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Effects of a 4‑week plyometric 
training on activity patterns 
during different phases of one‑leg 
drop jump with focus on jump 
height
Somayeh Ahmadabadi 1*, Hamid Rjabi 2, Reza Gharakhanlou 3, Saeed Talebian 4 & 
Aref Basereh 5

Athletic women have shown a higher risk of ACL injury during jump landing compared to men. 
Plyometric training can be an alternative way to minimize the risk of knee injuries via the changed 
muscle activity patterns. Hence, the aim of this study was to determine the effects of a 4‑week 
plyometric training program on the muscle activity pattern in different phases of one‑leg drop jump 
in active girls. Active girls were randomly allocated into 2 groups (Plyometric training = 10, Control 
group = 10) where the plyometric training group (PTG) performed 60 min exercises, 2 sessions/1 week 
for 4 weeks while the control group (CG) had their daily activity. In the pre to post test, the sEMG was 
recorded from the Rectus Femoris (RF), Biceps Femoris (BF), Medial Gastrocnemius (GaM), and Tibialis 
Anterior (TA) muscles of the dominant leg during the Preparatory phase (PP), Contact Phase (CP), 
Flight Phase (FP) of one‑leg drop jump. Electromyography variables (Signal amplitude, Maximum 
activity, Time to peak (TTP), Onset and activity time and Order muscle activity) and Ergo jump 
variables (Time of preparatory phase (TPP), Time of contact phase (TCP), Time of flight (jump height) 
phase (TFP), and Explosive power were analyzed. The Univariate ANCOVA test showed a significant 
difference between the two groups in Activity Time, whilst adjusting for pre‑test as a Covariate, only 
in TA muscle  (F(1,17) = 5.09, p = 0.038, η2 = 0.230). In PTG. TA (− 15%), GaM (− 19%), and BF muscles 
(− 9%) started their activity earlier while there was no significant difference between the two groups 
at the Onset time. TTP of RF was significantly different between the 2 groups only in the PR phase 
(0.216 ± 0.07 vs 0.153 ± 0.09 s) (p = 0.049, 95% CI = 0.001, 0.127). Results of the present study suggest 
that a 4‑week plyometric training can improve the stability of leg joints via earlier recruitment of 
muscles and change activity patterns in lower limb muscles. It also recommends that the preparatory 
phase before landing be considered an important stage in preventing sports injuries in a training 
program.

Plyometric training is generally expected to enhance performances during stretch–shortening cycle (SSC) exer-
cises. Among the mechanisms of plyometric training, it is possible to mention the potential of the electric cur-
rents of the muscle (neural adaptations), biochemical-mechanical potential, and restoring the elastic energy 
of the  muscles1,2. Plyometric training causes modulation in the action of deep muscle receptors. Studies have 
shown that the muscle spindle participates in power output through a stretch reflex mechanism in plyometric 
 training3. By contrast, another proprioceptor, Golgi tendon organs (GTOs), located in tendons, mainly prevents 
muscle over-contraction3, which reduces the sensitivity of this organ to plyometric  training4, which increases the 
recruitment of motor units and changes the pattern of muscle activity during  jumping5,6. Therefore, plyometric 
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training seems to increase the neuromuscular control of the knee joint during landing due to pre-preparation, 
which reduces knee joint  injuries7,8. Typically, plyometric training is carried out over a period of several days or 
weeks (6–12 weeks), at a training frequency of 1–3 sessions per week, and a maximal to near-maximal  intensity9. 
On the other hand, Studies indicate that short-duration plyometric training (4 weeks) can also improve jump 
and movement  performance10–14.

The most important factor in controlling movement in the knee is the responsibility of the quadriceps and 
hamstring muscles, and due to the importance of the flexion mechanism, the function of the quadriceps muscles 
is very important in the movement control process with concentric and eccentric  contractions15. Studies have 
shown that the rectus femoris muscle is the main responsible for holding the knee joint against additional  loads16. 
Several studies have also shown that knee and thigh angles during landing are essential determinants of forces 
on the knee. In other words, small flexion angles produce strong impact  forces17,18. In this context, Reimann 
showed that a successful landing from a jump requires co-activation of the hamstring and quadriceps muscle 
groups, increasing muscle stiffness and, as a result, joint stability in the lower  body19. Single-leg landing is a 
common task in sports that requires a sudden stop and a quick change of direction. The single-legged DJ has a 
more beneficial training effect than the double-legged  DJ20,21. Wang et al. measured the jumping height, ground 
contact time, reactive strength index, ground reaction force, ground reaction force loading rate, joint power, 
and stiffness in 12 male college students during the single-legged and double-legged DJ and their results showed 
that the single-leg was more effective than the double-leg in all variables, especially when the drop height of the 
single-legged DJ was less than 30-cm20. However, limited research has investigated the activity pattern of lower 
body muscles in jumping and landing on one leg after plyometric training, these studies compare successful 
and unsuccessful landings on the domain and non-domain  leg22, investigating the factors causing injuries to the 
anterior cruciate ligament (ACL)23, the comparison of depth jump of healthy people with functional  instability24 
and gender differences in lower body kinematics during single-leg  landing25 have been discussed. Various studies 
were conducted in relation to plyometric training and its beneficial effects on preventing damage to lower body 
organs and improving strength performance in both  genders17. These studies showed that females demonstrate 
a lower degree of knee flexion and a greater degree of thigh extension than men in all  sports26. The females tend 
to drop into a more vertical position with less knee and hip flexion, tibial rotation, and abnormal knee external 
 rotation27. Also, female athletes showed an increase in the activity of the quadriceps compared to their opposite 
muscle group (hamstring) in  landings27.

The increased homogeneity in muscle activity at the moment of landing begins before the foot contact and 
provides greater protection and stability of the joint against  damage28. Therefore, knowing the pattern of mus-
cle activity during different stages of drop jump helps to understand the mechanisms of increasing mechani-
cal efficiency during the stretching-shortening cycle. Hence, in this research, we have two specific hypotheses 
included: (1) 4 weeks of plyometric training can change EMG variables of different muscles (Rectus Femoris, 
Biceps Femoris, Tibialis Anterior, and Medial Gastrocnemius) in different phases (preparatory, contact, jump 
phases) of a one-leg drop jump in active girls, (2) 4 weeks of plyometric training can change Ergo-jump variables 
of different muscles (Rectus Femoris, Biceps Femoris, Tibialis Anterior, and Medial Gastrocnemius) in different 
phases (preparatory, contact, jump phases) of a one-leg drop jump in active girls.

Materials and methods
Participants. The G power 3.0.10 program was used to calculate the minimal sample size needed in our 
study, with Z1-β = 1.03 (power = 85%) and Z/2 = 1.96 (α = 5%), and with considering a ratio of 1 control for 
every case, there was a need for a minimum of 10 experimental and 10 control subjects. Subjects were recruited 
via advertisements, which were posted on bulletin boards at a university and a research institute; telephone 
calls, which were made to individuals on the institute’s volunteer registry; and word-of-mouth. Individuals were 
deemed eligible to participate in this study if they: (a) were available to attend all assessment and intervention 
sessions; (b) and free from any known history of neuromuscular impairment, or musculoskeletal injuries over 
the recent 6 months. Twenty participants volunteered to participate in the study. Participants assigned to the 
PT group were required to undertake 8 supervised plyometric training sessions over a 4-week training period. 
Participants assigned to the control group were not completed any training sessions. Participants’ characteristics 
are detailed in Table 1.

The initial test measurements included height measurements (using a Seka model 222 made in Ireland), age, 
weight, fat percentage (using an Omron model HBF-508 scale), and determination of the domain leg. 3 tests 
were used to determine the dominant leg: ball hitting  test22, step climbing test, and balance-rest  test29. The leg 
that was used in at least 2 tests was determined as the domain leg.

Table 1.  Initial characteristics of experimental and control groups.

Experimental group (n = 10) Control group (n = 10)

Age (years) 21.8 ± 0.63 21.5 ± 0.97

Height (m) 1.65 ± 0.05 1.63 ± 0.05

Body mass (kg) 57.33 ± 8.84 56.65 ± 10.39

BMI (kg/m2) 21.1 ± 2.5 21.3 ± 1.9

Fat percent (%) 29.32 ± 6.7 27.84 ± 8.53
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Procedures. The study examined the impact of a 4-week PT program (two sessions per week, with a 48-h 
rest interval) on muscle activity patterns (Rectus Femoris, Biceps Femoris, Tibialis Anterior, Medial Gastrocne-
mius) in different phases (preparatory, contact, jump) during a one-leg drop jump. All protocols were approved 
by the Tarbiat Modares University Research Committee and Review Board in Physical Education Department. 
This study was conducted according to the ethical principles of the Declaration of Helsinki and approved by the 
Institutional Review Board of Tarbiat Modares University (#TMU/D/10901181390). Written informed consent 
forms were signed by all participants.

The subjects of the experimental group performed the plyometric training for 4 weeks, 2 sessions each week, 
a total of 8 sessions (Table 2). Participants were allocated into the control group were not completed any training 
sessions. In the design of the main training program, the increasing load intensity is adjusted based on increas-
ing the height of the step. In each session, all members of the experimental group attended the training place at 
the same time and the plyometric training program was performed under the supervision of two experienced 
coaches and with the coordination of the research team leader. According to the research, the pattern of muscle 
activity changes with increasing the height of the step from 40 to 60 or 80 cm, and not changes lower than 40  cm30. 
Therefore, to perform the pre and post-test, a single-leg drop jump was used from a step with a height of 20  cm29. 
The schedule of each plyometric training session included three parts: warm-up (15 min), Training (45 min), and 
cool-down (15 min). The important point related to the plyometric training program in this study was that the 
training was performed bilaterally with both legs in different directions while the test (pre and post) was done 
unilaterally (with the domain leg). For every 3 s of contraction, 30 s of rest were  considered31. The subjects were 
asked to do their maximum effort in each movement.

Pre and post measurements. For pre and post-test measurements, the participants standing on the step, 
hearing the sound stimulus, without any contraction in the leg muscles, let themselves down from the steps, 
and as soon as the domain leg touched the ground, immediately jumped up and then landed on the floor. Also, 
for the skill to be performed in a completely natural way, the subject’s hands were opened, and asked not to use 
their hands to perform the jump and to put them on their  waist32 (Fig. 1). Also, to perform the drop jump skills 
uniformly, the subjects should be asked not to flexion their knees during the jump-up phase. In order to study 
the pattern of muscle activity during this drop jump, the data was recorded by electromyography and Ergo-jump. 
Each drop jump was divided into phases: standing on the platform, Preparatory phase, contact phase, Flight 
phase, and land phase. Preparatory, Contact, and Flight phases have been evaluated. After recording EMG and 
Ergo-jump data and according to the results of 3 jump repetitions, the repetition with the highest flight time 
(jump height)33 was selected as the main jump, and Ergo-jump and EMG data analysis was performed on it.

Electromyographic (EMG) assessment. The area of electrode placement was shaven to remove fine 
hair, rubbed with an abrasive skin gel to remove dead skin, and then cleaned with 70% isopropyl alcohol wipes. 
The sEMG was recorded from the Rectus Femoris (RF), Biceps Femoris (BF), Medial Gastrocnemius (GaM), 
and Tibialis Anterior (TA) muscles of the dominant leg using bipolar Ag–AgCl electrodes (SKINTACT, made 
German). The sEMG signals were amplified (× 1000), bandpass filtered (20 Hz–1 kHz), digitized online at 2 kHz, 
recorded (ME6000 device), and analyzed using MegaWin software (v.3.1). Variables from EMG: onset time, 
duration time of activity, maximum activity, signal amplitude, and time to peak. The analysis of the sEMG signal 
was done in such a way that at first the RMS of the raw signal was calculated and then it was normalized by using 
the averaging window 51 and the amplitude of the RMS signal using the formula (amplitude of each phase/rest-
ing amplitude signal).

Ergo‑jump assessment. The Ergojump (manufactured by Danesh Salar Iranian, Iran) had 2 plates. One of 
them was placed on the step and the other was on the ground. Variables calculated by Ergo-jump  device34: Time 
of preparatory phase (TPP), Time of contact phase (TCP), Time of flight (jump height) phase (TFP), and Explo-
sive power. For measuring the Time of the Preparatory phase, subjects were asked to drop themselves without 

Table 2.  4-week plyometric training program.

Weeks

1 2 3 4

Height of the step 10 cm 15 cm 20 cm 25 cm

Movement

 Hop right foot (10 m) 2 2 2 2

 Hop left foot (10 m) 2 2 2 2

 One-legged vertical jump in front of the step with a change of legs 2 × 10 2 × 10 2 × 10 2 × 10

 Jumping with the right leg to the front step 2 × 10 2 × 10 2 × 10 2 × 10

 Jumping with the left leg to the front step 2 × 10 2 × 10 2 × 10 2 × 10

 Jumping with the right leg to the side of the step 2 × 10 2 × 10 2 × 10 2 × 10

 Jumping with the left leg to the side of the step 2 × 10 2 × 10 2 × 10 2 × 10

 Jumping with the right leg to the back of the step 2 × 10 2 × 10 2 × 10 2 × 10

 Jumping with the left leg to the back of the step 2 × 10 2 × 10 2 × 10 2 × 10
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any lower limb contraction from the step on the first plate. The time between this drop and the initial contact 
of the foot with the second plate on the floor was TPP. The total time of first contact with the second plate was 
recorded as TCP. As soon as the subject contacted the second floor, they were asked to jump. This time between 
the jump and second contact was recorded as the duration of the flight time (Fig. 1). Also, the average explosive 
power is calculated using Bosco’s formula (W = (Tf × Tt × g2)/4n (Tt − Tf)) with the unit (W/kg). In this formula, 
Tf: flight time (s), Tt: test duration (s), n: number of jumps, and g = 9.835.

Statistical analysis. Descriptive statistics were used to summarize the characteristics of the participants 
and measurements. The normality of data was assessed with the Shapiro–Wilk test. ANCOVA (Pre-test as a 
covariate) followed by Bonferroni post hoc test was used to evaluate the effects of a 4-week plyometric train-
ing on activity pattern variables of 4 muscles in different phases of a drop jump. Bonferroni’s post hoc test was 
performed to evaluate the differences within a group. All statistical analysis was performed using Spss V22. A 
p < 0.05 was considered for statistical significance.

Ethics approval. All protocols of this research were approved by the Tarbiat Modares University Research 
Committee and Review Board. This study was conducted according to the ethical principles of the Declaration 
of Helsinki, and approved by the Institutional Review Board of the Tarbiat Modares University, Department of 
Physical Education (#TMU/T/10901181390).

Patient consent statement. All the participants completed and signed informed consent.

Results
EMG variables. Signal amplitude. The electromyography results of the lower limbs are shown in Table 3. 
The results of the Univariate ANCOVA test showed no significant difference between the two groups in sig-
nal amplitude in the different Phases (Phases × Group) of jumping, whilst adjusting for pre-test, in all muscles 
(p > 0.05).

Also, the results of the Univariate ANCOVA test of signal amplitude showed a significant difference between 
phases of jumping in RF (p = 0.03, η2 = 0.132) and BF muscles (p < 0.001, η2 = 0.131). Bonferroni’s post hoc test 
showed a significant difference between the PR Phase compared to FL Phase in the signal amplitude of RF muscle 
(p < 0.001, 95% CI = 1.61, 23.64) and BF muscle (p < 0.001, 95% CI = -2.37, 6.73).

Maximum activity. The results of the Univariate ANCOVA test showed no significant difference between the 
two groups in Maximum activity in the different Phases (Phases × Group) of jumping, whilst adjusting for pre-
test, in all muscles (p > 0.05).

Also, the results of the Univariate ANCOVA test showed a significant difference in the phases of jumping 
in BF (p < 0.001, η2 = 0.319) and GaM muscles (p < 0.001, η2 = 0.176). Bonferroni’s post hoc test for BF muscle 
showed a significant difference in PR Phase compared to FL Phase (p < 0.001, 95% CI = 39.517, 126.57) and CO 
phase (p < 0.001, 95% CI = 26.32, 106.24). For GaM muscle post hoc test showed a significant difference in PR 
phase compared to FL Phase (p < 0.001, 95% CI = 33.87, 275.23) and CO Phase (p < 0.001, 95% CI = 9.33, 244.22).

Figure 1.  Drop jump phases.
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Time to peak (TTP). The results of the Univariate ANCOVA test showed a significant difference in the time-to-
peak variable between the two groups in the different phases (Phases × Group) of jumping, whilst adjusting for 
pre-test, only in the time-to-peak variable in the RF muscle  (F(2,53) = 3.72, p = 0.03, η2 = 0.319). Other muscles did 
not show a significant difference between the two groups in the different phases (Phases × Group) of jumping 
(p > 0.05). Bonferroni’s post hoc test for RF muscle showed that there was a difference between the two groups 
only in the PR phase of the jumping phase (0.216 ± 0.07 vs 0.153 ± 0.09 s) (p = 0.049, 95% CI = 0.001, 0.127).

Also, the results of the Univariate ANCOVA test showed a significant difference in the phases of jumping in 
RF (p < 0.001, η2 = 0.182), BF (p = 0.01, η2 = 0.141) and GaM muscles (p = 0.02, η2 = 0.137). Bonferroni’s post hoc 
test for RF muscle showed a significant difference in CO Phase compared to FL phase (p = 0.004, 95% CI = 0.22, 
0.126). For BF muscle post hoc test showed a significant difference in CO phase compared to FL phase (p = 0.015, 
95% CI = 0.013, 0.153). For GaM muscle post hoc test showed a significant difference in CO phase compared to 
FL phase (p = 0.018, 95% CI = 0.018, 0.169).

Onset and activity time and order muscle activity. The results of the Univariate ANCOVA test showed no sig-
nificant difference between the two groups in Onset time, whilst adjusting for pre-test, in all muscles (p > 0.05).

The results of the Univariate ANCOVA test showed a significant difference between the two groups in Activ-
ity Time, whilst adjusting for pre-test, only in TA muscle  (F(1,17) = 5.09, p = 0.038, η2 = 0.230), Other muscles did 

Table 3.  Electromyography results for control group and plyometric group (mean ± SD). *P < 0.05, **P < 0.01.

Muscle Variable Phases

Control group Plyometric group Univariate ANCOVA

Pre-test Post-test Pre-test Post-test

Pre-test Phases Group Phases × Group

F p F p F p F p

Rector femoris

Signal ampli-
tude (μv)

PR 10.73 ± 12.00 5.34 ± 5.36 4.80 ± 6.58 5.94 ± 6.25

0.46 0.49 3.86 0.03* 0.04 0.84 0.18 0.84CO 26.75 ± 25.70 13.11 ± 7.10 9.88 ± 8.60 12.50 ± 14.63

FL 36.41 ± 30.82 19.61 ± 9.31 13.82 ± 10.55 18.82 ± 24.33

Maximum 
activity (μv)

PR 56.1 ± 38.82 64.9 ± 50.83 55.80 ± 40.86 57.80 ± 41.02

8.84 0.000** 1.32 0.27 0.94 0.33 0.41 0.66CO 170.6 ± 111.63 164.5 ± 127.99 152.0 ± 97.59 141.1 ± 13.09

FL 196.1 ± 118.49 241.2 ± 191.54 183.6 ± 95.60 166.6 ± 19.08

Time to peak 
(s)

PR 0.194 ± 0.10 0.216 ± 0.07 0.187 ± 0.10 0.153 ± 0.09

20.02 0.16 5.9 0.000** 0.17 0.68 3.73 0.03*CO 0.231 ± 0.05 0.213 ± 0.07 0.233 ± 0.09 0.268 ± 0.07

FL 0.169 ± 0.08 0.135 ± 0.07 0.221 ± 0.07 0.176 ± 0.07

Biceps femoris

Signal ampli-
tude (μv)

PR 2.44 ± 1.80 4.10 ± 4.1 2.65 ± 2.16 3.1 ± 1.74

3.11 0.08 3.99 0.000** 7.75 0.000** 1.24 0.29CO 6.82 ± 3.59 10.98 ± 7.00 5.73 ± 4.00 6.27 ± 4.13

FL 10.00 ± 5.45 15.41 ± 9.48 8.0 ± 5.37 8.0 ± 4.30

Maximum 
activity (μv)

PR 46.0 ± 42.35 51.5 ± 40.77 46.0 ± 29.97 59.1 ± 41.81

3.93 0.05* 12.39 0.000** 1.64 0.20 0.92 0.41CO 100.1 ± 48.76 118.7 ± 45.40 79.6 ± 34.13 99.2 ± 52.68

FL 119.0 ± 60.13 131.9 ± 51.90 103.1 ± 41.88 107.3 ± 54.91

Time to peak 
(s)

PR 0.228 ± 0.05 0.216 ± 0.06 0.201 ± 0.07 0.165 ± 0.10

3.41 0.07 4.35 0.01* 0.28 0.59 1.43 0.24CO 0.233 ± 0.05 0.207 ± 0.09 0.247 ± 0.08 0.25 ± 0.08

FL 0.142 ± 0.10 0.133 ± 0.09 0.199 ± 0.09 0.119 ± 0.09

Tibialis 
anterior

Signal ampli-
tude (μv)

PR 11.24 ± 7.00 13.77 ± 15.19 5.97 ± 7.73 4.45 ± 2.66

10.93 0.000** 0.18 0.83 4.90 0.03* 0.20 0.82CO 16.28 ± 12.78 13.36 ± 12.28 6.0 ± 8.0 12.50 ± 14.63

FL 16.94 ± 15.0 12.76 ± 10.12 4.34 ± 3.16 4.24 ± 4.69

Maximum 
activity (μv)

PR 216.3 ± 110.36 169.5 ± 92.44 215.2 ± 15.8 164.1 ± 134.0

16.05 0.000** 0.05 0.95 0.73 0.39 0.12 0.89CO 259.9 ± 105.35 210.6 ± 113.35 212.4 ± 151.7 160.6 ± 115.4

FL 246.6 ± 88.16 201.2 ± 130.72 167.9 ± 108.9 133.0 ± 78.08

Time to peak 
(s)

PR 0.199 ± 0.09 0.184 ± 0.09 0.183 ± 0.06 0.117 ± 0.10

1.7 0.25 0.42 0.65 0.05 0.83 1.33 0.27CO 0.200 ± 0.10 0.115 ± 0.12 0.085 ± 0.10 0.121 ± 0.10

FL 0.064 ± 0.08 0.086 ± 0.10 0.149 ± 0.10 0.105 ± 0.08

Medial gas-
trocnemius

Signal ampli-
tude (μv)

PR 7.87 ± 14.4 4.61 ± 8.9 1.04 ± 0.55 1.66 ± 0.66

5.32 0.03* 0.80 0.45 0.65 0.42 0.04 0.96CO 13.48 ± 17.61 8.51 ± 12.37 2.49 ± 1.42 3.99 ± 3.49

FL 14.82 ± 14.89 10.45 ± 14.63 3.38 ± 2.0 4.93 ± 4.29

Maximum 
activity (μv)

PR 105.0 ± 63.01 205.7 ± 167.8 127.5 ± 122.3 147.8 ± 118.9

0.34 0.56 5.58 0.000** 5.56 0.02* 0.18 0.83CO 215.7 ± 83.12 342.6 ± 145.89 236.1 ± 175.3 245.6 ± 121.0

FL 243.5 ± 105.07 374.2 ± 159.28 256.5 ± 188.6 265.4 ± 121.5

Time to peak 
(s)

PR 0.154 ± 0.10 0.185 ± 0.09 0.155 ± 0.10 0.151 ± 0.11

0.56 0.46 4.21 0.02* 0.03 0.86 0.38 0.68CO 0.141 ± 0.04 0.230 ± 0.07 0.250 ± 0.08 0.250 ± 0.10

FL 0.141 ± 0.10 0.136 ± 0.11 0.214 ± 0.05 0.150 ± 0.10
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not show a significant difference between the two groups (p > 0.05). Bonferroni’s post hoc test for TA muscle 
showed that the duration of Activity Time in the plyometric training group was longer than the control group 
(1.02 ± 0.24 vs 1.25 ± 0.28 s) (p = 0.038, 95% CI = 0.017, 0.516).

Table 4 shows Order muscle activity patterns are different between the two groups. In the training group, 
the TA and RF muscle followed the same muscle activity pattern from pre to post-test, but the BF and the GaM 
muscle changed the activity pattern from pre to post-test.

In the control group, the BF and GaM muscles followed the same muscle activity pattern from pre to post-test, 
but the TA and the RF muscle changed the activity pattern from pre to post-test.

Ergo‑jump variable. The results of the Univariate ANCOVA test showed no significant difference between 
the two groups in TPP  (F(1,17) = 0.974, p = 0.337, η2 = 0.054), TCP  (F(1,17) = 0.676, p = 0.422, η2 = 038), TFP 
 (F(1,17) = 0.293, p = 0.595, η2 = 017), and power  (F(1,17) = 0.114, p = 0.740, η2 = 007), whilst adjusting for the pre-test.

Discussion
This study examined the influence of a 4-week plyometric training on neuromuscular and Ergo-jump charac-
teristics’ in different phases of a one-leg drop jump in active girls. The present study showed that the TTP in the 
plyometric training group compared to the control group in the PR phase showed a significant decrease in the 
RF muscle. The TTP of the RF muscle in the PR phase, after 4 weeks of plyometric training, decreased by 18% 
compared to the control group. It means that after training, the RF muscle reduced the reaction time of muscle 
contraction. Previous studies, such as Chang et al. showed that the time to peak decreases after plyometric 
training in  children36. Wu et al. suggested that after plyometric training, muscle activation was enhanced and 
activated  earlier37. Also, Kubo et al. reported that plyometric training increased voluntary muscle  activation38. 
This result revealed that plyometric training could alter neuromotor  control39. As a result, the earlier activity of 
the RF muscle as the main responsible for maintaining the knee joint against additional  loads15 and the main 
power transmitter from the thigh to the knee in  jumps40 helps to stabilize the joint prior to landing. Preparatory 
muscle activity involves feed-forward processing, in which the planning of movements is based on sensory input 
from previous  experiences41. Also, the TA (− 15%), GaM (− 19%), and BF muscle (− 9%) started their activity 
earlier after plyometric training. That is, by activating the muscles before landing (PR phase), the neuromuscular 
system prepares the joints for shock  absorption42,43. Michael et al. showed Anticipation modulates neuromechan-
ics of drop jumps in known or unknown ground  stiffness44. Also, Guerrero showed that Jumping from a sand 
surface requires more output from the quadriceps muscles than jumping from a rigid  surface45. Despite this, 
other neuromuscular characteristics, such as maximum activity and signal amplitude, did not differ significantly 
between the two groups in different phases of one leg drop jump. In contrast to the current findings, other studies 
showed a significant difference after plyometric training. Hammami et al. also noted that an 8-week plyometric 
program significantly improved the RMS values for the Rectus Femoris in elite soccer  players46. Similarly, Toumi 
et al. found significant improvement in RMS values for the knee extensor muscles during SJ after 8 weeks of  PT47. 
On the other hand, Mehdipour et al. saw no effect on RMS for the Rectus Femoris and right thigh muscles after 
6 weeks of  PT48. The major part of the improvements during the initial weeks in ballistic type is probably due to 
adaptations of the neural system, such as increased motor unit firing rate, synchronization, and excitability, an 
increase in efferent motor drive, and improved co-activation of the synergist  muscles49,50. These disparate results 
may reflect differences in the type and intensity of programs and the height of the jumps undertaken.

Also, the results of this research showed that there was no significant difference between the two groups at the 
Onset time. Despite this, the Onset time decreased from pre to post-training in both groups. It was also shown 
in the present study that the Activity Time differs between the two groups in the TA muscle. The results of other 

Table 4.  Onset and activity time and muscle activity pattern for control group and plyometric group 
(mean ± SD). Significant values are in bold. *P < 0.05.

Muscle Variable

Control group Plyometric group

Univariate ANCOVA

Pre-test Group

Pre-test Post-test Pre-test Post-test F p F p

Rectus femoris

Onset time (s) 2.11 ± 0.72 1.85 ± 0.78 1.73 ± 0.66 1.42 ± 0.47 1.32 0.26 1.0 0.27

Activity time (s) 1.19 ± 0.49 1.23 ± 0.49 1.21 ± 0.34 1.18 ± 0.26 4.03 0.06 0.12 0.74

Order muscle activity pattern 2 1 2 2

Biceps femoris

Onset time (s) 2.43 ± 0.67 2.27 ± 0.85 1.80 ± 0.6 1.64 ± 0.4 0.16 0.69 2.17 0.12

Activity time (s) 0.8 ± 0.27 0.89 ± 0.22 1.13 ± 0.53 0.95 ± 0.22 5.41 0.03 0.05 0.82

Order muscle activity pattern 4 4 3 4

Tibialis anterior

Onset time (s) 1.99 ± 0.62 1.95 ± 0.82 1.57 ± 0.61 1.34 ± 0.39 0.01 0.91 3.83 0.06

Activity time (s) 1.4 ± 0.48 1.02 ± 0.24 1.26 ± 0.33 1.25 ± 0.28 1.53 0.23 5.09 0.03*

Order muscle activity pattern 1 2 1 1

Medial gastrocnemius

Onset time (s) 2.17 ± 0.64 1.99 ± 0.79 1.88 ± 0.95 1.52 ± 0.59 0.27 0.61 1.90 0.18

Activity time (s) 1.29 ± 0.07 0.93 ± 0.53 1.06 ± 0.5 1.08 ± 0.5 0.15 0.69 0.50 0.48

Order muscle activity pattern 3 3 4 3
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studies suggest that female athletes have a higher risk of ACL injury during jump landing due to increased TA 
translation force with quadriceps muscle  activity51. So plyometric training for reduced injury during jump land-
ing change muscle activity patterns. In plyometric training, the TA and RF muscle followed the same muscle 
activity pattern from pre to post-test, but the BF and the GaM muscle changed the activity pattern from pre to 
post-test. The previous studies showed that Muscle-Activation Strategies could change by Plyometric training, 
sex, and  fatigue2,5,6. Nicole et al. showed that change Muscle-Activation Strategies represent preprogrammed 
motor strategies learned during plyometric  training5. Katsikari et al. reported Kinetic and Kinematic Changes 
in Prepubescent Girls after Plyometric  Training52. Lephart et al. showed that plyometric programs may further 
improve muscular activation  patterns53. In the control group, the BF and GaM muscle followed the same muscle 
activity pattern from pre to post-test, but the TA and the RF muscle changed the activity pattern from pre to 
post-test. In the control group, in the pre-test, as in the training group, TA muscle was used at first. Despite this, 
it seems that after the subjects learned in the pre-test, the RF muscle was used initially because it has been shown 
that this muscle can effectively help to stabilize the  joint15.

The research results showed no significant difference between the two groups in Ergo-jump variables. In 
contrast, other studies have shown that Plyometric training improves performance and maintains explosive 
strength  parameters54,55. Villarreal et al. (2011) report improvements in Power Output, Maximum Rate of Force 
Development, and Height in Countermovement Jump after plyometric  training56. The performance of plyometric 
training always depends on different factors such as training level, gender, age, sports activity, and years of train-
ing experience also some other important factors depend upon the plyometric training performance like the 
type of training, training load, and intensity, duration of the training, and also rest between the repetition and 
the  set57. However, a greater jumping performance may not necessarily coincide with sEMG activity  conversely58.

Results of the current research showed that using the plyometric training in female training programs reduces 
the maximum landing forces and leads to fewer ACL  injuries42. Plyometric training also increases joint stability 
and reduces injury risks by facilitating neuromuscular  adaptations7. With this study, it may be possible to create 
this mindset for coaches that plyometric training via changing the muscle activity patterns before landing may 
result in more stability in the knee joint and decrease the risk of ACL injuries in active women.

Limitations. The current investigation was conducted on adult females, and there is a need to extend these 
results to cover other age and gender groups and other skill levels. The study design (cross-sectional) does not 
allow inferring cause-effect relationships. Therefore, extrapolation of current findings to training interventions 
should be performed with caution. An extension of the duration of the plyometric program and an increase in 
exercise intensity might have enabled participants to achieve significant improvements in neuromuscular char-
acteristics and Ergo-jump.

Conclusion
In conclusion, a 4-week plyometric training made 4 important-lower-limb muscles activated earlier in the pre-
paratory phase compared to the control group which can indicate positive changes in neuromotor control and 
leads to a safer landing and better stabilization in the knee joint. Additionally, Rectus Femoris and Tibialis 
Anterior showed the same muscle activity pattern in the training group while they were different in the control 
group. These findings suggest that plyometric training via changing the muscle activity pattern before landing 
may result in more stability in the knee joint and decrease the risk of ACL injuries in active women.

Data availability
All data generated or analyzed during this study are included in this published article.

Received: 15 March 2023; Accepted: 4 June 2023

References
 1. Walshe, A. D., Wilson, G. J. & Ettema, G. J. Stretch-shorten cycle compared with isometric preload: Contributions to enhanced 

muscular performance. J. Appl. Physiol. 84, 97–106 (1998).
 2. Wang, M.-H. et al. Effects of plyometric training on surface electromyographic activity and performance during blocking jumps 

in college division I men’s volleyball athletes. Appl. Sci. 10, 4535 (2020).
 3. Prentice, W. E. Rehabilitation Techniques for Sports Medicine and Athletic Training 4th edn. (McGraw-Hill, 2004).
 4. Hutton, R. S. & Atwater, S. W. Acute and chronic adaptations of muscle proprioceptors in response to increased use. Sports Med. 

14, 406–421 (1992).
 5. Chimera, N. J., Swanik, K. A., Swanik, C. B. & Straub, S. J. Effects of plyometric training on muscle-activation strategies and per-

formance in female athletes. J. Athl. Train. 39, 24 (2004).
 6. Strutzenberger, G., Zehnder, L., Borcard, L. M., Scherr, J. & Spörri, J. Are thigh muscle activation patterns during drop jumps 

dependent on sex and fatique? A pilot study in competitive soccer players. ISBS Proc. Arch. 40, 684 (2022).
 7. Hewett, T., Zazulak, B., Myer, G. & Ford, K. A review of electromyographic activation levels, timing differences, and increased 

anterior cruciate ligament injury incidence in female athletes. Br. J. Sports Med. 39, 347–350 (2005).
 8. Dashti Rostami, K., Alizadeh, M., Minoonejad, H., Thomas, A. & Yazdi, H. Relationship between electromyographic activity of 

knee joint muscles with vertical and posterior ground reaction forces in anterior cruciate ligament reconstructed patients during 
a single leg vertical drop landing task. Res. Sports Med. 28, 1–14 (2020).

 9. Ramirez-Campillo, R. et al. Effects of plyometric jump training in female soccer player’s vertical jump height: A systematic review 
with meta-analysis. J. Sports Sci. 38, 1475–1487 (2020).

 10. Luebbers, P. E. et al. Effects of plyometric training and recovery on vertical jump performance and anaerobic power. J. Strength 
Cond. Res. 17, 704–709 (2003).

 11. Impellizzeri, F. M. et al. Effect of plyometric training on sand versus grass on muscle soreness and jumping and sprinting ability 
in soccer players. Br. J. Sports Med. 42, 42–46 (2008).



8

Vol:.(1234567890)

Scientific Reports |         (2023) 13:9192  | https://doi.org/10.1038/s41598-023-36461-1

www.nature.com/scientificreports/

 12. Chelly, M. S., Hermassi, S. & Shephard, R. J. Effects of in-season short-term plyometric training program on sprint and jump 
performance of young male track athletes. J. Strength Cond. Res. 29, 2128–2136 (2015).

 13. Arabatzi, F. Adaptations in movement performance after plyometric training on mini-trampoline in children. J. Sports Med. Phys. 
Fitn. 58, 66–72 (2016).

 14. Lloyd, R. S., Oliver, J. L., Hughes, M. G. & Williams, C. A. The effects of 4-weeks of plyometric training on reactive strength index 
and leg stiffness in male youths. J. Strength Cond. Res. 26, 2812–2819 (2012).

 15. Najafi, M., Najafi, S. & Talebian, S. Assessment of motor units recruitment at the knee extensor muscles. Mod. Rehabil. 4, 48–52 
(2010).

 16. Eranki, A., Cortes, N., Ferencek, Z. G., Kim, J. J. & Sikdar, S. Annual International Conference of the IEEE Engineering in Medicine 
and Biology Society 4851–4854 (IEEE, 2012).

 17. Decker, M. J., Torry, M. R., Wyland, D. J., Sterett, W. I. & Steadman, J. R. Gender differences in lower extremity kinematics, kinetics 
and energy absorption during landing. Clin. Biomech. 18, 662–669 (2003).

 18. Kernozek, T. W., Torry, M. R., van Hoof, H., Cowley, H. & Tanner, S. Gender differences in frontal and sagittal plane biomechanics 
during drop landings. Med. Sci. Sports Exerc. 37, 1003–1012 (2005).

 19. Riemann, B. L. & Lephart, S. M. The sensorimotor system, part I: The physiologic basis of functional joint stability. J. Athl. Train. 
37, 71 (2002).

 20. Wang, L.-I. & Peng, H.-T. Biomechanical comparisons of single-and double-legged drop jumps with changes in drop height. Int. 
J. Sports Med. 35, 522–527 (2013).

 21. Pappas, E., Hagins, M., Sheikhzadeh, A., Nordin, M. & Rose, D. Biomechanical differences between unilateral and bilateral land-
ings from a jump: Gender differences. Clin. J. Sport Med. 17, 263–268 (2007).

 22. Wikstrom, E., Tillman, M., Schenker, S. & Borsa, P. Failed jump landing trials: Deficits in neuromuscular control. Scand. J. Med. 
Sci. Sports 18, 55–61 (2008).

 23. Lawrence, R. K. III., Kernozek, T. W., Miller, E. J., Torry, M. R. & Reuteman, P. Influences of hip external rotation strength on knee 
mechanics during single-leg drop landings in females. Clin. Biomech. 23, 806–813 (2008).

 24. Delahunt, E., Monaghan, K. & Caulfield, B. Changes in lower limb kinematics, kinetics, and muscle activity in subjects with 
functional instability of the ankle joint during a single leg drop jump. J. Orthop. Res. 24, 1991–2000 (2006).

 25. Schmitz, R. J., Kulas, A. S., Perrin, D. H., Riemann, B. L. & Shultz, S. J. Sex differences in lower extremity biomechanics during 
single leg landings. Clin. Biomech. 22, 681–688 (2007).

 26. Carcia, C. R. & Martin, R. L. The influence of gender on gluteus medius activity during a drop jump. Phys. Ther. Sport 8, 169–176 
(2007).

 27. Russell, P. J., Croce, R. V., Swartz, E. E. & Decoster, L. C. Knee-muscle activation during landings: Developmental and gender 
comparisons. Med. Sci. Sports Exerc. 39, 159–170 (2007).

 28. Heredia, C., Lockie, R. G., Lynn, S. K. & Pamukoff, D. N. Comparison of lower extremity kinematics during the overhead deep 
squat by functional movement screen score. J. Sports Sci. Med. 20, 759–765. https:// doi. org/ 10. 52082/ jssm. 2021. 759 (2021).

 29. Schmid, S., Moffat, M. & Gutierrez, G. M. Effect of knee joint cooling on the electromyographic activity of lower extremity muscles 
during a plyometric exercise. J. Electromyogr. Kinesiol. 20, 1075–1081 (2010).

 30. Ruan, M. & Li, L. Approach run increases preactivation and eccentric phases muscle activity during drop jumps from different 
drop heights. J. Electromyogr. Kinesiol. 20, 932–938 (2010).

 31. Herrero, J., Izquierdo, M., Maffiuletti, N. & Garcia-Lopez, J. Electromyostimulation and plyometric training effects on jumping 
and sprint time. Int. J. Sports Med. 27, 533–539 (2006).

 32. Sankey, S. P., Jones, P. A. & Bampouras, T. Effects of two plyometric training programmes of different intensity on vertical jump 
performance in high school athletes. Serbian J. Sports Sci. 2, 123–130 (2008).

 33. Häkkinen, K. et al. Muscle CSA, force production, and activation of leg extensors during isometric and dynamic actions in middle-
aged and elderly men and women. J. Aging Phys. Act. 6, 232–247 (1998).

 34. Di Giminiani, R. & Scrimaglio, R. Center of gravity height calculation and average mechanical power during jump performance. 
Ital. J. Sport Sci. 13, 78–84 (2006).

 35. Bosco, C., Luhtanen, P. & Komi, P. V. A simple method for measurement of mechanical power in jumping. Eur. J. Appl. Physiol. 
50, 273–282 (1983).

 36. Chang, H. & Wang, C. The effect of 8-week plyometric training on neuromuscular activation and sports performance for pre-
pubertal boys. Asian J. Coach Sci. 2, 12–24 (2018).

 37. Wu, Y. K. et al. Relationships between three potentiation effects of plyometric training and performance. Scand. J. Med. Sci. Sports 
20, e80–e86 (2010).

 38. Kubo, K. et al. Effects of plyometric and weight training on muscle-tendon complex and jump performance. Med. Sci. Sports Exerc. 
39, 1801–1810 (2007).

 39. Bonacci, J. et al. Plyometric training as an intervention to correct altered neuromotor control during running after cycling in 
triathletes: A preliminary randomised controlled trial. Phys. Ther. Sport 12, 15–21 (2011).

 40. Kellis, E., Arabatzi, F. & Papadopoulos, C. Muscle co-activation around the knee in drop jumping using the co-contraction index. 
J. Electromyogr. Kinesiol. 13, 229–238 (2003).

 41. Dunn, T. G., Gillig, S. E., Ponsor, S. E., Weil, N. & Utz, S. W. The learning process in biofeedback: Is it feed-forward or feedback?. 
Biofeedback Self Regul. 11, 143–156 (1986).

 42. Hewett, T. E., Stroupe, A. L., Nance, T. A. & Noyes, F. R. Plyometric training in female athletes: Decreased impact forces and 
increased hamstring torques. Am. J. Sports Med. 24, 765–773 (1996).

 43. Lazaridis, S. et al. Neuromuscular differences between prepubescents boys and adult men during drop jump. Eur. J. Appl. Physiol. 
110, 67–74 (2010).

 44. Helm, M., Ritzmann, R., Gollhofer, A. & Freyler, K. Anticipation modulates neuromechanics of drop jumps in known or unknown 
ground stiffness. PLoS One 14, e0211276 (2019).

 45. Guerrero, J. M. Electromyography analysis of lower body muscle mechanics during maximal vertical jumps on a rigid and sand 
surface (2010).

 46. Hammami, M., Gaamouri, N., Shephard, R. J. & Chelly, M. S. Effects of contrast strength vs. plyometric training on lower-limb 
explosive performance, ability to change direction and neuromuscular adaptation in soccer players. J. Strength Cond. Res. 33, 
2094–2103 (2019).

 47. Toumi, H., Best, T., Martin, A., F’guyer, S. & Poumarat, G. Effects of eccentric phase velocity of plyometric training on the vertical 
jump. Int. J. Sports Med. 25, 391–398 (2004).

 48. Mehdipour, A. R., Ferdowsi, M. H., Alijani, A. & Goharpey, S. A study of electromyography of lower extremities and comparison 
of effects of plyometric and isotonic weight training. Hum. Mov. 9, 103–106 (2008).

 49. Basereh, A., Rajabi, H., Gharibzadeh, S. & Jaberzadeh, S. Adaptations of cortical-spinal excitatory and inhibitory pathways in 
strength changes caused by resistance training in untrained individuals based on transcranial magnetic stimulation. Sport Physiol. 
Manag. Investig. 14, 81–97 (2022).

 50. Basereh, A. & Rajabi, D. Application of transcranial magnetic stimulation (TMS) in exercise response and exercise adaptations. 
Sport Physiol 14, 60–17 (2022).

 51. Urabe, Y. et al. Electromyographic analysis of the knee during jump landing in male and female athletes. Knee 12, 129–134 (2005).

https://doi.org/10.52082/jssm.2021.759


9

Vol.:(0123456789)

Scientific Reports |         (2023) 13:9192  | https://doi.org/10.1038/s41598-023-36461-1

www.nature.com/scientificreports/

 52. Katsikari, K. et al. Kinetic and kinematic changes in vertical jump in prepubescent girls after 10 weeks of plyometric training. 
Pediatr. Exerc. Sci. 32, 81–88 (2020).

 53. Lephart, S. M. et al. Neuromuscular and biomechanical characteristic changes in high school athletes: A plyometric versus basic 
resistance program. Br. J. Sports Med. 39, 932–938 (2005).

 54. Jakšić, D. et al. Effects of additional plyometric training on the jump performance of elite male handball players: A systematic 
review. Int. J. Environ. Res. Public Health 20, 2475 (2023).

 55. Aloui, G. et al. Effects of elastic band based plyometric exercise on explosive muscular performance and change of direction abili-
ties of male team handball players. Front. Physiol. 11, 604983 (2020).

 56. de Villarreal, E. S. S., Izquierdo, M. & Gonzalez-Badillo, J. J. Enhancing jump performance after combined vs. maximal power, 
heavy-resistance, and plyometric training alone. J. Strength Cond. Res. 25, 3274–3281 (2011).

 57. Power, T. Effects of inter-set recovery of plyometric training on anaerobic power and explosive power performance of boys. J. 
Pharm. Negat. Results 14, 1727 (2023).

 58. Andrade, D. C. et al. Kinematic and neuromuscular measures of intensity during plyometric jumps. J. Strength Cond. Res. 34, 
3395–3402 (2020).

Author contributions
S.A. was a major contributor to writing the manuscript. H.R. designed the training protocol. R.G.H. provided 
expertise in revising the manuscript. S.T. supported in methodology. A.B. helped in data analysis. The authors 
read and approved the final manuscript.

Funding
This paper is taken from the Ph.D. thesis and supported by Tarbiat Modares University.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effects of a 4-week plyometric training on activity patterns during different phases of one-leg drop jump with focus on jump height
	Materials and methods
	Participants. 
	Procedures. 
	Pre and post measurements. 
	Electromyographic (EMG) assessment. 
	Ergo-jump assessment. 
	Statistical analysis. 
	Ethics approval. 
	Patient consent statement. 

	Results
	EMG variables. 
	Signal amplitude. 
	Maximum activity. 
	Time to peak (TTP). 
	Onset and activity time and order muscle activity. 

	Ergo-jump variable. 

	Discussion
	Limitations. 

	Conclusion
	References


