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Abstract
Objectives

This study aimed to investigate the correlation between lower-limb post-activation performance
enhancement (PAPE) and morphological, physiological, and kinetic variables in adolescent athletes, and
to identify key determinants.

Methods

One hundred and fifteen adolescent athletes underwent assessments of body morphology, maturity
offset (APHV), and lower-limb kinetics (1RM and rate of force development [RFD]). Following a
conditioning activity (3x3 half-squats at 85% 1RM), PAPE was quantified via countermovement jump
performance at seven time points up to 12 minutes. Stepwise multiple regression identified key
predictors.

Results

The majority (58%) exhibited peak PAPE at 8—10 min post-activation. Significant between-group
differences were observed in PAPE magnitude based on morphological and strength variables (p < 0.05).
PAPE enhancement showed strong correlation with TRM RFD (r = 0.802) and moderate correlations with
age, height, weight, and APHV (r = 0.301-0.367). Regression analysis revealed that TRM RFD (B = 0.864),
APHV (B =0.188), and 1RM (B=-0.207) were significant predictors (all p<0.001).

Conclusions

PAPE is most prevalent 8—10 minutes post-activation in adolescents. Its magnitude is predominantly
determined by the rate of force development and biological maturation, rather than training experience or
body proportion indices.

1 Introduction

Post-activation potentiation (PAP) and post-activation performance enhancement (PAPE) are two pivotal
concepts in exercise physiology, both describing the transient enhancement of muscle force or overall
athletic performance induced by specific conditioning stimuli. In previous studies, these two concepts
have frequently been conflated. Although they share core phenomenon of "activation-induced
enhancement”, they are fundamentally distinct in their underlying physiological mechanisms (1).
Specifically, PAP refers to the brief increase in muscle force following a high-intensity, electrically evoked
(via action potential), involuntary contraction, which is primarily mediated by the phosphorylation of
myosin regulatory light chains (2). In contrast, PAPE describes a temporary improvement in voluntary
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muscular contractile function elicited by a high-load conditioning stimulus. Its potential mechanisms
may include increased recruitment of high-order motor unit, elevated neural excitability, enhanced
muscle tissue hydration, and improved metabolism efficiency and conduction velocity associated with
increased muscle temperature (3). However, a comprehensive consensus on these mechanisms has not
yet been established.

PAP and PAPE also differ in their assessment methods and temporal characteristics: PAP has a
relatively short half-life of approximately 28 seconds (4), whereas the peak enhancement of PAPE
typically occurs 6 to 10 minutes after activation and generally persists longer than that of PAP (1).
Furthermore, in terms of assessment methodologies, research on PAP focuses on quantifying
involuntary muscle contractile force, often employing techniques such as electromyography (2), while
research on PAPE centers on evaluating overall athletic performance through metrics including jump
height and sprint speed (1).

Over the past two decades, research has consistently demonstrated significant inter-individual variability
in both PAP and PAPE effects, which is primarily attributed to the diversity of the activation protocols and
their modulating factors. These modulators mainly include activation mode(5, 6), load intensity (7, 8),
rest intervals (9, 10), muscle fiber type (11, 12), strength level (13, 14), resistance training experience
(15), as well as gender and age (15, 16). However, conceptual confusion has led to methodological
misapplications in some studies, such as using performance-based metrics designed for PAPE
assessment (e.g., jump performance) to evaluate PAP effects, while failing to directly measure
involuntary muscle contractile force. Recently, Blazevich and Babault (3) provided a theoretical
clarification, emphasizing that PAP and PAPE are distinct physiological phenomena and highlighting that
investigating the determinants of PAPE holds more direct practical value for enhancing athletic
performance.

Human growth from birth to adulthood is a non-linear process; characterized by two distinct growth
spurts: infancy (0—1 year) and adolescence. During these periods, the rate of morphological and
functional development increases significantly, accompanied by rapid improvements in various physical
fitness components. Peak height velocity (PHV) is defined as the period of maximum height growth rate
during adolescence, and its onset typically coincides with the initiation of puberty (17). During the PHV
period, a series of adaptive changes occur in the endocrine environment and the musculoskeletal
system, which indirectly affect physical fitness. These changes are manifested as increased androgen
secretion, differentiation of muscle fiber types, maturation of muscle-tendon units, and resting stores of
adenosine triphosphate(ATP) and phosphocreatine(PCr). These physiological alterations are closely
associated with the underlying mechanisms of both PAP and PAPE.

Furthermore, during adolescence, the timing of growth spurts differs between the trunk and lower limbs:

the lower limbs reach their growth peak earlier than the trunk (18), leading to inter-individual variations in
the leg-to-trunk length ratio. Notably, within a certain range, athletes with a lower leg-to-trunk ratio tend to
exhibit superior explosive power, which is attributable to their biomechanical advantages. However,
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direct evidence regarding the substantial influence of adolescent body morphology on lower-limb PAPE
remains scarce.

The Long-Term Athlete Development (LTAD) model establishes a theoretical framework anchored to
PHV, describing the heterochronic development rates of various physical fitness components in
adolescents. This model aims to optimize the developmental potential of adolescent athletes’ physical
qualities and maximize training-induced adaptive effects (19). The LTAD model further indicates that the
marked acceleration phase of strength development typically occurs 12 to 18 months after PHV, a
phenomenon primarily driven by elevated circulating androgen levels, which in turn facilitates rapid gains
in muscle mass. Additionally, previous research has demonstrated that resistance training induces
adaptive changes in both the nervous system and muscle morphology (20). Given the high neural
plasticity characteristic of the pre-pubertal period, the developmental rate of the neuromuscular system
is correspondingly enhanced during adolescence (21).

In a systematic review, Blazevich and Babault (3) summarized various factors that may influence PAPE,
including muscle temperature, pH, blood flow, and hydration status. As these factors tend to improve
with increasing muscle mass, a plausible association between muscle mass and PAPE can be inferred.
Moreover, studies have confirmed that adolescent physical fitness components exhibit heterochronic
development relative to PHV: the sprint speed spurt occurs prior to PHV, whereas the strength and
endurance spurts occur after PHV (22). According to the Youth Physical Development (YPD) model (18),
adolescent males exhibit accelerated adaptive development in agility, speed, power, strength, and
muscle hypertrophy. Improvements in these physical qualities contribute to enhanced lower-limb
maximal strength and overall athletic performance.

In summary, adolescent athletes during puberty tend to exhibit positive developmental trends in body
morphology, physiological maturity, and physical fitness. These dimensions show substantial overlap
with the established modulators of lower-limb PAPE, suggesting a plausible correlation between them. A
more comprehensive understanding of the correlates, key predictors, and population-specific
characteristics of PAPE may assist coaches in better evaluating athletes’ strength development
potential, thereby providing a scientific basis and improving the practical effectiveness of strength
training. However, research on the correlates and key determinants of lower-limb PAPE in adolescent
populations remains limited, and no consensus has been reached regarding its common population
characteristics. This research gap poses a practical barrier to both the optimization of training protocols
and the advancement of theoretical frameworks. Accordingly, the present study aimed to explore the
correlations between lower-limb PAPE and selected indicators of body morphology, physiological
development, and lower-limb kinetics in adolescent athletes, with the goal of identifying potential key
predictors of lower-limb PAPE.

2 Methods
2.1 Study design
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This study adopted a prospective observational design with post-hoc grouping based on test results. All
study procedures were approved by the Human Research Ethics Committee of Guangzhou Sport
University (No. 2024LcLL-59) and registered in the Chinese Clinical Trial Registry (Number:
ChiCTR2400086599; Registration date: July 8, 2024; http://www.chictr.org.cn/). The study was
conducted in strict accordance with the principles of the Declaration of Helsinki. The experimental
protocol comprised three phases: general warm-up, lower-limb PAPE activation, and performance
testing. As illustrated in Fig. 1, participants first completed a standardized 25-minute warm-up, which
included the following components: foam rolling (6 min), running (3 min), the World’s Greatest Stretch (3
min), single-leg Romanian deadlifts (3 min), walking lunges (2 sets of 10 repetitions per leg), vertical
jumps (2 sets of 8 repetitions), and 30-meter sprints (3 sets). Following a 3-minute rest period after the
warm-up, participants performed two countermovement jump (CMJ) trials to establish baseline
performance. After an additional 3-minute rest, the activation protocol was implemented, consisting of
three sets of three repetitions of barbell half-squats at 85% of each participant’s predetermined one-
repetition maximum (1RM), with 2-3 minutes of passive rest between sets to induce PAP. Upon
completion of the activation task, two CMJ trials were performed at each of the seven post-activation
time points: 15 s, 2 min, 4 min, 6 min, 8 min, 10 min, and 12 min. Changes in jump height and relative
power derived from these trials were used to quantify the fluctuation in lower-limb explosive
performance, thereby reflecting the magnitude of lower-limb PAPE.

All participants completed a two-week familiarization period prior to the main experiment to minimize
potential bias arising from unfamiliarity with exercises protocols or cognitive differences. One week
before the experimental session, baseline characteristics—including age, height, leg length, sitting height,
resistance training experience, and lower-limb maximal strength indices (1RM and 1RM RFD)—were
collected from all eligible participants. Body mass was measured on the day of testing, prior to the
warm-up. All testing sessions were conducted at the Strength and Conditioning Facility of Guangdong
Provincial Youth Competitive Sports School, with consistent scheduling between 14:30 and 16:30 to
control for diurnal variations in performance. Due to the large sample size, participants were tested in
batches grouped by sport discipline.

The testing procedure was as follows: each batch completed a standardized group warm-up, after which
they were subdivided into 3—4 small groups for baseline CMJ testing. Concurrently, 3—4 independent
“activation zones” and “testing zones” were established, with each activation zone staffed by at least one
researcher and each testing zone by at least two researchers. Each small group was sequentially
numbered and proceeded through the activation protocol, with no more than four participants per group.
Participants rotated between activation and testing zones in an alternating order. Immediately upon
completing the activation protocol, participants reported to the testing zone and awaited instruction for
CMJ testing. Researchers in the testing zone initiated timing from the moment each participant
concluded the activation protocol and strictly to the predetermined post-activation time points to
schedule testing, thereby minimizing the risk of timing errors. Throughout both the activation and testing
phases, standardized verbal encouragement was consistently provided to ensure all participants exerted
maximal effort during each trial.
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2.2 Participants

A sample size calculation was performed using G*Power 3.1 software, with a correlation coefficient of
0.3, an alpha level of 0.05, and a statistical power of 0.8, indicating a minimum required sample size of
84 participants. Consequently, a total of 115 adolescent athletes (32 males, 83 females; age range: 11—
16 years) from the Guangdong Provincial Youth Sports School to participate in this study. The baseline
characteristics of the participants are presented in Table 1. Participants were drawn from seven sport
disciplines: athletics, badminton, judo, weightlifting, taekwondo, wrestling, and boxing. Inclusion criteria
specified that all participants had = 1 year of structured resistance training experience and were free
from any musculoskeletal, neurological, or cardiovascular conditions. Additionally, participants were
required to refrain from vigorous exercise and abstain from caffeine, alcohol, nutritional supplements, or
any medication within 24 hours prior to testing. No participant reported significant discomfort during the
testing procedures. Prior to enrollment, participants were required to provide written informed consent
from both themselves and their legal guardians.
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Table 1

Descriptive statistics results of the participants' test indicators

Category

Body Morphology

Physiological
Development

Lower limb Kinetics

Outcome

Height (cm)
Weight (kg)

BMI (Kg/m?)

Leg Length (cm)
Sitting Height (cm)

Manouvrier's skelic index
(Year)

lower-limb Muscle Mass (kg)

Age (Year)

Resistance Training
Experience (Year)

APHV (Year)
1RM (kg)
1RM RFD (N/s)

CMJ-high Pre (cm)
CMJ-RP Pre (W/kg)
Magnitude of PAPE (cm)

M+ SD

163.1+7.81

52.9+12.23

19.7 +3.41
76.7 +4.50
86.4+4.54
88.9 +5.05
12.4
(7.82,24.2)
13 (11, 16)
3(10,1)

0.13+1.36

82.8 +£26.69

2522
1000.59

29.3+4.77
44.5+6.83
3.53+2.78

95%Cl

Lower
limit

161.7
50.6
19.1
75.9
85.5
88.0

1.0
77.8
2337

28.4
43.2
3.0

Upper
limit

164.5
55.1
20.4
77.5
87.2
89.8

1.5
87.7
2707

30.2
45.8
4.1

2.3 Testing Methods

Body Characteristics

Basic information, including sex, age, sport discipline, and resistance training experience, was collected
using an interview checklist. Body mass and lower-limb muscle mass were measured via bioelectrical
impedance analysis (InBody). Participants were required to fast for at least 4 hours and to avoid
vigorous exercise for 24 hours prior to measurement to ensure data accuracy. Height was measured
using a stadiometer (DHM-300), and body mass index (BMI) was calculated as body mass divided by
height squared (kg/m?2). The Manouvrier's skelic index was calculated using the formula [(height - sitting
height) / sitting height] x 100 to quantify the leg-to-trunk ratio. For sitting height measurement,
participants sat on a 60cm high plyometric box with their back against the wall and feet suspended
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above the ground. The vertical distance from the top of the head to the ground was measured, and
sitting height was obtained by subtracting the box height from this value. Leg length was derived
indirectly by subtracting sitting height from standing height.

To assess participants' growth and development status, age at peak height velocity (APHV) was used as
a maturity offset indicator. A negative APHV value indicates that the participant had not yet entered the
period of peak height growth, whereas a positive value indicates that this period had already
commenced (17). The calculation formulas are as follows (unit: cm):

APHV,q1e = —9.236 4+ (0.0002708 X leglength X sittingheight) + (—0.001663 X age X leglength)

+ (0.007216 X age X sittingheight) + (0.02292 X bodymass/height x 100)
APHVfemare = —9.376 + (0.0001882 X leglength X sittingheight) + (0.0022 X age X leglength) +
(0.005841 x age X sittingheight) + (—0.002658 X age X bodymass) + (0.07693 X bodymass/height X

100) (23)

CMJ Test

The CMJ test is a widely used method for assessing instantaneous lower-limb explosive performance
(24). During testing, participants stood on a SmartJump mat with hands placed on their hips, descended
to a self-selected depth at a comfortable eccentric velocity, and immediately jumped upward with
maximal effort. Jump height (CMJ height) and relative power (CMJ relative power, CMJ-RP) were
recorded for each trial. The highest CMJ height observed across the seven post-activation time points
was defined as the peak lower-limb PAPE value. If the pre-activation baseline value was the highest
recorded, the participant was considered to have not exhibited a PAPE effect. The magnitude of lower-
limb PAPE was quantified by calculating the difference between CMJ height at each post-activation time
point and the baseline value. The time point at which the peak value occurred was defined as the peak
PAPE timing (25).

Maximal Strength Testing

A linear position transducer (Gymaware Power Tool; Kinetic Performance Technologies, Canberra,
Australia) was attached to a standard 20 kg barbell to collect kinematic and kinetic data during each
back squat trial. Prior to testing, all participants completed a standardized general warm-up consistent
with the protocol used in the main experiment. After a 3-minute rest, participants were tested in groups
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of four for back squat TRM. An incremental loading protocol was employed: participants first completed
a preparatory phase consisting of 50% 1RM (5 repetitions), 70% 1RM (3 repetitions), 80% 1RM (2
repetitions), and 90% 1RM (1 repetition). Thereafter, the load was progressively increased based on each
participant's subjective readiness and capability until they failed to complete a standard repetition. For
each attempt, participants were required to descend to a depth where the superior aspect of the thigh
was at or slightly below parallel to the ground. The load successfully lifted on the final successful
attempt was recorded as the 1RM value, and the rate of force development (RFD) during that specific
trial was simultaneously captured. A 2—3 minute rest interval was provided between the 90% 1RM
preparatory attempt and the subsequent 1RM attempts. If a TRM attempt was unsuccessful, participants
were permitted to make additional attempts after a 3-minute rest, with a maximum of three 1RM
attempts allowed per participant. Throughout the testing procedure, standardized verbal encouragement
was provided by the researchers to elicit maximal effort.

2.5 Statistical analysis

Experimental data were collected in batches grouped by sport discipline. All statistical analyses were
performed using SPSS version 26.0. Results are presented as mean + standard deviation (M + SD), along
with 95% confidence intervals (95% Cl). The threshold for statistical significance was set at p < 0.05
(significant) and p < 0.001 (highly significant). Normality of data distribution was assessed using the
Shapiro-Wilk test. Participants were divided into high-value and low-value groups based on the median of
each variable, and independent samples t-tests were used to compare the magnitude of lower-limb PAPE
enhancement between the two groups. For normally distributed data, effect sizes were calculated using
Cohen's d and interprettations as follows: 0.20—0.49 = small, 0.50-0.79 = moderate, and > 0.80 = large.
For non-normally distributed data, effect sizes were evaluated using the rank-biserial correlation
coefficient, with values < 0.3 considered small, 0.3-0.5 moderate, and > 0.5 large (26). Simple linear
regression analyses were conducted to examine the relationships between each variable and the
magnitude of PAPE enhancement, with the correlation coefficient (r) used to quantify the strength of
association. Correlation strength was interpreted as follows: 0.10-0.29 = weak, 0.30—0.49 = moderate,
0.50-0.69 = strong, 0.70-0.89 = very strong, and 0.90-0.99 = nearly perfect (27). Multiple linear stepwise
regression analysis was performed to identify the key predictors of lower-limb PAPE enhancement.
Effect sizes for the regression model were expressed as the coefficient of determination (R?) and
interpreted as follows: 1%-8% = weak, 9%-24% = moderate, and = 25% = strong (27). Additionally, a pie
chart was used to illustrate the distribution of time points at which participants achieved their peak
lower-limb PAPE. Prior to multiple regression analysis, multicollinearity among predictors was assessed
using variance inflation factor (VIF) and tolerance values. A VIF value greater than 5 was considered
indicative of potential multicollinearity, while VIF > 10 indicated severe multicollinearity requiring
cautious interpretation (28, 29).

3 Results

The present study aimed to investigate the correlations between the magnitude of lower-limb PAPE
enhancement and indicators of body morphology, physiological development, and lower-limb kinetics in
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adolescent athletes, as well as to identify key predictors of PAPE enhancement. A total of 115 valid data
samples were collected. Among these samples, nine participants showed no improvement in CMJ
height from pre- to post-activation, indicating the absence of a PAPE effect. To ensure the
comprehensiveness of the investigation and the integrity of the dataset, these nine samples were
retained in the final statistical analysis.

3.1 Temporal Distribution of Peak PAPE

Analysis of the time points at which participants achieved peak lower-limb PAPE revealed that, among
the 115 participants, 35 (30.4%) reached their peak PAPE at 480 s (8 min) post-activation, and 32
(27.8%) peaked at 600 s (10 min). Collectively, 67 participants (58.3%) exhibited their peak PAPE within
the 480 s to 600 s (8—-10 min) time window. Additionally, 17 participants (14.8%) achieved their peak
PAPE at 120 s (2 min) post-activation (Fig. 2).

3.2 Effects of Various Body Morphology, Physiological Development, and Lower-Limb Kinetics
Indicators on the Magnitude of Lower-Limb PAPE Enhancement

As shown in Table 2, regarding body morphology indicators, among athletes aged 11-16 years,
individuals with greater height, body mass, and BMI exhibited significantly larger lower-limb PAPE
enhancements compared to those with lower values, with mean differences of 1.27 cm (p < 0.01, Cohen's
d=0.46),1.98 cm (p<0.01,d=1.01),and 1.53 cm (p < 0.01, d = 0.38), respectively. Participants with
greater sitting height and longer leg length also demonstrated significantly greater PAPE enhancements,
with mean differences of 0.96 cm (p =0.04,d = 0.22) and 1.34 cm (p < 0.01,d = 0.61), corresponding to
small and a moderate effect size, respectively. Participants with greater lower-limb muscle mass
exhibited a significantly larger PAPE enhancement (1.78 cm, p<0.01, d = 0.84) compared to those with
less lower-limb muscle mass. However, no significant difference in PAPE enhancement was observed
between the high and low Manouvrier's skelic index groups (p = 0.55, rank-biserial correlation = 0.07).

Regarding physiological development indicators, older participants exhibited a significantly greater PAPE
enhancement(1.76 cm, p < 0.01, d = 0.83) compared to younger participants. Individuals with higher
APHYV also showed a significantly larger PAPE enhancement (1.46 cm, p< 0.01, d = 0.67) relative to those
with lower APHV. However, no significant difference in PAPE enhancement was found between groups
with high versus low resistance training experience (p = 0.75, rank-biserial correlation = 0.04).

Regarding lower-limb kinetics indicators, participants with higher TRM values demonstrated a
significantly greater PAPE enhancement (1.82 cm, p< 0.01, d = 0.86) compared to those with lower 1RM
values. Furthermore, individuals with higher 1RM rate of force development (RFD) exhibited a markedly
larger PAPE enhancement (3.40 cm, p < 0.01, d = 0.83) relative to those with lower RFD.
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Table 2
Between-Group Comparisons of Test Indicators Between High-Value and Low-Value Groups

Category

Body
Morphology

Physiological
Development

Lower
limb Kinetics

Outcome

Height (cm)
Weight (kg)

BMI (Kg/m?)
Leg Length
(cm)

Sitting Height
(cm)

Manouvrier's
skelic index
(Year)

lower-limb
Muscle Mass

(kg)
Age (Year)

APHYV (Year)

Resistance
Training
Experience
(Year)

1RM (kg)

TRM RFD (N/s)

M+ SD

HV
3.89+2.36
4.42+217

4.13(8.20,0.00)
4.01+2.27
4.02(8.20,0.00)

3.58(8.10,0.00)

4.27+210

4.37+1.93
412+2.727

3.50
(8.10,10.00)

430+2.14

5.07(8.20,1.02)

LV
2.87+2.12
2.35+1.92

2.65(7.91,0.00)
2.67+2.13
2.50(8.10,0.00)

2.80(8.20,0.00)

2.50+2.15

2.61+2.27
2.66+2.09

3.24
(8.20,0.00)

2.48+2.08

1.45(6.41,0.00)

Normality
test

0.05
0.35

0.03

1.00

0.02

0.01

0.05

0.05

0.09

<0.01

0.13

0.02

P

0.02
<
0.01
<
0.01

<
0.01
0.04

0.55

<
0.01

<
0.01

<
0.01
0.75

<
0.01

<
0.01

ES

0.46

1.01

0.38

0.61

0.22

0.07

0.84

0.83

0.67

0.04

0.86

0.83

*Note: *p<0.05; *p<0.01.

3.3 Correlations Between Body Morphology, Physiological Development, and Lower-Limb Kinetics

Indicators and the Magnitude of Lower-Limb PAPE

Among the body morphology indicators (Table 3), lower-limb muscle mass exhibited the strongest

correlation with the magnitude of lower-limb PAPE enhancement, showing a moderate positive
correlation (r=0.347, p<0.01) and accounting for 12.1% of the variance in PAPE enhancement. The
magnitude of lower-limb PAPE enhancement also demonstrated moderate positive correlations with
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height (r=0.320, p<0.001), weight (r=0.343, p<0.001), and BMI (r = 0.301, p =0.001), explaining 10.2%,
11.8%, and 9.1% of the variance, respectively. Weak positive correlations were observed between PAPE
enhancement and leg length (r = 0.286, p = 0.002) and sitting height (r = 0.267, p = 0.004), accounting for
8.2% and 7.1% of the variance, respectively. Furthermore, no significant correlation was found between
PAPE enhancement and the Manouvrier's skelic index (r = 0.040, p =0.675).

Among the physiological development indicators (Table 2), age showed the strongest correlation with
PAPE enhancement, presenting a moderate positive correlation (r = 0.367, p<0.001) and explaining
13.4% of the variance. A moderate positive correlation was also observed between PAPE enhancement
and APHV (r=0.313, p =0.001), accounting for 9.8% of the variance. However, no significant correlation
was detected between PAPE enhancement and resistance training experience (r = 0.046, p = 0.624).

Regarding lower-limb kinetics indicators (Table 2), the strongest correlation with PAPE enhancement
was observed for TRM RFD, demonstrating a very strong positive correlation (r=0.802, p < 0.001) and
explaining 64.3% of the variance. A moderate positive correlation was found between PAPE
enhancement and 1RM (r=0.311, p = 0.001), accounting for 9.6% of the variance. Additionally, PAPE
enhancement showed a moderate positive correlation with the time to peak PAPE (r = 0.428, p < 0.001),
explaining 18.4% of the variance.
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Table 3
Correlation between test indicators and the increase in lower limb PAPE

Predictor The Magnitude of Lower-Limb PAPE (CMJ-height)

r R? Adjusted Durbin- F t P

R? Watson

Height (cm) 0.320 0.102 0.094 1.355 12.893 3.591 <0.001
Weight (kg) 0.343 0.118 0.110 1.467 15.073 3.882 <0.001
BMI (Kg/m?) 0.301 0.091 0.083 1.325 11.291 3.360 0.001
Leg Length (cm) 0.286 0.082 0.074 1.238 10.065 3.172 0.002
Sitting Height (cm) 0.267 0.071 0.063 1.369 8.684 2.947 0.004
lower-limb Muscle 0.347 0.121  0.113 1.440 15.484 3.935 <0.001
Mass (kg)
Manouvrier's skelic 0.040 0.002 -0.007 1.129 0.177 0.421 0.675
index
Age (Year) 0.367 0.134 0.127 1.314 17.549 4.189 <0.001
APHV (Year) 0.313 0.098 0.090 1.292 12.279 3.504 0.001
Resistance Training 0.046 0.002 -0.007 1.150 0.242 0.492 0.624
Experience (Year)
1RM (kg) 0.311 0.096 0.088 1.298 12.065 3.473 0.001
TRM RFD (N/s) 0.802 0.643 0.640 1.967 203.420 14.263 <0.001
PAPE peak time (s) 0.428 0.184 0.176 1.291 25.407 5.041 <0.001

3.4 Key Predictors of Lower-Limb PAPE Enhancement

A multiple linear stepwise regression analysis was conducted with the magnitude of lower-limb PAPE
enhancement as the dependent variable. Ten indicators that demonstrated significant between-group
differences in the independent samples t-tests were entered into the model as independent variables to
identify the key predictors of PAPE enhancement. The regression analysis results (Table 4) revealed that
three indicators significantly predicted the magnitude of PAPE enhancement: 1TRM RFD (B =0.002, t =
13.933, p<0.001), APHV (B=0.317,t=3.275,p<0.001), and TRM (B =-0.018,t =-3.167, p< 0.001).
Based on these findings, the following multiple regression equation was derived:

Y = —0.511 + 0.002* (IRMRFD) + 0.317 * (APHV) — 0.018 * (1RM)

Collinearity diagnostics revealed that the key predictors identified in the stepwise regression—namely
1RM RFD (VIF =1.57), APHV (VIF = 1.57), and 1RM (VIF = 3.15)—all exhibited VIF values below 5,
indicating no substantial multicollinearity among these core variables. However, among the
anthropometric variables that were not retained in the final model (e.g., height, weight, and BMI), VIF
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values exceeded 10, ranging from 24.47 to 75.36. These high values reflect the expected physiological
correlations between body size indicators. Although this multicollinearity precludes reliable
interpretation of their individual regression coefficients, it does not affect the validity of the final
parsimonious model, which focuses on the key predictors of PAPE enhancement.

Table 4

Multiple linear stepwise regression analysis for predictors of lower-limb PAPE

enhancement
Predictor R? Adjusted Rz F B B t
Constant 0.687 0.679 10.032 -0.511 -1.215
TRM RFD 0.002 0.864  13.933**
APHV 0.317 0.188  3.275**
1RM -0.018 -0.207 -3.167**

*Note: *p < 0.05; *p<0.01.

4 Discussion

The present study focused on adolescent athletes aged 11-16 years. Previous research has clearly
established that PAPE exhibits substantial inter-individual variability, which arises from the interplay of
multiple physiological mechanisms. Drawing upon fundamental theories of adolescent growth and
development, and integrating data from the current experiment, this study aimed to investigate the
correlations between PAPE and indicators of body morphology, physiological development, and lower-
limb kinetics in adolescent athletes, identify key predictors of the magnitude of PAPE enhancement, and
systematically discuss the underlying mechanisms.

The experimental results indicated that, with the exception of the leg-to-trunk ratio (quantified by the
Manouvrier's skelic index), all body morphology indicators exhibited varying degrees of positive
correlation with the magnitude of lower-limb PAPE enhancement—consistent with the correlation
analysis results showing moderate positive correlations between PAPE enhancement and height (r =
0.320), body mass (r = 0.343), BMI (r =0.301), and lower-limb muscle mass (r = 0.347), as well as weak
positive correlations with sitting height (r = 0.267) and leg length (r = 0.286). It is worth noting that these
morphological changes are fundamentally manifestations of adolescent growth and development.
Contrary to the findings of the present study, Paasuke et al. observed no significant association between
age-related increases in lower-limb PAPE enhancement and body mass. According to the Long-Term
Athlete Development (LTAD) model, maturity in adolescent individuals can be assessed using PHV or
peak weight velocity (PWV) (30). The PWV phase is characterized by rapid increases in body mass,
primarily driven by elevated sex hormone levels that lead to accelerated muscle accretion (31). Because
determining PWV requires longitudinal tracking of body mass changes, and the present study employed
a cross-sectional, acute experimental design, PWV was not included as a measurement variable.
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Nevertheless, inferences based on PHV suggest that height and body mass in adolescents increase
progressively throughout pubertal development. Furthermore, research has demonstrated that both lean
mass and muscle cross-sectional area increase with age during adolescence (32), and that increases in
lean mass, together with neuromuscular system maturation, contribute to enhanced muscle strength
(33, 34). The current results revealed that, among all body morphology indicators, lower-limb muscle
mass exhibited the strongest correlation with PAPE enhancement (r = 0.347)—accounting for 12.1% of
the variance in PAPE enhancement. Collectively, these findings suggest a potential positive association
between body mass and lower-limb PAPE enhancement in adolescents. A plausible explanation is that
pubertal gains in body mass reflect, to some extent, the concurrent development of muscle quantity and
quality—, process that may enhance an individual's responsiveness to the activation protocol, thereby
manifesting as greater PAPE enhancement.

Additionally, weak correlations were observed between PAPE enhancement and both leg length and
sitting height, a trend that may be attributable to the optimizing effect of pubertal development on lower-
limb athletic performance. From a biomechanical perspective, during squatting or jumping movements,
individuals with longer legs can generate greater joint torque compared to those with shorter legs,
thereby achieving a higher RFD at movement onset. Given that TRM RFD was identified as the strongest
predictor of PAPE enhancement in the present study, adolescent athletes with longer legs may derive
greater PAPE benefits from this biomechanical advantage.

Blazevich and Babault, in a systematic review, synthesized the physiological mechanisms underlying
lower-limb PAPE, noting that this effect is influenced by multiple factors, thereby exhibiting substantial
inter-individual variability. These factors include post-activation changes in muscle temperature, the
types of muscle fibers recruited, muscle blood flow, and myocellular hydration status (3). The present
study observed positive effects of both chronological age and physiological maturity (assessed by
APHV) on the magnitude of lower-limb PAPE enhancement within the 11-16 year age range—consistent
with the correlation results showing moderate positive correlations between PAPE enhancement and age
(r=0.367, accounting for 13.4% of variance) and APHV (r = 0.313, accounting for 9.8% of variance). This
finding contrasts with that of Arabatzi et al. (2014), who, using an isometric barbell squat protocol (3
sets x 3 s) in adolescents aged 10-12 and 14-15 years, failed to observe performance enhancement at
20 s and 4 min post-activation (16). Comparative analysis suggests that Arabatzi et al.'s exclusive
reliance on chronological age (10-12 vs. 14-15 years) to delineate pubertal stages may have
overlooked the phenomena of early and late maturation, which are common among adolescent
populations. Consequently, employing APHV as a marker of physiological maturity may offer a more
objective approach. Furthermore, due to the presence of fatigue, the ergogenic effects of PAPE may
require a longer time window (e.g., 8-=10 min) to manifest (1). The current study observed a positive
correlation between the magnitude of PAPE enhancement and the time to peak PAPE(r = 0.428,
accounting for 18.4% of variance), with the majority of participants(58.3%) achieving their peak values
8-10 min post-activation (35 participants at 8 min, 32 participants at 10 min). This finding further
supports the necessity of extending the post-activation testing period, which is consistent with the view
of Balyi et al.. The present study further revealed that participants with higher physiological maturity
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(higherAPHV) exhibited greater PAPE enhancement (mean difference =1.46 cm, p<0.01, Cohen's d =
0.67), and APHV was identified as a key predictor of PAPE magnitude in adolescent athletes (35).
Consistent with these findings, Paasuke et al. reported that post-pubertal males (aged 16 years)
demonstrated significantly greater maximal voluntary contraction force post-activation compared to pre-
pubertal males (aged 11 years) (36). Synthesizing previous research with the current findings, it appears
that the magnitude of lower-limb PAPE enhancement progressively increases throughout adolescent
development.

Previous studies have consistently demonstrated a positive effect of resistance training experience on
PAP (11, 37-39). However, these findings cannot be directly extrapolated to the present study, as PAP
and PAPE represent distinct physiological phenomena characterized by different modulating factors and
temporal profiles. Furthermore, research specifically examining the influence of training experience on
PAPE remains scarce. The results of the present study revealed no correlation between resistance
training experience and the magnitude of lower-limb PAPE enhancement (r = 0.046, p = 0.624), nor was
any significant difference observed between groups with high versus low training experience (p = 0.75,
rank-biserial correlation = 0.04). Accordingly, the level of resistance training experience may not influence
the magnitude of lower-limb PAPE. Several potential explanations may account for this finding. First,
conventional long-term resistance training modalities (e.g., barbell back squats, deadlifts) may be
insufficient to induce adaptive increases in PAPE magnitude. Second, differences in PAPE enhancement
may only manifest between individuals with versus without resistance training experience, rather than
increasing linearly with accumulated training experience.

Previous research has not yet reached a definitive consensus regarding the relationship between lower-
limb strength levels and the magnitude of PAPE enhancement. In the present study, lower-limb strength
was assessed by measuring TRM and 1RM rate of force development (RFD). The results revealed that
both TRM and TRM RFD were positively correlated with the magnitude of lower-limb PAPE enhancement
—1RM showed a moderate positive correlation (r = 0.311, accounting for 9.6% of variance) and TRM RFD
exhibited a very strong positive correlation (r = 0.802, accounting for 64.3% of variance)—and both were
identified as key predictors of PAPE. These two factors accounted for 8.8%-64% of the variance in PAPE
enhancement, respectively, indicating that adolescent athletes with higher lower-limb strength levels
tend to exhibit greater PAPE responses. Specifically, participants with higher TRM values demonstrated a
significantly greater PAPE enhancement (1.82 cm, p < 0.01, Cohen's d = 0.86) compared to those with
lower 1RM, and individuals with higher TRM RFD showed a markedly larger enhancement (3.40 cm, p <
0.01, Cohen's d = 0.83). This finding is consistent with the results reported by Suchomel et al. (40) and
Kilduff et al. (13). Suchomel et al. divided participants into high- and low-strength groups and employed
90% 1RM barbell half-squats as the conditioning activity, assessing jump squat performance every
minute from immediately post-activation to 10 minutes. Kilduff et al. had 20 professional rugby players
perform 3 sets of 3 repetitions of 87% 1RM back squats and measured CMJ performance at 15 s, 5, 8,
12, and 16 min post-activation. Apart from the age of the participants (all adult males), the experimental
protocols of these two studies were comparable to that of the present investigation, and their findings
support the notion that greater maximal lower-limb strength is associated with larger PAPE
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enhancement. However, the results of the present study diverged from those reported by Batista et al.
(41), Mangus et al. (42), and Till et al. (43). A comparison of the experimental protocols suggests that
these three studies may not have adequately accounted for the influence of fatigue on PAPE. Batista et
al. and Mangus et al. assessed performance within a 3—4 min post-activation window, whereas the peak
PAPE response typically occurs later (8—10 min post-activation). This discrepancy in testing windows
may partly explain the inconsistent findings. Furthermore, Till et al. incorporated three 20-meter sprint
tests prior to CMJ assessments; the higher intensity of the sprint protocol may have exacerbated fatigue
and subsequently interfered with the subsequent PAPE response.

The results of the present study revealed a very strong positive correlation between 1RM rate of force
development (RFD) and the magnitude of lower-limb PAPE enhancement (r =0.802, p < 0.001),
establishing TRM RFD as the strongest predictor among all measured variables—accounting for 64.3% of
the variance in PAPE enhancement, which is far higher than the variance explained by APHV (9.8%) and
1RM (9.6%). Currently, research examining the relationship between RFD at maximal or near-maximal
loads and PAPE enhancement remains limited. TRM RFD is a key indicator of explosive strength,
reflecting the rate of force and torque development during muscle contraction (44), i.e., the ability to
achieve maximal muscle force within a very short time frame. PAPE is typically characterized by a
transient enhancement of voluntary muscle contractile performance, with potential underlying
mechanisms including increased muscle temperature, improved muscular and myocellular hydration
status, and elevated autonomic neural drive (3). Stein et al. proposed that the reaction rate of myosin
ATPase is modulated by muscle temperature, thereby influencing cross-bridge cycling kinetics, which
underpins RFD (45). Nuzzo et al. suggested that changes in voluntary muscle contractile force (i.e., the
magnitude of PAPE enhancement) may be associated with increased spinal excitability (i.e., enhanced
net motor neuron output)(46). Furthermore, research indicates that autonomic neural drive (implicated in
PAPE) is significantly elevated following high-intensity exercise, leading to an increased RFD during
maximal voluntary contractions (i.e., RFD at TRM) (47). This notion aligns with the findings of the present
study. Collectively, the evidence supports that individuals with higher TRM RFD tend to exhibit greater
lower-limb PAPE enhancement—consistent with the between-group comparison showing that individuals
with higher TRM RFD had a 3.40 cm greater PAPE enhancement (p < 0.01, Cohen's d = 0.83).

As illustrated in Fig. 3, although lower-limb PAPE enhancement demonstrated substantial correlations
with the three key predictors, namely APHV, 1RM, and 1RM RFD (r = 0.802)—the scatter plots revealed
considerable inter-individual variability. Specifically, some participants with relatively low values on a
given predictor still exhibited high PAPE enhancement. This finding suggests that while APHV, 1RM, and
TRM RFD have been identified as critical predictors of PAPE magnitude, the inherent complexity of the
underlying physiological mechanisms governing PAPE contributes to non-negligible variability among
individuals. Comparison of the trend lines for the three predictors indicated that the linear fit between
1RM RFD and PAPE enhancement (R?= 0.6654) was substantially stronger than those for APHV and 1RM
—consistent with the correlation analysis showing that TRM RFD explained the largest proportion of
variance (64.3%) in PAPE enhancement. Further examination of the data revealed that individuals with
relatively low APHV and 1RM values but high PAPE enhancement were consistently characterized by
Page 18/25



high TRM RFD. Consequently, the rate of force development under maximal load may represent the most
influential factor affecting the magnitude of lower-limb PAPE enhancement.

Several limitations of this study should be acknowledged. First, due to the large sample size, participants
were tested in batches grouped by sport discipline, precluding complete control over environmental
variables such as temperature and humidity within the training facility. Second, the present study
employed a cross-sectional, exploratory design. Given that adolescence represents a critical period of
growth and development characterized by substantial inter-individual variability, cross-sectional data are
inherently limited in their ability to infer causal relationships. Third, regarding the regression analysis,
substantial multicollinearity was observed among anthropometric variables (e.g., height, weight, and
BMI), with VIF values exceeding 10 (ranging from 24.47 to 75.36). This precludes meaningful
interpretation of their individual contributions in a multiple regression framework. However, this
multicollinearity does not compromise the primary finding of this study, as the key predictors retained in
the final model, namely 1RM RFD (VIF = 1.57), APHV(VIF = 1.57), and 1RM (VIF = 3.15)—all demonstrated
acceptable VIF values (< 5), indicating stable and reliable coefficient estimates. Future research with
larger sample sizes or alternative analytical approaches (e.g., principal component analysis) is warranted
to further disentangle the independent effects of closely related morphological characteristics and to
corroborate the current findings. In both research and practical applications involving PAPE, careful
consideration should be given to individual differences among athletes, with particular emphasis on their
physiological maturity(APHV)—one of the key predictors of PAPE enhancement identified in this study.
Training programs should be individualized in accordance with the principles of growth and
development. Furthermore, coaches may optimize training protocols based on PAPE principles by
incorporating high-intensity conditioning stimuli to enhance subsequent strength and power
performance—particularly given that TRM RFD (the strongest PAPE predictor) reflects explosive strength,
which is closely linked to PAPE responsiveness. For instance, performing submaximal load squats prior
to jumping or sprinting exercises can influence subsequent performance through the level of PAPE
activation. Individuals exhibiting a greater PAPE response are likely to achieve more pronounced
adaptations in explosive power, thereby maximizing the effectiveness of the training stimulus.

5 Conclusion

Synthesizing the findings of the present study, which explored the correlates and key predictors of lower-
limb PAPE enhancement in adolescent athletes aged 11-16 years, the main conclusions are as follows:
(1) the vast majority of individuals were capable of inducing a lower-limb PAPE response; (2) the peak
PAPE response predominantly occurred within an 8—10 minute post-activation window; (3) the
magnitude of lower-limb PAPE enhancement was correlated to varying degrees with body morphology
indicators (height, body mass, BMI, sitting height, leg length, lower-limb muscle mass), physiological
development indicators (age, maturity status), and lower-limb kinetic indicators (1RM, TRM RFD), but
showed no association with resistance training experience or leg-to-trunk ratio; and (4) physiological
maturity (APHV), TRM, and 1RM rate of force development (RFD) were identified as key predictors of
lower-limb PAPE enhancement, with TRM RFD making the largest predictive contribution.
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Figure 2

Pie chart showing the percentage distribution of PAPE peak time points
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Figure 3

Trend of Key Predictors Influencing Lower-Limb PAPE
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