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ABSTRACT

Children and adults may react differently to warm-up preservation due to different physical characteristics. This study aimed to:
(i) assess the impact of different rewarm-up routines in swimmers during a transition phase (20-25min), including passive rest
(SWU) or dynamic activities (RWU), on countermovement jump and swimming start performances, and (ii) explore potential
RWU adaptations considering maturity offset (peak height velocity—PHV) and sex. Performance was analyzed using mixed
effect ANCOVA, considering protocol, maturity offset (pre-PHV, mid-PHV, post-PHV, and adv. post-PHV), and sex. Results fa-
vored RWU over SWU with substantial magnitudes for jump height: pre-PHV (min-20, ES=1.21; min-25, ES=1.65), mid-PHV
(min-20, ES=1.23; min-25, ES=1.14), post-PHV (min-20, ES=1.37; min-25, ES=0.73), and adv. post-PHV (min-20, ES=1.03;
min-25, ES=0.65). Significant interactions at 25min (p=0.033, 0.047) showed that RWU outperformed SWU, especially in
younger groups (pre-PHV, mid-PHV). RWU was superior to SWU for the reactive strength index at 20 min (p =0.042) and 25 min
(p=0.047), with females having lower RSI than males at 20 min (p =0.008, p=0.015) and 25min (p =0.049) in later developmen-

tal stages. The flight distance (p =0.009) and horizontal hip velocity (p =0.014) revealed significant three-way interactions, with

the male adv. post-PHV group responding better to RWU. Knee angular velocity was also higher after RWU, with male adv. post-
PHV group showing more pronounced improvements (p =0.016). These results suggest that though RWU had higher influence

in male adults, it is a valuable approach for varying ages athletes.

1 | Introduction

In the context of swimming events, participants grouped by
age, sex, and strokes compete in multiple races scheduled
over several hours. As these events may occur in facilities
equipped with only one swimming pool, both warm-up pe-
riods and competition races are often accommodated in the
same venue. Consequently, athletes need the ability to gen-
erate high-power output at various times throughout the day,
often with considerable passive intervals after the warm-up
period [1]. This pose a challenge, as research consistently

highlights that, after a passive rest period of 15-20 min, mus-
cle temperature can rapidly decrease, diminishing the benefits
derived from an active warm-up [2]. In this context, the effec-
tiveness of adding dryland activities as form of rewarm-up to
benefit from postactivation performance enhancement (i.e.,
PAPE) has been demonstrated in swimming [1] and other
sports [3]. Specifically, research recommends a short active
general warm-up (~10min), gradually increasing intensity
(~60%-85% of maximum heart rate) to rise muscle tempera-
ture. Meanwhile, proper recovery (~5min; phosphocreatine
[PCr] restoration) and the use of heated garments soon after
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the warm-up combined with short bouts (~2 min) of sprints or
jumps are essential to prevent a decay of muscle temperature
and avoid the return of vascular and metabolic adaptations
to baseline [4, 5], thus maintaining explosive performance
[3, 6, 7].

The combination of warm-up followed by conditioning activ-
ities has been frequently tested in the swim start (SS) perfor-
mance, attributing the short-term enhancement in the kinetic
and kinematic variables of SS to PAPE effect [1]. In this con-
text, most of the studies have targeted this phenomenon by
adding high-load conditioning exercises to warm-up in very
specific experimental conditions. However, swimmers have
difficulties to carry out these protocols during actual compe-
titions due to the limited access to specific weight equipment
in the call room. On the other hand, while this empirical evi-
dence is exclusively reported in adults, the early involvement
of children in competitive activities prompt coaches and pro-
fessionals to design appropriate warm-up routines considering
possible maturational constraints. In this regard, literature
has shown that children exhibit lower muscle development
and smaller percentage and size of fast fibers compared to
adults (from 35% at the age of 5years to approximately 50% at
adulthood) [8, 9], suggesting that higher resistance may not
significantly impact higher threshold motor units in them
[10, 11]. Moreover, there may also be a very low limit to the fre-
quency of motor neuron impulses in the motor cortex during
youth, possibly favoring the activation of type I motor units
over type II that might compromise performance in physical
test requiring explosive demands (e.g., jumps, acceleration,
or change of direction) [8]. Therefore, it may be expected
that children might be less responsive to warm-ups including
intense or high-load stimuli [8, 9]. In contrast, this reduced
ability to voluntarily activate type II motor units could make
children attain less fatigue during low-intense dynamic ac-
tivities and thus respond better to rewarm-up protocols due to
their faster recovery capacity and PCr restoration compared to
adults [12]. This, in turn, would offer a wider range of possi-
bilities while in the call room.

Maturation's complexity arises from the interdependence and
interrelation of growth and chronological age [13], leading to
individuals being at different maturation stages (e.g., early- or
late-maturing individuals). For instance, current literature in
youth indicates that peak power improvements often coincide
with the period of peak height velocity (PHV) [14, 15], which
denotes the phase of maximum growth rate in stature during ad-
olescence [13]; however, rapid growth occurs in the early stages
of the pubertal growth spurt [16], necessitating examination
of both pre- and mid-PHV samples. Specifically in swimming,
performance assessed in the upper limbs can be influenced
at these stages if changes in body anthropometrics (i.e., arm
span, muscle area) result from these biological changes [17, 18].
Meanwhile, physiological changes entailed with maturation
may either underpin changes in body size observed around the
period of PHV, post-PHV, or advanced PHV [13], or also act
independently of them, leading to concurrent development of
strength and power [16, 19], potentially influencing stroke pa-
rameters. In addition, during the pubertal growth spurt, boys

may experience substantial increases in testosterone [13, 20],
essential for enhancing muscular hypertrophy associated with
increased strength and power [16, 19], peaking approximately
1-2years post-PHV, while girls may experience these changes
before, around mid-PHV or PHV [21-23]. Hence, research ex-
amining explosiveness and power in youth should encompass a
broad age range around the pubertal period (e.g., 11-18years) to
comprehensively assess changes across all maturational phases.

Considering the previous rationale, factors focusing on the lower
limbs would be welcome. In this regard, research has shown
that various lower limbs exercises relate to SS, with the counter-
movement jump (CMJ) being particularly significant [1, 24]. The
CMJ test reflects an athlete's explosive power and lower body
strength, essential for a powerful SS. It demonstrates strong
correlations (r=0.7-0.9) with performance, helping coaches
tailor training to improve start effectiveness and race outcomes
[24]. Therefore, this study had a dual focus: first, to assess in
a sample of swimmers the impact of different routines during
the transition phase, including passive rest or dynamic activities
(walking and jumping) on CMJ and SS performance, and sec-
ond, to elucidate potential underlying mechanisms modulated
by the maturity offset of the participants and sex. Our hypoth-
eses were that a transition phase including dynamic activities
would help preserve muscle function without causing fatigue,
thus maintaining the warm-up effects, and second, the dynamic
and low-intensity nature of the rewarm-up activity could pre-
serve these responses in both males and females regardless of
their maturity offset, considering their intrinsic adaptations to
warm-up mechanisms.

2 | Methods
2.1 | Design

A counterbalanced crossover design compared lower limb
neuromuscular performance in CMJ and SS performance
variables between two competition transition phases. Each
protocol commenced with a 10-min dryland warm-up consist-
ing of dynamic stretches, leg swings, lunges, and short sprints
to activate lower limb muscles. After the warm-up, partici-
pants were outfitted in tracksuits to standardize conditions for
thermal control. The experimental group engaged in intermit-
tent activities, such as walking and jumping for 20 min, while
the control group remained inactive, simulating the typical
transition phase between warm-up and competition. The po-
tentiation effects of CMJ, mainly when performed at high ve-
locities, are known to be transient, typically subsiding within
6min [3]. Hence, the intermittent rewarm-up activities (at 5,
10, and 15min) were crucial for extending these effects, which
are pivotal for peak SS performance. Both groups underwent
baseline assessments of neuromuscular performance at 10 min
postwarm-up, documenting pre-post changes in function, as
noted previously [4]. Follow-up tests were conducted 20 and
25min after the initial warm-up to observe the enduring ef-
fects of the protocols. Due to logistical constraints, SS perfor-
mance variables were only assessed at the baseline and again
at 25min. Including tracksuits and informed awareness about
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their thermal benefits aimed to control for any placebo effects
related to perceived warmth, ensuring that any observed dif-
ferences in performance could be attributed more directly to
the physical activities of the experimental design rather than
psychological influences.

2.2 | Participants

A sample of 84 young trained swimmers (49 boys and 35 girls),
aged 10-18years and engaged in national or regional compe-
titions for at least 3years, participated in this study. To be in-
cluded, participants needed to be medically healthy, without
any injuries for at least 6 months, and obtain parental consent
(for those under the age of 18). Additionally, their participa-
tion had to be voluntary. Further inclusion criteria included
consistent training attendance, with swimmers averaging
at least four sessions per week over the past year and no ex-
tended training breaks longer than two consecutive weeks.
Participant data by sex and maturity-offset group were pre-
sented in Table 1. All procedures performed in the study were
by the ethical standards of institutional committee and with
the Helsinki Declaration. The study was approved by the local
ethics institutional board.

2.3 | Procedures

On testing day, participants engaged in a 10-min dryland
warm-up, featuring a variety of drills, joint mobility exer-
cises, dynamic activities, and dynamic lower limb stretching.
Following a 10-min rest, participants performed five consecutive
repetitions of CMJ on a force platform, with each jump followed
by a 30-s rest interval. After completing the jumps, participants
performed a SS. After a 20-min passive rest, the CMJ series
were repeated, and 5min later, both the CMJ series and SS were
repeated. This protocol served as the control situation (SWU),
with participants instructed to maintain clothing throughout to
prevent temperature loss during transition periods. On a differ-
ent day, the warm-up protocol and baseline CMJs and SS were

replicated, replacing the 20-min of passive rest with two sets of
1-min walks (at minutes 5 and 15) and a set of 3x 5 CMJ (at min-
ute 10). This was considered the rewarm-up condition (RWU),
and participants were advised to maintain clothing. The test
order was reversed to mitigate the “fatigue/learning” effect.

2.4 | Measurements
2.4.1 | Anthropometric Measurements

Prior to testing, anthropometric measurements were conducted
using a stadiometer/scale (Seca 799) to assess participants'
height, body mass, and sitting height. Additionally, a flexible
meter was used to measure arm span. All data were measured
by the same experienced researcher to ensure consistency
throughout the data collection process.

2.4.2 | Biological Maturity

Considering that a series of events that characterize biological
maturation, such as endocrine, neurological, and musculoskele-
tal changes, can occur in a delayed, synchronized, or accelerated
manner among different youths of the same age [25], biological
maturity was calculated using established maturity offset method
by Mirwald et al. [26]. This noninvasive approach utilizes anthro-
pometric measurements and chronological age to estimate PHV
timing. Maturity offset values, indicating the years since reaching
PHYV, are obtained by subtracting the offset from the chronologi-
cal age. The participants were grouped into pre-PHV, mid-PHY,
post-PHV, and advanced post-PHV based on their maturity offset
values. The maturity offset formulas for each gender are:

Girls: Maturity offset (years)=
—9.376+ (0.0001882 X [Leg Length X Sitting Height] )
+(0.0022% [Agex Leg Length] ) + (0.005841 x [Age x Sitting Height] )

weight %100
height

— (0.002658 x [Age x Weight] ) + <0.07693x

TABLE1 | Anthropometric and maturity characteristics of boys and girls across different PHV stages.

Pre-PHV Mid-PHV Post-PHV Adv. post-PHV

Boys (n) 11 17 13 8

Height (cm) 150£5.67 168 £7.04 176 £4.99 182+7.31

Body mass (kg) 43.6x7.23 56.4+6.76 67.3x7.21 73.9+7.04

Age (years) 10.7£0.79 13.5+0.87 15.9+0.996 17.6+£0.52

Maturity offset —2.29+0.44 0.32+0.52 2.11+0.60 3.8+0.54
Girls (n) 9 9 12 5

Height (cm) 141 £5.59 155+9.09 166 +6.76 165+1.48

Body mass (kg) 349+4.41 42.2+7.87 57+8.37 59.4+4.45

Age (years) 10+0.58 11.2+0.83 14.2+0.62 18.4+1.95

Maturity offset —-1.56+0.50 —0.17+£0.57 2.05+£0.44 4.46+1.02
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Boys: Maturity offset (years) =
—9.236+(0.0002708 X [Leg Length x Sitting Height| )
+(—0.001663% [Agex Leg Length] ) + (0.007216 x [Age x Sitting Height] )

( [weight ] )
+1 0.02292 x - X100
height

Group assignments were as follows: pre-PHV for offsets be-
tween —3 and —1, mid-PHYV for offsets higher than —1 to 1, post-
PHYV for offsets higher than 1 to 3, and advanced post-PHV for
offsets exceeding 3 [27]. The advanced post-PHV group (denoted
as adv. post-PHV), comprising participants with a maturity off-
set exceeding 3, is distinctly considered to address these late-
maturing adolescents’ unique developmental, physiological, and
performance characteristics. This separation ensures focused
analysis on athletes who, having considerably surpassed their
peak growth velocity, may exhibit distinct physiological re-
sponses to training and competition compared to their less ma-
ture counterparts.

2.4.3 | Countermovement Jump

The CMIJ assessed lower limb neuromuscular performance.
Participants executed five maximal CMJ attempts on a force
plate (Dinascan/IBV, Biomechanics Institute of Valencia,
sampling at 1000 Hz), with a 30-s interlude between attempts
and the option for an additional attempt if improperly exe-
cuted. Excluding the highest and lowest values, the average
CMJ height of the remaining three jumps served as the per-
formance outcome for each participant, with swimmers main-
taining consistent arm positioning by placing their hands on
their hips during jumps. Before initiating the CMJ, partici-
pants stood still on the force plate for over a second to accu-
rately measure their body mass in Newtons (N), as McMahon
et al. [28] described. Raw ground reaction force (GRF) data
underwent a smoothing process using MATLAB software
(MATLAB, R2018a; The MathWorks, Inc., Natick, MA) and
a low-pass Butterworth digital filter with a designated cut-
off frequency of 50Hz, as Barker et al. [29] recommended.
Filtering GRF data removes high-frequency noise, allowing
for precise velocity calculations essential for assessing jump
height (JH). Movement phases, including braking, concentric,
and overall contact time, were delineated based on established
methodologies [28]. The primary outcome variables (Table 2),
JH and reactive strength index (RSI), demonstrated high re-
liability across trials and subjects, reflected by mixed model
intraclass correlation coefficients (ICC) of 0.98.

2.4.4 | Swimming Start Performance

Kinematic measurements (Table 2) were carried out accord-
ing to Cuenca-Ferndndez, Lépez-Contreras, and Arellano
[30], employing two digital video cameras (Casio, HS Camera
100Hz) with a sampling rate of 100Hz. One camera, posi-
tioned on a tripod and focused on the starting block, recorded
block-phase variables like knee extension angular velocity
(VwK), along with flight-phase variables including flight
distance (FD) and horizontal hip velocity (VxH). VwK was
computed by determining the angular difference of the front

knee at the moments of maximum extension and flexion, di-
vided by the time taken for the extension performance (in ra-
dians per second). Flight distance measured the horizontal
distance covered by the hip from the last foot contact on the
block to the initial finger contact with the water (in meters),
while VxH represented the velocity from the last block con-
tact to the first finger-water contact (in meters per second).
The second camera, fixed poolside, recorded the underwater
swim phase up to 10 m (T10m). Both cameras were placed per-
pendicular to the direction of swimming and synchronized
with the starting signal emitted by the starting system (Signal
Frame, Sportmetrics), utilizing an audible signal and strobe
flash. Video files underwent analysis by two researchers using
Kinovea software (version 0.7.10), yielding interobserver ICC
0f 0.98 (95% CI: 0.97-0.98).

2.5 | Sample Size

We conducted a preliminary power analysis using G*Power
[31] for our two-way mixed model ANCOVA involving eight
groups based on treatment type (RWU or SWU) and maturity
stage (pre-PHV, mid-PHYV, post-PHV, and adv. post-PHV). With
a set numerator degree of freedom at two, alpha of 0.05, power
threshold of 0.80, and expected moderate effect size (f=0.35),
the analysis indicated a necessary sample size of 82 participants
for the study.

2.6 | Statistical Analyses

All statistical analyses were conducted using RStudio (version
2023.09.1 + 495, Spotted Wakerobin, Boston, MA, USA), with
asignificance level set at p < 0.05. Preliminary checks ensured
adherence to multivariate regression assumptions, including
assessing the linearity of predictor-outcome relationships.
Mahalanobis distance identified multivariate outliers using a
significance threshold of 0.001, and these outliers were subse-
quently excluded. Descriptive statistics, mean, and standard
deviation were calculated for outcome variables (JH, RSI, VoK,
FD, VxH, and T10m). Percentage changes in performance (%A)
were computed using the formula %A =[(MeanB—MeanA)/
MeanA]x100. One-way repeated measures ANOVA, with
Mauchly's sphericity test, assessed time effects (baseline, 20,
and 25min) on each protocol's outcome variables. Mixed ef-
fect ANCOVA models, considering protocol (SWU vs. RWU)
and maturity stages (pre-PHV, mid-PHV, post-PHV, and adv.
post-PHV) as fixed effects and subject ID as a random factor,
were employed for most outcome variables. We incorporated
subject ID as a random factor in our mixed effects ANCOVA
models to address the nested data structure inherent in our
study, where multiple measurements were taken from the
same subjects. This approach ensures that the correlations
and dependencies within repeated measures from individual
participants are appropriately accounted for, enhancing the
robustness of our statistical analysis. However, the analysis
indicated minimal variance associated with specified random
effects, allowing us to streamline our approach and apply a
two-way ANCOVA without the random factor for specific
outcomes like T10m, Vwk, and FD. The interaction term ex-
amined potential protocol effects across maturity levels. The
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Benjamini-Hochberg correction controlled false discovery
rates, enhancing inferential robustness [32]. As documented,
this approach’s merits suggest its superiority over more strict
correction methods, potentially revealing genuine effects that
might remain undetected. Effect sizes (ES) were interpreted
according to Hopkins et al. [33], with criteria ranging from
<0.2 for trivial effects, 0.2-0.6 for small effects, 0.6-1.2 for
moderate effects, 1.2-2.0 for large effects, and > 2.0 for very

large effects.

3 | Results

The data presented in Table 3 represent the differential effects
of the two postwarm-up protocols (RWU and SWU), examined

TABLE 2 | Calculation of outcome variables.
Variable Calculation
Jump height (JH) (Takeoff velocity)?/
(2%9.81)

Reactive strength index (RSI)

(Jump height)/(Jump time)

Knee extension angular (ot —a )/t —ty)
velocity (VwK)

Flight distance (FD) (d,—dy)
Horizontal velocity of the hip (d,—d)/(t;—ty)

during the flight (VxH)

Time to 10m (T10m)

(tl - 0)

through repeated measures ANOVA. Notably, the RWU pro-
tocol showed a consistent improvement in performance vari-
ables, with JH exhibiting a gradual enhancement from baseline
to 25min. The marginal decrease in RSI between the 20- and
25-min intervals suggested that the benefits accrued up to the
20-min mark were better retained in JH. The FD (assessed at
25min) increased after RWU, while Vwk, VxH, and T10m fol-
lowed trend improvements in the RWU condition. In contrast,
the SWU protocol displayed a decline in JH and RSI, showing
a statistically significant drop from baseline to 20 and 25min.
Similarly, all SS variables exhibited a downward trend at 25min
in SWU.

Employing a mixed effects ANCOVA model, our analysis indi-
cated no significant interactions for JH at 20min, with RWU
consistently outperforming SWU across all PHV stages (see
Figure 1A). Additionally, there were no significant sex effects
observed for JH at both 20 and 25min. At 25min, significant
interaction estimates (p=0.033 and 0.047) for JH reveal that
while RWU consistently outperformed SWU across all stages,
younger groups like pre-PHV and mid-PHV responded better
under RWU, highlighting the impact of the protocol on these
development stages (see Figure 1C). The analysis of RSI at 20
and 25min provided insights into the influence of sex and devel-
opmental stages on performance in RWU. At 20min, two signif-
icant interactions (p=0.008 and 0.015) indicated that females in
the post-PHV and adv. post-PHV stages had significantly lower
RSI than males in the same maturity groups. A similar sex in-
teraction effect (p =0.049) was observed at 25 min, with females
in the post-PHYV stage exhibiting significantly lower scores than
males, but with males being better respondents to RWU than

TABLE 3 | Descriptive statistics and percentage change in performance for rewarm-up (RWU) and control (SWU) protocols.
Post A Baseline vs. A Baseline vs. A 20min vs.
Baseline 20min Post 25min 20min (%) 25min (%) 25min (%)
RWU
JH (m) 0.23+0.08 0.24+0.08 0.24+0.08 3.14%%* 2.02* -1.09
RSI 0.30+0.09 0.31+£0.09 0.30+0.08 3.51 2.39 -1.09
T10m (s) 5.69+1.05 5.65+1.07 —0.81
FD (m) 1.01£0.35 1.04£0.37 3.69%
VxH (m/s) 3.79+0.5 3.83+0.51 1.14
VwK (rad/s) 544.94+155.01 554.69 £152.53 1.79
SWU
JH (m) 0.23+0.07 0.22+0.07 0.22+0.08 —4.27%%* —4.63%** —0.38
RSI 0.29+0.09 0.28£0.08 0.28+0.09 —5.21%* —5.04%%* 0.18
T10m (s) 5.67+1.12 5.68+1.11 0.14
FD (m) 1.07+0.33 1.03+0.32 -3.34
VxH (m/s) 3.93+0.67 3.70£0.57 —5.90*
VwK (rad/s) 549.45+140.04 534.64 +£147.98 —2.70

Note: The “Baseline” represents preprotocol measurements, while the “post 20min” and “post 25min” mark recordings taken 20 and 25min postprotocol, respectively.
A illustrates percentage changes in performance between time intervals. *, **, and *** next to a value underscores statistical significance <0.05, <0.01, and <0.001,

respectively.

Abbreviations: FD, flight distance; JH, jump height (m); RSI, reactive strength index; T10m, swim start performance at 10m (s); VxH, horizontal velocity (m/s); VwK,
knee angular velocity (rad/s).
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| The ANCOVA box plots display the treatment effects of rewarm-up (RWU) and control (SWU) protocols on jump height (JH) and

reactive strength index (RSI) at two distinct time intervals postwarm-up, adjusted for the baseline measurement, and introducing interaction effect
between maturity stage (pre-PHV, mid-PHV, post-PHV, and advanced post-PHV), sex, and protocol. (A, C) depict JH 20min and 25min postwarm-
up, while (B, D) represent RSI, respectively. Each outcome variable's data are segmented into pre-PHV, mid-PHV, post-PHV, and advanced post-PHV
groups. Individual data points are scattered along each box plot, capturing the variability and distribution of measurements. Yellow dots on each
box plot signify the adjusted means after considering baseline measurements. Error bars highlight the variability within the data. Circles represent

predicted values, while triangles signify the actual values.

females (p=0.015). Nonetheless, the RWU protocol consis-
tently demonstrated superior efficacy compared to SWU, with
the SWU main effect linked to significantly lower RSI at 20 and
25min (p=0.042 and 0.047).

For T10m, the main effects for the protocol and developmental
group stages were not significant, indicating no discernible dif-
ferences in performance between the RWU and SWU protocols
or across different PHV stages. The FD and VxH revealed signif-
icant three-way interactions (p=0.009 and 0.014, respectively).
These interactions highlight that male swimmers in the adv.
post-PHV group respond better to the RWU than females for
both outcome measurements. At the same time, the responses
to SWU follow a consistent pattern of sex-specific responses (see
Figure 2B,C). The Vwk demonstrated that the RWU protocol
generally yielded higher effectiveness than SWU, underscored
by significant main effects. Notably, the adv. post-PHV group
showed a substantial improvement in performance with a sig-
nificant increase (p=0.016) compared to the pre-PHV group.
However, pairwise comparisons between the RWU and SWU
protocols across different PHV stages did not reveal significant

differences (see Figure 2D). Furthermore, interaction terms
between protocol and group stages were not statistically signif-
icant, indicating consistent protocol effects regardless of devel-
opmental stage.

4 | Discussion

The first aim of this study was to assess the impact of differ-
ent routines during the transition phase, including passive
rest or dynamic activities, on CMJ and SS performance in a
sample of swimmers of varying maturity offset. The hypoth-
esis was that a transition phase including dynamic activities
would help preserve muscle function without causing fatigue,
thus maintaining warm-up effects. The RWU protocol demon-
strated to be effective not only in preserving the performance
outcomes obtained by the warm-up, but with JH and RSI
showing sustained enhancements from baseline to 20- and
25-min mark, indicating potential delayed positive effects
during the transition period. These findings align with pre-
vious studies using high-load conditioning exercises as the
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FIGURE 2 | The ANCOVA box plots display the treatment effects of rewarm-up (RWU) and control (SWU) protocols on the swim start at 10m
(T10m), flight distance (FD), horizontal hip velocity (VxH), and knee angular velocity (VwK) at two distinct time intervals postwarm-up adjusted
for the baseline measurement and introducing interaction effect between maturity stages (pre-PHV, mid-PHYV, post-PHV, and advanced post-PHV),
sex, and protocols. (A-D) depict T10m, FD, VxH, and VwK 25min postwarm-up, respectively. Each outcome variable's data are segmented into pre-
PHV, mid-PHYV, post-PHYV, and advanced post-PHV groups. Individual data points are scattered along each box plot, capturing the variability and

distribution of measurements. Yellow dots on each box plot signify the adjusted means after considering baseline measurements. Error bars highlight

the variability within the data. Circles represent the predicted values, while triangles signify the actual values.

one by Vargas-Molina et al. [34], with CMJ height increases
(ES=0.24, 3.1%) after two sets of three back squat reps at 75%
RM. Notably, the present research achieved similar improve-
ments without resorting to loaded conditioning exercises, as
supported by previous studies like Hilfiker et al. [35] adding
drop jumps to warm-up. The RWU condition exhibited a note-
worthy increase in VoK compared to SWU. Particularly, the
significant deterioration at minute 25 in SWU (A =-2.70%)
compared to RWU (A =1.79%) highlighted a key competi-
tive advantage in terms of power output. Regarding FD and
VxH, both variables showed improvements after RWU and
decline in SWU, indicating well-maintained muscular capac-
ity in lower limbs [4]. Although not statistically significant,
the marginal enhancement in T10m over 25min after RWU
condition was also noteworthy (Table 3). The increased FD
might suggest a shift in swimmers' trajectory toward a flatter
entry in RWU-postest, making further exploration necessary
to understand the impact on variables like VxH (covering a su-
perior distance may imply higher flight time) and T10m (flat-
ter entry compromising underwater trajectory) [36, 37]. In any
case, the obtained findings hold significance in the context

of swimming, particularly in scenarios where the call-room
introduces limitations in terms of time, space, and equipment
for the induction of very specific exercise [1]. Based on the cur-
rent results, an interesting outcome was that warm-up effects
were well maintained with easy activities such as jumping and
walking for a considerable long time frame (up to 25 min), pos-
sibly due to the transient carry-over effect of the RWU activity
in the cardiovascular and neuromuscular factors triggered by
warm-up, as observed in the PAPE phenomenon [3, 5].

The second objective of this study aimed to explore potential
adaptations to RWU considering maturity offset of partici-
pants and sex, areas with inconclusive findings. The hypothe-
sis theorized that the low-intensity nature of the RWU activity
could be effective for preserving these responses in both males
and females regardless of maturity offset considering their in-
trinsic adaptations to warm-up mechanisms. About JH, the
results uncovered substantial effect magnitudes across differ-
ent maturity phases, underscoring the advantageous impact
of RWU over SWU regardless of maturity state (Figure 1A,C).
Surprisingly, at 25 min, RWU demonstrated superiority across
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pre-PHV and mid-PHV groups (ES=1.65-0.65; p<0.001),
with diminishing but still substantial benefits in post-PHV
(ES=0.65), but no significant effects for avd. post-PHV. These
results partially align with expectations in younger partici-
pants on the basis that PCr restoration is faster in them after
dynamic exercise [8]. Nevertheless, possibly younger children,
with a larger surface area relative to their mass, could not
maintain their core temperatures as well as older participants
[7]. Consequently, a young child would be more exposed to
temperature loses during SWU, requiring a relatively larger
proportion of their metabolically active mass to produce more
heat and maintain thermal equilibrium [38]. This was proba-
bly counteracted during RWU, which support the efficacy of
rewarm-up in preserving muscle temperature and function in
the youngest groups. The lower RSI values obtained by females
in the post-PHV and adv. post-PHV groups was expected as
females possess lower percentage of type II fibers than males
[21]. Interestingly, post-PHV males at 25min were better re-
spondents to RWU than females (p=0.015), while similar
trends were also obtained for adv. post-PHV (p=0.097) and
post-PHV at 20min (p=0.052). These findings are in contrast
with those obtained by Péddsuke, Ereline, and Gapeyeva [39],
which reported that postpubertal boys had similar twitch
force-generating capacity as the young boys. Meanwhile,
Arabatzi et al. [40] documented age-dependent warm-up ef-
fects mainly manifested in adults, with a pre-post RFD-peak
responsiveness observed for both men (d=0.71) and women
(d=0.86), and in teens males (d=0.45) and teens females
(d=0.86), but with no effects in children irrespective of sex.
Considering RSI as a measure of the force generation speed
to transition rapidly between eccentric and concentric muscle
phases, it is possible that male older participants, presumably
with a higher proportion of type II fibers [41], exhibited more
responsiveness after RWU for this variable. However, it can-
not be discarded that the strategic application of force and the
ability to modulate technique is typically developed over years
of practice and feedback, which older, more experienced ath-
letes would have accumulated.

Concerning SS variables, a significant benefit of the RWU pro-
tocol on FD and VxH was particularly noted for male swim-
mers in the adv. post-PHV group (Figure 2B,C). There may be
two possible reasons for the increase in FD and VxH, including
changes in flight trajectory or enhanced impulse against the
block [1]. About the former, despite the lack of significant inter-
actions in VwK between RWU and SWU across different PHV
stages, the males adv. post-PHV group also showed a substan-
tial improvement in performance (p=0.016) compared to the
pre-PHV group, which could support the argument behind the
enhanced impulse against the block due to RWU [30]. These re-
sults agreed with the higher effect sizes obtained in RSI for the
post-PHV and adv. post-PHV groups (Figure 1C,D), and reflect
a superior lower limbs muscle responsiveness in male adults as
a function of time (i.e., rate of force development). In contrast,
despite females were also under RWU conditions and follow
instructions to maintain clothing, they did not show insights
of superior responsiveness in the oldest PHV stages. Possibly,
as the thermal dependence of fast-twitch fibers (ATPase reac-
tion appears to be temperature sensitive) favors muscle cross-
bridge production [7], this could play a key role in warm-up
modulation. Females possess different body fat percentage and

distribution [22], with thicker adipose tissue in the extremi-
ties for better temperature insulation. However, this can be
disadvantageous during passive rest conditions with greater
relative heat flow convection from the trunk to extremities to
avoid cooling [42]. In addition, females also possess lower per-
centage of type II fibers that make them to have lower muscle
strength and explosiveness than males [21, 22]. Actually, note-
worthy sex interactions showed faster T10m in males compared
to females regardless of the protocol or developmental stage
used (p=0.010). Therefore, to the best of our knowledge, even
though RWU was applied in all groups, the higher muscle de-
velopment of male adults and the superior frequency of activa-
tion of fast-twitch fibers compared to females and children [8, 9]
could make temperature-related changes more pronounced in
them when involved in activities of high-speed nature, such as
the SS, potentially impacting the force-velocity relationship [6].
Therefore, it is reasonable to argue that, despite RWU seeming
to be more effective than SWU for maintaining (or improving)
muscle capacity in a SS, these findings emphasize the nuanced
impact of biological maturation and sex on the responsiveness
to the protocols.

This study presented some limitations. First, participants did
not perform a water-based warm-up, but previous research sup-
ports the effectiveness of dryland warm-up in maintaining SS
by increasing muscle temperature and neuromuscular activity
in the lower limbs [1]. Additionally, the age and maturational
growth of participants are significant factors influencing skill
performance [43], especially in a complex movement like the SS.
Therefore, younger participants may not only lack the musculo-
skeletal development cultivated over years of practice, but also
exhibit limited expertise and motor control, leading to higher
intertrial variability that could potentially mask the nuanced
impacts of different warm-up protocols. Despite these limita-
tions, they were duly acknowledged as factors influencing the
development of fast-twitch fiber proportion [25], aligning with
the hypothesis of this study.

5 | Conclusion

The study provides comprehensive insights into the distinct
effects of dynamic or passive transition phases on CMJ and
SS performance, emphasizing the consistent superiority of re-
warm-up, particularly in JH and RSI. The nuanced examination
of maturity stages refines our understanding of protocol effi-
cacy, suggesting that improvements may be more pronounced
in more mature participants. This contributes to the discourse
of athletic warm-up protocols, emphasizing the need for indi-
vidualized approaches based on developmental phases for opti-
mal performance outcomes. Furthermore, our results indicated
that SS performance 25 min postwarm-up is similar or improved
when rewarm-up activities are included during the transition
phase, contrasting with deteriorations observed with passive
rest. These changes in performance appeared to be thermal de-
pendent and more pronounced in male adults due to the higher
responsiveness of their muscle mass to such muscle temperature
preservation. Additionally, the study suggests that allowing both
children and adults some activity during the transition phase,
rather than keeping calm, could help preserve muscle capacity
and enhance performance.
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