
ABSTRACT
Background: Deficits in dynamic neuromuscular control of the knee may contribute to the higher incidence of the anterior 
cruciate ligament (ACL), specifically in female athletes. Little is known about the effects of preventive training programs 
on muscle onset time and activation during functional tasks. 

Purpose: The purpose of this study was to evaluate the efficacy of perturbation-enhanced neuromuscular training on ham-
string and quadriceps onset time and activation, and knee flexion angle in female athletes with quadriceps dominance (QD) 
deficit during a tuck-jump (TJ) task. 

Study Design: Quasi-experimental study

Methods: Thirty-one collegiate female athletes with neuromuscular quadriceps dominance deficit randomly divided into 
experimental (n=16) and control (n=15) group. The experimental group performed a six-week perturbation training (18 
sessions). Electromyograhic (EMG) assessment of quadriceps and hamstring activation and knee flexion angles during a TJ 
task were completed at baseline and after six weeks. 

Results: A significant decrease in the preparatory(p=0.003) and reactive (p=0.013) quadriceps-hamstring (Q/H) co-activa-
tion ratio was found in the experimental group. Perturbation training markedly decreased latency in medial hamstring 
(MH) (p=0.001), vastus medialis (VM) (p=0.004) and lateral hamstring (LH) (p=0.031), while latency increased for rectus 
femoris (RF) (p=0.001) and vastus lateralis (VL) (p=0.023) during a TJ task. The experimental group had average increases 
of 41.1%, 40.8%, and 39.5% in initial knee flexion, peak knee flexion and knee flexion displacement angle during the TJ 
task, respectively. 

Conclusion: Increased preparatory VM and MH activities and decreased Q/H co-activation ratio, decreased VM and MH 
latency represent preprogrammed motor strategies learned during the perturbation training. This observed neuromuscular 
adaptation during TJ task could potentially reduce the risk for non-contact ACL injury.

Level of evidence: 2

Key Words: Anterior cruciate ligament, Electromyography, Female, Knee flexion angle, Movement System, Muscle 
activation. 
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INTRODUCTION
Knee joint injuries are one of the most common inju-
ries related to athletic activities, accounting for almost 
10% to 25% of all injuries,1 and anterior cruciate liga-
ment (ACL) comprises approximately 45% of them.2 
ACL injury is associated with long recovery times and 
high socio-economic costs.2 Approximately 70% of ACL 
injury mechanisms are non-contact,2 and commonly 
occur during physical activities that require decelera-
tion and acceleration, change of direction, landing, and 
pivoting maneuvers.2 Female athletes are two to eight 
times more likely than male athletes to sustain ACL 
injury.3 The reason for this difference could be due 
to the 2.7° to 5.8° greater quadriceps angle (Q angle), 
narrower A-shaped intercondylar notch, smaller ACL 
size, and increased medial posterior tibial slope.3 

Analyses of videos recorded during non-contact ante-
rior cruciate ligament (ACL) injury have repeatedly 
shown that awkward movements (i.e., decreased 
knee, hip, and trunk flexion which imply decreased 
sagittal-plane movement control) are potential risk 
factors for ACL injury.1-5

Electromyographical (EMG) studies have demon-
strated that females may have sex-related differ-
ences in the muscle onset time during the athletic 
movement.6,7 Wojtys et al. reported that female 
athletes have a slower response of hamstring acti-
vation to anterior stress on the ACL (using anterior 
tibia translation tests) compared to male athletes in 
physical examination.7 Cowling and Steele8 reported 
sex differences in muscle activation strategies of 
the hamstrings musculature that contradicted the 
findings of Wojtys et al.7 Males activated their semi-
membranosis muscle later than females in the pre-
landing phase and reached peak activity sooner.8 

Medina et al. stated that female non-athlete subjects 
recruited vastus medialis (VM) slower than their ath-
letic peers (127.1 vs 408.1 ms), but not slower than 
the male athletes (127.1 vs 275.7 ms).4 No significant 
differences were seen among the groups for ham-
string musculature activation.4 Medina et al. dem-
onstrated that there were no differences between 
female and male athletes for time to initial contrac-
tion of any muscle groups in a drop landing task.4 

Sex differences in neuromuscular control, includ-
ing ligament dominance, quadriceps dominance 

(QD), leg dominance, and trunk dominance likely 
contribute to ACL injury especially in females.9 The 
inter-limb differences in muscle recruitment pat-
terns, muscle strength, and muscle flexibility tend 
to be greater in females than in males.9 The sec-
ond dominance called QD refers to the method of 
stabilizing the knee joint by primarily using the 
quadriceps muscles.9 Females preferentially use 
quadriceps muscles to stiffen and stabilize the knee 
joint, as compared to males.7,9  Thus, females may 
exhibit higher activation of quadriceps muscles rel-
ative to hamstrings muscles increasing the risk of 
ACL injury in the landing phase.9 

During a jump-landing task, decreased knee flexion 
angle (0-30°) is another of the important mecha-
nism for non-contact ACL injuries in females.9 
Diminished knee-flexion angles and QD during the 
preparatory phase of a jump is influenced by high 
Q/H co-activation ratio.2,10 Furthermore, it seems 
the high Q/H co-activation ratio was largely influ-
enced by diminished hamstrings activity rather than 
excessive quadriceps activity during the preparatory 
phase of a jump task. Walsh et al. performed a cor-
relational analysis of Q/H co-activation ratio during 
a jump-landing task.2 The result of Walsh’s study 
indicated that Q/H co-activation ratio was signifi-
cantly and negatively correlated with knee-flexion 
angle at initial contact (r=0.442).2 It is also reported 
that Q/H co-activation ratio was negatively corre-
lated with hamstrings activity, but not quadriceps.2 
These findings suggest that interventions designed 
to enhance preparatory hamstring activity may be 
effective in minimizing the Q/H co-activation ratio 
and placing the knee in a more flexed position at 
initial contact thereby preventing ACL loading and 
injury.11 Walsh et al. suggested that investigations 
on ACL injury-prevention programs should be con-
ducted to examine strategies to modify preparatory 
phase, Q/H co-activation ratio, and decrease quadri-
ceps activation after ground foot contact.2 

In recent years, prevention of ACL injuries has 
become a key issue among researchers. Plyometric, 
balance training, agility training, and instructions for 
landing modifications with knee flexion more than 
30° in jump-landing maneuver are common compo-
nents of ACL injury prevention training programs.9,12 
An increase in knee flexion has been reported as a 
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Participants
Based on the primary evaluation of 60 females, 31 
collegiate female handball, basketball and soccer 
players with QD deficit, between 20 to 25 years of 
age, volunteered to participate in the study. The 
number of participants was based on the previous 
similar research.9 All subjects performed a TJ test 
to determine QD deficit. An experienced TJ tester 
assessed the test. A failed trial was defined as when 
the subjects 1) had an excessive landing contact 
noise, or 2) had peak knee flexion angle less than 
30° during landing from TJ.9 

All subjects signed the informed consent and com-
pleted the health history questionnaires. The ques-
tionnaires were reviewed for inclusion and exclusion 
criteria. Risk and benefits of the study participation 
were individually explained to the subjects. Exclu-
sion criteria included any lower extremity recon-
structive surgery in the prior two years, and any 
lower-extremity injury or unresolved musculoskel-
etal disorders that prohibited subjects from sports 
participation. All subjects participated in off-season 
training that involved performing three sessions per 
week, 90 to 120 minutes for every session.

Random assignment was performed by participants 
selecting a sealed envelope to determine group allo-
cation. Subjects were placed in either the experi-
mental (n=16) group (mean height= 168.03±7.42 
cm, body mass= 58.22±6.36 kg) or control (n=15) 
group (mean height= 167±9.90 cm, body mass= 
59.30±7.81). Any subject who missed more than 
one training session was removed from the study. 
All control subjects were asked to refrain from any 
perturbation-type training. (Figure 1)

EMG Assessment 
Data were collected by a surface EMG system (Mega-
win ME6000, Jali Medical, Waltham, MA). The EMG 
data were collected from five muscles: Rectus Fem-
oris (RF), VM, Vastus Lateralis (VL), Medial Ham-
string (MH), and Lateral Hamstring (LH) of the 
dominant leg.

The dominant leg was defined as the leg used to 
kick a ball for maximum distance. The skin over 
the bellies of these muscles was prepared for elec-
trode placement by shaving and cleaning the area 

result of conducting plyometric training,13 plyomet-
ric or balance training,14 and in response videotape 
feedback.15

It has been suggested that ACL injury prevention 
programs should target the development of motor 
programs characterized by coordinated muscle acti-
vation.9,16,17 Perturbation training is a specialized 
neuromuscular training program designed to aid in 
the development of dynamic knee stability among 
individuals with complete ACL rupture.11,17 Although 
the influence of perturbation training has been stud-
ied in varied populations, the effects of this types of 
training on female athletes with unbalanced ham-
string and quadriceps muscle onset time and activa-
tion as well as limited knee flexion angles during 
landing has not been well understood. Letafatkar et 
al. recommended perturbation training to female 
athlete’s coaches as a means to eliminate the QD 
deficit and improve athletic performance.9 Further 
research should be performed to focus on how to 
modify quadriceps and hamstrings muscle onset 
times, activation, and knee flexion angle.2,4,18

Therefore, the purpose of this study was to evaluate 
the efficacy of perturbation-enhanced neuromuscu-
lar training on hamstring and quadriceps onset time 
and activation, and knee flexion angle in female ath-
letes with QD deficit during a tuck-jump (TJ) task. 
The first hypothesis was that the perturbation train-
ing group would experience significantly improve-
ment in neuromuscular control and knee flexion 
angle. The second hypothesis was that the experi-
mental group would experience more changes in 
neuromuscular control and knee flexion angle than 
those of the control group.

METHODS

Stud y Design
Pre - posttest control-group experimental design.

The independent variables were time (pre-test, post-
test) and training intervention. The dependent vari-
ables were EMG measures including muscle onset 
time, average, and Q/H co-activation ratio, and knee 
flexion angle in initial contact, at peak knee flexion, 
and total knee flexion displacement. This study was 
approved by the Ethical Committee of the Tehran 
Medical University.
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The maximum voluntarily contraction (MVC) val-
ues for each muscle were obtained by collecting 
one maximal five-second trial after a series of three 
warm-up trials performed at 50%, 75%, and 100% 
of maximal effort. The first and last seconds of the 
MVC trials were removed from the data to ensure 
only steady-state results during MVC test. The aver-
age activity during the middle three seconds of the 
MVC trial was determined for each muscle. 

Data normalization was performed by dividing EMG 
raw signals into MVC data, and for standardization, 
the following equation was used, and the muscles 
activation was reported as the percentage of MVC.

EMG = (EMG from TJ task/average MVC in manual 
muscle testing position) × 100.

For MVC of the VMO, VL, MH and LH, the subject 
was asked to sit on a chair with the hips and knees at 
90° and straps around the legs and trunk. The sub-
ject kicked forward on the strap to extend the knee 
for the quadriceps MVC, and pulled back on the 
strap to flex the knee for the hamstring MVC.9

The Q/H co-activation ratios were assessed during 
the preparatory and reactive phases in a TJ task. The 

with 70% isopropyl alcohol.4 Dual surface electrodes 
(Skintact, Fannin Ltd, Dublin, Ireland) were placed 
over the prepared skin in the direction of the muscle 
fibers. A single reference electrode was positioned 
over the tibial tuberosity of the dominant limb.17,19 
EMG electrodes were placed superficially on the 
midpoint of the muscle belly for the RF. The EMG 
sensors for the VM were placed 4 cm superior and 
3 cm medial to the superior border of the patella 
and oriented 55° medially concerning vertical.2,18 
The EMG sensors for VL were placed 10 cm supe-
rior and 7 cm lateral to the superior border of the 
patella and oriented at approximately 10° laterally 
concerning vertical. For MH the sensors were placed 
36% of the distance between the ischial tuberosity 
and the medial side of the popliteus cavity, starting 
from the ischial tuberosity;2,18 and finally, the EMG 
sensors for the LH were placed over the measured 
midpoint (ischial tuberosity to fibular head) of the 
muscle belly.2,18 Sensor placements and the absence 
of cross-talk were confirmed by evaluating the activ-
ity of each muscle with manual muscle tests. Once 
EMG sensor placements were confirmed, the sen-
sors and the leads were secured with pre-wrap and 
athletic tape to minimize movement artifact. EMG 
data were sampled at 1000 Hz.19 

Figure 1. Flow diagram of the study.
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The subjects were also instructed to land softly, 
using a toe to midfoot rocker landing, and to land in 
the same footprint with each jump.21

Experimental Procedures
Subjects were first asked to perform a warm-up 
(bicycle ergometer for five to seven minutes, and 
dynamic stretching of both lower extremities for five 
minutes). Subjects were allowed a one-minute rest 
between test trials. Each subject then was allowed 
to practice three-reparation TJ preparation trials 
before data collection. In the next step, subjects per-
formed the five-repetition TJ task, and the average 
scores of five repetitions were recorded. Subjects 
were allowed a one-minute rest between test trials.

During performing the TJ task on the foot switch, the 
EMG electrodes (as described above) and electrogoni-
ometers (M110, Biometrics Ltd., Gwent, UK; ICC=0.64-
0.9722) applied to the dominant leg. The lower segment 
of the electrogoniometer (known as the shank) was 
fixed and the knee movement was obtained by mov-
ing the upper segment (known as the thigh).22 Mean-
while, muscle activation and knee flexion angles were 
measured. Knee flexion angle at initial contact, peak 
knee flexion angle, and knee flexion displacement dur-
ing the landing phase of the TJ task were calculated 
for each trial.20-24 Knee flexion displacement was cal-
culated by subtracting the knee flexion angle at initial 
contact from the peak knee flexion angle.19

Perturbation- enhanced neuromuscular 
training
The subjects in experimental group performed eigh-
teen sessions of perturbation-neuromuscular train-
ing over six weeks under the supervision of two 
investigators at the Physical Therapy Clinic accord-
ing to the protocol described by Letafatkar et al.9 and 
Taylor.25 

Every training session lasted approximately one 
hour and consisted of rocker board (Figures 2, 3) 
roller board (Figure 4) and roller board/BOSU ball 
(Figure 5) activities with stationary platform pertur-
bation drills. (Figure 6) Progression of perturbation 
drills is shown in Table 1. The verbal instructions 
were provided to subjects for performing appropri-
ate technique execution. The instructions included 
“keep your knees soft”, “keep your trunk still”, and 

Q/H co-activation ratio was computed as the sum of 
the average EMG amplitude of the quadriceps (RF 
and VL) divided by the sum of the average EMG 
amplitude of the hamstrings (MH and LH) for each 
trial. The Q/H co-activation ratio was computed 
separately for each of the five TJ repetitions and 
then the average was taken.19 The preparatory phase 
encompassed 150 milliseconds before ground con-
tact; the reactive phase consisted of initial ground 
contact to 350 milliseconds after ground contact.19

The time to initial contraction was based on three 
standard deviations above baseline, as previously 
described4 recorded during the quiet period before 
TJ The footswitch, made by the researchers and 
placed under the forefoot, simultaneously was used 
to determine initial ground contact and onset of mus-
cle activity for each trial.9 Initial ground contact was 
the defined as the initial instant in time when the 
testing foot first came into contact with the ground.9

All EMG data (TJ task and MVC trials) were band-
pass filtered (10 to 350 Hz) and notch filtered (60 Hz 
at 1-Hz width) using a Butterworth filter (4th order, 
zero-phase lag) in the Megawin software package 
used for the EMG processing. The data were rectified 
and smoothed by taking the root mean square aver-
age of the EMG signal and using a 50-millisecond 
sliding window function. The data were exported to 
technical computing software (MATLAB ver. 7.0) for 
further analysis.

TJ task assessment
The TJ is known as a reliable (ICC=0.88) measure-
ment test to determine abnormal jump-landing 
mechanism.20 In the current study, the TJ was per-
formed to measure the muscle onset time, muscle 
activation, and knee flexion angle assessment, 
before and after training. To perform the TJ, sub-
jects started in a position with feet shoulder-width 
apart. Initially, they jumped from a slight down-
ward crouched position, with extended arms behind 
the trunk. They then swung their arms forward as 
they simultaneously jumped straight up and pulled 
their knees up as high as possible. The subjects were 
instructed to get their thighs to parallel to the ground 
at the peak of the jump. The subjects were encour-
aged to immediately begin the next TJ to decrease 
downtime (or landing pause) between each jump. 
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All subjects regularly participated in the scheduled 
off-season strength training, practices, and games 
and tournaments, but the experimental group also 
participated in a perturbation- enhanced neuromus-
cular training program three times a week over six 
weeks. The experimental group was given instruc-
tions and illustrations of each perturbation exercise 

“relax between perturbations”. Ultimately, each sub-
ject was free to respond to the perturbation given 
the constraints of the drill and verbal cuing. Inten-
sity, sport specificity, and the difficulty of the drills 
were progressed systematically. (Figures 7, 8, 9) 
Sequencing of each training session consisted of dif-
ferent perturbation drills.9

Figure 2. Two leg rocker board.

Figure 3. One leg rocker board.

Figure 4. Roller board/stable (weight scale) surface.

Figure 5. Roller Board/BOSU ball.
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control) between the knee flexion angle and elec-
tromyography variables. Statistical analyses were 
conducted in SPSS (SPSS, Version 18.0, Chicago; IL). 
Statistical significance was established a priori at p< 
0.05 to test the directional (one-sided) hypothesis 
that perturbation training would be more effective 
than control in improving knee flexion angle and 
electromyography in active participants. 

The effect size (Cohen’s d) was calculated to deter-
mine the standardized mean difference for each 
variable. Effect sizes were classified as small (d = 
0.20), medium (d = 0.50), or large (d = 0.80).

RESULTS
The perturbation training and control groups had a 
participation rate of 100% during the study period. 
A significant interaction of group and time was 
observed following the study with selected knee 
flexion angle and electromyography measures 
which indicate that training outcomes were dif-
ferent between perturbation training and control 
groups.

before the first training session. Post-test were taken 
a day after the training program was completed. 

 Data Analysis
Descriptive data were calculated for all variables. A 
mixed-design repeated measure ANOVA (2 × 2) was 
used to test for interactions and main effects for time 
(pre- vs posttest) and group (perturbation training vs 

Figure 6. Thera Band feedback/perturbation training.

Table 1. Sample of perturbation training progression.
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p=0.280) did not differ between the groups (p>
0.05). 

Muscle Activation and Onset of Muscle 
Activation 
A significant interaction of group and time was also 
found following the perturbation training program on 
muscle activation and the onset of muscle activation 
measures. Relative to control, the perturbation train-
ing program showed greater improvement in mus-
cle activation [RF (P preparatory=0.003, P reactive=0.001); 
VM (P preparatory=0.011, P reactive=0.003); VL (P prepara-

tory=0.019, P reactive=0.021); MH(P preparatory=0.007, P reac-

tive=0.001); and LH(P preparatory=0.023, P reactive=0.042)] 
and the onset of muscle activation [RF (P=0.001), 
VM(P=0.004), VL(P=0.023), MH (P=0.001) and LH 
(P=0.031)] from pretest to posttest. 

Q/H co-activation ratio
A significant interaction of group and time was also 
found following the perturbation training program 
on Q/H co-activation measure. Relative to control, 
the perturbation program showed greater improve-
ment in the Q/H co-activation ratio in prepara-
tory phase from a mean (95% CI) pretest score of 
1.50±0.29 (1.28–1.63) to 1.18±0.12 (1.03–1.43; 

The mean and standard deviation of the subjects’ 
demographic characteristics are presented in Table 
2, and descriptive data of all variables are shown in 
Tables 3 and 4.

Demographic characteristics (age, p=0.210; weight, 
p=0.198; height, p=0.109; exercise experience, 

Figure 7. Simple sport specifi c technique on rocker board.

Figure 8. Moderate demand sport specifi c technique on 
rocker board.

Figure 9. Advanced sport specifi c technique on rocker 
board.
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(25–29.32) to 39.92±2.41 (36.23–42.03; p< .05), peak 
knee flexion angle from a mean (95% CI) pretest 
score of 51.55±2.79 (48–54.21) to 72.59±6.16 (67.13–
79; p< .05) and knee flexion displacement angle 
from a mean (95% CI) pretest score of 24.40±3.69 
(21–26.37) to 34.03±5.39 (28.91–39; p< .05). 

DISCUSSION
The purpose of this study was to determine the 
efficacy of a perturbation- enhanced neuromuscu-
lar training program on knee flexion angle as well 

p< .05) and reactive phase from a mean (95% CI) 
pretest score of 1.29±0.12 (1.03–1.34) to 1±0.06 
(0.94–1.2; p< .05). 

Kinematic data
A significant interaction of group and time was also 
found following the perturbation training program 
on knee flexion angle measures. Relative to control, 
the perturbation training program showed greater 
improvement in the initial contact knee flexion angle 
from a mean (95% CI) pretest score of 28.29±3.83 

Table 2. Demographic characteristics of participants, reported as mean +/- standard deviations.

Experimental Control p-value
Age (years)
Weight (kg)
Height (cm)

Exercise experience (years)

Table 3. Intra- and inter-group differences for muscle activation and Q:H co-activation variables.
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the muscle spindles, the higher state of readiness of 
muscles to respond to disruptive forces and conse-
quently the more improvement in joint stability.11 

Muscle onset time of hamstring and 
quadriceps
In the pretest, there were no statistical differences 
between the experimental and control groups in the 
muscle onset time of all five muscles. In both groups, 
RF and VL demonstrated somewhat earlier recruit-
ment than hamstrings. This improper muscle onset 
time may be due to the demands of the subject’s 
sport-specific task (football, handball, and basket-
ball). Insufficient neuromuscular control in females 
could alter the recruitment of the knee muscles in 
landing tasks resulting in altered quadriceps and 
hamstrings activation strategies compared to males. 
Females may preferentially rely on higher activation 
of quadriceps muscles relative to hamstrings muscles 

as on hamstring and quadriceps muscle onset time 
and activation in athletes with QD deficit during 
the TJ task. It was hypothesized that a perturbation 
program would result in improvement of neuromus-
cular control as measured by EMG parameters and 
knee flexion angles during the TJ task in experimen-
tal group compared the control group. 

Statistical analysis revealed that VM and MH pre-
activation were significantly different between 
the experimental and control groups. A significant 
decrease in Q/H co-activation ratio may lead to 
improvement of dynamic stability to the sagittal 
plane at the knee and a significant increase in knee 
flexion in the decelerating phase of the TJ.

The findings of the current study may relate to 
ACL injury prevention. Perturbations can excite the 
afferent pathways that provide information to the 
muscle spindle. The more increased sensitivity of 

Table 4. Intra- and inter-group differences for onset of muscle activation variable.

Table 5. Intra- and inter-group differences for kinematic variables during the Tuck Jump 
test.
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Quadriceps earlier activation at knee flexion angles 
of less than 45° are antagonistic to the ACL, signifi-
cantly increasing ACL strain.9 Conversely, the ham-
strings are a dynamic ACL agonist. The combination 
of changes in quadriceps and hamstrings muscle 
onset time value among subjects after perturbation 
training resulted in a more balanced activation strat-
egy that has the potential to reduce the possibility of 
ACL strain. Due to the medium to large effect sizes 
reported in this study, the increases and decreases 
in latency of quadriceps and hamstring are a direct 
effect of the perturbation training. 

Muscle-Activation
The significant changes in EMG activity after six 
weeks of the perturbation- enhanced neuromuscular 
training included increased MH and VL muscle acti-
vation during the preparatory and reactive phases 
of landing. In the training sessions, subjects were 
instructed to keep a deep knee flexion angle and 
knees neutral (prevent from any sagittal and fron-
tal-plane displacements by keep their knee in line 
with their toes) during landings and on the roller 
board/BOSU ball exercises. It is reported that peak 
activity of the hamstrings occurs between 50-70 
degrees of knee flexion.22,23 therefore, the subjects 
learned the correct posture and landing technique 
which could increase hamstrings activity. Nagano 
et al. suggested that increased hamstrings activity 
after the jump and balance training resulted from 
the altered muscular control of the lower extremity. 

The increased activity of MH and VM EMG could 
indicate greater functional knee stability at ground 
contact which may decrease the incidence of knee 
injury because it provides fast compensation for 
encountering external loads.23

The current results indicated that a significant 
increase in preparatory and reactive Q/H co-activa-
tion ratio was achieved after training for the perturba-
tion group, whereas the same measures in the control 
group were unchanged. Increased preparatory knee 
Q/H co-activation ratio may increase knee joint stiff-
ness, decreasing adduction and abduction moments 
and enhancing dynamic restraint during functional 
activities.23 Dynamic restraint in the knee can also 
be achieved through reflexive or reactive neuromus-
cular control.2 These findings indicated only a trend 
toward increased reactive muscle activation. This was 

in landing intensities in order to stabilize the knee. 
After training, females in the experimental group 
had an earlier onset of MH, LH and VM activity, indi-
cating improved neuromuscular performance.

Notably, knee ligament injuries have been esti-
mated to occur at 73 ms,11 with reflexive muscle 
responses occurring at 128 ms, after the offend-
ing stimulus. The latency of muscular responses 
in a knee ligament injury scenario suggests that 
muscular responses are too slow to prevent injury. 
Preparatory muscle activity may improve reactive 
muscle reactivity via the muscle spindle by identi-
fying unexpected perturbations more quickly,26 and 
potentially reduce the risk of knee ligament injury.

In the current study, the latency of MH decreased 
after six weeks of perturbation training in the exper-
imental group. Improvement in the activation of 
MH may decrease the incidence of the ACL injuries 
at high flexion angles. Decreased hamstring latency 
may decrease the time required to stabilize the tibia 
before an anterior translation force occurs. It also, 
before the loading phase that occurs during ground 
contact, may help dynamically protect the integrity 
of the knee joint and surrounding structures.27 In 
addition, the decrement of hamstring latency is of 
particular importance in landing, where the reduc-
tion in the response time can lead to a lack of appro-
priate postural adjustments and increase in the loads 
experienced at the knee joint.28

Consistent with Medina et al. after six weeks of 
perturbation training, a significant reduction in 
the muscle onset time of RF and VL was observed 
while the muscle onset time of VM, LH and MH 
were increased significantly.4 The training-induced 
change in muscle onset time of MH activity is a 
positive neuromuscular adaptation. Hamstring acti-
vation before ground contact (especially in female 
athletes) is a more desirable neuromuscular charac-
teristic when attempting to reduce ACL injury risks. 

Shultz et al. observed that after perturbation, a silent 
period occurs in the medial and lateral quadriceps.28 
The silent period is likely to be either a function of 
reflexive inhibition in response to sudden unload-
ing of the contracting quadriceps29 or a reciprocal 
inhibition in response to reflexive activation of the 
hamstring muscle group.30 
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may lead to changes in the function of the quadri-
ceps and the hamstrings.20-23 Previous authors have 
shown that subjects in the low flexion angle group 
during landing demonstrated decreased energy 
absorption at the knee and hip.32 Thus, increased 
knee flexion during landing could increase energy 
absorption in the knee.20,23 

Limitations of the study
There were some limitations to this study. Firstly, 
only the short-term effects of the ACL injury preven-
tion training were examined. Examining the long-
term effects of the perturbation training program 
and its effects on ACL injury prevention in a larger 
sample size is recommended. The effects of the sub-
jects’ menstrual cycle were not considered. Thus, 
the acquired changes after perturbation training 
in landing and TJ could be attributable something 
other than the training. 

Considering the small to moderate effect sizes in 
the perturbation group, it would seem that this pro-
gram could be used for the correction of QD deficit. 
However, the mechanism by which this occurs has 
not been determined and additional larger samples 
and other EMG factors (muscle activity) should be 
analyzed. Thirdly, there was likely cross-talk for the 
muscles used in this study, as is typical in surface 
EMG. The authors tried to minimize cross-talk by 
considering and carefully selecting the appropriate 
electrode size, inter-electrode distance, and the loca-
tions of electrode placement for EMG data record-
ings over each of the muscles. Fourthly, while the 
authors used a foot switch as the instrument to deter-
mine the initial ground contact during landing, this 
researcher created tool may have had some inher-
ent error, which was a limitation of this study, there-
fore, using a more accurate and reliable tool such as 
a force plate is recommended. Finally, because of 
governmental rules pictures of female participants 
were not allowed, thus only male participants are 
shown in figures.

CONCLUSIONS
The results of the current study indicate that imple-
mentation of progressive perturbation training 
can increase VM and MH muscle pre-activation, 
decrease quadriceps to hamstring co-activation 

observed after ground contact, when the perturbation 
group appeared to have more symmetric Q/H co-
activation. High Q/H co-activation ratio can increase 
strain on the ACL and predispose athletes to non-con-
tact injuries.2,10 However, perturbation training may 
produce neuromuscular adaptations that encourage 
more symmetric quadriceps and hamstrings co-acti-
vation and balance joint loads for dynamic restraint.31 
Calculations revealed that the intra-group effect size 
of perturbation training ranged from 0.06 to 0.61(small 
to moderate) (Table 4).

Knee fl exion angle 
The pretest initial knee flexion angle, peak knee 
flexion angle, and knee flexion displacement in the 
treatment group were 28.29±3.83°, 51.50±5.79° 
and 24.40±3.69° respectively. At posttest, the ini-
tial knee flexion, peak knee flexion, and knee 
flexion displacement significantly increased to 
39.92±2.41°, 72.59±6.16° and 34.03±5.39° respec-
tively in the perturbation training group, reaching 
a desirable level (50-70 degrees) of peak knee flex-
ion.22 There were no significant differences from 
pretest to posttest in the control group. Myer stated 
that the quadriceps, through the anterior pull of the 
patellar tendon on the tibia, contributes to ACL load-
ing when knee flexion is less than 30º.2,10,20 Ham-
strings contraction cannot reduce ACL strain with 
the knee slightly flexed because these muscles meet 
the tibia at a small angle.23 Increased flexion angle 
that is seen after perturbation training is described 
as the best accommodation in female athletes that 
can somewhat protect the ACL from injury risk.2

The results of the present study suggest that, during 
landing from a jump, one strategy for the prevention 
of ACL injury is to maintain high hamstring muscle 
activity, It seems exercises that increase the strength 
and activation of the hamstring muscle may be an 
effective method to prevent ACL injury.2,18 Ham-
string activity was increased after training in both 
the preparatory and reactive phases both of which 
could lead to increased the knee stability. As previ-
ously mentioned, during the perturbation training 
subjects were instructed to have a deep knee flex-
ion angle and keep their knees in line with their 
toes without any sagittal and frontal-plane displace-
ments. It is found that increased knee flexion angles 
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ratio, and decrease the latency for MH, LH, and VM 
in female athletes with QD deficit as determined via 
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