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ABSTRACT

The aim of this study was to investigate whether kinematic data during a countermovement jump (CMJ) could
explain the post-activation performance enhancement (PAPE) effects following acute resistance exercise. Twenty-
four male participants with resistance training and jumping experience were recruited and randomly assigned to
either the experimental group (PAPE-stimulus) (n = 12) or the control group (n = 12). In the experimental group,
participants performed 5 reps of squats at 80% 1RM to induce PAPE, while the control group received no inter-
vention. Both groups performed three CMJ tests before (PRE) and at immediate (POST0), 4 (POST4), 8 (POST8),
and 12 (POST12) min after the intervention, with kinematic data recorded during the CMJ. Kinematic parameters
analyzed in this study included jump height, hip-knee-ankle flexion angles at the lowest position of the counter-
movement, eccentric and concentric time durations, and the temporal changes of hip-knee-ankle flexion angles
during the entire jumping phase. The presence of PAPE was determined by the change in jump height. The results
showed that in the experimental group, jump height significantly increased at POST4 (p < 0.001) and POST8
(p < 0.001) and significantly decreased at POST0 (p = 0.008), with no significant change at POST12. The control
group showed no significant changes at any measured time point. Kinematic parameters showed that there was no
significant difference in joint flexion angle of the lower body during the CMJ between pre- and post-intervention,
regardless of PAPE or fatigue. However, eccentric time significantly decreased at 4 and 8 min (p = 0.013 and
p = 0.001, respectively) after the intervention. These findings suggest that PAPE-induced increases in jump height
after acute resistance exercise can be attributed to the decrease in eccentric phase duration, but not joint flexion
angle. Additionally, the fatigue-induced decrease in jump height cannot be reflected by jumping kinematics. Based
on these findings, coaches may use complex training to utilize the PAPE effects to increase jump height while
reducing the eccentric time during vertical jumps. This method can enhance an athlete’s eccentric ability to gen-
erate force in a short amount of time which is crucial for performance enhancement.
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1 Introduction

Evaluation of neuromuscular parameters holds great significance for both athletes and coaches [1], as it
allows them to track the training adaptations. Athletes often perform various tests to monitor these
adaptations, with one commonly utilized indicator being the vertical jumping height, which provides
insights into the mechanical power generated by the leg extensor muscles [2]. The CMJ
(Countermovement Jump) test proves to be a highly convenient assessment method. It can not only
evaluate athletes’ explosive power [3] but also identify signs of neuromuscular fatigue [4,5]. Due to its
simplicity and effectiveness, the CMJ has become widely employed in research studies and serves as a
valuable tool for monitoring training adaptations [5–8]. Previous studies [9–12] have delved into the
kinematics of jumping and explored the impact of knee flexion angle on CMJ outcomes. These studies
have consistently found an interesting relationship: during the eccentric phase of the countermovement
jump, an increase in the degree of the lower limb joint flexion (an increase in the countermovement
magnitude) is associated with a corresponding improvement in jumping height.

It is well known that the contractile history of a muscle has two opposing effects on muscular force
output: post-activation potentiation (PAP) and fatigue. PAP is a physiological phenomenon characterized
by an acute increase in muscular twitch force after previous contractile activity [13]. Whether prior
muscle contraction stimulation can enhance subsequent athletic performance depends on the “potential
difference” between PAP and fatigue effects. Only when PAP is higher than fatigue, will the muscle
contraction traces significantly improve subsequent athletic performance [13]. It is worth noting that in
recent literature, a new concept called “PAPE” has been introduced to distinguish it from “PAP” [14,15].
The term “PAP” traditionally refers to the improvement of electrically evoked twitch force, while more
recently the term “post-activation performance enhancement” (PAPE) has been used to denote the
increase in human voluntary movement performance, such as maximal strength, power and speed
resulting from voluntary contractions. The primary distinction between these two terms lies in their
emphasis: “PAP” focuses on mechanistic aspects (e.g., twitch peak force), while “PAPE” is more centered
on performance-related aspects (e.g., jump height) [15]. To maintain consistency and accuracy in
terminology, this article will use “PAPE” instead of the traditional term “PAP”. The effects of fatigue and
PAPE induced by acute resistance exercise can significantly impact the performance of the CMJ [16,17].
If CMJ testing is conducted immediately after resistance exercise, CMJ performance may decrease due to
fatigue. However, after a period of recovery, CMJ performance may improve due to the PAPE induced by
resistance exercise effects.

Most of previous studies have explored PAPE phenomenon using either maximal voluntary contractions
[17] or sub-maximum or longer exercises [18,19]. These different approaches have shown the potential to
induce PAPE for subsequent activities. However, despite the abundance of researches, a consensus
regarding the optimal conditioning activity protocol or the factors that may influence the relationship
between PAPE and conditioning activity has yet to be reached [19]. These factors include the types of
contractions utilized, the duration and intensity of the exercises performed, and the length of the recovery
period. Furthermore, the training status and experience of athletes are also crucial factors influencing the
effectiveness of PAPE. Research has indicated that high-level athletes or those with better strength levels
tend to exhibit more pronounced PAPE effects [19].

Likewise, the mechanism behind PAPE remains incompletely understood [19]. Tillin et al. [20] have
proposed three potential mechanisms to explain PAP: the increased recruitment of higher-order motor
units, the phosphorylation of myosin-regulatory light chains, and the changes in muscle fiber pennation
angle. While these explanations concerning PAP partially account for PAPE, other mechanisms, such as
changes in muscle temperature, increases in muscle force and/or shortening velocity triggered by fluid
shifts into the working muscles, also play a significant role in PAPE [14]. However, these mechanism are
yet to be defined. Investigating the biomechanical changes in CMJ resulting from PAPE phenomenon
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might offer valuable insights into the mechanism underlying muscle potentiation after acute resistance
exercise.

Currently, there exists a dearth of clear information about the mechanism, especially from a kinematic
perspective, accountable for the PAPE phenomenon after acute resistance exercise. In a previous study [21],
it was found that following a dynamic resistance warm-up, jump height was enhanced, and there was a
reduction in the angles of the hip and knee joints at the lowest point of eccentric phase, indicating an
increase in flexion angles during the jump. However, in 2016, Garcia-Pinillos et al. [22] induced PAPE in
endurance runners by using the Léger Test (an incremental running test) and tried to observe changes in
their vertical jumping kinematics prior to and following PAPE, but the results showed no changes. We
speculate that the insignificant findings could be attributed to the fact that (1) the movement type between
the methods used to induce PAPE (an exhausting running test) and CMJ were not closely related, and (2)
the participants were endurance runners who may not be familiar with jumping patterns. Therefore, this
study addresses these two issues and aims to determine whether kinematic data during CMJ might
explain the PAPE phenomenon of acute resistance exercise (back squats). The hypothesis of the study is
that any enhancements observed in CMJ performance could be manifested by an increase in joint flexion
angle at the nadir of the eccentric phase and a reduction in the duration of the eccentric phase.

2 Materials and Methods

2.1 Participants
We used GPower 3.1 (Franz Faul, Germany) to calculate the sample size required for the repeated

measures ANOVA. The effect size was set at 0.25 based on previous studies. The alpha level was set at
0.05, and the statistical power was set at 0.80. The measurement occasions were 5. Using these
parameters, the total sample size required for the study was calculated to be 22 participants. To ensure
sufficient statistical power, we decided to recruit 24 participants.

Twenty-four male participants (age: 23.8 ± 0.7 years, height: 179.5 ± 4.8 cm, body mass: 71.4 ± 5.5 kg,
BMI: 22.2 ± 1.2 kg/m2, 1RM back squat: 123.8 ± 9.9 kg) voluntarily enrolled in this study. All participants
were students from the College of Physical Education at Ningbo University. All had at least 2 years of
resistance training experience (including a jump training background). All subjects also had a 1RM back
squat weight ranging from 1.5 to 2 times their body weight and all were familiar with jumping patterns.
All participants reported no musculoskeletal injury history in the past year prior to data collection. The
participants were randomly assigned to the experimental (PAPE stimulus condition) or the control group.
There were no significant differences in age (p = 1.000), height (p = 0.878), body mass (p = 0.875), BMI
(p = 0.973), and 1RM back squat (p = 0.842). Detailed data are presented in Table 1. Before participating
in the study, participants were informed of potential risks and were asked to avoid vigorous exercise
within 24 h before testing, to refrain from consuming caffeine and alcohol, and to avoid eating within 2 h
before testing. All participants read and signed informed consent forms outlining in detail experimental
conditions. The study was approved by the Ethics Committee of Ningbo University.

2.2 Experimental Procedure
Prior to the main experimental trials, all subjects visited the laboratory to determine their 1RM squat and

familiarize themselves with the testing protocols. The protocol for the 1RM squat test follows the procedures
outlined in Essentials of Strength Training and Conditioning, 4th edition [23]. A familiarization session was
conducted for each participant to ensure proper execution of the CMJ (without arm-swing) technique. These
sessions aimed to mitigate any potential influence of learned knowledge.

Following the familiarization and 1RM strength testing period, all subjects underwent formal tests. The
formal tests were conducted 48 h after the familiarization and strength trial. Height and body mass
measurements were taken for each subject before they proceeded with a standardized warm-up routine.
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The warm-up included 5 min of light-intensity jogging and a series of dynamic stretches that specifically
targeted the muscles involved in the squat and CMJ movements. A 10-min rest period followed the
warm-up. In the experimental group, participants performed a conditioning (PAPE-stimulus), which
consisted of a single set of 5 reps of half-squats at 80% 1RM. The participants were given instructions to
squat down until their thighs were parallel to the ground and then rise explosively. The duration of the
conditioning was approximately 25 s. The CMJ tests were performed before the conditioning (PRE), at
immediate (PAPE0), at 4 min (PAPE4), at 8 min (PAPE8), and at 12 min (PAPE12) after the conditioning
stimulus, respectively. At each time point, the participants underwent 3 CMJ tests, with a 5-s interval
between each test. For the control group, the same protocol was followed, and CMJ tests were performed
at the same time points (CONT0, CONT4, CONT8, and CONT12). The only distinction was that during
the “conditioning period”, participants in the control group engaged in passive rest for 25 s (Fig. 1).

2.3 Data Collection and Analysis
In each CMJ measurement, from a standing position (shod, in a balanced position with feet width placed

shoulder width apart and toes slightly turned outwards), the participants were instructed to countermove
quickly and immediately jump for maximal height; arms swing was not allowed and controlled. The
depth of the countermovement was self-selected by each participant.

Table 1: Descriptive characteristics of participants for the whole group and comparative analysis between
experimental and control group (Values: Mean ± SD)

All (n = 24) Experimental (n = 12) Control (n = 12) p-value

Age (years) 23.8 ± 0.7 23.8 ± 0.6 23.8 ± 0.8 1.000

Height (cm) 179.5 ± 4.8 179.6 ± 5.7 179.3 ± 3.9 0.878

Body mass (kg) 71.4 ± 5.5 71.6 ± 6.1 71.3 ± 5.0 0.875

BMI (kg/m2) 22.2 ± 1.2 22.2 ± 1.3 22.2 ± 1.1 0.973

1RM back squat (kg) 123.8 ± 9.9 123.3 ± 10.1 124.2 ± 10.2 0.842
Note: 1RM = 1 repetition maximum.

Figure 1: Schematic diagram of experimental procedure for experimental (PAPE) and control group.
Bidirectional arrows indicate time intervals
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Each CMJ was recorded using the Xsens MTw Awinda motion capture system (Xsens Technologies B.
V., the Netherlands) with a 60 frame/s recording speed. Seven inertial sensors were placed on the
participants’ lower limbs (pelvic, upper leg (R), upper leg (L), lower leg (R), lower leg (L), foot (R), foot
(L)) to obtain kinematic parameters during the CMJ. Only the right leg was analysed in this study. The
CMJ with the highest jump height was selected for subsequent analysis.

The dependent variables selected for the jumping kinematic were: (1) the degree of the hip, knee, and
ankle flexion at the lowest position of the countermovement (the lowest body’s center of mass displacement),
(2) the duration of the eccentric and concentric phases (tecc and tconc) of the jump, and (3) the temporal
changes of hip, knee, and ankle flexion angles during the entire jumping phase. All the aforementioned
data can be directly obtained using the Xsens motion capture system.

For jump height, we indirectly calculated height by measuring the velocity of the center of mass at the
instant of takeoff. As indicated by Linthorne [24], the relationship between flight height and takeoff velocity
is as follows:

hflight ¼ v2t0
2g

(1)

where vto is the vertical takeoff velocity, which can be obtained by the Xsens motion capture system.

2.4 Statistical Analysis
Descriptive statistics of variables obtained are presented as mean ± standard deviation. Prior to analysis,

normality assumption was tested using the Shapiro-Wilk test, and the homogeneity of variance assumption
was examined using Levene’s test. Independent samples t-tests were conducted to compare the
characteristics of participants between the experimental and control groups. Repeated measures ANOVA
(for pairwise comparison the LSD test was applied) was used to assess the effects of PAPE on CMJ
performance and jumping kinematics. Effect sizes using partial eta2 (ηp

2) were also calculated. The scale
of classification of ηp

2 was < 0.04 = trivial, 0.041 to 0.249 = small, 0.25 to 0.549 = medium, 0.55 to
0.799 = large, and > 0.8 = very large [25]. The level of significance was accepted as p < 0.05. Statistical
analyses were conducted using IBM SPSS Statistics (version 27, SPSS AG, Zurich, Switzerland).
Additionally, one-dimensional statistical parametric mapping (SPM1D) paired sample t-test was used to
compare changes in joint flexion angle during the entire jumping phase, and it was performed using
Python 3.9.5 (Python Software Foundation, Wilmington, DE, USA), Scipy 1.6.2 (Scipy.org), Numpy
1.20.2 (Numpy.org), and Matplotlib 3.3.3 (Matplotlib.org) with a significant level of 5%.

3 Results

The presence of PAPE or fatigue was determined by changes in CMJ height at four-time points. A
significant increase in jump height compared to baseline was considered a successful induction of PAPE,
while a significant decrease in jump height was considered fatigue. If jump height did not significantly
change, it was considered that no effects (PAPE or fatigue) were induced. The CMJ performed with
PAPE or fatigue effect was used to further analyse its kinematic parameters.

3.1 Jump Height
Repeated-measures ANOVA revealed a significant protocol * time interaction on CMJ height

(F = 10.859, p < 0.001, ηp
2 = 0.330). The difference in jump height obtained between the two groups

during the PRE was not statistically significant (p = 0.756). PRE-POST comparisons revealed a
significant effect of PAPE stimulus on jump height. A significant decrease in jump height was found in
the CMJ that was performed immediately after the PAPE stimulus (38.8 ± 4.5 cm vs. 37.1 ± 4.7 cm,
p = 0.008). Following 4 and 8 min of recovery, there were significant increases in jump height compared
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with the baseline CMJ (38.8 ± 4.5 cm vs. 41.4 ± 5.2, p < 0.001 and 38.8 ± 4.5 cm vs. 41.5 ± 5.5, p < 0.001,
respectively). There was no significant change in jump height following 12 min of recovery compared to the
baseline CMJ (p = 0.445). In addition, the increases in performance at the 4- and 8-min time points were not
significantly different (p = 0.732). However, compared to the baseline, none of the jump heights at four-time
points was significantly different in the control group. No significant differences were revealed between
POST0, POST4, POST8, and POST12 in the control group. A more detailed and intuitive depiction of
the changes in height can be observed in Table 2.

3.2 Joint Flexion Angle (at the Lowest Position of Countermovement)
A comparative analysis of variables related to the degree of hip, knee, and ankle flexion at the lowest

position of the countermovement before and after the PAP stimulus (PRE-POST) is shown in Table 3.
For the within-group comparison, neither the experimental group nor the control group showed
significant changes in the post-test at a 4-time point according to pre-test values (p > 0.05). No significant
differences were revealed between POST0, POST4, POST8, and POST12 in the experimental group or
control group.

Table 2: Comparison of jump height between two groups (PAPE and control) in PRE and POST conditions
(Values: Mean ± SD)

Experimental Control

Jump height value
(cm)

POST-PRE
differences

p-
value

Jump height value
(cm)

POST-PRE
differences

p-
value

PRE 38.8 ± 4.5 — — 39.3 ± 2.8 — —

POST0 37.1 ± 4.7* −1.7 0.008 39.4 ± 4.0 +0.1 0.842

POST4 41.4 ± 5.2** +2.6 <0.001 39.5 ± 3.2 +0.2 0.640

POST8 41.5 ± 5.5** +2.7 <0.001 39.6 ± 3.0 +0.3 0.507

POST12 39.2 ± 5.1 +0.4 0.445 39.4 ± 3.0 +0.1 0.861
Note: * indicates a statistically significant decrease compared to PRE values; ** indicates a statistically significant increase compared
to PRE values.

Table 3: Comparison of hip, knee, and ankle flexion angle at the lowest position of countermovement between
two groups (PAPE and control) in PRE and POST conditions (Values: Mean ± SD)

Experimental Control

Hip flexion angle
(°)

POST-PRE
differences

p-
value

Hip flexion angle
(°)

POST-PRE
differences

p-
value

PRE 105.42 ± 12.92 — — 98.92 ± 7.91 — —

POST0 106.51 ± 9.91 +1.08 0.449 100.54 ± 8.79 +1.62 0.262

POST4 105.63 ± 14.46 +0.21 0.852 97.87 ± 8.43 −1.05 0.359

POST8 106.48 ± 11.85 +1.06 0.562 98.24 ± 10.14 −0.68 0.708

POST12 103.70 ± 12.63 −1.72 0.271 97.96 ± 9.63 −0.97 0.533

Knee flexion angle
(°)

POST-PRE
differences

p-
value

Knee flexion
angle (°)

POST-PRE
differences

p-
value

(Continued)
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3.3 Duration of Eccentric (tecc) and Concentric (tconc) Phase
A comparative analysis of variables related to the duration of the eccentric (tecc) and concentric (tconc)

phase of CMJ before and after PAPE stimulus (PRE-POST) is presented in Table 4. There exists a significant
protocol * time effect on eccentric time (F = 4.786, p = 0.002, ηp

2 = 0.279). In the experimental group, there
was a significant reduction in tecc for both the POST4 and POST8 tests compared to the PRE values
(p = 0.013 and p = 0.001, respectively). However, the decreases in tecc at the 4- and 8-min time points
were not significantly different (p = 0.416). Moreover, there were no significant changes in tconc for any
of the four-time points compared to the PRE values. In the control group, there were no significant
changes in either tecc or tconc at any of the four-time points compared to the PRE values.

Table 3 (continued)

Experimental Control

Hip flexion angle
(°)

POST-PRE
differences

p-
value

Hip flexion angle
(°)

POST-PRE
differences

p-
value

PRE 93.58 ± 9.87 — — 86.98 ± 10.10 — —

POST0 95.42 ± 10.59 +1.84 0.201 89.29 ± 10.99 +2.31 0.112

POST4 94.52 ± 11.34 +0.94 0.551 86.93 ± 11.54 −0.05 0.973

POST8 95.73 ± 11.06 +2.15 0.224 86.02 ± 8.93 −0.97 0.578

POST12 94.13 ± 10.04 +0.55 0.731 87.45 ± 11.74 +0.46 0.774

Dorsiflexion angle
(°)

POST-PRE
differences

p-
value

Dorsiflexion angle
(°)

POST-PRE
differences

p-
value

PRE 31.23 ± 4.59 — — 30.30 ± 5.35 — —

POST0 32.41 ± 3.47 +1.18 0.144 31.09 ± 4.70 +0.79 0.32

POST4 31.67 ± 4.07 +0.44 0.599 30.50 ± 5.50 +0.20 0.812

POST8 32.46 ± 3.62 +1.23 0.146 30.85 ± 4.57 +0.55 0.508

POST12 31.89 ± 3.78 +0.66 0.495 30.23 ± 4.89 −0.07 0.943

Table 4: Comparison of tecc and tconc between two groups (PAPE and control) in PRE and POST conditions
(Values: Mean ± SD)

Experimental Control

tecc (s) POST-PRE
differences

p-
value

tecc (s) POST-PRE
differences

p-
value

PRE 0.442 ± 0.045 — — 0.429 ± 0.041 — —

POST0 0.433 ± 0.062 −0.009 0.505 0.442 ± 0.032 0.012 0.333

POST4 0.411 ± 0.060* −0.031 0.013 0.417 ± 0.036 −0.012 0.288

POST8 0.403 ± 0.045* −0.039 0.001 0.424 ± 0.038 −0.005 0.605

POST12 0.424 ± 0.046 −0.018 0.071 0.419 ± 0.037 −0.010 0.325
(Continued)
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3.4 The Temporal Changes of Joint Flexion Angles during the Entire Jumping Phase
For this variable, we selected the time points in the experimental group with significant differences in

jump height compared to PRE (i.e., POST0, POST4, and POST8) for pairwise comparisons with PRE.
The comparison results are shown in Fig. 2. Results of SPM1D paired-sample t-tests showed that, except
for the hip flexion angle at the POST4 exceeding the threshold during 95%~99% of the entire jump phase
(α = 0.05, t* = 4.569) and showing a significant difference (p = 0.039), there were no significant
differences in the trends of hip, knee and ankle angle changes compared to PRE at other time points.

Table 4 (continued)

Experimental Control

tecc (s) POST-PRE
differences

p-
value

tecc (s) POST-PRE
differences

p-
value

tconc (s) POST-PRE
differences

p-
value

tconc (s) POST-PRE
differences

p-
value

PRE 0.268 ± 0.028 — — 0.265 ± 0.031 — —

POST0 0.269 ± 0.024 0.001 0.828 0.265 ± 0.034 0.000 0.989

POST4 0.268 ± 0.022 0.000 0.975 0.261 ± 0.041 −0.004 0.446

POST8 0.264 ± 0.021 −0.004 0.460 0.258 ± 0.041 −0.007 0.231

POST12 0.263 ± 0.020 −0.005 0.334 0.264 ± 0.033 −0.001 0.813
Note: tecc: duration of the eccentric phase of CMJ; tconc: duration of the concentric phase of CMJ; * indicates a statistically significant
decrease compared to PRE values.

Figure 2: (Continued)
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4 Discussion

This study aimed to investigate whether kinematic data obtained during the countermovement jump
(CMJ) could elucidate the post-activation performance enhancement (PAPE) phenomenon following acute
resistance exercise. The results showed that: (1) there were no significant changes in the joint flexion
angles of the lower body at the lowest point of the eccentric phase during the CMJ, regardless of the
presence of PAPE or fatigue; (2) compared to the pre-intervention state, no significant differences were
observed in the temporal changes of the joint flexion angles of lower extremities during the entire
jumping phase, regardless of whether the subject was in a PAPE or fatigue state; (3) the eccentric time of
the CMJ was significantly shortened when PAPE occurred. These results suggest that improvements
noted in CMJ performance, i.e., the PAPE phenomenon, are reflected in a decrease of the duration of the
eccentric phase (tecc), rather than the joint flexion angle or the duration of the concentric phase (tconc).
Moreover, acute resistance exercise-induced fatigue that led to decreased CMJ performance did not affect
jumping kinematics (neither joint flexion angles nor tecc and tconc).

The CMJ is a fundamental skill required in numerous sports. Prior research has established a positive
correlation between lower body strength and power measures and CMJ performance [26,27]. CMJ tests
are frequently used to evaluate both the acute impacts of neuromuscular workouts and the effectiveness
of lower body power training protocols. Several previous studies have reported on PAPE in vertical
jumps after conducting conditioning activities with external resistance [16,17]. However, none of them
have examined jumping kinematics and their potential association with the acute improvement of
jumping performance.

Few studies have examined the relative contributions of lower limb joints (hip, knee, and ankle) to the
CMJ performance, but there are discrepancies among the findings of these studies. Hubley et al. [28]
employed a work-energy analysis to assess the contribution of muscles crossing the hip, knee, and ankle
joints during CMJ. The results indicate that the ankle and hip muscles contributed on average 23% and
28%, respectively, while the remaining 49% was done by muscles at the knee joint. However, Fukashiro

Figure 2: The SPM1D paired sample t-test for the variation of hip, knee, and ankle flexion angles
throughout the entire jumping phase across different time points (PRE-POST0/POST4/POST8)
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et al. [29] examined joint moment and mechanical power flow of the lower limb during the vertical jump and
found that the greatest contributor was the hip joint. More recently, one study [30] suggested that the
kinematic and dynamic parameters of the knee and ankle joints might explain CMJ performance
variation. The magnitude of countermovement has also been associated with CMJ performance, with the
knee flexion angle during the eccentric phase being an important variable that influences its outcome.
Numerous studies [9–12] have found that increasing the knee joint angle during the eccentric phase can
lead to an improvement in jump height. Similarly, the greater the range of motion in ankle dorsiflexion,
the better the performance in CMJ [31,32]. As mentioned earlier, no differences were found in the
aforementioned variables related to CMJ performance between POST4/POST8 (when PAPE was present)
and PRE. Therefore, the increase in CMJ height induced by PAPE cannot be explained by changes in
joint flexion angle during the eccentric phase. This also suggests that an individual’s jumping technique
does not change whether the PAPE effect exists or not.

Regarding the variable of jump time, we observed a significant decrease in eccentric time during CMJ
when PAPE was present (POST4/POST8). As is well known that the reactive strength index (RSI) is
calculated by dividing the height jumped by the jump time (the time from start to takeoff) [33]. Due to
the decrease in eccentric time, the total jump time was reduced, and with the increase in jump height,
those resulted in an increase in RSI after PAPE. RSI describes an individual’s ability to change quickly
from an eccentric to concentric muscular contraction and is also interpreted as an indicator of the ability
of the athletes to withstand stretch or eccentric loads [33]. In simple terms, a higher RSI indicates that the
athlete has a greater ability to absorb force during the eccentric phase of the jump, which is crucial for
optimal performance. Previous studies have also reported an increase in eccentric capacity among athletes
following a short-term specific training protocol [34–36]. Those, to some extent, support the findings of
our study. The statement above indicates that the PAPE-induced increase in CMJ height may be due to,
from a kinematic perspective, a decrease in eccentric time.

Moreover, in this study, we also examined the changes in jumping kinematics under fatigue. Although it
might be expected that the decrease in CMJ performance was reflected in jumping kinematics, the results
were no different. The results obtained support some prior findings. According to Rodacki et al. [37], the
fatigue of the knee flexor muscles does not have a significant impact on the kinematic or kinetic variables
at any joint level, whether it is during the eccentric or concentric phases of movement. Similarly, Pereira
et al. [38] found that fatigue does not alter segment contributions and segmental synergies, even though
there may be a decrease in jumping height. We speculated that Fatigue can lead to a reorganization of
movement structure, meaning that athletes may exhibit a new coordination pattern under fatigue. The
fatigue-induced state may cause the subjects to adopt a nonoptimal and nonspecific coordination solution.
In other words, the neural input used in the fatigued condition did not constitute an optimal solution and
likely contributed to a decrease in maximal jump height [37]. Besides, under fatigue, the peak force and
peak power during the CMJ decrease, indicating a reduced ability of the muscles to generate force [39].
This decrease in force-generating capacity is also a contributing factor to the decline in CMJ height.

Although this study revealed certain changes in kinematic parameters of CMJ before and after PAPE,
there are still some limitations to consider. Firstly, the PAPE effect is influenced significantly by
individual factors, and the participants in this study were not professional athletes. Secondly, we need to
consider the potential placebo effect among participants in the experimental group, as they were not
completely blinded to the purpose of the experiment pre-conditioning back squat stimulus. So, it is
essential to approach the findings of this study with a balanced perspective.

5 Conclusion

This study outlines that kinematic data related to joint flexion angle during CMJ do not explain the PAPE
phenomenon after acute resistance exercise, but eccentric time does. Specifically, the PAPE-induced increase
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in jump height can be attributed to the decrease in the duration of the eccentric phase. Additionally, the
fatigue-induced decrease in jump height after acute resistance exercise cannot be reflected by the jumping
kinematics. From a practical standpoint, this study helps to understand how PAPE or fatigue following
acute resistance exercise affects certain kinematic parameters associated with CMJ performance. For
strength and conditioning coaches, complex training (a training method that combines strength exercises
with plyometric exercises in a single training session) can be used to leverage the PAPE effect by
controlling rest periods within 4 to 8 min to increase jump height while reducing the eccentric time
during vertical jumps. This can improve athletes’ Reactive Strength Index (RSI) and enhance their ability
to generate force in a short amount of time, which is crucial for performance in basketball rebounding,
blocking, spiking, and other similar movements used in different sports.
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