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Introduction: The study aimed to evaluate the effects of combining lower-
limb cold exposure and intermittent compression on optimizing post-
exercise recovery.

Methods: Fifteen male recreational athletes were recruited for a randomized
crossover study comparing two recovery strategies: cryocompression and
passive recovery, both applied in a supine position for 30 min. These
interventions followed a high-intensity plyometric exercise and were repeated
over the subsequent 2 days. Performance metrics included counter movement
jumps and squat jumps, 30-s Wingate cycling test, maximal voluntary
contraction (MVC) force of knee extensors, prolonged low-frequency force
depression (PLFFD), inflammatory markers, and subjective assessments of
muscle soreness and heaviness. Measurements were taken at four time points:
pre-exercise, immediately post-recovery, 24 h post, and 48 h post.

Results: Cryocompression significantly accelerated muscle recovery by
reducing PLFFD and inflammation markers (salivary interleukin-1 beta and
thigh circumference), while enhancing performance during MVC. Furthermore,
perceived lower-limb heaviness, muscle soreness, and body pain decreased
more rapidly with cryocompression at 24- and 48-h post-recovery. However,
no significant differences were observed between the recovery strategies in
cycling or jumping performance.

Discussion: These findings underscore cryocompression as a promising
recovery strategy for athletes seeking to mitigate exercise-induced muscle
damage and restore performance. Further research is warranted to investigate
the applicability of these results across diverse athletic populations.

cryotherapy, intermittent compression, inflammation, muscle fatigue, sports
performance

1 Introduction

Physical exercise is widely recognized for its health benefits, playing a key role
in preventing chronic diseases such as cardiovascular disorders, type 2 diabetes,
and certain cancers. According to Khan et al. (2012), regular physical activity can
reduce all-cause mortality by 20%-40%. However, intense or unfamiliar efforts can
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also lead to adverse effects such as muscle soreness (Wolska et al.,
2023), sleep disturbances (Silva et al., 2019), or overall physical
fatigue (Berger et al., 2024). These effects can impair performance
and compromise the overall wellbeing of athletes. To counteract
these negative outcomes, various recovery strategies have been
developed, including nutritional supplementation (Gauche et al.,
2006), post-exercise massages (Szabo et al., 2022), compression
garments (Jakeman et al, 2010), whole-body cryotherapy
(Pournot et al, 2011), far-infrared exposure (Hausswirth et al.,
2011), and electrical stimulation (Babault et al., 2011).

Cold-based therapies, including cold-water immersion (CWI),
cooling vests, and whole-body cryotherapy, are among the most
used recovery methods, demonstrating significant effectiveness
in alleviating muscle damage symptoms, including pain, stiffness,
tenderness, and prolonged strength loss (Murray and Cardinale,
2015). Research suggests that CWI helps reduce post-exercise
muscle damage, such as muscle fiber microtrauma, which
is particularly prevalent after intense eccentric activities that
place considerable strain on the muscles (Bleakley et al., 2012;
Siqueira et al., 2018). When the body is exposed to cold, several
biological mechanisms come into play. Cold exposure induces
vasoconstriction, which reduces vascular permeability, limiting
inflammatory processes and, consequently, alleviating muscle
soreness (Bailey et al., 2007). Additionally, cryotherapy may enhance
lactate clearance following high-intensity exercise, thereby reducing
muscle fatigue (Bastos et al., 2012). Cryogenic temperatures may
also have an analgesic effect, attributed to the activation of the
endocrine system, which stimulates the release of endorphins while
decreasing histamine and lactate concentrations in inflamed tissues
(Wolska et al., 2023). These cold-induced benefits are mediated
by several mechanisms: (1) Cryotherapy promotes the release of
anti-inflammatory cytokines and growth factors that facilitate tissue
repair; (2) Low temperatures influence the equilibrium between
pro-oxidants and antioxidants, limiting cellular damage; (3) Cold
stabilizes lysosomal membranes, inhibiting the release of active
enzymes that may contribute to inflammation and muscle damage
(Rose et al., 2017).

To optimize recovery, athletes may benefit from combining
cryotherapy with compression of exercised limbs (Martinez-
Guardado et al, 2020).
lymphatic and blood circulation, facilitating the removal of

Intermittent compression improves

metabolites associated with muscle damage. Research has shown
this approach to be effective in reducing perceived muscle
fatigue, particularly after endurance events like ultramarathons
(Hoffman et al, 2016). By applying pressure to dilated veins,
compression reduces venous reflux, aiding blood return to the
heart (Sarin et al., 1992). This method also activates the “muscle
pump,” accelerating blood flow and delivering essential nutrients
to recovering muscles (O'Riordan et al., 2023). Compression
garments have also proven effective in enhancing recovery of
force and power after exercise while minimizing muscle damage
(Kraemer et al., 2001a). Furthermore, compression significantly
impacts creatine kinase levels, a marker of muscle damage, supports
tissue repair processes, and decreases oedema (Born et al., 2013;
Kraemer et al., 2001b).

Based on these findings, this study aimed to assess the
effectiveness of combining cold exposure and intermittent
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compression of the lower limbs in enhancing recovery following
a plyometric muscle-damaging exercise in recreational athletes.
The primary endpoint was the restoration of isometric muscle
force, while secondary endpoints included changes in inflammatory
markers, prolonged low-frequency force depression (PLFFD),
physical performance (jump and anaerobic cycling tests), and
subjective variables (delayed onset muscle soreness [DOMS], body
pain, and heavy legs). We hypothesized that cryocompression would
accelerate recovery kinetics and promote overall improvements
in neuromuscular function and subjective recovery compared to
passive recovery.

2 Materials and methods
2.1 Participants

The number of participants required for this study to address our
hypotheses was calculated using a power analysis conducted with
G"Power software (version 3.1.9.6). The sample size was determined
based on data from a previous study comparing the effects of
whole-body cryotherapy and passive recovery following a trail-
running exercise that induced muscle damage (Hausswirth et al.,
2011). Maximal isometric knee extensor force, assessed before
and immediately after the exercise, as well as 24- and 48-h
post-exercise, was used as the dependent variable for the power
analysis. With an alpha risk of 5% (a = 0.05), a statistical power
of 80% (1 - P = 0.80), and an intra-participant correlation
coefficient of 0.6 between repeated measures, the required
sample size was calculated to be 12 participants. To account
for potential dropouts, 15 male recreational athletes were
recruited for the study (mean * standard deviation: age 39
9 years; weight 77.6 + 7.6 kg; height 1.80 + 0.05 m; BMI 24.0
2.2 kg/m?).

Inclusion criteria:

+

- Male participants aged 18-50.

- Participants in good health, ie., free of musculoskeletal,
cardiovascular, respiratory, or neurological disease or any other
condition that may affect their ability to perform the required
exercises.

- Participants must engage in regular physical activity, defined as
2-4 sessions per week of moderate to vigorous exercise.

Exclusion criteria:

- Participants with any contraindications for the use of
the CryoPush® device (CRYO-NOV, Saulx-les-Chartreux,
France), as outlined by the manufacturer.

- Participants who have taken anti-inflammatory medications,
corticosteroids, or any other drugs that could potentially
influence muscle recovery or inflammation within 2 weeks
prior to the study.

All participants were fully informed about the study’s risks and
benefits and provided written informed consent. The study protocol
was approved by the National Ethics Committee (CER STAPS)
in compliance with the Declaration of Helsinki (ethical approval:
IRB00012476-2024-23-05-314).
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2.2 Study design

We conducted a randomized, controlled, crossover study. The
study was conducted at the beScored Institute (Valbonne, France),
and the recruitment period lasted from May to June 2024.
The experiment itself took place between June and September
2024. Each participant experienced two recovery modalities after
plyometric muscle-damaging exercise in a random order: recovery
using the CryoPush® device (V3) (Figure 1) or passive recovery,
both in a supine position for 30 min. During cryocompression
sessions, two sleeves were positioned on the participants’ lower
limbs, covering the upper thigh to mid-calf area. Pre-cooled,
reusable cold packs, stored at a standardized freezer temperature
(—18°C), were inserted into the sleeves connected to a pump.
This pump delivered intermittent compression, alternately applied
to each leg, progressively reaching a pressure of 60 mmHg. This
setup was designed to deliver both cooling and compression
effects simultaneously. Fatigue and recovery sessions were preceded
and followed by a standardized battery of tests, which will be
detailed in the Materials and Measurements section (Figure 1).
Evaluation days were distributed across 2 weeks (Phase 1 and
Phase 2), differentiated by the assigned recovery modality. A 2-
week washout period was implemented between phases to ensure
complete recovery. To control for confounding factors related
to additional fatigue, participants were instructed to avoid any
physical training during the 2 days preceding the start of Phase
1 and Phase 2 and during the 2 days following the muscle-
damaging exercise. A familiarization session with the muscle-
damaging protocol was conducted 2 weeks before the study to
habituate participants to the movements and produce a repeated
bout effect, reducing muscle disruptions led by unaccustomed
eccentric exercise.

The muscle-damaging exercise, conducted only on the first
evaluation day of Phase 1 and Phase 2, consisted of repeated jump
exercises, specifically counter movement jumps (CMJ) and drop
jumps (DJ). During the CM]J, participants started from a standing
position and initiated a downward movement until their knees were
flexed at a 90° angle. This flexion was immediately followed by
an extension of the lower limbs, leading to a propulsion phase to
reach maximum jump height. For the DJ, participants started on a
platform 30 cm high. They were instructed to leave the platform,
landing with full-foot contact on the ground and flexing their knees
to absorb the impact. Immediately after landing, they had to jump
vertically, aiming to reach maximum height as quickly as possible.
These plyometric exercises are known to induce significant dynamic
and localized muscle fatigue (Skurvydas et al., 2002; Fowler et al.,
1997). Participants performed four blocks of three sets, each
consisting of 15 CM]J and 15 DJ, for a total of 90 jumps per
block and 360 jumps overall. Recovery between sets was 30 s, and
recovery between blocks was 3 min. During the familiarization
session conducted 2 weeks before the study, participants
completed three blocks of three sets of 15 CMJ and 15 DJ,
totaling 270 jumps.

Recovery sessions were conducted after the muscle-damaging
exercise and the following 2 days due to the delayed onset of muscle
soreness (DOMS). As previously mentioned, recovery involved
either treatment with CryoPush® technology or passive recovery.
Regardless of the recovery modality, each session lasted 30 min.
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2.3 Materials and measurements

2.3.1 Inflammatory markers

To assess inflammatory responses, salivary concentrations of
the pro-inflammatory cytokine interleukin-1 beta (IL-1B) were
measured. Samples were collected using Salivettes (Sarstedt AG
& Co. KG, Niimbrecht, Germany) at two time points during each
phase: before exercise (Day 1) and 1h post-exercise. This timing
was based on prior evidence suggesting that salivary cytokine levels
typically peak 45-100 min after a physiological stressor (Szabo
and Slavish, 2021). Participants were instructed to chew on a
cotton swab for 3 minto stimulate saliva production. Samples
were immediately frozen at —20°C and later analyzed by a certified
biomedical laboratory (Cerballiance, Grand Saint-Jean, Cagnes-
sur-Mer, France). Each tube was labeled with the date, time, and
participant ID for traceability. After completion of the study, all
samples were thawed and centrifuged at 3,000 rpm for 10 min at
room temperature, following a standardized protocol. IL-1p
concentrations were then analyzed using a high-sensitivity enzyme-
linked immunosorbent assay (ELISA), a standard immunoassay
technique that quantifies target proteins through antigen-antibody
interactions. Results were reported by the laboratory’s medical
biologist. All remaining biological material was eliminated via the
regulated medical waste (DASRI) stream and incinerated to prevent
any contamination risk.

In addition to this biological marker, anthropometric
measurements of the right thigh circumference were taken using
a tape measure according to a standardized procedure at the
beginning of Day 1 and after the recovery periods on Days 1, 2,
and 3. These measurements can serve as indicators of acute changes
in thigh volume (i.e., oedema) that may occur following eccentric
exercises (Fielding et al., 2000). All measurements were conducted
by the same operator. First, the operator marked the area on the
thigh where the circumference was maximal. To ensure consistency
across blocks, the distance between the top of the patella and the
maximal circumference was measured and replicated during both
testing phases for each participant.

2.3.2 Prolonged low-frequency force depression

Following the anthropometric measurements, PLFFD was
assessed using the scientifically validated Myocene® device (Myol,
Myocene, Liege, Belgium; Ridard et al., 2022). Measurements were
taken before and after the muscle-damaging exercise, and after
the recovery periods on Days 1, 2, and 3. Participants were
seated on the device with their tibia in contact with the Myo-
sensor, a force sensor that records forces at a frequency of 4 kHz.
Three surface electrodes (MyoPro-1, Myocene, Liége, Belgium)
were used for neuromuscular electrical stimulation (NMES). The
cathode (5 x 10 cm) was placed transversely over the proximal
third of the rectus femoris, and the two anodes (5 x 5cm)
were positioned longitudinally over the motor points of the
vastus lateralis and vastus medialis, respectively, as identified
by anatomical landmarks and palpation, in accordance with the
recommendations of Botter et al. (2011). The NMES protocol
delivered biphasic rectangular (square wave) pulses with a constant
pulse width of 400 s, as pre-programmed in the Myocene® system.
These parameters, including pulse duration, frequency, and current
intensity, were fixed and non-adjustable by the user, and were
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FIGURE 1

blocks; VAS, Visual Analog Scale.

Schematic representation of the experimental protocol and illustration of the CryoF’ush® technology. MVC, Maximal Voluntary Contractions; CMJ,
Counter Movement Jumps; DJ, Drop Jumps; DOMS, Delayed Onset of Muscle Soreness; r, Recovery time between sets; R, Recovery time between

identical for all participants. Each stimulation series consisted
of three successive stimulations: (1) a single twitch, (2) low-
frequency tetanic stimulation (5 pulses at 20 Hz), and (3) high-
frequency tetanic stimulation (18 pulses at 120 Hz). A 1-s interval
separated each stimulation. A total of 16 stimulation series were
administered, spaced 5s apart, with the stimulation intensity
progressively increased in 1 mA steps per series (from 25 mA to
40 mA). The total duration of the PLFFD assessment with the
device was 2 min. The Myocene® software integrates a specific
algorithm that automatically analyzes the force signals during each
stimulation series. Within each series, the peak force from the low-
frequency stimulation was divided by the peak force from the high-
frequency stimulation, generating a ratio that reflects the extent of
low-frequency fatigue. The Powerdex, expressed as a percentage,
corresponds to the median value of these 16 low-/high-frequency
force ratios and serves as the outcome measure. A lower Powerdex
indicates a greater degree of PLFFD.

Frontiers in Physiology

2.3.3 Explosive performance during jumps

After a 5-min cycling warm-up with free power and cadence
on a cycle ergometer (LC6 Novo, Monark Exercise AB, Vansbro,
Sweden), which was previously adjusted to each participant’s
morphology, we assessed participants’ jump performance. For this,
they were required to perform three repetitions of squat jumps
(SJ) and three repetitions of CM]J, with 30 s of rest between each
repetition. During the SJ, the participant flexed their knees to
90° and held this position for 3 s with their hands on their hips.
Then, they had to jump as high as possible without performing any
counter movement (i.e., downward impulse). The flight time was
recorded using K-Delta force platforms (Kinvent®, Montpellier,
France) connected to the Kinvent® application (Bagchi et al., 2024).
Based on flight time, the jump height was calculated (Albano et al.,
2019). These jump tests were repeated after the muscle-
damaging exercise and following each recovery period on
Days 1, 2, and 3.
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2.3.4 Maximum isometric force of the knee
extensor muscles

Five minutes after each jump exercise described previously,
the maximal isometric muscle force of the right knee extensors
was evaluated during maximal voluntary contractions (MVC, in
N). The tests were performed on a leg extension bench equipped
with a steel link chain and an S-force sensor (ME-Mef3systeme
GmbH, Germany, model KD40s, +5 kN). The chain length was
adjusted so that the knee angle was approximately 90° for each
participant. The S-force sensor was connected to a computer using
a digital measurement amplifier (GSV-3USB) and data acquisition
software (GSVmulti, version 1.39.6.8). This software enabled real-
time visualization and recording of the data sampled at 100 Hz. Two
tests were conducted: (i) three maximal 3-s trials to evaluate the
maximal voluntary isometric contraction and (ii) a 30-s trial with
maximal involvement to assess average muscle performance. Each
trial was separated by a 45-s rest period to allow recovery.

2.3.5 Anaerobic power output

Finally, a Wingate test was performed on the cycle ergometer
to measure anaerobic performance at the start and end of Day
1 and at the end of Day 3 (each time 5 min after the MVC).
The seat and handlebar settings were recorded after the warm-
up and reproduced for each trial to ensure proper reproducibility
of positioning between tests. Participants were required to remain
seated on the saddle throughout the entire Wingate test to ensure
consistent body positioning. The cycle ergometer was connected to
acomputer, and the Monark software was used to design the Wingate
protocol, control the bike, and record the data sampled at 1 Hz. After
3 min of cycling at free power and cadence, the Wingate test began
with an initial 15-s period against a resistance of 10 N, followed
directly by a maximal 30-s effort against a resistance dependent on
the participant’s body weight (7.5% of body weight). Participants
were encouraged to maintain the highest possible pedaling cadence
for 30 s. At the end of the test, peak power output and average power
output were calculated.

2.3.6 Subjective variables

Participants responded to a visual analog scale (VAS) regarding
their sensation of heavy legs following the jump tests (Schaefer et al.,
2003). The front of the scale displayed the question, such as “How do
your legs feel at this moment?” and a linear gauge with two marks at
the extremes (at the bottom: “very, very light”; at the top: “very, very
heavy”) allowed participants to assess their leg heaviness by moving
the indicator along the scale. On the reverse side, a numerical scale
ranging from 0 (representing “very, very light”) to 10 (“very, very
heavy”) enabled the investigator to read the value corresponding to
the perceived leg heaviness without the participant being aware of
it. Additionally, the days following the muscle-damaging exercise
(Day 2, Day 3, and Day 4), participants indicated their level of
soreness (DOMS; Mattacola et al., 1997) using a similar VAS. Finally,
the overall pain intensity was evaluated using a digital body map
programmed using MATLAB with the Psychtoolbox extension at
the beginning and immediately after the recovery periods on Days
1, 2, and 3 (Rigoard et al., 2021). Participants used the mouse to
place colored circles over the painful areas on a body silhouette.
They could choose from three circle sizes (small, medium, and large)
depending on the extent of the pain. Participants also had the option
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to select the front or back of the body and could erase and redo
their markings if needed. A color code was used to represent pain
intensity: red for severe pain, dark pink for moderate pain, and light
pink for mild pain. The pain intensity was assigned the following
coeflicients: one for mild pain, two for moderate pain, and three
for severe pain. Similarly, the size of the circle was associated with
coeflicients: one for a small area, two for a medium area, and three
for a large area. The pain score for each area was calculated by
multiplying the area by the intensity:

Painscore foreacharea = Area x Intensity

The global pain score was obtained by summing the scores for
all painful areas:

n
Globalpainscore = > (Area; X Intensity;)

i=1
where N represents the total number of painful areas indicated by the
participant.

2.4 Statistical analysis

To analyze the quantitative data, a two-way repeated-measures
ANOVA (recovery modality x time) was performed to compare
the effects of the recovery modality (Cryocompression vs. Passive)
across the different time points (e.g., Pre, Post, Post 24 h, and
Post 48 h). The normality of the distribution, homogeneity of
variances, and the sphericity assumption were tested using Shapiro-
Wilk, Levene, and Mauchly’s tests, respectively. When the sphericity
assumption was violated, the Greenhouse-Geisser correction was
applied. In the event of a significant recovery modality x time
interaction in the ANOVA, Tukey’s HSD post hoc tests were
performed to identify pairwise differences. The measurements taken
between the muscle-damaging and recovery protocols ensured that
the level of fatigue induced by the exercise was consistent across both
phases, confirming that participants exerted a similar effort in each
session. Paired Student's t-tests or Wilcoxon tests in cases of non-
homogeneity of the variances or non-normality of the distribution
were used to compare changes in muscle force, jump performance,
and PLFFD (Myocene®) before and after the muscle-damaging
exercise in the two experimental conditions (Cryocompression vs.
Passive). The level of significance was set at p < 0.05.

3 Results

3.1 Muscle-damaging exercise:
performance and fatigue induced by
exercise

The average jump height during the muscle-damaging test
was not statistically different for the two experimental conditions
(Passive: 17.5 + 4.8 cm vs. Cryocompression: 18.1 + 3.9 cm, p =
0.26). After the muscle-damaging exercise, muscle force during the
3-s MVC was reduced by 20% * 12% and 20% + 10% for the Passive
and Cryocompression conditions, respectively (p =0.91). During the
30-s MVC, force decreased by 27% + 8% and 21% + 10% for the
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TABLE 1 Mean (+ standard deviation) of IL-10 levels (pre and post session 1) and thigh circumference (pre, post, 24 h post, and 48 h post) during the
Passive and Cryocompression conditions.

Variables Condition Pre Post Post24 h | Post48 h Modality | Period | Interaction

Passive 0.51+0.10 | 4.02+ 155"
IL-1P level (pg/mL) 0.008 <0.001 0.007
Cryocompression | 0.50+0.10 | 3.25+1.45"0%

Passive 57.7+4.0 58.0 + 4.1" 579+4.0 57.9+3.9
Thigh circumference (cm) 0.016 0.88 <0.001
Cryocompression 57.7 4.0 57.4 +4.2° 57.6 +4.1 57.6 £ 4.1

The statistical significance of the recovery modality factor, period factor, and interaction effect are indicated (significant effects and pairwise differences are shown in bold). "different from
pre-session values (p < 0.05); ““different from pre-session values (p < 0.001); *different from post-session Passive values (p < 0.05).

Passive and Cryocompression conditions, respectively (p = 0.08).
The average jump height decreased by 5% + 7% for SJ and 4% =+
7% for CM]J for the Passive condition and by 8% + 5% for SJ and
8% + 4% for CM]J for the Cryocompression condition (p = 0.32 for
SJ and p = 0.10 for CM]J). The muscle fatigue index, highlighted
by the reduction in Powerdex, showed a decrease of 31% + 9%
for the Passive condition and 29% * 15% for the Cryocompression
condition (p = 0.65).

3.2 Inflammatory markers

The IL-1p levels, collected before exercise and 1h after the
muscle-damaging protocol, revealed a significant effect of the
recovery modality (p = 0.008), a period effect (p < 0.001), and an
interaction effect (p = 0.007) (Table 1). Post-hoc tests highlighted

. . . . . FIGURE 2
a SIgnlﬁcant mcrease 1n IL_llS levels after the session compared Mean (+ standard deviation) of Powerdex values measured with the
to pre-session values in both the Passive (+6.9%, p < 0.001) and Myocene® device at pre, post, post-24 h, and post-48 h for the
the Cryocompression conditions (+5.5%, p < 0.001). Additionally, a Passive and Cryocompression conditions."p < 0.01,""p < 0.001.

significant difference was observed between the post-session values
of the two phases (p = 0.033).

Thigh circumference measurements, used to assess muscle
oedema before and after recovery as well as at 24- and 48-h post- ~ immediately post-session (~14%, p = 0.009), followed by an increase
recovery, revealed a significant recovery modality effect (p = 0.016)  atpost-24 h (+18%, p <0.001) and post-48 h (+22%, p < 0.001). Post-
and an interaction effect (p < 0.001) (Table 1). Post-hoc analyses  hoc tests highlighted significantly higher Powerdex values at post-
showed a decrease in thigh circumference following recovery for the ~ 48 h for the Cryocompression than the Passive condition (+6.1%,
Cryocompression condition (p = 0.044). In contrast, a slight, non- P = 0.002).
significant increase was observed for the Passive condition. This led
to a significant difference in post-recovery values between the two

conditions (p = 0.048). 3.4 Maximum force of the knee extensor
muscles

3.3 Prolonged low—frequency force MVC force performance was evaluated over 3s

depression (Figure 3A) and 30s (Figure 3B). The data were normalized to

absolute values, using the pre-session values of both conditions

PLFFD, assessed using Powerdex values from the Myocene® as the reference (set to 100%). For the 3-s MVC test, we identified
device, showed a recovery modality effect (p = 0.014), a period  a recovery modality effect (p = 0.030), a period effect (p < 0.001),
effect (p < 0.001), and an interaction effect (p = 0.034) (Figure 2).  and a significant interaction between factors (p = 0.014). Post-hoc
For the Passive condition, Powerdex decreased immediately post-  analyses revealed a significant performance decrease in the Passive
session one compared to pre-session values (-21%, p < 0.001) condition between pre and post (-19%, p < 0.001) and between
but subsequently increased post-24h (+22%, p < 0.001) and  pre- and post-24 h (-=15%, p = 0.003). In contrast, no such decline
post-48 h (+25%, p < 0.001). A similar trend was observed in  was observed during the Cryocompression condition. Furthermore,
the Cryocompression condition, with a smaller initial decline  a significant performance improvement between post and 48 h
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FIGURE 3
Mean (+ standard deviation) of performance during 3-s (A) and 30-s (B) maximal voluntary contractions (MVC) at pre, post, post-24 h, and post-48 h
for the Passive and Cryocompression conditions.”p < 0.05,""p < 0.01,"""p < 0.001.

TABLE 2 Mean (+ standard deviation) of the average and maximum height during the three jumps performed at pre, post, post-24 h, and post-48 h
during the Passive and Cryocompression conditions.

Variables Condition Pre Post Post24h Post48h  Modality | Period Interaction

Passive 26.5+3.7 240+29 26.0+3.7 26.6+4.5

Average SJ height (cm) 0.270 <0.001 0.249
Cryocompression 27.5+4.1 23.8+4.1 26.3+3.4 27.6 3.1
Passive 27.8+4.0 254 +3.5 27.2+3.7 27.8+4.6

Maximal SJ height (cm) 0.434 <0.001 0.109
Cryocompression 289+4.4 249+4.1 271432 28.8+3.3
Passive 30.1+£45 27.8+4.0 299+4.1 30.3+£4.5

Maximal CMJ height (cm) 0.775 <0.001 0.331
Cryocompression 30.8+4.4 27.1+4.0 299+3.9 30.9+3.9
Passive 31.1+£43 28.6+4.3 30.8+3.9 31.5+£47

Average CM]J height (cm) 0.827 <0.001 0.484
Cryocompression 31.6+4.3 28.0+4.4 30.7 4.1 32.1+43

The statistical significance of the recovery modality factor, period factor, and interaction effect are indicated (significant effects are shown in bold).

§J, squat jump; CM]J, counter movement jump.

post was noted during the Cryocompression phase (+26%, p =
0.014). For the 30-s MVC test, statistical analyses also showed a
recovery modality effect (p = 0.003), a period effect (p < 0.001),
and a significant interaction (p = 0.005). In the Passive condition,
performance decreased between pre and post (-25%, p = 0.003)
but improved significantly between post and post-48 h (+27%, p =
0.012). Similarly, for the Cryocompression condition, performance
declined between pre and post (-12%, p = 0.028), but significant
improvements were observed at post-24 h (+21%, p = 0.023) and
post-48 h (+34%, p = 0.001) compared to post-session values.

3.5 Explosive performance during jumps

Performance during jumps was evaluated based on the average
and maximum height measured during the SJ and CM]J (Table 2).
Despite a period effect (p < 0.001), no significant interaction was
found for these variables.

Frontiers in Physiology

3.6 Anaerobic power output

The analysis of average and maximal power during the
Wingate test revealed a significant period effect in both
experimental phases. However, there were no recovery modality
and interaction effects (Table 3).

3.7 Subjective variables

Subjective variables were used to assess the perception of heavy
legs (Figure 4A), body pain (Figure 4B), and DOMS (Figure 4C)
during both experimental conditions. Regarding the perception of
heavy legs, a recovery modality effect (p = 0.005), a period effect
(p < 0.001), and an interaction effect (p = 0.019) were observed.
Pairwise comparisons revealed a significant difference between pre-
and post-session conditions (+61%, p < 0.001), as well as between pre
and post 24-h (+53%, p = 0.001) and post-48 h (+52%, p < 0.001)
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TABLE 3 Mean (+ standard deviation) of average and maximal power output during the Wingate test conducted at pre, post and post-48 h for the
Passive and Cryocompression conditions.

Variables Condition Interaction
Passive 615+78 583 +79 604 +75
Average power (W) 0.941 <0.001 0.069
Cryocompression 607 +70 574 £76 614 + 67
Passive 783 + 118 769 £126 812 +138
Maximal power (W) 0.958 <0.001 0.156
Cryocompression 805+ 138 754 +132 797 £ 111

The statistical significance of the recovery modality factor, period factor, and interaction effect are indicated (significant effects are shown in bold).

in the Passive condition. No significant differences were found in
the Cryocompression condition. A significant difference between
post-48 h measurements in the two conditions was also found (p
= 0.012), with legs feeling lighter after using the Cryocompression
system. The analysis of body pain showed a recovery modality
effect (p = 0.007), a period effect (p = 0.028), and an interaction
effect (p = 0.007). Post-hoc tests revealed significantly lower pain
levels 48 h after the muscle-damaging exercise when using the
cryocompression system (p = 0.046). In addition, for DOMS, we
found significant effects for recovery modality (p < 0.001), period
(p < 0.001), and interaction (p = 0.049). Post-hoc tests identified
a reduction in DOMS at post-72 h compared to post-24 h (=52%,
p = 0.008) and post-48 h (=53%, p = 0.002) exclusively during the
Cryocompression condition. A significant difference between the
two post 72-h conditions was also found (p = 0.018), with less
soreness following cryocompression. Pearson’s correlation analyses
revealed that body pain was significantly associated with several
variables, mostly in the Passive condition. A positive correlation was
found with thigh circumference at the end of Day 1 (r = 0.60, p =
0.031) and with leg heaviness after recovery on Days 1, 2, and 3 (r =
0.56-0.71, all p < 0.05). Body pain before recovery was also strongly
correlated with DOMS at post-48h (r = 0.73, p = 0.005). In the
Cryocompression condition, body pain was significantly correlated
with DOMS at post-24 h (r = 0.76, p = 0.002) and post-48 h (r = 0.69,
p = 0.008). No significant correlations were observed with IL-1f in
either condition.

4 Discussion

The present study aimed to evaluate the effects of recovery
using a cryocompression technology compared to passive recovery,
after a muscle-damaging exercise. We found that cryocompression
accelerated recovery by reducing muscle inflammation, PLFFD,
soreness, and pain, while improving the knee extensors’ maximal
force. However, no significant differences were observed between
the two experimental conditions during the jumping and Wingate
cycling performance tests.

The study demonstrated that the muscle-damaging exercise
reduced quadriceps force and jump height while increasing PLFFD.
Such stressful activities, including plyometric exercises, elevate
cytosolic calcium levels, increase sarcolemma permeability, cause
muscle fiber oedema, disrupt cellular structures, and result in
soreness and reduced force-generating capacity (White and Wells,
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2013). The observed 20%-30% decline in force during MVC
after the demanding exercise falls within the intermediate range
of values reported in previous studies after a trail running race
(Gauche et al, 2006; Hausswirth et al, 2011), confirming the
effectiveness of the current protocol in inducing muscle fatigue.

Following the muscle-damaging exercise, cryocompression
significantly reduced IL-1f levels and thigh circumference, a marker
of oedema, suggesting that the combined effects of cold exposure
and compression enhance the management of inflammatory
responses. The reduction in extracellular fluid accumulation aligns
with findings from previous studies on cold exposure (Eston
and Peters, 1999; White and Wells, 2013) and compression
(Kraemer et al., 2001a; Kraemer et al., 2001b; Born et al., 2013).
The observed effects could be attributed to vasoconstriction,
which may reduce vascular permeability and limit inflammatory
processes (Bailey et al, 2007; Born et al, 2013), potentially
amplified by the synergy of both recovery techniques. Similarly,
Pournotetal. (2011) observed a decrease in IL-1p, a classical marker
of exercise-induced muscle damage, when athletes used whole-body
cryotherapy compared to passive recovery after a simulated trail
running race. Furthermore, compression garments have been shown
to attenuate creatine kinase and myoglobin elevations following
eccentric exercise (Mizuno et al., 2017; Kraemer et al., 2001a;
Kraemer et al, 2001b). However, previous studies reported no
significant effect of compression on pro-inflammatory markers
such as TNF-q, IL-1B, and IL-6 (Pruscino et al., 2013; Kim et al.,
2017), suggesting that the reduction in IL-1p observed with
cryocompression is primarily driven by cold exposure.

The muscle-damaging exercise increased PLFFD, likely
reflecting excitation-contraction coupling failure due to reduced
Ca?* release within muscle fibers, consistent with the findings
of Ridard et al. (2022). However, it is important to note that the
Myocene® device estimates PLFFD using brief trains of low- and
high-frequency stimuli, rather than sustained tetanic contractions.
These short-duration trains may not induce full Ca?* saturation and
could therefore underestimate both the magnitude and duration
of PLFFD. As shown by Ruggiero et al. (2019), protocols using
very short trains (such as doublets) lead to a faster recovery of
the low-frequency fatigue ratio (within 48 h), whereas longer
tetanic stimulations reveal persistent impairments up to 96h
following eccentric exercise. This methodological limitation should
be considered when interpreting the observed PLFFD values, as the
actual level of neuromuscular fatigue may be more pronounced.
Nonetheless, PLFFD was significantly reduced 48 h post-exercise
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FIGURE 4

0.05,"%p < 0.01,""“p < 0.001.

Mean (+ standard deviation) of heavy legs (A) and pain (B) perceptions at pre, post, post-24 h, and post-48 h for the passive and cryocompression
conditions. DOMS (delayed onset muscle soreness) was assessed at post-24 h, post-48 h, and post-72 h during both experimental conditions (C)."p <

when recovery was facilitated with cryocompression compared to
passive recovery, suggesting a beneficial effect on muscle fatigue.

Moreover, the force of knee extensors during MVC was impaired
on the first day after passive recovery, while recovery kinetics
was accelerated with cryocompression at both 24 h and 48 h post-
exercise. According to Carroll et al. (2017), a reduction in maximal
force during an isometric MVC is considered the clearest indicator of
performance fatigability, which is consistent with the lower muscle
fatigue at post-48 h for the Cryocompression condition highlighted
by the Myocene® results. This reduced fatigability is likely attributed
to the combined effects of cold exposure and compression,
which may alleviate muscle damage and promote tissue repair
(Born et al., 2013; Rose et al, 2017). Previous studies have
also shown improved MVC performance following recovery with
cryotherapy (Hausswirth et al., 2011) or compression (Kim et al.,
2017) immediately after muscle-damaging exercise and in the
subsequent days.

Despite these positive findings, certain variables did not differ
significantly between recovery modalities, such as performance
during the jump tests (S] and CMJ) or the Wingate anaerobic
cycling test. Pruscino et al. (2013) also reported no improvement in
explosive performance during jumps when recovery was performed
with compression garments. In addition, Vieira et al. (2015)
observed no effect of whole-body cryotherapy on jump performance
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after high-intensity exercise, including concentric and eccentric
efforts, while the impact of cold exposure on anaerobic power
output is controversial (Crowe et al., 2007; Al-Nawaiseh et al., 2016).
This could be attributed to the neuromuscular adaptations required
for these types of efforts, which may not be directly influenced
by inflammation or muscle fatigue but rather depend on central
nervous system mechanisms. Nevertheless, preserving performance
in these metrics, alongside enhanced MVC recovery, suggests that
cryocompression provides a competitive advantage by maintaining
muscle force capacity.

Finally, subjective assessments of pain and the sensation of
heavy legs aligned with the objective data, further supporting the
benefits of using cryocompression for recovery. The positive effects
of cryotherapy (Burgess and Lambert, 2010; Wolska et al., 2023)
and compression (Kraemer et al,, 2001a; Kraemer et al., 2001b;
Kim et al., 2017) on perceived soreness are well-documented in the
literature, highlighting their role in improving recovery outcomes
and enhancing athletes’ comfort during the post-exercise period.
This combination of cold exposure and compression not only
facilitates a faster return to training, but also could help minimize
the risk of injury by reducing muscle soreness and promoting
quicker recovery (Kraemer et al., 2001a). The observed correlations
between pain levels, DOMS, leg heaviness, and thigh circumference
highlight the utility of the body map, which can be considered a
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reliable tool for assessing muscle pain and accurately identifying
its location.

The study does have some limitations. The exclusive inclusion of
male participants limits the generalizability of the findings to other
populations, such as female athletes or individuals from various
sports disciplines and performance levels. Additionally, the study
did not include a direct comparison with other established recovery
methods, such as whole-body cryotherapy or active recovery, which
could provide a clearer understanding of the relative effectiveness
of cryocompression compared to other popular recovery strategies.
Finally, the study only included short-term assessments of recovery,
and further research is needed to evaluate the long-term effects of
cryocompression on muscle function and overall training outcomes.

5 Conclusion

In conclusion, this study demonstrates that cryocompression is
an effective intervention to accelerate recovery following muscle-
damaging exercise. The results showed significant reductions
in inflammatory markers, PLFFD, and muscle soreness, with
improvements in maximal knee extensor force capacity. These
findings support the hypothesis that cryocompression can enhance
recovery by mitigating the physiological impacts of intense eccentric
exercise. These positive effects suggest that cryocompression systems
may serve as a valuable recovery tool for athletes engaging in
high-intensity training. Future studies should explore the long-term
effects and mechanisms underlying cryocompression’s benefits, as
well as its applicability in various athletic populations.
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