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sensory and motor neuroplasticity occurs in the central nervous system (CNS) due to defects
in sensory afferents. To successfully restore ACLD individuals to pre-injury conditions, it is
necessary to modify the neuroplasticity created in the CNS by prescribing more appropriate
training. For this aim, in this study, we used perturbation training differently.

Materials and Methods: Thirty athletes with unilateral anterior cruciate ligament (ACL)
rupture were randomly assigned to the perturbation and standard training groups. The training
program of two groups was performed in three intermittent sessions per week for one month.
The relative power spectrum of alpha of quantitative electroencephalography (QEEG) was
measured in three tasks: (1) the single-leg jump-landing, (2) the single-leg stance with opened
eyes, and (3) the single-leg stance with closed eyes.

Results: The perturbation training group only showed significant symmetry in the relative
power spectrum of alpha between the two limbs in the single-leg jump-landing test (P=0.92,
ES=0.04) in comparison pre-post test. Also, this group showed high symmetry in the alpha
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1. Introduction

ollowing the rupture of the anterior cruci-

ate ligament (ACL), the sensory organs that

make up the mechanoreceptors of the liga-

ment, including the free nerve endings, as

well as the Ruffini, Pacini, and Golgi ten-
don organs, are damaged [1]. The extensive structural and
functional changes in the sensory and motor neuroplasti-
city occurs in the cerebral cortex [1-5]. Due to defective
neuroplasticity, functional instability of the joint [5, 6], a
decrease in proprioceptive sensation [7-9], and balance
disorder [10-12] occur. Despite rehabilitation and surgi-
cal treatments, there is a 25%-30% chance of re-rupturing
the ACL in both knees [2, 5, 13, 14]. Approximately 50%
of individuals experience early knee osteoarthritis and di-
minished health-related quality of life [2, 5].

It seems that in people with anterior cruciate ligament
deficiencies (ACLDs), compared to healthy people,
more neurocognitive resources are needed to perform
motor tasks [2]. Then, the activity in certain sensory ar-
eas of the brain increases, especially in the visual cortex,
which indicates the need for increased visual data for
compensatory mechanisms due to the lack of somatosen-
sory afferents from the ligament to provide proper mo-
tor control and necessary joint stability [2, 3, 5, 14-16].
As a result, the ability of the nervous system to control
feedforward ways to prepare for a quick and appropriate
response to unexpected and sudden events and to deal
with joint loads is reduced [2, 3, 5, 6, 14]. In addition, de-
fective adaptation is formed in the cerebral cortex, which
moves the movement strategies from a semi-automatic
to a more voluntary state in the long term. They move
their limbs more voluntarily than healthy people [4]. In
the limited number of studies on ACLDs before and after
surgery, changes in the power of electroencephalography
(EEG) frequency bands have been investigated to mea-
sure brain activity during sensory-motor tasks [2, 3, 5,
17, 18]. Unfortunately, the number of studies found on
ACLDs and assessing brain activity changes during the
rehabilitation process is very low [2].

According to available evidence, subthalamic activity
is mainly driven by cortical activity in both alpha (8-12
Hz) and beta (12-30 Hz) frequency bands, which are
involved in attentional, executive, and motor planning
functions [18-20]. Alpha frequencies are defined in two
bands, alpha-1 (8-10 Hz) and alpha-2 (10-12 Hz), which
play an important role in controlling balance [13, 19-21].
In ACLDs, the processes related to attention, prediction,
and execution, which are mainly related to alpha and
beta frequencies, become defective and asymmetric. In
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this study, changes in the amount and symmetry in the
brain alpha power spectrum were investigated. Alpha
band activity is associated with access to information
that indicates the processing of environmental informa-
tion [17]. It seems that alpha modulations respond to
all cognitive domains (perception, attention, working
memory, and long-term memory). Alpha band activ-
ity is determined as a decrease or increase in amplitude
depending on the demand of the stimulus or task [20].
Alpha band activity and attention behavior and its role
in the active inhibition of the cortical network are agreed
[20, 22]. Usually, when the cognitive load is high, such
as when the eyes open, the alpha activity decreases. This
decrease indicates the stimulation or activation of the
cortex. Inversely, if the alpha activity increases, it in-
hibits the brain. The high alpha activity is recorded in
conditions where there is no need for attention or if the
eyes are closed and the semantic load is low. The brain
regions that are activated during a task show lower alpha
activity, and areas unrelated to the task and interfering
processes show higher alpha activity. Increased alpha
activity creates more precise timing and inhibits addi-
tional information processing [20]. Therefore, the power
of the alpha band increases in brain areas unrelated to
the task, in activities that require attention and cogni-
tion, and irrelevant information should be removed [20,
23]. Miao et al. (2017) showed that the power of all fre-
quency bands, including alpha, was significantly higher
in the ACLDs than in healthy subjects while performing
functional tasks. Probably these individuals, due to the
defects in afferent information, inhibit unnecessary vi-
sual processing in brain areas by increasing alpha band
activity to reduce the entry of information unrelated to
the task. Also, the power of EEG signals in the ACLD
group compared to the healthy group was asymmetric in
the two cerebral hemispheres [18].

According to proprioceptive studies [7-9] and brain ac-
tivity studies [1, 6, 18] in ACLD individuals, asymmetry
in cortical activity and motor control of limb movements
was demonstrated. One of the main goals in the treat-
ment of individuals with ACLD is to eliminate the asym-
metry in motor control in performing daily and sports
activities [24, 25]. Therefore, rehabilitation exercise pro-
grams should be designed in such a way that they have
long-term effects on the memory and transfer of skills
and be sufficiently challenging and motivating for the
individual [4, 24, 25].

Management of the return to sports in ACLDs includes
both conservative and surgical treatments [2, 3, 6]. Liga-
ment reconstruction surgical treatments cannot correct
the sensory function of the grafted ligament, and its suc-
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cess is only in removing the mechanical defect. After
the surgery, motor defects remain and the sensory con-
nection of the ligament with the central nervous system
(CNY) is not corrected [2, 3, 26]. Therefore, individuals
always show increased brain activity in sensory and at-
tention areas [3, 15, 27]. More recent studies have shown
that the basis of the treatment in both rehabilitation and
surgery should be training that can strengthen automatic
and unconscious processes. There is an emphasis on
training that focuses on external attention and activities
that require anticipation because external focus instruc-
tions and dual tasks increase intracortical inhibition,
which was reduced following ligament rupture. In this
way, more strengthening and coordination between the
muscles, especially the quadriceps, in motor control is
achieved [10, 24, 25, 28-30]. Very few studies have been
conducted on treatments that can change cortical func-
tion during sensory-motor tasks, including rehabilitation
techniques in the field of strength, balance, and pertur-
bation training [2, 6]. Researchers believe that visual-
sensory control factors should be considered especially
in the final stages of rehabilitation of these individuals
[14, 24, 25]. As the CNS is the executive control center
of the entire proprioceptive sensory pathway and plays
an essential role in the functional stability of the knee
joint [18], most of the motor deficits in the lower limbs
are probably related to the asymmetries and the change
in the power of the frequency bands of the cortex. There
are imperfections in the current therapeutic exercise
programs for ACLD individuals in acknowledging the
existence of disorders in the bottom-up sensory system
and the top-down control system of the brain. Despite
that, there are some therapeutic approaches toward treat-
ments based on the principle of feedforward and focus-
ing external attention in the form of designing perturba-
tion training [4, 5, 25, 31, 32]. During the initial stages
of motor relearning in ACLDs, movement execution re-
quires more attention, which results in conscious control
of movement, and this motor learning model contrasts
with automatic motor control processes that normally
regulate movements [3, 28]. Evidence shows that train-
ing that focuses on internal attention or visual and au-
ditory feedback increases cortical activity and reduces
the ability to maintain motor patterns, but training that
emphasizes external attention and reduces feedback can
help to activate the automatic areas of the subcortical
brain [3, 6]. Studies conducted in the field of training
and motor learning showed that exercise changes the
power of the alpha and beta bands. It is possibly due to
functional reorganization related to motor learning in the
brain [33]. Motor learning is associated with progressive
increases in alpha band power and reduced attentional
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demands [21, 33, 34]. In the present study, a compara-
tive study of the EEG alpha power spectrum in two
types of training was performed: (1) mechanical pertur-
bation training in all planes and axes of movement with
the gradual addition of cognitive loads during therapy
sessions and (2) standard strength-endurance training
of sport rehabilitation program. We then used challeng-
ing functional tests for measurements; (1) single-leg
jump-landing and maintaining balance, (2) single-leg
stand with eyes open, and, (3) single-leg stand with eyes
closed in coper ACLDs. In this study, the trend of EEG
alpha power changes in healthy and injured limbs in
each group was investigated and also a comparison of
the two groups was done. We hypothesized that training
can modulate neuroplasticity due to the process of learn-
ing and reorganizing the CNS, as well as reducing brain
activity in controlling balance movements. We expected
that in both groups, in performing the three tested tasks,
the relative power spectrum of the alpha of two limbs
would be more symmetry and increase. We also expect-
ed that in the between-group comparison, the perturba-
tion training group would show more improvement than
the standard training group. The results of the study can
be used to define a faster and non-invasive treatment to
return athletes to sports and competitive environments.

2. Material and Methods
Study participation

Thirty people (17 men and 13 women in the age range
of 18 to 40 years) with complete unilateral rupture of the
anterior cruciate ligament of the left knee were selected
from the athletes who were referred to the clinic of the
Sports Medicine Federation of the Islamic Republic of
Iran (SMFIRI). All participants were first diagnosed by
an orthopedic surgeon through clinical tests and magnet-
ic resonance imaging (MRI) images and then referred
to a sports physiotherapist to evaluate the inclusion and
exclusion criteria. The inclusion criteria were being an
athlete (that is, someone who exercises approximately
10 hours a week and whose resting heart rate is approxi-
mately 60 beats per minute or less [35]), having at least
two months have passed since their injury and they do
not intend to undergo surgery for at least six months,
having received at least ten sessions of physical thera-
py to have a full range of motion, absence of pain and
swelling, sufficient strength of the quadriceps muscles,
and being able to perform hop on the affected limb with-
out pain, discomfort, or fear. The exclusion criteria were
injury in other joints of the lower limbs and spine in the
last six months, surgery in these areas in the last year,
having pain and swelling and limited movement in the
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knee and other joints of the lower limbs, the medical
prohibition of performing activities by the orthopedic
surgeon for any reason, suffering from a systemic dis-
ease, such as diabetes or any other disease that requires
the routine use of a specific effective drug, any history
of weakness, muscle atrophy, numbness and tingling of
the limbs, and back pain in the neuromuscular system,
a history of an ACL tear on the opposite side, nervous
disorders, mental problems, dizziness, fear, anxiety, and
stress from entering the study and not having mental
health, and withdrawing from the plan by the participant
for any reason and at any time. Then, they were divided
randomly using a simple allocation to the perturbation
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Ethics Committee of the Sports Sciences Research Insti-
tute (SSRI) (Approval ID: IR.SSRC.REC.1399.095) and
all participants accepted and signed the consent form to
participate in this study before entering the study.

Training interventions
Standard training group

The training protocol of this group was cardiovascular,
lower extremity muscle strength, balance, core stabiliza-
tion, agility, and sport-specific exercises (Table 1). The
training program of this group of participants was per-
formed for three intermittent sessions a week for a month.

training group and also to the standard training group.
Candidates who were suitable to participate in this study
were copers as explained in the protocols of previous
studies [5, 32, 36, 37]. This study was approved by the

Table 1. Guidelines for progression of training in the standard training group

Type of Training Activities Timing Difficulty Progression
- Stationary bike - 10 minutes -60to 80 rpm
Cardiovascular - Stepper - 5 minutes - Up to 10 minutes
- Outdoor running - 30 minutes - Flat ground to uphill

- NMES

- Standing squat (O to 80 degrees)

- Sitting (90 to 35 degrees of knee extension)
- SLR (0 to 45 degrees of hip flexion)
- Weight machines

- Extension & flexion of leg curls

- Leg press

- Elastic bands

- Hip movements in four directions
- Terminal knee extension

- Lunges

- Forward

- Side

Lower extremity
muscle strength

- Circular balance board
- Straight knee
- Semi-squat knee

Balance

- Plank

- Crunch

- Side planks

- Leg scissors crunch
- Single-leg bridge

Core stability

- Running fast in all directions with sudden
starts and stops

- 8-figure running

- Side sliding to the right and left with sudden
stops

- Fast forward and backward shuttle run with
sudden starts and stops

- 45 degrees cutting spinning drill

Agility

Sport-specific - Routine sport form

- 10 minutes (10 seconds
contraction, 15 seconds rest)
-15RM, 5 sets, 10 reps

- 3 sets, 10 reps

- 3 sets, 10 reps

- 3 sets, 30 seconds

- 3 sets, keep within toler-
ance for seconds
- 3 sets, 10 reps

- Tolerate speed training
without pain or apprehen-
sion

- Tolerate practice without
pain or apprehension

- Without weight cuffs
- Two legs to one leg

- Low to increase
strength

- Without elastic bands

- Open eyes to closed
eyes

- Increasing holding time

- To full speed

- Gradually to full sports-
specific skills

JMR
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Figure 1. The figures show the general panel of the perturbation device with two protective handles mounted on the wall for
the participant to hold if they feel unbalanced. The right image shows a participant standing on the perturbation plate while
flexing his knees to achieve more stability, and the left one shows a standby participant standing with extended knees on the
plate. For more information about the characteristics of the mechanical perturbation device and the training method, refer to

the authors’ previous articles [5, 32].

Perturbation training group

In the perturbation group, a perturbation plate was used
that created movements on all motion plates (angular,
horizontal, and vertical), and the simultaneous combina-
tion of all horizontal, vertical, and angular modes was
used (Figure 1).

This device was used in two ways: as a means of dy-
namic warming up of the muscles of the participants in
the closed chain of motion in the front-right and front-
left angular movement axes (as an internal-perturbation
training), and as a stimulus to induce unpredictable pos-

tural neuromuscular reactions in participants (external-
perturbation training or main training). In participants
who were randomly assigned to the perturbation group,
exercise therapy was performed alternately for one
month and three sessions per week as follows (Table 2):

1. Warm-up stage (internal-perturbation training): In
this stage, the participant first rode a stationary bicycle
for five minutes, then he/she stood in the functional po-
sition on the pre-prepared exe-balance and tried to ap-
ply push on the device in the adjustment directions (in
two angles: front-right and front-left), and did this for

Table 2. Guidelines for progression of training in the perturbation group

Type of Training Activities

Timing Difficulty Progression

- Stationary bike

- Internal perturbation
- Front-right

- Front-left

Warm-up (Internal-
perturbation)

- Therapist randomly &
unpredictably disturbs par-
ticipant balance in different
directions:

- 5 minutes
- 3 sets, 15 repetitions alternately for each -
side, maximum speed & power

- Increase the speed of

Main exercise (exter-
nal perturbation)

Cool-down

- Front-right angle

- Front-left angle

- Rear-down angle

- Antero-posterior horizontal
- Medio-lateral horizontal

- Up-down

- The combination of the six
above modes

- Static stretching move-
ments

- Hamstrings

- Quadriceps

- Triceps surae

- Stationary bike

- Ice pack for knees

- Suddenly & randomly, every 30 attempts, 1
minute’s rest, low speed of change perturba-
tion, focus with a look at the plate (Internal
attention), keep handles, eyes open, training
without pain or apprehension

- 3 sets, 15 seconds for every part
- 5 minutes
- 15 minutes

perturbation

- Look forward and
straight the head (exter-
nal attention)

- Release handles

- Close eyes

JMR
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15 repetitions in each direction at the maximum speed
and power he/she could create in his/her muscles. This
internal-perturbation exercise was repeated immediately
three times in both directions. Therefore, that partici-
pant first did 15 repetitions with maximum speed on the
right and immediately did 15 repetitions with maximum
speed on the left and did the same thing alternately for
the next two repetitions. The time interval between the
exercises for each side was considered as the rest time
for the other side. Then, the participant descended from
the device and rested for one minute, during which the
physiotherapist adjusted the device to perform an exter-
nal-perturbation exercise.

2. Main exercise stage (external-perturbation training):
In this stage, the participant stood on the exe-Balance
device, and the physiotherapist randomly unpredictably
disturbed the participant’s balance, who was trying to
maintain his/her postural stability in different directions
of the device and the participant’s attempt to maintain
his/her postural stability was suddenly disturbed. A total
of 90 training attempts were considered for each partici-
pant in this stage, with a break for one minute between
all 30 exercises.

3. Cool-down stage: After performing the internal-ex-
ternal perturbation exercises, all participants performed
cool down for 10 minutes.

Testing procedure

The study method was performed between 9:00 AM
and 13:00 PM. The participants were asked to sleep at
9:00 PM, avoid eating caffeinated substances on the day
of the test, and they had not eaten anything for one hour
before the test. An objective examination of the partici-
pants was performed in the form of brain electrical activ-
ity tests in 21 registered active electrodes in two forms:
pre-test (one to two days before entering the intervention
training program) and post-test (one week after the end
of the training period of intervention) in three challeng-
ing functional tests in the form of single-leg jumping-
landing on one leg and maintaining balance after land-
ing, single-leg balance with eyes open, and single-leg
balance with eyes closed. To perform the single-leg jump
test, 50% of each participant’s height was determined
and marked on the ground [38-40]. Then, the subject is
stranded on a marked line and, at the command of the ex-
aminer, raises the non-test leg and jumps forward (about
50% of the height or more). The examiner recorded each
jump and landing test five seconds before the announce-
ment of the verbal command and 5 seconds after finish-
ing the jump process so as not to delete any data. The
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recording moment was determined by recording the trig-
ger on the EEG software. The EEG recording character-
istics of each participant’s jump and landing were saved
in three series of repetitions to be used in the analyses.
The tests were repeated exactly for the opposite limb.

Balance tests were performed standing on one leg, once
with eyes open and once with eyes closed for both limbs.
To perform standing tests on one leg, first, each partici-
pant stood on both legs and while looking at a point in
front and at eye level, which was located two meters
away, with the command of the examiner, the participant
raised the non-test leg and tried to maintain this position
for 30 seconds while trying to avoid body sway as much
as possible. At the end of the test, the examiner informed
the participant that the test was over and the participant
was allowed to rest for one minute. The next test was re-
peated for the opposite side afterward. The eyes-closed
single-legged standing test was performed exactly like
the eyes-open single-legged standing test, except that
when the participant raised the non-test leg, the eyes were
closed while the head was raised while trying to keep the
body balanced. The examiner recorded each balance test
five seconds before the announcement of the verbal com-
mand so as not to delete any data. The recording moment
was determined by recording the trigger on the EEG
software. The EEG characteristics of each participant’s
single-leg standing with open and closed eyes were saved
in three series of repetitions to be used in the analyses.
The tests were repeated for the opposite limb as well.

EEG data collection and spectral analysis

In this study, a Liv intelligent technology 32-channel
wireless electroencephalogram device with input imped-
ance specifications of 10M, bandwidth of 2 kHz, and
24-bit image resolution made in Iran, was used. After
placing the device cap on each participant’s head, the
recording areas were cleaned and rubbed with alcohol.
Then, by using a blunt needle, we inserted the gel into
the series of electrodes contact with the scalp, then in
the laptop connected to the EEG device wirelessly, we
checked each electrode so that its impedance reached
less than 10 kQ and the corresponding light in the soft-
ware was turned on. After all the recording electrodes
were turned on, the subject was ready to be tested. In this
study, 21 areas of the 32 brain regions, including Fpl,
Fp2, F7, F3, Fz, F4, F8, T7, C3, Cz, C4, T8, P7, P3, Pz,
P4, P8, O1, 02, Fpz, and Oz were recorded for further
analysis.

The raw data were recorded by the eLORETA software
at first de-noised and then used for calculating the rela-
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tive power spectrum of the brain waves for three tasks in
all 21 electrodes in the form of quantitative analysis of
brain waves (QEEG) in the pre- and post-tests for all par-
ticipants in both right and left limbs for the whole brain.
The EEG analyses in this study were exclusively done
on the alpha frequency band.

For the spectral analysis of alpha, we calculated
power spectral densities (PSD) using Welch’s method,
or “pwelch” function in MATLAB (ver. 2019a, Math-
Works Inc., Natick, MA., USA). For PSD estimation,
we chose a 2-s Hann window with a 50% overlap be-
tween segments. This resulted in a frequency resolution
of 0.5 Hz to capture the changes in spectral activities in
our EEG data. We then transformed PSDs into relative
powers to allow for comparisons. To calculate relative
power in uV2, we divided PSD by the sum PSD from all
bins for each frequency bin within 0 and 40 Hz and each
electrode. Alpha band powers from the whole of the cor-
tex were calculated for each test by averaging activities
from 21 electrodes and summing the relative powers of
all bins within 8-12 Hz.

Statistical analysis

In order to investigate the effect of the type of thera-
peutic intervention (perturbation training or standard
training) on the EEG alpha power spectrum in single-
leg jump-landing and standing on one leg with open and
closed eyes tasks in the pre- and post-tests for intragroup
and intergroup comparisons we used multivariate analy-
sis of variance (MANOVA). Then, one-way ANOVA
and supplementary tests were used to compare the ef-
fects of therapeutic interventions on intergroup compari-
sons in the post-test and intragroup comparisons, and
also to compare the differences between two limbs for
the cortical alpha power spectrum variable. Afterward,

Table 3. Characteristics of participants in groups

July 2023, Volume 17, Number 3

the P=0.05 was used at a significance level to compare
the effect of the type of therapeutic intervention between
the two groups. We used the effect size of Cohen’s d test
(ES) to statistically determine how much the type of
treatment affected the investigated variable. Cohen’s d
is an appropriate effect size for the comparison between
two means. Because in the present study, in the compari-
sons made between two limbs in each group, we were
looking for symmetry (means, the P at the level of non-
significance), we interpreted the results based on this
explanation: the closer the ES value is to zero (that is,
the should be closer to one) that is, the differences in
the comparison between the two limbs and between the
two groups are less, and the two limbs are closer to sym-
metry, and there is no difference between the two types
of treatment methods. Also, the closer the ES value is to
one (which means, the P is closer to the significance lev-
el), the two limbs and two groups are different and asym-
metric in terms of comparison. For interpretation of ES,
Cohen suggested that 0.15>d>-0.15 can be considered a
‘negligible’ effect size, 0.4>d>0.15 represents a ‘small’
effect size, 0.75>d>0.4 represents a ‘medium’ effect size,
1.1>d>0.75 represents a ‘large’ effect size, 1.45>d>1.1
represents a ‘very large’ effect size, and d>1.45 repre-
sents a ‘huge’ effect size. This means that if the difference
between two limbs or two groups’ means is less than 0.15
standard deviations, the difference is negligible, even if it
is statistically significant [12]. For statistical analysis, we
used IBM SPSS software, version 22.

3. Results

The characteristics of the participants in terms of age,
weight, height, body mass index, pain level, and gender
are given in Table 3.

Perturbation Standard
Variables
Mean+SD Range MeantSD Range
Age (y) 22.9345.15 24-39 23.6£2.32 21-29
Weight (kg) 69.3+7.51 57-83 76.75+7.03 62-90
Height (cm) 172.0+3.25 168-178 180.0+7.3 170-194
Body mass index (kg/m?) 23.38+2.27 26.4-19 23.45%1.65 20.2-26
Pain scale 5.6+1.5 2-7 3.13+1.35 0-5
Gender 6 females, 9 males 7 females, 8 males
JMR
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Table 4. Comparison of QEEG variables in the single-leg jump-landing test

Comparison of Groups

Relative Power Spectrum of Alpha (nVv2)

nAL" AL”
Pre-test MeanzSD 21.69+8.36 25.82+11.62
Perturbation group Post-test Mean+SD 20.98+7.96 20.68+8.47
P interlimb (post-test), ES 0.92, 0.04
Pre-test Mean+SD 17.39+6.02 25.21+8.25
Standard group Post-test MeanSD 19.216.8 25.39+7.84
P interlimb (post-test), ES 0.07, 0.86
Pre-test 0.12 0.87
Intergroup differences P
Post-test, ES 0.62,0.24 0.13,0.6
Pillai’s trace 0.27
‘nAL: Non-affected limb; “AL: Affected limb. JVIR

QEEG analysis of single-leg jump-landing test

The relative power of the alpha wave after the train-
ing period in the perturbation training group compared to
the standard training group showed a medium decrease
in ACLD limb jumping (P=0.13, ES=0.6) while show-
ing a small increase in healthy limb jumping (P=0.62,
ES=0.24) (Table 4). In the interlimb comparison, the
relative power of the alpha in the perturbation training
group showed a decrease in the post-test of both limbs,
which was not observed in the control group. Symme-

try in the comparison of jump-landing on the ACLD and
healthy limbs with negligible effect was excellent in the
perturbation training group (P=0.92, ES=0.04), but with
large effect was very low in the standard training group
(P=0.07, ES=0.86). This means that the participants in
the perturbation training group achieved a higher sym-
metry in the jump-landing task on both limbs compared
to the standard training group (Figure 2).

Table 5. Comparison of QEEG variables in single-leg stance with opened eyes

Comparison of Groups

Relative Power Spectrum of Alpha (1V2)

nAL" AL
Pre-test Mean+SD 20.7+10.17 23.62+9.7
Perturbation group Post-test MeanSD 16.02+7.8 22.24+13.78
P interlimb (post-test), ES 0.21,0.58
Pre-test Mean+SD 19.94+7.38 24.24+9.85
Standard group Post-test MeanSD 16.0816.84 20.243.7
P interlimb (post-test), ES 0.07,0.78
Pre-test 0.82 0.84
Intergroup differences P
Post-test, ES 0.62,0.01 0.58,0.21
Pillai’s trace 0.97
‘nAL: Non-affected limb; “AL: Affected limb. JMVR
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Table 6. Comparison of QEEG variables in single-leg stance with closed eyes

Comparison of Groups

Relative Power Spectrum of Alpha (1V2)

nAL" AL
Pre-test Mean+SD 18.34+7 20.2+4.37
Perturbation group Post-test Mean+SD 18.6+10.4 19.8745.8
P interlimb (post-test), ES 0.53,0.16
Pre-test Mean+SD 21.85+7.6 23.26+7.22
Standard group Post-test MeanSD 14.1816.21 23.62+9.85
P interlimb (post-test), ES 0.005%,1.19
Pre-test 0.2 0.17
Intergroup differences P
Post-test, ES 0.17,0.53 0.21,0.48
Pillai’s trace 0.1

‘nAL: Non-affected limb; “AL: Affected limb.

QEEG analysis of single-leg stance with opened eyes

In the standing test with eyes open on ACLD and
healthy limbs, no significant difference was found be-
tween the two training groups (Table 5). In the com-
parison between two limbs only in the healthy limb of
the perturbation training group, there was a medium
decrease (P=0.03, ES=0.53), and in other values, the
differences were not noticeable. However, the relative
power spectrum of alpha in ACLD and healthy limbs of
both groups decreased. The perturbation training group
showed a medium effect (P=0.21, ES=0.58) and the
standard training group showed a large effect (P=0.07,
ES=0.78) in the symmetry of two limbs in the post-test
(Figure 3).

JVMR

QEEG analysis of single-leg stance with closed eyes

The relative power of the alpha band of the perturba-
tion training group did not change for both limbs, and the
standard training group showed a significant decrease
only in the healthy limb (Table 6). In the comparison of
the symmetry of two limbs in the post-test, the perturba-
tion training group with a small effect showed very good
symmetry (P=0.53, ES=0.16), and the standard train-
ing group with a very large effect did not show similar-
ity between two limbs and mostly showed asymmetry
(P=0.005, ES=1.19) (Figure 4).

JMR

Figure 2. There was no significant difference in the relative power spectrum of alpha between groups in the single-leg jump-
ing task on the ACLD (left) and non-affected (right) limb. But in the interlimb post-test comparison, the perturbation training
group with negligible effect between two limbs achieved greater symmetry than the standard training group. “Alphal (8-10

Hz) and Alpha2 (10-12 Hz).
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Figure 3. In the single-leg standing test with eyes open, the relative power spectrum of alpha in both limbs and in both groups
showed a declining trend. In the interlimb comparison, the perturbation training group showed low symmetry and the stan-
dard training group showed moderate symmetry of the alpha power spectrum between two limbs. “Alphal (8-10 Hz) and

Alpha? (10-12 Hz).
4. Discussion

In this study, we used EEG to determine the changes in
the relative power spectrum of alpha in coper’s ACLDs
in two groups following one month of mechanical per-
turbation training and standard training in three tasks
of single-leg jump-landing, and single-leg stand with
eyes open and closed. To increase the balance control
demands, the tests, which all were performed on one
leg with eyes open and closed were used. According to
our hypothesis, both training groups almost achieved a
higher symmetry in the relative alpha power in the post-
tests but it was more in the perturbation training group.
Also, we expected that by making the task more difficult,
for example, jumping on one leg and maintaining bal-
ance after landing, as well as standing on one leg with
eyes closed, the relative power of the alpha band would
increase, but contrary to our hypothesis, the results of

the tests showed a decrease in alpha power or no change,
which this decrease in alpha band power was probably
due to the high challenge of balance tasks.

The necessity of using perturbation training ver-
sus standard training in ACLDs

Considering that the most effective treatment algorithm
agreed upon for ACLDs athletes is “mechanical pertur-
bation enhanced rehabilitation™ [5, 25, 32, 37, 41-46],
our main goal in this study was to optimize this type of
treatment. In this study, to investigate the activity of the
cerebral cortex before and after training, a mechanical
perturbation device was designed and built by creating
a perturbation in all movement axes to simulate similar
events in the real world in more realistic acceleration and
speeds. In comparing the present study with previous
studies in the field of perturbation interventions, it can

JMR

Figure 4. The perturbation training group did not change in the comparison of the pre- and post-tests and showed very good
symmetry between two limbs in the post-test. The standard training group showed a considerable decrease only in the healthy
limb, and in the post-test comparison, we found more asymmetry in alpha power spectrum between the two limbs. "Alphal

(8-10 Hz) and Alpha2 (10-12 Hz).
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be said that none of the devices that created mechani-
cal perturbation movements included all movement axes
and were often limited to two movement axes [37, 43,
44]. In a review of the available literature, no study was
found on the effect of a period of perturbation training
on brain activity in ACLD or healthy individuals. In the
past, it was thought that balance is controlled by sub-
cortical structures, but more recent evidence emphasizes
that the cerebral cortex is definitely active in controlling
compensatory reactions in unpredictable balance per-
turbations to maintain postural stability to prevent falls
[13, 47]. Our hypothesis was that both groups would
show more symmetry in the relative power spectrum
of alpha after a one-month training intervention in the
comparison between the two limbs. We also expected
symmetry to be greater in the mechanical perturbation
training group. The results of our study showed excel-
lent symmetry in the task of jumping on the right and
left leg and maintaining balance on the same limb in the
post-test of the perturbation training group with an aver-
age decrease in alpha power in jumping on the left limb
compared to the standard training group. In the task of
standing on one leg with eyes open, the perturbation and
standard training groups showed a non-significant de-
crease in both limbs, which in comparison, both groups
showed moderate symmetry between the two limbs. In
the task of standing on one leg with eyes closed, rela-
tively good symmetry was obtained in the perturbation
training group, while in the standard training group, the
symmetry between the limbs was very poor. According
to the existing studies in the field of EEG alpha activity,
it can be concluded that the suppression of alpha activ-
ity recorded in the perturbation training group following
the jumping task and the one leg standing task with eyes
open, reflects the greater activation of the cerebral cor-
tex. Usually, the more meaningful information retrieved
from long-term memory, the greater the suppression of
alpha activity occurs [20]. Also, when attention is di-
rected to external visual events, alpha power decreases
with increases in the visual cortex, this decrease in alpha
power with external attention occurs due to the increased
excitability of the sensory cortex to increase stimulus
processing [48]. The results of our study, in line with the
mentioned studies, mainly showed a decrease in the rela-
tive power of the alpha. The results of these studies were
different from studies that examined the alpha power
spectrum after training in different conditions from our
study [33, 34]. In other studies, researchers showed that
as the balance task becomes more difficult, for example,
performing balance tasks with eyes closed or maintain-
ing balance while standing on one leg when the move-
ment becomes more challenging and the need for balance

July 2023, Volume 17, Number 3

control increases, a decrease in can be seen alpha power
[13, 49, 50]. These results confirmed the results of our
study. However, electromyographic studies have shown
that both feedback and feedforward controls are en-
hanced by using perturbation training, unlike other types
of training [24, 25, 31]. Also, unpredictable perturbation
training affects the somatosensory afferents, modulates
the defective function of the gamma loop, and as a result,
knee dynamic stability is obtained in this type of training
compared to other types [3, 32, 37, 41-44, 46]. In our
study, after a period of perturbation training, brain alpha
activity symmetry was obtained in the two limbs test, es-
pecially in the single-leg jump and single-leg stand with
eyes closed test. It is suggested that perturbation training
on mechanical plates by changing brain neuroplasticity
and creating balanced control mechanisms from top to
down while performing functional activities can be ef-
fective in transferring to other more complex motor ac-
tivities in ACLD individuals.

The effect of type of training on the relative power
spectrum of alpha in the single-leg jump-landing
task

Our hypothesis was that different types of training can
modulate neuroplasticity due to the process of learning
and reorganizing the CNS, as well as reducing brain
power in controlling balance movements. We expected
that in both groups, in performing the three tested tasks,
the relative power spectrum of the alpha of two limbs
would be more similar and increase. We also expected
that in the intergroup comparison, the perturbation train-
ing group would show more improvement than the stan-
dard training group.

In a study conducted by Miao et al. (2017), in order
to investigate the changes in the characteristics of the
power spectrum of EEG waves on ACLD and healthy
people in the landing task, it was shown that the power
of all frequency bands, including the alpha band, was
significantly higher than the healthy group. Also, these
researchers reported that the power of EEG signals in
ACLDs was asymmetric in the two hemispheres [18].
The results of our study on the alpha power spectrum in
the pre-test of the single-leg jump-landing task in both
perturbation and standard training groups in the com-
parison of right and left limbs were asymmetric, which
was confirmed by Miao et al. Because we did not have
a healthy group for comparison, we cannot comment in
particular on the level of power changes of frequency
bands. On the other hand, in the post-test of the jump-
landing task on each limb, we examined the relative
power of the alpha spectrum in the whole brain, in which
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the perturbation training group had excellent symmetry
and the standard training group showed very little sym-
metry in comparison. It seems that the symmetry ob-
tained in the power of the alpha spectrum of the cerebral
cortex in the perturbation training group emphasizes the
greater effectiveness of perturbation training compared
to standard training in more challenging balance tasks.
Studies have shown that performing long-term exercises
strengthens brain mechanisms that can integrate visual,
vestibular, and somatosensory inputs for balance [49].
Motor learning occurs with practice and it causes func-
tional reorganization in the brain that is associated with
amplitude changes in alpha (8-12 Hz) and beta (13-30
Hz) frequency [33]. The process of motor learning is
associated with a gradual increase in alpha power, and
this alpha modulation is related to the reduction in at-
tentional demands likely to occur after skill acquisition
[33, 34]. In this study, we expected to have an increase
in alpha power in the post-tests following the one-month
training period in both training groups, but the results in
the single-leg jump-landing test showed a decrease in the
power of the alpha band, which is contrary to the studies
on healthy people. Probably, this difference in our study
is due to the different conditions of the test and differ-
ent subjects because the single-leg jump-landing test
in our study, unlike the tests of the above studies, was
performed in highly challenging balance conditions and
also on deafferented ACLD individuals. The existing
balance studies were not a suitable comparison criterion
for our study. No study was found on the relative power
of brain activity in the same training with the same test
on ACLD individuals.

In the post-test of the single-leg jump-landing task
of the perturbation training group, after the training, a
great symmetrical reduction in the power spectrum of
the cerebral alpha spectrum was obtained in jumping
on each limb. This decrease in alpha power is related to
the greater challenge of maintaining balance and exter-
nal sensory attention. EEG studies in balance tasks have
shown that alpha power in activities that require more
external sensory attention is associated with a decrease
in brain parietal alpha power, which means an increase
in spatial vestibular sensory attention that is associated
with increased balance demands [20, 48, 50]. Physi-
ologically, it is thought that the decrease in alpha power
due to external visual events is due to the increase in
excitability of the sensory cortex to increase stimulus
processing [48]. Based on the mentioned studies, in the
single-leg jump-landing task, where there are both high
balance challenges and a lot of external attention, it is ex-
pected that the decreasing activity of the alpha spectrum
is normal, and we suggested that the researchers have
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a healthy comparison group in subsequent studies. On
the other hand, the symmetry observed in the reduced
alpha power could be a reason for the more beneficial
effect of perturbation training over standard training.
Also, it seems that the power of the alpha spectrum in the
single-leg jump-landing task is not a suitable criterion
for evaluating the effectiveness of the type of training,
and only by referring to the more symmetrical power of
the spectrum in this task, the effectiveness of the type of
training can be cited.

The effect of the type of training on the relative
power spectrum of alpha in maintaining balance
in tasks of single-leg standing with eyes open and
closed

In the review of studies, no research was found on the
effect of the type of training on single-legged balance
with opened and closed eyes. Studies investigating the
effect of training on the power of the alpha spectrum
have shown that alpha power increases significantly af-
ter training [21, 33, 34], which probably means that the
cortex is less involved in executive functions and more
movements become automatic. Netz et al. (2019) showed
that all physical exercises and dual tasks improve cogni-
tive performance and improve brain neuroplasticity, and
when the difficulty of exercise increases, neuroplasticity
increases [51]. Studies have shown that athletes who
have successfully returned to sports after an ACL injury
have shown changes in their brain activity [2]. In this
study, we expected that both training groups in standing
on one leg with eyes opened and closed tasks in the post-
test would achieve a higher symmetry in brain power of
the alpha spectrum between two limbs. Also, the alpha
activity is in an increasing trend. The results of our study
in the post-test of the power of the alpha activity in the
open eyes task in both the perturbation and standard train-
ing groups showed a decrease in average symmetry and
there was no significant difference in the comparison of
the two groups. Also, in the post-test of the alpha power
activity in the eyes closed task, the perturbation training
group showed excellent symmetry without change, but
the standard training group showed almost asymmetry
between the two limbs so that the brain’s alpha power de-
clined in standing on the right limb and had no change in
standing on the left. According to Bazanova et al. (2013),
alpha activity decreased when the eyes were open, which
means increased cognitive load and more cortical activa-
tion [19]. Also, in external attention, which should be re-
lated to external visual events, the alpha power in the vi-
sual cortex decreases due to the increased excitability of
the sensory cortex and increases the stimulus processing
[48]. In line with the mentioned studies, the results of the
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task of single-standing with opened eyes for two limbs
showed a decreasing trend in both groups. According to
Klimesch et al. (2012), alpha activity showed a decreas-
ing trend when a task is in progress. Depending on the
retrieval of information from long-term memory during
the execution of the task, if the retrieved information is
meaningfully stronger or more integrated, the alpha ac-
tivity shows a greater decrease and the activation of the
cerebral cortex occurs more [20]. In our study, in the task
of single-leg standing with opened eyes, the decrease in
alpha activity power can mean more semantic load and
more cortex activation in balance control. Balance stud-
ies have shown that when a person closes their eyes due
to a more challenging task and needs more assistance for
balance control, the decrease in alpha activity is greater
than when the eyes are open, which means greater ac-
tivation of the cerebral cortex [13, 49, 50]. The results
of our study did not show a change in the brain alpha
power in the post-test of the comparison between the
right and left limbs for the perturbation training group
in single-leg standing with eyes closed, which is not in
line with the results of the above studies. However, in the
standard training group, the power of alpha waves did
not change in the post-test of the left limb, but it showed
a significant decrease for the right limb. In comparison,
the perturbation training group had very good symmetry,
while the symmetry obtained in this task was low for
the standard training group. In summary, studies have
shown that with the eyes open and in the presence of
visual stimuli, the activity of the alpha power shows a
decreasing trend [19]. The results of other studies that
were conducted on the effect of exercise [21, 33, 34, 49],
or studies done on the effect of internal attention [20, 48]
on alpha power, were in contrast to studies on the more
challenging closed eyes balance task [13, 21, 50].

5. Conclusion

In summary, ACLD individuals in the perturbation
training group showed higher symmetry in relative alpha
power in the performance of jump-landing and balance
tasks compared to the standard training group. Mechani-
cal perturbation training has a greater ability to improve
the defective neuroplasticity created in the brain by in-
creasing the symmetry of alpha band frequency in both
limbs. The findings of the present study can be effec-
tively used in training programs to prevent primary and
secondary ACL injuries, as well as in training protocols
after surgery. It is suggested that in order to achieve bet-
ter treatment results in ACLD individuals and individu-
als with defective neuromuscular control, researchers
design and study devices that are similar to real-world
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sports events. Undoubtedly, EEG analysis in the fre-
quency band domain is a promising tool to investigate
the effect of training interventions on the recovery prog-
ress of ACLD individuals and their successful return to
their active physical life.

Ethical Considerations
Compliance with ethical guidelines

This study was approved by the Ethics Committee of
the Sports Sciences Research Institute (SSRI) (Code:
IR.SSRC.REC.1399.095) and all participants accepted
and signed the consent form to participate in this study
before entering the study.

Funding

This research did not receive any grant from funding
agenciesin the public, commercial, or non-profit sectors.

Authors' contributions

All authors contributed equally to preparing all parts of
the research.

Conflict of interest
The authors declared no conflict of interest.
Acknowledgments

The authors would like to thank all individuals who
participated and cooperated in this study.

References

[1] Criss CR, Melton MS, Ulloa SA, Simon JE, Clark BC, France
CR, et al. Rupture , reconstruction , and rehabilitation: A
multi-disciplinary review of mechanisms for central nervous
system adaptations following anterior cruciate ligament inju-
ry. The Knee. 2021; 30:78-89. [DOI:10.1016/j.knee.2021.03.009]
[PMID]

[2] Neto T, Sayer T, Theisen D, Mierau A. Functional brain
plasticity associated with ACL injury: A scoping review
of current evidence. Neural Plasticity. 2019; 2019:3480512.
[DOI:10.1155/2019/3480512] [PMID] [PMCID]

[3] Grooms D, Appelbaum G, Onate J. Neuroplasticity follow-
ing anterior cruciate ligament injury: A framework for visual-
motor training approaches in rehabilitation. The Journal of
Orthopaedic and Sports Physical Therapy. 2015; 45(5):381-93.
[DOI:10.2519/jospt.2015.5549] [PMID]

Jombhouri S, et al. Training Interventions Change Alpha Power After ACLD. IMR. 2023: 17(3):319-333



https://jmr.tums.ac.ir/index.php/jmr
https://ssrc.ac.ir/en
https://doi.org/10.1016/j.knee.2021.03.009
https://www.ncbi.nlm.nih.gov/pubmed/33873089
https://doi.org/10.1155/2019/3480512
https://www.ncbi.nlm.nih.gov/pubmed/31949428
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6948303
https://doi.org/10.2519/jospt.2015.5549
https://www.ncbi.nlm.nih.gov/pubmed/25579692

July 2023, Volume 17, Number 3

[4] Daneshmandi H, Payandeh M, Mohammad Ashour Z.
[Brain neuroplasticity effects on the occurrence of anterior
cruciate ligament injury and the effect of this injury on brain
function and structure: A systematic review (Persian)]. Ar-
chives of Rehabilitation. 2022; 23(2):162-85. [DOI:10.32598/
RJ.23.2.3377.1]

[5] Jomhouri S, Talebian S, Vaez Mousavi M, Hatef B, Sadjadi
Hazaveh SH. Corticomuscular adaptations in the single-leg
jump task in response to progressive mechanical perturbation
training in individuals with anterior cruciate ligament defi-
ciency. Journal of Modern Rehabilitation. 2022; 16(1):85-100.
[DOI:10.18502/jmr.v16i1.8572]

[6] Needle AR, Lepley AS, Grooms DR. Central nervous system
adaptation after ligamentous injury : A summary of theories

, evidence , and clinical interpretation. Sports Medicine. 2017;
47(7):1271-88. [DOI:10.1007 / s40279-016-0666-y] [PMID]

[7] Han ], Waddington G, Adams R, Anson ], Liu Y. Assess-
ing proprioception : A critical review of methods. Journal of
Sport and Health Science. 2016; 5(1):80-90. [DOI:10.1016/j.
jshs.2014.10.004] [PMID] [PMCID]

[8] Dominic D, Saravanan P, Kishore S. A quantitative as-
sessment of proprioceptive function improvement after
Arthroscopic ACL Reconstruction surgery. Journal of Evo-
lution of Medical and Dental Sciences. 2015; 4(38):6565-71.
[DOI:10.14260/jemds /2015/952]

[9] Kim HJ, Lee JH, Lee DH. Proprioception in patients
with anterior cruciate ligament tears: A meta-analysis
comparing injured and uninjured limbs. The Ameri-
can Journal of Sports Medicine. 2017; 45(12):2916-22.
[DOI:10.1177/0363546516682231] [PMID]

[10] Negahban H, Mazaheri M, Kingma I, van Dieén JH. A sys-
tematic review of postural control during single-leg stance
in patients with untreated anterior cruciate ligament injury.
Knee Surgery, Sports Traumatology, Arthroscopy: Official
Journal of the ESSKA. 2013; 22(7):1491-504. [DOI:10.1007/
s00167-013-2501-4] [PMID]

[11] Huang H, Keijsers N, Horemans H, Guo Q, Yu Y, Stam H,
et al. Anterior cruciate ligament rupture is associated with
abnormal and asymmetrical lower limb loading during walk-
ing. Journal of Science and Medicine in Sport. 2017; 20(5):432-
7.[DOI:10.1016/j.jsams.2016.09.010] [PMID]

[12] McLeod S. What does effect size tell you? Simply Psychol-
ogy. 2019; 1-3. [Link]

[13] Hiilsdiinker T, Mierau A, Striidder HK. Higher balance task
demands are associated with an increase in individual alpha
peak frequency. Frontiers in Human Neuroscience. 2016;
9:695. [DOI:10.3389/ fnhum.2015.00695] [PMID] [PMCID]

[14] Grooms DR, Page SJ, Onate JA. Brain activation for knee
movement measured days before second anterior cruci-
ate ligament injury: Neuroimaging in musculoskeletal
medicine. Journal of Athletic Training. 2015; 50(10):1005-10.
[DOI:10.4085/1062-6050-50.10.02] [PMCID]

[15] Baumeister J, Reinecke K, Schubert M, Weiss M. Altered
electrocortical brain activity after ACL reconstruction during
force control. Journal of Orthopaedic Research : Official Publi-
cation of The Orthopaedic Research Society. 2011; 29(9):1383-
9. [DOI:10.1002/jor.21380] [PMID]

Journal of

Modern Rehabilitation

[16] Grooms DR, Diekfuss JA, Criss CR, Anand M, Slutsky-
Ganesh AB, DiCesare CA, et al. Preliminary brain-behavioral
neural correlates of anterior cruciate ligament injury risk land-
ing biomechanics using a novel bilateral leg press neuroimag-
ing paradigm. PLoS One. 2022; 17(8):e0272578. [DOI:10.1371/
journal.pone.0272578] [PMID] [PMCID]

[17] Baumeister J, von Detten S, van Niekerk SM, Schubert
M, Ageberg E, Louw QA. Brain activity in predictive sen-
sorimotor control for landings: An EEG pilot study. Inter-
national Journal of Sports Medicine. 2013; 34(12):1106-11.
[DOI:10.1055,/5-0033-1341437] [PMID]

[18] Miao X, Huang H, Hu X, Li D, Yu Y, Ao Y. The charac-
teristics of EEG power spectra changes after ACL rupture.
PLoS One. 2017; 12(2):e0170455. [DOI:10.1371/journal.
pone.0170455] [PMID] [PMCID]

[19] Bazanova OM, Vernon D. Interpreting EEG alpha activity.
Neuroscience and Biobehavioral Reviews. 2013; 44:94-110.
[DOI:10.1016/j.neubiorev.2013.05.007] [PMID]

[20] Klimesch W. Alpha-band oscillations, attention, and con-
trolled access to stored information. Trends in Cognitive Sci-
ences. 2012; 16(12):606-17. [DOI:10.1016/j.tics.2012.10.007]
[PMID] [PMCID]

[21] Del Percio C, Babiloni C, Marzano N, lacoboni M, Infari-
nato F, Vecchio F, et al. Neural efficiency of athletes * brain
for upright standing: A high-resolution EEG study. Brain
Research Bulletin. 2009; 79(3-4):193-200. [DOI:10.1016/j.brain-
resbull.2009.02.001] [PMID]

[22] Gola M, Magnuski M, Szumska I, Wrobel A. EEG beta
band activity is related to attention and attentional de fi cits in
the visual performance of elderly subjects. International Jour-
nal of Psychophysiology. 2013; 89(3):334-41. [DOI:10.1016/j.
ijpsycho.2013.05.007] [PMID]

[23] von Stein A, Sarnthein J. Different frequencies for differ-
ent scales of cortical integration : From local gamma to long
range alpha r theta synchronization. International Journal of
Psychophysiology. 2000; 38(3):301-13. [DOI:10.1016/S0167-
8760(00)00172-0] [PMID]

[24] Gokeler A, Neuhaus D, Benjaminse A, Grooms DR,
Baumeister J. Principles of motor learning to support neu-
roplasticity after ACL injury : Implications for optimizing
performance and reducing risk of second ACL injury. Sport
Medicine. 2019; 49(6):853-65. [DOI:10.1007/s40279-019-
01078-w] [PMID] [PMCID]

[25] Gokeler A, Seil R, Kerkhoffs G, Verhagen E. A novel ap-
proach to enhance ACL injury prevention programs. Journal
of Experimental Orthopaedics. 2018; 5(1):22. [PMID] [PMCID]

[26] Moksnes H, Snyder-Mackler L, Risberg MA. Individuals
with an anterior cruciate ligament-deficient knee classified as
noncopers may be candidates for nonsurgical rehabilitation.
The Journal of Orthopaedic and Sports Physical Therapy. 2008;
38(10):586-95. [DOI:10.2519/jospt.2008.2750] [PMID] [PMCID]

[27] Okuda K, Abe N, Katayama Y, Senda M, Kuroda T, In-
oue H. Effect of vision on postural sway in anterior cruciate
ligament injured knees. Journal of Orthopaedic Science. 2005;
10(3):277-83. [DOI:10.1007 /500776-005-0893-9] [PMID]

Jomhouri S, et al. Training Interventions Change Alpha Power After ACLD. IMR. 2023: 17(3):319-333



https://jmr.tums.ac.ir/index.php/jmr
https://doi.org/10.32598/RJ.23.2.3377.1
https://doi.org/10.32598/RJ.23.2.3377.1
https://doi.org/10.18502/jmr.v16i1.8572
https://doi.org/10.1007/s40279-016-0666-y
https://www.ncbi.nlm.nih.gov/pubmed/28005191
https://doi.org/10.1016/j.jshs.2014.10.004
https://doi.org/10.1016/j.jshs.2014.10.004
https://www.ncbi.nlm.nih.gov/pubmed/30356896
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6191985
https://doi.org/10.14260/jemds/2015/952
https://doi.org/10.1177/0363546516682231
https://www.ncbi.nlm.nih.gov/pubmed/28060536
https://doi.org/10.1007/s00167-013-2501-4
https://doi.org/10.1007/s00167-013-2501-4
https://www.ncbi.nlm.nih.gov/pubmed/23644752
https://doi.org/10.1016/j.jsams.2016.09.010
https://www.ncbi.nlm.nih.gov/pubmed/27756526
https://www.scirp.org/(S(czeh2tfqw2orz553k1w0r45))/reference/referencespapers.aspx?referenceid=3004793
https://doi.org/10.3389/fnhum.2015.00695
https://www.ncbi.nlm.nih.gov/pubmed/26779005
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4702132
https://doi.org/10.4085/1062-6050-50.10.02
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4641538
https://doi.org/10.1002/jor.21380
https://www.ncbi.nlm.nih.gov/pubmed/21437965
https://doi.org/10.1371/journal.pone.0272578
https://doi.org/10.1371/journal.pone.0272578
https://www.ncbi.nlm.nih.gov/pubmed/35951584
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC9371272
https://doi.org/10.1055/s-0033-1341437
https://www.ncbi.nlm.nih.gov/pubmed/23740338
https://doi.org/10.1371/journal.pone.0170455
https://doi.org/10.1371/journal.pone.0170455
https://www.ncbi.nlm.nih.gov/pubmed/28182627
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5300146
https://doi.org/10.1016/j.neubiorev.2013.05.007
https://www.ncbi.nlm.nih.gov/pubmed/23701947
https://doi.org/10.1016/j.tics.2012.10.007
https://pubmed.ncbi.nlm.nih.gov/23141428/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3507158
https://doi.org/10.1016/j.brainresbull.2009.02.001
https://doi.org/10.1016/j.brainresbull.2009.02.001
https://www.ncbi.nlm.nih.gov/pubmed/19429191
https://doi.org/10.1016/j.ijpsycho.2013.05.007
https://doi.org/10.1016/j.ijpsycho.2013.05.007
https://www.ncbi.nlm.nih.gov/pubmed/23688673
https://doi.org/10.1016/S0167-8760(00)00172-0
https://doi.org/10.1016/S0167-8760(00)00172-0
https://www.ncbi.nlm.nih.gov/pubmed/11102669
https://doi.org/10.1007/s40279-019-01078-w
https://doi.org/10.1007/s40279-019-01078-w
https://www.ncbi.nlm.nih.gov/pubmed/30719683
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6548061
https://www.ncbi.nlm.nih.gov/pubmed/29916182
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6005994
https://doi.org/10.2519/jospt.2008.2750
https://www.ncbi.nlm.nih.gov/pubmed/18979658
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2801138
https://doi.org/10.1007/s00776-005-0893-9
https://www.ncbi.nlm.nih.gov/pubmed/15928890

Journal of

Modern Rehabilitation

[28] Gokeler A, Bisschop M, Myer GD, Benjaminse A, Dijkstra
PU, van Keeken HG, et al. Immersive virtual reality improves
movement patterns in patients after ACL reconstruction : Im-
plications for enhanced criteria- based return-to-sport reha-
bilitation. Knee Surgery, Sports Traumatology, Arthroscopy.
2016; 24(7):2280-6. [DOI:10.1007/500167-014-3374-x] [PMID]

[29] McLean SG, Lipfert SW, van den Bogert AJ. Effect of gender
and defensive opponent on the biomechanics of sidestep cutting.
Medicine and Science in Sports and Exercise. 2004; 36(6):1008-16.
[DOI:10.1249/01.MSS.0000128180.51443.83] [PMID]

[30] Borotikar BS, Newcomer R, Koppes R, McLean SG. Com-
bined effects of fatigue and decision making on female lower
limb landing postures : Central and peripheral contributions
to ACL injury risk. Clinical Biomechanics (Bristol, Avon). 2008;
23(1):81-92. [DOI:10.1016/j.clinbiomech.2007.08.008] [PMID]

[31] Mohapatra S, Krishnan V, Aruin AS. Postural control in re-
sponse to an external perturbation: Effect of altered propriocep-
tive information. Experimental Brain Research. 2012; 217(2):197-
208. [DOI:10.1007/500221-011-2986-3] [PMID] [PMCID]

[32] Jomhouri S, Talebian S, Vaez Mousavi M, Hatef B, Sadjadi
Hazaveh SH. Changes in the trend of walking motor control
in athletes with anterior cruciate ligament deficiency in re-

sponse to progressive perturbation trainings. Austin Sports
Medicine. 2021; 6(1):1045-53. [Link]

[33] Pollok B, Latz D, Krause V, Butz M, Schnitzler A. Changes
of motor-cortical oscillations associated with motor learn-
ing. Neuroscience. 2014; 275:47-53. [DOI:10.1016/j.neurosci-
ence.2014.06.008] [PMID]

[34] Gutmann B, Hiilsdiinker T, Mierau J, Striider HK, Mierau
A. Exercise-induced changes in EEG alpha power depend on
frequency band definition mode. Neuroscience Letters. 2018;
662:271-5. [DOI:10.1016/j.neulet.2017.10.033] [PMID]

[35] No author. Introduction; features and functions-Tanita BC-
601F instruction manual [Internet]. 2023 [Updated 2023 June].

Acailable from: [Link]

[36] Diermeier T, Rothrauff BB, Engebretsen L, Lynch AD,
Ayeni OR, Paterno MV, et al. Treatment after anterior cruci-
ate ligament injury: Panther symposium ACL treatment con-
sensus group. Knee Surgery, Sports Traumatology, Arthros-
copy. 2020; 28(8):2390-402. [DOI:10.1007/500167-020-06012-6]
[PMID] [PMCID]

[37] Fitzgerald GK, Axe MJ, Snyder-Mackler L. Proposed practice
guidelines for nonoperative anterior cruciate ligament rehabili-
tation of physically active individuals. The Journal of Orthopae-
dic and Sports Physical Therapy. 2000; 30(4):194-203. [PMID]

[38] Howard JS, Fazio MA, Mattacola CG, Uhl TL, Jacobs CA.
Structure, sex, and strength and knee and hip kinematics dur-
ing landing. Journal of Athletic Training. 2011; 46(4):376-85.
[DOI:10.4085/1062-6050-46.4.376] [PMID] [PMCID]

[39] Padua DA, DiStefano L], Beutler Al, de la Motte SJ, DiSte-
fano MJ, Marshall SW. The landing error scoring system as a
screening tool for an anterior cruciate ligament injury-preven-
tion program in elite-youth soccer athletes.Journal of Athletic
Training. 2015; 50(6):589-95. [DOI:10.4085/1062-6050-50.1.10]
[PMID] [PMCID]

July 2023, Volume 17, Number 3

[40] Ross SE, Guskiewicz KM, Yu B. Single-leg jump-landing
stabilization times in subjects with functionally unstable an-
Kles. Journal of Athletic Training. 2005; 40(4):298-304. [PMID]

[41] Nawasresh Z, Logerstedt D, Failla M, Snyder-Mackler L.
No difference between mechanical perturbation training with
compliant surface and manual perturbation training on knee
functional performance after ACL rupture. Journal of Ortho-
paedic Research. 2018; 36(5):1391-7. [DOI:10.1002/jor.23784]
[PMID] [PMCID]

[42] Hartigan E, Axe MJ, Snyder-Mackler L. Perturbation train-
ing prior to ACL reconstruction improves gait asymmetries in
non-copers. Journal of Orthopaedic Research. 2009; 27(6):724-
9. [DOI:10.1002/jor.20754] [PMID] [PMCID]

[43] Nawasreh Z, Failla M, Marmon A, Logerstedt D, Snyder-
Mackler L. Comparing the effects of mechanical perturbation
training with a compliant surface and manual perturbation
training on joints kinematics after ACL- rupture. Gait &
Posture. 2018; 64:43-49. [DOI:10.1016/j.gaitpost.2018.05.027]
[PMID] [PMCID]

[44] Nawasreh ZH, Marmon AR, Logerstedt D, Snyder-Mack-
ler L. The effect of the training on a compliant surface on mus-
cle activation and co-contraction after anterior cruciate liga-

ment injury. International Journal of Sports Physical Therapy.
2019; 14(4):3554-63. [DOI:10.26603 / ijspt20190554] [PMID]

[45] Zhang Z, Gao Y, Wang ]. Human movement science effects
of vision and cognitive load on anticipatory and compensato-
ry postural control. Human Movement Science. 2019; 64:398-
408. [DOI:10.1016/j.humov.2019.02.011] [PMID]

[46] Letafatkar A, Rajabi R, Minoonejad H, Rabiei P. Efficacy of
perturbation-enhanced neuromuscular training on hamstring
and quadriceps onset time, activation and knee flexion dur-
ing tuck-jump task. International Journal of Sports Physical
Therapy. 2019; 14(2):214-27. [PMID]

[47] Mierau A, Hiilsdiinker T, Striider HK. Changes in cortical
activity associated with adaptive behavior during repeated
balance perturbation of unpredictable timing. Frontiers
in Behavioral Neuroscience. 2015; 9:272. [DOI:10.3389/fn-
beh.2015.00272] [PMID] [PMCID]

[48] Wang C, Rajagovindan R, Han SM, Ding M. Top-down
control of visual alpha oscillations : Sources of control signals
and their mechanisms of action. Frontiers in Human Neuro-
science. 2016; 10:15. [DOI:10.3389/ fnhum.2016.00015] [PMID]
[PMCID]

[49] Del Percio C, Brancucci A, Bergami F, Marzano N, Fiore A,
Di Ciolo E, et al. Cortical alpha rhythms are correlated with
body sway during quiet open-eyes standing in athletes: A
high-resolution EEG study. Neuroimage. 2007; 36(3):822-9.
[PMID]

[50] Edwards AE, Guven O, Furman MD, Arshad Q, Bronstein
AM. Electroencephalographic correlates of continuous pos-
tural tasks of increasing difficulty. Neuroscience. 2018; 395:35-
48. [DOI:10.1016/j.neuroscience.2018.10.040] [PMID]

[51] Netz Y. Is there a preferred mode of exercise for cognition
enhancement in older age ? A narrative review. Frontiers in
Medicine. 2019; 6:57. [DOI:10.3389/ fmed.2019.00057] [PMID]
[PMCID]

Jombhouri S, et al. Training Interventions Change Alpha Power After ACLD. IMR. 2023: 17(3):319-333



https://jmr.tums.ac.ir/index.php/jmr
https://doi.org/10.1007/s00167-014-3374-x
https://www.ncbi.nlm.nih.gov/pubmed/25311052
https://doi.org/10.1249/01.MSS.0000128180.51443.83
https://www.ncbi.nlm.nih.gov/pubmed/15179171
https://doi.org/10.1016/j.clinbiomech.2007.08.008
https://www.ncbi.nlm.nih.gov/pubmed/17889972
https://doi.org/10.1007/s00221-011-2986-3
https://www.ncbi.nlm.nih.gov/pubmed/22198575
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3325787
https://www.researchgate.net/publication/351374233_Changes_in_the_Trend_of_Walking_Motor_Control_in_Athletes_with_Anterior_Cruciate_Ligament_Deficiency_in_Response_to_Progressive_Perturbation_Trainings
https://doi.org/10.1016/j.neuroscience.2014.06.008
https://doi.org/10.1016/j.neuroscience.2014.06.008
https://www.ncbi.nlm.nih.gov/pubmed/24931763
https://doi.org/10.1016/j.neulet.2017.10.033
https://www.ncbi.nlm.nih.gov/pubmed/29055724
https://www.manualslib.com/manual/678317/Tanita-Bc-601f.html?page=3#manual
https://doi.org/10.1007/s00167-020-06012-6
https://www.ncbi.nlm.nih.gov/pubmed/32388664
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7524809
https://www.ncbi.nlm.nih.gov/pubmed/10778796
https://doi.org/10.4085/1062-6050-46.4.376
https://www.ncbi.nlm.nih.gov/pubmed/21944069
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3419149
https://doi.org/10.4085/1062-6050-50.1.10
https://www.ncbi.nlm.nih.gov/pubmed/25811846
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4527442
https://pubmed.ncbi.nlm.nih.gov/16404451/
https://doi.org/10.1002/jor.23784
https://www.ncbi.nlm.nih.gov/pubmed/29077216
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5924420
https://doi.org/10.1002/jor.20754
https://www.ncbi.nlm.nih.gov/pubmed/19023893
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3597104
https://doi.org/10.1016/j.gaitpost.2018.05.027
https://www.ncbi.nlm.nih.gov/pubmed/29852358
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6062476
https://doi.org/10.26603/ijspt20190554
https://pubmed.ncbi.nlm.nih.gov/31440417/
https://doi.org/10.1016/j.humov.2019.02.011
https://www.ncbi.nlm.nih.gov/pubmed/30876761
https://pubmed.ncbi.nlm.nih.gov/30997274/
https://doi.org/10.3389/fnbeh.2015.00272
https://doi.org/10.3389/fnbeh.2015.00272
https://www.ncbi.nlm.nih.gov/pubmed/26528154
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4604244
https://doi.org/10.3389/fnhum.2016.00015
https://www.ncbi.nlm.nih.gov/pubmed/26834601
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4718979
https://www.ncbi.nlm.nih.gov/pubmed/17478102
https://doi.org/10.1016/j.neuroscience.2018.10.040
https://www.ncbi.nlm.nih.gov/pubmed/30391529
https://doi.org/10.3389/fmed.2019.00057
https://www.ncbi.nlm.nih.gov/pubmed/30984760
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6450219

