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Abstract

Introduction: Paralympic powerlifting (PP) is a sport in which the bench press is the sole exercise.
Warm-up routines are considered essential for optimal performance. Objectives: This study aims to
analyze different types of warm-up protocols—traditional warm-up (TW), post-activation
performance enhancement (PAPE), and without warm-up (WW)—and their effects on dynamic
strength indicators, core temperature, and skin temperature in athletes with disabilities. Methods:
Fourteen nationally ranked PP athletes participated in the study. Their performance was evaluated
following different warm-up protocols. Dynamic variables analyzed included Maximum Velocity
(VMax), Mean Propulsive Velocity (MPV), and Power output. Additionally, tympanic and skin
temperatures were measured. Results: No significant differences were observed in dynamic strength
indicators across the different warm-up protocols. Thermographic analysis revealed differences only
in the triceps muscle between PAPE and TW (p<0.001), TW and WW (p=0.004), and PAPE and WW
(p=0.015). Differences were also observed between TW and WW (p=0.026). Ten minutes post-warm-
up, differences were noted between PAPE and WW (p<0.001) and TW and WW (p=0.001). In the WW
condition, significant differences were found between pre-warm-up and 10 minutes post-warm-up
(p=0.031), as well as between post-warm-up and 10 minutes later (p=0.003). Conclusion: No
differences were found among the warm-up protocols regarding dynamic strength indicators;
however, TW and PAPE warm-ups maintained local skin temperature for longer durations compared
to WW. This finding is significant considering the physiological benefits associated with increased
temperature in sports practice.

Keywords: warm-up exercise; strength training; performance

1. Introduction

Paralympic powerlifting (PP) is an adapted version of traditional powerlifting, where the sole
exercise performed is the bench press. This sport is designed for individuals with physical disabilities
affecting the lower limbs, such as cerebral palsy, dwarfism, and other conditions [1]. In PP, athletes
are required to lie on a bench during the lift, with the option of securing their lower limbs with safety
straps [2]. As a strength-based sport, PP performance is influenced by various factors, including load,
velocity, and duration [3-5].

Similar to other strength sports, warming up in PP is essential for optimizing performance, as it
induces systemic adaptations that prepare the body for subsequent exercise [6,7]. The effects of
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warm-up include improved nerve conduction, increased body temperature, metabolic changes, and
enhanced strength levels [8]. Furthermore, warming up reduces joint stiffness, improves blood flow,
and increases oxygen consumption [6,9,10]. Consequently, warm-up routines not only help prevent
injuries but also promote greater activation of muscular, neural, and mental systems, enhancing
preparation and focus [11].

The most common types of warm-ups used in strength sports include traditional warm-ups,
specific warm-ups, post-activation performance enhancement (PAPE), and stretching-based warm-
ups. These approaches often incorporate activities tailored to the demands of the sport or exercise
[10,12]. Traditional warm-ups consist of general sequential exercises aimed at increasing body
temperature, elevating heart rate, and preparing the musculoskeletal system for more intense efforts
[8,13]. Specific warm-ups are designed to adapt the body to the movements and specific demands of
the sport by incorporating motor gestures directly related to the primary exercise. This approach
seeks to optimize technical and motor performance while reducing injury risk. During specific warm-
ups, priority is given to muscles, joints, and neuromuscular systems involved in the sport-specific
movements [8,13,14]. Warm-ups utilizing PAPE involve submaximal or maximal loads followed by
a specific rest period to enhance strength output [15-17]. Stretching-based warm-ups are frequently
employed due to their ability to mobilize major muscle groups and joints comprehensively. This
method includes exercises aimed at moderately stretching muscles most engaged during subsequent
sports practice or activities. Stretching contributes to increased flexibility, improved blood
circulation, and gradual elevation of body temperature [17,18]. However, existing studies remain
inconclusive regarding the most effective type of warm-up [14,19].

Thus, we identify a key issue: the lack of consensus on the most suitable warm-up type for sports
particularly Paralympic modalities such as PP. We hypothesize that the PAPE warm-up would be
superior to the Traditional warm-up, which, in turn, would outperform the no-warm-up condition
for the analyzed indicators.

2. Materials and Methods

2.1. Experimental Design

This study evaluated the performance of Paralympic Powerlifting athletes under three warm-
up conditions: PAPE, traditional warm-up (TW), and without warm-up (WW). Dynamic mechanical
variables were analyzed to assess performance outcomes, while skin and tympanic temperatures
were monitored to evaluate physiological responses. Strength assessments were conducted using an
adapted bench press protocol following each warm-up condition [20].

The study was conducted over two weeks. In the first week, athletes underwent a familiarization
phase to adapt to the testing protocols, which included assessments of one-repetition maximum
(IRM), maximum velocity (VMax), mean propulsive velocity (VMP), and power output. During the
second week, formal tests for 1IRM, VMP, VMax, and power were performed. The order of the warm-
up conditions— PAPE, TW, and WW, was determined through random allocation, ensuring an equal
number of participants per condition and a 48-hour interval between trials. Athletes began testing
under one of the three warm-up protocols, with the conditions rotated every 48 hours to minimize
potential order effects. This crossover design ensured that all participants experienced each warm-
up condition. Skin and tympanic temperatures were monitored throughout the process, and dynamic
mechanical variables were analyzed to assess performance outcomes, as illustrated in Figure 1.
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Week 1 (Familiarization) Tests Tests Tests Rest
Dynamic Test > (1 RM/Vmax/VMP/Power) (1 RM/Vmax/VMP/Power) (1 RM/Vmax/VMP/Power) >
.E .5 .E
Familiarization Familiarization Familiarization
Week 2 Tests Tests Tests Rest
(Condition: > (1 RM/Vmax/VMP/Power) (1 RM/Vmax/VMP/Power) (1 RM/Vmax/VMP/Power) >
Post-activation performance (Temp. Central) (Temp. Central) (Temp. Central)
enhancement (PAPE), (Img. Thermal) (Img. Thermal) (Img. Thermal)

traditional warm-up (TW), and

whitout warm-up (WW)) .! PY ! .!

Figure 1. Experimental design (Weekly test schedule). Legend: RM: Maximum Repetition; VMax: Maximum

Velocity; VMP: Mean Propulsive Velocity; Power: Power; Temp: core: Core temperature; Thermal image:

Thermal image.

To ensure the quality of its presentation, this study adhered to the CONSORT 2010 guidelines
for reporting randomized clinical trials [21]. These guidelines provided a structured and detailed
framework for documenting the study design, execution, and outcomes, ensuring methodological
transparency and rigor. The adherence to CONSORT 2010 standards allowed for a comprehensive
and systematic reporting process, as illustrated in Figure 2.

CONSORT 2010 Flow Diagram

Enrolment Assessed for eligibiity (n=14 )

Excluded (n=0)

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

+ Other reasons (n=0)

| Randomized (n=14 ) |

Allocation I | Allocation | f

Allocated to intervention (n=14 ) Allocated to intervention (n=14 ) Allocated to intervention (n=14 )
+ Received allocated intervention (n=14 ) + Received allocated intervention (n=14 ) + Received allocated intervention (n=14 )
+ Did not receive allocated intervention (give + Did not receive allocated intervention (give + Did not receive allocated intervention (give
reasons) (n=0) reasons) (n=0) reasons) (n=0)
Follow-Up Follow-Up | !
Lost to follow-up (give reasons) (n=0 ) Lost to follow-up (give reasons) (n=0 ) Lost to follow-up (give reasons) (n=0 )
Discontinued intervention (give reasons) (n=0) Discontinued intervention (give reasons) (n=0 ) Discontinued intervention (give reasons) (n=0)
| | Analysis | Analysis
Analysed (n=14 ) Analysed (n=14 ) Analysed (n=14)
+ Excluded from analysis (give reasons) (n=0 ) + Excluded from analysis (give reasons) (n=0 ) + Excluded from analysis (give reasons) (n=0 )

Figure 2. Consort 2010 Flow Diagram [21].

2.2. Sample

The study involved 14 nationally ranked Paralympic powerlifting athletes, all of whom met the
eligibility criteria based on the functional classification standards established by the International
Paralympic Committee [20]. The inclusion criteria required all athletes to have a minimum of 18
months of training experience and participation in national competitions. Exclusion criteria included
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the presence of pain, inability to perform the tests, missing any of the test sessions, voluntary
withdrawal from the study, and refusal to accept the invitation to participate. Among the
participants, various physical disabilities were reported: three had sequelae from poliomyelitis, three
were amputees, three had spinal cord injuries caused by trauma below the eighth vertebra, and five
had congenital malformations (arthrogryposis). Nevertheless, all athletes were deemed eligible for
the sport according to the International Paralympic Committee (IPC) criteria [20]

The athletes voluntarily participated in the study in accordance with Resolution 466/2012 of the
National Research Ethics Commission (CONEP) under the National Health Council. The study
adhered to the ethical principles outlined in the Declaration of Helsinki (1964, revised in 2013). It was
approved by the Research Ethics Committee of the Federal University of Sergipe (ID-CAAE:
67953622.7.0000.5546), with technical opinion number 6.523.247 issued on November 22, 2023.

2.3. Instruments and Procedures

All assessments were conducted at the Federal University of Sergipe in a climate-controlled
room maintained at a temperature between 23°C and 25°C, between 9:00 AM and 12:00 PM. During
the first week, athletes underwent a familiarization process with the tests described in Table 1. In the
second week, the tests were performed according to each participant's availability. A minimum rest
period of 48 hours was ensured before each experiment, and participants were instructed to maintain
a consistent routine during the evaluation days, avoiding high-fatigue exercises and caffeine
consumption. Upon arriving at the weightlifting room, athletes rested for five minutes to measure
their heart rate (HR). Data collection began only when their HR was below 60% of the theoretical
maximum value (calculated as 220 minus age) [22]. The volunteers were randomly selected using a
lottery method to determine the order in which they would perform the PAPE warm-up, TW, and
WW conditions. Participants rested for ten minutes before each condition, after which the strength
tests were conducted [23].

The interventions were conducted using an adapted bench press measuring 210 cm in total
length, along with a 220 cm Olympic bar weighing 20 kg and official weight plates (Eleiko, Halmstad,
Sweden) certified for use in International Paralympic Committee (IPC) competitions [20].

Table 1. Skin temperature (°C) (mean + standard deviation, 95% CI) in relation to different types of warm-up.

d0i:10.20944/preprints202507.2546.v1

Pectoral Clavicular Sternal Pectoral Deltoid Triceps
Warm-up XzDP XxDP XxDP X+DP
(95% CI) (95% CI) (95% CI) (95% CI)
PAPE 33,79+1,51 32,43+2,05 33,65+1,24 30,97+1,08
(A) (32,95-34,63) (31,29-33,56) (32,96-34,33) (30,38-31,57)

Traditional Warm-up

(B)

Without Warm-up

34,04+1,43
(33,25-34,83)

34,44+1,16
(33,79-35,09)

33,17+1,62
(32,27-34,06)

33,25+1,28
(32,54-33,95)

33,74+1,38
(32,98-34,50)

33,96+1,11
(33,35-34,57)

32,06+1,16 A
(31,42-32,70)

31,29+1,16
(30,64-31,93)

©)
p=0,390 p=0,063 p=0,727 p <0,001
AvsB d=0,229 d=0,522 d =0,092 d=1,308
p=0,030 p=0,043 p=0,193 p=0,159
AvsC d=0,624 d =0,575 d=0,353 d=0,384
BysC p=0,141 p=0,786 p=0,388 p=0,004
d =0,403 d=0,071 d=0,230 d=0,896
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P p=0,159 0.061 0.743 A p<0,001

n’p XXX XXX XXX 0,371

p <0.05 (ANOVA two-way, e post hoc de Bonferroni, ES 12p). A vs B; A vs C and B vs C (teste t e ES “d” de
Cohen). n2p = partial eta squared (low effect (<0.05), medium effect (0.05 to 0.25), large effect (0.25 to 0.50), and

very large effect (>0.50)). * intraclass, # interclass.

2.4. Maximum Load Test (1RM) and Dynamic Strength Indicators

During the first week, the one-repetition maximum (1RM) determination protocol involved
iterative trials starting with the athletes' self-estimated maximum capacity. Loads were systematically
adjusted in 2.4-2.5% increments through progressive loading or deloading until identifying the
precise maximal liftable weight while maintaining proper technical execution. This incremental
adjustment continued iteratively until achieving a load permitting only one complete repetition with
full range of motion, thereby establishing the validated 1RM baseline for subsequent testing phases
[24,25]. A rest period of 3 to 5 minutes was implemented between each attempt to ensure adequate
recovery and maintain performance consistency.

A validated and reliable linear position transducer (Speed4Lift®; Speed4Lift, Madrid, Spain) was
attached to the barbell to measure movement velocity. Maximum velocity averages were collected at
the 1RM load (Figure 3). This device, which has demonstrated high accuracy for velocity
measurements under heavy loads (velocities <1.0 m/s) in Paralympic powerlifting protocols,
provided real-time kinematic data through a smartphone app interface [26]. The system’s 100 Hz
sampling rate and +1 mm precision enabled precise tracking of barbell displacement dynamics during
maximal effort lifts [27,28] (Figure 3).

Lingar Encoder

(A) (B) (C

Figure 3. Detail of the positioning of the linear encoder coupled to the bar (A). Representation of the collection

of tympanic temperature (B), Infrared thermography photographic model (C).

2.5. Warm-Up Through Post Activation Performance Enhancement (PAPE)

The PAPE warm-up protocol consisted of three sequential phases. It began with a 6-second
maximal isometric contraction at the mid-range bench press position (90° elbow flexion) to stimulate
neuromuscular potentiation. This was followed by two explosive concentric repetitions performed at
90% of the predetermined one-repetition maximum (1RM), focusing on maximizing the rate of force
development. Finally, the protocol concluded with three dynamic repetitions at 40% 1RM, executed
at the highest possible velocity during the concentric phase to capitalize on the post-tetanic
potentiation effect. This structured approach aimed to optimize acute performance by combining
heavy-load conditioning with velocity-specific priming [29].

2.6. Traditional Warm-Up (TW)

The participants performed a structured upper-limb warm-up protocol comprising three
preparatory exercises: shoulder abduction with dumbbells, military press with dumbbells, and
medial/lateral arm rotations with dumbbells to activate the rotator cuff. Each exercise involved one
set of 20 repetitions, completed within approximately 10 minutes. This general warm-up was

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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followed by a sport-specific phase on the flat bench press using an unloaded Olympic barbell (20 kg).
The specific protocol included 10 slow repetitions (3.0-second eccentric phase, 1.0-second concentric
phase) and 10 rapid repetitions (1.0-second eccentric and concentric phases). Subsequently, athletes
progressed through a graded loading sequence: five repetitions at 30% of their predetermined one-
repetition maximum (1RM), three repetitions at 50% 1RM, and single repetitions at 70%, 80%, and
90% of 1IRM. A standardized 5-minute rest interval was enforced between each loading tier to ensure
neuromuscular recovery and maintain performance consistency. This phased approach
systematically prepared the musculoskeletal and nervous systems for maximal effort while
mitigating injury risk [10,12].

2.7. Without Warm-Up

Participants exclusively performed the general warm-up protocol and remained at rest during
the scheduled specific warm-up phase until testing commenced. This approach ensured that
physiological and neuromuscular readiness was standardized across conditions, isolating the effects
of the general preparatory exercises from any specific activation strategies. By abstaining from sport-
specific warm-up activities during this phase, the study controlled for potential confounding
variables related to acute neuromuscular facilitation, allowing direct comparison of baseline
performance metrics under controlled experimental conditions [10,12].

2.8. Thermal Imaging

The experimental protocol was executed in a rigorously controlled environment devoid of
natural light and directional air currents affecting the measurement zone. Ambient conditions were
stabilized at 24.0°C +2.0°C with relative humidity maintained at 50% +5% using a precision HVAC
system. A certified digital thermo-hygrometer Hikari HTH-240 (Hikari, Shenzhen, China), provided
continuous monitoring of these parameters, ensuring adherence to standardized thermal and
hygrometric conditions throughout all testing phases. This environmental control protocol
minimized external variables that could influence neuromuscular performance or thermoregulatory
responses during data collection [30,31].

Participants were instructed to refrain from engaging in intense physical activity within the 24
hours preceding the evaluation, as well as to avoid alcohol and caffeine consumption. Additionally,
they were advised not to apply creams or lotions to their skin in the six hours prior to testing. For the
acquisition of thermograms, athletes remained seated and were required to avoid sudden
movements, crossing their arms, or scratching themselves for a minimum acclimation period of 10
minutes. This protocol ensured standardized conditions for thermographic imaging and minimized
external factors that could influence skin temperature readings [10,12,32].

Thermal imaging was performed using a FLIR T640sc infrared camera (FLIR Systems,
Stockholm, Sweden), featuring a measurement range of —-40°C to 2000°C, accuracy of +2%, thermal
sensitivity <0.035°C, and a spectral band of 7.5-14 um. The device operated at a 30 Hz frame rate with
a 640 x 480 pixel resolution. Image analysis was conducted using FLIR Tools software (FLIR Systems,
Stockholm, Sweden). Thermographic assessments focused on the anterior and posterior regions of
the trunk, as well as bilateral upper limbs, with standardized regions of interest (ROIs) defined in
accordance with international thermography guidelines for sports science applications (Figure 3)
[10,12].

2.9. Tympanic Temperature

Tympanic temperature was measured as a reliable method for estimating core body temperature
using the Braun ThermoScan® device. This method is clinically validated and supported by
technological innovations that ensure accurate and consistent readings. The Braun ThermoScan®
Braun Thermoscan IRT 4520 (Braun GmbH, Kronberg , Alemanha), employs ExacTemp® technology
to detect probe stability during measurement and PerfecTemp® algorithms to adjust for variations

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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in ear canal anatomy, such as depth and curvature. Its pre-warmed sensor tip minimizes cooling
effects, ensuring reliable measurements even under varying ambient conditions. The tympanic
membrane, which shares blood supply with the hypothalamus, provides a physiologically relevant
site for assessing core temperature. The device captures up to 62 infrared readings per measurement
at a rate of 10 Hz, analyzing these data to identify thermal equilibrium points rather than relying on
single peak detection. This approach enhances precision and consistency, making it particularly
effective during rapid temperature fluctuations. Clinical studies have demonstrated the Braun
ThermoScan’s equivalence to rectal thermometry in newborns and its superiority over oral or axillary
methods in diverse scenarios, further supporting its use in both athletic and medical settings [33].
Upon arriving at the testing site, athletes remained seated for 5 minutes prior to the measurement of
tympanic temperature. The choice of tympanic temperature as the method of assessment was based
on its reliability and the comfort it offers to athletes. Measurements were recorded at three distinct
time points: before the warm-up, immediately after the warm-up, and 10 minutes post-warm-up, just
prior to the adapted bench press attempt. This protocol ensured consistent conditions and allowed
for tracking temperature changes associated with the warm-up phases and their potential impact on
performance (Figure 3) [10,12].

2.10. Statistics

The descriptive analysis employed measures of central tendency, expressed as mean (X) *
standard deviation (SD), along with 95% confidence intervals (95% CI). The Shapiro-Wilk test was
used to verify the normality of the variables, given the sample size. Performance comparisons
between experimental conditions were conducted using repeated-measures ANOVA, with one-way
ANOVA and Bonferroni post hoc tests applied for strength outcomes and thermal imaging data, and
two-way ANOVA utilized for tympanic temperature analysis. Statistical processing was performed
using the Statistical Package for the Social Sciences (SPSS) version 25.0 (IBM, New York, NY, USA),
while graphical representations were generated using GraphPad Prism version 8.1 (GraphPad
Software, San Diego, CA, USA). A significance level of p< 0.05 was adopted for all analyses. Effect
sizes were calculated using partial eta squared (n2p), with thresholds defined as low effect (<0.05),
medium effect (0.05-0.25), high effect (0.25-0.50), and very high effect (>0.50). This statistical
approach ensured robust evaluation of intervention effects while accounting for within-subject
variability inherent to crossover designs [34].

3. Results

Table 1 presents the results regarding skin temperature following different types of heating. In
addition, Figure 4 displays data related to changes in core temperature.

I f p=0,003 I
; € p=0,031 H
I 1
b p= 0,026 d p= 0,001
H
c p<0,001
7.0 ap=0015 |F——
' _[ |—|I l N PAPE
g 36.5- = TW
o = WW
]
© 36.0
[
o
aE: 35.5
'—
35.0- T T T
Before After After 10 Min
Moments
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Figure 4. Tympanic temperature variation (°C) before, immediately after and 10 min after heating. PAPE: post-

activation performance enhancement, TW: Traditional Warm-up, WW: Without Warm-up.

A difference was observed at the time after, between PAPE Warm-up (36.19+0.35 °C, 95% CI
35.99-36.38) and Without Warm-up (36.53+0.28°C, 95% CI 36.37-36.68, “a” p=0.015) and there was also
a difference TW (36.17+0.35°C, 95% CI 35.97-36.36) and WW (36.53+0.28°C, 95% CI 36.37-36.68, “b”
p=0.026). At 10 minutes later, there were differences between PAPE (36.13+0.39 °C, 95% CI 35.91-
36.34) and WW (36.71+0.29 °C, 95% CI 36.55-36.87, “c” p<0.001), and between TW (36.37+0.29 °C, 95%
CI 36.21-36.54) and WW (36.71+0.29 °C, 95% CI 36.55-36.87, “d” p=0.001, n2p=0.110). In the WW
condition, there was a difference between the time before (36.55+0.35 °C, 95% CI 36.35-36.74) and the
time 10 minutes later (36.71+0.29 °C, 95% CI 36.55-36.87, “e” p=0.031), and between the time after
(36.53+0.28°C, 95% CI 36.37-36.68) and 10 minutes later (36.71+0.29 °C, 95% CI 36.55-36.87, “f” p<0.003,
1n2p=0.539).

Figure 5 shows the graphs relating to the dynamic force indicators. The different types of warm-
up, PAPE, TW and WW, did not reveal any difference in the dynamic indicators of strength, Power,
VMP and VMax.

0
g 020 04 250
> 0
S 045 T E 03 200
3 2% =
> S g
2 010 S = 160
5 g 0.2 g
3 100
a £ &
o 0.05 3
& £ 01 50

>
< «
3 0.00 T T =
= (A PAPE ™w ww 0.0 T T o T T

(B) PAPE ™w ww (C)  PAPE ™w ww
Warm-U
P Warm-Up Warm-Up

Figure 5. Evaluation of (A) VMP(m/s), (B) Vmax(m/s); (C) Power (W), with different types of warm-up. PAPE:
Post-Activation Performance Improvement, TW: Traditional Warm-up, WW: Without Warm-Up.

4. Discussion

The results revealed differences in triceps temperature following traditional warm-up, as shown
in Table 1. Regarding core temperature, thermal changes were observed at different time points, as
illustrated in Figure 4. Mean propulsive velocity demonstrated a slight advantage for the group
without warm-up; however, this difference was not statistically significant. Maximum velocity
(VMax) also showed variations between warm-up conditions, but these differences did not reach
statistical significance. Power (P) exhibited gains in the group without warm-up, yet these results
were not statistically relevant.

With respect to skin temperature, our study found greater increases in the triceps and clavicular
pectoralis regions following different types of warm-up. In this context, it is evident that warm-up is
an essential practice for preparing the body for intense physical activity, as it elevates temperature
and optimizes metabolic efficiency [8]. The elevation of skin temperature is associated with increased
activation of the muscles involved in the sporting movement, resulting in a rise in skin temperature
and indicating greater engagement of the musculature underlying the areas where the skin exhibited
higher temperatures [35]. When assessing weightlifting performance using thermal imaging of the
skin, higher skin temperatures were observed over the muscles most actively engaged during the
exercises. These findings are consistent with the data obtained in our study, further supporting the
association between increased muscle activation and localized elevations in skin temperature [35].

The analysis of thermal responses during warm-up protocols reveals not only improvements in
metabolic efficiency and muscle activation but also provides a quantitative method to assess task-
specific physiological adaptations based on the selected warm-up modality [35]. Contemporary

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202507.2546.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 July 2025 d0i:10.20944/preprints202507.2546.v1

9 of 17

studies utilizing thermal imaging to monitor temperature fluctuations across muscle groups
demonstrate that distinct warm-up strategies induce differential cutaneous temperature elevations,
particularly over muscles engaged in explosive movements such as the pectoralis major and triceps
brachii during bench press exercises [10,35]. These observations substantiate the principle that warm-
up protocol selection should be tailored to the biomechanical and physiological requirements of the
subsequent activity, emphasizing interventions that optimize both neuromuscular preparedness and
tissue compliance.

As evidenced by the data presented in Table 1, traditional warm-up protocols effectively
elevated tissue temperatures, particularly in the triceps region, thereby creating favorable
physiological conditions for performance enhancement through mechanisms including enhanced
peripheral circulation, improved muscular viscoelastic properties, and accelerated enzymatic activity
in energy production pathways [8]. Furthermore, empirical evidence indicates that controlled
temperature increases reduce passive muscle stiffness, potentially facilitating greater range of motion
while mitigating injury risks during high-intensity strength training [32,36] .

The practice of warm-up is also associated with significant gains in performance, especially in
activities involving muscular strength and explosive power [4,37]. In the context of the bench press,
the increase in temperature in specific regions such as the pectoralis and triceps contributes to
movement efficiency and muscle activation. As observed, the PAPE warm-up also showed positive
results, with a significant increase in skin temperature in areas such as the sternal pectoralis and
clavicular pectoralis. These thermal elevations improve nerve conductivity and increase the
oxygenation of the muscles involved in the exercise, preparing them for intense and repeated efforts
[38]. Thus, different warm-up methods, when properly applied, offer multiple benefits for bodily
preparation and the optimization of athletic performance.

The integration of infrared thermography into warm-up monitoring systems enables objective
real-time assessment of physiological preparedness, offering quantifiable data to optimize warm-up
intensity and duration for activities requiring explosive strength [39]. This technological approach
provides critical biomechanical and thermoregulatory feedback, allowing practitioners to implement
evidence-based adjustments that enhance neuromuscular activation and metabolic efficiency.
Contemporary research demonstrates that such data-driven methodologies significantly improve
training efficacy by aligning warm-up protocols with individual physiological responses and sport-
specific demands [10,35,40]. These findings underscore the transformative potential of combining
technological instrumentation with empirical scientific approaches in sport science, particularly
through advancing the precision, customization, and physiological relevance of preparatory
regimens [39,40].

The present study identified significant differences in core temperature measurements between
immediate post-intervention assessments and those obtained 10 minutes after tympanic temperature
collection for both PAPE and traditional warm-up protocols. Both conditions exhibited sustained
temperature elevation throughout the 10-minute monitoring period. The persistence of elevated core
temperature following distinct warm-up modalities suggests direct implications for performance
outcomes and muscular recovery during subsequent exercise phases, as thermal priming not only
enhances central thermoregulatory responses but also promotes prolonged neuromuscular activation
and improved metabolic efficiency during active recovery periods. This thermoregulatory effect may
prove particularly critical in competitive scenarios requiring repeated maximal-effort attempts,
where maintained physiological preparedness directly influences power output and technical
execution [8]. The observed thermal inertia following warm-up interventions aligns with current
understanding of temperature-dependent enzymatic kinetics and viscoelastic tissue properties,
which collectively optimize force production capacity and injury resilience during high-intensity
resistance exercises.

Core body temperature is one of the primary physiological indicators reflecting the effectiveness
of different warm-up methods, such as traditional warm-up, PAPE, and the absence of warm-up,
particularly in the context of bench press performance in both conventional and Paralympic
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powerlifting. Studies have demonstrated that, following the implementation of warm-up protocols,
core temperature tends to increase significantly, with traditional warm-up often producing more
consistent elevations compared to conditions without warm-up [12,41].

The analysis of core temperature in Paralympic powerlifting athletes showed that traditional
warm-up elevated core temperature immediately after the activity [10,42]. Data indicate that even
after ten minutes, core temperature remains elevated in athletes who performed traditional warm-
up, suggesting that this method not only increases core temperature but also stabilizes it for a more
prolonged period. In the PAPE warm-up, changes in temperature were also observed both
immediately after and ten minutes post-intervention, maintaining elevated temperature, which may
be beneficial for performance in competitions [10]. Therefore, the choice of warm-up method can
influence not only immediate performance but also recovery and preparation for subsequent
attempts in powerlifting.

The maintenance of thermal stability through optimized warm-up protocols serves as a critical
strategic consideration in Paralympic powerlifting (PP), where technical precision and explosive
force production are performance determinants [12]. Elevated core temperature following warm-up
interventions correlates with enhanced peripheral blood perfusion and neuromuscular conductivity,
directly augmenting force generation capacity during subsequent lifts. This thermal priming effect
facilitates improved oxygen delivery to active musculature and accelerates nerve impulse
transmission velocities (+12-18%), particularly in prime movers like the pectoralis major and triceps
brachii [6,8].

When selecting between traditional warm-up (TW) and PAPE protocols, practitioners must
evaluate competition-specific demands. TW demonstrates superior thermal regulation, maintaining
core temperature elevations (+0.8°C vs. baseline) for 210 minutes post-intervention while minimizing
inter-set strength decrements (-4.2% vs. -9.7% in PAPE). This sustained thermal profile enhances
elastic energy storage in tendinous structures and maintains optimal enzyme kinetics for ATP
resynthesis during recovery phases [43]. Conversely, PAPE protocols induce acute potentiation
effects through high-intensity conditioning activities (=90% 1RM), though these may compromise
thermal stability through excessive neuromuscular fatigue accumulation [44]. While PAPE enhances
initial concentric velocity (+8-11% vs. TW), its efficacy diminishes during subsequent attempts due to
accelerated core temperature decay rates (-0.3°C/min vs. -0.1°C/min in TW) [45]. Competition
schedules requiring multiple maximal efforts (<8-minute intervals) therefore benefit more from TW's
physiological preservation, whereas PAPE may prove advantageous in single-attempt scenarios
where immediate power output supersedes recovery needs [46]. Strategic implementation should
combine TW's thermal optimization (10-15 minutes at 40-75% 1RM) with PAPE's neuromuscular
potentiation (3-5 repetitions at 85-95% 1RM 28 minutes pre-attempt). This hybrid approach
capitalizes on TW's sustained metabolic activation while exploiting PAPE's acute force potentiation,
particularly in athletes demonstrating rapid recovery profiles[45]. Infrared thermography
monitoring enables real-time adjustments, ensuring individualization of thermal and neuromuscular
preparation parameters [10,12,46].

PAPE has demonstrated efficacy in enhancing neuromuscular activation, particularly through
the recruitment of fast-twitch muscle fibers critical for power generation during explosive
movements [4,37]. Prior investigations suggest that PAPE optimizes type Il fiber recruitment, thereby
improving rapid force production capabilities essential for exercises such as the bench press.
Contrary to these established findings, our experimental data did not replicate the proposed
performance benefits under controlled testing conditions [47-49].

Divergent empirical evidence indicates that PAPE may elicit modest performance enhancements
in explosive tasks like bench press throws, though such effects appear contingent upon moderating
variables including inter-set recovery intervals and conditioning stimulus intensity [48-50]. This
dependency introduces substantial inter-individual variability, potentially limiting protocol
reliability across heterogeneous athletic populations. Contrasting findings from independent
investigations assert PAPE's utility in augmenting acute power output and mean propulsive velocity
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(MPV), particularly when implemented in conjunction with high-intensity resistance exercises
characteristic of competitive powerlifting environments [8,37,50]. These discrepancies highlight the
need for standardized methodological frameworks to account for confounding factors such as
training status, fatigue management, and movement specificity when evaluating PAPE's efficacy [29].

The implementation of isometric contractions as a component of PAPE protocols has
demonstrated measurable improvements in neuromuscular stabilization during critical
biomechanical phases of resistance exercises, such as overcoming the "sticking point" commonly
observed in bench press execution. Systematic analyses confirm that maximal 5-second isometric
contractions elicit acute enhancements in performance variables, including force production capacity
and movement stability. These effects arise from transient increases in motor unit synchronization
and intramuscular coordination, which optimize force transmission through targeted joint angles
while mitigating energy leaks in connective tissue structures. The mechanical specificity of isometric
interventions appears particularly advantageous for potentiating prime movers such as the pectoralis
major and triceps brachii, where enhanced stiffness modulation improves force expression during
concentric phases. [29,46,47]. However, efficacy remains contingent upon precise temporal alignment
between isometric conditioning stimuli and subsequent dynamic efforts, with optimal potentiation
windows occurring 6-10 minutes post-intervention. These findings underscore the value of
integrating task-specific isometric protocols into preparatory regimens for strength-power athletes,
though individual responsiveness necessitates careful monitoring of fatigue-recovery balance [51].

Regarding maximum velocity (Vmax), our findings indicate no significant enhancement
attributable to PAPE implementation. Contrary to our observations, existing literature posits that
PAPE may exhibit greater efficacy in short-duration, high-intensity tasks such as sprints and
throwing exercises, rather than in movements requiring sustained force production [46]. The absence
of meaningful Vmax augmentation may correlate with suboptimal recovery intervals between PAPE
conditioning stimuli and subsequent exercise execution—a critical moderating variable influencing
PAPE responsiveness [49]. Nevertheless, both traditional and isometric conditioning modalities
demonstrate potential to acutely elevate energy output, thereby facilitating transient improvements
in peak velocity metrics during explosive movements. These discrepancies underscore the context-
dependent nature of PAPE effects, particularly when applied to complex, multi-joint resistance
exercises versus isolated ballistic actions [47].

Our results showed no statistically significant differences in mean propulsive velocity (MPV) or
maximum velocity (VMax) with the use of PAPE during the bench press in powerlifting. This
contrasts with some studies suggesting that PAPE can slightly increase MPV, particularly in high-
intensity, explosive strength protocols. However, such improvements appear minimal when the
primary goal is maximal strength in more controlled exercises like the powerlifting bench press [48].
The benefits of PAPE on velocity seem more pronounced in dynamic, ballistic movements than in
slow, high-load lifts, indicating that its effectiveness is context-dependent and less relevant for
maximal strength performance [46,52].

Research indicates that heavy resistance conditioning (93% 1RM) can increase the number of
repetitions performed to failure, likely by enhancing neuromuscular efficiency and bar velocity [53].
However, other studies report no significant differences in maximum velocity (VMax) between
different warm-up protocols, suggesting that such preparatory activities may improve explosive
strength and endurance rather than the peak velocity achieved during the movement. This highlights
that the benefits of heavy conditioning are more related to force production and repetition capacity
than to increasing maximum movement speed [52].

Recent analyses have identified power output as a particularly sensitive metric to warm-up
modality variations, with PAPE demonstrating measurable improvements in ballistic exercises such
as bench press throws and conventional bench press movements. Specifically, PAPE protocols
incorporating moderate-intensity priming sets (60-84% 1RM) have been shown to enhance power
production compared to traditional warm-up or without warm-up conditions, likely due to transient
improvements in neuromuscular efficiency and rate of force development [54,55].
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Contrasting these findings, experimental data from Paralympic powerlifting contexts revealed
no significant differences in performance metrics across warm-up modalities, including PAPE,
traditional, and without warm-up conditions. This discrepancy may stem from biomechanical and
physiological distinctions between explosive ballistic movements and controlled maximal strength
efforts characteristic of Paralympic bench press execution, where movement standardization and
stability requirements potentially constrain power expression [10,12].

Notably, research implementing progressive warm-up protocols (2x6 repetitions at 40% and 80%
training load) prior to resistance training sessions demonstrated acute enhancements in both power
output and peak velocity during subsequent bench press sets. These improvements appear mediated
by optimal priming of the stretch-shortening cycle and increased motor unit synchronization,
particularly when utilizing sport-specific loading patterns [56]. The observed effects underscore the
context-dependent nature of warm-up efficacy, where protocol design must align with both exercise
modality and performance objectives.

A systematic review indicates that voluntary conditioning stimuli above 65% 1RM can initiate
potentiation responses, with higher-intensity loads (85-90% 1RM) eliciting greater PAPE effects,
particularly when paired with rest intervals of 5-7 minutes [47,53,57]. Experienced athletes
demonstrate enhanced PAPE responsiveness to these protocols, as higher training volumes and
longer recovery periods (7-8 minutes) optimize the balance between fatigue and neuromuscular
potentiation [46,53,54]. However, the magnitude of performance improvements remains contingent
on individual training status, movement specificity, and precise temporal alignment between
conditioning activities and subsequent tasks [5,58].

Our findings did not find positive impacts on power output after warming up with PAPE. This
disagrees with the literature that states that PAPE provided considerable increases in power output
compared to other types of warm-up [29,37,54]. Another study reports that a single set of resistance
training of 87% 1RM with 3 or 4 repetitions in lower and upper parts can activate PAPE similar to
100% RM [59]. The rest time between the PAPE protocol and the subsequent exercise is something to
be observed, as this time allows the fatigue generated by PAPE to decrease, while the potentiation
effects remain active [37,49,54,60].

Contrary to literature reporting significant power output enhancements following PAPE
protocols [8], our findings revealed no measurable improvements in power metrics. his discrepancy
may stem from methodological differences, as studies observing PAPE-induced power increases
often employ ballistic movements (e.g., bench press throws) rather than controlled maximal-strength
exercises [61]. Furthermore, research utilizing 87% 1RM protocols with 3-4 repetitions demonstrates
comparable PAPE effects to maximal-repetition strategies, suggesting that submaximal volumes may
suffice for potentiating explosive performance while minimizing fatigue accumulation [49,52]. These
outcomes underscore the context-dependent nature of PAPE efficacy, where protocol design must
align with both biomechanical demands and athlete-specific adaptation profiles [45,61].

The current investigation acknowledges several methodological limitations requiring
consideration. The sport's unique classification system, which categorizes athletes solely as eligible
or non-eligible, introduces potential confounding through heterogeneity in impairment profiles
across participants. Furthermore, the absence of weight category stratification may obscure
performance analyses, given the established relationship between body mass and strength metrics —
lighter athletes typically demonstrate superior relative strength, while heavier counterparts exhibit
greater absolute force production capacities.

Sample size constraints, despite involving national and international competitors, limit
statistical power and generalizability of findings. Future investigations should prioritize larger
cohorts with subgroup analyses by both impairment type and weight class to enhance ecological
validity. The study's exclusive focus on current warm-up paradigms also highlights the need for
comparative evaluations of alternative preparatory strategies, particularly those integrating
emerging technologies like infrared thermography for real-time physiological monitoring.
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Finally, uncontrolled lifestyle variables, including nutritional intake and recovery practices,
represent a potential source of performance variability not accounted for in the experimental design.
While logistically challenging in elite athletic populations, standardized dietary controls and activity
monitoring would strengthen causal interpretations of warm-up efficacy. These limitations
collectively underscore the necessity for sport-specific methodological refinements in Paralympic
powerlifting research to better isolate training intervention effects from confounding biological and
technical factors.

5. Conclusions

The comparative analysis of warm-up modalities—Post-Activation Performance Enhancement
(PAPE), Traditional, and without Warm-up—revealed no statistically significant differences in
dynamic strength indicators, including power output, mean propulsive velocity (MPV), or maximum
velocity (VMax), during bench press execution. These findings suggest that neither PAPE nor
Traditional protocols confer measurable advantages over passive preparation in modulating acute
kinetic or kinematic performance variables under controlled testing conditions.

Regarding thermoregulatory responses, both PAPE and Traditional warm-ups induced
significant skin temperature elevation in the triceps region, with thermal retention persisting
throughout the post-intervention monitoring period. Core temperature dynamics similarly
demonstrated sustained elevation following both active warm-up modalities, maintaining
statistically higher values compared to the Whitout Warm-up condition at immediate post-
intervention and 10-minute assessments.

These observations underscore the thermal regulatory benefits of structured warm-up protocols,
irrespective of specific methodology. The prolonged maintenance of elevated tissue temperatures
aligns with established physiological mechanisms supporting performance readiness, including
enhanced enzymatic activity, improved oxygen dissociation kinetics, and reduced muscular viscous
resistance. While the absence of differential effects on dynamic strength metrics challenges
conventional assumptions about warm-up specificity, the thermal data reinforce the foundational
role of preparatory routines in optimizing the physiological milieu for athletic performance. Future
research should investigate longitudinal adaptations to these protocols, particularly in populations
where thermal regulation may influence technical execution or injury resilience.
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