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Efficacy of recovery strategies on pain pressure thresholds in
basketball players

Eficacia de estrategias de recuperacion en umbrales de presion del dolor
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Abstract
I
Objective: This study assessed the effects of active recovery training, cold-water immersion,

contrast-water immersion, and no intervention on pain pressure thresholds in the quadriceps,
triceps, and full leg. Following these recovery strategies, it also examined the relationships be-
tween creatine kinase, myoglobin, and pain pressure thresholds.

Methods: Twenty basketball players from the Slask Wroctaw team, aged 18 to 35, participated
in a randomized controlled trial. They were divided into four groups: active recovery training,
cold-water immersion, contrast-water immersion, and control. The interventions were applied
post-match, and pain pressure thresholds were measured in the quadriceps, triceps, and full
leg using a Somedic Algometer type 2. Blood samples were collected for analysis of creatine
kinase and myoglobin levels.

Results: Active recovery training significantly improved pain pressure thresholds across all
muscle groups compared to cold-water immersion, contrast-water immersion, and control
(p=0.001, d = 0.87 to 6.12). Cold-water immersion showed significant benefits in the triceps
and full leg muscles compared to contrast-water immersion and control (p=0.001, d = -2.90 to
5.56). Contrast-water immersion did not differ significantly from the control in any muscle
group. No significant correlations were found between pain pressure thresholds and creatine
kinase and myoglobin levels.

Conclusion: Active recovery training was the most effective strategy for improving pain pres-
sure thresholds in basketball players, with cold-water immersion offering additional benefits
for specific muscle groups. The lack of correlation between pain pressure thresholds and mus-
cle damage biomarkers suggests that pain pressure thresholds alone may not be a reliable in-
dicator of muscle damage.

Keywords
|
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Resumen
______________________________________________________________________________________|
Objetivo: Este estudio evalud los efectos del entrenamiento de recuperacién activa, lainmersién

en agua fria, la inmersién en agua contrastada y la no intervencién sobre los umbrales de dolor
en los cuddriceps, triceps y pierna completa. También se examinaron las relaciones entre la
creatina quinasa, la mioglobina y los umbrales de dolor tras estas estrategias de recuperacion.
Métodos: Veinte jugadores de baloncesto del equipo Slask Wroctaw, de entre 18 y 35 afios, par-
ticiparon en un ensayo controlado aleatorio. Los participantes fueron divididos en cuatro gru-
pos: entrenamiento de recuperacion activa, inmersién en agua fria, inmersion en agua contras-
tada y control. Las intervenciones se aplicaron después del partido, y los umbrales de dolor se
midieron en los cuddriceps, triceps y pierna completa utilizando un algémetro Somedic tipo 2.
Se recogieron muestras de sangre para el andlisis de los niveles de creatina quinasa y mioglo-
bina.

Resultados: El entrenamiento de recuperacion activa mejoro significativamente los umbrales
de dolor en todos los grupos musculares en comparacién con la inmersién en agua fria, la in-
mersion en agua contrastada y el control (p=0.001, d = 0.87 a 6.12). La inmersion en agua fria
mostro beneficios significativos en los musculos triceps y pierna completa en comparacién con
la inmersion en agua contrastada y el control (p=0.001, d =-2.90 a 5.56). La inmersién en agua
contrastada no mostroé diferencias significativas respecto al control en ningtin grupo muscular.
No se encontraron correlaciones significativas entre los umbrales de dolor y los niveles de crea-
tina quinasa y mioglobina.

Conclusién: El entrenamiento de recuperacion activa fue la estrategia mas efectiva para mejo-
rar los umbrales de dolor en los jugadores de baloncesto, con la inmersion en agua fria ofre-
ciendo beneficios adicionales para grupos musculares especificos. La falta de correlacion entre
los umbrales de dolor y los biomarcadores de dafio muscular sugiere que los umbrales de dolor
por si solos pueden no ser un indicador fiable del dafio muscular.

Palabras clave

Deportes de equipo; entrenamiento deportivo; recuperacion deportiva; sensibilidad al dolor.
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Introduction
C_______________________________________________________________________________]
Basketball is a team sport characterized by intermittent bursts of high-intensity actions, where players
are required to tolerate a variety of locomotor demands such as sprinting, shuffling, jumping, accelera-
tions, decelerations, and changes of direction at different angles throughout the game (Pernigoni et al.,
2021). As previously shown, the external load associated with these high-intensity actions varied de-
pending on the type of activity (e.g., sprints, jumps, or high-intensity specific movements), their dura-
tion, and whether they were performed with or without the ball (Pernigoni et al., 2021). Maintaining a
good level of anaerobic power is of utmost importance to cope with high-intensity locomotor demands.
Conversely, aerobic capacity in basketball is essential for sustaining multiple short bursts of high-inten-
sity activity throughout the game (Gottlieb et al., 2021; Stojanovi¢ et al., 2018). Furthermore, basketball
players participate in intense training sessions to meet the match demands, leaving insufficient time for
complete recovery between sessions (Williams et al., 2021).

Biomarkers of muscle damage such as CK, myoglobin, lactate dehydrogenase, aldolase, troponin, aspar-
tate aminotransferase, and carbonic anhydrase indicate disruption, stress, and inflammation (Brancac-
cio et al,, 2010; Kellmann et al., 2018). Notably, CK has demonstrated its reliability as a biomarker for
assessing recovery-fatigue status in team sport athletes (Pérez-Castillo et al., 2023; Reichel et al.,, 2020).
Indeed, a previous systematic review showed that in team sports, the most monitored serum markers
for match-induced muscle injury were CK followed by myoglobin concentrations (Silva et al., 2018).
Moreover, CK and myoglobin can be increased for above 72 hours post-match in different team sports
(Doeven et al., 2018; Silva et al., 2018), acknowledging the fact that although some measures of physical
performance can return more rapidly to pre-match values, the muscles need more time to recover from
muscle damage biomarkers (Doeven et al.,, 2018). Also, it was noticed that there is a significant increase
in the acute magnitude of perceived delayed onset muscle soreness (DOMS) in the post-match (Silva et
al,, 2018). This delayed recovery and increased DOMS highlight the role of muscle damage biomarkers
in understanding post-match recovery and their relationship with pain perception.

Pain pressure threshold (PPT), defined as the minimum force required to elicit pain, provides a comple-
mentary assessment of recovery through its association with DOMS and mechanosensitive nociceptor
excitability (Thornton et al., 2024). Athletes often exhibit higher pain thresholds and tolerances com-
pared to non-athletes, and they tend to perceive pain as less intense (Thornton et al., 2024). On the other
hand, it was previously reported that women had significantly lower pre-exercise PPT values (24.1+6.1
N/cm?) compared to men (48.9+13.8 N/cm?) (Silva et al., 2021). In the same study, post-exercise PPT
values remained relatively stable in women across all time points (24.7+9.9 N/cm? immediately post-
exercise, 24.1+6.4 N/cm? at 48 hours post-exercise) (Silva et al., 2021). In contrast, men exhibited an
increase in PPT immediately post-exercise (49.9+16.1 N/cm?), followed by a significant decrease at 48
hours post-exercise (48.3+15.5 N/cm?). Furthermore, post-exercise DOMS appears to be associated
with heightened excitability of mechanosensitive nociceptors, showing that PPT may be used as a meas-
ure for assessing the magnitude of DOMS (Fleckenstein et al., 2017).

Current evidence suggests potential recovery benefits from active recovery strategies and water immer-
sion protocols at varying temperatures (Dupuy et al, 2018; Moore et al., 2023). A previous systematic
review has highlighted the positive impact of active recovery sessions on physical performance (Ortiz
etal,, 2019). Nevertheless, determining the optimal intensity level for active recovery remains inconclu-
sive, and the reliability of blood biomarkers for fatigue clearance rate is uncertain (Ortiz et al.,, 2019).
Cold water immersion (CWI) protocols aim to decrease tissue temperatures and blood flow, thereby
resulting in diminished swelling, inflammation markers, and pain perception (Machado et al,, 2016).
CWI was previously shown to be effective in reducing the circulating creatine kinase (CK) and myoglo-
bin concentrations after strenuous exercise (Ihsan et al., 2016).

In contrast to active recovery, the utilization of CWI demonstrated reduced myoglobin concentrations
following high-intensity exercise (Roberts et al., 2014). Also, it was previously revealed that CWI imme-
diately after exercise and delayed CWI (3 hours post-exercise) significantly improved next-day perfor-
mance (Brophy-Williams et al., 2011) Furthermore, the PPT is reduced after a CWI protocol immediately
after exercise (Pinto et al,, 2020). However, there is a lack of evidence reporting the effects of other
recovery strategies on PPT (Klich et al.,, 2018). Contrast water immersion alternates CWI with hot water
immersion, and it previously showed positive effects for CK 48h and 72h after exercise (Bieuzen et al,,
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2013). On the other hand, only 48h after exercise, significantly lower myoglobin concentrations after
contrast water therapy (Bieuzen et al., 2013).

Given that PPT and DOMS may be correlated, and that DOMS is a perceived measure of muscle damage,
it may be hypothesized that PPT can be influenced by the presence of blood concentrations of CK and
myoglobin and that such relationships may differ between different recovery strategies. Investigating
the possible associations between biomarkers of muscle damage and PPT after different recovery inter-
ventions can give great insights regarding the use of PPT to infer muscle damage. For all the above, the
present study aimed (i) to assess the effects of ART, CWI, and COWI on PPT in the quadriceps, triceps,
and full leg muscles; and (ii) to analyze the correlations between CK, Mb, and PPT following different
recovery interventions.

Method
'

Participants

A total of 20 basketball players affiliated with the Slask Wroctaw team, aged 18 to 35 years, were re-
cruited for this study. The mean age of the participants was 24.75 years, with an average height of 194.7
c¢m, body mass of 91.62 kg, and BMI of 23.96. All players were actively involved in top-tier league com-
petitions and were enlisted for participation by the team's physiotherapist. A post hoc power analysis
was conducted to determine the achieved power for the study. Using G* Power software (version 3.1.3;
University of Trier, Trier, Germany) the effect size (f) for the one-way ANOVA was calculated from Co-
hen's d values. For the most relevant and largest effect observed (d = 3.98 for ART vs. CWI in quadri-
ceps), the corresponding effect size (f) was calculated to be 2.89, which corresponds to a very large effect
based on Cohen’s conventions. The alpha level was set at 0.05, and the total sample size was 20 partici-
pants, distributed across 4 groups (active recovery, cold-water immersion, contrast-water immersion,
and control), with 5 participants per group. The results of the power analysis indicated that the study
had an achieved power of 0.83 (83.4%), which is above the commonly accepted threshold of 0.80. This
suggests that the study was adequately powered to detect significant differences among the groups.

Procedure

This study followed a randomized controlled trial design, aimed to assess the impact of various recovery
interventions on pain sensitivity thresholds and blood markers associated with muscle damage in bas-
ketball players. Participants were randomly allocated to one of four groups: a control group with no
recovery intervention, a contrast baths group, an active recovery training group, and an ice baths group.
Randomization was carried out using a random number generator in Microsoft Excel. Before the study,
a list of participant identifiers was generated, and each participant was assigned an ID number. In Mi-
crosoft Excel, the [=RAND()] function was used to generate a random number between 0 and 1 for each
participant. This function produces a random decimal value, which is then used to sort the participants
in ascending order. The first 5 participants were allocated to the contrast baths group, the next 5 to the
active recovery training group, the following 5 to the ice baths group, and the remaining 5 to the control
group. The allocation sequence was concealed from the researchers conducting the intervention to en-
sure unbiased assignment. Group assignments were revealed only after the completion of participant
enrollment. The study spanned three days post-match: match day, 24 hours post-match, and 48 hours
post-match. Each group underwent specific recovery interventions or control conditions according to
the assigned protocol.

Interventions

The cold-water immersion group underwent cold water immersion, with participants immersed in wa-
ter maintained at temperatures between 1°C and 5°C for 5 minutes, utilizing pools provided by the
ICOOLSPORT company. The contrast water immersion group received contrast immersion, which in-
volved alternating cycles of hot and cold baths administered for 20 minutes. The active recovery training
group engaged in post-match jogging and structured training sessions with a duration of 45 minutes,
aimed at reducing delayed onset muscle soreness (DOMS), conducted 24- and 48-hours post-match.
Participants in the control group did not participate in any recovery strategies and abstained from any
training session after the match. Participants in the control group, also completed the measurements for
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PPT and blood markers at three time points: match day (immediately post-match), 24 hours post-match,
and 48 hours post-match. These measurements were conducted at the same time of day (around 10:00
AM) for all participants to minimize the effect of diurnal variations on the results.

Measurements/Outcomes
Pain Pressure Thresholds

Pain pressure thresholds were measured using a Somedic Algometer type 2, applied to three specific
muscle points: (i) quadriceps; (ii) calves; and (iii) triceps. Participants were positioned comfortably, and
clothing obstructing access to target muscle points was removed. Anatomical landmarks were marked
for consistent measurement. The algometer, with a rubber-covered tip, was gently pressed against mus-
cles at a standardized pressure rate of 30 kPa/s. Participants signaled pain perception, and measure-
ments were repeated across muscle regions. Thresholds were recorded before and after matches and
during recovery periods. Data were analyzed to evaluate changes in pain sensitivity and recovery inter-
vention effectiveness in managing DOMS in basketball players.

Blood Analysis

Blood analysis procedures were performed to evaluate creatine kinase (CK) activity and myoglobin con-
centration. Venous blood samples were obtained from participants at three time points: before the
match, and 24- and 48 hours post-match. Approximately 5 milliliters of blood were collected from the
dominant elbow fossa using standard venipuncture techniques and stored in vacutainer tubes to pre-
vent contamination. Following collection, samples were centrifuged at 3000 rpm for 10 minutes at room
temperature to separate the serum from other blood components. The serum was then carefully ex-
tracted, labeled, and stored at -80°C to maintain stability. Samples were thawed to room temperature
before analysis. CK activity was measured using an automated clinical chemistry analyzer (Model 7080,
Hitachi, Co., Ltd., Tokyo, Japan) with commercially available test kits (Roche Diagnostics, Indianapolis,
IN, USA). Mb concentration was measured using an automated clinical chemistry analyzer (Model El-
ecsys 2010, F. Hoffmann-La Roche Ltd., Tokyo, Japan). Each sample was analyzed in duplicate to mini-
mize variability, and quality control measures were implemented to ensure accuracy. Statistical analysis
was performed to evaluate changes in CK activity and Mb concentration over the study period and assess
the impact of recovery interventions on muscle recovery in basketball players.

Data analysis

To analyze the data, descriptive statistical methods were utilized to determine percentages as well as
measures of central tendency and dispersion, specifically the mean and standard deviation. Tests for
normal distribution and homogeneity of variances were conducted using the Kolmogorov-Smirnov test
and Levene’s test, respectively. First, one-way analysis of variance (ANOVA) was employed to analyze
the differences between groups in each recovery strategy: i) Active Recovery Training Group, ii) Cold-
water immersion Group, iii) Contrast-water immersion Group, and iv) Control groups focused on three
specific sites: i) quadriceps, ii) triceps, and iii) the full leg. The effect size (d) was calculated through
Cohen’s d (Cohen, 1988). The interpretation of the d regardless of the sign, followed the scale: very small
(0.01), small (0.20), medium (0.50), large (0.80), very large (1.20), huge (2.0) as initially suggested by
Cohen (1992) and expanded by Sawilowsky (2009). Pearson’s correlation coefficient (r) was employed
to explore the relationship between PPT CK and Mb for each group, with interpretation criteria based
on the magnitude of the correlation coefficient. Statistical analyses were performed using SPSS v.27.0
for Windows (SPSS Inc., Chicago, IL).

Results
__________________________________________________________________________________________________________________|
Descriptive statistics were calculated for each PPT variable. See Table 1, for more information.
Descriptive statistics were calculated for CK and Mb levels (Table 2).

Different one-way ANOVAs were conducted to analyze the differences between groups in each recovery
strategy: i) Active Recovery Training Group, ii) Cold-water immersion Group, iii) Contrast-water immer-
sion Group, and iv) Control groups focused on three specific sites: i) quadriceps, ii) triceps, and iii) the
full leg. First, a one-way ANOVAs with mean quadriceps data revealed significant differences between
ART Group and CWI Group, p=0.001, d=3.98, ART Group and COWI Group, p=0.001, d=0.87, ART Group
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and C Group, p=0.001, d=1.24, CWI Group and COWI Group, p=0.001, d=1.22, CWI Group and C Group,
p=0.001, d=-2.40. However, the same analysis realized between COWI Group and C Group, did not reveal
significant differences, p=0.721, d=-0.10. (See Figure 1 and Table 3, for more information).

Table 1. Pressure points for each group recovery strategy (meanSD).

Quadriceps Triceps Full leg
982.11+30.66 995.60+29.22 999.35+25.05
ART Group LCI=968.67 LCI=982.79 LCI= 988.37
Cl=13.44 C1=12.81 C1=10.98
UCI= 995.55 UCI= 1008.40 UCI=1010.33
880.04+19.45 842.36:25.82 861.20+19.76
CWI Group LCI=871.51 LCI=831.05 LCl=852.54
CI=8.53 Cl=11.31 CI=8.66
UCI= 888.56 UCI= 853.67 UCI= 869.86
938.10+64.24 909.09+61.50 923.59+60.13
LCI=909.94 LCI=882.14 LCI=897.24
COWI Group Cl=28.15 C1=26.95 Cl=26.35
UCI= 966.25 UCI= 936.04 UCI= 949.95
943.41+31.86 935.90+37.54 939.65+29.26
¢ Group LCI= 929.44 LCI=919.44 LCI= 926.82
Cl=13.96 Cl=16.45 Cl=12.83
UCI= 957.37 UCI= 952.35 952.48

ART Group: Active Recovery Training Group; CWI Group: Cold-water immersion Group; COWI Group: Contrast-water immersion and C Group:
Control Group; LCI: Lower Confidence Interval; CI: 95% Confidence Interval and, UCI: Upper Confidence Interval.

Table 2. Creatine kinase and myoglobin levels across recovery interventions
Creatine kinase (U/L)

Active Recovery Training water immersion

. . Contrast-
Cold-water immersion Group Control Group

Group Group
Immediately after match 349.84+89.38 269.98+62.59 302.99+86.31 293.134£84.63
24h after match 453.91+116.09 398.75+84.86 393.27£109.60 392.73£107.05
48h after match 337.96+88.24 299.84+59.51 292.89+83.34 241.194£67.42
Myoglobine (ng/mL)
Active Recovery Training Cold-water immersion Group Contrast-water immersion Control Group
Group Group
Immediately after match 48.08+2.88 51.78+14.23 45.73+8.09 50.04+3.92
24h after match 32.95+2.08 38.72+11.47 31.19+45.05 26.17£2.05
48h after match 30.88+1.93 34.20+10.22 28.93+4.73 14.62+1.13

Table 3. Between groups differences between the Active Recovery Training Group, Cold-water immersion Group, Contrast-water immersion
Group, and Control groups for quadriceps, triceps, and full leg.

One-way ANOVA

Quadriceps Quadriceps CWI Quadriceps  Quadriceps C ART Group Vs ART Group ART Group CWI Group CWI Group COWI
Vs COWI Vs COWI Group Vs
ART Group Group COWI Group Group CWI Group Vs C Group Vs C Group
Group Group C Group

982.11+30.66 880.04+19.45 938.10£64.24 943.41+31.86
LCI=968.67 LCI=871.51  LCI=909.94 LCI=929.44 p=0.001**  p=0.001** p=0.001** p=0.001** p=0.001** p=0.721
Cl=13.44 CI=8.53 CI=28.15 CI=13.96 d=3.98 d=0.87 d=1.24 d=-1.22 d=-2.40  d=-0.10

UCI=995.55 UCI=888.56  UCI=966.25 UCI=957.37

Triceps ART ~ Triceps CWI  Triceps COWI Triceps Control ART Vs CWI

ARTVs ARTVsCon- CWIVs CWIVsCon- COWIVs
COWI trol COWI trol Control

995.60+£29.22 842.36+£25.82 909.09+61.50 935.90+£37.54
LCI=982.79 LCI=831.05 LCI=882.14 LCI=919.44 p=0.001**  p=0.001** p=0.001** p=0.001** p=0.001** p=0.05*
Cl=12.81 CI=11.31 CI=26.95 CI=16.45 d=5.56 d=1.80 d=1.77 d=-1.41 d=-2.90 d=-0.53
UCI=1008.40 UCI=853.67 UCI=936.04  UCI=952.35

Fullleg ART  Full Leg CWI  Full Leg COWI Fullleg Control ART Vs CWI

ARTVs ARTVsCon- CWIVs CWIVsCon- COWIVs
COWI trol COWI trol Control

999.35+25.05 861.20+19.76 923.59+£60.13 939.65+29.26
LCI=988.37 LCI=852.54 LCI=897.24  LCI=926.82 p=0.001**  p=0.001** p=0.001** p=0.001** p=0.001** p=0.229
CI=10.98 CI=8.66 CI=26.35 CI=12.83 d=6.12 d=1.64 d=2.19 d=-1.39 d=-3.14  d=-0.34
UCI=1010.33 UCI=869.86  UCI=949.95 952.48
ART Group: active recovery training group; CWI Group: cold-water immersion group; COWI Group: contrast-water immersion; LCI: lower con-
fidence Interval; CI: 95% confidence Interval and, UCI: upper confidence interval.
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Figure 1. Mean quadricep’s pressure points (mean= SD) for each group recovery strategy.
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Second, another one-way ANOVAs with mean triceps data showed significant differences between ART
Group and CWI Group, p=0.001, d=5.56, ART Group and COWI Group, p=0.001, d=1.80, ART Group and
C Group, p=0.001, d=1.77, CWI Group and COWI Group, p=0.001, d=-1.41, CWI Group and C Group,
p=0.001, d=-2.90, and COWI Group and C Group, p=0.05, d=-0.53. (See Figure 2 and Table 3, for more
information).

Figure 2. Mean tricep’s pressure points (meanz SD) for each group recovery strategy.
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Last, one-way ANOVAs with mean full leg data revealed significant differences between ART Group and
CWI Group, p=0.001, d=6.12, ART Group and COWI Group, p=0.001, d=1.64, ART Group and C Group,
p=0.001, d=2.19, CWI Group and COWI Group, p=0.001, d=-1.39, CWI Group and C Group, p=0.001, d=-
3.14. Crucially, the one-way ANOVA performed between COWI Group and C Group, did not show signif-
icant differences, p=0.229, d=-0.34. (See Figure 3 and Table 3, for more information).

Figure 3. Mean full leg pressure points (meanz SD) for each group recovery strategy.
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Lastly, a correlation analysis was conducted to explore the relationships between PPT CK and Mb for
each group. No significant correlations were reported.

Discussion
|
This study aimed to assess the impact of ART, CWI, and COWI on PPT in the quadriceps, triceps, and full
leg muscles. Additionally, it aimed to investigate the correlations between CK, Mb, and PPT following
different recovery interventions. The main findings revealed that ART was the most effective recovery
strategy, demonstrating significantly higher PPTs across all muscle groups compared to CWI, COWI, and
control. Furthermore, CWI showed significant efficacy in the triceps and full leg muscles, whereas COWI
did not significantly outperform the control group in any muscle group. Notably, no significant correla-
tions were found between PPT CK and Mb.

ART demonstrated superior effectiveness in improving PPT across all studied muscle groups. This find-
ing aligns with previous research highlighting the benefits of low-intensity exercise in maintaining mus-
cle activation, promoting blood flow, and facilitating the removal of metabolic waste products, which
collectively improve muscle recovery and reduce DOMS (Dupuy et al., 2018; Michaelson et al., 2019).
For instance, a previous systematic review showed that different forms of ART were superior to passive
controls that were exposed to passive rest in decreasing DOMS (Fares et al., 2022). The significant dif-
ferences observed between the ART group and all other groups (CWI, COW], and control) suggest that
ART might offer the greatest benefits for recovery, particularly in sports like basketball that require
high-intensity, intermittent activities.

CWI showed significant benefits in reducing muscle pressure points, particularly in the triceps and full
leg muscles. The effectiveness of CWI is likely due to its ability to decrease tissue temperature and blood
flow, thereby reducing inflammation, swelling, and pain perception (Li et al., 2023; Roonkiani et al,,
2020). The significant reduction in PPT for the triceps and full leg muscles in the CWI group, compared
to other recovery strategies, supports its potential use as an effective method for managing muscle sore-
ness and accelerating recovery post-exercise (Brophy-Williams et al., 2011; Tavares et al., 2019). These
findings are consistent with previous studies demonstrating the benefits of CWIin reducing biomarkers
of muscle damage and improving performance recovery (Li etal., 2023; Moore et al., 2023). For instance,
a previous study that examined the impact of a CWI protocol on muscle pain sensitivity found that im-
mersing in 5°C water for 5 minutes effectively reduced PPT one hour following repeated maximal sprint
sessions (Klich et al.,, 2018). For such reasons, CWI may serve as a valuable strategy when combined
with ART protocols for improved pain sensitivity.

Moreover, COWI did not show significant benefits over the control group in enhancing PPT. This finding
suggests that alternating between hot and cold water may not provide substantial recovery benefits, or
its effects might be less consistent compared to other recovery methods. This is in contrast with previ-
ous research that has indicated some positive effects of COWI on DOMS and reduced muscle strength
loss from 6 to 96 hours after exercise in comparison to passive recovery (Bieuzen et al.,, 2013). However,
a previous systematic review found that only CWI 24 hours after exercise improved neuromuscular re-
covery and fatigue perception (Higgins et al., 2017). In the same study (Higgins et al., 2017), neither CWI
nor COWI was found to enhance the recovery of perceived muscle soreness following team sports. These
differences between study findings can be explained by the often included participants with varying
training statuses and physiological stressors, as reported by other systematic reviews on hydrotherapy
and recovery (Bieuzen et al., 2013). Furthermore, the lack of significant improvement in PPT in this
study highlights the need for further investigation into the optimal protocols and timing for COWI to
maximize its recovery benefits. The lack of significant improvement in PPT in the present study may
also reflect individual variability in response to hydrotherapy. Factors such as differences in muscle
damage severity, baseline physiological state, or adaptation to recovery methods could contribute to the
null findings for COWI (Bieuzen et al.,, 2013). Additionally, the short duration of exposure to hot and cold
cycles in the protocol might have limited its effectiveness. Exploring longer or more intense COWI pro-
tocols could provide greater responses for improving recovery outcomes.

The present study found no significant correlations between PPT and the biomarkers CK and Mb across
all recovery strategies. This lack of correlation suggests that PPT might not be directly influenced by the
concentrations of these muscle damage biomarkers. While CK and Mb are well-established indicators of
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muscle damage and recovery status (Nowakowska et al., 2019), PPT is a subjective measure of pain
sensitivity and might be influenced by other factors such as individual pain tolerance, psychological
state, and the specific nature of exercise-induced muscle damage (Fleckenstein et al., 2017). The dispar-
ity between these measures could also reflect the multifactorial nature of recovery processes, wherein
pain perception and biochemical markers may operate through distinct pathways or be modulated dif-
ferently by recovery interventions (Doeven et al., 2018). For instance, CK and Mb are primarily indica-
tive of structural muscle damage and the extent of myocyte leakage, while PPT reflects nociceptive input
and the central processing of pain signals, which can be affected by psychological factors such as stress,
anxiety, or an athlete’s previous experiences with pain (Brancaccio et al., 2010; Kellmann et al., 2018).
Furthermore, the lack of correlation may indicate a temporal disconnect between biochemical markers
and pain sensitivity. Biomarker levels such as CK and Mb may peak at different times relative to changes
in pain thresholds (Fleckenstein et al., 2017), suggesting that the time points used for assessment in this
study might not have captured the associations between these variables. Future studies should consider
longitudinal measurements to better understand how these markers evolve and interact with pain per-
ception. Additionally, it is possible that the magnitude of changes in CK and Mb was not sufficient to
influence nociceptive pathways in this study, and that other inflammatory mediators, such as interleu-
kins or prostaglandins, played a more critical role in modulating pain sensitivity (Brancaccio et al.,
2010).

Given the promising effectiveness of ART in enhancing muscle recovery, it should be prioritized in post-
exercise recovery protocols. CWI can be used as a supplementary recovery method, particularly for its
benefits in improving pain sensitivity in specific muscle groups such as in the triceps and full leg. The
limited efficacy of COWI observed in this study suggests that its use should be carefully considered, and
further research is needed to optimize its application. This study has several limitations, including the
small sample size. Additionally, investigating the long-term effects of these recovery strategies on mus-
cle performance and exploring other potential biomarkers of muscle damage and recovery would pro-
vide valuable insights. Future research should explore larger and more diverse populations to general-
ize the findings and examine the psychological aspects of recovery and pain perception.

Conclusions

The present study showed that active recovery seems to be the most effective strategy for improving
PPT across muscle groups, with CWI providing supplementary benefits for the triceps and full leg, while
COWI showed no significant improvements over the control group. The lack of correlation between PPT,
CK, and Mb suggests that PPT should not be used to infer muscle damage biomarkers. These findings
highlight the value of active recovery for optimizing muscle recovery and pain sensitivity, with CWI as
a potential supplementary method. Future research should explore long-term effects, individual varia-
bility, and additional biomarkers to improve recovery strategies and their practical applications.
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