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ABSTRACT

In this review, we will present and critically discuss how different conditioning exercises can be implemented in training,
testing, and competition for the enhancement of performances in different sports, via post-activation performance enhance-
ment and other delayed potentiation responses. The potentiation approaches described here include warming up, testing
and monitoring, re-warm-up and priming strategies, and complex training. The post-activation performance enhancement
responses can be best described following the new taxonomy, which allows the identification of the best strategies in every
specific sport setting. This requires identifying the post-activation performance enhancement factors, which are the con-
ditioning activity, the verification test, the population of athletes; and potential moderators (i.e. exercise type and loading,
timing; recovery interval, target exercise, performance parameter; training background, age, and sex). The inherent limitations
to these approaches, including the gaps in literature requiring further studies, may be overcome in practice by using indivi-
dualized approaches.
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Introduction

The most widely cited definition of post-activation
potentiation (PAP) is that proposed by Tillin and
Bishop [1], in which PAP is defined as ‘the phenomena
by which muscular performance characteristics are
acutely enhanced as a result of their contractile his-
tory’. This definition works well in any context. How-
ever, this is not an orthodox definition as PAP would
necessarily be related to a twitch verification test, a point
that the authors subsequently clarify in the same classic
article [1]. In fact, most studies in sport have not been
conducted with twitch verification tests, but with
muscle power tests (e.g. vertical jumps), promoting
some misconception around potentiation responses [2].
For this reason, Cuenca-Fernandez et al. [3] have intro-
duced the term ‘post-activation performance enhance-
ment’ (PAPE) [3-5] to clearly differentiate between
PAP and PAPE. Both PAP and PAPE are induced by
a voluntary conditioning activity (CA). However, PAPE

refers only to performance enhancements in volun-
tary exercises. Meanwhile, PAP would refer to force
increases during twitch verification tests. In this re-
gard, it is common to simultaneously identify PAP and
PAPE after the same CAs [2, 6]. Therefore, as we will
present only studies with athletes in sport settings,
PAPE is the correct term (Figure 1). To improve the ac-
curacy of describing the phenomena and the applica-
bility of potentiation protocols, we will also introduce
a novel taxonomy to better identify the CA, the target
exercise (i.e. verification test), and the specific popu-
lation [7].

PAPE is considered one of the main objectives of
warm-up protocols [8], apart from the physiological
benefits derived from the rise of body temperature,
including enhanced neuromuscular and cardiometa-
bolic responses [8, 9]. The main mechanism related to
potentiation has been suggested to be the phosphoryla-
tion of the regulatory light chain of myosin, a muscle
memory mechanism which increases the sensitivity
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to Ca**, thus favouring transient increments in peak
force and rate of force development [10]. However, sev-
eral other mechanisms have been proposed [1, 4, 6, 11].
As the scope of this review is focused on the practical
aspects of PAPE, we will present and discuss the PAPE
factors and their main moderators, the applications
of PAPE protocols, and the usefulness of the new tax-

onomy to better identify efficient PAPE protocols to be
applied in the sporting field for different purposes.

PAPE factors and their moderators

During the last decade, several reviews [1, 12, 13]
and meta-analyses [14, 15] have provided a good ap-
proximation of the potentiation effects of different CAs
and of what parameters or moderators can be manip-
ulated for achieving the desired acute potentiation
responses in every scenario. The overall conclusions
from the 2 existing meta-analyses [14, 15] suggest
that various sets (i.e. 2-3 sets) of a few repetitions (i.e.
< 6 repetitions) of high-intensity (i.e. > 70% of one-rep-
etition maximum [1RM]) exercises are effective for
increasing (after > 5 minutes of recovery) performance
of power exercises, such as jumps, sprints, and throws,
in well-trained strength or power athletes. However,
these conclusions should be taken with caution because
of heterogenous study designs and sample character-
istics that may limit the applicability of the findings
in each specific sport setting. For instance, while the
2 meta-analyses [14, 15] suggest a moderate time re-
covery (i.e. 5-10 minutes) for greater potentiation re-
sponses, earlier (i.e. < 5 minutes) potentiation responses
have also been observed in some studies with both
resistance [16, 17] and ballistic [13] exercises. More
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Figure 1. Schematic differences between

post-activation potentiation (PAP)

and post-activation performance
enhancement (PAPE)

importantly, several studies have suggested the neces-
sity of individualized approaches as the generalization
of findings is often not valid for individual responses
in the same studies [6, 16-18]. In this regard, if we con-
sider our recent taxonomy proposal [7], which high-
lights the necessity of better identifying the main factors
of PAPE as CA, the verification test, and population,
it may be suggested that other potential moderators
(e.g. timing) of these factors could have been ignored.
In this respect, and on the basis of the aforementioned
and other recent reviews on this topic [12, 19-21], we
suggest the consideration of other potential modera-
tors of PAPE factors (Figure 2).

While both the exercise type and loading param-
eters are the most studied moderators of CAs, there are
still gaps in literature, especially considering new strat-
egies with different exercises and loading. This applies
from the most widely used such as the squat [14, 15]
and ballistic [13] exercises. For instance, new ap-
proaches have been demonstrated to be effective CAs
for PAPE, including different eccentric overloads [12,
22-24], elastic bands [25, 26], and blood flow restric-
tion [27], which further expands the possibilities from
classic approaches [28]. Meanwhile, the timing for
implementation of the CAs (i.e. how the conditioning
stimuli are distributed over time) is another moderator
that has received less attention and that may include
both intra-session effort distribution as set configu-
ration [17, 29] and delayed potentiation effects as is
commonly observed in in team sports with re-warm-up
[20, 30] and priming strategies [21, 31]. Interestingly,
although there is a body of evidence suggesting an en-
hancement of power performances for up to 48 hours
after a CA [21], it is not clear if this delayed potentia-
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The PAPE factors are those to be included in the descriptors of the new taxonomy. The potential moderators are those characteristics
associated to each factor (i.e. conditioning activity, verification test, and population) that should be considered to better individualize

the implementation of a PAPE protocol.

Figure 2. Post-activation performance enhancement (PAPE) factors and their moderators

tion has some physiological association with classic
PAP and PAPE mechanisms. Further studies should
clarify these issues while looking for the more efficient
approaches in each sport setting, especially with re-
spect to the application of potentiation approaches re-
quiring the use of less implements.

Regarding the moderators associated to the verifi-
cation test, apart from the previously commented con-
flicting results regarding the best time recovery inter-
val required for optimal PAPE, it is important to note
the type of target exercise to be potentiated (i.e. veri-
fication test) and its associated performance param-
eters. For instance, from a practical point of view, it is
recommended to identify specific PAPE responses
following a particular CA, independently of PAP ob-
served after the same CA [2]. Moreover, the enhance-
ment of performance in cyclic vs. acyclic exercises [32],
or power [14] vs. endurance [19] exercises, is another
issue to be further explored as the best performance
parameters are dependent upon the type of verification
test. It is also dependent on the performance param-
eters selected, including peak vs. mean values [16, 33]
comparisons (e.g. peak power vs. mean power during
a countermovement jump; mean vs. peak velocity
during a repetitive sprint test).

Population characteristics is likely the PAPE factor
which requires the most attention. While the years of
training, or strength levels, have been systematically
recognized as important moderators [14, 15], it may

be suggested that some of the generalizations from the
literature may be biased by the potential influence of
other, less studied moderators, as age and sex. Regard-
ing sex, the findings in literature are conflicting [13, 14,
32, 34]. As of yet there are still only a few studies com-
paring sex differences, with some studies mixing male
and female athletes [35]. These conflicting results may
be due to the influence of other moderators, such as
strength levels [14, 15] and age [34, 36, 37], if we also
consider the suggestions from studies examining PAP
responses [36-38]. Furthermore, the influence of hor-
mones on myosin light chain phosphorylation should
be taken into account [38, 39]. For this reason, iden-
tification of athletes’ sex and age is also recommended,
apart from the specific sport. Further, the physiological
profile associated to the demands of each sport (indi-
vidual vs. team sports; endurance vs. power sports)
can importantly influence both PAPE factors and re-
sponses [7, 19]. But this moderator is not always con-
sidered, specifically in studies that mix athletes from
different sports [18, 35].

Applications of PAPE

Warm-up

The most widely used application of PAPE strate-
gies is warm-up. In this respect, it is recommended to

start all the warm-ups with brief submaximal efforts
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(e.g. 5 minutes of submaximal running at 50-60% of
maximum heart rate) before performing specific PAPE
strategies, to increase body temperature and metabolic
responses [8, 25]. Long (i.e. > 15 minutes) warm-up pro-
tocols should be avoided as they can increase central
and peripheral fatigue therefore interfering with PAPE
responses [40-42]. This is a key aspect to be further
explored, given the frequent suggestion of including
a number of different exercises (e.g. balance, agility)
in the warm-up with the objective of reducing injury
risk [43].

PAPE is more often used to enhance performance in
explosive or power exercises. Therefore, the athletes
that would benefit the most from this strategy would be
power athletes [35], such as sprinters [44] or jumpers
[45]. But, paradoxically, studies with these populations
are scarce. Most PAPE studies have been conducted
with recreationally active subjects and team sports
athletes [14, 15], whose sport performances are not
solely dependent on muscle power [46]. This may be
problematic for the applicability of most published ap-
proaches, reinforcing the suggestion of better charac-
terizing the population of athletes.

Endurance athletes can also benefit from inclu-
sion of PAPE strategies in the warm-up. But, to date,
there is still limited evidence with these athletes [26,
32, 47]. Of note, considering the transient duration of
PAPE (up to 10 minutes after CAs), it is still to be
solved if the pacing improvements during the first
splits of an endurance test may affect the total time,
which may be related to the duration of the endurance
exercise [48-50]. In addition, more studies comparing
the effect of different warm-up protocols on both PAPE
and cardiometabolic responses are needed, as endur-
ance performance can be also related to oxygen up-
take kinetics and perceptual responses [19]. In this
respect, it is still to be determined if more specific stim-
uli for endurance athletes (e.g. prolonged submaximal
exercise) [51] would elicit greater PAPE than high-
intensity brief efforts [6, 32, 50] or a combination of
both stimuli [41]. Importantly, this may be related to
the physiological profile of the athletes (e.g. muscle
fibre type) [19].

One less well understood application of PAPE re-
fers to the augmented work capacity during the sub-
sequent exercises as a consequence of the augmented
force capacity. Two recent studies have shown that
high-intensity exercises in the warm-up augmented
the total volume of a training session in the bench press
[52] (i.e. 3 x 90% of the 1RM) and the back squat [53]
(i.e. 2 X 90% of the 1RM) exercises. This reinforces
the necessity of PAPE protocols, to improve not only
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acute power performances, but also the total volume
of the training session probably as a better potentia-
tion/fatigue balance during the training session.

While the use of PAPE is not very problematic in
training settings, the application in competitive set-
tings is more difficult because of limited use of equip-
ment and timing constraints [31, 54]. For this reason,
it appears that ballistic exercises [13, 31] and other
strategies based on easy-to-use equipment, such as
elastic bands [26] or cuffs [27, 31], may be attractive
alternatives in competitive settings. For instance, a drop
jump exercise can be easily implemented when drop-
ping from a stair or a chair on the floor, while an elastic
band with a known load can be fixed to any bar or
structure to perform several series of half-squat ex-
ercises. However, this is not an easy endeavour, con-
sidering the need for individualized approaches while
respecting the competitive rules. In addition, other
ergogenic approaches, such as the use of passive heat
maintenance jackets, should be considered for main-
tenance of elevated body temperature within an opti-
mal range for performance [9, 31].

Testing and monitoring

The application of standardized PAPE protocols,
with perfectly defined factors and moderators, is man-
datory for appropriate comparisons over time (i.e. rep-
licability). Paradoxically, there are no studies in lit-
erature clearly showing the evolution of PAPE responses
over a competitive season in well-trained athletes. The
rationale for this stands on the recognized mediation
role of training background and experience on PAPE
responses in both power [14] and endurance [55]
athletes. To the best of our knowledge, there is only one
study [56] showing differences in vertical jump perfor-
mances after a 40-minute running at the anaerobic
threshold, before and after a 3-week specific training
period in well-trained runners. The authors suggested
a change in the muscle fibre recruitment pattern af-
ter the training period; however, these results should
be taken with caution as all the dependent variables
were estimated from jump performance and not di-
rectly measured with electromyography [56].

The identification of an increased PAPE after
a training period would be an efficient strategy for de-
tecting changes in fitness over the season and thus
positive adaptations, as a greater PAPE would be con-
currently related to enhancement of muscle potentia-
tion and lowering of fatigue in response to the same
stimuli [40, 57]. These positive physiological adapta-
tions could be systemic and not only of neuromuscular
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origin, if we consider the recent findings by Guerra et al.
[58] of a relationship between overall physical fitness
and PAPE responses in professional soccer players.

While this proposal is appealing, performing ran-
domized controlled trials is required for appropriately
testing this hypothesis in different sports. In this regard,
it might be suggested to use competitive exercises to
better identify changes in fitness over the season, or
simply to monitor changes in neuromuscular perfor-
mances and other physiological measures during the
same training exercises.

Priming and re-warm-up

One novel and promising area of intervention and
research refers to delayed potentiation responses (i.e.
priming and re-warm strategies). Although these strat-
egies would be interesting to any sport, their applica-
bility is more in evidence in team sports because of
their competitive rules and schedules.

Priming (i.e. pre-warm-up) strategies performed
several hours (up to 48 hours) before can improve high-
intensity and explosive performances [31]. One recent
systematic review and meta-analysis [21] revealed that
heavy resistance training and running-based sprinting
exercises performed 4-6 hours before competition were
the best exercises to improve neuromuscular perfor-
mances in the context of team sports demanding differ-
ent locomotor activities. For instance, a brief morning
warm-up including some maximum short accelera-
tions may potentiate repeated accelerations during the
game in the evening. The greater readiness of athletes
with the use of these strategies would potentially be
related to hormonal status but this point requires
further clarification [21]. In this regard, it seems ap-
pealing to propose the existence of a link between
PAPE and priming mechanisms; this requires further
research as there are a limited number of studies on
this topic. As specific movement patterns performed
under load appear to be more effective [21], it would
seem that other mechanisms than PAP may be involved.

Re-warm-up refers to strategies designed to main-
tain or recover the elevated body temperature and neu-
romuscular capacity of a previous warm-up. While
body temperature could be passively maintained with
heated garments [59], the use of PAPE strategies would
seem appropriate to increase muscle performances
[20, 59]. This is especially important during halves
of competitive matches in team sports [20].

The implementation of these strategies should be
performed with caution, given the complex nature of
the competitive demands [46] and the need for different

recovery strategies [59]. To the best of our knowledge,
there is no evidence exploring the potential summa-
tive effect of both priming and re-warm-up strategies
based on PAPE. This would be very helpful for optimiz-
ing the implementation of these approaches through-
out the day of competition and during tournaments.

Complex training

The use of heavy loads before lighter loads of biome-
chanical similarity is known as complex training [60].
Recent reviews and meta-analyses have confirmed the
long-term effectiveness of this approach for the en-
hancement of specific sport tasks, such as jumping
and sprinting [60-62]. However, there are a number
of issues to be considered before implementation. For
instance, while this training approach is theoreti-
cally based on an expected PAPE effect of the heavy
loads on the lighter loads of biomechanical similarity,
it appears that these 2 assumptions are false since (1)
there are no studies systematically reporting the PAPE
effects during each session of the examined interven-
tions; (2) there is no evidence on the superiority of
biomechanically similar exercises for PAPE [7]. Fur-
ther, the use of complex training approaches does not
seem to be better than the use of contrast training, which
consists of performing first all the heavy loads and
subsequently the lighter loads at the end of the training
session [60]. This point is important as it suggests that
the effectiveness of these approaches may be more based
on the combination of different stimuli, independently
of the order, than on the use of a single stimulus for
training adaptations [61]. From a practical point of view,
when considering the need of a sufficient recovery
time for the purported PAPE [60] and the necessity of
individualized interventions [63], the use of complex
training would not seem time-efficient and would be
very difficult to be implemented in sports settings.
Therefore, until future studies confirm the necessity
of PAPE responses during complex training interven-
tions for achieving greater improvements in the long
term, there is not sufficient evidence to prefer com-
plex training over contrast training or the use of dif-
ferent training stimuli over different days.

Translating research findings
to the ‘real world’

Generalization about potentiation responses is not
possible if we consider the complex interactions among
the PAPE factors and their moderators. Individualiza-
tion is therefore mandatory when translating research
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results to the ‘real world’ on the track, on the field, or in
the gym. That is, after identifying the specific litera-
ture to fulfil our needs, it is important to check with
the athlete if the individual responses agree with ex-
pectations based on the literature. For this reason, the
new taxonomy [7] can be very helpful to identify the
CA, the verification test, and the specific population of
athletes, which are the main factors modulating PAPE.
However, as the new taxonomy has not been used in
most previous literature because it has only recently
been published [7], we would need to carefully check
the correct identification of the PAPE factors in the
articles used for our purposes. This is not always
possible, given the poor characterization of athletes in
some cases.

As an example, if we are training a group of well-
trained male middle-distance runners, we may be in-
terested in a simple and effective exercise to rapidly
induce PAPE before an 800-m competition. Thus, any
PAPE protocol without the need of a complex setting
and with a rapid effect would be preferred over other
PAPE protocols. After checking the literature, we have
found a few articles suggesting the effectiveness of dif-
ferent ballistic exercises on the running economy and
performance of endurance athletes [32, 64, 65]. From
these studies, it would seem that the best option would
be the use of a set of 5 drop jumps with the best reactive
strength index 6 minutes before the competition, as
this option is the only one that improved 1000-m per-
formance and pacing (i.e. first 250-m split) in a similar
population of elite male runners. This would read as
‘post-drop jumps, 1000-m running potentiation, in elite
male endurance runners’ following the new taxonomy
[7]. Thus, considering that the PAPE factors are quite
similar between our objectives and those reported in
this specific study, we would need then to check if slight
differences in the PAPE factors (e.g. only 3 drop jumps)
and their moderators (e.g. only 3 minutes before com-
petition) would provide a better performance outcome.

Another example could be with male soccer players
requiring an optimal preparedness to perform a change
of direction (CoD) test during a training session. After
reviewing the existing literature with this population,
we identified only 4 studies with different approaches
to the problem [66-69]. As these studies use very dif-
ferent CAs (flywheel exercises vs. weighted vest vs. half-
squats) to increase performance in very different CoD
tests, we decided to apply the study with weighted vests
[69] as we have the vests in the team and because the
increases in CoD performances are the quickest and
greatest reported between studies [66-69]. This PAPE
protocol would read as ‘post-loaded running, CoD po-

106

tentiation in male soccer players’ following the new
taxonomy [7].

An interesting option when checking the literature
could be the mix of different approaches for looking for
a greater PAPE effect. For instance, combining dif-
ferent resistance and jumping exercises (i.e. French
contrast method) resulted in greater jump potentiation
than a single CA in a recent study [70]. However, atten-
tion should be taken to the summatory effect of both
potentiation and fatigue when following this approach.

Finally, to effectively confirm the validity and con-
sistency of the approach selected for our purposes,
we could use different mathematical approaches [71]
to measure the signal-to-noise ratio after determining
the reliability and the error of our specific measures,
thus identifying the real PAPE effect.

Conclusions

In this review, we have briefly presented the current
evidence on PAPE factors (i.e. CAs, verification tests,
and population of athletes) and their potential mod-
erators (i.e. exercise type and loading, timing; recovery
interval, target exercise, performance parameter; train-
ing background, age, and sex), as well as other delayed
potentiation strategies, such as priming and re-warm-
up exercises, for their use during training, testing, and
competition. The consideration of the PAPE factors,
following the new taxonomy, would be very helpful for
better identifying the best protocols in the literature
for our specific purposes in the field, on an individual
basis.
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