©Journal of Sports Science and Medicine (2026) 25, 728-743
http://www.jssm.org DOI: https://doi.org/10.52082/jssm.2026.728

Research article

Acute Performance, Mechanical and Thermal Effects of Isometric Conditioning
Versus Standardized Volleyball Pre-Training Activation in Highly Trained Male

Players

Artur Terbalyan !, Mariola Gepfert !, Patryk Szymeczyk !, Dawid KoZlenia %, Danny Lum ** and Jakub

Jarosz B4

! Academy of Physical Education, Katowice, Poland; 2 Faculty of Physical Education and Sport, Wroclaw University of
Health and Sport Sciences, Wroclaw, Poland; 3 High Performance Sport Institute, Singapore; 4 Sport Performance and
Nutrition Research Group, School of Allied Health, Human Services and Sport, La Trobe University, Melbourne, Aus-

tralia

Abstract

This study compared acute performance, neuromuscular, and
thermal responses to a maximal isometric conditioning activity
(ICA) versus a standardized volleyball pre-training activation
(VPA) in highly trained male volleyball players, and to explore
putative mechanisms underpinning post-activation performance
enhancement (PAPE) considering training load. In a randomized
crossover, 14 men (27 + 3 y) completed two sessions: VPA (mo-
bility/plyometric drills; 9 min), and ICA comprising 3x5x3-s
maximal isometric back-squat contractions (knee angle 120°; 3-
min inter-set rest). Countermovement jump (CMJ) height (pri-
mary), relative peak power (PP), RSImod, and contraction time
(CT) were recorded pre and 3, 6, 9, and 12 min post. Rectus fem-
oris muscle viscoelastic properties and skin surface temperature
(SST) were assessed at matched time points. Analyses used re-
peated-measures ANOVA, responder analysis, correlations, and
regression. PeriodxSequence interactions favored ICA for CMJ
and PP when delivered in Period 2 (lower training volume):
ACMIJ was higher under ICA versus VPA (p = 0.005, d = 1.20);
PP likewise greater (p = 0.026, np? = 0.35). ICA yielded more
beneficial responders than VPA (9/14 vs 1/14; McNemar exact p
=0.021). In Period 2, reductions in rectus femoris muscle stiff-
ness independently predicted CMJ gains (B_std = -0.495, p =
0.005), whereas SST changes did not (p = 0.974). RSImod and
CT showed no differences. A brief, high-effort isometric squat
protocol was associated with superior acute improvements in
jump performance compared with a standard volleyball warm-up,
but this advantage emerged specifically when the preceding train-
ing volume was reduced (Period 2), suggesting that residual fa-
tigue from training may reduce the effects of PAPE. Gains align
with neuro-mechanical rather than thermal mechanisms, support-
ing ICA as a practical, equipment-minimal priming strategy for
elite volleyball.

Key words: Isometric contraction, plyometric exercise, muscu-
loskeletal physiological phenomena, volleyball, athletic perfor-
mance.

Introduction

A significant and acute enhancement of exercise capacity
can be induced through a mechanism referred to as post-
activation performance enhancement (PAPE) (Blazevich
and Babault, 2019). This phenomenon has practical appli-
cations within complex training protocols, in which exer-
cises are paired most commonly in the form of strength-

power complexes (Thapa et al., 2024; Krzysztofik et al.,
2025). In practice, PAPE protocols typically commence
with a conditioning activity (CA), which may consist of
heavy resistance isotonic, or isometric actions performed
at maximal or near-maximal intensity (Xu et al., 2025).
Such CAs are followed by ballistic athletic tasks of similar
biomechanical patterns, as exemplified by vertical jumps
performed subsequent to heavy squats (Wilson et al.,
2013).

Isometric conditioning activities (ICA) are widely
applied in both research and training due to their ease of
use and lack of equipment requirements (Jarosz et al.,
2025a; 2025b). Brief, maximal ICA can enhance athletic
task performance across various sports (French et al., 2003;
Krzysztofik et al., 2023a; Lum et al., 2023; Spieszny et al.,
2022; Helbin et al., 2025; Jarosz et al., 2025a; 2025b;
2025c¢; Terbalyan et al., 2025). The PAPE effect of ICA
depends on the interaction between total contraction dura-
tion (sets x duration) (Xu et al., 2025) and intra-set distri-
bution (contraction X repetitions) (Helbin et al., 2025).
Most studies used short, 3-s contractions with 1 - 5 repeti-
tions (French et al., 2003; Bogdanis et al., 2014; Tsoukos
etal.,2016; Spieszny et al., 2022; Krzysztofik et al., 2023a;
Lum et al., 2023; Grzyb and Jarosz, 2025; Helbin et al.,
2025; Jarosz et al., 2025a; 2025b; 2025c; Jarosz and
Szwarc 2025; Terbalyan et al., 2025) but their effectiveness
depended on total duration. A recent meta-analysis by Xu
etal. (2025) identified an optimal total contraction duration
of approximately 9.6 s for ICA. However, this estimate
should be interpreted with caution, as more than half
(58.3%) of the included studies employed a 9-s protocol,
potentially biasing the pooled estimate toward shorter con-
traction durations. In contrast, more recent experimental
evidence from highly trained volleyball players suggests
that longer ICA may induce greater performance enhance-
ment. Helbin et al. (2025) compared 9-s, 27-s, and 45-s
ICA protocols and reported that the 45-s protocol (3 x 5 x
3 s) produced the greatest improvements in jump height
(JH) and peak power output (PP). Despite these promising
findings, the mechanisms underlying the superior effec-
tiveness of the 45-s protocol remain unclear, as previous
studies have focused primarily on performance outcomes
without examining the accompanying physiological re-
sponses. The PAPE is primarily attributed to factors such
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as elevated muscle temperature, improved intramuscular
blood flow, changes in muscle-tendon stiffness, reduced
pH, and increased post-activation muscle activity (Wilson
et al., 2013; Blazevich and Babault, 2019). Nevertheless, a
possible contribution of mechanisms like phosphorylation
of myosin regulatory light chains and enhanced recruit-
ment of higher-threshold motor units cannot be completely
excluded (Tillin and Bishop, 2009; Fischer and Paternos-
ter, 2024). A substantial body of literature has already ex-
plored the physiological mechanisms of PAPE induced by
traditional isotonic CA. Research in this area has focused,
among others, on changes in passive muscle stiffness and
tone (oscillation frequency) (Krzysztofik et al., 2023a;
2023b; Perenc et al., 2025), which may be linked to intra-
muscular fluid pressure alterations as well as to changes in
skin surface temperature (Baena-Raya et al.,, 2023;
Krzysztofik et al., 2023c; Perenc et al., 2025). Studies em-
ploying isotonic CA (e.g., barbell squats) indicated that
CMJ height adaptations can be associated with both in-
creases and decreases in muscle stiffness, tone, and skin
surface temperature of the thigh, depending on the charac-
teristics of the loading protocol (Klich et al., 2020; Trybul-
ski et al., 2022; Baena-Raya et al., 2023; Perenc et al.,
2025). However, little is known about the physiological
mechanisms underpinning PAPE following ICA, espe-
cially during longer protocols (e.g., [45 s (3%x5%3 s)]).
Given the lower metabolic cost of isometric compared with
isotonic contractions, ICA may induce distinct physiologi-
cal responses, shifting the balance between potentiation
and fatigue. Thus, PAPE mechanisms appear to be inter-
vention-dependent, and elucidating those specific to ICA
could enhance understanding and inform warm-up strate-
gies in training and competition.

Given the limited evidence regarding PAPE re-
sponses following ICA, this study aimed to compare the
acute effects of an ICA protocol with those of a VPA pro-
tocol on CMJ performance in highly trained male volley-
ball players. A secondary aim was to determine whether
changes in the viscoelastic properties (VP) and skin surface
temperature (SST) of the rectus femoris muscle were asso-
ciated with individual performance responses. We hypoth-
esized that the ICA protocol would induce greater improve-
ments in CMJ performance than the VPA protocol and that
these improvements would be associated with changes in
the VP of the rectus femoris muscle, rather than with
changes in SST.

Methods

Experimental Approach to the Problem

This study employed a randomized crossover design in

which each participant completed two experimental trials

aimed at examining the acute effects of maximal isometric
squat contractions (used as ICA) on subsequent changes in

SST, VP, and CMJ performance. Participants underwent

one familiarization session followed by two experimental

sessions:

1. VPA-a standardized volleyball pre-training activation
protocol consisting of plyometric and mobility-based
exercises: (1a) wall-supported “open” drill with foam
roller, 2 sets of 5 repetitions; (1b) single-leg box hops,
2 sets of 15 repetitions; (2a) kettlebell windmill, 2 sets
of 4 repetitions; and (2b) band-assisted progressive
pogo jumps, 3 sets of 5 repetitions. All exercises were
performed at a controlled tempo, with standardized rest
intervals between drills to ensure comparability of
workload. The total duration of the condition was
matched to the ICA protocol and amounted to 9
minutes. This protocol reflected the team’s habitual
pre-training activation routine rather than a complete
pre-match volleyball warm-up.

2. ICA-3 sets of maximal isometric squat contractions,
with each set consisting of 5 repetitions of 3-s maximal
isometric contractions. The total contraction time was
45 s, with 3-min rest intervals between sets.

Measurements of SST, VP, and CMJ were obtained
approximately 3 min before each experimental condition
and subsequently at 3-, 6-, 9-, and 12-min after completion
of the condition (Tsoukos et al., 2016; Jarosz et al., 2025b).
In the VPA condition, measurements were collected at the
same time points, but without the application of ICA (Fig-
ure 1). All sessions were separated by 7 days and con-
ducted during the preseason training phase. Training plans
of the two microcycles preceding the measurement ses-
sions (Microcycle 1 and Microcycle 2; M1 and M2), each
consisting of three resistance training sessions performed
on Monday, Wednesday, and Friday, are presented in Sup-
plementary Table S1. Participants were not informed about
the specific study hypothesis; however, blinding to the or-
der of experimental conditions was not feasible due to the
overt nature of the ICA and VPA protocols. In contrast, the
assessors responsible for SST, VP, and CMJ measure-
ments, as well as subsequent data analyses, were blinded to
the intervention conditions to minimize potential risk of
bias.

VPA
NO ICA
Baseline test o Test 1 Test 2 Test 3 Test 4
ssT, vp, oy |Rendomization sstve ey L ssmve e || ssTve awr | ssTove omy
at 3 min at 6" min at 9" min at 12" min
post-VPA/ICA post-VPA/ICA post-VPA/ICA post-VPA/ICA
ICA
5x3
contractions
for 3s

Figure 1. Study design flowchart. SST— skin surface temperature; VP— viscoelastic properties; CMJ—countermovement jump; I[CA—
isometric conditioning activity. VPA— standardized volleyball pre-training activation condition.
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Participants

The investigation recruited highly trained male volleyball
players (age: 27 + 3 years; body mass: 93 + 8 kg; height:
197 £ 7 cm; body fat: 12.2 + 1.9 %; resistance-training ex-
perience: 10.5 £ 3.9 years; volleyball-specific training ex-
perience: 13.7 £ 3.3 years; relative back-squat IRM: 1.55
+ 0.30 kg-kg"), categorized according to training back-
ground and performance level following the framework
proposed by McKay et al. (2022). All participants com-
peted in the Polish First League (national Tier 2 competi-
tion) the sample included four middle blockers, four out-
side hitters, two setters, two opposite hitters, and two li-
beros. On average, players reported a weekly training load
of approximately 13 hours, encompassing both volleyball-
specific practice and resistance training, which was veri-
fied by the team’s strength and conditioning specialist. El-
igibility criteria included: (a) a minimum of 7 years of sys-
tematic volleyball training, (b) participation in at least 3 re-
sistance training sessions per week during the preceding 5
years, (c) absence of musculoskeletal injuries requiring
training cessation longer than 4 weeks within the 6 months
prior to enrollment and (d) absence of tattoos on the rectus
femoris muscle. Participants were instructed to maintain
their usual dietary habits and to avoid consumption of er-
gogenic supplements or stimulants, except for habitual use
of agents such as creatine during the week preceding the
experimental trial. Body composition was evaluated under
standardized laboratory conditions using a multi-frequency
bioelectrical impedance device (InBody 770, Biospace
Co., Ltd., Seoul, Republic of Korea). Prior to inclusion, all
athletes received detailed oral and written information
concerning study procedures, potential risks and benefits,

and the voluntary nature of participation, after which writ-
ten informed consent was obtained (Figure 2). Although
participants were aware of the specific activity performed
in each trial (e.g., isometric contraction versus plyometric
and mobility-based exercises), they remained blinded to
the broader research objectives and underlying hypotheses.
Randomization was performed via randomizer.org, which
generated a unique allocation sequence for each individual.
After assignment, participants were not informed of subse-
quent experimental conditions until completion of the
study. All procedures were conducted at the Academy of
Physical Education in Katowice, Poland. Ethical approval
was granted by the Bioethics Committee of the Academy
of Physical Education in Katowice (2-X/2025), in accord-
ance with the principles outlined in the Declaration of Hel-
sinki (1964, as revised in 2013).

Each testing session commenced with a standard-
ized warm-up protocol consisting of 5 minutes of station-
ary cycling, followed by a set of dynamic exercises: body-
weight squats (10 repetitions), forward lunges (10 repeti-
tions), leg swings (10 repetitions), jumping jacks (10 repe-
titions), and CMJ (5 repetitions). This sequence reflected
the athletes’ habitual pre-training routine (Helbin et al.,
2025; Jarosz et al., 2025a) and was performed before every
experimental condition, including the baseline assessment,
to standardize neuromuscular readiness across testing ses-
sions. Following the warm-up, baseline assessments of
SST, VP, and CMJ were conducted. In the present study,
inter-session variability of baseline CMJ measurements
was not analyzed. After approximately a 3-minute rest in-
terval, participants completed either the ICA or no ICA
(VPA), administered in randomized order.

[ Enrollment ]

Assessed for eligibility (n= 14)

Excluded (n=0)

+ Not meeting inclusion criteria (n= 0)
"] + Declined to participate (n=0)

+ Other reasons (n= 0)

l Randomized (n= 14) ‘

l

1

2 I Allocation l Y

J

Allocated to intervention (n= 14)

+ Received allocated intervention (n= 14)

+ Did not receive allocated intervention (give
reasons) (n=0)

L5

y Follow-Up +

Allocated to intervention (n= 14)

« Received allocated intervention (n= 14)

+ Did not receive allocated intervention (give
reasons) (n= 0)

'y

Lost to follow-up (give reasons) (n= 0)

Discontinued intervention (give reasons) (n=0)

v Analysis v

Lost to follow-up (give reasons) (n=0)

Discontinued intervention (give reasons) (n= 0)

Analysed (n= 14)
+ Excluded from analysis (give reasons) (n=0)

Analysed (n= 14)
+ Excluded from analysis (give reasons) (n=0)

Figure 2. CONSORT flow diagram.
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During the ICA, participants were positioned be-
neath a securely fixed, immovable barbell, resting across
the upper trapezius. Squat depth was standardized at a knee
joint angle of 120° (Helbin et al., 2025; Jarosz et al., 2025a;
2025b) (Figure 3), determined and verified by a certified
strength and conditioning specialist using a goniometer
(EasyAngle, Meloq AB, Stockholm, Sweden). Body posi-
tioning throughout all trials was supervised by a certified
weightlifting coach to ensure an upright trunk posture.
Upon receiving a verbal cue from the investigator, partici-
pants were instructed to “push the barbell vertically upward
as hard and as fast as possible” while simultaneously main-
taining full-body tension, stabilizing the back against the
barbell, and applying maximal ground reaction force
through the feet. To elicit maximal effort during each iso-
metric contraction, strong verbal encouragement was pro-
vided, in line with established neuromuscular testing pro-
tocols (McNair et al., 1996). For subsequent CMJ trials,
countermovement depth was not restricted, allowing ath-
letes to self-select their preferred range of motion.

Figure 3. Position during isometric conditioning activity.

Measurement of muscle viscoelastic properties

The muscle viscoelastic properties of the rectus femoris
muscle were evaluated using the MyotonPRO device (My-
oton AS, Tallinn, Estonia), a non-invasive instrument de-
signed to quantify superficial soft tissue mechanical re-
sponses. Measurements were conducted at the anatomical
midpoint of the rectus femoris, following protocols estab-
lished in earlier investigations (Jarosz et al., 2023; Gacto-
Sanchez et al., 2024; Skotniczny et al., 2025). The meas-
urement site was identified in the supine position with the
knee supported on a foam roller (Muckelt et al., 2022). A
tape measure was used to determine the midpoint along the
line connecting the superior border of the patella and the
anterior superior iliac spine. The rectus femoris was se-
lected given its functional importance in knee extension
and hip flexion, as well as its superficial anatomical loca-
tion, which allows reliable non-invasive assessment
(Jarosz et al., 2023). The parameters recorded included the
natural oscillation frequency (Hz), representing the intrin-
sic tension of the muscle at rest and reflecting baseline
tone, and dynamic stiffness, which characterizes resistance
to deformation (Salagas et al., 2022). The device’s accel-
erometer was set to a sampling frequency of 3200 Hz, and
for each measurement point the mean of five consecutive

impulses (0.4 N for 15 ms) was calculated for analysis
(Szymczyk et al., 2022).

Thermography

The anterior-thigh skin temperature was assessed using a
handheld infrared thermal camera (ES4, FLIR Systems,
Inc., Wilsonville, OR, USA; 320 x 240 pixels; thermal sen-
sitivity [NETD], 0.05 K). Before data collection, the cam-
era was calibrated against a blackbody reference, and skin
emissivity was fixed at 0.97 - 0.98, in accordance with the
Glamorgan protocol (Ammer, 2008) and recommendations
for standardization in sports and exercise thermography
(Moreira et al., 2017). Participants stood facing the camera
with the anterior thigh perpendicular to the optical axis at
a fixed distance of 1.0 m, against a homogeneous back-
ground. Environmental conditions were controlled (ambi-
ent temperature 21 °C; relative humidity 60%), with stable
illumination and no direct airflow. The camera was
mounted on a tripod at mid-thigh height to minimize mo-
tion artefacts. Measurements were performed on the dom-
inant leg, and the predefined point of interest over the rec-
tus femoris matched the same anatomical location used for
the assessment of the muscle’s viscoelastic properties.
Temperature values were extracted using dedicated analy-
sis software (FLIR Thermal Studio, FLIR Systems, Inc.).

Measurement of countermovement jump performance
Jump performance was assessed using a force platform
(ForceDecks, Vald Performance, Australia) operating at a
sampling frequency of 1000 Hz. This system has been ex-
tensively validated and is considered reliable for evaluating
vertical jump kinematics (Collings et al., 2024). Vertical
ground reaction force data were processed with the manu-
facturer’s software (valdperformance.com/forcedecks/),
ensuring standardized procedures for data acquisition and
computation. Each participant completed three CMJs with-
out arm swing, with a fixed inter-trial rest of 5 seconds
(Helbin et al., 2025). Trials were initiated from an upright
standing position with hands placed on the iliac crests to
minimize extraneous movement and maintain a neutral
posture, thereby limiting hip angular displacement. Prior to
initiating the countermovement, participants were in-
structed to remain motionless for at least one second. The
countermovement depth was self-selected, immediately
followed by a maximal vertical propulsion. Participants
were required to land on the same spot, centered on the
force platform. All assessments were performed by a single
experienced operator to ensure consistency. For analysis,
the best attempt (i.e., the jump with the greatest height) was
selected. The primary outcome measure was JH, calculated
from the center-of-mass velocity at take-off using an im-
pulse-momentum approach. Secondary variables included
PP, modified reactive strength index (RSImod; jump
height divided by time to take-off) and contraction time
(CT; time from the initiation of countermovement to take-
off). These parameters were considered potential determi-
nants of JH (Helbin et al., 2025).

Training volume calculation

For each microcycle (M1 vs M2) we extracted sets, reps
(or seconds for isometrics). Dynamic volume as
Y(setsxreps) and isometric dose as X(setsxseconds) were
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computed; LL totals applied the per-limb adjustment.
Plyometric exposure was monitored separately as reps. Be-
tween-microcycle differences were described as absolute
and % changes.

Statistical analysis

The sample size was determined using G*Power version
3.1.9.2 (Dusseldorf, Germany), with the following param-
eters for the ANOVA for repeated measures with a within-
factors (one group of participants, two experimental condi-
tions, and five measurements), statistical power of 0.8, a
significance level of 0.05, and an effect size of d = 0.5
based on previous studies evaluating the immediate impact
of isometric activation exercises on jump performance
(Spieszny et al., 2022; Krzysztofik et al., 2023a). The anal-
ysis indicated that the minimum required sample size for
this study is 14 participants. Because this a priori calcula-
tion was powered for the primary within-between interac-
tion, a sensitivity analysis (o = 0.05, power = 0.80) was
additionally performed for the secondary analyses; with n
= 14 the multiple-regression model could reliably detect
only large effects (f2 > 1.16, i.e., R2 > 0.54) and paired/re-
sponder contrasts d_z > 0.81. The regression, correlation,
and responder analyses were therefore treated as hypothe-
sis-generating. Results presented as means with standard
deviations and 95% confidence intervals [M = SD (x 95%
CI)]. Anchor for CMJ jump height was set as the smallest
worthwhile change (SWC’s §) defined as 0.2x the be-
tween-subject SD of baseline CMJ height (Heishman et al.,
2019). Responder analysis assessed individual benefit to
ICA versus VPA in a 2x2 crossover (two periods; se-
quences VPA—ICA and ICA—VPA). Within each period,
CM1J height changes AJH(t) = JH(t)-JH(pre) were averaged
across time to form period aggregates, then mapped by se-
quence to intervention-specific values (ICA meanA,
VPA_ meanA). Beneficial responders per intervention were
defined as aggregate A > 6 (non-response |A| < d). Paired
ICA/VPA responder indicators were compared using
McNemar’s exact test, with sequence-stratified counts pre-
sented descriptively. Repeated-measures ANOVA fol-
lowed a 2x2 crossover with [Period (P1, P2)] and [Time
point (pre, 3°, 6°, 9°, 12°)] as within-subject factors and
[Sequence (VPA—ICA, ICA—VPA)] as a between-sub-
ject factor. Outcomes were expressed as change from the
period-specific pre value. For SST and VP, both pre- and
post-warm-up measurements were collected to control
acute warm-up effects, and change scores were referenced
to pre. Assumptions were assessed as follows: normality
with the Shapiro-Wilk; sphericity with Mauchly’s test (no
epsilon correction required); and homogeneity of variances
for the between-subject factor with Levene’s test. The
crossover assumption of negligible carry-over was exam-
ined using the two-stage (Grizzle) approach (Castellana
and Patel, 1985), comparing subject period-totals (P1 + P2)
between sequences with an independent-samples t-test,
where a non-significant result indicates no detectable
carry-over. Where appropriate, pairwise post-hoc compar-
isons employed Tukey’s procedure. Effect sizes are
reported as np? and interpreted using conventional bench-
marks for partial eta squared: small ~ 0.01, medium =~ 0.06,
large ~ 0.14. Responder vs non-responder comparisons

conducted using Welch test. For each outcome, the mean
difference with SE (and 95% CI if reported) and standard-
ized effect size (Cohen’s d) were provided. Cohen’s bench-
marks: |d| = 0.20 small, 0.50 moderate, 0.80 large ( > 1.20
very large). Baseline comparisons were conducted using
Student’s t-tests (independent-samples for between-se-
quence differences and paired-samples for within-subject
P1 vs P2 checks). Sequence mapped periods to interven-
tions (VPA—ICA: VPA=P1,ICA=P2; ICA—>VPA:ICA
=P1, VPA =P2). Associations were quantified using Pear-
son correlation with effect sizes interpreted against con-
ventional benchmarks: |r [< 0.10 small, 0.30 moderate, 0.50
large. Given the P2 effect, AJH2 (cm) was regressed on Se-
quence (ICA vs VPA in P2), AStiffness2 (N/m), and
ASST2 (°C). Sequencexmediator interactions were tested
a priori; as non-significant, they were dropped and the
main-effects model reported. Ordinary least squares with
two-sided o = 0.05; unstandardized and standardized coef-
ficients, SEs, 95% Cls, R2 and adjusted R2 were reported.
Assumptions: Q-Q for normality, residuals-vs-fits for ho-
moscedasticity, VIF for collinearity, Cook’s distance for
influence, Durbin-Watson for autocorrelation. The same
specification was fitted to P1 aggregates (AJH1 with
AStiftness1, ASST1, Sequence) and summarized briefly to
check sensitivity via negative control. Analyses were run
in jamovi (v2.6; The jamovi Project, Sydney, Australia),
with o = 0.05, and figures were designed in GraphPad
Prism (v10; GraphPad Software, LLC, San Diego, CA,
USA).

Results

Between-session (7-day) reliability of the baseline CMJ,
computed from the two testing sessions, was moderate-to-
moderate (ICC3, 1=0.72,95% CI10.33 - 0.90; typical error
[TE] = 2.19 cm; CV = 5.5%). ICC for the resting Myo-
tonPRO measures was moderate for stiffness (ICC3, 1 =
0.68, 95% CI 0.25 - 0.88; CV = 5.1%) and oscillation fre-
quency (ICC3, 1 =0.70, 95% CI 0.29 - 0.89; CV = 4.9%),
whereas logarithmic decrement was less reliable (ICC3, 1
=0.41; CV =9.7%).

Baseline and training load

All descriptive statistics of primary and secondary varia-
bles can be found in Supplementary Tables (S2, S3, S4 and
S5).

Across the two baseline sessions, the mean baseline
was 40.25 cm (SD 3.84), yielding SWC 6 = 0.77 c¢cm
(=1.91% of baseline); session-specific SWC values were
0.70 cm for P1 and 0.94 cm for P2. For ACMIJ between-
period relative typical error indicated CV% of 6.4% at 3’,
6.4% at 6',4.7% at 9', and 8.5% at 12'. Baseline compara-
bility checks indicated no between-sequence/within sub-
jects’ differences across the assessed measures (all p >
0.05). No evidence of a carry-over effect was detected for
the primary outcome (ACMJ period-totals: t(12) = 1.49, p
= 0.162), and the period-adjusted crossover contrast still
favoured ICA (mean ACMJ +0.93 vs -0.94 cm; t=2.74, p
= 0.017), supporting the adequacy of the 7-day washout.
Between M1 and M2, external load decreased: total dy-
namic volume by 22% (372 to 289 reps), plyometric
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contacts by 27% (88 to 64), and isometric time by 25% (80
to 60 s). Lower-limb metrics showed the same trend: dy-
namic volume decreased by 18% (116 to 95 reps), plyom-
etrics by 33% (66 to 44), and isometric dose by 25% (80 to
60 s). Relative intensities (%1RM/RPE) were largely pre-
served (see appendix/supplement). Microcyles loads are
shown in Table 1.

Responder analysis

Paired comparison showed many more ICA-only than
VPA-only cases (9/14 vs 1/14); McNemar %2 = 6.40, p =
0.011, exact p=0.021. The paired odds ratio was 9.0 (95%
CI 1.25-394.48), indicating a higher probability of benefit
under ICA. By sequence (period assignment): in
VPA—ICA (ICA delivered in P2), ICA-only was 5/7 and
VPA-only 1/7 (Both 0/7, Neither 1/7); in ICA—VPA (ICA
delivered in P1), ICA-only was 4/7 and VPA-only 0/7
(Both 0/7, Neither 3/7). Consistent with the period effect,
P2 responders occurred in 5/7 when P2 contained ICA and
in 0/7 when P2 contained VPA. Figure 4 represents re-
sponders’ status in study.

Analysis of variance

Repeated-measures ANOVA examined Period, Time, Se-
quence, PeriodxSequence, PeriodxTime, and Pe-
riodxTimexSequence are shown in Table 2. The full set of
ANOVA effects and interactions can be found in Supple-
mentary Table S5.

Table 1. Training load.

Jump height

The analysis yielded a significant Period x Sequence inter-
action, F(1, 12) = 6.94, p = 0.022, np*> = 0.37 (Figure 5).
Main effects of Period and Time point were not significant,
F(1, 12) = 0.01, p = 0.939, F(3, 36) = 1.58, p = 0.210, re-
spectively, and the between-subjects Sequence term was
not significant, F(1, 12) =2.22, p=0.162. A Period X Time
point interaction was observed, F(3, 36) =4.25, p=0.011,
np? = 0.26, whereas the three-way Period x Time point x
Sequence interaction was not, F(3, 36) = 0.54, p = 0.656.
Contrast comparison showed that in P2 AJH was higher un-
der ICA than VPA (A =2.69, SE =0.62, t(12) =4.34,p =
0.005, d = 1.204); within P1, A at 3’ exceeded 9’ (A =2.25,
SE=0.57,t(124)=3.93, p=0.03, d = 1.090), with all other
time-point contrasts non-significant (p > 0.27).

RSImod

The Period x Sequence term did not reach significance,
F(1,12)=4.44, p =0.057, and Time point x Sequence was
not statistically significant, F(3, 36) = 2.65, p = 0.064.
Main effects of period and time point were not significant,
F(1, 12) = 0.00, p = 0.968; F(3, 36) = 0.64, p = 0.593, and
the between-subjects sequence term was not significant,
F(1, 12) = 4.05, p = 0.067. Period x Time point and the
three-way Period x Time point x Sequence were also not
significant, F(3, 36) = 0.94, p = 0.432, and F(3, 36) = 0.21,
p = 0.885, respectively.

Metric M1 M2 A (M2-M1) A% vs M1
Dynamic volume [reps] 372 289 -83 -22.3%
Plyometrics [reps] 88 64 -24 -27.3%
Isometric dose [s] 80 60 -20 -25.0%
LL Dynamic volume [reps] 116 95 -21 -18.1%
LL Plyometrics [reps] 66 44 -22 -33.3%
LL Isometric dose [s] 80 60 -20 -25.0%

LL: lower limb; M1: microcycle 1; M2: microcycle 2
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Figure 4. Paired responder status by condition. Dots show individual participants (1 = responder; ACMJ > 0.77 c¢m; 0 = non-responder).
Table 2. Significant only effects for RM ANOVA (crossover) with contrasts

Outcome Significant effect F(dfl, df2) p np* Contrasts (p; Cohen’s d)

JH [em] Period X Sequence 6.94 (1, 12)  0.022 0.37 P2: ICA > VPA under ICA (p = 0.005; d = 1.20).
Period X Time ~ 4.25(3,36) 0.011 0.37 P1:9'>3'(p=10.030; d=1.09).

PP [W/kg] Period x Sequence 6.47 (1,12)  0.026 0.35 P2: ICA > VPA under ICA (p=10.037; d = 0.87).

CT [ms] Sequence (between) 5.49 (1,12) 0.037 0.31 ICA—VPA vs VPA—ICA (pooled) (p=0.037; d = 1.25).

SST (°C) Period X Time 3.37(4,48) 0.016 0.22 allp >0.25

Frequency [Hz] Time 3.64 (4,48) 0.011 0.23 allp>0.16

Decrement Sequence (between) 5.88 (1,12)  0.032 0.33 ICA—VPA vs VPA—ICA (pooled) (p =0.032; d = 1.30).

The table lists only statistically significant effects (a = 0.05); entries report F-values with degrees of freedom, p-values, and partial eta squared (np?).
JH:jump height (cm); PP: relative peak power (W-kg™); CT: contraction time (ms); SST: skin surface temperature (°C); Myoton Frequency: natural
oscillation frequency (Hz); Myoton Decrement: logarithmic decrement (dimensionless); P1/P2: crossover periods 1/2; Sequence: order of conditions;
ICA: isometric conditioning activity; VPA: standardized volleyball pre-training activation condition without ICA.
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Figure 5. Timecourse of ACMJ height. VPA: standardized volleyball pre-training activation condition. ICA:
isometric conditioning activity; P1: period 1; P2: period 2; SWC: smallest worthwhile change; JH: jump height.

Contraction time

Main effects of period and time point were not significant,
F(1,12)=0.00,p=0.972; F(3,36) =1.91, p=0.145. Time
point x Sequence was not statistically significant, F(3, 36)
=2.60, p = 0.067. Period x Time point and the three-way
interaction were not significant, F(3, 36) = 1.37, p=0.269;
F(3,36)=0.44, p =0.725. The between-subjects sequence
effect was significant, F(1, 12) = 5.49, p = 0.037, np? =
0.31. Post-hoc contrasts for Period x Time point x Se-
quence did not yield significant differences (all p > 0.08).

Peak power

The Period x Sequence term was significant, F(1, 12) =
6.47,p=0.026, np? = 0.35. Main effects of period and time
point were not significant, F(1, 12) = 0.02, p = 0.884; F(3,
36) = 1.93, p = 0.143, and the between-subjects sequence
term was not significant, F(1, 12) = 1.26, p = 0.283. The
Period x Time point and Period x Time point x Sequence
terms were not significant, F(3, 36) = 1.31, p = 0.285; F(3,
36)=0.71, p=0.554. Follow-up contrasts indicated that in
P2 APP was higher under ICA than VPA (VPA—ICA vs
ICA—VPA, A=2.73, SE=0.87, t(12) = 3.14, p = 0.037,
d =0.871), with other simple effects not significant.

Surface skin temperature

The period x sequence term was not significant, F(1, 12) =
0.74, p=0.407. Main effects of period and time point were
not significant, F(1, 12) = 2.40, p=0.147; F(4, 48) = 0.72,
p = 0.586. A period X time point interaction was present,
F(4, 48) = 3.37, p = 0.016, np?> = 0.22, whereas the three-
way period X time point X sequence term was not, F(4, 48)
= 0.80, p = 0.533, np?> = 0.06. The between-subjects se-
quence effect was not significant, F(1, 12) = 2.26, p =
0.159, np? = 0.16. Post-hoc comparisons for the period x
time point interaction did not yield consistent simple dif-
ferences (all p > 0.25).

Stiffness

The period x sequence term was not significant, F(1, 12) =
0.16, p = 0.698. Main effects were not significant for pe-
riod, F(1, 12) =2.62, p=0.131, and time point, F(4, 48) =
1.34, p =0.271. No evidence appeared for time point x se-
quence, F(4,48)=1.79, p=0.146, period x time point, F(4,
48) =1.47, p = 0.226, or the three-way period * time point

x sequence, F(4, 48) = 1.21, p = 0.319. The between-sub-
jects sequence term was not significant, F(1, 12) = 0.01, p
=0.925.

Frequency

Period X sequence was not significant, F(1, 12)=0.51,p =
0.487. Period showed a non-significant trend, F(1, 12) =
3.32,p=0.094. Time point was significant, F(4, 48) =3.64,
p =0.011, np? = 0.23, while time point x sequence, period
x time point, and the three-way interaction were not, F(4,
48) = 0.86, p = 0.494; F(4, 48) = 0.79, p = 0.538; F(4, 48)
=0.63, p=0.641. The between-subjects sequence term was
not significant, F(1, 12) = 0.45, p = 0.514. Pairwise com-
parisons for time point did not yield significant differences
(allp > 0.16).

Decrement

Period X sequence was not significant, F(1, 12)=0.01,p =
0.938. Period and time point main effects were not signifi-
cant, F(1, 12) =0.72, p=0.413; F(4, 48) = 0.90, p = 0.470.
Interactions involving time were not significant (time point
x sequence: F(4, 48) =0.54, p=0.704; period x time point:
F(4,48)=0.67, p =0.619; period x time point x sequence:
F(4, 48) = 1.28, p = 0.293. The between-subjects sequence
term was significant, F(1, 12) = 5.88, p = 0.032, np* = 0.33.

Associations between measured variables
Correlations among the individual contrasts showed no
clear association of AJH [ICA-VPA] mean [cm] with the
candidate mediators: with ASST [ICA-VPA] mean (°) r =
0.122, 95% CI (-0.436, 0.613), p = 0.677; with AStiffness
[ICA-VPA] mean (N/m) r = -0.460, 95% CI (-0.796,
0.094), p=0.098; with AFrequency [ICA-VPA] mean (Hz)
r =-0.282, 95% CI (-0.707, 0.293), p = 0.330; and with
ADecrement [ICA-VPA] mean r = 0.397, 95% CI (-0.169,
0.766), p = 0.160. Among mediators, AStiffness [ICA-
VPA] mean (N/m) correlated negatively with ASST [ICA-
VPA] mean (°) (r = -0.561, 95% CI (-0.841, -0.043), p =
0.037; moderate) and positively with AFrequency [ICA-
VPA] mean (Hz) (r = 0.546, 95% CI (0.022, 0.835), p =
0.043; moderate); all other inter-mediator associations
were non-significant (p > 0.099).

In P2, AJH was higher under ICA than under VPA
(Estimate = 2.985 c¢cm, SE = 0.435, t = 6.868, p < 0.001;
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standp = 1.674, 95% CIB [1.131, 2.217]). AStiffness2
showed a negative association with AJH2 (Estimate = -
0.090 cm-(N/m)-1, SE = 0.025, t = -3.606, p = 0.005;
standp = -0.495, 95% CIB [-0.800, -0.189]), whereas
ASST?2 was not related to AJH2 (Estimate = -0.008 cm-°C-
1, SE = 0.242, t = -0.034, p = 0.974; standardized = -
0.005, 95% CIB [-0.306, 0.296]). Model fit was R2 = 0.846
(adjusted R2 = 0.800). Collinearity was low (VIF 1.04 -
1.22). Residual autocorrelation was not detected (Durbin-
Watson=1.47,p =0.192). Cook’s distance did not indicate
gross influence (max = 0.352; below 1, slightly above the
4/n heuristic). In P1, the analogous model did not yield sig-
nificant effects; the Sequence term and covariates were
non-significant (all p > 0.10). Results are presented in Fig-
ure 6 below.

27 J R?=0846n= 14

Standardized p (95% CI)

Figure 6. Standardized regression coefficients () with 95%
CIs for predictors of change in jump height (AJH) in P2.

Responders’ differences

Responders (AJH2 > SWC in P2) demonstrated greater im-
provements in peak power compared with non-responders
(A =+2.99 W-kg!, p=0.007, d = 1.94). Responders also
exhibited a smaller reduction in decrement (A = +0.133, p
=0.033, d = 1.24). Between-group differences for ASST,
AStiffness, AFrequency, ARSImod, and ACT were not sta-
tistically significant (p > 0.290). There were no differences
in P1.

Discussion

This randomized crossover study compares the PAPE ef-
fect of an isometric conditioning activity, performed as
three sets of five three-second maximal isometric squats
with standardized volleyball pre-training activation. The
study also examined the changes in muscle mechanical
properties and skin temperature and their association with
the magnitude of PAPE. The results indicated that, relative
to the volleyball-specific warm-up, the ICA was associated
with greater CMJ performance, although this advantage
was confined to Period 2 and was therefore conditional on
the preceding training context. Greater jump gains co-oc-
curred with reductions in rectus femoris muscle stiffness
(estimate -0.090 cm*(N-m™!)!; standardized B = -0.495; p
= 0.005), whereas changes in thigh skin surface tempera-
ture were unrelated to performance (p = 0.974). These find-
ings suggest that changes in VP may be more closely asso-
ciated with the observed potentiation than changes in SST.
However, as no direct measures of neuromuscular active-

tion or tendon mechanical behavior were obtained, these
findings should be interpreted with caution and cannot be
considered evidence of the underlying mechanisms respon-
sible for the PAPE response.

The ICA elicited superior gains in CMJ of JH and
PP when delivered in P2, with significant period-by-se-
quence interactions (JH: F(1, 12) = 6.94, p = 0.022; PP:
F(1, 12) = 6.47, p = 0.026) and large simple effects (P2:
ICA > VPA; JH d =1.20; PP d = 0.87), while no between-
condition differences emerged in P1. Individual respon-
siveness favored the ICA (paired OR 9.0, 95% CI 1.25 —
394.48; exact p = 0.021). Crucially, in P2 the responder
subgroup (AJH2 > SWC) showed greater gains in peak
power than non-responders by 2.99 W-kg! (p =0.007,d =
1.94) and a smaller reduction in logarithmic decrement by
0.133 (p =0.033, d = 1.24), with no such differences in P1.
Notably, P2 coincided with a reduction in external load
across the preceding M2 (total dynamic volume -22%,
plyometric contacts -27%, isometric dose -25%; lower-
limb dynamic -18%, plyometrics -33%, isometric dose -
25%), with relative intensity largely preserved, showing
that the isometric advantage was most evident under a
lower-volume training context. Collectively, these results
suggested that a brief, high-effort isometric protocol can
meaningfully augment performance beyond a sport-spe-
cific warm-up, particularly when antecedent training vol-
ume is reduced, and that the enhancement aligns more with
alterations in muscle mechanical state than with superficial
thermal responses.

These findings expand upon earlier meta-analyses
showing that PAPE protocols can improve vertical jump
performance, but with considerable variability in effect
magnitude (Seitz and Haff, 2016; Kasicki et al., 2024). Pre-
vious studies have reported positive effects of both heavy
dynamic resistance exercise (e.g., squats, loaded jump
squats) and isometric protocols (Kozlenia and Domara-
dzki, 2023; Jarosz et al., 2025a; Wu et al., 2025). The pre-
sent results are also consistent with evidence showing that
ICA can be effective stimuli for inducing PAPE. Rixon et
al. (2007) reported improved CMJ performance following
maximal isometric squats, while Spieszny et al. (2022)
showed that three sets of three-second maximal isometric
back squats enhanced both squat jump and CMIJ perfor-
mance. In addition, Krzysztofik et al. (2023c) demon-
strated that maximal isometric half-squats improved sprint
performance and reduced vastus lateralis muscle tone and
stiffness, suggesting that isometric PAPE may be accom-
panied by changes in muscle mechanical properties. These
observations align with the present results, where the ICA
enhanced CMJ performance and the magnitude of im-
provement was associated with changes in rectus femoris
muscle stiffness.

The volleyball-specific literature also supports the
use of priming strategies to enhance jumping performance.
McCann and Flanagan (2010) showed that Division I vol-
leyball players improved CMJ performance after both back
squat and hang clean CA, whereas Berriel et al. (2022) re-
ported that a PAPE intervention increased CMJ height in
professional male volleyball players and that this effect
was maintained following a technical-tactical session. Our
results extend this evidence by showing that a brief
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maximal isometric squat protocol can provide additional
performance benefits beyond a volleyball-specific warm-
up. This is particularly relevant from an applied perspec-
tive, as volleyball performance depends heavily on re-
peated high-intensity jumping actions, and pre-training or
pre-competition strategies should enhance explosive per-
formance without adding excessive fatigue.

Importantly, the potentiating effects in our study
were most pronounced after a week of reduced training
volume, echoing prior evidence that neuromuscular poten-
tiation is strongly modulated by fatigue status and training
background (Bevan et al., 2010; Boullosa et al., 2013). This
observation may help explain inconsistencies in the litera-
ture, where some investigations have reported null or even
detrimental effects of conditioning activities when athletes
were tested in a fatigued state (Tsolakis et al., 2011; Rap-
pelt et al., 2024). The present findings should therefore also
be interpreted in light of elite-athlete warm-up research,
where the balance between potentiation and fatigue is crit-
ical. Studies in professional rugby players have shown that
explosive performance may improve only after sufficient
recovery following heavy CA, with optimal effects often
occurring several minutes after the stimulus (Kilduff et al.,
2007, Kilduff et al., 2008; Bevan et al., 2010). This is con-
sistent with our observation that the isometric advantage
was most evident when prior training volume was reduced,
suggesting that isometric priming should be individualized
according to the athlete’s current readiness, residual fa-
tigue, and available recovery window.

A foundational study by Rassier and Maclntosh
(2000) proposed that potentiation and fatigue coexist and
interact to determine the net performance outcome follow-
ing a CA. Seitz and Haff (2016) further emphasized that
the success of a CA depends on balancing activation and
fatigue through appropriate intensity, volume, and rest.
Empirical support for this dual-process model was pro-
vided by Andrews et al. (2016), who showed that unilateral
conditioning exercises can induce local potentiation in the
trained limb while simultaneously eliciting contralateral
neural fatigue. This confirms that potentiation and fatigue
can coexist within the same session and that their relative
balance determines the net PAPE response. Our data ex-
tend these frameworks by showing that the same CA can
yield distinct outcomes depending on the athlete’s current
level of readiness. The superior response to the isometric
protocol during the lower-volume M2 suggested that the
effectiveness of a CA should be interpreted in the context
of the athlete’s acute readiness or residual fatigue. Conse-
quently, individualization of CA should not only account
for chronic characteristics such as maximal strength but
also for real-time indicators of neuromuscular status, en-
suring that the selected activity truly enhances performance
rather than adding fatigue.

Our results also showed that reduction in rectus
femoris muscle passive stiffness were positively associated
with performance improvements, whereas changes in skin
surface temperature were not. This supports the notion that
mechanical factors, particularly viscoelastic adjustments in
the muscle-tendon unit, play a central role in PAPE
(Blazevich and Babault, 2019; Fukutani and Herzog,
2019). Elevated passive stiffness may reflect fatigue-

related mechanical tension and impair subsequent perfor-
mance (Wang et al.,, 2017; Matuszczyk et al., 2025),
whereas moderate reductions in passive tendon stiffness af-
ter isotonic squat-based CAs have been associated with en-
hanced jump efficiency (Krzysztofik et al., 2023a). De-
creased muscle stiffness may enhance the storage and re-
lease of elastic energy during the stretch-shortening cycle,
thereby improving jump efficiency (Kubo et al., 2000).
Comparable relationships between tendon compliance and
jump performance have been observed in previous CA
studies (Cormie et al., 2010; Tsoukos et al., 2016).

By contrast, we observed no significant role for
thermal responses following the applied CA. Studies ex-
amining thermal influences on muscle function have
shown that increases in muscle temperature enhance con-
traction velocity and power output (Bergh and Ekblom,
1979; Oksa et al., 1997; De Ruiter and De Haan, 2000) yet
this effect appears insufficient to account for the magnitude
of PAPE observed in our study. In the present protocol, the
lack of additional temperature change is likely a conse-
quence of a well-executed, standardized warm-up that ele-
vated muscle temperature to near-optimal levels before the
CA. Although temperature elevation is recognized as one
of the principal mediators of warm-up induced perfor-
mance improvements via faster cross-bridge cycling, re-
duced viscous resistance, and accelerated nerve conduction
(Bishop, 2003; McGowan et al., 2015) there is, as recently
noted, no consensus on its effect on force production (Wil-
son et al., 2025). Accordingly, when temperature is already
optimized by the warm-up, any additional gains following
isometric conditioning are more parsimoniously attributed
to non-thermal (neuromechanical) mechanisms.

From an applied perspective, our findings support
the inclusion of maximal isometric squats as an effective
and time-efficient pre-competition priming strategy. Un-
like dynamic CA protocols that often require external loads
and equipment, isometric contractions can be implemented
with minimal resources, making them practical in both
training and competition settings (Boullosa, 2021). Com-
parable outcomes were reported by Durovic et al. (2022),
who emphasized the ecological validity of such CA strate-
gies under varying competition conditions. Moreover, our
findings reinforce the importance of considering training
background: potentiation was most evident after a lower-
volume M2, echoing suggestions that managing cumula-
tive fatigue is key to maximizing PAPE (Bevan et al., 2010;
Chen et al., 2023). Thus, coaches should tailor pre-match
CAs not only to the immediate warm-up but also to the pre-
ceding training load.

Several limitations should be acknowledged. First,
the modest sample size may have limited our ability to de-
tect smaller effects or subtle moderator variables. Second,
although the crossover design controlled for inter-individ-
uval variability, the strong period effect suggests that back-
ground training volume remains a potential confounder.
Formally, no carry-over was detected (period-totals t(12) =
1.49, p = 0.162) and baseline measures were comparable
across sequences, so the 7-day washout appears adequate;
however, because the two microcycles differed in external
load (=18 - 33% lower in M2), the Period x Sequence in-
teraction means the isometric advantage is statistically
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entangled with the reduced preceding training volume. The
data should therefore be read as indicating that ICA was
more effective under lower antecedent load, rather than as
establishing unconditional superiority over the volleyball
warm-up. Moreover, the a priori sample size was powered
for the primary interaction only; with n = 14 the secondary
regression and responder analyses were sensitive to large
effects alone (regression f2 > 1.16; d_z > 0.81), so smaller
associations may have gone undetected and the number of
tests raises the possibility of Type I error. Third, while we
included measures of muscle mechanical properties and
skin temperature, we did not assess central neural contri-
butions (e.g., surface electromyography, motor unit firing
rates) or intramuscular metabolic variables (e.g., muscle
oxygenation), which may further clarify the mechanisms
underpinning PAPE. Finally, our participants were exclu-
sively highly trained male volleyball players, which re-
stricts the generalizability of our findings to female athletes
or other populations. We acknowledge that responder clas-
sification is sensitive to biological and measurement varia-
bility and that day-to-day variation may approach or ex-
ceed the SWC; indeed, in the present data the SWC (0.77
cm) was smaller than the measured typical error (2.19 cm).
Responder counts are therefore reported descriptively, as a
complement to not a substitute for the group-level anal-
yses.

Our study also has several important strengths.
First, we propose a ready-to-use practical solution in the
form of a preparation strategy for athletes that can realisti-
cally enhance performance. Importantly, we considered the
training period, expanding the contextual dimension of our
work by embedding the applied CA within the athletes’
current training cycle. We also addressed factors that may
help identify potential mechanisms underlying our obser-
vations. At the same time, our analyses go beyond a classi-
cal focus on simple effects, providing a deeper understand-
ing through the evaluation of responders and non-respond-
ers and by assessing performance outcomes in the context
of changes in the analyzed physiological and mechanical
factors. This provided a more nuanced interpretation of the
findings, strengthening both their reliability and their prac-
tical relevance for training applications.

Future studies should explore PAPE responses in
female athletes, younger players, or athletes from sports
with different neuromuscular demands to enhance external
validity. Incorporating advanced techniques such as intra-
muscular temperature assessment, near-infrared spectros-
copy, or high-density electromyography could provide a
more comprehensive understanding of both peripheral and
central mechanisms. Finally, given the inter-individual
variability observed, future research should aim to identify
predictors of responder versus non-responder status, in-
cluding muscle architecture, fiber type distribution, and
prior training history, thereby supporting a more individu-
alized approach to PAPE implementation.

Conclusion
This study indicated that a high-intensity ICA, consisting

of three sets of five three-second maximal isometric squats,
was associated with enhanced CMJ performance in highly

trained volleyball players — an advantage that was most
evident, and statistically confined to, the period of reduced
preceding training volume. The observed potentiation was
associated with reductions in rectus femoris passive stiff-
ness rather than changes in skin surface temperature. Spe-
cifically, decreases in rectus femoris passive stiffness were
associated with improvements in CMJ performance,
whereas changes in SST were not. These findings should
be interpreted as associative rather than mechanistic, as
they do not establish a causal relationship between changes
in VP and the PAPE response. Importantly, the beneficial
effects of the isometric protocol were most pronounced
when applied after a period of reduced training volume,
suggesting that the athletes’ acute readiness and preceding
workload critically modulate the expression of PAPE.
These findings reinforce the dual-process framework in
which potentiation and fatigue coexist and underscore the
necessity of balancing activation and recovery to achieve
optimal performance benefits.

From a practical standpoint, maximal isometric
squats represent a simple, time-efficient, and equipment-
minimal strategy that can be easily implemented in warm-
up or pre-competition settings to acutely improve jump
performance. Coaches and practitioners are encouraged to
individualize the application of conditioning activities ac-
cording to the athlete’s neuromuscular state and training
load, ensuring that potentiation is achieved without exces-
sive fatigue.
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Key points

* The study used a randomized crossover design to compare
a maximal isometric conditioning activity (ICA; 3 x 5 x 3
s maximal isometric squats) with standardized volleyball
pre-training activation (VPA) in 14 highly trained male
volleyball players.

¢ ICA produced greater improvements in countermovement
jump height and relative peak power than VPA only in Pe-
riod 2, which followed a lower-volume training microcy-
cle.

¢ Individual response patterns favored ICA, with nine ICA-
only responders compared with one VPA-only responder;
however, these findings should be interpreted cautiously
because of the small sample and measurement variability.

¢ In Period 2, greater reductions in rectus femoris muscle
stiffness were associated with larger improvements in jump
height, whereas changes in skin surface temperature were
unrelated to performance; these relationships are associa-
tive rather than mechanistic.

* Maximal isometric squats may provide a practical, time-
efficient, and equipment-minimal priming strategy when
athletes are sufficiently recovered, highlighting the need to
individualize conditioning activities according to preced-
ing training load and current readiness.
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Supplementary Table S1. Training program

Supplementary Materials

Microcycle 1 Microcycle 2
Exercise Sets Reps Tempo Rest Intensity Sets Reps Tempo Rest Intensity
0a Hip rotation with a medicine ball 2 5 2/0/1/0 - RPES 2 5 2/0/1/0 - RPES
0b Straight-arm pullover isometric stretch 2 10 - - 5-10kg 2 10 - - 5-10kg
Oc Single-leg squat with TRX 2 6 4/0/1/0  60s RPES 2 6 4/0/1/0  60s RPES
1a Dumbbell high pull in split stance 3 5:4;3 max - 65;75; 85%IRM 2 54 max - 65;75%1RM
1b Side plank + band row 3 5 2/0/1/0  90s RPE6 2 5 2/0/1/0  90s RPE6
2a Dumbbells Bulgarian split squat 3 543 3/0/1/0 30s 65;75;85%IRM 2 5;4 3/0/1/0 30s 65;75%1RM
2b Bird dog row with pause 3 4 2/0/1/1  90s RPE6 2 4  2/0/1/1 90s RPE6
>a Single-arm DB press in single-leg bridge on 30543 2110 - 6575:85%IRM 2 54 2/1/10 -  6575%IRM
3b Single-leg hip bridge on fitness ball ISO (upper 3 10s _ 90s RPE6 2 10s _ 905 RPE6
back on bench)
4a Chin-up 3 3;3;2  4/0/1/0 - 65;75;85%I1RM 2 3;3 4/0/1/0 -  65;75%IRM
4b Glute crusher with fitness ball 3 8 3/0/1/0  90s RPE6 2 8 3/0/1/0 90s RPE6
5a Triceps rolling dumbbells 3 10;8;6 3/0/1/0 - RPE6 2 10;8 3/0/1/0 - RPE6
5b Superman ball rollouts 3 6 2/0/1/0  60s RPE6 2 6 2/0/1/0  60s RPE6
Oa Calf raises on leg press 2 8 3/2/1/0 - RPES 2 8 3/2/1/0 - RPE5
Ob Spinal rotation with medicine ball (kneeling) 2 5 2/0/1/0 - RPES 2 5 2/0/1/0 - RPES
Oc Rotator drop and catch 2 8 - 60s 2 - 3kg 2 8 - 60s 2 -3kg
1a Split-stance trap bar deadlift 3 3;3;2 max 30s 65;75;85%1RM 2 3;3 max 30s 65;75%1RM
1b Seated bilateral box jump 3 2 max 90s - 2 2 max  90s -
2a Split squat on toes ISO hold (lead leg elevated) 3 10s - - RPE6;7;8 2 10s - - RPE6;7
2b Y-raise 3 6 3/0/1/0  60s 2kg 2 6 3/0/1/0  60s 2kg
3a Hip thrust 3 5:4;3  3/0/1/0 - 65;75;85%IRM 2 54  3/0/1/0 -  65;75%I1RM
3b Renegade row 3 4;4;4  2/0/1/0  90s RPE6;7;8 2 4;4  2/0/1/0  90s RPEG6;7
4a Push-up (external load on back) 3 5;4;,3  4/0/1/0 - RPE6;7;8 2 54  4/0/1/0 - RPE6;7
4b Single-leg landmine deadlift (sideways stance) 3 4;3;2  4/0/1/0  90s RPE6;7;8 2 4;3  4/0/1/0  90s RPE6;7
5a Single-arm split jerk with landmine 3 2 max - RPE6 2 2 max - RPE6
5b Face pulls from low pulley 3 6 3/0/1/0  60s RPE6 2 6 3/0/1/0  60s RPE6
0Oa Single-leg wall sit with support on fitness ball 2 10s - - RPES 2 10s - - RPES
0b TRX Cossack squat 2 5 3/0/1/0 - RPES 2 5 3/0/1/0 - RPE5
Oc Poliquin flys 2 6 3/2/1/0  60s 3 -4kg 2 6 3/2/1/0  60s 3 -4kg
la Po'go jumps with bands from below (fast, low 3 20 ) 305 6 - 8kg ) 20 ) 305 6 - 8kg
amplitude)
1b Woodchopper low-to-high (band or cable) 3 8 2/0/1/0  90s RPE6 2 8 2/0/1/0  90s RPE6
2 Power clean 3 3;2;1 max 90s 65;75; 85%1RM 2 3;2 max 90s 65;75%I1RM
3a Pendlay row 3 3;2;2 max - 6575, 85%1RM 2 3;2 max - 65;75%1RM
3b Single-leg medicine ball slam 3 2 max 90s 3-4kg 2 2 max  90s 3 -4kg
4 Half-kneeling landmine press 3 2 max 60s RPE6;7;8 2 2 max  60s RPE6;7
5 Quarter squat with pause 3 3;2;2 2/1/1/0  60s RPE6;7;8 2 3;2  2/1/1/0  60s RPE6;7
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Supplementary Table S2. Jump characteristics.

Period Sequence Pre A3’ A6’ A9’ A12'
JH [cm] (M£SD; 95%CI)
ICA—>VPA 39.99 +£2.71 (37.48; 2.04+3.62 —0.03 £3.10 -0.91+£245 0.89 +2.69
Pl 42.49) (—1.30; 5.39) (—2.89; 2.84) (—3.18; 1.35) (—1.60; 3.37)
VPAICA 38.96 + 4.32 (34.96; 0.74+£1.70 —1.04+2.49 —0.80 = 0.62 —1.16 £2.95
42.95) (—0.83;2.31) (—3.35; 1.26) (-1.37; -0.23) (—3.89; 1.57)
ICAVPA 42.97 +3.23 (39.99; -1.69 +0.79 -0.93+1.61 —1.69 + 1.64 -0.99 +£2.57
P2 45.96) (—2.41; -0.96) (—2.42; 0.56) (—3.21; -0.17) (—3.37; 1.40)
VPAICA 39.10 + 5.35 (34.15; 0.73 £ 1.07 1.33+1.17 1.39+1.49 2.01+2.92
44.05) (=0.26; 1.72) (0.25; 2.41) (0.01; 2.76) (=0.69; 4.72)
PP [W/kg] (M£SD; 95%CI)
ICAVPA 53.27+3.73 (49.82; 2.04 +£3.63 0.16 £2.06 —1.11 £1.65 0.76 +£3.23
P1 56.72) (-1.31; 5.40) (-1.75; 2.06) (—2.64;0.41) (—2.23;3.74)
VPAICA 51.69 +5.78 (46.34; 0.24+£2.77 -1.29+2.61 —0.73 £2.29 —1.80+3.65
57.03) (—2.31; 2.80) (=3.70; 1.13) (—2.84; 1.39) (—5.18; 1.58)
ICA—VPA 56.27 + 4.44 (52.16; -1.13+1.87 —1.11+1.87 -1.73+£2.35 —1.87 £2.52
P2 60.38) (—2.86; 0.60) (—2.85; 0.62) (—3.90; 0.45) (—4.20; 0.46)
VPAICA 52.11 +£5.94 (46.62; 1.09 +1.93 1.51+1.38 1.19 £2.00 1.29 +£3.54
57.61) (=0.70; 2.87) (0.23; 2.79) (=0.67; 3.04) (—1.99; 4.56)
RSImod (M£SD; 95%CI)
ICAVPA 0.46 + 0.04 (0.42; 0.02 +0.04 0.00 + 0.04 —0.01 £0.04 0.00 £ 0.06
P1 0.51) (—0.01; 0.06) (—0.04; 0.04) (—0.05; 0.03) (—0.06; 0.06)
VPAICA 0.44 +0.07 (0.37; —0.02 £ 0.02 0.00 +0.02 0.00 £ 0.05 —0.01 +=0.06
0.50) (=0.04; 0.00) (=0.02; 0.02) (=0.04; 0.05) (=0.06; 0.04)
ICA—>VPA 0.55+0.14 (0.43; —0.08 £0.16 -0.07£0.17 -0.08 £0.17 -0.05+0.15
P2 0.68) (=0.22; 0.07) (=0.22; 0.08) (=0.24; 0.07) (=0.19; 0.08)
VPAICA 0.43 +0.07 (0.37; 0.05+0.07 0.07 £0.07 0.07 +£0.08 0.08 +0.07
0.50) (=0.02; 0.11) (0.00; 0.13) (0.00; 0.14) (0.01; 0.15)
CT [ms] (M£SD; 95%CI)
ICA—VPA 862.29 +72.38 2.86+61.62 —3.00 + 53.74 4.57+63.92 27.14 + 83.46
Pl (795.34; 929.23) (—54.13; 59.84) (—52.70; 46.70)  (—54.55; 63.69)  (—50.04; 104.33)
VPAICA 943.00 + 129.95 24.00 + 45.96 —62.29+67.47 —51.43+67.24 —36.86 + 89.01
(822.82; 1063.18) (—18.51; 66.51) (—124.68; 0.11) (=113.61;10.76)  (—119.18; 45.46)
ICA—VPA 808.14 +157.14 62.00 +173.24 71.29 +176.68 79'(5771311593'79 39.29 + 180.83
P2 (662.82; 953.47) (—98.22;222.22)  (—92.11; 234.68) 260 6.5), (—127.95;206.53)
VPAICA 908.00 + 87.91 64.71 £109.27 89.00 +116.20 98.14 + 129.80 107.29 + 115.11

(826.69; 989.31) (-165.77;6.34)  (~196.46; 18.46)

(—218.18;21.90)  (~213.74; —0.83)

Values are mean + SD (95% CI), with CI in round brackets using a semicolon (e.g., (lower; upper). Pre: measurement after the standardized general
warm-up in that period. A3'/A6'/A9'/A12": change from Pre at 3/6/9/12 min (positive = increase; negative = decrease). Period: P1 and P2 in the crossover
design. Sequence: order of conditions—ICA—VPA (P1: isometric squat ICA; P2: volleyball activation without ICA) and VPA—ICA (reverse). Con-
ditions: ICA = isometric conditioning activity (3x5x3 s; total 45 s; 3-min interset rest); VPA— standardized volleyball pre-training activation condition.
JH—Jump Height (cm); CT—Contraction time (s); PP—Peak Power (W/kg); RSImod—modified reactive strength index; Frequency—natural oscilla-
tion frequency (Hz); Decrement—Ilogarithmic decrement (dimensionless); P1/P2—crossover periods 1/2; Sequence—order of VPA— standardized
volleyball pre-training activation condition.

Supplementary Table S3. Skin surface temperature.

Period Sequence Pre A3’ A6’ A9’ A12'
SST (°C) (M + SD; 95%CI)

ICAVPA 31.07 £0.88 0.13+£1.08 -0.14 £ 1.06 0.41 £0.50 -0.03+£0.92

P1 (30.26; 31.89) (-0.87; 1.12) (-1.12; 0.84) (-0.05; 0.87) (-0.88; 0.82)
VPAICA 31.10+0.85 0.56 +1.09 1.09+0.72 0.61+1.17 0.99 +1.82
(30.32;31.88)  (-0.45;1.57) (0.42; 1.76) (-0.47; 1.69) (-0.69; 2.67)

ICA>VPA 31.81+0.78 0.37+0.81 -0.57+£1.15 -0.59+1.13 -0.34+1.04

P2 (31.09; 32.54) (-0.38; 1.12) (-1.63; 0.49) (-1.63; 0.46) (-1.30; 0.62)
VPAICA 31.84+£1.08 0.31+£0.72 -0.74 £2.75 -0.31 £ 1.06 -0.24 £ 1.31

(30.85; 32.84) (-0.35; 0.98) (-3.28; 1.80) (-1.29; 0.66) (-1.45;0.97)

Values are mean + SD (95% CI) with CI in round brackets using a semicolon. Pre: SST after the standardized general warm-up in that period.
A3'/A6'/A9'/A12": absolute change (°C) from Pre at 3/6/9/12 min (positive = warmer; negative = cooler). Period: P1, P2 (crossover). Sequence:
ICA—VPA or VPA—ICA (order of conditions). Conditions: ICA = isometric conditioning activity (3x5x3 s; total 45 s; 3-min interset rest); VPA—
standardized volleyball pre-training activation condition
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Supplementary Table S4. Myotonometry characteristics.

Period Sequence Pre A3’ A6’ A9’ A12'
Stiffness [N/m] (M = SD; 95%CI)
ICA—>VPA 296.43 +20.30 -0.29+9.11 -6.43 £8.10 -1.71 £ 6.34 -5.43+431
Pl (277.65; 315.21) (-8.71; 8.14) (-13.92; 1.06) (-7.58; 4.15) (-9.42; -1.44)
VPAICA 314.00 = 24.64 -2.14 +£10.07 -3.57+8.20 -4.14+10.29 -10.00 +23.78
(291.21; 336.79) (-11.46;7.17) (-11.16; 4.01) (-13.66; 5.37) (-31.99; 11.99)
ICA>VPA 284.14 +14.25 2.14+7.47 1.43 £10.39 -3.14+9.86 2.86+8.71
P2 (270.96; 297.32) (-4.77; 9.05) (-8.18; 11.04) (-12.26; 5.97) (-5.20; 10.91)
VPAICA 296.71 +28.48 5.14+£17.95 343 +£11.06 6.57+14.11 1.43+12.43
(270.37; 323.06) (-11.46;21.74)  (-6.80; 13.66) (-6.47; 19.62) (-10.07; 12.93)
Decrement (M + SD; 95%CI)
ICAVPA 1.41+0.26 -0.09 £ 0.05 -0.06 +0.12 -0.07 £0.10 -0.01 £0.07
P1 (1.17; 1.65) (-0.14; -0.04) (-0.18; 0.05) (-0.16; 0.02) (-0.07; 0.06)
VPAICA 1.40 £0.31 0.00 = 0.09 0.04 £0.15 0.01+0.14 -0.05+0.10
(1.12; 1.69) (-0.08; 0.09) (-0.10; 0.18) (-0.13; 0.14) (-0.14; 0.04)
ICA—>VPA 1.67 £0.20 -0.11+0.16 -0.11+£0.15 -0.13+0.18 -0.08+£0.14
P2 (1.48; 1.85) (-0.26; 0.04) (-0.25; 0.03) (-0.30; 0.03) (-0.21; 0.05)
VPAICA 1.71 £0.24 -0.04+0.12 -0.08 £0.14 -0.03+0.13 0.03 £0.20
(1.48; 1.93) (-0.15; 0.07) (-0.21; 0.05) (-0.16; 0.09) (-0.15; 0.22)
Freqeuncy [Hz] (M £ SD; 95%CI)
ICA>VPA 15.74 £ 1.42 0.07 £0.71 -0.07 £ 0.59 0.10 £+ 0.60 -0.13+£0.52
P1 (14.43; 17.05) (-0.59; 0.73) (-0.61; 0.47) (-0.46; 0.66) (-0.61; 0.35)
VPAICA 16.76 £0.91 0.06 £0.72 -0.01 £0.92 0.13£0.71 -0.48 +£1.29
(15.91; 17.60) (-0.61; 0.72) (-0.87; 0.84) (-0.53; 0.79) (-1.68; 0.71)
ICA>VPA 15.93 £0.85 0.64 £ 0.81 0.54 £0.58 0.43£0.75 0.31+0.46
P2 (15.15; 16.71) (-0.10; 1.39) (0.01; 1.08) (-0.27; 1.13) (-0.11; 0.74)
VPAICA 16.79 + 1.61 0.26 £0.92 0.20+£0.94 0.33+0.75 0.07 £0.78
(15.30; 18.27) (-0.59; 1.11) (-0.67; 1.07) (-0.36; 1.02) (-0.65; 0.80)

Values are mean + SD (95% CI), with CI in round brackets using a semicolon (e.g., (lower; upper). Pre: measurement after the standardized general
warm-up in that period. A3'/A6'/A9’/A12": change from Pre at 3/6/9/12 min (positive = increase; negative = decrease). Period: P1 and P2 in the crossover
design. Sequence: order of conditions—ICA—VPA (P1: isometric squat ICA; P2: volleyball activation without ICA) and VPA—ICA (reverse). Con-
ditions: ICA = isometric conditioning activity (3x5x3 s; total 45 s; 3-min interset rest); VPA— standardized volleyball pre-training activation condition.

Supplementary Table SS. Full set of ANOVA main effects and interactions

Outcome Period Time Sequence PxSeq PxTime TimexSeq PxTimexSeq

F(1, 12) = 0.01 F(3, 36) = 1.58 F(1, 12) = 2.22 F(1, 12) = 6.94 F(3, 36) = 4.25 F(3, 36) = 0.62 F(3, 36) = 0.54
JH [cm] p=0939  p=0210  p=0162  p=0.022  p=0011 p=0608  p=0656
np?=0.00 np?=0.12 np?=0.16 np*=0.37 np*=0.26 np?=0.05 np? = 0.04

F(1, 12) = 0.02 F(3, 36) = 1.93 F(1, 12) = 1.26 F(1, 12) = 6.47 F(3, 36) = 1.31 F(3, 36) = 0.82 F(3, 36) = 0.71
PP [W/kg] p=0884  p=0.143  p=0283  p=0.02 p=028  p=0490  p=0554
np? = 0.00 np? =0.14 np? =0.10 np?=0.35 np?=0.10 np? = 0.06 np? = 0.06

F(1, 12) = 0.00 F(3, 36) = 0.64 F(1, 12) = 4.05 F(1, 12) = 4.44 F(3, 36) = 0.94 F(3, 36) = 2.65 F(3, 36) = 0.21
RSImod p=0968  p=0593  p=0067  p=0057  p=0432  p=0064  p=0885
np>=0.00 np> = 0.05 np>=0.25 np>=0.27 np?=0.07 np>=0.18 np>=0.02

F(1, 12) = 0.00 F(3, 36) = 1.91 F(1, 12) = 5.49 F(1, 12) = 1.84 F(3, 36) = 1.37 F(3, 36) = 2.60 F(3, 36) = 0.44
CT [ms] p=0972 p=0.14 p=0.037 p=0.200 p=0.269 p=0.067 p=0725
np?=0.00 np? = 0.14 np?=0.31 np>=0.13 np? =0.10 np? =0.18 np? = 0.04

F(1, 12) = 2.40 F(4, 48) = 0.72 F(1, 12) = 2.26 F(1, 12) = 0.74 F(4, 48) = 3.37 F(4, 48) = 0.27 F(4, 48) = 0.80
SST [°C] p=0.147 p=0.58 p=0159  p=0407  p=0.016  p=0896  p=0.533
np*=0.17 np? = 0.06 np*>=0.16 np* =0.06 np*=0.22 np? =0.02 np? = 0.06

F(1, 12) = 2.62 F(4, 48) = 1.34 F(1, 12) = 0.01 F(1, 12) = 0.16 F(4, 48) = 1.47 F(4,48) = 1.79 F(4, 48) = 1.21
Stiffness [N/m]  p=0.131 p=027 p=0.925 p=0.698 p=0.226 p=0.146 p=0319
np>=0.18 np?=0.10 np? =0.00 np?=0.01 np?=0.11 np>=0.13 np? = 0.09

F(1, 12) = 3.32 F(4, 48) = 3.64 F(1, 12) = 0.45 F(1, 12) = 0.51 F(4, 48) = 0.79 F(4, 48) = 0.86 F(4, 48) = 0.63
Frequency [Hz] p =0.094 p=0.011 p=0.514 p=0.487 p=0.538 p =0.494 p=0.641
np*=0.22 np*=0.23 np* = 0.04 np* = 0.04 np* = 0.06 np* = 0.07 np> = 0.05

F(1, 12) = 0.72 F(4, 48) = 0.90 F(1, 12) = 5.88 F(1, 12) = 0.01 F(4, 48) = 0.67 F(4, 48) = 0.54 F(4, 48) = 1.28
Decrement p=0.413 p=0.470 p =0.032 p=0.938 p=0.619 p=0.704 p=0.29
np?=0.06 np? = 0.07 np>=10.33 np?=0.00 np?=0.05 np? = 0.04 np?=0.10

Entries report F-values with degrees of freedom, p-values, and partial eta squared (np?). Each cell reports F, p, and np? (computed as F-df1/(F-df1+df2);
effects significant at p < 0.05 are shown in bold. SST—skin surface temperature (°C); JH—Jump Height (cm); CT—Contraction time (s); PP—Peak

Power (W/kg);

RSImod—modified reactive strength index; Frequency—natural oscillation frequency (Hz); Decrement—logarithmic decrement (di-

mensionless); P1/P2—crossover periods 1/2; Sequence—order of VPA— standardized volleyball pre-training activation condition.



