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Abstract 

BACKGROUND: Post-Activation Performance enhancement methods have been previously studied to 

potentiate power and plyometric exercises. The purpose of this study were to determine if 1) Heart Rate 

Percentage (HR%) can be used as an intra-set rest modulator during a post-activation potentiation enhancement 

(PAPE) training method to improve vertical jump performance, and 2) if there is a relationship between heart 

rate variability (HRV), and lower body strength, and responses to PAPE as observed in lower body 

electromyography and vertical jump performance. METHODS: Fourteen resistance-trained subjects participated 

in this blocked randomized crossover study. Two experimental PAPE conditions were performed: 1) PAPE-

Time and 2) PAPE-HR%. Each condition included 5 series of 5 repetitions of the back squat, performed at 87% 

of the individual’s 1RM followed by 1-minute rest between the squats and vertical jump and 3 minutes rest 

between series in the PAPE-Time. In the PAPE-HR% experimental condition, the rest between the squat and the 

vertical jump was individualized to 50% of the individual’s predicted heart rate maximum. RESULTS: The 

ANOVA repeated measures analysis indicated that vertical jump performance measures between baseline 

measures and PAPE conditions were significantly different. For PAPE-Time, vertical jump performance 

increased by 8.1%, and for PAPE-HR%, by 8.4%, with improvements in vertical jump performing showing non-

significant differences between these conditions. Additionally, there was no association between HRV and 

vertical jump performance, or lower body strength. CONCLUSIONS: Using time and heart rate percentage as an 

intra-set modulator during PAPE exercises may be a viable option to increase vertical jump height. 
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Introduction 

Vertical Jump performance has been regarded as measure of athleticism in sport. Previous studies have 

demonstrated that vertical jump is associated with metrics of athleticism (i.e., muscular power, agility, reactive 

strength index, etc.) (Dietze-Hermosa et al., 2020; Dobbs et al., 2019; Montalvo & Dorgo, 2019). Post-activation 

potentiation enhancement (PAPE) is an acute effect of improved performance resulting from a previous high 

force maximal voluntary contraction exercise. Recently, PAPE has been proposed as a different concept than 

post-activation potentiation (PAP), in where PAPE is an acute effect of physical improved performance (i.e., 

vertical jump) due to increased muscular temperature, muscle tendon stiffness, and muscular activation, while 

PAP is an acute improvement in muscle twitch contraction due to increases in myosin light chain 

phosphorylation and increased activity of the Hoffmann reflex (H-reflex) (Blazevich & Babault, 2019; Hodgson 

et al., 2005). Previously, systematic reviews have described PAPE effects and its application to sports 

performance (Gouvea et al., 2013; Hodgson et al., 2005; Seitz & Haff, 2016). A meta-analysis by Hodgson, 

Docherty, & Robbins (2005) explored the differences in protocols and modulation of training parameters (i.e., 

reps, sets, intensity, volume, gender, age, training status, and others) to induce improved performance attributed 

to the effect of PAPE in athletes and non-athletes; comprehensive findings indicate that PAPE protocol is an 

effective method to improve explosive performance. More recently, a dedicated meta-analysis indicated that 

when applied properly, PAPE protocols are an effective method to improve vertical jump performance (Dobbs et 

al., 2019). Moreover, PAPE protocols utilize a time window between the maximal effort exercise and the 

subsequent explosive exercise; previously, a study with soccer players used a 4, 8, 12, 16, and 20 minutes resting 

time window between 3 repetition maximum squat and a countermovement jump with no difference among 

protocols , indicating that there is a high individualization for resting time (Mola et al., 2014).  
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Recent attention has been placed on Heart Rate Variability (HRV) and its application to sports and 

exercise (Areas et al., 2018; Dong, 2016; Karavirta et al., 2013; Sloan et al., 2017; Vitale et al., 2019). HRV is 

the chronological difference between successive heartbeats measured in milliseconds, representing the vagal 

nerve pulse activity on the sinoatrial node. Research on HRV focuses primarily on behavioral and mood states, 

regulation of emotions, cognitive function, brain plasticity, and biological functions, including inflammation 

processes and metabolic homeostasis (Vitale et al., 2019). Higher values in HRV and lower heart rate are 

correlated, suggesting that changes in HRV may indicate the development of conditions and diseases such as 

cardiovascular disease (Rennie et al., 2003). In the same study, HRV also served as a tool to examine physical 

activity and fitness, suggesting that individuals who engaged in vigorous physical activity had lower resting 

heart rate and higher HRV compared to sedentary individuals, even after adjusting for Body Mass Index (BMI). 

Additional authors support that regular aerobic conditioning can increase HRV as well as a decrease in resting 

heart rate (Karavirta et al., 2013; Sloan et al., 2017). Furthermore, two recent reviews have analyzed the 

methodological components of post-exercise cardiac recovery and stress. These studies reported HRV as an 

appropriate tool to measure cardiac recovery (Pecanha et al., 2017; Rauch et al., 2018). Similar to HR, HRV has 

also been correlated to exercise intensity and duration of exercise (Hunt & Saengsuwan, 2018) (Wiles et al., 

2008) which has resulted in heart rate monitors such as the H-10 (Polar) regularly being used to monitor training 

and exercise intensity, such as in soccer players (Alexandre et al., 2012). Finally, given the nature of the well-

established relationship between HR and exercise intensity, guidelines of the American College of Sports 

Medicine, have categorized 50-63%HRmax as low, 64-76%HRmax as moderate, and 60-84%HRmax as 

vigorous-intensity (American College of Sports, 2000). 

A limitation when performing PAPE exercises is to determine the appropriate rest period for each 

individual between the “inducing PAPE” exercise and explosive “potentiating” exercise. A previous meta-

analysis conducted by Seitz & Haff (2016) indicates that untrained individuals might benefit from a rest period > 

8 min after the execution of the maximum voluntary contraction exercises. The rest period then decreases for 

trained individuals ranging from 1 to 4 minutes. Furthermore, it appears that the resting time window during the 

PAPE protocols is highly individualizable. Thus, and up to date, it is unknown if HR% could be used to 

determine the optimal resting time during the PAPE exercise sequence. In this study, the goal was to determine 

the relationship between time-specific resting periods and HRV on PAPE exercise sequence performance. 

Therefore, the purposes of this project were: 1) to determine if the application of HR% method for rest time 

evaluation between a PAPE conditioning and potentiation exercise would result in increased vertical jump 

performance and muscular activation; 2) to determine if PAPE responses, as measured by vertical jump 

performance, are associated with HRV and lower body muscular strength. We hypothesized that using HR% as a 

rest intra-modulator during PAPE exercises would result in similar responses of increased vertical jump 

performance as a time method. In addition, we also hypothesize that those responses would be correlated with 

HRV and lower body muscular strength. 

 

Materials and methods 

Subjects and Study Design 

Fourteen resistance-trained subjects (N = 14; males n = 9, age 22.6 ± 1.5 yrs; females n = 5, 22.0 ± 0.9 

yrs) participated in this randomized within-subjects repeated measures study design. The inclusion criteria 

included: 1) subjects with at least 2 yrs. of resistance training and plyometric (jumping) experience; 2) the ability 

to demonstrate high relative strength in the 1RM squat, estimated using their 1RM divided by body mass (males 

> 1.5, and females > 1.2); and 3) without any self-reported musculoskeletal, metabolic, or cardiac condition at 

the time of the study. Subject’s descriptives (age, anthropometrics, HRV, and baseline measures) are displayed 

in Table 1. This study received Institutional Review Board approval from the University of Texas at El Paso 

(IRB number: 1231008-3), conformed with the Declaration of Helsinki. Written informed consent was obtained 

from each subject before data collection. Data from Nibali et al. (2015), found a moderate effect size of d = 

0.764 between two PAPE conditions and vertical jump height with 8 participants. Furthermore, these parameters 

were utilized to estimate the sample size by conducting a priori power analysis in Rstudio using R statistical 

programming language and the “pwr” package. The priori analysis revealed that to find a moderate effect size (d 

= 0.764) at least thirteen participants were needed to obtain a power (1 - β) of 0.83 at an alpha level of 0.05. 

These parameters and sample size are consistent with previous research that explored the effects of PAPE and 

vertical jump performance using within-subject designs (Chen et al., 2017; Elbadry et al., 2019)  

 

Table 1. Subject’s Descriptives. 

  n 

 

Age (yrs.) Height (m) Mass (kg) BMI (kg/m^2) 

All 14 22.07 ± 1.07 1.67 ± 0.09 78.84 ± 16.28 28.01 ± 4.92 

Males 9 22.33 ± 1.23 1.71 ± 0.08 84.39 ± 16.78 29.06 ± 5.81 

Females 5 21.6 ± 0.55 1.62 ± 0.09 68.86 ± 10.21 26.12 ± 2.05 
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Procedures 

 On day 1, anthropometric measures, HRV, 1RM squat, vertical jump height, and maximum voluntary 

contraction (MVC) of the Recuts Femoris (RF) and Bicep Femoris (BF) as measured by electromyography were 

obtained. On subsequent days, with at least 48 hrs. in between to ensure full recovery and avoid muscular 

fatigue, subjects participated in two PAPE protocols in a randomized order: 1) PAPE-Time (PAPE-T), and 2) 

PAPE-Heart Rate Percentage (HR%). Both protocols consisted of 5 repetitions of the back squat at 87% of the 

subject’s 1RM followed by the condition-specific rest period, and then a maximal countermovement jump 

(Duthie, Young, & Aitken, 2002). The rest period was determined differently for the two PAPE methods: the 

PAPE-T session, the rest period was set at 1-minute between the back squat and countermovement jump, with 3 

minutes of passive rest between sets. In the PAPE-HR% session, the rest period was dictated by the subjects’ HR 

with the subject performing the countermovement jump after their heart rate dropped to 50% of their estimated 

maximum heart rate (HRmax = 220 – age); the 50% was selected as this is considered to be a light-moderated 

intensity (American College of Sports, 2000). Finally, subjects performed 5 sets of the back squat and 

countermovement jump paired exercise for all conditions.  

Instrumentation 

HRV was obtained using a Polar-H10 monitor and data were analyzed utilizing Kubios software; HRV 

was analyzed using the root mean square of the standard deviation (RMSS) of the R to R intervals. 

Electromyography (EMG) signals captured at a sampling rate of 1500 Hz were transmitted telemetrically in real-

time to an 8 channel PC interface receiver (Mini DTS, Noraxon, Scottsdale, AZ, USA) and recorded by a data 

acquisition system (MyoResearch 3.10, Noraxon, Scottsdale, AZ, USA). Data were filtered using a bandpass 

with a low frequency of 10 Hz and a high frequency of 500 Hz, data were rectified and smoothed (root mean 

square) over 150 ms and normalized to %MVC. The skin was prepared by shaving the individual thigh, where 

the electrodes will be placed, followed by abrading the skin with sandpaper, and cleaning the area with alcohol 

pads; EMG electrodes were connected to wireless EMG sensors that were strapped using an elastic strap to the 

individual’s skin to avoid movement of the electrodes or sensors. The pre-gelled Ag-AgCl EMG electrodes had 

an interelectrode distance of 20 mm, were placed parallel to the orientation of the muscle fibers at half the 

distance between the origin and insertion of the Rectus Femoris (RF) and Bicep Femoris (BF) muscles (Goodwin 

et al., 1999).  

The 1RM back squat was assessed using a standard protocol system that has previously demonstrated 

high reliability (Baechle & Wathen, 2008; Tagesson & Kvist, 2007). Subjects attempted to achieve their 1RM 

within 5 working sets, which were structured as follows: 1) 5-10 repetitions at 50% of perceived 1RM, 2) 5-10 

repetitions of 75%, 3) 2-3 repetitions at 87%, 4) 1 repetition at 92-93%, and finally, 5) 1 repetition maximum. 

Rest periods of five minutes between sets were given to the individuals in order to replenish adenosine 

triphosphate (ATP) stores and allow for recovery of the central nervous system (Baechle & Wathen, 2008); 

furthermore, subjects reported previous familiarization to the 1RM testing. Subjects were allowed to continue 

until failure was achieved. Achieving a 90-degree knee angle was visually enforced for each of the trials. Two 

Certified Strength and Conditioning Specialists supervised each of the 1RM trials. Safety of the participants was 

enforced throughout the trials. 

Vertical Jump performance was recorded using the MyJump2 app for iOS with an iPhone 7 with data 

recorded at 240 fps. The iPhone was set 3-meters away from the subjects, allowing full visualization of the 

vertical jump. In addition, the same tester recorded each trial to increase the test-retest reliability of the 

measurements. This app has been shown to have good validity and reliability when compared to the gold 

standard assessment using force platforms (Montalvo et al., 2021); The MyJump2app assesses vertical jump 

performance using the flight time calculation as follows: Vertical Jump Height (cm) = gravity * time flight / 2 

(Balsalobre-Fernandez et al., 2016). 

 

Statistical Analysis 

Vertical Jump Data from the MyJump2 app, EMG data from the NORAXON MyoMuscle software, and 

Heart Rate from the Kubios software were all exported individually and imported into Microsoft Excel. Data 

were then exported to Rstudio (version 1.4.1106) for statistical analysis using R statistical programming 

language with a custom-built script. A two-way random effects model intra-class correlation (ICC2k) was 

conducted to determine intra-subject reliability across multiple vertical jump trials for each of the conditions. 

There was excellent reliability (ICC2k > 0.94) for all conditions, thus, the highest vertical jump from all 5 sets of 

PAPE for each condition was utilized for the analysis. Moreover, data normality was assessed using the Shapiro-

Wilk test and using data visualization techniques (Skewness between 1 and -1, and Kurtosis between 3 and -3). 

All data showed normal distribution; therefore, individual repeated-measures ANOVAs were used for the 

analysis. Mauchly’s test for sphericity showed that sphericity was assumed. The magnitude (effect size) of the 

repeated-measures ANOVA was reported as partial eta-squared (ηp
2) and interpreted as: small (η2

p = 0.01), 

medium (η2
p = 0.06), and large (η2

p = 0.14) effects (Cohen, 1988). When appropriate, post-hoc pairwise 

comparisons were conducted with the p-value adjusted using a Bonferroni correction. Thereafter, the magnitude 

of the difference (effect size) between the pairwise comparisons was obtained using Cohen’s D with hedge’s g 



SAMUEL MONTALVO, DANIEL CONDE, MATTHEW P. GONZALEZ, MARTIN DIETZE-HERMOSA, 

GABRIEL IBARRA-MEJIA, SANDOR DORGO 

--------------------------------------------------------------------------------------------------------------------------------------- 

---------------------------------------------------------------------------------------------------------------------------- 

JPES ®      www.efsupit.ro  
2733 

correction  (Bernards et al., 2017; Lakens, 2013) and interpreted as follows; trivial = ≤ 0.20; small = 0.20 to 

0.60; moderate = 0.60 to 1.2; large = 1.2 to 2.0; very large = 2.0 to 4.0; very large >4.0 (Hopkins, 2009). In 

addition, Pearson correlations were performed between Vertical Jump variables, Heart Rate Variability, and 

lower body strength variables. A priori statistical significance was set at an alpha level of 0.05 for all statistical 

analyzes. 

 

Results 

 Mean and standard deviation of the subject’s descriptive and baseline measures were presented in Table 

1 and 2, respectively. Furthermore, The ANOVA repeated measures found differences in jump height (cm) 

between baseline, PAP-T and PAPE-HR% conditions (F(2,26) = 6.933, p = 0.004; ηp
2 (large)  = 0.348). The 

Bonferroni post-hoc test showed that both PAP conditions differed from baseline (p < 0.05); Jump height in the 

PAPE-HR% protocol was higher 8.4% than Baseline (36.81 ± 7.45 cm and 34.09 ± 8.43 cm, respective; p. 

Adjusted = 0.012, Hedge’s g (moderate) = 0.730); similarly, the PAPE-Time condition was 8.1% higher than 

Baseline (36.69 ± 7.45 cm and 34.09 ± 8.43 cm, respectively; p. Adjusted = 0.012, Hedge’s g (large) = 0.835). 

Moreover, PAPE-HR% and PAPE-Time were not different from each other (p = 0.868) (Figure 1 & Table 3).  

 
Figure 1. Boxplot of the Vertical Jump height (cm) by each PAPE condition. *denotes significance at p<0.05 and 

**significance at p<0.01. 

 

There were no differences between the muscle activation of the rectus femoris and/or bicep femoris for 

either the PAPE-Time (rectus femoris = 79.11 ± 19.22 %MVC; bicep femoris = 70.35 ± 27.05 %MVC) and 

PAPE-HR% (rectus femoris = 66.33 ± 22.08 %MVC; bicep femoris = 79.47 ± 18.83 %MVC) (p < 0.05). 

Additionally, no correlation was observed between measures of HRV and any of the performance tests. RMSSD 

from HRV showed no correlation with either 1RM, Relative Strength (RS), or CMJ (p < 0.05) (Table 3).  

 

Table 2. Subject’s baseline measures. 

  

1RM 

 (kg) 

Relative 

Strength 

(RS) 

CMJ  

(cm) 

 

HR  

(bpm) 

HRV 

 SDRR (ms) 

HRV  

RMSSD (ms) 

All 119.66±37.63 1.50±0.28 34.09±8.43 68.34± 2.82 59.11±15.85 50.44±16.75 

Males 133.93±31.92 1.59±0.18 36.38 ±6.01 68.97±14.33 62.29±18.49 54.87±18.35 

Females 93.98±35.81 1.34±0.36 29.98±11.23 68.63±7.90 53.38±8.28 42.47±10.75 

 

Table 3. Vertical Jump Performance at Baseline and Experimental Conditions 

 Baseline 

CMJ (cm) 

PAPE HR% 

CMJ (cm)  

PAPE Time 

CMJ (cm)  

Max HR 

during PAPE 

HR% protocol 

(bmp) 

Max HR 

during PAPE 

Time 

protocol 

(bmp) 

HRV during 

PAPE HR% 

protocol 

(SSDN) 

HRV during 

PAPE Time 

protocol 

(RMSSD) 

All 34.09±8.43 36.81±7.45* 36.68±8.56* 144.53±17.35 149.04±22.13 20.15±25.02 28.99±20.31 

Males 36.38±6.01 38.34±6.17 39.18±5.78 144.89±15.61 148.03±23.62 28.96±32.93 21.10±25.35 

Females 29.97±11.22 34.06±9.46 32.19±11.50 145.17±26.299 147.00±30.08 23.28±15.93 14.06±11.59 

*denotes significant difference at p < 0.05 when compared to baseline measures. 
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Discussion 

 The primary purpose of this investigation was to determine if using 50% of the individual’s maximal 

Heart Rate (PAPE-HR%) as an intra-rest modulator during PAPE exercises would produce similar results to 

traditional PAPE resting time periods. The results of this study suggest that using Heart Rate Percentage at 50% 

of maximal heart rate can yield similar vertical jump height results as using a set time between the PAPE 

“inducing” activity and PAPE “explosive” activity. There were no differences across all 5 working sets during 

each of the conditions, thus, an average was found and utilized for comparison. At baseline, during the vertical 

jump test, individuals showed a 34.09 ± 8.43 cm jump, which was increased to 36.69 ± 8.57 cm in the PAPE-

Time and to 36.81 ± 7.45 in the PAPE-HR% conditions. This was 8.44 ± 10.42 % and 9.84 ± 14.64 % 

improvement for each of the conditions, respectively. Improvements of vertical jump through the PAPE protocol 

have been previously demonstrated. Duthie and colleagues (2002) demonstrated that using a 3RM squat protocol 

on a squat machine increased vertical jump performance; however, the authors warrant that these levels are also 

dependent on the individual’s strength levels.  

High correlations between vertical jump performance with absolute and relative strength levels as 

measured by the back squat have been previously reported (Nuzzo et al., 2008). However, there were no 

correlations between vertical jump height or 1RM and measures of HRV (RMSSD and SDRR) in the present 

study. Recently, Schneider & Ferrauti (2019) found a very weak and inconsistent relationship between HRV 

RMSSD with SDRR and lower body strength thus partially supporting the present findings. Potential differences 

in results may be attributed to the population and protocol used. For example, previous studies have found that 

individuals with stronger bodymass/strength ratios benefit most from PAPE protocols in vertical jump tests 

(Wilson et al., 2013), therefore, caution must be taken when extrapolating the results found in this study into 

other populations. However, similar to the present study, HRV RMSSD has been used as a tool to monitor total 

exercise volume (Schneider & Ferrauti, 2019), and exercise recovery (Dong, 2016). Previously, HRV was 

studied during short-time resting intervals (i.e., 1, 2, and 3-minute sections) and compared to a longer and more 

usual resting period time of 5-mins showing no significant differences between measurements during exercise 

(Areas et al., 2018). Therefore, it can be expected that individuals with higher physical fitness would return to 

resting heart rate at a faster rate than less fit individuals due to increased HRV.  

Interestingly, no differences in muscle excitation and activation, as measured by surface EMG was 

observed between PAPE inter-set rest conditions. Although the HRV rest condition was individualized, it did not 

last more than 3 minutes. Previous literature has indicated that the effects of PAPE can last for up to 10 minutes 

(Seitz & Haff, 2016; Wilson et al., 2013). In a meta-analysis by Wilson and colleagues (2013) exploring the 

effect of PAPE and muscular power, higher effect sizes were reported for rest periods of 7-10 minutes (ES = 0.7) 

after a conditioning activity compared to 3-7 minutes (ES = 0.54) and above 10 minutes (ES = 0.02), suggesting 

that effects of PAPE can last up to 10 minutes following the conditioning activity. Other literature reported 

similar findings with longer rest intervals (ES = 0.49) versus shorter rest intervals (ES = 0.17) displaying 

increased performance following a condition activity. Therefore, this may partially explain why significant 

differences between intra-set rest conditions were not observed.   

 

Limitations 

 This study is not without limitations. First, during the PAPE-HR% condition, the subject sat and rested 

until they achieved 50% of their maximum heart rate. However, the time interval was not measured, although 

maximum heart rate values during that period are presented in Table 3. It was observed that there was variation 

in recovery time between the individuals; a recorded time would have allowed the potential to make the 

connection between HRV and resting time between the squats and the jump. Second, the study sample was 

composed only of 14 subjects. Due to the inherent high strength requirements necessary for PAPE exercises, 

there was a limitation in the ability to recruit subjects. However, the repeated measures design allowed the 

individuals to be compared over conditions, thus, increasing the study’s power. Also, 4 female subjects dropped 

out due to fatigue and being unable to sustain the 5 squatting sets on one of the conditions, thus, reducing the 

sample size and not allowing a proper assessment of sex differences between PAPE conditions.  

 

Conclusion 

Utilizing time and heart rate percentage as an intra-rest modulator during PAPE exercises may be a 

viable option to increase vertical jump height. In addition, similar muscular activation was observed for both 

PAPE conditions. Using time-specific rest intervals and 50% of MHR indicates physical preparedness and 

potentiation between a heavy load back squat and the vertical jump. There was no difference between these 

methods. Individuals already using heart rate monitors could benefit from tracking their estimated maximum 

heart rate and implementing the proposed PAPE-HR% method. Finally, it is concluded that using 50% of the 

estimated maximum heart rate is a viable tool to be used as an intra-set resting tool during PAPE exercises. More 

research is needed to determine if HRV influences vertical jump ability and the capacity to reduce maximum 

heart rate during PAPE exercises. 
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