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Abstract Objective: The purpose of this pilot study was to explore the effect of a four week exercise program on
physiological, cognitive, and balance variables and salivary brain-derived neurotrophic factor (BDNF) concentrations in a
sample of healthy, physically active individuals. Subjects: Ten healthy participants (3 females, 7 males; age M=22.9 years;
SD=2.28; height M=171.20 cm; SD=6.91; and body mass M=74.94 kg; SD=12.29) were included. Methods: Subjects
completed two assessments (pre- and post-exercise program) and 12 supervised exercise sessions over the course of four
weeks (3 sessions/week). The pre- and post-exercise program assessments included the collection of a saliva sample to
measure salivary BDNF concentrations followed by anthropometric measures, resting heart rate, and blood pressure; the
administration of the Immediate Post-Concussion Assessment and Cognitive Testing (ImPACT) battery to measure
neurocognitive function; and finally the completion of the Balance Error Scoring System (BESS) protocol to measure balance
variables including the number of errors, displacement in the centre of pressure (COP), average velocity of COP, and area of
COP. The exercise sessions consisted of a warm-up, followed by 20-35 minutes of aerobic activity, and concluding with three
trials of static balance exercises. The intensity and difficulty of the aerobic and balance exercises were progressed using
pre-determined parameters and progressions over the course of the four weeks. The data were analysed using descriptive
statistics and Paired Sample t-Tests. The rejection criteria were set at an alpha level p < .05. Results: Statistically significant
changes in reaction time (t(9)=-2.472, p=.035); BDNF concentrations (t(9)=-1.809, p=.05); average velocity of COP
(t(9)=4.69, p=.001) and area of COP (t(9)=4.47, p=.002) in double stance on a foam surface; average velocity of COP
(t(9)=3.09, p=.01) and area of COP (t(9)=2.28, p=.04) in single leg stance on a firm surface; average velocity of COP
(t(9)=2.65, p=.03) and area of COP (t(9)=3.00, p=.015) in single leg stance on a foam surface; and average velocity of COP
(t(9)=2.36, p=.04) and area of COP (t(9)=2.49, p=.04) in tandem stance on a firm surface during the BESS protocol were
found. No changes in heart rate, blood pressure, memory, or visual motor speed were observed. No significant changes were
seen for the BESS protocol during double stance on a firm surface or tandem stance on foam. Conclusions: The findings of
the current pilot study revealed that a supervised four week aerobic and balance exercise program administered to a sample of
healthy, physically active individuals resulted in improvements in salivary BDNF concentrations, static balance, average
velocity, and area of COP measures. This supervised program requires further investigation into the implementation in a
concussed or neurologically impaired population to see if similar benefits are evident in cognitive and balance variables, or
BDNF concentration levels.
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1. Introduction
Concussion is an injury defined as a complex
pathophysiological process affecting the brain induced by
forces causing linear, rotational, and angular movements
of the brain, or a combination thereof [32]. In 2013 the
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Canadian Community Health Survey reported that 94,000
concussions affected Canadians (58,000 males and 36,000
females) aged 12 years and older between 2009 and 2010
[43]. Symptoms of concussion are highly variable, and no
two concussions are alike, even if sustained by the same
individual [32]. Due to the variable nature of concussion,
symptoms are generally stratified into one of four categories:
1) somatic (physical symptoms); 2) cognitive (thinking and
processing symptoms); 3) affective (emotional symptoms);
or 4) sleep disturbances [16]. Most individuals who sustain
a concussion recover in less than two weeks but 10-20%
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experience lingering symptoms of concussion beyond two
weeks. These enduring and persistent symptoms are
diagnosed and labelled as post-concussion syndrome (PCS).
Neuropsychological (NP) testing has been stated to be the
cornerstone of concussion assessment and management
[7, 32]. These NP tests allow researchers and clinicians to
objectively and quantitatively evaluate deficits of cognitive
function following concussion. Computerized NP batteries
have been developed in order to reduce cost and ease the
process of assessment and administration. These
computerized formats take 20-30 minutes to complete, and
several can be administered at once if multiple computers
are available [26]. In the case of baseline testing for many
patients, sports teams, and athletes, the Immediate
Post-Concussion Assessment and Cognitive Testing
(ImPACT) battery appears to be one of the most commonly
used computerized NP testing programs used in the case of
baseline testing; however, it is not as commonly used in the
presence of chronic symptoms due to PCS. It is unclear if
computerized NP test batteries such as the ImPACT
demonstrate the necessary sensitivity to detect deficits that
may be more subtle in PCS than acute concussion.
Currently, there is also a lack of a gold standard and
agreement on the definition of PCS [4, 25]. This presents a
significant challenge for researchers and clinicians to assess,
monitor, and rehabilitate PCS, as the condition is not
consistently operationalized within the literature.
Furthermore, little is known about the underlying
mechanisms that result in persistent symptoms progressing
from an acute concussion to PCS.
It is hypothesized that the initial concussive injuries may
interrupt the delicate synchronization of certain
physiological pathways, which fail to resynchronize and
result in persistent symptoms. As a result, impaired
cognitive function and the ability to maintain balance may
last for weeks or months following concussion if the
function or sensory integration of the visual and/or
vestibular systems is disrupted [14, 31]. Also, damaged
white matter cells within the brain have been reported in
PCS patients with greater damage being associated with
more severe symptoms [9]. Lastly, following concussion,
impaired autonomic function has been documented in the
form of abnormal heart rate variability and cerebral blood
flow [11, 19, 42, 46]. These underlying impairments are
especially worrisome when present in young developing
neurological systems as these impairments may disrupt the
typical developmental processes and result in atypical
development with possible resultant long term ramifications
on the individual [42].
The vast majority of concussed patients often benefit
from cognitive and physical rest during the acute (initial
7-10 day) phase of the concussion [34]. Generally, patients
are instructed to engage in cognitive and physical rest
which includes no school or work, driving, screen time,
chores, physical exercise, or activity that results in
perspiration [34]. This period of rest is hypothesized to
allow the body to divert necessary energy stores to

resolving the metabolic disturbances documented to occur
following the neurometabolic cascade of concussion [12,
42]. Exercise during this acute phase following concussion
has been observed to exacerbate the symptoms of
concussion [11, 32]. There is, however, no specific method
of progressing rehabilitation in PCS patients following the
acute period and rest is generally continued as the
prescribed treatment and standard of care [34, 37, 38, 47].
Typically, rest is often prescribed as the treatment of choice
because it is conservative and can be used in combination
with education, reassurance of positive expectations of
recovery, and suggested coping strategies [5]. However,
there is limited evidence that extended rest, beyond 7-10
days, will benefit those with PCS positively. An extended
period of cognitive and physical rest beyond the first 7-10
days may result in improvement in some cases or,
conversely, increased physical, psychological, and/or social
stress in the form of physical deconditioning,
hyperawareness of the symptoms, or loss of productivity at
work or school [21, 33, 36].
Early evidence now suggests the benefits of an active
exercise program for those experiencing PCS due to the
growing link within the literature regarding exercise and
neuroplasticity and the ability of neurons to alter the
strength and efficacy of pre-existing synapses in addition to
forming new synaptic connections [1, 48]. Aerobic exercise
has also been reported to increase concentrations of
neurotrophic factors and biological markers within the body
which aid in the regulation of neuronal survival,
development, function, and plasticity [17]. Brain-derived
neurotrophic factor (BDNF) is one of the identified
neurotrophic factors of interest, and the reported effects
specific to BDNF demonstrate its potential as a
non-pharmacological assist to benefit impaired neurological
function [15]. Exercise has been documented to be one way
to increase BDNF levels and has been correlated with
improvements in neurological functions such as learning
and memory, and in altering an individual’s mood [13, 10,
41]. Increased concentrations of BDNF through the
administration of aerobic exercise has also been reported to
improve cognitive function and memory in Alzheimer’s
Disease, stroke, and animal models of concussion [22, 30,
42].
To date, it appears that Leddy et al. [23] were the first
and only group to investigate the possible application of
aerobic exercise in human subjects as an intervention
strategy for PCS. Leddy and colleagues had participants
with PCS perform an exercise protocol in order to
determine the heart rate intensity in which participant
symptoms were exacerbated. Afterwards, an individualized
stationary bike aerobic exercise program was developed for
each participant tailored to his/her recorded symptom
exacerbation threshold. Participants were provided with
instructions and exercise intensities below his/her symptom
threshold. Brain activation was then measured using
functional magnetic resonance imaging (fMRI) before and
after the exercise program. At the baseline assessment,
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participants in the biking group were no different in terms
of brain activation patterns than a control group of
participants with PCS assigned to a stretching only group.
The brain activation patterns observed in both PCS groups
were significantly different, however, than the activation
patterns seen in a group of healthy non-concussed
individuals. After the completion of the exercise program,
the PCS biking group displayed improved activation
patterns that were the same as the healthy individuals,
whereas the PCS stretching group remained significantly
different. Furthermore, participants in the PCS biking group
were able to elevate his/her heart rate to their theoretical
maximum without experiencing any symptom exacerbation,
while the stretching group was unable to do so [23]. These
results highlight the need for further investigation into the
utility of exercise to rehabilitate patients that have persistent
concussion symptoms. Similarly, based on the evidence
within other areas of the literature, it appears that BDNF
may be a biomarker of interest to monitor change in brain
health at the time of baseline or initial assessment or
following the implementation of rehabilitation programs.
Supervised and controlled exercises may promote
improvements to stimulate/regulate mechanisms of
neuroplasticity. In turn, this may provide a stimulus to
facilitate the internal physiological environment for the
brain to heal itself via plasticity. More research, however, is
required on the feasibility of implementing the assessment
of this biomarker in combination with other clinical
evaluative tools and the effect that exercise may have on
such variables. Therefore, the purpose of this pilot study
was to investigate the effects of a supervised and structured
four week aerobic exercise and balance exercise program on
resting heart rate, blood pressure, cognitive function,
balance, and salivary BDNF concentrations in a sample of
normal healthy individuals.

2. Methods
2.1. Subjects
Ten healthy participants absent of any debilitating injury
or condition that would prevent them from exercising were
recruited for the pilot study. Participants ranged in age
between 20 and 29 years and all participants were regularly
physically active for 150 minutes or more on a weekly basis
prior to entering the study (see Table 1).
Table 1. Participant characteristics and demographic information
Gender

3 females; 7 males

Age (years)

M=22.90; SD=2.28

Height (cm)

M=171.20; SD=6.91

Body Mass (kg)

M=74.94; SD=12.29

Potential participants were excluded from the study if
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he/she were not within the age range, was recovering from an
injury or condition preventing them from exercise, or did not
regularly participate in 150 minutes or more of physical
activity per week.
2.2. Procedure
After obtaining institutional ethical approval, prospective
participants were recruited using convenience sampling.
Informed consent was obtained from prospective
participants and afterwards an initial screening assessment
was completed in which age, height, and body mass was
measured and recorded. Prior to collecting the saliva sample,
participants were instructed to refrain from brushing his/her
teeth, smoking, and consuming food or drink within two
hours of the sample collection and avoiding the consumption
of any alcohol 12 hours prior to collection [35, 6, 29].
Samples of salivary BDNF were collected in the morning
between 8:00-9:00 a.m. to minimize the effect of any diurnal
variation [28, 44, 49]. The pre-treatment data collection
began by obtaining a 2mL saliva sample to assess BDNF
concentrations. Participants passively drooled into a
microcentrifuge tube to provide the sample, which was then
put on ice. A modified methodology from Mandel et al. [28]
was followed for processing. Briefly, samples were
centrifuged in a precooled centrifuge at 4000 rpm for 15
minutes. Supernatant was then aliquoted into tubes to which
protease inhibitor cocktail was added (Sigma Aldrich, St.
Louis, MO) to a final dilution of 1:100. These saliva samples
were then frozen and stored at -80°C.
Next, participants completed a neurocognitive assessment
using the computerized ImPACT battery. The ImPACT was
used to assess verbal memory, visual memory, reaction time,
and the visual motor speed of participants. Schatz, Pardini,
Lovell, and Podell [39] explored the sensitivity and
specificity of the ImPACT battery when classifying
concussed and non-concussed individuals and reported 82%
sensitivity to correctly classifying concussed individuals,
and 89% specificity for ruling out concussion in a healthy
control group. Schatz revisited the psychometric properties
of the ImPACT in 2010, evaluating the test-retest reliability
of the ImPACT composite scores over two years. Schatz [40]
reported that the visual motor speed composite demonstrated
the best test-retest reliability (intra-class correlation, ICC, =
0.74), followed by the reaction time composite (ICC= 0.68),
visual memory (ICC= 0.65), and, lastly, verbal memory
(ICC= 0.46). The ImPACT battery has demonstrated good
construct validity as well when compared with traditional
paper-and-pencil NP tests [26]. Lastly, Allen and Gfeller [2]
compared the ImPACT to traditional paper-and-pencil NP
tests using a factor analysis approach; the authors reported
good overall concurrent validity with five factors explaining
69% of the variance in ImPACT scores.
After the ImPACT battery was completed, participants
were asked to perform the Balance Error Scoring System
(BESS) protocol on an AMTI force platform (see Figure 1).
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The AMTI force plate has 6 degrees of freedom, recording
3 forces (fz, fx, fy) and 3 moments (Mz, Mx, My). All these
measures are fed into an AMTI amplifier and converted to
digitals signals via an analog to digital converter. The
information is fed into BIOSOFT computer software through
an USB port. The computer software uses the concepts of
moments to compute COP. That is, the pressure points in the
x and y directions along the base of support. Participants
stood in a double leg stance position with the feet touching
(side by side), hands on his/her iliac crests with their eyes
closed; single leg stance position standing on the
non-dominant leg with his/her hands on their iliac crests and
their eyes closed; and tandem stance position standing with
the toes of the non-dominant foot touching the heel of the
dominant foot, hands on his/her iliac crests, and their eyes
closed. The BESS protocol was completed on an AMTI force
platform and values of displacement in centre of pressure
(COP) during each of the six trials were recorded.
Displacement in the COP was assessed by measuring both
the average velocity of the COP, in addition to the area of
COP throughout the duration of the BESS trials. The location
of the COP will shift in response to postural adjustments
made to maintain balance; these shifts are referred to as
displacement in the COP. The displacement in COP is
displayed visually by the computer software using a 95%
elliptical curve, which traces the displacement in COP point
within a normal distribution and outliers throughout the
duration of the trial. A summary report is produced by the
software and the information can be exported to Excel or
SPSS in order to represent the COP displacement
numerically. The displacement was recorded and compared
pre- and post-treatment.
After the initial assessment measures were completed, all
participants then attended 12 supervised exercise sessions
over a four week period (three times per week); each session
required approximately 40-60 minutes. Throughout the
exercise sessions, participants wore a heart rate monitor that
was used to maintain the intensity of the exercise at a given
target exercise heart rate for each supervised session.
Sessions began with a five minute warm-up on a cycle
ergometer at a self-selected speed and resistance until he/she
reached their respective target HR. The Karvonen formula,
Target Exercise Heart Rate = ((220-Age-Resting Heart
Rate)×%Intensity)+Resting Heart Rate, was used to
individualize and calculate exercise intensity for each
participant based on his/her heart rate reserve [HRR; 20].

The first exercise session target intensity was 40% of HRR,
for a total of 25 minutes (including a five minute warm-up).
Throughout the 12 exercise sessions, the intensity and
duration of stationary cycling was progressed following a
predetermined exercise progression template. Intensity was
increased by 5% of HRR in sessions 3, 5, 7, 9, and 11;
additionally, the duration of aerobic exercise was increased
by five minutes at the beginning of each new week.
Therefore, for session one, aerobic exercise was performed
at 40% of HRR for a total of 25 minutes, whereas by session
12, participants cycled for 40 minutes at an intensity of 65%
of HRR.
After completing the cycling component of each session,
participants rested for five minutes. Afterwards, they were
asked to complete three sets of balance exercises in double
leg, single leg, and tandem stance positions on both legs.
Balance exercises also followed a predetermined exercise
progression template. In order to modify intensity over the
four weeks, participants completed the exercises with their
eyes open or closed, and exercises were performed on a firm
tile surface, or low density foam surface. In weeks one and
two, the balance exercises were performed for trials of 15
seconds, and subsequently progressed to 20 seconds per trial
in weeks three and four. In week one, balance trials were
performed with eyes open on a firm surface; for week two
with eyes open on a foam surface; for week three with eyes
closed on a firm surface; and for week four with eyes closed
on a foam surface. Therefore, for session one, participants
performed each balancing condition for 15 seconds with eyes
open on a firm surface and by session 12, trials were
performed for 20 seconds on a low density foam surface with
his/her eyes closed. After completing 12 exercise sessions,
participants were re-examined following the same protocol
described previously for the initial baseline assessments.
Individual saliva samples were stored until samples were
collected from all of the participants. A sandwich ELISA
technique was then used to optimize salivary BDNF
measurement, following the protocol described by Mandel,
Ozdener, and Utermohlen [27]. A 96-well microtiter plate
(Nunc Maxisorp; VWR, West Chester, PA) was incubated at
4oC overnight containing 100 µl of monoclonal mouse
anti-human BDNF (clone 35928.11; Millipore, Etobicoke,
ON), diluted to 1 µg/ml in filter-sterilized phosphate
buffered saline (PBS) at a pH of 7.4. The 96-well plate was
manually washed three times, soaking for one minute
between each time, with tris-buffered saline (TBS) plus 5%
tween (TBST), and blocked with 300 µl of 3% bovine serum
albumin (BSA) in 0.05% PBST for 2.5 hours at room
temperature. Next, samples were acidified to a pH of 3.0 for
20 minutes using 1M of HCl; after 20 minutes, the samples
were neutralized with 1M NaOH and diluted in a 1% BSA
buffer in PBST to a ratio of 1:4. Samples were compared to
standards diluted in the same buffer as the samples, ranging
from 15.63 to 500 pg/ml using a full-length, homodimeric
recombinant BDNF (Peprotech, Rocky Hill, NJ). The plate
was washed five times and 100 µl of sample/standard was
added to all wells in duplicate. At this point, the plate was
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incubated at room temperature for two hours with agitation,
and subsequently washed five more times. After this, 100 µl
of polyclonal chicken anti-human BDNF (2.5 µg/ml;
Promega, Madison, WI) was added to the plate for 2.5 hours,
and the plate was washed five times again; another one hour
incubation took place after the addition of 100 µl of
anti-chicken IgY-HRP (1 µg/ml; Promega) to each well.
Following this last incubation, the plate was washed a final
five times, after which 100 µl of room temperature Pierce 1Step Ultra TMB solution (Pierce Biotechnology, Rockford,
IL) was added to each well for 15 minutes. Afterwards, 100
µl 1M HCl was added to stop the reaction, and the assay was
read at 450 nanometres (nm). The amount of BDNF (pg/ml)
was calculated using the regression equation provided with
the standards.
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Also, it should be noted that in participants with lower initial
BDNF levels, the largest increase was evident
post-intervention (see Figure 4).
Table 2. Descriptive statistics for verbal memory (% correct), visual
memory (% correct), visual motor speed (# of correct responses), and
average reaction time for correct responses (seconds) during ImPACT
battery; * indicates significant changes following the exercise program
ImPACT Battery
Components

Pre-Exercise
Program

Post-Exercise
Program

Verbal Memory

85.500 (±10.341)

86.600 (±8.733)

Visual Memory

74.300 (±11.245)

72.400 (±12.057)

Visual Motor Speed

43.800 (±6.369)

42.422 (±6.925)

Reaction Time

.528 (±.054)

.586 (±.090)*

2.3. Data Analysis
Descriptive statistics were used to compare the mean and
standard deviations for individual ImPACT battery and
BESS protocol scores and salivary BDNF values. Data
analysis was completed using IBM SPSS 20 to evaluate any
change that occurred following the exercise program.
Changes observed in the dependent variables were assessed
for statistical significance using Paired Samples t-Tests, with
an alpha level of .05. The analysis evaluated the effect of the
exercise program on the dependent variables (resting heart
rate; resting blood pressure; ImPACT verbal memory, visual
memory, visual motor speed, and reaction time scores;
salivary BDNF concentration; and BESS total score, COP
displacement, and average velocity of COP) comparing preand post-intervention scores and values. Log transformation
correlational analysis was also completed to examining preto post-intervention BDNF levels.

3. Results
There were no significant differences in resting heart rate
(t(9)=2.08, p=.07), resting systolic blood pressure (t(9)=.67,
p=.52), or resting diastolic blood pressure (t(9)=.71, p=.49).
Additionally, there were no significant changes in cognitive
functions of verbal memory (t(9)=-.27, p=.79), visual
memory (t(9)=.60, p =.56), or visual motor speed (t(9)=1.26,
p=.24) scores with ImPACT testing. Notably, there was a
statistically significant increase in reaction time (t(9)=-2.47,
p=.04) after the exercise program while performing
cognitive tasks (see Table 2). The mean reaction time for
participants before the exercise program was .53 +/- .05
seconds per response, whereas after the program this
increased to .59 +/- .09 seconds per response (see Figure 2).
Salivary BDNF concentrations were observed to
significantly increase in response to the exercise program
(t(9)=-1.809, p=.05). Saliva sample mean BDNF
concentration levels at baseline pre-intervention were 137.25
+/- 88.07 pg/ml, while the mean concentration
post-intervention was 199.04 +/- 80.13 pg/ml (see Figure 3).

Figure 2. Changes observed in mean reaction time (sec) during the
ImPACT test battery.
– pre-intervention mean reaction times;
- post- intervention mean reaction times

Figure 3. Changes observed in the BDNF concentration levels (pg/mL).
- BDNF levels pre-intervention;
- BDNF levels
post-intervention
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The BESS total score was significantly reduced (t(9)=5.76,
p=.0001; see Figure 5). A number of significant differences
in measures of balance were observed post-treatment (see
Table 3). Analysis revealed significant reductions in the
average velocity of COP during double foam stance
(t(9)=4.69, p=.001); single leg firm stance (t(9)=3.09, p=.01);
single leg foam stance (t(9)=2.65, p=.03); and tandem firm
stance (t(9)=2.36, p=.04) when performing the BESS
protocol. Furthermore, statistically significant reductions in
the area of the COP were observed during the double foam
stance (t(9)=4.47, p=.002); single leg firm stance (t(9)=2.28,
p=.04); single leg foam stance (t(9)=3.00, p=.015); and
tandem firm stance (t(9)=2.49, p=.04) during the BESS
protocol.
Figure 4. Log transformation correlation between pre-treatment BDNF
concentration and the increase due to the intervension

Figure 5. Changes observed in the BESS protocol total scores.
pre-intervention BESS score;
- post-intervention BESS score

–

Table 3. Descriptive statistics for average velocity of COP (cm/sec) and
average area of displacement of COP (cm2) during the BESS protocol;
* indicates significant changes following exercise program
COP Velocity

COP Displacement Area

(cm/sec)

(cm2)

BESS
Protocol Trial

PreExercise

PostExercise

PreExercise

PostExercise

Double Stance
Firm Surface

.62±.14

.65±.10

.29±.13

.42±.23

Single Leg
Stance Firm
Surface

2.30±.59

1.77±.34*

2.07± 1.63

1.38 ±.99*

Tandem
Stance Firm
Surface

1.78±.58

1.30±.19*

1.71±1.41

.61±.26*

Double Stance
Foam Surface

1.76±.47

1.24±.18*

2.04±.84

1.16±.40*

Single Leg
Stance Foam
Surface

4.73±2.78

2.92±.98*

9.32±5.84*

3.99±2.54*

Tandem
Stance Foam
Surface

3.08±1.41

2.25±.61

5.63±4.64

2.82±1.64

4. Discussion
The purpose of this pilot study was to investigate the
effects of a supervised and structured four week aerobic and
balance exercise program on resting heart rate, blood
pressure, cognitive function, and balance in a healthy sample
of individuals as a preliminary study for proof of concept to
be later applied to a PCS population. While minimal to
modest changes were initially hypothesized to be observed
following the exercise program in this population, several
distinct results were found. No significant changes in resting
heart rate, resting systolic, or diastolic blood pressure were
found. This result was not unexpected due to the healthy,
physically active sample recruited for the exercise program.
Regular physical activity is associated with optimal blood
pressure and heart rate [8]. Activity strengthens the heart and
vessels, in addition to improving the control of the
autonomic nervous system’s regulation of heart rate and
blood pressure [8]. If an individual experiencing PCS was
prescribed a period of cognitive and physical rest for weeks
or months, this may result in physical deconditioning, which
may impair the regulation of heart rate and blood pressure.
Less than ideal regulation of heart rate and blood pressure
has been hypothesized as a reason why individuals with PCS
continue to present with symptoms long after the typical
recovery period of 7-10 days [11]. Therefore, the
prescription of this exercise program may result in different
findings in the future application to a patient population in
which heart rate and blood pressure are impaired.
No significant differences were observed in verbal
memory, visual memory, or visual motor speed with
ImPACT testing, however, reaction time significantly
increased when completing the ImPACT battery. The
increased reaction time may be explained by a learning effect
and the fact that participants consciously took more time to
react to the stimuli in order to avoid incorrect responses
during the post-treatment test session. However, it is notable
that although reaction time increased, the delay in reaction
time was very small (.06 seconds). Even though participants
were slower to respond to the tasks, responses and scores
were no better than those measured pre-exercise.
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Concentrations of salivary BDNF were significantly
increased in response to the four week exercise program.
This was a particularly interesting finding as BDNF has been
reported
to
demonstrate
the
potential
as
a
non-pharmacological intervention to benefit impaired
neurological function [15]. Furthermore, BDNF has been
documented as a major factor in the regulation of
neuroplasticity; the ability of the brain to undergo changes in
strength of mature synaptic connections, as well as the
formation of synapses in adult and developing brains [15, 48].
The phenomenon of neuroplasticity also extends to the
regeneration of synapses following an injury to the central
nervous system, such as is the case with a concussion.
Aerobic exercise has been observed to be an effective
method of increasing BDNF concentrations [15, 22, 30, 45].
The prescription of aerobic exercise to healthy adolescents
and college students has been observed to result in improved
cognitive function, faster reaction times, and verbal learning
[24, 45]. These findings were not replicated within the
current study; however, this may be attributed to the fact that
the ImPACT battery has been designed to assess cognitive
function in concussed individuals and not necessarily normal
healthy controls. Therefore, the ImPACT may lack adequate
sensitivity to detect more subtle changes in a healthy
population.
In animal models of Alzheimer’s Disease, voluntary
treadmill exercise upregulated BDNF concentrations and
was associated with improvements of learning and memory
function [22]. Similarly, in animal models of concussion,
voluntary treadmill exercise resulted in increased BDNF
levels, associated with improved learning, memory, and
overall cognitive performance [30]. The findings of the
current study support these findings in that aerobic exercise
and balance retraining resulted in increased salivary BDNF.
It should also be noted that in participants with lower initial
BDNF levels, the largest increase was evident
post-intervention. However, the timing and administration of
exercise may be crucial for the prescribing clinician, as
aerobic exercise prescribed within the acute phase of
concussion (initial 7-10 days after injury) may result in
increased symptoms and possibly decreased BDNF
concentrations. Conversely, delayed administration of
aerobic exercise following the acute phase resulted in
upregulation of BDNF associated with improved cognitive
function in mice [42]. Leddy et al. [23] appeared to be the
only group to date to administer aerobic exercise to a sample
of human participants with PCS. While the authors did not
measure BDNF concentration levels within their study, they
did report that the prescription of aerobic exercise improved
cognitive impairments associated with PCS. Prior to the
completion of the exercise program, participants with PCS
were observed to have significantly different patterns of
brain activation during cognitive tasks, as measured by fMRI
when compared to healthy controls. Following the aerobic
exercise program, participants with PCS improved,
exhibiting similar brain activation patterns during cognitive
tasks as the healthy controls [23].
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The structure and administration of the exercise protocol
within the current study elicited significant increases in
salivary BDNF, despite all of the participants being healthy
and regularly physically active individuals. Therefore, it
seems plausible that in a sample of individuals with PCS a
similar exercise program may increase BDNF concentrations,
facilitate neuroplasticity, and by extension, lead to PCS
symptom reduction. The findings of the present study
warrant further investigation on the effect of aerobic exercise
on BDNF concentration and cognitive function in
individuals with PCS.
Significant reductions in the BESS total scores were also
observed in the current study. The BESS protocol is a widely
used clinical tool for the assessment of static balance
following concussion, with established normative data
collected from healthy, post-secondary aged individuals [18].
Significant reductions in the average velocity of the COP and
the area of COP were also observed in four of the six BESS
trials. These findings in a healthy population provide
evidence that further exploration of a balance retraining
program similar to the one administered in the current study
may be applied in a subsequent study and possibly aid in
improving balance deficits in participants with PCS.
Since the exercise program elicited improvements in
individuals with no underlying conditions of impaired
balance, it seems plausible that similar or greater
improvements may be observed in a sample of patients with
PCS. Balance deficits associated with PCS are hypothesized
to be the result of diminished sensory integration due to the
initial concussive injury [3]. Therefore, a progressive
exercise program may foster improvements in impaired
integration of sensory information by challenging the
neuromuscular system to adapt to new demands and, by
extension, result in greater ability to maintain balance.
The limitations of the current study include the fact that
the ImPACT battery was used to measure cognitive
functions of healthy participants. The ImPACT is designed
to detect deficits in cognitive function in concussed
individuals with notable impairments. It is possible that
subtle changes in cognitive function may have occurred,
which the ImPACT lacked the requisite sensitivity to detect.
Second, due to a small sample size, the statistical power of
the results from this study was low. Replication of this
aerobic and balance exercise program with a larger sample
size and control group may reveal different trends within the
data undetected within the present study. Lastly, this pilot
study only examined healthy individuals who were regularly
physically active prior to entering the study. Different results
may be found if replicated with a sample of PCS or sedentary
individuals. Future studies should investigate the impact of a
similar, supervised aerobic exercise and balance retraining
program for individuals with PCS, as long as exercise is
administered below symptom threshold. If exercise is a
possible viable option for PCS rehabilitation, more research
regarding the ideal frequency, intensity, time, and type of
exercise will have to be investigated. In addition, further
investigation into the role BDNF plays as a biomarker in the
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severity of PCS symptoms or if increased in this biomarker
are indicative of improved rehabilitation outcomes, as well
as it role in other neurological impairment is warranted.
Furthermore, exercise has been reported to act as a potent
serotonergic mediator promoting recovery from depression
[45]. If exercise and BDNF display positive relationships
with improving outcomes and certain symptoms then future
studies exploring the effect of exercise on BDNF
concentrations in individuals with depression or with other
neurological impairments is warranted.

5. Conclusions
The current pilot study supported the feasibility of a
supervised four week aerobic and balance exercise program
and demonstrated that the administration of such a program
to a sample of healthy, physically active individuals resulted
in improvements in salivary BDNF concentrations, static
balance, average velocity, and area of COP measures.
Further research is required to explore the application of
supervised exercise programs in the concussion population
or individuals with other neurological impairments.
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