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Abstract

Background

This study compared the effects of different therapeutic modalities on recovery follow-
ing the workout of the day (WOD) in CrossFit athletes, focusing on reducing muscle
damage and improving functional performance.

Methods

In a randomised, controlled, crossover design, twelve CrossFit athletes underwent
four post-WOD recovery interventions across four weeks: passive recovery (PR),
intermittent pneumatic compression (IPC), extracorporeal shock wave therapy
(ESWT), and photobiomodulation therapy combined with a static magnetic field
(PBMT-sMF). Assessments were conducted at baseline, and at 1, 24, and 48 hours
post-WOD. The primary outcome was vertical jump performance (countermovement
jump [CMJ] height) at 1-hour post-WOD; secondary outcomes included lactate dehy-
drogenase (LDH) levels, superoxide dismutase (SOD) and catalase (CAT) activity,
thiobarbituric acid reactive substances (TBARS), carbonylated proteins, perceived
exertion, and intervention satisfaction.

Results

There was no significant difference between interventions in CMJ height at 1-hour
post-WOD. In contrast, PBMT-sMF outperformed the other interventions in the sec-
ondary outcomes. PBMT-sMF significantly improved CMJ height at 24 and 48 hours
compared with PR (p<0.05) and led to greater reductions in LDH at both time points
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(p<0.05 and p<0.001, respectively). PBMT-sMF also produced lower TBARS and
carbonylated protein levels, with higher CAT and SOD activities at 24 and 48 hours
(p<0.05 and p<0.0001, respectively). CAT and SOD activities were also significantly
elevated at 1 hour post-WOD compared with PR (p<0.05).

Conclusions

PBMT-sMF may be an effective recovery strategy for CrossFit athletes, with its
benefits possibly related to the modulation of oxidative stress as an underlying
mechanism.

Trial registration
Trial registration number: NCT06628609.

Introduction

Intense and/or prolonged physical exercise induces repeated eccentric contractions
and tissue vibration [1,2]. These factors can lead to muscle damage and subsequent
tissue inflammation, marked by elevated biochemical markers such as lactate dehy-
drogenase (LDH), creatine kinase (CK), interleukin-6 (IL-6), and C-reactive protein
(CRP), along with delayed-onset muscle soreness (DOMS) and increased perceived
fatigue [3-5]. High-intensity exercises, such as the workout of the day (WOD) in
CrossFit training, can result in extreme fatigue [6].

Muscle fatigue refers to the reduction in force or power due to sustained contrac-
tions [7]. It results from dysfunction in neural, vascular, ionic, and metabolic systems,
with fatigue-inducing agents such as hydrogen ions (H*), lactate, inorganic phosphate
(Pi), heat shock proteins (HSP), and reactive oxygen species (ROS) contributing to
performance decline [8,9]. At rest, skeletal muscle maintains low ROS levels, but
intense exercise increases ROS production, leading to oxidative damage to nucleic
acids, lipids, and proteins, alongside reduced antioxidant capacity [9-11]. Elevated
oxidative damage impairs muscle function and prolongs recovery [12].

Photobiomodulation therapy (PBMT), particularly when combined with a static
magnetic field (PBMT-sMF), has emerged as a promising approach to mitigate physi-
ological stress induced by exercise [5]. PBMT is a non-ionising, non-thermal modality
that uses lasers or light-emitting diodes (LEDSs) in the visible to infrared spectrum
[13]. Evidence indicates that PBMT-sMF can accelerate post-exercise recovery and
enhance physical performance [5]. These ergogenic effects are thought to be medi-
ated, at least in part, through modulation of oxidative stress, specifically by increasing
superoxide dismutase (SOD) and catalase (CAT) activity [4,14—16], and reducing
thiobarbituric acid reactive substances (TBARS) and carbonylated proteins [14—18].
Other modalities, such as intermittent pneumatic compression (IPC) and extracor-
poreal shock wave therapy (ESWT), are also used in recovery. IPC applies exter-
nal pressure via inflatable garments (0—300 mmHg), enhancing lymphatic flow and
clearing metabolic by-products associated with muscle damage and neuromuscular
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fatigue [19,20]. ESWT involves high-energy acoustic waves and promotes tissue healing, regeneration, and pain relief
[21-23], with limited evidence for exercise recovery [24].

In recent years, the use of IPC and ESWT for post-exercise recovery and performance enhancement has gained pop-
ularity in the sports setting. However, despite this growing interest, evidence supporting their effectiveness in promoting
recovery and improving performance remains scarce. In addition, their impact on oxidative stress resulting from high-
intensity exercise has not been elucidated. Well-designed studies are essential to guide clinicians in selecting the most
appropriate therapeutic modality for athletes, optimising effectiveness while avoiding unnecessary costs. In this context, it
is particularly relevant to investigate whether these interventions can reduce muscle damage and fatigue, thereby improv-
ing functional performance. To our knowledge, no prior studies have compared PBMT-sMF, IPC, ESWT, and passive
recovery in CrossFit athletes with these aims. Therefore, this study aimed to compare the effects of different therapeutic
modalities on recovery following the WOD in CrossFit athletes, focusing on reducing muscle damage and improving func-
tional performance.

Materials and methods
Study design and ethics

This randomised, controlled, single-blinded (outcome assessors), crossover trial was prospectively registered at Clin-
icalTrials.gov (NCT06628609). The study was approved by the Nove de Julho University Ethics Committee (Protocol
3.997.120) and conducted in accordance with Declaration of Helsinki. Written informed consent was obtained, and no
protocol changes occurred.

Participants

The trial was conducted in Sao José dos Campos, Brazil. The recruitment period extended from October 11, 2024, to
November 3, 2024. It enrolled 12 healthy male CrossFit athletes (18—35 years), all non-professionals, who had been
training at least four times/week for a minimum of one year. Exclusion criteria included pharmacological use or recent
musculoskeletal injuries. Additionally, individuals who sustained musculoskeletal or joint injuries during the study were
also excluded.

Interventions

All interventions were applied five minutes post-WOD and lasted 30 minutes, except for PBMT-sMF, which was applied for
32 minutes.

» Passive Recovery (PR): Participants remained at rest in the supine position throughout the intervention period, serving
as the control condition [25].

* Intermittent Pneumatic Compression (IPC): Sequential compression was delivered using pneumatic boots (model 701
RA, Recovery Pump LLC, Concordville, PA, USA), positioned on both lower limbs. The device applied a pressure of
80-90 mmHg in four inflatable chambers arranged linearly from the feet to the hips. Each chamber was sequentially
inflated for approximately 8—12 seconds, followed by a partial deflation period of 15 seconds, with the full inflation cycle
lasting between 30 and 40 seconds [26].

» Extracorporeal Shock Wave Therapy (ESWT): The intervention was administered using the Shock Wave Therapy BTL-
6000 device (BTL Industries Ltd., United Kingdom), following the manufacturer’s instructions. Each session involved
the delivery of 2,000 pulses per region (6,000 pulses per lower limb), with an energy flux density of 0.03 mJ/mm?, a
frequency of 10 Hz, and a pressure of 1.5 bar [24]. A 15 mm diameter acoustic wave transmitter was applied directly to
the skin using a conductive gel to optimise (optimize) coupling and energy distribution [24]. ESWT was targeted at the
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knee extensor/hip flexor muscles (rectus femoris, vastus lateralis, and vastus medialis), knee flexor/hip extensor mus-
cles (hamstrings), and plantar flexor muscles (gastrocnemius) in both lower limbs. The application sites and treatment
protocol were based on a previous study and manufacturer guidelines to ensure optimal effectiveness [24].

» Photobiomodulation Therapy Combined with a Static Magnetic Field (PBMT-sMF): This intervention was performed
using a Multi Radiance Medical device (Solon, OH, USA) equipped with a cluster probe that emits a negligible amount
of heat [27]. The device contained 20 diodes, distributed as follows: four diodes emitting at 905 nm (1.25 mW average
power, 50 W peak power per diode), eight diodes emitting at 850 nm (40 mW average power per diode), and eight
diodes emitting at 633 nm (25 mW average power per diode). The PBMT-sMF was applied to eight specific sites in both
lower limbs, targeting: Four sites in the knee extensor/hip flexor muscles (rectus femoris, vastus lateralis, and vas-
tus medialis); Three sites in the knee flexor/hip extensor muscles (hamstrings); One site in the plantar flexor muscles
(gastrocnemius). The parameters used for PBMT-sMF were selected based on prior research to ensure consistency and
therapeutic effectiveness [5,16,28]. A comprehensive list of PBMT-sMF parameters is provided in Table 1.

Blinding and randomization

Outcomes were assessed by an independent evaluator blinded to group allocation. Intervention sequences were ran-
domised (1:1:1:1) using www.randomization.org by a researcher not involved in other study phases. In the first phase,

participants were allocated so that each intervention received 25% of the sample. In the subsequent phases, the same
procedure was applied to ensure that each of the four interventions included one quarter of the participants, thereby main-
taining an equal distribution across all phases of the trial. Each participant completed all four interventions across weekly
sessions with seven-day washouts. Allocation was concealed using sealed, numbered opaque envelopes. The interven-

tion orders were:

» Sequence 1: PR—PBMT-sMF - ESWT— IPC

» Sequence 2: PBMT-sMF - ESWT —IPC —PR

Table 1. PBMT-sMF parameters.

Lasers Red LEDs Infrared LEDs
Number of diodes 4 8 8
Wavelength (nm) 905 633 850
Frequency (Hz) 250 2 250
Peak power (W) 50 = =
Average optical output (mW)- each 1.25 25 40
Power density (mW/cm?) — each 3.91 29.41 71.23

Energy density (J/cm?) — each

0.50%; 0.44**; 0.44***

3.79%; 3.39**; 3.39***

9.21%; 8.21%**; 8.21***

Dose (J) — each

0.16%; 0.14**; 0.14***

3.22%; 2.88**; 2.88***

5.16%; 4.60**; 4.60***

Spot size of diode (cm?) — each

0.32

0.85

0.56

Magpnetic field (mT)

110

Irradiation time per site (sec)

129%; 115**; 115***

Total dose per site (J)

67.68*%; 60.76**; 60.76***

Total dose applied per lower limb (J)

270.72%; 182.28**; 60.76***

Aperture of device

33

Application mode

Direct skin contacts and slight pressure

* Knee extensors, ** knee flexors, *** plantar flexors.

https://doi.org/10.1371/journal.pone.0349880.t001
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» Sequence 3: ESWT—IPC—PR—PBMT-sMF
» Sequence 4: IPC—PR—PBMT-sMF —-ESWT

Study sessions and exercise protocol

This trial comprised four sessions with seven-day washouts. Procedures remained identical, except for the randomised
intervention applied. Assessments occurred before and after each WOD.

» Exercise Protocol — WOD: To minimize circadian and external influences, participants performed the WOD at the same
time each session and avoided physical activity from 24 h pre-WOD to 48 h post-WOD. The WOD followed the 21-15-9
CrossFit scheme (three rounds, no rest), aiming for the fastest completion. Repetitions were monitored by an indepen-
dent assessor. Exercises included:

1. Assault AirBike Calories: Participants used a standardized AirBike model, pedaling until they achieved the target
calorie count required for each round.

2. Hang Squat Clean: The exercise began with the participant holding the barbell in a hang position (above the knees)
with fully extended arms. From this position, the barbell was cleaned to the shoulders, while the hips moved below
the knees. A successful repetition was counted when the participant achieved full knee and hip extension, with the
barbell resting on the shoulders.

3. Box Jump Over: Participants performed a two-foot jump onto a 60.69 cm (24-inch) box, ensuring both feet made
contact with the top surface before jumping down onto the opposite side.

Outcomes

The primary outcome of this study was the change in performance on the functional test assessed 1 hour post-WOD.
Secondary outcomes included the change in performance on the functional test at 24 and 48 hours post-WOD, as well as bio-
chemical markers of muscle damage and oxidative stress, antioxidant activity, and subjective perception of exertion evaluated
at 1, 24 and 48 hours post-WOD. Finally, satisfaction with the intervention was evaluated at 48 hours post-WOD.

* Vertical Jump Performance: Vertical jump performance was measured using the countermovement jump (CMJ) height
test. [29] During the test, participants stood with their feet aligned at shoulder width and hands placed on their hips.
They then performed a controlled squat until reaching approximately 90° of knee flexion, followed by an explosive verti-
cal jump. Participants were instructed to flex the hips, knees, and ankles upon landing to absorb impact. A smartphone
camera, positioned 1.5 metres away, recorded three maximal-effort CMJ attempts [29]. Jump height was analysed using
the JumPo 2 mobile application (available for iOS devices), as it was the only validated tool accessible during data col-
lection. The smartphone-based CMJ assessment method employed in this study has been previously tested for validity
and reliability, demonstrating strong agreement with gold-standard force plate measurements [29]. The highest recorded
jump was considered for analysis.

* Muscle Damage, Oxidative Stress Markers: Muscle damage was assessed via lactate dehydrogenase (LDH) levels [4],
while oxidative stress and antioxidant activity were evaluated through thiobarbituric acid reactive substances (TBARS),
carbonylated protein, catalase (CAT), and superoxide dismutase (SOD) activities [16]. Blood samples (5 mL) were
drawn from the anterior cubital vein and stored at —80°C for subsequent analysis. LDH activity was quantified using
spectrophotometry with specific reagent kits (Labtest®, Minas Gerais, Brazil) as an indirect marker of muscle dam-
age. TBARS, carbonylated proteins, CAT, and SOD were analysed as biomarkers of oxidative stress and antioxidant
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defence, following previously established spectrophotometric protocols [16]. Each biochemical analysis was conducted
in triplicate, and the mean value was used for statistical interpretation.

» Subjective Perception of Exertion: Perceived exertion was evaluated using the Rate of Perceived Exertion (RPE) scale
[30,31]. Participants rated their exertion in two specific domains: RPE-MI (Muscular Intensity): Perceived fatigue in the
lower limbs and RPE-R (Respiratory Effort): Perceived cardiorespiratory fatigue. Volunteers completed two identical
RPE scales, each ranging from 0 to 100, corresponding to their muscular and cardiorespiratory effort levels.

« Satisfaction with the Intervention: Participant satisfaction with the intervention was measured 48 hours post-WOD using
a 5-point Likert scale. Volunteers rated their satisfaction as follows: (1) Very unsatisfied, (2) Unsatisfied, (3) Neutral
(neither satisfied nor unsatisfied), (4) Satisfied, and (5) Very satisfied. For analysis, responses were dichotomised into
two categories: Satisfied (including “satisfied” and “very satisfied”) and not satisfied (including “neutral,” “unsatisfied,”
and “very unsatisfied”). This approach was adopted to distinguish participants who expressed clear satisfaction from
those who did not, as neutral responses are generally interpreted as the absence of a positive evaluation rather than
satisfaction.

A detailed overview of all study procedures and assessments is provided in the Supporting Information (S1 Fig).

Statistical analysis

To our knowledge, no prior studies have compared PBMT-sMF, IPC, ESWT, and passive recovery in CrossFit athletes.
Thus, the sample size was estimated based on CMJ performance data obtained from the first session of the trial, following

a previously described method [16]. Therefore, this represents a post hoc calculation rather than a true a priori sample size
determination. Twelve participants (three per intervention sequence) were included. This calculation, conducted by a blinded
researcher, was based on CMJ percentage changes at 1 hour post-WOD (the primary outcome), expressed as mean + stan-
dard deviation: PBMT-sMF: 102.12% (+5.51); ESWT: 94.12% (+5.72); IPC: 95.16% (* 6.36); PR: 95.98% (z 5.04). The
resulting effect size (1.31) indicated that 12 participants ensured 80% power (a=0.05; ANOVA), as confirmed via WebPower
(https://webpower.psychstat.org/models/means03/effectsize.php) and Statistics Kingdom tools (https://www.statskingdom.
com/sample_size_regression.html). Given the crossover design, this sample was considered adequate.

Statistical analyses followed the intention-to-treat principle [32]. The statistician was blinded to allocation to minimise
bias. Data normality was assessed using the Shapiro-Wilk test. Differences between interventions were evaluated using
repeated-measures ANOVA with Bonferroni post hoc tests. The assumption of sphericity was assessed using Mauchly’s
test. As no violations were detected, Greenhouse—Geisser corrections were not required; detailed results (including epsilon
values and corrected degrees of freedom) are provided in the Supporting Information (S1 Table). Both absolute values and
percentage changes from baseline were analysed. Results are presented as mean+SD (tables) and mean+SEM (figures).
Fisher’s exact test compared satisfaction proportions across interventions. Significance was set at p<0.05. All statistical
analyses were performed using GraphPad Prism, version 10.6.1 (GraphPad Software, San Diego, CA, USA). Effect sizes for
between-intervention pairwise comparisons were calculated as Cohen’s d for paired (dependent) samples, given the cross-
over design. Effect size magnitudes were interpreted according to Cohen’s conventional thresholds: 0.2 (small), 0.5 (moder-
ate), and 0.8 (large). All calculations were performed using G*Power (version 3.1.9.6). Detailed between-group comparisons,
including mean differences, 95% confidence intervals, p-values, and effect sizes, are provided in the Supporting Information
(S2 Table). All data underlying the findings are available in the Supporting Information (S1 Dataset).

Results

Atotal of twelve male CrossFit athletes (n=12) successfully completed all study procedures (Fig 1). The study was
conducted between October 2024 and November 2024. The participants had a mean age of 29.7 years (+3.2), a height
of 177 cm (£7), a weight of 87 kg (£11), and a body mass index (BMI) of 27.8 kg/m? (£2.3). The mean duration of their
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Fig 1. CONSORT flowchart of the study.

https://doi.org/10.1371/journal.pone.0349880.9001

CrossFit training experience was 37 months (+21). No adverse events were reported by any of the participants throughout
the trial. Detailed statistical comparisons are provided in the Supporting Information (S2 Table).

WOD duration and consistency across sessions

WOD completion times did not differ significantly across study weeks (p>0.05), suggesting no learning effect.
Weekly means were: Week 1-557.33 s (x116.86), Week 2-526.83 s (£91.19), Week 3-503.50 s (+66.48), Week
4-500.17 s (x94.58). Similarly, no significant differences were found between interventions (p >0.05), confirming
comparable conditions: PR — 512.25 s (+90.64), IPC — 509.42 s (+82.36), ESWT — 547.17 s (+128.26), PBMT-sMF

~519.00 s (+72.

05).
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Functional performance

There was no significant difference between interventions in vertical jump performance (CMJ height) at 1-hour post-

WOD (primary outcome). However, a statistically significant improvement in vertical jump performance (CMJ height) was
observed following the PBMT-sMF intervention compared with PR. Specifically, CMJ height was higher after PBMT-sMF at
24 hours post-WOD (p=0.0431) and at 48 hours post-WOD (p<0.0001) (Fig 2).

Muscle damage

LDH levels were significantly lower following PBMT-sMF compared with PR (p=0.0131), ESWT (p=0.0057), and IPC
(p=0.0003) at 24 hours post-WOD. This advantage persisted at 48 hours, with PBMT-sMF showing lower LDH levels than
PR (p=0.0007), ESWT (p=0.0006), and IPC (p<0.0001) (Fig 3).

CMJ - Change in %

105 .

g —* Passive recovery
c
S 100 -# Shock Wave Therapy
: Pneumatic Compression
o 95- - PBMT-sMF
<)
8
3
o 90
()
o

85 I I 1 1

& < o <
é& N q?‘ w
&

Fig 2. Percentage change in CMJ performance. The data are presented as mean and SEM. a: vs passive recovery; *p<0.05; ***p<0.001. Statistical
test: mixed design ANOVA with Bonferroni post hoc test.

https://doi.org/10.1371/journal.pone.0349880.9002

LDH - Change in %

200 )
o -+ Passive recovery
o
E 150 - Shock Wave Therapy
G : .
w100~ Pneumatic Compression
o - PBMT-sMF
o
s 50
g
S o
[}
o

-50

PL

Fig 3. Percentage change in LDH. The data are presented as mean and SEM. a: vs passive recovery; b: vs ESWT; c: vs IPC; *p<0.05; **p<0.01;
***p<0.001; ****p<0.0001. Statistical test: mixed design ANOVA with Bonferroni post hoc test.

https://doi.org/10.1371/journal.pone.0349880.9003
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Oxidative stress markers

TBARS levels were significantly lower following PBMT-sMF compared with PR, ESWT, and IPC at both 24 and 48 hours
post-WOD (p<0.0001 for all comparisons) (Fig 4). For carbonylated proteins, PBMT-sMF showed significantly lower
levels than PR (p=0.001), ESWT (p=0.0072), and IPC (p=0.0127) at 24 hours. This difference persisted at 48 hours, with
PBMT-sMF presenting lower values than PR (p=0.0001), ESWT (p<0.0001), and IPC (p=0.0307) (Fig 4). For antioxidant
activity, CAT and SOD levels were significantly higher at 1-hour post-WOD after PBMT-sMF compared with PR (p=0.0187
and p=0.0038, respectively). These differences remained at 24 and 48 hours, with PBMT-sMF maintaining higher CAT
and SOD activity than PR, ESWT, and IPC (p<0.0001 for all comparisons) (Fig 4).

Participants’ satisfaction with the intervention

Satisfaction rates were 42% for PR, 83% for IPC, 83% for ESWT, and 67% for PBMT-sMF. Satisfaction was significantly
higher for IPC (p=0.0195) and ESWT (p=0.0125) compared with PR.

Absolute values of primary and secondary outcomes

All absolute values (mean t standard deviation) are shown in Table 2. No significant differences were observed between
interventions at baseline (p>0.05).

TBARS - Change in % Carbonylated proteins - Change in %
150 - ) 45+ .
o —* Passive recovery o —¥ Passive recovery
(=] o
s 1004 -# Shock Wave Therapy s 304 -& Shock Wave Therapy
£ =
: Pneumatic Compression : « Pneumatic Compression
o 50 —o- PBMT-sMF o 154 -~ PBMT-sMF
g g
c c
g 0 8§ o
(1] (]
o o
-50 -15 T T T T
é“& & 'b"“\ o
& &
CAT - Change in % SOD - Change in %
40 . 40 ;
o —* Passive recovery g -+ Passive recovery
(=]
& 204 = Shock Wave Therapy & 204 - Shock Wave Therapy
£ £ A .
: Pneumatic Compression “-_’ Pneumatic Compression
S - PBMT-sMF S o - PBMT-sMF
o (=]
1]
£ £
§ -20 g -20 - L
& &
-40 T T T T -40 1 1 1 1
& o A
& Nt e & N > ®
& &

Fig 4. Percentage change in TBARS, carbonylated proteins, CAT, and SOD. The data are presented as mean and SEM. a: vs passive recovery; b:
vs ESWT; c: vs IPC; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Statistical test: mixed design ANOVA with Bonferroni post hoc test.

https://doi.org/10.1371/journal.pone.0349880.9004
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Table 2. Absolute values about performance, muscle damage, oxidative stress, antioxidant activity, and exertion subjective perception

(n=12).
Outcomes Interven- Baseline After the WOD After 1 hour 24 hours 48 hours
tion intervention
Performance on functional test | PR 4310 (5.07) |- - 40.80 (+3.59) | 40.40 (+4.60) | 38.86 (+4.69)
(counter movement jump test) | |pc 4232 (+4.47) |- - 40.76 (+3.10) | 40.81 (+3.87) | 40.24 (+2.83)
EWST 4261 (£3.07) |- - 40.36 (+2.04) | 41.11 (3.07) | 40.50 (+3.28)
PBMT-sMF | 41.60 (+2.83) |— - 41.71 (3.13) | 41.46 (£3.99) | 41.79 (+3.68)
Muscle damage —LDH (UL") PR 180.34 (£32.71) — - 241.87 (+48.58)  306.07 (+58.29) 469.15 (+89.78)
IPC 167.45 (+43.43) — - 243.58 (+35.68)  303.15 (+50.73)  454.30 (+60.69)
EWST 179.43 (£55.36) — - 237.02 (+48.41) 300.78 (+49.04)  456.49 (+72.38)
PBMT-sMF | 197.79 (+33.83) — - 223.31 (+45.39)  250.81 (+37.10) 412.89 (+68.10)
Oxidative stress — TBARS (nmol/ | PR 3.11(x022) |- - 4.34 (+0.26) 5.55 (+0.45)™" | 6.74 (0.31)""
mi) IPC 3.29 (+0.16) |- - 4.47 (+0.36) 5.55 (+0.35)™" | 6.85 (0.36)""
ESWT 3.35(+0.22) |- - 4.45 (+0.43) 5.70 (+0.55)™ | 7.00 (+0.44)™"
PBMT-sMF | 3.37 (+0.36) | — - 4.50 (+0.39) 4.46 (+0.22) 4.65 (+0.23)
Oxidative stress — carbonylated ' PR 4.90 (£0.45) - - 5.87 (+0.50) 6.33 (£0.81)" 6.61 (£0.59)"
protein . IPC 5.14 (+0.34) - - 5.85 (+0.55) 6.39 (+0.63)"  6.48 (+0.74)"
(nmol of DPNH/g/DL of protein)
ESWT 5.11 (0.48) - - 6.02 (+0.37) 6.36 (£0.61)"  6.99 (+0.64)™
PBMT-sMF 517 (+0.35)  — - 5.73 (+0.41) 5.43 (+0.51) 5.60 (+0.64)
Antioxidant activity — CAT PR 450 (+0.60) |- - 451 (x0.37) | 3.73(x0.37)"™ | 3.34 (x0.25)""
(U CAT/g of protein) IPC 4.47 (£0.45) |- - 4.71 (£0.43) 3.53 (£0.32)™ | 3.26 (£0.44)™"
ESWT 427 (+0.38) |- - 4.69 (+0.48) 3.61 (£0.45)™ | 3.44 (+0.47)™"
PBMT-sMF |4.26 (+0.37) | — - 4.98 (+0.39) 5.32 (+0.38) 5.11 (+0.39)
Antioxidant activity — SOD PR 353 (+0.33) - = 340 (£0.43)° 327 (x0.45)™  2.95 (+0.38)""
(U SOD/g of protein) IPC 347 (x0.35) | — - 3.52 (+0.42)  3.00 (+0.46)™  2.92 (+0.39)"™"
ESWT 3.39 (#0.29) - - 3.60 (+0.33) 3.24 (+0.43)™  3.07 (+0.44)™"
PBMT-sMF | 3.42 (+0.43)  — - 3.91 (£0.41)  4.25(0.37) 4.40 (+0.40)
Exertion subjective perception PR 4.75 (£9.53) 78.42 (+23.06) |5.42 (+8.91) 4.67 (£8.23) 1.38 (£3.01) 0.25 (+0.87)
RPE -R IPC 0.50 (+1.45) | 84.42 (£15.27) |10.42 (+16.44) | 9.00 (+16.90) | 0.83 (+2.89) 0.50 (£1.73)
(0-100) ESWT 0.29 (+0.69) | 78.33 (+23.00) |3.08 (+4.81) | 1.67 (+3.26) 1.00 (+3.46) 0.83 (+2.89)
PBMT-sMF | 3.33 (+6.85) | 78.58 (+25.96) |5.25(+7.50) | 1.83 (+4.41) 0.42 (+1.44) 0.00 (+0.00)
Exertion subjective perception PR 6.71 (£7.89)  72.92 (+24.42) 32.50 (+20.06) 29.67 (+22.46) 21.83 (21.66)  15.17 (18.08)
RPE — M IPC 13.17 (+13.10) | 81.67 (+19.11) | 29.58 (+18.88) 27.50 (+18.21) | 19.13 (+15.06)  11.13 (+14.24)
(0-100) ESWT 14.50 (£19.64) 82.92 (+16.16) | 32.67 (+21.82) 27.58 (+25.84) 14.58 (+15.28) | 12.83 (+10.83)
PBMT-sMF | 20.33 (+16.23) 85.17 (+13.83) | 34.83 (+12.21) 29.33 (+16.70)  20.67 (+15.60)  14.58 (+12.67)

Values are expressed as mean + standard deviation (SD). Comparisons of PR, IPC,

and ESWT versus PBMT-sMF: *p<0.05; **p<0.01; **p<0.001;
#+k%p <(0.0001. Statistical analysis was performed using ANOVA with baseline adjustment.

https://doi.org/10.1371/journal.pone.0349880.t002

Discussion

This study is the first to compare the effects of different therapeutic modalities on recovery following a WOD in CrossFit
athletes, with an emphasis on reducing muscle damage and enhancing functional performance. We observed that there
was no significant difference between interventions in vertical jump performance at 1-hour post-WOD. However, for the
secondary outcomes, we observed that PBMT-sMF demonstrated greater improvements in vertical jump performance
compared with PR, and outperformed all other therapies in reducing muscle damage and modulating oxidative stress.
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The lack of differences in CMJ height at 1-hour post-WOD may be related to the marked neuromuscular fatigue
that follows high-intensity functional exercise. In this early recovery window, metabolic disturbances, reduced motor
coordination, and greater variability in movement strategy may obscure subtle intervention effects [33,34]. In addition,
although the CMJ was assessed using a validated smartphone application, this method may introduce small measure-
ment variations compared with laboratory-grade equipment, potentially increasing variability at this early time point.
CMJ height is also less sensitive to treatment effects immediately after exercise, as early impairments are strongly
influenced by phosphocreatine depletion, metabolic acidosis, and transient neural inhibition [35,36]. Moreover, the
physiological mechanisms associated with PBMT-sMF typically manifest later in recovery, which aligns with the
improvements observed at 24 and 48 hours [5]. Finally, there is no scientific evidence supporting positive effects of
either IPC or ESWT on post-exercise recovery, muscle performance, or muscle damage reduction, regardless of the
recovery time window assessed [20,24,37-41].

Given this physiological context, it is important to note that CrossFit WODs are characterised by repeated high-
intensity, multimodal efforts that impose substantial mechanical and metabolic stress. Such sessions commonly lead to
marked elevations in muscle damage and oxidative stress biomarkers, including CK, LDH, and indices of redox imbalance
[42,43]. These well-documented responses help contextualise our findings, as the reductions in muscle damage and the
modulation of oxidative stress observed following PBMT-sMF are consistent with the physiological disturbances typically
induced by high-intensity functional training.

Several studies have previously investigated the effects of PBMT and PBMT-sMF on post-exercise recovery, with
most reporting findings consistent with our results. These studies demonstrated that PBMT and PBMT-sMF contribute to
improved muscle performance, reduced muscle damage, oxidative stress modulation, and enhanced antioxidant activity
been employed, including concentric and eccentric isokinetic contractions, isometric contractions, cardiopulmonary and
plyometric exercises, and sport-specific performance tests. Additionally, different variables have been analysed as pri-
mary outcomes, such as time to exhaustion or number of repetitions for functional performance assessment, while muscle
damage has been evaluated through CK and LDH levels. Importantly, only a few studies have investigated the effects of
PBMT and PBMT-sMF on markers of oxidative stress to better understand their potential role in enhancing post-exercise
recovery and performance [50]. Moreover, most trials compared PBMT or PBMT-sMF to a placebo, whereas non-placebo-
controlled studies primarily compared PBMT to cryotherapy [18,44]. Our study is the first to compare PBMT-sMF with
three different therapeutic modalities for post-exercise recovery. A systematic review has previously confirmed the efficacy
of PBMT and PBMT-sMF in improving muscle performance, reducing muscle damage, and accelerating recovery, despite
methodological variations among studies [5]. Another systematic review provided evidence supporting the ability of PBMT
and PBMT-sMF to modulate oxidative stress and enhance antioxidant activity [50]. These findings are consistent with our
results, reinforcing the superiority of PBMT-sMF over other therapeutic modalities in enhancing functional performance
and reducing muscle damage after fatiguing exercise, likely through mechanisms involving the modulation of inflammatory
and oxidative stress markers.

Evidence regarding IPC’s effects on post-exercise recovery remains limited. Existing trials have reported results similar
to ours, indicating that IPC is not superior to placebo or other recovery methods [20,37—41]. Methodological differences
exist between these studies and our trial. While our study focused on CrossFit athletes, previous studies examined the
effects of IPC in runners, rugby players, and endurance-trained individuals. These populations differ from CrossFit ath-
letes in training structure, intensity, and physiological demands, which may influence recovery responses. Additionally,
different variables were assessed, including CK levels, muscle fatigue (via visual analog scale), blood lactate, CRP,
dynamometry, soreness, flexibility, biopsies, pain, and range of motion. Furthermore, some trials administered multiple
IPC sessions post-exercise [37—39]. In comparative analysis, IPC has been tested against passive recovery, massage,
intermittent negative pressure, placebo, or sham treatments, but not against electrophysical agents such as PBMT or
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PBMT-sMF. Consistent with our findings, no previous studies have demonstrated IPC’s effectiveness in post-exercise
recovery, muscle performance improvement, or muscle damage reduction [20,37—41]. Furthermore, a comparison of our
results with earlier research regarding oxidative stress is not possible, as none of these studies investigated the effects of
IPC on this outcome.

Although ESWT has been increasingly used in sports recovery, there is currently no strong scientific basis sup-
porting its clinical application. To our knowledge, only one trial has examined the effects of a single ESWT session
on eccentric exercise-induced delayed-onset muscle soreness (DOMS) [24]. This study included healthy adults who
received either ESWT, placebo, or no treatment. The outcomes assessed were pain intensity, maximum voluntary
isometric force, pressure pain threshold, and impairment in daily activities. The results indicated that ESWT was
ineffective for DOMS. While these findings align with ours, showing that ESWT was not superior to other treatments
or no treatment, methodological differences between the studies—particularly regarding the outcomes assessed—
make direct comparisons difficult.

Our findings highlight the superiority of PBMT-sMF over PR, IPC, and ESWT, with no reported adverse effects,
consistent with previous observations [51]. Recent discussions have suggested that modulation of oxidative stress
and enhancement of antioxidant activity may underlie the beneficial effects of PBMT-sMF in improving performance
and expediting post-exercise recovery. Our results support this hypothesis, indicating that PBMT-sMF enhances anti-
oxidant defences, thereby mitigating exercise-induced oxidative stress. In contrast, the other modalities tested did
not demonstrate effectiveness in improving performance or enhancing recovery, nor were they effective in reducing
muscle damage or modulating oxidative stress markers. Therefore, although IPC and ESWT are commonly used in
clinical practice, our findings do not support their efficacy. The only outcome in which IPC and ESWT outperformed
both passive recovery and PBMT-sMF was participant satisfaction. This pattern may reflect placebo-related influ-
ences, sensory stimulation, or expectations of benefit associated with device-based treatments. These perceptions
may still play a role in how athletes experience recovery, which is worth considering in clinical contexts. Conversely,
our study provides evidence supporting PBMT-sMF as an effective strategy to improve performance, minimize
muscle damage, and accelerate recovery after high-intensity exercise. Our findings are generalizable only to non-
professional male CrossFit athletes.

One of the strengths of this study is that the sample size was sufficient to detect the observed effect size for the primary
outcome, as confirmed by a post hoc power analysis. Additionally, this trial was prospectively registered, and methodolog-
ical rigor was ensured through allocation concealment and an intention-to-treat analysis. Notably, no participants dropped
out during the study, and no learning effects were observed, suggesting that the observed effects were attributable to the
tested interventions. However, some limitations should be acknowledged. First, the study included only male participants,
limiting the generalizability of the findings to female athletes, who may respond differently to both the exercise stimulus
and the recovery interventions. Additionally, due to the nature of the interventions, blinding was only possible for out-
come assessors. Moreover, although the CMJ was assessed using a validated smartphone application, this method may
offer slightly lower precision than laboratory-grade equipment. Furthermore, although the sample size was determined to
adequately detect differences in the primary outcome, it may have offered more limited power for some of the secondary
outcomes, particularly those with greater variability. Finally, the absence of a placebo or sham condition for the active
interventions represents an additional methodological limitation, particularly regarding the ability to isolate potential
placebo- or expectation-related effects. While passive recovery allowed comparison against a no-treatment condition,
it did not control for the perceptual or sensory experiences associated with receiving an intervention. Nonetheless, the
consistency of the physiological and functional patterns observed, together with the magnitude of the effects detected,
supports the relevance of our findings.

Further studies with robust methodological designs and adequately powered samples are needed to compare
IPC and ESWT with other therapeutic modalities, such as cryotherapy, cold water immersion, and massage.
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Future studies may also benefit from prioritizing primary outcomes assessed at 24 hours or later, as this timeframe
appears more suitable for capturing meaningful recovery-related changes following high-intensity exercise. In addi-
tion, future research should also include dedicated power analyses for secondary outcomes and consider alterna-
tive strategies for handling multiple comparisons when appropriate. Additionally, longer experimental time points,
multiple treatment sessions per intervention, and the inclusion of larger and more diverse samples, including female
athletes, are recommended to enhance external validity, enable subgroup analyses, and improve the generalizabil-
ity of the findings.

Conclusion

PBMT-sMF appears to be an effective and safe recovery strategy for high-intensity workouts such as CrossFit, improving
performance and recovery, likely through the mitigation of muscle damage and oxidative stress. Coaches and practi-
tioners may consider its use to enhance post-exercise recovery. IPC and ESWT did not show clear benefits over passive
recovery.

Supporting information

S$1 Fig. Summary of study procedures and assessments. This figure provides an overview of all procedures and
assessments conducted during the study, including their timing and sequence.
(TIFF)

S1 Table. Results of sphericity testing and detailed statistical comparisons between interventions. This table
presents the results of Mauchly’s test of sphericity, including epsilon values and corrected degrees of freedom used in
the repeated-measures ANOVA, as well as detailed between-intervention comparisons, including mean differences, 95%
confidence intervals, p-values, and effect sizes.

(PDF)

S2 Table. Detailed statistical comparisons between interventions. This table presents detailed results of
between-intervention comparisons, including mean differences, 95% confidence intervals, p-values, and effect
sizes.

(PDF)

S1 Dataset. Complete dataset underlying the findings of this study. This file contains all individual data points used in
the analyses, including the data underlying all summary statistics presented in the manuscript.
(DOCX)

Author contributions

Conceptualization: Paulo Henrique Gusm&ao Nogueira Martins, Shaiane Silva Tomazoni, Caroline dos Santos Monteiro
Machado, Amanda Lima Pereira, Henrique Dantas Pinto, Matheus Marinho Aguiar Lino, Neide Firmo Ribeiro, Luana
Barbosa Dias, Ivo de Oliveira Aleixo Junior, Marcelo Ferreira Duarte de Oliveira, Older Manoel de Araujo-Silva, Thiago
De Marchi, Heliodora Ledo Casalechi, Ernesto Cesar Pinto Leal-Junior.

Data curation: Heliodora Ledo Casalechi.

Formal analysis: Thiago De Marchi, Ernesto Cesar Pinto Leal-Junior.

Funding acquisition: Paulo Henrique Gusmao Nogueira Martins, Ernesto Cesar Pinto Leal-Junior.

Investigation: Paulo Henrique Gusmao Nogueira Martins, Caroline dos Santos Monteiro Machado, Amanda Lima

Pereira, Henrique Dantas Pinto, Matheus Marinho Aguiar Lino, Neide Firmo Ribeiro, Luana Barbosa Dias, Ivo de
Oliveira Aleixo Junior, Marcelo Ferreira Duarte de Oliveira, Older Manoel de Araujo-Silva.

PLOS One | https://doi.org/10.1371/journal.pone.0349880 May 22, 2026 13/16



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349880.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349880.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349880.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0349880.s004

PLO\Sﬁ\\.- One

Methodology: Paulo Henrique Gusmao Nogueira Martins, Caroline dos Santos Monteiro Machado, Amanda Lima

Pereira, Henrique Dantas Pinto, Matheus Marinho Aguiar Lino, Neide Firmo Ribeiro, Luana Barbosa Dias, Ivo de
Oliveira Aleixo Junior, Marcelo Ferreira Duarte de Oliveira, Older Manoel de Araujo-Silva.

Supervision: Heliodora Ledo Casalechi, Ernesto Cesar Pinto Leal-Junior.

Writing — original draft: Shaiane Silva Tomazoni.

Writing — review & editing: Shaiane Silva Tomazoni, Ernesto Cesar Pinto Leal-Junior.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

Ispirlidis |, Fatouros I1G, Jamurtas AZ, Nikolaidis MG, Michailidis I, Douroudos |, et al. Time-course of changes in inflammatory and performance
responses following a soccer game. Clin J Sport Med. 2008;18(5):423-31. https://doi.org/10.1097/JSM.0b013e3181818e0b PMID: 18806550

Friesenbichler B, Stirling LM, Federolf P, Nigg BM. Tissue vibration in prolonged running. J Biomech. 2011;44(1):116-20. https://doi.org/10.1016/j.
jbiomech.2010.08.034 PMID: 20846656

Cheung K, Hume P, Maxwell L. Delayed onset muscle soreness : treatment strategies and performance factors. Sports Med. 2003;33(2):145-64.
https://doi.org/10.2165/00007256-200333020-00005 PMID: 12617692

de Oliveira AR, Vanin AA, Tomazoni SS, Miranda EF, Albuquerque-Pontes GM, De Marchi T, et al. Pre-Exercise infrared photobiomodulation
therapy (810nm) in skeletal muscle performance and postexercise recovery in humans: what is the optimal power output? Photomed Laser Surg.
2017;35(11):595-603. https://doi.org/10.1089/ph0.2017.4343 PMID: 29099680

Vanin AA, Verhagen E, Barboza SD, Costa LOP, Leal-Junior ECP. Photobiomodulation therapy for the improvement of muscular performance and
reduction of muscular fatigue associated with exercise in healthy people: a systematic review and meta-analysis. Lasers Med Sci. 2018;33(1):181—
214. https://doi.org/10.1007/s10103-017-2368-6 PMID: 29090398

Hak PT, Hodzovic E, Hickey B. The nature and prevalence of injury during CrossFit training. J Strength Cond Res. 2013. https://doi.org/10.1519/
JSC.0000000000000318 PMID: 24276294

Gandevia SC. Spinal and supraspinal factors in human muscle fatigue. Physiol Rev. 2001;81(4):1725-89. https://doi.org/10.1152/phys-
rev.2001.81.4.1725 PMID: 11581501

Kent-Braun JA, Fitts RH, Christie A. Skeletal muscle fatigue. Compr Physiol. 2012;2(2):997—-1044. https://doi.org/10.1002/cphy.c110029 PMID:
23798294

Wan J-J, Qin Z, Wang P-Y, Sun Y, Liu X. Muscle fatigue: general understanding and treatment. Exp Mol Med. 2017;49(10):e384. https://doi.
org/10.1038/emm.2017.194 PMID: 28983090

Kruk J, Aboul-Enein HY, Ktadna A, Bowser JE. Oxidative stress in biological systems and its relation with pathophysiological functions: the effect
of physical activity on cellular redox homeostasis. Free Radic Res. 2019;53(5):497-521. https://doi.org/10.1080/10715762.2019.1612059 PMID:
31039624

Powers SK, Jackson MJ. Exercise-induced oxidative stress: cellular mechanisms and impact on muscle force production. Physiol Rev.
2008;88(4):1243-76. https://doi.org/10.1152/physrev.00031.2007 PMID: 18923182

Bessa AL, Oliveira VN, Agostini GG, et al. Exercise intensity and recovery: biomarkers of injury, inflammation, and oxidative stress. J Strength
Cond Res. 2016;30:311-9.

Anders JJ, Lanzafame RJ, Arany PR. Low-level light/laser therapy versus photobiomodulation therapy. Photomed Laser Surg. 2015;33(4):183—4.
https://doi.org/10.1089/pho.2015.9848 PMID: 25844681

De Marchi T, Leal Junior ECP, Bortoli C, Tomazoni SS, Lopes-Martins RAB, Salvador M. Low-level laser therapy (LLLT) in human progressive-
intensity running: effects on exercise performance, skeletal muscle status, and oxidative stress. Lasers Med Sci. 2012;27(1):231-6. https://doi.
org/10.1007/s10103-011-0955-5 PMID: 21739259

Tomazoni SS, Machado CDSM, De Marchi T, Casalechi HL, Bjordal JM, de Carvalho P de TC, et al. Infrared low-level laser therapy (photobio-
modulation therapy) before intense progressive running test of high-level soccer players: effects on functional, muscle damage, inflammatory, and
oxidative stress markers-a randomized controlled trial. Oxid Med Cell Longev. 2019;2019:6239058. https://doi.org/10.1155/2019/6239058 PMID:
31827687

Pinto HD, Casalechi HL, de Marchi T, Dos Santos Monteiro Machado C, Dias LB, Lino MMA, et al. Photobiomodulation therapy combined with a
static magnetic field applied in different moments enhances performance and accelerates muscle recovery in CrossFit® Athletes: a randomized,
triple-blind, placebo-controlled crossover trial. Oxid Med Cell Longev. 2022;2022:9968428. https://doi.org/10.1155/2022/9968428 PMID: 35910832

De Marchi T, Leal-Junior ECP, Lando KC, Cimadon F, Vanin AA, da Rosa DP, et al. Photobiomodulation therapy before futsal matches improves
the staying time of athletes in the court and accelerates post-exercise recovery. Lasers Med Sci. 2019;34(1):139—-48. https://doi.org/10.1007/
s$10103-018-2643-1 PMID: 30264178

PLOS One | https://doi.org/10.1371/journal.pone.0349880 May 22, 2026 14/16



https://doi.org/10.1097/JSM.0b013e3181818e0b
http://www.ncbi.nlm.nih.gov/pubmed/18806550
https://doi.org/10.1016/j.jbiomech.2010.08.034
https://doi.org/10.1016/j.jbiomech.2010.08.034
http://www.ncbi.nlm.nih.gov/pubmed/20846656
https://doi.org/10.2165/00007256-200333020-00005
http://www.ncbi.nlm.nih.gov/pubmed/12617692
https://doi.org/10.1089/pho.2017.4343
http://www.ncbi.nlm.nih.gov/pubmed/29099680
https://doi.org/10.1007/s10103-017-2368-6
http://www.ncbi.nlm.nih.gov/pubmed/29090398
https://doi.org/10.1519/JSC.0000000000000318
https://doi.org/10.1519/JSC.0000000000000318
http://www.ncbi.nlm.nih.gov/pubmed/24276294
https://doi.org/10.1152/physrev.2001.81.4.1725
https://doi.org/10.1152/physrev.2001.81.4.1725
http://www.ncbi.nlm.nih.gov/pubmed/11581501
https://doi.org/10.1002/cphy.c110029
http://www.ncbi.nlm.nih.gov/pubmed/23798294
https://doi.org/10.1038/emm.2017.194
https://doi.org/10.1038/emm.2017.194
http://www.ncbi.nlm.nih.gov/pubmed/28983090
https://doi.org/10.1080/10715762.2019.1612059
http://www.ncbi.nlm.nih.gov/pubmed/31039624
https://doi.org/10.1152/physrev.00031.2007
http://www.ncbi.nlm.nih.gov/pubmed/18923182
https://doi.org/10.1089/pho.2015.9848
http://www.ncbi.nlm.nih.gov/pubmed/25844681
https://doi.org/10.1007/s10103-011-0955-5
https://doi.org/10.1007/s10103-011-0955-5
http://www.ncbi.nlm.nih.gov/pubmed/21739259
https://doi.org/10.1155/2019/6239058
http://www.ncbi.nlm.nih.gov/pubmed/31827687
https://doi.org/10.1155/2022/9968428
http://www.ncbi.nlm.nih.gov/pubmed/35910832
https://doi.org/10.1007/s10103-018-2643-1
https://doi.org/10.1007/s10103-018-2643-1
http://www.ncbi.nlm.nih.gov/pubmed/30264178

PLO\Sﬁ\\.- One

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

De Marchi T, Schmitt VM, Machado GP, de Sene JS, de Col CD, Tairova O, et al. Does photobiomodulation therapy is better than cryotherapy in
muscle recovery after a high-intensity exercise? A randomized, double-blind, placebo-controlled clinical trial. Lasers Med Sci. 2017;32(2):429-37.
https://doi.org/10.1007/s10103-016-2139-9 PMID: 28054262

Martinez-Guardado |, Rojas-Valverde D, Gutiérrez-Vargas R, Ugalde Ramirez A, Gutiérrez-Vargas JC, Sanchez-Urefia B. Intermittent pneumatic
compression and cold water immersion effects on physiological and perceptual recovery during multi-sports international championship. J Funct
Morphol Kinesiol. 2020;5(3):45. https://doi.org/10.3390/jffmk5030045 PMID: 33467261

Hoffman MD, Badowski N, Chin J, Stuempfle KJ. A randomized controlled trial of massage and pneumatic compression for ultramarathon recovery.
J Orthop Sports Phys Ther. 2016;46(5):320-6. https://doi.org/10.2519/jospt.2016.6455 PMID: 27011305

Cheng J-H, Wang C-J. Biological mechanism of shockwave in bone. Int J Surg. 2015;24(Pt B):143-6. https://doi.org/10.1016/j.ijsu.2015.06.059
PMID: 26118613

Khan KM, Scott A. Mechanotherapy: how physical therapists’ prescription of exercise promotes tissue repair. Br J Sports Med. 2009;43(4):247-52.
https://doi.org/10.1136/bjsm.2008.054239 PMID: 19244270

Hausdorf J, Lemmens MAM, Kaplan S, Marangoz C, Milz S, Odaci E, et al. Extracorporeal shockwave application to the distal femur of rab-
bits diminishes the number of neurons immunoreactive for substance P in dorsal root ganglia L5. Brain Res. 2008;1207:96—101. https://doi.
org/10.1016/j.brainres.2008.02.013 PMID: 18371941

Fleckenstein J, Friton M, Himmelreich H, Banzer W. Effect of a single administration of focused extracorporeal shock wave in the relief of
delayed-onset muscle soreness: results of a partially blinded randomized controlled trial. Arch Phys Med Rehabil. 2017;98(5):923-30. https://doi.
org/10.1016/j.apmr.2016.11.013 PMID: 27993588

Gill ND, Beaven CM, Cook C. Effectiveness of post-match recovery strategies in rugby players. Br J Sports Med. 2006;40(3):260-3. https://doi.
org/10.1136/bjsm.2005.022483 PMID: 16505085

Martin JS, Friedenreich ZD, Borges AR, Roberts MD. Preconditioning with peristaltic external pneumatic compression does not acutely improve
repeated Wingate performance nor does it alter blood lactate concentrations during passive recovery compared with sham. Appl Physiol Nutr
Metab. 2015;40(11):1214-7. https://doi.org/10.1139/apnm-2015-0247 PMID: 26489050

Grandinétti VDS, Miranda EF, Johnson DS, de Paiva PRV, Tomazoni SS, Vanin AA, et al. The thermal impact of phototherapy with concurrent
super-pulsed lasers and red and infrared LEDs on human skin. Lasers Med Sci. 2015;30(5):1575-81. https://doi.org/10.1007/s10103-015-1755-0
PMID: 25987340

Antonialli FC, De Marchi T, Tomazoni SS, Vanin AA, dos Santos Grandinetti V, de Paiva PRYV, et al. Phototherapy in skeletal muscle performance
and recovery after exercise: effect of combination of super-pulsed laser and light-emitting diodes. Lasers Med Sci. 2014;29(6):1967—76. https://doi.
org/10.1007/s10103-014-1611-7 PMID: 24942380

Balsalobre-Fernandez C, Glaister M, Lockey RA. The validity and reliability of an iPhone app for measuring vertical jump performance. J Sports
Sci. 2015;33(15):1574-9. https://doi.org/10.1080/02640414.2014.996184 PMID: 25555023

Weston M, Siegler J, Bahnert A, McBrien J, Lovell R. The application of differential ratings of perceived exertion to Australian Football League
matches. J Sci Med Sport. 2015;18(6):704-8. https://doi.org/10.1016/j.jsams.2014.09.001 PMID: 25241705

Fanchini M, Ferraresi |, Modena R, Schena F, Coutts AJ, Impellizzeri FM. Use of CR100 Scale for session rating of perceived exertion in soc-
cer and its interchangeability with the CR10. Int J Sports Physiol Perform. 2016;11(3):388-92. https://doi.org/10.1123/ijspp.2015-0273 PMID:
26309332

Elkins MR, Moseley AM. Intention-to-treat analysis. J Physiother. 2015;61(3):165—7. https://doi.org/10.1016/j.jphys.2015.05.013 PMID: 26096012

Gathercole RJ, Stellingwerff T, Sporer BC. Effect of acute fatigue and training adaptation on countermovement jump performance in elite snow-
board cross athletes. J Strength Cond Res. 2015;29(1):37—46. https://doi.org/10.1519/JSC.0000000000000622 PMID: 25029001

Claudino JG, Cronin J, Mezéncio B, McMaster DT, McGuigan M, Tricoli V, et al. The countermovement jump to monitor neuromuscular status: a
meta-analysis. J Sci Med Sport. 2017;20(4):397-402. https://doi.org/10.1016/j.jsams.2016.08.011 PMID: 27663764

Goodall S, Charlton K, Howatson G, Thomas K. Neuromuscular fatigability during repeated-sprint exercise in male athletes. Med Sci Sports Exerc.
2015;47(3):528-36. https://doi.org/10.1249/MSS.0000000000000443 PMID: 25010404

Girard O, Mendez-Villanueva A, Bishop D. Repeated-sprint ability - part |: factors contributing to fatigue. Sports Med. 2011;41(8):673-94. https://
doi.org/10.2165/11590550-000000000-00000 PMID: 21780851

Duffield R, Cannon J, King M. The effects of compression garments on recovery of muscle performance following high-intensity sprint and plyomet-
ric exercise. J Sci Med Sport. 2010;13(1):136—40. https://doi.org/10.1016/j.jsams.2008.10.006 PMID: 19131276

Cochrane DJ, Booker HR, Mundel T, Barnes MJ. Does intermittent pneumatic leg compression enhance muscle recovery after strenuous eccentric
exercise? Int J Sports Med. 2013;34(11):969-74. https://doi.org/10.1055/s-0033-1337944 PMID: 23606340

Haun CT, Roberts MD, Romero MA, Osburn SC, Healy JC, Moore AN, et al. Concomitant external pneumatic compression treatment with consec-
utive days of high intensity interval training reduces markers of proteolysis. Eur J Appl Physiol. 2017;117(12):2587—-600. https://doi.org/10.1007/
s00421-017-3746-2 PMID: 29075862

Draper SN, Kullman EL, Sparks KE, Little K, Thoman J. Effects of intermittent pneumatic compression on delayed onset muscle soreness (DOMS)
in long distance runners. Int J Exerc Sci. 2020;13(2):75-86. https://doi.org/10.70252/HSPN3402 PMID: 32148616

PLOS One | https://doi.org/10.1371/journal.pone.0349880 May 22, 2026 15/16



https://doi.org/10.1007/s10103-016-2139-9
http://www.ncbi.nlm.nih.gov/pubmed/28054262
https://doi.org/10.3390/jfmk5030045
http://www.ncbi.nlm.nih.gov/pubmed/33467261
https://doi.org/10.2519/jospt.2016.6455
http://www.ncbi.nlm.nih.gov/pubmed/27011305
https://doi.org/10.1016/j.ijsu.2015.06.059
http://www.ncbi.nlm.nih.gov/pubmed/26118613
https://doi.org/10.1136/bjsm.2008.054239
http://www.ncbi.nlm.nih.gov/pubmed/19244270
https://doi.org/10.1016/j.brainres.2008.02.013
https://doi.org/10.1016/j.brainres.2008.02.013
http://www.ncbi.nlm.nih.gov/pubmed/18371941
https://doi.org/10.1016/j.apmr.2016.11.013
https://doi.org/10.1016/j.apmr.2016.11.013
http://www.ncbi.nlm.nih.gov/pubmed/27993588
https://doi.org/10.1136/bjsm.2005.022483
https://doi.org/10.1136/bjsm.2005.022483
http://www.ncbi.nlm.nih.gov/pubmed/16505085
https://doi.org/10.1139/apnm-2015-0247
http://www.ncbi.nlm.nih.gov/pubmed/26489050
https://doi.org/10.1007/s10103-015-1755-0
http://www.ncbi.nlm.nih.gov/pubmed/25987340
https://doi.org/10.1007/s10103-014-1611-7
https://doi.org/10.1007/s10103-014-1611-7
http://www.ncbi.nlm.nih.gov/pubmed/24942380
https://doi.org/10.1080/02640414.2014.996184
http://www.ncbi.nlm.nih.gov/pubmed/25555023
https://doi.org/10.1016/j.jsams.2014.09.001
http://www.ncbi.nlm.nih.gov/pubmed/25241705
https://doi.org/10.1123/ijspp.2015-0273
http://www.ncbi.nlm.nih.gov/pubmed/26309332
https://doi.org/10.1016/j.jphys.2015.05.013
http://www.ncbi.nlm.nih.gov/pubmed/26096012
https://doi.org/10.1519/JSC.0000000000000622
http://www.ncbi.nlm.nih.gov/pubmed/25029001
https://doi.org/10.1016/j.jsams.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27663764
https://doi.org/10.1249/MSS.0000000000000443
http://www.ncbi.nlm.nih.gov/pubmed/25010404
https://doi.org/10.2165/11590550-000000000-00000
https://doi.org/10.2165/11590550-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21780851
https://doi.org/10.1016/j.jsams.2008.10.006
http://www.ncbi.nlm.nih.gov/pubmed/19131276
https://doi.org/10.1055/s-0033-1337944
http://www.ncbi.nlm.nih.gov/pubmed/23606340
https://doi.org/10.1007/s00421-017-3746-2
https://doi.org/10.1007/s00421-017-3746-2
http://www.ncbi.nlm.nih.gov/pubmed/29075862
https://doi.org/10.70252/HSPN3402
http://www.ncbi.nlm.nih.gov/pubmed/32148616

PLO\Sﬁ\\.- One

4.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Wiecha S, Jarocka M, Wisniowski P, Cieslinski M, Price S, Makaruk B, et al. The efficacy of intermittent pneumatic compression and negative
pressure therapy on muscle function, soreness and serum indices of muscle damage: a randomized controlled trial. BMC Sports Sci Med Rehabil.
2021;13(1):144. https://doi.org/10.1186/s13102-021-00373-2 PMID: 34774089

Tibana RA, de Almeida LM, Frade de Sousa NM, Nascimento DDC, Neto VDS, de Almeida JA, et al. Two consecutive days of crossfit training
affects pro and anti-inflammatory cytokines and osteoprotegerin without impairments in muscle power. Front Physiol. 2016;7:260. https://doi.
org/10.3389/fphys.2016.00260 PMID: 27445850

Kliszczewicz B, Quindry CJ, Blessing LD, Oliver DG, Esco RM, Taylor JK. Acute exercise and oxidative stress: CrossFit(™) vs. Treadmill Bout. J
Hum Kinet. 2015;47:81-90.

Leal Junior EC, de Godoi V, Mancalossi JL, Rossi RP, De Marchi T, Parente M, et al. Comparison between cold water immersion therapy (CWIT)
and light emitting diode therapy (LEDT) in short-term skeletal muscle recovery after high-intensity exercise in athletes--preliminary results. Lasers
Med Sci. 2011;26(4):493-501. https://doi.org/10.1007/s10103-010-0866-x PMID: 21088862

Miranda EF, de Oliveira LVF, Antonialli FC, Vanin AA, de Carvalho PDTC, Leal-Junior ECP. Phototherapy with combination of super-pulsed laser
and light-emitting diodes is beneficial in improvement of muscular performance (strength and muscular endurance), dyspnea, and fatigue sensa-
tion in patients with chronic obstructive pulmonary disease. Lasers Med Sci. 2015;30(1):437—-43. https://doi.org/10.1007/s10103-014-1690-5 PMID:
25413975

da Silva MM, Albertini R, de Tarso Camillo de Carvalho P, Leal-Junior ECP, Bussadori SK, Vieira SS, et al. Randomized, blinded, controlled trial on
effectiveness of photobiomodulation therapy and exercise training in the fiboromyalgia treatment. Lasers Med Sci. 2018;33(2):343-51. https://doi.
0rg/10.1007/s10103-017-2388-2 PMID: 29170901

de Brito Vieira WH, Bezerra RM, Queiroz RAS, Maciel NFB, Parizotto NA, Ferraresi C. Use of low-level laser therapy (808 nm) to muscle fatigue
resistance: a randomized double-blind crossover trial. Photomed Laser Surg. 2014;32(12):678-85. https://doi.org/10.1089/pho.2014.3812 PMID:
25496083

Rossato M, Dellagrana RA, Lanferdini FJ, Sakugawa RL, Lazzari CD, Baroni BM, et al. Effect of pre-exercise phototherapy applied with differ-
ent cluster probe sizes on elbow flexor muscle fatigue. Lasers Med Sci. 2016;31(6):1237—44. https://doi.org/10.1007/s10103-016-1973-0 PMID:
27272518

da Silva Alves MA, Pinfildi CE, Neto LN, Lourengo RP, de Azevedo PHSM, Dourado VZ. Acute effects of low-level laser therapy on physiologic and
electromyographic responses to the cardiopulmonary exercise testing in healthy untrained adults. Lasers Med Sci. 2014;29(6):1945-51. https://doi.
0rg/10.1007/s10103-014-1595-3 PMID: 24925070

De Marchi T, Ferlito JV, Ferlito MV, Salvador M, Leal-Junior ECP. Can photobiomodulation therapy (PBMT) minimize exercise-induced oxidative
stress? A systematic review and meta-analysis. Antioxidants (Basel). 2022;11(9):1671. https://doi.org/10.3390/antiox11091671 PMID: 36139746

Monteiro KKDS, Tomazoni SS, Albuguerque Pontes GM, Teixeira AM, Agra FADA, Alvim CB, et al. Effects of short-, medium-, and long-term treat-
ment using photobiomodulation therapy combined with static magnetic field in aging rats. Biomedicines. 2024;12(5):990. https://doi.org/10.3390/
biomedicines12050990 PMID: 38790953

PLOS One | https://doi.org/10.1371/journal.pone.0349880 May 22, 2026 16/16



https://doi.org/10.1186/s13102-021-00373-2
http://www.ncbi.nlm.nih.gov/pubmed/34774089
https://doi.org/10.3389/fphys.2016.00260
https://doi.org/10.3389/fphys.2016.00260
http://www.ncbi.nlm.nih.gov/pubmed/27445850
https://doi.org/10.1007/s10103-010-0866-x
http://www.ncbi.nlm.nih.gov/pubmed/21088862
https://doi.org/10.1007/s10103-014-1690-5
http://www.ncbi.nlm.nih.gov/pubmed/25413975
https://doi.org/10.1007/s10103-017-2388-2
https://doi.org/10.1007/s10103-017-2388-2
http://www.ncbi.nlm.nih.gov/pubmed/29170901
https://doi.org/10.1089/pho.2014.3812
http://www.ncbi.nlm.nih.gov/pubmed/25496083
https://doi.org/10.1007/s10103-016-1973-0
http://www.ncbi.nlm.nih.gov/pubmed/27272518
https://doi.org/10.1007/s10103-014-1595-3
https://doi.org/10.1007/s10103-014-1595-3
http://www.ncbi.nlm.nih.gov/pubmed/24925070
https://doi.org/10.3390/antiox11091671
http://www.ncbi.nlm.nih.gov/pubmed/36139746
https://doi.org/10.3390/biomedicines12050990
https://doi.org/10.3390/biomedicines12050990
http://www.ncbi.nlm.nih.gov/pubmed/38790953

	A randomised crossover trial comparing photobiomodulation therapy with other recovery strategies in CrossFit athletes
	Introduction
	Materials and methods
	Study design and ethics
	Participants
	Interventions
	Blinding and randomization
	Study sessions and exercise protocol
	Outcomes
	Statistical analysis

	Results
	WOD duration and consistency across sessions
	Functional performance
	Muscle damage
	Oxidative stress markers
	Participants’ satisfaction with the intervention
	Absolute values of primary and secondary outcomes

	Discussion
	Conclusion
	Supporting information
	References


