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Abstract

This study aimed to narrow down the possible mechanisms of
Post-Activation Performance Enhancement (PAPE), especially if
they are exclusively found in the muscle. It was therefore inves-
tigated whether (1) the PAPE effect is influenced by neural fac-
tors and (2) if Post-Activation-Potentiation (PAP) influences
PAPE. Thirteen strength-trained participants (26.5 + 3.2 years)
took part in at least one of three interventions (PAP, PAPE-
Electrical (PAPEE), and PAPE-Voluntary (PAPEV)). Condition-
ing contractions (CC) and testing involved isometric knee exten-
sions performed on an isokinetic device at an 80° knee flexion
angle. The CC was either performed voluntarily (PAP, PAPEV)
or was evoked through electrical stimulation (PAPEE). Testing
was performed at baseline and after two seconds, four minutes,
eight minutes, and twelve minutes of the CC. Maximum volun-
tary isometric contractions (MVIC) for the PAPE trials and su-
pramaximal twitches for the PAP trial were used for testing. Pa-
rameters of interest were peak torque and rate of torque develop-
ment (RTD), and electromyography (EMG) amplitude of the
quadriceps (only PAPE). Repeated measures ANOVA and simple
contrast comparisons were used for statistical analysis. Peak
torque (p < 0.001, n%=0.715) and RTD (p = 0. 005, n%p= 0.570)
increased significantly during the PAP protocol immediately two
seconds after the CC and decreased to near baseline values for the
following time points (p > 0.05). Peak torque, RTD, and peak
EMG showed no significant differences during PAPEE and
PAPEV trials (p > 0.05). Due to the lack of a visible PAPE effect,
the question of whether neural mechanisms influence PAPE can-
not be answered. Due to the time course of the PAP analysis, it is
questionable if these mechanisms play a role in PAPE. The as-
sumption that the PAP mechanism influences PAPE cannot be
confirmed for the same reason.

Key words: clectric stimulation, torque, isometric contraction,
quadriceps muscle, phosphorylation, human.

Introduction

In sports, athletes look for ways to improve their perfor-
mance, even if it is only for a short time window. One of
the techniques said to increase sporting performance is
Post-Activation-Potentiation (PAP). In recent years, PAP
has been used increasingly in the context of enhancing vol-
untary force or the rate of force development (RFD)
(Krzysztofik et al., 2020; Lorenz, 2011; Seitz and Haff,
2016; Tillin and Bishop, 2009). In the studies researching
the voluntary performance increase, the protocol consists
of a voluntary pre- and post-test (different forms of jump-
ing, sprints, or throws) with a voluntary conditioning con-
traction (CC) usually ranging from 60% to 100% of the
maximum voluntary force (Dobbs et al., 2019; Gouvéa et
al., 2013; Seitz and Haff, 2016; Wilson et al., 2013). An

increase in performance is predominantly noted five to ten
minutes after the CC (Seitz and Haff, 2016; Wilson et al.,
2013). Conversely, a rest interval of less than three minutes
appears to be counterproductive to this effect (Dobbs et al.,
2019).

Originally, PAP was used to describe an increase in
a muscle’s peak twitch torque and its RFD conditioned by
a voluntary activation of the same muscle (Blazevich and
Babault, 2019; Vandervoort et al., 1983). The mechanism
proposed for this increase is the phosphorylation of the reg-
ulatory myosin light chain, which allows the myosin head
to move closer to the actin-binding sites and, by doing so,
increases the possibility of a cross-bridge formation
(Blazevich and Babault, 2019; Lorenz, 2011). It was also
proposed that this effect is most effective at submaximal
contractions (Blazevich and Babault, 2019; Brown and Eu-
ler, 1938) and that it is significant for only a few minutes
(<3min) with a half-life of about 28s (Blazevich and Ba-
bault, 2019; Vandervoort et al., 1983).

These discrepancies between the originally de-
scribed PAP effect and the attempt to demonstrate PAP
through voluntary muscle activation led to the idea of in-
troducing the term Post-Activation-Performance-Enhance-
ment (PAPE) to describe the latter phenomenon (Blazevich
and Babault, 2019; Cuenca-Fernandez et al., 2017; Prieske
et al., 2020). The fact that PAPE is showing a voluntary
performance increase and is mostly seen in a different time
window raises the question of whether the mechanism un-
derpinning PAP is also responsible for PAPE, namely the
phosphorylation of the regulatory myosin light chain. Be-
cause of the previously mentioned short half-life of the
phosphorylation, this seems rather implausible, but the
PAP mechanism still could influence PAPE in its early
stages (<6 minutes).

Several theories have been proposed about possible
PAPE mechanisms, such as increased muscle temperature,
muscle and muscle fiber water content, and motivational
aspects (Elmubarak and Ranatunga, 1984, Blazevich and
Babault, 2019). For instance, increased muscle temperature
could lead to an increased RFD. This is because the myosin
ATPase reaction appears to be temperature sensitive and,
therefore, can influence the cross-bridge cycling rates
(Stein et al., 1982). According to Blazevich and Babault
(2019), an increase in voluntary performance by 1-5% can
be fully explained, and an increase of 5-10% can be at least
partly explained by an increase in muscle temperature.
Also, the time course where PAPE should show its’ peak
effect (around 5-10 minutes after the CC) seems to corre-
spond to the time course of the peak increase in tempera-
ture after an intense exercise bout (Gonzalez-Alonso et al.,
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2000). An increase in muscle and muscle fiber water con-
tent could not only increase RFD but also the muscle fiber
force (Edman and Hwang, 1977; Sugi et al., 2015). This is
achieved by a decreased ionic strength within the muscle
fibers and the subsequent increase in force generated per
cross-bridge (Sugi et al., 2015; Wang et al., 2015).

Missing information in the current literature is if the
voluntary CC that is usually done in PAPE studies also in-
fluences neural factors(e.g., increased central neural drive,
enhanced excitation of the alpha motor neuron) of the par-
ticipants and, therefore, if these changes might also explain
parts of the effects seen in PAPE studies. Previous studies
investigating the PAPE effect often report no or inconclu-
sive changes in the electromyographic (EMG) activity, alt-
hough an increase in performance was visible (Seitz et al.,
2015; Mina et al., 2016). At the same time, a study from
Nuzzo et al. (2016) showed that an acute bout of strength
training can enhance the effectiveness of corticospinal-mo-
toneuronal synapses or increase motoneuron excitability.
Therefore, whether this also happens during the CC of
PAPE has to be clarified. To test if neural, besides periph-
eral factors, play a role in the PAPE effect, a voluntary CC
(PAPEV) and an electrical stimulated CC (PAPEE) were
performed in this study, matched for intensity and duration.
Hence, if neuronal factors play a role in the PAPE effect,
the effect after the voluntary CC should be more consider-
able than after the stimulated CC, relative to the baseline
testing.

To summarize, this study aimed to answer two

questions. First, if the PAPE effect depends on neural fac-
tors, and second, if the PAP mechanism contributes to pos-
sible PAPE effects during a maximal isometric knee exten-
sion.
Based on the previously mentioned information, we hy-
pothesize that neural factors play a role in the PAPE effect.
Furthermore, we hypothesize that the PAP mechanism
does not play a significant role for the PAPE effect during
maximal isometric knee extensions.

Methods

Participants

A priori power analysis using G*Power determined that a
total sample size of 6 was needed for our study. For the
analysis an effect size f of 0.74 (cohen’s d: 1.48) (Lowery
et al., 2012), an alpha level of 0.05 and a power of 0.8 was
chosen. Fourteen male sport students were recruited (26.9
+ 3.26 years, 182.6cm + 4,94cm height, 85.3kg + 9.6kg
weight). Of those 14 participants, one declined to partici-
pate after the familiarization session. Ten participants com-
pleted all three interventions. Two participants completed
one intervention, and one subject completed two interven-
tions. It ended up with 11 participants for each condition
(Figure 1). Requirements for participation were regular
strength training (at least 2x per week), experience in
strength training for at least three years, a minimum age of
25 years, and a maximum age of 35 years. In addition, no
orthopedic or neuromuscular injuries of the lower extrem-
ities and no cardiovascular diseases were allowed to be
present. Before study participation, all participants were

extensively informed about the possible risks and conse-
quences of the study. Furthermore, before familiarization,
written informed consent and privacy statements were ob-
tained from the participants. The study was approved by
the local Ethics Committee (number) of the Technical Uni-
versity of Munich and conducted according to the declara-
tion of Helsinki.

Experimental approach to the problem

A within-subject repeated measures design was chosen to
determine whether neural factors can be attributed to the
PAPE effect, whether there are changes in the muscle ac-
tivity due to the PAPE effect, and to which extent the PAP
mechanism influences PAPE. The quadriceps muscle of
the dominant leg of the subject was selected as this muscle
group showed PAP (Johnson et al., 2019; Mitchell and
Sale, 2011; Requena et al., 2011) and PAPE (Beato et al.,
2021; Chaouachi et al., 2011) effects in previous studies.
Another reason the quadriceps was chosen for the present
study was that the study population consisted of resistance-
trained participants who already used knee extensions as
part of their regular training program. Isometric knee ex-
tensions were used as testing and conditioning interven-
tions (Arabatzi et al., 2014; Esformes et al., 2011; Rixon et
al., 2007). Participants were required to be present in the
lab a total of four times. The first time served as a familiar-
ization session to ensure that the participants could perform
constant maximal voluntary contraction (MVIC) trials and
to familiarize them with electrostimulation (EMS) of the
tested muscle. For all MVICs performed by the partici-
pants, the instruction was to contract as hard and fast as
possible. In addition, the supervisor gave maximal verbal
encouragement. The different interventions (PAP, PAPEE,
PAPEV) were randomized on the remaining test days. Be-
tween the test days, there had to be a break of at least one
week to ensure that the interventions did not influence each
other. Before each test, participants had to fill out a short
questionnaire about their state of mind, means of transpor-
tation, and hydration status to check for irregularities.

Experimental Protocol

Warm-up

The standardized warm-up consisted of 60 active dynamic
quadriceps stretches (3 sets of 20 repetitions) with a ca-
dence of 1s in each direction. This warm-up was chosen as
it was found to be the best option for injury prevention
(Behm et al., 2016; Iwata et al., 2019; Zakaria et al., 2015)
without raising the muscle and core temperature by the
likes of cycling, treadmill, or similar warm-up (Bishop,
2003; Faulkner et al., 2013; Levels et al., 2012). Previous
studies showed that a high increase in muscle temperature
could affect the PAPE trials (Blazevich and Babault, 2019;
Cuenca-Fernandez et al., 2017). This warm-up was done
during all sessions.

Post-Activation Potentiation

At first, a baseline stimulation was done with the subjects’
specific supramaximal stimulus. This was done twice with
a 10s gap between the two twitches (Padsuke et al., 2007).
Peak torque of both twitches was compared to determine
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Figure 1. Flow diagram detailing the study inclusion process throughout the study's enrollment, allocation, and

analysis phase.

if both elicited a similar response (+ 5%). Out of those two,
the second one was chosen for future analysis. Then, the
subject had to rest for five minutes to ensure that these two
twitches did not affect the subsequent testing (Requena et
al., 2008). An MVIC for 10s was performed afterward
(Vandervoort et al., 1983), followed by a supramaximal
twitch after two seconds, four minutes, eight minutes, and
twelve minutes to see the potential time course of the PAP
effect (Figure 2A).

Post-Activation Performance Enhancement-Voluntary
At first, three maximal voluntary contractions (each 3s)
with a rest period of four minutes in between (Salles et al.,
2009) were performed as a baseline test. Out of those three,
the one with the highest peak torque was chosen for future
analysis. A break of 15 minutes was administered after
these MVIC tests to ensure they would not influence the
following steps (Lowery et al., 2012; Wilson et al., 2013).
For the CC, an intensity of 80% of the MVIC was chosen
(Garbisu-Hualde and Santos-Concejero, 2021; Wilson et
al., 2013). A biofeedback application (ProActive, Prophys-
ics AG, CH) ensured the subject held the CC constant at

the desired torque level. The CC had to be repeated three
times (Arabatzi et al., 2014; Lim and Kong, 2013; Seitz and
Haff, 2016; Wilson et al., 2013) for a total of six seconds
(Dobbs et al., 2019; Fukutani et al., 2013; Seitz et al., 2015)
with a two-minute break in-between (Arabatzi et al., 2014;
Lim and Kong, 2013; Rixon et al., 2007). Immediately two
seconds after the last CC, the subject had to perform an-
other MVIC, followed by another one at four, eight, and
twelve minutes (each lasting 3s) to see the potential time
course of PAPE (Figure 2B).

Post-Activation Performance Enhancement—Electrical
The PAPEE trials consisted of the same steps as the
PAPEV trial. Also, the same intensity, breaks, and the
same volume was chosen for the CC. The only difference
was that the CC was performed via electrical stimulation.
After the baseline MVICs, the stimulation intensity was
tested and set to match 80% of the baseline MVICs. A
break of 15 minutes was administered after the stimulation
testing to ensure it would not influence the following steps
(Lowery et al., 2012; Wilson et al., 2013) (Figure 2C).
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Figure 2. Schematic diagram of the PAP (A), PAPEV (B), and PAPEE (C) protocols. Interventions started with baseline testing, fol-
lowed by a conditioning contraction and further testing trials at 2s, 4min, 8min, and 12min after the conditioning contraction. The conditioning con-
traction (CC) for the PAP trial was a MVIC for 10s. For the PAPEYV trial, it was a voluntary contraction at 80% of the MVIC that lasted 6s, and for

the PAPEE trial, it was an electrical contraction at 80% of the MVIC, also lasting 6s. Note: The CC for both PAPE conditions was done three times

with a break of 2 minutes in between.

Figure 3. Dynamometer, EMG, and EMS setup for the differ-
ent test protocols. The subject was strapped into the dynamometer
with a fixed hip and knee angle. EMG was placed at the M. rectus femoris,
M. vastus medialis, and M. vastus lateralis of the dominant quadriceps
muscle. Stimulation electrodes were placed proximal to the patella and
distal to the hip joint.

Electrical stimulation

Two self-adhesive stimulating electrodes were used to
stimulate the quadriceps. One was placed proximal to the
patella and the other distal to the hip joint on the front of
the thigh (Figure 3) (Bentley et al., 2000; Sacilotto et al.,
2017). Before electrostimulation, the respective leg was
shaved, disinfected with alcohol, and smeared with a skin
preparation gel for electrodes. The stimulation was per-
formed with a constant current stimulator (DS7A - Con-
stant Current Stimulator, Digitimer Ltd). For all tests, the
voltage was set to 400V.

Electrical stimulation—PAP

For the PAP intervention, rectangular voltage pulses of two
milliseconds were chosen. The intensity of the supramaxi-
mal stimulus was determined by gradually increasing the
electrical current until the produced twitch torque reached
a plateau (Miyamoto et al., 2010; Requena et al., 2008). To
ensure that a supramaximal stimulus was used during the
PAP trial, the final current was multiplied by a factor of
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1.5. (Maclntosh et al., 2012).

Electrical stimulation—-PAPEE

For the PAPEE intervention, an additional train generator
(Model DG2A — Digitimer Ltd.) was used to generate a te-
tanic contraction. Therefore, a pulse duration of 200 micro-
seconds at a frequency of 60 Hz was used. The duration of
the stimulation was set to 6s. The stimulation intensity was
set to match a contraction intensity of 80% MVIC.

Electromyography

The EMG signal of the rectus femoris (RF), vastus medi-
alis (VM), and vastus lateralis (VL) was recorded for both
PAPE conditions using a wired EMG system (AnEMG12,
OT Bioelecttronica, IT). For the electrode placement, the
SENIAM (Surface Electromyography for the Non-Inva-
sive Assessment of Muscles) (Hermens et al., 2000) proto-
col was followed (Figure 2). The reference electrode was
placed on the patella (Johnson et al., 2019) (Figure 2). Be-
fore testing, the respective leg was shaved, disinfected with
alcohol, and smeared with a skin preparation gel for elec-
trodes.

Dynamometer

For the torque measurement, an isokinetic device (Isomed
2000, D&R Ferstl GmbH, Germany) was used (Figure 2).
The participants were fixed on the device (shoulder pads,
hip/ shoulder belts) so that unwanted movement was mini-
mal, and only the necessary isometric knee extension could
be performed without any limitation. The hip and knee
joints were set at an angle of 80° of flexion (Hahn et al.,
2007). The rotational axis of the dynamometer was care-
fully aligned with the knee joint axis of rotation.

Data collection and analysis

Data recording took place with the ProEMG software (Pro-
EMG, Prophysics AG, CH) using a sample rate of 2000 Hz.
Data filtering and analysis were conducted with a custom-
written Python script. The EMG signal was recorded only
during PAPEE and PAPEYV trials. The signals were filtered
using a second-order zero-lag Butterworth low- and high-
pass filter with cut-off frequencies of 500Hz and 10Hz.
Further, a root mean square smoothing was used with a
window length of 250ms for calculating amplitude param-
eters (Konrad, 2006; Rose, 2019; Seiberl et al., 2016). The
torque signal was smoothed using a root mean square win-
dow length of 20ms (Seiberl et al., 2016). The outcome

variables that were calculated from this data were (a) peak
torque (measured from baseline to the point of maximal
torque (Johnson et al., 2019)), (b) rate of torque develop-
ment (slope between 20 - 70% of maximal torque) (RTD)
of each analyzed MVIC and supramaximal stimulus trial
(PAP) and the (¢) EMG peak values from the RF, VM, and
VL of the quadriceps muscle for the MVIC trials. Further-
more, an overall activation of the quadriceps muscle (net-
EMG) was calculated based on the sum of the weighted
EMG signals of the RF, the VM, and VL (Seiberl et al.,
2012; Seiberl et al., 2016). For RTD a possible confounder
of analysis might be detecting the muscle on event during
the contraction. Therefore, to minimize the impact of this
confounder and increase the reliability of the analysis,
RTD in the time window between 20 - 70% of peak torque
during the rising part of the torque signal was calculated
(Maffiuletti et al., 2016)

weighted EMG = (RFaeasured X 0.17 + (VLmeasurea X 0.35) +
(VMmeasured X 023)

Statistical analysis

Statistics were done using R Studio (Rstudio, PBC, USA)
and JASP (JASP, University of Amsterdam). The alpha
level was set to p < 0.05. The data was checked for extreme
outliers, normality (Shapiro-Wilk test), and sphericity (if
appropriate) (Mauchly’s test). To identify outliers in the
dataset, box plots were utilized. Extreme outliers were ex-
cluded from the specific analysis. After exclusion of outli-
ers, we had a total of 9 participants for analysis for the PAP
trial. For PAPEV, we analyzed a total of 7 participants. For
the peak torque and RTD parameters of PAPEE we ana-
lyzed 8 participants and for the net-EMG of the PAPEE
trial a total of 7 participants. A repeated-measures ANOVA
was used with subsequent simple contrast comparisons (if
needed) to see if the values after two seconds (t2), four
minutes (t3), eight minutes (t4), or twelve minutes (t5)
were significantly different from baseline values (t1), for
each condition separately. As effect size for the ANOVA,
partial eta squared (n2p) was used. A 12p value of <0.06
was interpreted as a small effect, a value of 0.06-0.14 as a
medium effect, and a value of >0.14 as a large effect.

Results

Mean and standard deviation of the results can be found in
Table 1 (Torque, RTD) and Table 2 (EMG).

Table 1. Torque and rate of torque development data for maximum voluntary isometric contractions for each timepoint.

Condition  Baseline (t1) 2s (t2) 4min (t3) 8min (t4) 12min (t5)

ANOVA
Mean SD Mean SD Mean SD Mean SD Mean SD Time

(p-Value)
Torque PAP 59.4 16.71 91.25 30.42 62.93 18.87 61.87 17.94 57.15 18.98 <0.001
(Nm] PAPEV 290.9 61.05 269.25 7723 26639 78.83 269.60 76.56 271.30 85.06 0.074
PAPEE 271.4 67.69 26929 7529 266.72 80.72 27028 75.68 270.55 85.06 0.992
RTD PAP 1042.7 37548 1730.09 936.09 1098.65 421.25 1077.74 400.71 971.89 424.81 0.005
[Nm/s] PAPEV 7239 311.56 994.07 34337 862.75 44379 860.03 433.42 784.61 452.44 0.328
PAPEE 960.9 355.61 1065.66 431.90 1052.38 316.24 1114.99 48898 1097.54 288.09 0.768

p-Value < 0.05 indicated by bold values, PAPEE: Post-activation performance enhancement (electrical CC), PAPEV: Post-activation performance

enhancement (voluntary CC).
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Table 2. Peak EMG of maximum voluntary isometric contractions for each timepoint.

LEWLG Intervention Baseline 2s 4min 8min 12min
Parameters
Mean SD Mean SD Mean SD Mean SD Mean SD LSOV LT
(p-Value)

RF PAPEV 1.55 137 146 1.16 135 123 135 1.13 136 1.16 0.108

PAPEE 1.50 1.10 290 164 139 100 1.50 1.10 1.58 1.00 0.001

VM PAPEV 144 124 147 124 141 125 138 125 145 1.25 0.519

Peak EMG PAPEE 1.52 091 294 141 142 085 155 092 152 0.81 0.006
[mV] VL PAPEV 129 126 136 128 122 120 128 127 127 1.21 0.115
PAPEE 1.28 0.76 299 120 1.17 072 190 078 121 0.70 0.002

net-EMG PAPEV 1.05 095 1.06 092 098 090 099 092 1.01 0.89 0.203

PAPEE 1.18 0.62 237 088 1.03 059 1.13 064 1.08 0.55 0.002

p-Value < 0.05 indicated by bold values, RF: Rectus femoris, VM: Vastus medialis, VL: Vastus lateralis, net-EMG: overall activation of the quadriceps
muscle, PAPEE: Post-activation performance enhancement (electrical CC), PAPEV: Post-activation performance enhancement (voluntary CC).

points (F(4,28) = 0.062, p = 0.992, n2p = 0.009) (Figure

0 3B). Same is true for the PAPEV condition (F(4,24) =
45| . 2.442,p=0.074, n2p = 0.289) (Figure 4C).
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Figure 4. Peak torque at the tested time points for PAP (A), :
PAPEE (B) and PAPEV (C). Figure shows individual peak torque n 2 1B 4 15

values as well as a boxplot diagram for the timepoints t1 (baseline), t2 (2 Timepoint
seconds after conditioning contraction (CC)), t3 (4 minutes after CC), t4
(8 minutes after CC) and t5 (12 minutes after CC). Nm = Newton meter.

Figure 5. RTD at the tested time points for PAP (A), PAPEE
(B) and PAPEYV (C). Figure shows individual RTD values as well as

Peak torque a boxplot diagram for the timepoints t1 (baseline), t2 (2 seconds after con-

During the PAP protocol, there was a significant change in
the peak torque between the different time points, as re-
vealed by the ANOVA (F(4,32) = 20.029, p < 0.001, n2p
=0.715). Simple contrast analysis showed a significant dif-
ference between the two-second timepoint and tl (p <
0.001) but not for the other time points (p > 0.05). The peak
torque value of t2 was 55.6% (SD 37.2%) higher than t1
(Figure 4A). For the PAPEE trial, there was no significant
change in the peak torque values between the different time

ditioning contraction (CC)), t3 (4 minutes after CC), t4 (8 minutes after
CC) and t5 (12 minutes after CC). Nm/s = Newtonmeter per second.

Rate of torque development

RTD showed a significant change between time points for
the PAP trial (F(4,32) = 10.616, p = 0.005, n2p = 0.570).
Simple contrast analysis showed a significant difference
between t2 and t1 (p = 0.009) but not for the other time
points. The RTD value of t2 was 63.7% (SD 37.5%) higher
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than tl (Figure 5A). For the PAPEE and PAPEV condi-
tions, no significant differences between the time points
were found (F(4,28) = 0.456, p = 0.768, n2p = 0.061,
F(4,24) =1.173, p = 0.328, n2p = 0.164) (Figure 5B/C).

3 ? *
B

H 2 B " 65
A Timepoint

M 2 B # 5
B Timepoint

Figure 6. Peak EMG amplitude for the net-EMG at the tested
time points for PAPEE (A) and PAPEV (B). Figure shows indi-
vidual peak EMG values as well as a boxplot diagram for the timepoints
tl (baseline), t2 (2 seconds after CC), t3 (4 minutes after CC), t4 (8
minutes after CC) and t5 (12 minutes after CC).

Peak EMG

For the PAPEV trial, the repeated measures ANOVA did
not show any significant differences for the RF (F(4,24) =
2.130, p < 0.108, n2p = 0.262), the VM (F(4,24) = 0.641,
p=0.519,72p=10.096), the VL (F(4,24)=2.083 p=0.115,
n2p = 0.258) or the net-EMG (F(4,24) = 1.616, p < 0.203,
n2p = 0.212) between the measured time points (Figure
6B). The peak EMG of'the RF (F(4,24) =21.770, p=0.001,
n2p = 0.784), VM (F(4,28) = 12.096, p = 0.006, n2p =
0.633), VL (F(4,24) =22.523, p = 0.002, n2p = 0.790) and
the net-EMG (F(4,24) =21.999, p=0.002, n2p = 0.786)
showed a significant difference between the time points of
the PAPEE trial (Figure 6A). Simple contrast analysis
showed a significant difference between t2 and t1 in the RF
(p <0.001), in the VM (p <0.001), the VL (p =0.002), and
the net-EMG (p = 0.002). Important note for the results af-
ter the electrical CC: From Figure 6A, it seems that there
is a considerable impact of the electrical CC on the EMG
activity at t2 (increase up to ~ 695%). This effect is similar
across all investigated muscles. Therefore, the authors
think an interference between the electrical stimulation and
the wired EMG system arbitrarily caused this increase. For
clarity, we presented the results, including the activity at

t2. However, for the rest of the manuscript, we exclude
these results. Consequently, the ANOVA of the peak EMG
analysis of the PAPEE condition, excluding results at t2,
showed no differences for any muscle. By excluding t2
from the PAPEE trial, the peak EMG of the RF (F(3,18) =
1.330, p =0.296, n2p = 0.181), VM (F(3,21) = 0.759, p =
0.530, n2p = 0.098), VL (F(3,18) = 1.468, p = 0.257, n2p
=0.197), and net-EMG (F(3,18) = 1.376, p=0.282,n2p =
0.187) did not exhibit significant differences between the
time points (Figure 7).

Discussion

This study aimed to see if post-activation performance en-
hancement (PAPE) mechanisms are related to central pro-
cesses and if mechanisms involved in the post-activation
potentiation (PAP) also play a role. Despite having con-
sistent results regarding PAP, this study did not reveal any
effect for PAPE, irrespective of the type (voluntary vs.
electrical stimulated) of the conditioning contraction (CC).

Post-Activation Potentiation

Like in previous studies (Hamada et al., 2000; Requena et
al., 2008; Vandervoort et al., 1983), the PAP effect was
shown consistently in this study immediately following a
voluntary CC by an increase in twitch torque of ~ 56%
compared to baseline. Along with the increased twitch
torque, the RTD of the twitch-induced contraction also in-
creased significantly by ~ 64% compared to the baseline.
This increase, both in peak torque and in RTD, is in line
with the commonly proposed mechanism of PAP, namely
the phosphorylation of the regulatory myosin light chain,
which allows the myosin head to move closer to the actin-
binding sites and increases the possibility of cross-bridge
formation (Blazevich and Babault, 2019). Concerning the
time course of the PAP effect, this study showed a signifi-
cant increase in twitch torque and the measured RTD two
seconds after the CC. However, the PAP effect was no
longer present four to twelve minutes after the CC (Figure
4A and 5A). These findings are consistent with previous
studies and reviews (Blazevich and Babault, 2019;
Vandervoort et al., 1983). Blazevich and Babault (2019)
summarized that the PAP-induced increase in twitch torque
is short-lived. It is highest immediately after the CC and
decreases dramatically over the next 28 seconds (Blazevich
and Babault, 2019; Vandervoort et al., 1983). Due to the
consistency of the immediate PAP effect among our partic-
ipants, the effect can be classified as a general muscle prop-
erty, at least for the quadriceps muscle group. However, the
short lifetime makes a possible contribution to the PAPE
effect that is usually detected four to twelve minutes after
the CC implausible.

Post-Activation Performance Enhancement

At first, this study just used a minimalistic warm-up. There
is an ongoing discussion in the literature if the warm-up
itself and not the conditioning exercise is responsible for
the PAPE effect. Usually, a comprehensive warm-up is of-
ten chosen as part of the protocol (Arabatzi et al., 2014,
Esformes et al., 2011; Rixon et al., 2007; Seitz et al., 2014).
However, Cuenca-Fernandez et al. (2017) showed that a



Fischer and Paternoster

41

PAPEE

# )
3
RF > "7 /AN\——
- W g3 =
2 . b
1= e
. )
- — ® 4 @ @

H 2 B W
Timepoint

4 w5
[
-
3
VM=>" .
PR
14 &+—*
— .

t1 2 13 W 5
Timepoint

VL >° ;

% *% e
e v

t1 2 13 W 5
Timepoint

S PO
1] R
S LR
ST

PAPEV

.
<
M o© B oW 5

Timepoint

6

.
-

..
[]
L]

L X
»
.
.
Se

t1 2 B3 W 5
Timepoint

%
.
he §

H # B W
Timepoint

Figure 7. Peak EMG amplitude for the M. rectus femoris (RF), M. vastus medialis (VM) and M. vastus lateralis (VL) at the
tested time points for PAPEE and PAPEYV. Figure shows individual peak EMG values as well as a boxplot diagram for the timepoints tl
(baseline), t2 (2 seconds after CC), t3 (4 minutes after CC), t4 (8 minutes after CC) and t5 (12 minutes after CC).

PAPE effect could be seen with a sufficient warm-up, even
if the CC consists of quiet standing. Therefore, in this
study, the warm-up was kept as short as possible to avoid
an excessive increase in muscle temperature but long
enough to prevent potential injuries. Hence, possible ef-
fects triggered by the CC could be classified more directly
as the PAPE effect.

As the proposed mechanism of PAP (Blazevich and
Babault, 2019; Lorenz, 2011) seems to reside primarily in-
side the muscle and does not seem to involve neural mech-
anisms, the question arose if the same is true for PAPE.
Therefore, this study compared an electrical CC with a vol-
untary CC matched for intensity and duration. With the
study design, we assumed that effects on the peripheral side
that increase muscle function (e.g., muscle temperature,
calcium sensitivity) are similar between conditions. Hence,
an increased effect after the voluntary CC compared to the
stimulated CC would provide evidence for central pro-
cesses involved in the PAPE effect. However, this study
neither found increased values for peak torque nor RTD
comparing different time points after the respective CC
with the baseline values before the CC. Therefore, the con-
clusion concerning central processes remains to be seen.
Peak torque is often used as a parameter reflecting the max-
imum strength capabilities of a participant of the involved
muscles. Our participants showed similar values across all

time points on the individual PAPE conditions. This shows
a high familiarity and reliability in terms of MVC contrac-
tions. Skof and Strojnik (2007) showed that an intensive
warm-up in middle-distance runners can increase the vol-
untary activation level by enhancing central nervous effi-
ciency. By employing a minimalistic warm-up in this
study, the observed elevation in peak torque could poten-
tially be attributed to the PAPE effect induced by the vol-
untary CC. However, peak torque values did not change
after the voluntary CC, and hence, the central nervous effi-
ciency might not be altered by the CC. The EMG analysis
further supports this, as peak EMG showed no changes
across analyzed time points. The reader should note that
our subjects were experienced in strength training and,
therefore, might already have a high voluntary activation
level, which might diminish potential effects concerning
central nervous efficiency. However, this was not tested di-
rectly in this study. Although PAPE is often used as a term
for a voluntary force or power enhancement (Blazevich and
Babault, 2019), in most studies, the effect of PAPE has
been researched in explosive movements like jumping or
sprinting (Arabatzi et al., 2014; McCann and Flanagan,
2010; Till and Cooke, 2009). For that reason, it could be
that there was no visible change in the peak torque during
the tested MVIC trials, as PAPE might be most effective in
the initial phase of a voluntary contraction.
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For explosive contractions, the rate of force devel-
opment plays an important role. RFD reflects the increase
in force/ torque directly after the onset of the contraction.
Hence, RFD is a crucial parameter for many sports due to
the time pressure to execute a specific task (e.g., sprint run-
ning, boxing), which is often below the time a muscle
needs to develop maximal strength (> 300 ms). As dis-
cussed in the literature (Maffiuletti et al., 2016) and as
mentioned in the methodology, the authors decided to ana-
lyze RTD in the time window between 20-70% of peak
torque during the rising part of the torque signal to increase
the reliability of the analysis. As can be seen in the Table
3, the endpoint of the analysis window (70% of peak
torque) was below or slightly above 300ms (Table 3), rep-
resenting activation dynamics quite well. In general, RFD
is influenced by neural as well as contractile factors. As
contractile factors like fiber type are unlikely to change
within this study design, possible changes of RFD might
be related to changes on the neuronal side and/or mecha-
nisms associated with PAP immediately after the CC.
However, RTD in both PAPE conditions did not show any
significant results supporting the idea of increased neu-
ronal efficiency or PAP mechanisms being involved. From
a descriptive point of view, RTD values 2s after the end of
the CC for the PAPEV condition show a steeper slope
(~50%) compared to the baseline. However, as mentioned,
ANOVA did not show a main effect concerning different
time points; therefore, this trend needs further investiga-
tion.

A reason why, for both PAPE trials, no significant
differences were found could be that the PAPE effect,
which does not occur immediately but after a specific
break, is influenced by all the MVIC testing conducted be-
fore that time point. This could lead to an accumulation of
fatigue that overshadows the actual PAPE effect in this
study. However, this is speculative, as an increase in fa-
tigue would likely be visible in peak torque values, but this
is not the case in our data. Also, peak EMG values, espe-
cially at t3, t4, and t5, seem relatively stable, which further
speaks against this point.

A limitation of this study is the lack of temperature
control of the thigh region. Since a precondition of this
study was to exclude an extensive warm-up due to its pos-
sible effects on the PAPE trials, the temperature of the
thigh region plays an important role. Minimalist warm-up
and extended rest periods between contractions were used
to not excessively increase muscle temperature, but this

could not be adequately controlled. eBecause this study
could not find an apparent effect regarding peak torque and
rate of torque development, this may further point towards
a temperature-dependent effect of PAPE. However, this re-
mains speculative and is beyond the explanatory power of
this study. Another limitation could be that the performed
MVICs (pre- and post-testing) during the two PAPE trials
could have had an enhancing effect themselves and there-
fore affect all the subsequent MVICs. We tried to limit this
however by ensuring that subjects would have a sufficient
break in between the trials, especially the 15min break be-
tween the pre-MVICs and the CCs. However, we cannot
completely exclude this possibility of an enhancement.
Lastly, we want to mention that with our methodology
(PAPEE and PAPEV) it is not possible to strictly differen-
tiate between central and peripheral factors. We think how-
ever, that with our setup, general comments about the pre-
dominant character of the contraction (peripheral or cen-
tral) can be made.

Conclusion

A significant PAP effect was visible in this study regarding
the peak torque and the RTD. However, a PAPE effect
(voluntarily or electrically evoked) could not be identified
for the chosen time points. Therefore, whether PAPE de-
pends on neural mechanisms could not be answered, as the
time points of PAPEE and PAPEV showed no significant
peak torque or RTD changes. The assumption that the PAP
mechanism influences PAPE can also not be confirmed, as
no similarities between the time points for PAP and PAPE
could be shown. Based on this finding, future research
should distinguish between the terms post-activation po-
tentiation and post-activation performance enhancement
while considering the original research.
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Key points

e A post-activation-potentiation-effect was clearly visible in
this study immediately after the conditioning contraction.

e Post-activation-performance-enhancement could not be
seen with the employed protocol.

e The post-activation-potentiation time course seems to be
outside of the proposed post-activation-performance-en-
hancement time window.
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