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Abstract: 24 

 Fifteen trained athletes were assessed for postactivation performance enhancement (PAPE) of squat 25 

jumps (SJ) and power push-ups (PPU) following upper body activation, lower body activation, upper and lower 26 

body activation, and rest. SJ improved similarly across all four conditions. PPU could not be assessed. Since the 27 

test protocol of SJ and PPU involved upper and lower body activation and caused PAPE in SJ, future work is 28 

required to determine if a non-localized PAPE effect exists. 29 

Key words: squat jump, postactivation potentiation, voluntary contractions, muscle function, swimming 30 
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Introduction: 33 

 The athletic community has shown considerable interest in the performance enhancements seen soon 34 

after a warm-up of brief, high force contractions (conditioning activity; CA) (Sale 2004). The magnitude and 35 

time history of the enhancement depends on whether performance is assessed in electrically evoked or voluntary 36 

contractions. Enhancements of electrically evoked contractions are typically large (>20%) increases in twitch 37 

torque during the first minute after the CA and decline rapidly (Tillin and Bishop 2009; Vandenboom 2016). In 38 

contrast, enhancements of voluntary contractions are typically small (<5%) effects observable after a significant 39 

rest period, peaking 7-10 minutes after the CA (Maloney et al. 2014; Tillin and Bishop 2009; Wilson et al. 40 

2013), a time when there is effectively no remaining enhancement of electrically evoked contractions. The 41 

differences between these effects have been obscured by imprecise use of terminology in the literature. The term 42 

postactivation potentiation (PAP) classically refers to enhancement of electrically evoked twitch force (Belanger 43 

et al. 1983; Vandervoort et al. 1983). This definition has not been strictly adhered to, with several papers 44 

purportedly studying PAP having only measured enhancement of voluntary activations. In this paper we refer to 45 

the enhancement of electrically evoked contractions as PAP, and the enhancement of voluntary movements as 46 

postactivation performance enhancements (PAPE).  47 

 There is strong evidence that PAP is a local effect caused by contraction-induced increases in myosin 48 

regulatory light chain (RLC) phosphorylation (Vandenboom 2016). PAPE, however, could be achieved via a 49 

number of effects unrelated to RLC phosphorylation including increased muscle temperature (MacIntosh et al. 50 

2012; McGowan et al. 2015; Sargeant 1987), increased recruitment of motor units (Tillin and Bishop 2009), and 51 

increased excitability or firing synchrony of motor neurons (Güllich and Schmidtbleicher 1996; Trimble and 52 

Harp 1998; Vandenboom 2016). The inotropic effects of exercise-induced elevations in plasma catecholamines 53 

(Cairns and Borrani 2015; Decostre et al. 2000) may also contribute to PAPE, but this has not been investigated 54 

in detail. Specifically, brief bouts of intense exercise can increase circulating epinephrine and norepinephrine 55 

levels (Botcazou et al. 2006). Exposure to these catecholamines enhances force in both fast and slow muscle 56 

fibres (Cairns and Dulhunty 1993). As circulating hormones, norepinephrine and epinephrine could systemically 57 

enhance muscle contraction. A non-localized PAPE effect is an intriguing notion, however, we are not aware of 58 

any study which has tested for PAPE in muscle groups which were not activated by the CA. Such an effect 59 

would be of great interest to the sporting world as it could circumvent the detrimental effects of neuromuscular 60 

fatigue (Pierce 1995). In this study we assessed squat jump (SJ) and power push-up (PPU) performance in 61 
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trained swimmers before and after four different CAs: quiet standing (QS), back squat (BS), bench press (BP), 62 

and BS+BP. We hypothesized that there would be no PAPE following QS, and chose the conservative 63 

hypothesis that PAPE effects would be purely local responses. 64 

 65 

Materials and methods: 66 

Subjects 67 

 Fifteen varsity level swimmers (8 males and 7 females) volunteered to participate in this study 68 

(mean±SD, Age: 19.4±1.4 years, Weight: 78.6±9.0 kg [males], 65.4±8.5 kg [females], Height: 1.83±0.02 m 69 

[males], 1.64±0.06 m [females]). Swimmers were in their competition period and had participated in national 70 

and international competitions for at least 1 year prior to the start of the study. The swimmers habitually trained 71 

6 days per week using a complex training protocol which allowed the development of power and speed while 72 

decreasing the volume of aerobic training (Hydren and Cohen 2015). None of the swimmers were taking drugs, 73 

medication, or dietary supplements known to influence physical performance. Tests took place prior to their 74 

daily training regimen, and subjects were instructed to avoid any physical exertion prior to testing. Each test day 75 

began with participants standing quietly for 10 minutes. Test familiarization was performed during their dry 76 

practices held three times per week. The loads required to perform 1 repetition maximum (1RM) back squat and 77 

bench press lifts were determined during the familiarization period. The 1RM (mean±SD) for back squat was 78 

90.7±17.0 kg for males and 53.1±14.1 kg for females, and the 1RM for bench press was 71.3±12.2 kg for males 79 

and 34.1±10.3 kg for females. All experiments were performed in the Olympic Oval at the University of 80 

Calgary. Subjects signed an informed consent form which was reviewed and approved by the Conjoint Health 81 

Research Ethics Board at the University of Calgary (REB 15-1135). 82 

 83 

Experimental approach 84 

 A repeated measures counterbalanced design was used in which swimmers were evaluated for SJ and 85 

PPU performance before and after each of four different CAs tested over four different days. The BS CA 86 

consisted of four BS repetitions at 90% 1RM, the BP CA consisted of four BP repetitions at 90% 1RM, and the 87 

BS+BP CA consisted of four BS and four BP repetitions, each at 90% 1RM. The QS CA served as a control 88 
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condition in which participants were instructed to stand quietly for four minutes, equal to the time required to 89 

perform the heavy resistance exercises. SJ and PPU performances were assessed four minutes prior to (Pre), and 90 

at 5, 8, 12 and 20 minutes following (Post-5, Post-8, Post-12, and Post-20) the completion of each CA. To 91 

permit consideration of inter-individual differences in the timing of PAPE effects, the highest impulse generated 92 

during Post measures was designated Post-Max. This study was designed in accordance with the schematic 93 

guidelines established in MacIntosh et al. (2012) for determining the impact of warm-up activities on athletic 94 

performance.  95 

 Each PPU and SJ movement began with subjects performing a countermovement followed by a 2 96 

second static hold prior to initiating the ballistic movements. SJ were performed with both feet on the force plate 97 

at takeoff and landing, hands placed on the hips. Squat depth was self-selected. The PPU were performed with 98 

both hands on the force plate during push off and landing. The body position during the static hold was self-99 

selected. Toes remained in contact with the ground at all times. Six of the seven females performed a modified 100 

PPU in which both knees and toes maintained contact with the ground. An encouraging verbal signal was given 101 

as the start command for each ballistic movement. Performance was assessed from the ground reaction force 102 

(GRF) exerted on the force plate. 103 

Impulse analysis  104 

 Muscle performance was inferred from the vertical impulse obtained from the GRF vs time recording from a 105 

force plate (PASCO®, PS-2141. Roseville, CA 95747 USA). Data were collected at 1000 Hz using DataStudio 106 

(version 1.9.8r10). Impulse was calculated using the impulse-momentum method shown in equation 1 107 

(Linthorne 2001). 108 

 Jump	Impulse = � (
GRF −� · �) · 	���TO
��

 (1) 109 

Here, the impulse associated with the lower limb musculature is equal to the integration of the GRF-time record 110 

from the time of jump initiation (tI) to time of take-off (tTO) minus the product of body weight and the 111 

acceleration due to gravity, adjusted for elevation (m • g; a constant value for each subject each test day) over 112 

this same time period. For practical considerations, the m • g term was determined from the GRF during a period 113 

of quiet standing each collection day. The tI was typically assigned to be the final instant at which the GRF 114 

dropped below m • g prior to the jump. However, if this method of finding tI placed tI more than 1 s prior to the 115 

jump, tI was set to be the time at which the GRF was closest to m • g within 1 s prior to the jump. The time the 116 
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GRF reached zero during the jump was designated tTO.  Data are presented as the best performance out of the 3 117 

SJ performed at each time point. In the PPU task, the proportion of body mass supported by the arms changed as 118 

the upper body was raised and lowered. The instability of the effective m • g term for the PPU reduced our 119 

confidence in our ability to accurately identify PAPE effects in this task. Accordingly, PPU performance is not 120 

considered further in this manuscript.  121 

Statistical analysis 122 

 Statistical analysis was performed using Statistica 7.0 (Statsoft, Tulsa, Oklahoma, USA). After testing 123 

for normality of distribution, 2-way (time x condition) repeated measures ANOVAs were used to compare 124 

impulse at Pre-Post time points. Comparisons between Pre and Post-Max were assessed with a 2-way (time x 125 

condition) repeated measures ANOVA. Tukey’s honest significant difference (HSD) post hoc test was used to 126 

obtain specific comparisons when warranted. Differences were considered significant at α < 0.05. All values are 127 

reported as mean ± SD. Males and females were grouped together in all analyses. 128 

 129 

Results: 130 

 The coefficient of variation in SJ performance across all Pre trials was 0.060. There were no significant 131 

systematic differences in best jump performance at Pre between days (Figure 1A). No significant differences in 132 

impulse were observed between the different times and conditions when all 5 time points were considered. To 133 

increase our statistical power, Post-12 and Post-20 were omitted from the analysis, resulting in no significant 134 

interaction but a significant main effect of time. Post hoc testing revealed a significant increase (P<0.05) in 135 

jump impulse at Post-5 relative to Pre (Figure 1B). Post-Max was significantly greater (P<0.05) than Pre as a 136 

main effect of a 2 way repeated measures ANOVA (not depicted). The percent change in impulse between Pre 137 

and Post-5 and between Pre and Post-Max were compared across the four CAs (Figure 1C) using 1 way 138 

repeated measures ANOVAs. In these analyses, no statistically significant differences were seen. To determine 139 

if inter-day differences in performance at Pre may have influenced PAPE, we correlated the Pre-Post changes in 140 

impulse with performance at Pre relative to the four day average performance at Pre (Figure 1D). This analysis 141 

revealed a significant (P<0.001) inverse relationship between the two variables such that a relatively strong 142 

performance at Pre would tend to decrease the likelihood of seeing PAPE on that particular day. 143 

Discussion: 144 
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 We aimed to determine if PAPE effects could be elicited when the CA and test activity activated 145 

different groups of muscles. We found PAPE effects during SJ in a group of trained swimmers at Post-5 in all 146 

CAs tested, including the QS condition. Since the appearance of PAPE is highly dependent on the individual 147 

being tested we also examined Post-Max, and again found jump impulse significantly improved relative to Pre 148 

but did not differ between CAs. The PAPE we observed is consistent in timing and magnitude to that reported 149 

by other studies (reviewed in Hodgson et al. 2005; Maloney et al. 2014; Wilson et al. 2013). Interestingly, the 150 

higher demands of the BS+BP condition did not detract from SJ performance. The PAPE found following the 151 

QS CA was a surprising result which suggests that the modest performance enhancements seen in this study 152 

were a warm-up effect, probably caused by the SJ and PPU test protocol itself. The combination of upper and 153 

lower body activity in our test activity and the PAPE effect in the QS condition prevents a conclusion favoring 154 

either the presence or absence of a non-localized PAPE effect. This remains an important question in PAPE 155 

research which could be addressed using a modification of the current study design, focusing on the 156 

performance of a single test activity before and after a similar series of CAs. We also recommend a long delay 157 

between the pre-test and the CA to avoid potential warm-up effects from the pre-test. Given the uncertainty 158 

regarding the cause of PAPE, examination of electrically evoked twitch characteristics and electromyography 159 

also seem warranted in future work to differentiate between enhanced contractility and enhanced activation.  160 

 Although there were no systematic differences in performance during Pre trials, there was a significant 161 

negative correlation between how well our participants performance at Pre relative to the other test days and 162 

PAPE effects in SJ. This finding has implications for the testing of individual athletes, where an exemplar Pre 163 

performance would decrease the likelihood of seeing PAPE, and vice versa. This variability should be accounted 164 

for when assessing the effectiveness of a particular warm-up procedure. Future studies could benefit from the 165 

use of a large number of Pre tests to differentiate normal variability in performance from true PAPE effects. 166 

 An alternative interpretation of the data is that BP could be detrimental to SJ performance. Though not 167 

significant, Post-Max impulse was lower in BP and BS+BP than in QS and BS, and there were performance 168 

reductions at some Post time points relative to Pre seen in BP and BS+BP, but not in QS or BS. By extension it 169 

seems possible that high-level activation of non-specific muscle groups may impair performance. The 170 

implications of this interpretation further highlight the need to revisit the possible existence of non-localized 171 

PAPE effects using more sensitive and sport-specific tests. 172 
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 Our SJ movement is most comparable to the push off the blocks to begin a race. Notably, three SJ and 173 

three PPU offered equivalent SJ performance benefits as the three heavy resistance exercise CAs. The acute 174 

beneficial effect of these callisthenic exercises on performance has the advantage of requiring no specialized 175 

equipment, facilitating their use pool-side during competitions should they also offer sport-specific benefits.  176 

 As a final point, the literature would benefit by adopting terminology which clearly distinguishes 177 

postactivation performance enhancement of voluntary activations (PAPE) from postactivation potentiation seen 178 

in electrically evoked contractions (PAP). 179 
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 Figure Legend 246 

Figure 1: Squat jump performance during Pre and Post trials. A) Mean performance in Pre trials 247 

across the four test days (no significant differences). B) Squat jump impulse at Pre, Post-5 and Post 8 248 

in the four test conditions. * P<0.05 vs Pre (Main effect of the 2-way repeated measures ANOVA). C) 249 

Pre-Post changes in impulse at Post-5 and Post-Max for each conditioning activity (no significant 250 

differences). D) Scatter plot of Pre-Post change in impulse at Post-5 and Post-Max versus the ratio of 251 

same-day Pre to the four day average of Pre values. Linear fits of the data have r2 values of 0.20 for 252 

Post-5 and 0.19 for Post-Max. Both slopes are significantly different from zero with P<0.001. In A-C, 253 

values are presented as means±SD; n=15. QS – Quiet Standing; BS – Back Squat; BP – Bench Press. 254 
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Figure 1: Squat jump performance during Pre and Post trials. A) Mean performance in Pre trials across the 
four test days (no significant differences). B) Squat jump impulse at Pre, Post-5 and Post 8 in the four test 
conditions. * P<0.05 vs Pre (Main effect of the 2-way repeated measures ANOVA). C) Pre-Post changes in 
impulse at Post-5 and Post-Max for each conditioning activity (no significant differences). D) Scatter plot of 
Pre-Post change in impulse at Post-5 and Post-Max versus the ratio of same-day Pre to the four day average 
of Pre values. Linear fits of the data have r2 values of 0.20 for Post-5 and 0.19 for Post-Max. Both slopes are 
significantly different from zero with P<0.001. In A-C, values are presented as means±SD; n=15. QS – 

Quiet Standing; BS – Back Squat; BP – Bench Press.  
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