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Abstract: Post-activation potentiation enhancement (PAPE) refers to increased force generation following a
muscular conditioning pre-activity that acutely enhances subsequent strength and power performance. Athlete
apprehension to use heavy weights (i.e. >80%1RM) immediately before a competition or inability to use weights
before the performance (e.g. due to regulations) prevent materialising the benefits of PAPE. Therefore, this study
examined whether PAPE can be induced with bodyweight squats. Sixteen healthy, team sports players (male: 10,
female: 6, mean £ SD: age 22.2 + 3.0 years, height 1.67 £ 0.08 m, body mass 70.2 + 8.2 kg) performed three
sets of ten repetitions of bodyweight squats with 30 seconds recovery between each set. A countermovement
jump was performed 5 minutes before, 2 and 4 minutes after the squat sets and jump height was calculated. The
results showed existence of PAPE with the jump height increasing at both 2 (30.8 £ 5.6 cm, p = 0.045, g = 0.21)
and 4 (30.8 £ 6.1 cm, p = 0.037, g = 0.20) minutes, compared to baseline (29.5 £ 6.4 cm). This is the first study
to use bodyweight squats rather than loaded squats. Our findings indicate that three sets of ten repetitions of
squats using bodyweight only can be a sufficient stimulus to induce PAPE.

Keywords: Conditioning stimulus, Countermovement jumps, Post-activation performance enhancement, Post-
activation potentiation, Lower limb power
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1. Introduction

Contractile  history  influences  muscular
performance and its effect can result in fatigue
(decreased neuromuscular force generation, [1]) or
potentiation (enhanced force generation, [2]).
Therefore, muscular performance following prior
muscular activity (pre-activity) reflects the net balance
between fatigue and potentiation. When fatigue has
subsided, while potentiation remains, a pre-activity can
increase muscular performance. This phenomenon is
termed post-activation potentiation (PAP). It is
traditionally confirmed using a series of evoked
twitches, an evoked tetanic contraction or a sustained
maximal voluntary contraction when examining the
effect of a pre-activity on subsequent evoked muscle
twitch force [3-5].

The practical relevance of this phenomenon in
acutely enhancing athletic performance, by potentially
improving strength and power parameters, has
generated considerable research interest and ongoing
debate [6-10]. As most of these studies focused on
athletic enhancement, they explored the concept of
post-activation performance enhancement (PAPE)
rather than PAP. The majority of these studies have
examined muscular performance enhancement after
the typical time window PAP is expected to manifest (<
3 minutes [11, 12]) and the presence of PAP was not
verified. Such studies have examined different loads
[8], exercise techniques [13] and modes [10],
contractions [14, 15] and recovery intervals [9].

Regarding exercise intensity, typically heavier
loads (i.e. > 80% of 1 repetition maximum; 1RM) have
been used in studies investigating PAPE [6-10]. For
example, Chiu et al., [6] used five parallel squat sets of
one repetition at 90% 1RM while Esformes et al, [10]
used half-squat sets at 3RM, similar to Kilduff et al,
[9]. However, studies have shown that PAPE can also
be induced with lower loads [7, 8]. The possibility that
PAPE can be induced with lower loads could be an
appealing notion to athletes who are apprehensive
about lifting higher weights as part of their warm-up
preparation before their competition performance.
However, lower loads could still present a problem if
additional equipment cannot be used before
competition performance, either for practical or sport
regulatory reasons; for example, a waiting area in
swimming competitions. As any conditioning stimulus
can potentially serve as a PAPE stimulus [16], the
present study aimed to examine the effectiveness of
bodyweight squats on PAPE, using countermovement
jump (CMJ) height as the performance variable.

2. Methods

Sixteen healthy, team sports players (male: 10,
female: 6, mean = SD: age 22.2 + 3.0 years, height
1.67 = 0.08 m, body mass 70.2 + 8.2 kg) with a
competitive playing experience of over four years but
no specific resistance training experience, and with no
injury in the year prior to testing volunteered to
participate in the study.

Subjects were asked to refrain from eating two
hours before testing and drinking coffee and alcohol 24
h before testing. Subjects were allowed to consume
water ad libitum before and during the exercise task.
Height was measured to the nearest 0.1 cm using a
stadiometer (Holtain, Crymch, UK), while body mass
was measured to the nearest 0.1 kg using a calibrated
balance beam scale (Seca, Birmingham, UK).

Testing was completed with one visit to the
laboratory. Subjects completed a standardised five-
minute warm-up, consisting of light-intensity cycling
and stretching exercises for the quadriceps, hamstrings
and triceps surae of both legs. For the quadriceps, the
subjects pulled the ankle of the stretched leg and held
it to maximum knee flexion. For the hamstrings, the
heel of the stretched leg was planted on the ground
and with the other leg further behind, the subject bent
forwards towards the ankle of the stretched leg.
Finally, for the triceps surae, the subjects with their
stretched leg maintained straight leaned towards a
wall. All stretches were performed once for 30 s
(contralateral limb stretch duration) with 30 s rest
between exercises, and held to the point of ‘mild
discomfort’. This approach was followed as it has been
shown not to affect subsequent jumping performance
[17]. A 2-min rest interval was allowed after the end of
the warm-up. Subsequently, subjects performed three
CMJs, and the one with the highest jump height was
used for further analysis (baseline CMJ; CMJBL). All
jumps were performed with the hands on the hips
throughout the movement to ensure isolation of power
production to the lower limbs only [18]. The subjects
were instructed to aim for maximum height, and the
countermovement depth was self-selected.

Following a 5-min rest, the subjects executed
three bodyweight parallel squat sets of 10 repetitions
each, with 30 s rest between sets. The squat technique
required subjects to descend until the inguinal fold was
lower than the patella (60° — 70° knee joint angle; full-
extension = 180°). The squats started from an erect
position, with the hands on the hips for the duration of
the exercise, and were performed at a pace of 1
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second for each phase (i.e. 1 second lowering / 1
second rising), regulated by a metronome. A further 3
CMJs were performed at 2 (CMJ2) and 4 (CMJ4)
minutes following the pre-activity, with the highest
jump heights used for subsequent analysis. All
countermovement jumps were performed using the
OptoJump system, an optical measurement system
consisting of two, 1m-long infrared photocell bars (with
1 cm intra-photocell spacing) recording at 1000Hz,
with contact and flight time measured when the
photocell beams were not interrupted and interrupted,
respectively. Jump height was calculated using the
flight time method [19]. The system has been reported
as having high validity and reliability for these types of
activities [20].

2.1 Statistical analysis

Data were checked for normality with the
Shapiro-Wilk test and subsequently confirmed. A
repeated-measures analysis of variance (ANOVA) was
used to examine for any differences between CMJBL,
CMJ2 and CMJ4. If a significant difference was found,
pairwise comparisons between all three time points
were conducted. Bonferroni correction was applied for
the multiple pairwise comparisons, and the adjusted p
values are reported. Significance was set at 0.05. For
all statistical analysis, IBM SPSS v25.0 (Chicago, IL)
was used. Finally, Hedges’ g was calculated as (mean
difference between datasetl and dataset2) /
SCIl't((SDdatasetl2 + SDdatasetZz)/Z)) with 0.2, 0.5 and 0.8
interpreted as small, moderate and large effect,
respectively [21]. Data are presented as mean % SD.

3. Results

Jump height had a significant main effect (F2,30
= 7.133, p = 0.003). Pairwise comparisons revealed
that CMLBL was significantly lower than CMJ2 by 4.3%
(p = 0.045, g = 0.21) and by the same amount (4.3%)
to CMJ4 (p = 0.037, g = 0.20). There was no
difference between CMJ2 and CMJ4 (p = 0.994)
(Figure 1).

4. Discussion

The study aimed to examine the effect of
bodyweight squats as a PAPE stimulus. Our findings
indicate that three sets of ten repetitions of
bodyweight-only squats can be a sufficient stimulus to
induce PAPE. This is the first study to use bodyweight
squats rather than loaded squats.
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Figure 1 Mean countermovement jump height at
baseline (CMIBL) and at 2 (CMJ2) and 4 (CMJ4)
minutes, following bodyweight squats. Vertical bars

denote SD. *denotes significant difference to CMJBL, p
< 0.05.
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PAPE can have a considerable effect on athletic
performance, as it can increase power production [16],
an essential aspect in sports such as athletics [10].
Consequently, several studies have investigated how
PAPE can be best induced to improve performance and
has led to a variety of methods used; different loads
[7, 8], activities [10], contractions [14, 15], technique
[13] and rest intervals [9, 22].

Overall, studies report improved power
performance, making PAPE an attractive training
method for athletes seeking to improve power
performance. However, the practice of lifting heavy
weights as part of a pre-competition warm-up or pre-
trial preparation to induce PAPE may be challenging to
implement. Competition restrictions may prevent
access to, or use of weights during competitions (e.g.
athletics, swimming), or the athletes may be
apprehensive of their use before competition
performance [10]. The ability to induce PAPE without
any weight loading would remove these issues, while
still offering the potential for improved performance.
The novel findings of the present study show that this
aim can be realised without the need for additional
weight load, but by altering the conditioning stimulus
volume through a decreased load (body mass) and
increased repetitions. Further, the percentage of CMJ
height improvement from the current study compares
very favourably with several similar studies [7, 8, 13].
Thus, we posit that bodyweight alone can induce PAPE,
therefore removing the need for any external weight to
be used.
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Our findings are in agreement with previous
studies that have typically used one set of three
repetitions of weighted squats at ~90% 1RM (e.g. [9,
10]. The fact that PAPE appears to be induced by both
high intensity/low repetitions and low intensity/high
repetitions suggests that one possible mechanism for
inducing PAPE is not the intensity but the total work
performed by the muscles. Indeed, Lowery et al., [22]
found that acute jump performance and power were
enhanced similarly by different protocols as long as
total work was maintained the same. Taken together,
these findings suggest that PAPE can be induced using
different load/repetition combinations, as long as a
sufficient volume of muscular work is performed to
reach the ‘threshold’ required for PAPE to be induced
[16].

A second possible mechanism for the induction
of PAPE by the current protocol is the increased muscle
temperature that would have been achieved by the
repeated muscular contractions. An increased muscle
temperature can increase the rate of force
development [23], and an increased rate of force
development can increase power performance [2]
and is a determining factor for CM] height [24].
Increased muscle temperature has also been
suggested as a possible mechanism for PAPE, in that
PAPE might reflect the effects of a typical warm-up
rather than a potentiating effect [4]. The results of the
present study do not support or reject the contribution
of warming-up on PAPE. They do, however, offer
support to the effect of PAPE as an additional
performance enhancement method, since the
improvements seen in the present study were achieved
after the warm-up and therefore, in addition to any
benefits that may have been achieved by the warm-up
itself.

Finally, a third reason for these results could
be the presence of PAP. Mitchell and Sale [25] found
that 4 minutes after the completion of a 5RM squat,
both an evoked twitch and a countermovement jump
(performed on separate occasions) increased by 10.7%
and 2.9%, respectively. The study concluded that the
increase seen in jump height was partially attributed to
PAP. Given the exact time point with the present study
and the somewhat smaller increase in jumping height
seen in Mitchell and Sale’s study, the possibility PAP
contributed to our results cannot be discarded, albeit
without verification of its presence.

The interaction of the rest interval and the load
used is a factor to be considered for inducing PAPE
[16]. Different loads require different rest intervals to

be effective in achieving enhanced performance. As a
result, various rest intervals have been examined, with
Wilson et al, [26] showing 7 min to be the typical
resting interval. The current study showed that peak
PAPE can be induced as early as 2 minutes after the
conditioning stimulus (bodyweight squats). As the
load/rest interaction regulates PAPE, it is postulated
that the lower neuromuscular fatigue caused by the
bodyweight-only load pre-activity allowed PAPE to
manifest earlier compared to higher intensity pre-
activities.

The current study used CMJ height as the only
measure of performance, due to its relevance to
athletic performance [27] and the high reliability to
populations similar to ours [28]. Additionally,
countermovement depth was self-selected and was not
controlled. A change in muscle stiffness by the squat
sets could have resulted in differences in
countermovement depth, potentially impacting the
jump height achieved [13]. However, visual inspection
of the subjects’ technique did not reveal any noticeable
differences in countermovement depth during CMIBL,
CMJ2 and CMJ4. Finally, we have attempted to address
the lack of a control condition or group by the inclusion
of effect sizes as part of the statistical analysis, to
allow for a more informed interpretation of the results.

5. Conclusions

Previous studies have shown the effect of
PAPE on power performance, using low to high
percentages of 1RM squats as a conditioning stimulus.
The present study is the first to demonstrate that
bodyweight squats, using a higher repetition number,
could also be sufficient for inducing PAPE. These
findings can be of importance to sports where
performance could be enhanced by improvement of
short, explosive efforts but the use of equipment, such
as free weights, is either prohibited or impractical.
Bodyweight squats are easy to perform and do not
require any equipment, thus allowing athletes to still
benefit from PAPE. Further, even if the use of weights
is possible, the use of a bodyweight-only pre-activity
offers another alternative to the practitioners’ arsenal
for inducing PAPE earlier (i.e. at 2 minutes vs 7
minutes).
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