyes closed in the spectral
category: low frequency (p = 0.048), see Table 4.

In controls, the balance perturbations caused a cumulative
adaptation of about 34% on average with eyes closed in the
spectral category: total (p = 0.016) and a cumulative adaptation
of about 31% in the spectral category: high frequency (p =
0.002), see Table 4.

Stability during the quiet stance tests

Repeated measures GLM ANOVA of the model (Group,
Vision) showed that mTBI subjects used significantly more
energy than controls during quiet stance within all three spectral
categories: total (128% more, p = 0.034), low frequency (136%
more, p = 0.048) and high frequency (109% more, p = 0.015),
see Table 5 and Figure 2. The significant results for the main
factor Vision revealed that less energy was used with eyes closed
compared with eyes open in the spectral category: low frequency
(18% less, p = 0.048). Moreover, significantly more energy was
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TABLE 3 Differences in stability due to vision for mTBI and control subjects.

10.3389/fneur.2022.906594

Energy use within different Quiet stance Period 1 Period 2 Period 3 Period 4
spectral categories
mTBI
Total 0.008 0.002 0.006 0.002 0.001
<0.1Hz 0.015 0.648 0.985 0.596 0.648
>0.1Hz 0.019 <0.001 <0.001 <0.001 <0.001
Controls
Total 0.009 0.677 0.064 0.092 0233
<0.1Hz 0.151 0.339 0.204 0.850 0.424
>0.1Hz 0.003 <0.001 <0.001 <0.001 0.005

The significant differences are marked in bold text.

used with eyes closed compared with eyes open in the spectral
category: high frequency (25% more, p = 0.027).

Post hoc analysis of group

With eyes closed, the mTBI subject used significantly more
energy compared with controls in all three spectral categories:
total (222% more, p = 0.003), low frequency (290% more, p =
0.014), and high frequency (124% more, p = 0.002), see Figure 2.

Discussion

The mTBI group used more energy to stand compared
to the control group during balance perturbations and quiet
stance. They also had poorer sensorimotor adaptation compared
to the control group as evidenced by more energy use for
repeated balance perturbations. These differences tended to be
accentuated when standing with eyes closed and manifested
through the higher contribution of fast corrective movements to
maintain balance. The findings of this study support the premise
that a sports-related concussion might reduce postural control
and motor learning through sensorimotor adaptation. An
impaired adaptive capacity has both diagnostic and therapeutic
implications and might add to the explanation of symptoms
perceived in some sufferers of mTBI. A reduced adaptive
capacity may equate to prolonged symptoms and reduced
effectiveness of rehabilitation. Moreover, our results also
indicate the value of assessing postural control in individuals
with mTBL

General effects of mTBI on stability

The mTBI group used significantly more energy to
maintain stability compared with controls during the balance
perturbation, both with eyes open and eyes closed, and within all
three spectral categories. The spectral categorization was done to
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TABLE 4 Energy use changes between vibration period 1 and vibration
period 4.

Energy use changes* Vibration period 1 vs. period 4

Eyes closed Eyes open
mTBI
Total 0.261 (0.80) 0.143 (0.85)
<0.1Hz 0.048 (0.66) 0.452 (0.86)
>0.1Hz 0.368 (0.93) 0.330 (0.94)
Controls
Total 0.016 (0.66) 0.151 (0.61)
<0.1Hz 0.233 (0.62) 0.176 (0.53)
>0.1Hz 0.002 (0.69) 0.077 (0.76)

*The quotient value between Period 1 and Period 4 is presented within the parenthesis. A
quotient value above 1.0 signifies a worsening performance over time, i.e., that the energy
used was higher in Period 4 compared to Period 1. The significant differences are marked
in bold text.

TABLE 5 GLM ANOVA analysis of effects of Group and Vision on the
stability during quiet stance.

Energy use within Group Vision Group x
different spectral Vision
categories*

Total 0.034 [4.9] 0302 [1.1] 0.120 [2.6]
<0.1Hz 0.048 [4.3] 0.027 [5.4] 0.254 [1.3]
>0.1Hz 0.015 [6.7] <0.001 [14.0] 0.220 [1.6]

*The notation “<0.001” means that the p-value is smaller than 0.001. F-values are
presented in the squared parenthesis. The significant differences are marked in bold text.

obtain detailed information about the energy used for corrective
changes of posture and used for fast corrective movements to
maintain balance (29). Typically, the fast corrective movements
(>0.1Hz) are increased by decreased visual information (29)
or by factors like being overweight or fatigued (30). The slow
movements (<0.1Hz) are commonly increased by unstable
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surface conditions like standing on foam (31, 32). Intriguingly,
the largest differences found between groups were that mTBI
subjects used significantly more fast corrective movements than
controls. Changes in the fast subconscious movement control,
imply that central sensorimotor processes are not operating as
efficiently as they should.

The difference in postural control between the mTBI group
and the control group was greater during balance perturbations
compared to quiet stance. Moreover, with balance perturbations,
the mTBI group required more energy to stand with eyes closed
and eyes open, whereas quiet stance tests revealed differences
between the groups with eyes closed only (Figures 1, 2). Thus,
the use of balance perturbations to examine postural control
following mTBI adds important information compared to the
quiet stance (9, 21).

The predominant cause for persisting symptoms of mTBI is
suggested to be central nervous system white matter pathologies,
produced by the rotational forces during the trauma (37).
However, it is also deemed that all relevant central white matter
lesions or disturbances may not be large enough to appear as
structural pathologies in conventional neuroimaging (38, 39). In
line with this notion, in mTBI patients examined on a median
of 22 days after a trauma, a decrease in fractional anisotropy
and an increase in mean diffusivity in the cerebellum correlated
to imbalance or dizziness symptoms (40). However, Gard et al.
(15) recently reported that most of the patients included in this
study had impaired saccular and posterior canal functions, in
line with a lesion to the inferior vestibular nerves. This was
observed without detecting obvious posterior fossa changes on
7T MRI Thus, in some mTBI patients, a vestibular dysfunction
may contribute to the balance disturbances.

Adaptation

With repeated balance perturbations, the level of energy
used to maintain upright standing diminished in the control
group as expected, showing sensorimotor adaptation. However,
the degree of sensorimotor adaptation was diminished in the
mTBI group within all three spectral categories. When balance
is perturbed, the brain detects the imbalance and makes changes
to body posture, and generates predictive muscle responses to
reduce the imbalance when the perturbation is repeated (24, 41—
43). This adaptive response is mediated initially by cortical
mechanisms and thereafter by subcortical mechanisms (44, 45).
The reduced ability to adapt to repeated perturbances suggests
a reduction of such a function. Sensorimotor adaptation is
crucial to sporting performance and therefore, a reduced ability
in this respect will affect competitiveness at the highest levels.
However, sensorimotor adaptation is also crucial to everyday
motor activities including postural and locomotor control.

Another possibility to be contemplated is that mTBI subjects
might distrust their postural ability and react to this with poor
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adaptation in the same way as patients with a fear of falling
or persistent postural perceptual dizziness (PPPD) do (46-48).
However, our mTBI subjects were elite athletes, and a fear
of falling seemed less likely as the mere mechanism of the
observations. Moreover, a common reaction to a psychologically
instigated fear of falling is increased recorded activity within
the >0.1 Hz frequency range but normal or lower than normal
activity in the <0.1 Hz frequency range, due to increased rigidity
caused by co-contraction of the anti-gravity muscles (49). The
mTBI subjects did not display such characteristics but presented
significantly higher activity than controls both in the <0.1 Hz
and in the >0.1 Hz frequency ranges both during quiet stance
and balance perturbations.

Role of vision

The
accentuated when standing with eyes closed. With visual

differences between mTBI and controls were
feedback, the mTBI subjects presented smaller differences from
controls in both adaptations and posture control measurements.
That is, the mTBI subjects had less need for fast corrective
movements and less need for major changes of posture.
Arguably, the frame of reference provided by vision helps to
stabilize posture and reduce the effects of perturbations. An
alternative explanation is that the subjects with mTBI become
more dependent on visual information for balance control.
The latter is in line with the finding that most of these subjects
showed signs of vestibular dysfunction (15). Symptoms that
might be of vestibular origin following SRC are commonly
reported. In one study, 68% of athletes reported dizziness and
36% imbalance following SRC (50). Most of the symptoms
resolved within 2-7 days (67.1 %), but in a small group (7%)
it persisted for more than a month (50). Of note, the mTBI
subjects assessed in the current study suffered their injury
more than 6 months before the study and reported persistent
symptoms for more than 6 months. Thus, at the time of
this study, all mTBI subjects should have recovered from the
typical SRC symptoms of head and neck pain and of headache.
Moreover, any vestibular impairment from the mTBI incident
should have been compensated for by upweighting visual
and somatosensory information and suppressing less accurate
vestibular information.

When changing from standing with eyes open to standing
with eyes closed, there is a shift from using vision as the
predominant information source for stability control to instead
using the mechanoreceptive and proprioceptive systems as the
predominant information source. Vision provides a frame of
reference for the head movements, and thus, for the movements
of the top segment in our biomechanically multisegmented
body. This promotes using a segmental up-down postural
control strategy. The predominant frame of reference for the
mechanoreceptive and proprioceptive systems is the lowest body

frontiersin.org


https://doi.org/10.3389/fneur.2022.906594
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Al-Husseini et al.

10.3389/fneur.2022.906594

:? A Total energy
g 6.0 0.003
£
Z 5.0
]
g 40
s
> 3.0
£
=
g 2.0
=
T 10
S
g 0.0
E Eyes Closed Eyes Open
= mTBI = Controls
B Energy <0.1Hz % Energy > 0.1Hz
0.014 0.002
43 — ket —
4.0 1.2
3.5
1.0
3.0
2.5 0.8
2.0 0.6
1.5 0.4
1.0
05 0.2
0.0 0.0
Eyes Closed Eyes Open Eyes Closed Eyes Open
= mTBI ® Controls = mTBI u Controls
FIGURE 2

Energy used by mTBI subjects and by controls during the quiet stance tests;

(A) Total energy; (B) Energy < 0.1 Hz; (C) Energy > 0.1 Hz.

segment’s contact with the ground, which promotes the use of
a segmental bottom-up postural control strategy. This change
in control mode and available reliable sensory information
is reflected by increased use of fast corrective movements,
as the mechanoreceptive and proprioceptive sensory systems
are able to support such feedback control processes (29).
Both the mTBI athletes and controls changed in a similar
way to predominantly using a mechanoreceptive/proprioceptive
control mode. However, the mTBI subjects used significantly
more energy with their eyes closed, not only within the high-
frequency range but also within the total frequency range.
Maintaining postural control is dependent upon accurate
sensory cues. The sensory information from vision, vestibular,
and somatosensory receptors are conveyed to the central
nervous system to be integrated into an aggregative
perception of the present body position and movements.
Thus, there can be several potential reasons why stability
is poorer with eyes closed. This includes the possibility of
diminished somatosensory information, reduced integration
of somatosensory information, and an impaired exaction
of postural responses in a mechanoreceptive/proprioceptive
control mode. Postural instability may follow a vestibular
nerve lesion following an mTBI, particularly acutely, and

with eyes closed. To compensate for this, the central nervous
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system may become increasingly dependent upon visual
information (51). However, postural control was significantly
poorer in mTBI subjects than in controls with eyes open as
well, evidenced by the use of more energy to stand, and this
difference tended to be accentuated during the latter periods of
the balance perturbation. Noteworthy, the level of fast corrective
movements in vision control mode was as high in mTBI subjects
as it was in controls in mechanoreceptive/proprioceptive
control mode. Hence, mTBI subjects were able to utilize vision
to enhance their stability, but access to visual information was
not alone able to compensate for the deficits in postural control
in mTBI subjects.

Limitations

We evaluated a group of mTBI athletes under a specific set
of criteria, e.g., that they suffered from significant and long-term
(>6 months) post-concussive/mTBI symptoms. However, our
selected cohort is likely not representative of all SRC athletes,
and the findings of our study may not be observed in athletes
with a more limited duration of symptoms. The results are also
based on a relatively small sample size, and the study may only
apply to mTBI subjects with a similar medical history. Another
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limitation of the study is that we included no control group of
asymptomatic SRC athletes. We are also aware that additional
relevant information might have been obtained if the subjects
had been assessed earlier after subjects sustaining their injury
and if the subjects had been assessed repeatedly to monitor
recovery. The included mTBI subjects were young adults who
exercised more than the average population. The controls were
matched in terms of age and physical activity but were not
elite level.

Conclusion

The mTBI subjects had significantly poorer stability
than
stance. Moreover, controls had better adaptation to balance

controls during balance perturbations and quiet
perturbations than mTBI subjects. These differences tended
to be accentuated when standing with eyes closed and were
manifested by an increased contribution of fast corrective
movements to maintain balance. Hence, the findings of this
study support the premise that sports-related concussions
might affect postural control and sensorimotor adaptation.
Furthermore, the findings suggest that posturography could
be included in the battery of diagnostic tests to assess mTBL
Results from posturography may predict the length of expected
recovery and the outcome of rehabilitation since sensorimotor
adaptation is key to both.
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