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Abstract

Fatigue is a major cause of exercise-induced muscle damage (EIMD). Compression gar-

ments (CGs) can aid post-exercise recovery, therefore, this study explored the effects of

CGs on muscular efficacy, proprioception, and recovery after exercise-induced muscle

fatigue in people who exercise regularly. Twelve healthy participants who exercised regu-

larly were enrolled in this study. Each participant completed an exercise-induced muscle

fatigue test while wearing a randomly assigned lower-body CG or sports pants (SP); after at

least 7 days, the participant repeated the test while wearing the other garment. The depen-

dent variables were muscle efficacy, proprioception (displacements of center of pressure/

COP, and absolute error), and fatigue recovery (muscle oxygen saturation/SmO2, deox-

ygenation and reoxygenation rate, and subjective muscle soreness). A two-way repeated

measure analysis of variance was conducted to determine the effect of garment type. The

results indicated that relative to SP use, CG use can promote muscle efficacy, propriocep-

tion in ML displacement of COP, and fatigue recovery. Higher deoxygenation and reoxygen-

ation rates were observed with CG use than with SP use. For CG use, SmO2 quickly

returned to baseline value after 10 min of rest and was maintained at a high level until after 1

h of rest, whereas for SP use, SmO2 increased with time after fatigue onset. ML displace-

ment of COP quickly returned to baseline value after 10 min of rest and subsequently

decreased until after 1 hour of rest. Relative to SP use, CG use was associated with a signif-

icantly lower ML displacement after 20 min of rest. In conclusion, proprioception and SmO2

recovery was achieved after 10 min of rest; however, at least 24 h may be required for recov-

ery pertaining to muscle efficacy and soreness regardless of CG or SP use.

Introduction

The benefits of regular physical activity are irrefutable, with substantial evidence indicating

enhanced cardiovascular, musculoskeletal, metabolic, and mental health [1]. According to a
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Sports Administration survey, in Taiwan, the proportion of the population who regularly exer-

cise (at least 3 times per week) increased from 24.4% in 2009 to 33.5% in 2018 [2]. With the

prevalence of exercise, exercise-induced muscle damage (EIMD) should be studied [3]. A

study reported that up to 70% of people with exercise habits and race runners sustained inju-

ries from musculoskeletal overtraining in a year; lower limb injuries were the most common

with rates ranging from 19.4% to 79.3% [3], and fatigue was the main cause of EIMD.

Although performance outcomes are usually the focus of athletes and sports scientists [4], they

are also concerned about identifying effective strategies for athletes to quickly recover from

fatigue after exercise and for reducing the EIMD-related negative symptoms.

Several recovery strategies can help reduce the effects of EIMD or accelerate recovery from

fatigue; they include cold therapy [5], use of antioxidants supplements [6], and use of compres-

sion garments (CGs) [7]. Studies have reported that relative to other recovery strategies, CG

use may provide more advantages in improving post-exercise recovery [7, 8]. However, to

date, the body of evidence is inconclusive; the two studies that compared CG use with other

recovery methods reported different conclusions [9, 10]. CG use was effective at enhancing the

rate of recovery of creatine kinase following EIMD onset [9]. However, some study suggested

that cold water immersion was more effective than CG use in enhancing recovery [10]. Studies

have examined CG use during and up to 24 or 48 h after an exercise program; they reported

that CG use provided the greatest benefit in improving recovery from muscle soreness but did

not produce consistent findings regarding improvements to creatine kinase recovery [7, 11,

12]. The aforementioned studies have not verified whether fatigue was actually achieved

through exercise-induced muscle fatigue programs. Furthermore, most CG-use studies per-

formed posttests at 24, 48, or 72 h after initial testing [11, 12], whereas few studies have focused

on recovery within 1 h after exercise-induced muscle fatigue onset.

Peripheral fatigue was reported to have multiple etiologies, and a potential cause is oxygen

availability [13]. The measurement of muscle oxygen saturation (SmO2) with noninvasive near

infrared spectroscopy technology was used as a possible indicator of fatigue to provide real-

time physiological feedback [13], and it was validated for use in evaluating dynamic exercises

performed by adults [14]. CG use may contribute to recovery by increasing venous return and

tissue oxygenation [15]. The reoxygenation rate of SmO2 (unit, %/s) is evaluated according to

the reoxygenation slope. A higher reoxygenation rate indicates greater O2 delivery relative to

O2 consumption, which increases blood flow during recovery [16]. Few studies have explored

the effects of CG use on deoxygenation rate during the fatigue period and reoxygenation rate

during the recovery period.

The somatosensory system contributes substantially to balance control, and proprioception

is a key component of the somatosensory system, which uses information input from mecha-

noreceptors in the soft tissues of joints and muscles to transmit information to the central ner-

vous system regarding the motion and position of the body in space [17]. The overall

compression achieved through CG use acts as a mechanically supportive framework that is

sensitive to body movements and can activate individual cutaneous mechanoreceptors that

would not have been activated otherwise. Therefore, CG use can enhance the perception of

somatosensory information and influence balance control by reducing body sway during quiet

standing [18]. The single-leg stance with eyes closed (thereby removing visual information) is

commonly used to assess an individual’s proprioceptive abilities, and it has a good interrater

reliability (r = 0.87) [19]. Joint position sense (JPS) is another commonly used measure of pro-

prioception, and it involves detecting the spatial position of one’s body [20]. Studies have spec-

ulated that CG use enhances JPS by reducing muscle fatigue [21, 22]. However, conflicting

results were reported regarding how and whether tissue compression induced through CG use

affects knee JPS [23]. Therefore, the purpose of the present study was to clarify the effects of
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CG use on muscular efficacy, proprioception, and recovery after exercise induced muscle

fatigue in people who exercise regularly.

Materials and methods

1. Subjects

Twelve healthy participants with regularly exercise habit (6 men and 6 women) were enrolled

in the present study; their average age, height, and weight were 22.8 ± 2.2 years, 169.6 ± 7.2

cm, and 67.2 ± 12.7 kg, respectively. Regular exercise habit was defined as engagement in exer-

cise or fitness activities at least 3 times per week and for 30 min per exercise session. Individu-

als were included that they did not have a lower limb injury within previous 6 months. Prior to

the study, none of the participants had worn a CG on a regular or consistent basis. The partici-

pants were requested to avoid heavy exercise before the day come to testing. Individuals were

excluded if they had a history of musculoskeletal injury and inflammatory disorders. The

experimental procedure was approved by the Ethics Committee of China Medical University

Hospital. The eligible participants were informed of the experimental procedures and precau-

tions, and they were asked to sign an informed consent form.

The sample size calculations (G�Power 3.1.7) were based on those of another study [22].

The power analysis that was performed using repeated measures ANOVA indicated a total

sample size of 12, with an assumed type I error of 0.05 and power of 0.80. Although the power

analysis revealed that the number of participants was sufficient for detecting differences

between the results achieved with the garment types over time, increasing the sample size can

increase the statistical power of the experiments.

2. Experimental instruments

(1) Force plate. An AMTI force plate (Model OR 6-5-1000, Advanced Mechanical Tech-

nology, Watertown, MA, USA), which was sampled at 1000 Hz was used to collect jump height

and center of pressure (COP) data to calculate power and proprioception control.

(2) Muscle oxygen monitor. A MOXY monitor (Moxy, Fortiori Design, MN, USA) is a

portable and wireless muscle oxygen monitor that can continuously measure SmO2%. Nonin-

vasive near infrared spectroscopy uses near-infrared light between 670 and 810 nm to pene-

trate the muscle fiber and determine the ratio of oxyhemoglobin concentration to total

hemoglobin concentration in the muscle; this is achieved by determining the difference in the

absorbencies between oxygenated/deoxygenated hemoglobin and myoglobin. SmO2% is out-

putted as a percentage using the following equation:

SmO2% ¼
oxygenated hemoglobinþmyoglobin

total amount of hemoglobinþmyoglobin

� �

� 100

MOXY sensors were placed on the quadriceps and the gastrocnemius medialis (GM) of the

dominant leg. Electrodes were placed per surface electromyography for the non-invasive

assessment of muscles guidelines [24]. Because a CG causes compression and tightening, after

an electrode pad was attached to a muscle surface, the pad was secured with medical mesh and

breathable tape to prevent slipping after sweating.

3. Lower body CG

The lower body CG (FreeZone CG, BOURTEX, Taiwan) is made from 70% polyester fiber and

30% elastic fiber; its pressure distribution is 27.3 mmHg from the ankle, 24.4 mmHg from the

ankle to the knee, 21.5 mmHg from the knee, and 16.8 mmHg from the knee to the thigh
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(Fig 1). The CGs were allocated to each participant according to the manufacturer’s size guide-

lines. General sport pants do not have a pressure effect, and they generally do not interfere

with measurement taking. The participants were required to wear the same shoes for both the

CG- and SP-use tests.

4. Fatigue protocol

Muscular fatigue in the lower limbs is measured during the performance of a countermove-

ment jump (CMJ) on a force plate [25]. A participant first initiates a jump while standing on

the platform with legs extended and hands on the waist to improve control and reduce the

effects of arm swings; next, the participant follows the metronome and jumps at a rate of 45

times per min. The jumping rate choice is referred to previous study [26], and participants

subjectively assented that the jumping rate of 45 bpm were acceptable and reasonable to

induce individual fatigue feelings. For the jumping and landing components, a participant’s

legs were required to be flexed such that the thighs are approximately parallel to the ground.

Each participant practiced his or her jumping technique and verified it prior to testing to

ensure best effort during the fatigue test (Fig 1). Participants were regarded as fatigued when

the Borg rating of perceived exertion (RPE) reached level 17 or higher, and they could no lon-

ger maintain their jump height or keep in pace with the metronome. Throughout the fatigue

test, a muscle oxygen monitoring system was used to monitor muscle oxygen concentration.

5. Measurement

(1) Muscular efficacy. Power, which relates to muscular efficacy, is defined as the ability

of skeletal muscle to rapidly generate force [27]. The CMJ data that were collected through the

force plate were processed using AMTI software (Version 3.05.4) to calculate takeoff and land-

ing contact time. Body weight (BW) and the standard deviation of BW were calculated using

the average of the first 500 ms of unfiltered data on the Z-axis. Triaxial (X, Y, Z) data were

Fig 1. During the execution of countermovement jumps, participants (A) flexed their knees such that their thighs are approximately

parallel to the ground, (B) and a maximal vertical jump was then performed. (C) Lower body compression garment (FreeZone).

Image source: www.free-zone.com.tw.

https://doi.org/10.1371/journal.pone.0264569.g001
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processed through a 10-Hz 4th-order low-pass Butterworth filter. A vertical force of<20 N

indicated the takeoff point, and a vertical force of>20 N indicated the landing contact-time

point; these points were then used to calculate flight time (t). Jump height was calculated using

the formula 1/8gt2 (t, flight time; g, gravity constant) [28]. The aforementioned values were

substituted into the following formula to calculate the peak power:

Peak power ¼ 51:9ð Þ � jump height cmð Þ þ 48:9� body mass kgð Þ � 2007 ðr2 ¼ 0:78Þ

[29]. The obtained value represents the power of the legs.

(2) COP displacements and JPS. The force platform data were smoothed using a 10-Hz

4th-order zero-lag low-pass Butterworth filter, and the COP data were high-pass filtered at a

cut-off frequency of 0.1 Hz.

The COP displacements in the anteroposterior (AP) and mediolateral (ML) were calculated

per the standard formulas (which are described in the force plate manual) as follows:

COPAP ¼
MAP

FZ

COPML ¼
MML

FZ

where MAP and MML indicate the moments in the AP and ML directions, respectively, and FZ

indicates force in the vertical direction.

JPS was defined through absolute error, that is, the difference between the perceived angle

and target angle; no directional bias is involved. Each participant was asked to actively flex

their knee to 45˚ (with their eyes open) from a standing position and to hold this position for 5

s; the participant was then allowed to memorize the position and knee flexion angle (defined

as the target angle). The participant then returned to a standing position, and after a 7-s inter-

val, he or she then attempted to reproduce the angle with his or her eyes closed. The partici-

pant moved his or her lower limb through active contraction at an angular velocity

approximating 2˚/s and stopped and held a position for 5 s when he or she perceived that the

target angle was achieved. The holding time applied in the present study was identical to those

used in previous studies [30].

(3) Reoxygenation and deoxygenation rate. The definitions and equations are adjusted

with reference to another study [31]. Fig 2 presents the SmO2 curve from the fatigue to initial

recovery period. According to Fig 2, the reoxygenation slope of SmO2 = (SmO2(63.2%) − SmO2

(PD))/(T63.2% − TPD). SmO2(PD) was the SmO2% value at peak desaturation during the recovery

period with a related time of T63.2%; SmO2(63.2%) was the SmO2% value at 63.2% of the baseline

value during the recovery period with a relative time of TPD. The slope represents the index of

reoxygenation rate (unit: % /s), and a higher reoxygenation rate indicates a greater O2 supply

relative to O2 demand.

The deoxygenation slope of SmO2 = (SmO2(PD) − SmO2(63.2%))/(TPD − T63.2%), and SmO2

(PD) was the SmO2% value at peak desaturation during the fatigue period with a related time of

T63.2%; SmO2(63.2%) was the SmO2% value at 63.2% of the baseline value during the fatigue

period with a relative time of TPD.

(4) Muscle soreness scale. A visual analog scale (VAS) was used to assess the level of pain/

soreness felt in the tested quadriceps and GM muscles. The participants were asked to place a

mark on a horizontal 100-mm line to indicate the maximum amount of pain/soreness experi-

enced during fatigue onset and at 10 min, 20 min, 30 min, and 1 h after completing the fatigue

protocol. The starting point (0 mm) and endpoint (100 mm) on the 100-mm line
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corresponded to the “no pain/soreness” and “worst pain/soreness imaginable” pain levels,

respectively.

6. Experimental procedure

The present study adopted a randomized crossover design. The same group participants were

completed two trials with a randomly process, either wearing a lower-body CG or a pair of

general sport pants (SP) (i.e., control) could be assigned in the first trail. Secondary trial would

be executed with the other condition after one week later. Each participant completed an exer-

cise-induced muscle fatigue protocol involving CMJs while wearing a CG and SP. Measure-

ments were taken at baseline (before CMJs), fatigue onset, and after 10 min, 20 min, 30 min,

and 1 h of rest (following fatigue onset).

First, all participants provided written informed consent, after which the experimenter col-

lected their demographic data. Before each test, the participants performed a warm-up routine

that comprised the stretching of lower limbs muscles and 2 min of jumping exercises. Next,

MOXY sensors were placed on the GM and quadriceps of a participant’s dominant leg.

At the start of a test, a participant performed three vertical CMJs on a force plate and rested

for 20 s between each repetition. All jumps were performed with hands on the waist. The par-

ticipants were asked by the same experimenter to jump as high as possible for each jump. Dur-

ing a CMJ, the participants flexed their knees such that their thighs were approximately

parallel to the ground; this position was held for 2 s before a maximal vertical jump was per-

formed [32]. A CMJ was performed with a rapid descent to a self-selected depth, which was

immediately followed by a maximal ascent until a straight standing posture was achieved [33].

Next, each participant performed a 10-s test by using their dominant limb to assume a sin-

gle-leg stance with eyes closed on the force plate. The tested limb was in full knee extension,

the participants had their hands on their waist, and the foot of the non-tested limb was

Fig 2. Definition of deoxygenation rate during fatigue period and reoxygenation rate during recovery period; CG, compression

garment.

https://doi.org/10.1371/journal.pone.0264569.g002

PLOS ONE Effects of compression garment after exercise-induced muscle fatigue onset for people who exercise regularly

PLOS ONE | https://doi.org/10.1371/journal.pone.0264569 February 28, 2022 6 / 17

https://doi.org/10.1371/journal.pone.0264569.g002
https://doi.org/10.1371/journal.pone.0264569


positioned above the test surface without touching the tested limb [34]. The participants per-

formed this test thrice with the dominant limb and rested for 1 min between each test. A test

was stopped and the stance time for a trial was recorded when the foot of the non-tested limb

touched the testing surface or tested limb or when a hand left the waist. A test was regarded as

acceptable if a participant maintained the required position for a minimum of 5 s.

Thereafter, the participants performed the JPS test. Three tests were performed, and the dif-

ference between the perceived and target angles were noted for each test. A universal 360˚

manual goniometer (RBMS, USA) was used to measure knee joint angle. The good reliability

and validity of the aforementioned reproduction procedure and manual goniometer were veri-

fied by other researchers [35]. After the JPS test was completed, each participant was required

to assess the muscle soreness levels of both muscles by using the VAS.

After the baseline tests were completed, the fatigue protocol was executed; the participants

rested for 3 min after the fatigue test and returned to the force plates to perform another three

maximal vertical jumps. Measurements were also taken after 10 min, 20 min, 30 min, and 1 h

of rest; the tested and assessed items for each time point were identical to those examined at

baseline, and SmO2 data were collected throughout the entire experimental process by using

the MOXY monitor.

7. Statistical analysis

The dependent variables were muscle efficacy (jump height and power), proprioception (AP

and ML displacements and absolute error), and fatigue recovery (SmO2, reoxygenation and

deoxygenation rate, and muscle soreness using the VAS. Statistical analyses were performed

using SPSS 21.0 for Windows (SPSS, Chicago, IL, USA). A two-way repeated measure analysis

of variance (ANOVA) was conducted to determine the effect of garment type (CG use vs. SP

use) over six time points (before CMJs, fatigue onset, and after 10 min, 20 min, 30 min, and 1

h of rest), and their interactions with respect to the variables of muscular efficacy, propriocep-

tion, and fatigue recovery. When the main effects were detected to have significant differences,

Bonferroni corrected paired t tests were performed as post-hoc tests. In addition, a paired t
test was performed to compare the differences between the garment types for each time point

and for deoxygenation and reoxygenation. The statistical significance was recognized when

p< 0.05.

Results

Fig 3 presents the time course of change in jump height and power during CMJs, and it indi-

cates similar results. Significant main effects were observed for garment type (jump height:

F = 26.7, p< 0.001; power: F = 28.6, p< 0.001) and time point (jump height: F = 37.9,

p< 0.001; power: F = 38.8, p< 0.001), but no significant interaction (jump height: F = 1.21,

p = 0.316; power: F = 1.5, p = 0.209) was observed. Jump height and power significantly

decreased at fatigue onset (p< 0.05) and remained significant lower than their baseline values

at all-time points during the rest period (p< 0.05); however, no significant difference between

jump height and power was observed. At baseline, jump height and power were significant

greater with CG use than with SP use (jump height: t = 2.62, p = 0.024; power: t = 2.85,

p = 0.014).

Table 1 presents the time course of change in AP and ML displacements for the single-leg

stance with eyes closed and the absolute error of JSP. For AP displacement, the ANOVA did

not reveal significant main effects for garment type (F = 1.69, p = 0.220) and time point

(F = 1.21, p = 0.316) and significant interactions (F = 1.02, p = 0.414). For ML displacement,

significant main effects were observed for garment type (F = 11.0, p = 0.010) and time point
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(F = 25.8, p< 0.001), but no significant interaction (F = 2.27, p = 0.058) was observed. For ML

displacement, a significant increase was observed at fatigue onset (p< 0.05), but no significant

difference was observed between baseline and the time points during the rest period. For ML

displacement, no significant difference between garment types was observed at baseline; how-

ever, relative to SP use, CG use led to a significantly smaller ML displacement after 20 min of

rest (20-min rest: t = 2.47, p = 0.031; 30-min rest: t = 3.71, p = 0.003; 1-h rest: t = 2.95,

p = 0.013).

For absolute error, the ANOVA revealed a significant main effect for time point (F = 20.7,

p< 0.001), but no significant effect was observed for garment type (F = 0.002, p = 0.976) and

interaction (F = 0.443, p = 0.816). Absolute error significantly increased at fatigue onset

Fig 3. Comparisons of (A) jump height and (B) power between garment type and time course of change. Error

bars are standard deviation; CG, compression garment; SP, sport pants; �, p<0.05, CG compared with SP; #, p<0.05,

compared with fatigue onset; ǂ, p<0.05, compared with baseline.

https://doi.org/10.1371/journal.pone.0264569.g003
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(p< 0.05), and a greater absolute error was observed after 10 min of rest than after at 30 min

and 1 h of rest (p< 0.05); however, no significant difference between the time points was

observed after 20 min of rest (Table 1). Fig 4 presents time course of change in SmO2%. Signif-

icant main effects were observed for garment type (quadriceps: F = 32.5, p< 0.001; GM:

F = 38.2, p< 0.001) and time point (quadriceps: F = 64.9, p< 0.001; GM: F = 59.4, p< 0.001),

and a significant interaction (quadriceps: F = 10.5, p< 0.001; GM: F = 7.2, p< 0.001) was also

observed. A significant decrease in SmO2% was observed at fatigue onset (p< 0.05); no signifi-

cant differences were observed between baseline and after 10 min of rest; however, when the

rest time became longer, a higher SmO2 was observed (p< 0.05). At baseline, SmO2% was sig-

nificantly higher with CG use than with SP use (t = 2.85, p = 0.014), and similar results were

observed at each time point after 10 min of rest (p< 0.05).

Fig 5 presents the comparisons of deoxygenation and reoxygenation rates between garment

types. Faster deoxygenation (t = 4.80, p = 0.001) and reoxygenation (t = 2.69, p = 0.021) rates

were achieved with CG use relative to SP use for the quadriceps. For the GM, a faster deox-

ygenation rate (t = −3.04, p = 0.011) was achieved with CG use relative to SP use, but no differ-

ence was observed for oxygenation rate (t = 0.85, p = 0.412).

Table 2 presents the time course of change in muscle soreness (determined through the

VAS). The ANOVA revealed no significant main effect for garment type (quadriceps: F = 2.18,

p = 0.168; GM: F = 0.70, p = 0.794), a significant main effect for time point (quadriceps:

F = 32.4, p< 0.001; GM: F = 27.5, p< 0.001), and no significant interaction (quadriceps:

F = 0.441, p = 0.818; GM: F = 1.24, p = 0.306). VAS values were significantly lower at baseline

than at all other time points (p< 0.05), and the largest increase was observed at fatigue onset

(p< 0.05); thereafter VAS values decreased with the increase in rest time (p< 0.05).

Discussion

At baseline, CG use can increase the muscle efficiency for jump height and power by 7% and

4%, respectively, relative to SP use. The vertical jump is an essential skill for many sports,

hence vertical jump improvement is the primary athletic training goal [36]. With respect to

Table 1. Comparisons of proprioception variables between garment type and time course of change (mean±SD).

Time points

Parameters

Baseline Fatigue Rest 10 min Rest 20 min Rest 30 min Rest 1 hour

AP displacement (cm)

CG 3.80±1.28 4.04±1.39 3.80±1.12 3.75±0.80 3.61±0.75 3.33±0.76

SP 4.18±1.50 3.91±0.84 4.41±1.87 3.46±1.02 4.28±1.97 4.04±1.05

CG vs SP p value p = 0.386 p = 0.735 p = 0.309 p = 0.459 p = 0.321 p = 0.030�

ML displacement (cm)

CG 5.92±1.07# 7.80±0.82 6.27±1.28# 5.52±0.95# 5.35±1.24# 5.12±1.20#

SP 6.18±1.10 8.02±1.05 6.55±1.17 6.27±1.02 6.25±1.08 5.75±1.13

CG vs SP p value p = 0.374 p = 0.246 p = 0.073 p = 0.031� p = 0.003� p = 0.013�

Absolute error (˚)

CG 2.0±1.2# 6.0±3.5 3.1±2.4# 1.9±1.5# 1.6±1.0#,a 1.0±0.7#,a

SP 1.9±2.7 5.9±3.8 2.1±1.5 1.7±1.5 1.4±1.2 1.4±1.5

CG vs SP p value p = 0.916 p = 0.819 p = 0.296 p = 0.718 p = 0.770 p = 0.426

#: p< 0.05 compared with fatigue onset; AP, anteroposterior; ML, mediolateral; CG, compression garment; SP, sport pants;

�, p<0.05, CG compared with SP;
a, p<0.05, compared with rest 10 min; SD, standard deviation.

https://doi.org/10.1371/journal.pone.0264569.t001
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CG use and jumping, a study reported that compression shorts had no effect on the maximal

power of the highest jump, but it enabled participants to maintain power output when per-

forming repeated jumps [37]. Other studies indicated that the power of CMJs is enhanced with

the use of compression shorts [38] and lower body CG [39]. A significantly higher single maxi-

mal vertical jump (+2.4 cm) was achieved with CG use relative to control conditions [38]; this

finding is consistent with that of the present study (+2.3 cm). This could be because the elastic-

ity of the CG increased the propulsive force required for jumping, resulting in a higher jump

[38]. This finding indicates that an optimal amount of compression can increase performance,

whereas an insufficient or over amount of compression can reduce performance to below the

level achieved with loose-fitting pants [40].

Fig 4. Comparisons of SmO2% in (A) quadriceps and (B) GM between garment type and time course of change. Error

bars are standard deviation; CG, compression garment; SP, sport pants; �, p<0.05, CG compared with SP; #, p<0.05,

compared with fatigue onset; ǂ, p<0.05, compared with baseline.

https://doi.org/10.1371/journal.pone.0264569.g004
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CG use reduced the ML displacement of COP by 4.2% relative to the AP displacement and

absolute error of JPS. Studies have reported that CG use can enhance the perception of

somatosensory information and positively influence balance control by reducing body sway

during quiet standing [18, 41, 42]. These results are somewhat inconsistent with those reported

in the present study. The beneficial effects of CGs on proprioception control may be most pro-

nounced among older adults, injured individuals [18, 41] and high-level athletes [42]. By com-

parison, ordinarily active individuals such as healthy and non-injured individuals and non-

elite/recreational athletes do not achieve improved proprioception control with CG use [43,

44]. The use of below-knee CGs can improve proprioception of the knee regardless of leg

Fig 5. Comparisons of deoxygenation and reoxygenation rates in quadriceps and GM between the garment types.
�: Significant difference between CG and sport pants use; CG, compression garment.

https://doi.org/10.1371/journal.pone.0264569.g005

Table 2. Comparisons of muscle soreness (VAS) between garment type and time course of change. (mean±SD).

Time points

Parameters

Baseline Fatigue Rest 10 min Rest 20 min Rest 30 min Rest 1 hour

Quadriceps

CG 0.8±0.7# 6.0±2.2 4.3±1.6# ǂ 3.7±1.3# ǂ 3.1±1.4# ǂ 2.4±1.3# ǂ
SP 1.0±1.0 6.4±1.8 4.8±1.8 4.1±1.4 3.4±1.2 2.5±1.4

CG vs SP p value p = 0.326 p = 0.281 p = 0.072 p = 0.161 p = 0.375 p = 0.824

GM

CG 1.1±1.1# 6.5±2.3 4.5±1.6# ǂ 3.7±1.3# ǂ 3.2±1.4# ǂ 2.6±1.3# ǂ
SP 1.4±1.1 7.1±1.4 4.6±1.7 3.6±1.5 3.1±1.4 2.3±1.6

CG vs SP p value p = 0.418 p = 0.115 p = 0.764 p = 0.768 p = 0.938 p = 0.521

CG, compression garment; SP, sport pants;

�, p<0.05, CG compared with SP;
#, p<0.05, compared with fatigue onset;
ǂ, p<0.05, compared with baseline; SD, standard deviation.

https://doi.org/10.1371/journal.pone.0264569.t002
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dominance [21]. This favorable effect may be related to the increase in Golgi tendon organ

activation and feedback from proprioceptors to muscle [21]. However, lower body CG use

may induce negative effects on knee JPS; specifically, it can lead to less JPS relative to non-CG

conditions [45].

At baseline, SmO2% was higher by 26.4% and 24.6% in the quadriceps and GM, respec-

tively, with CG use relative to SP use. The higher SMO2 observed with CG use could be attrib-

uted mainly to the changes in skin blood flow. Increasing the external pressure applied to the

skin causes an increase in skin blood flow in the area that is subjected to pressure [46]. How-

ever, fitting is crucial for CGs because an inappropriate level of compression (excessively tight,

high compression or loose, low compression CG) is often associated with negative effects or

the absence of effects [8]. The compression tights used in the present study were fitted on the

basis of approximate (small, medium, and large) sizes, and an appropriate size was selected for

each participant according to his or her anthropometric data. Because variations in anthropo-

metric characteristics and morphology within a population can result in large variations in

applied garment pressures [47], current recommendations suggest that CGs must exert a mini-

mum pressure of 17.3 mmHg on the calves and 15.1 mmHg on the thighs [48] to significantly

improve venous return. The CGs used in the present study conformed to the aforementioned

pressure recommendations (24.4 mmHg on the calves and 16.8 mmHg on the thighs).

The present study revealed that regardless of garment type, fatigue reduced muscle efficacy

(jump height and power) and proprioception control, leading to increases in the ML displace-

ments of COP and absolute error of JPS. Moreover, fatigue reduced SmO2 and increased mus-

cle soreness (VAS). Nevertheless, delaying fatigue onset should lead to performance

maintenance. However, during the performance of exercise-induced muscle fatigue protocol,

CG use did not delay fatigue onset. In the present study, the time to fatigue onset with SP and

CG use was 51.8 ± 10.2 s and 54.2 ± 9.7 s, respectively; that is, no significant difference between

the garment types was observed. Several studies have examined the effect of muscle fatigue on

the proprioception of the joints. Some studies have reported that fatigue impairs propriocep-

tion [49], whereas others could not identify any effects [50]. Yaggie and Armstrong (2004)

revealed that impairments in JPS after fatigue onset could be caused by the reduction of motor

neuron output and sensitivity of the muscle afferents groups III and IV [51]. The present study

indicates that quadriceps muscle fatigue reduces movement accuracy and increases recon-

struction error at the 45˚ angle of the knee joint. Studies have speculated that CG use enhances

JPS by reducing muscle fatigue [21, 22]. However, the results of the present study indicated

that CG use failed to reduce the deleterious effects of fatigue on JPS, and absolute error

increased immediately after fatigue onset; these findings are consistent with the results of a

previous study [52].

Many studies have reported on the relationship between the development of fatigue and the

availability and utilization of oxygen during exercise [53], and the suggested that the rate of

fatigue development is dependent on the level of muscle oxygenation. However, a study dis-

covered that muscle oxygenation is not always related to a reduction in fatigue levels [54].

Murthy et al. (2001) addressed this controversy by suggesting that the development of fatigue

is dependent on muscle oxygenation only when oxygenation levels are reduced by more than

7% [53]. The present study reported a SmO2% reduction of up to 68.6% and 58.5% in the

quadriceps and GM, respectively after fatigue onset, which indicated that SmO2% is highly

correlated with the development of fatigue.

Although CG use also failed to reduce the deleterious effects of fatigue on SmO2, the SmO2

results reflected the dynamic balance between oxygen supply and oxygen consumption in the

muscle tissue [16, 55]. The present study revealed that relative to SP use, CG use increased the

deoxygenation and reoxygenation rate in the quadriceps by up to 44.3% and 49.5%,
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respectively. The deoxygenation rate is the negative slope of SmO2, which occurred during the

fatigue period, a higher deoxygenation rate indicates greater muscle O2 demand, and conse-

quently, greater energy consumption [55]. By contrast, a higher reoxygenation rate indicates

greater O2 delivery relative to O2 demand, which increases blood flow during recovery [16].

The rate of phosphocreatine (PCr) resynthesis is related to the reoxygenation rate of SmO2

[56], and a higher reoxygenation rate (SmO2, rate of recovery) can be advantageous for replen-

ishing PCr stores. As such, a lower body CG may help to sustain anaerobic metabolism during

high-intensity exercise by increasing the rate of lactate clearance and delaying the onset of

muscular fatigue that accompanies anaerobic activity [4]. By contrast, a longer recovery time is

associated with a greater amount of oxygen uptake; hence, slower reoxygenation may be corre-

lated with poor performance [57]. Therefore, an improvement in muscle reoxygenation capac-

ity can improve exercise performance.

Power returned to 92.5% of baseline after 10 min of rest and remained unchanged until the

1-h rest time point, that is, power did not regain its baseline value even after 1 h of rest. Muscle

soreness decreased over time after fatigue onset but did not regain its baseline value regardless

of CG or SP use even after 1 h of rest. A study explored the effects of CG use on power and

muscle soreness at 1, 24, and 48 h after fatigue onset, and it revealed that power and muscle

soreness returned to baseline (before exercise) value only after at least 24 h of rest [58].

Another study examined participants who wore a CG for 12 h after performing 100 drop

jumps, and it reported that performance recovery for CMJ was significantly improved by CG

use at 24 h but not at 1 h after exercise-induced fatigue onset [59]. The ML displacement of

COP returned to baseline value by the 10-min rest time point and subsequently decreased

until the 1-h rest time point. Relative to SP use, a significantly lower ML displacement was

observed with CG use after 20 min of rest. The absolute error of JPS returned to baseline value

after 20 min of rest with both CG and SP use, whereas no difference was observed for garment

type. Nonetheless, the effect of fatigue was short lived for posture sway, and a study reported

that sway velocity decreased to pre-fatigue values after 30 min of rest [60]. Susco et al. (2004)

discovered that balance deficits lasted for up to 15 min after fatigue onset, and that balance

recovered after the 20 min of rest [61].

SmO2 returned to its baseline value after 10 min of rest. The faster reoxygenation rate asso-

ciated with CG use resulted in the quicker attainment of peak SmO2 relative to SP use, after

which SmO2 was maintained at a high level until the 1-h rest time point; by contrast, with SP

use, SmO2 increased with time after fatigue onset. A higher SmO2 was observed with CG use

relative to SP use during the recovery period. Bhambhani et al. (1997) observed rapid increases

in muscle oxygenation during the 1–2 min following incremental exercise [62]; this suggests

that resting for 1–2 min after entering a recovery period is sufficient and leads to a progressive

increase in SmO2. Ding et al. (2001) discovered that well-trained athletes exhibit faster recov-

ery for muscle deoxygenation relative to untrained participants [63]. This finding was applied

with the use of the lower-body CG in the present study, in which CG use led to a faster recov-

ery relative to SP use. This is a notable finding because the recovery of muscle oxygenation

may be an area with crucial implications.

The limitation of the present study is that our results can only be applied to a specific popu-

lation, that is, healthy young people who exercise regularly but not competitively.

Conclusions

The present study indicated that relative to SP use, CG use can promote muscle efficacy (jump

height and power), proprioception (for the ML displacement of COP but not for the absolute

error of JPS), and SmO2. A higher deoxygenation rate during the fatigue period and a higher
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reoxygenation rate during the recovery period were observed with CG use relative to SP use.

The higher reoxygenation rate indicates greater O2 delivery relative to O2 demand, which

increases greater blood flow during recovery. SmO2 and the ML displacement of COP

returned to baseline value after 10 min of rest; by contrast, power and muscle soreness did not

return to their baseline values even after 1 h of rest following fatigue onset. The results sug-

gested that SmO2 and proprioception can recover after 10 min of rest, however, recovery relat-

ing to muscle efficacy and soreness may require at least 24 h or rest regardless of CG or SP use.
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25. Gorostiaga EM., Asiáin X., Izquierdo M., Postigo A., Aguado R., Alonso JM., et al. Vertical jump perfor-

mance and blood ammonia and lactate levels during typical training sessions in elite 400-m runners. J

Strength Cond Res., 2010; 24(4):1138–1149. https://doi.org/10.1519/JSC.0b013e3181cf769f PMID:

20300013

26. Lin HT., Huang YC., Li YY., Chang JH. The Effect of Rectus Abdominis Fatigue on Lower Limb Jumping

Performance and Landing Load for Volleyball Players. Appl Sci., 2021; 11:6697.

27. Amonette WE., Brown LE., De Witt JK., Dupler TL., Tran TT., Tufano JJ., et al. Peak vertical jump

power estimations in youths and young adults. J Strength Cond Res., 2012; 26(7):1749–1755. https://

doi.org/10.1519/JSC.0b013e3182576f1e PMID: 22505126

28. Mizuno S., Arai M., Todoko F., Yamada E., Goto K. Wearing lower-body compression garment with

medium pressure impaired exercise-induced performance decrement during prolonged running. PLoS

ONE, 2017; 12:e0178620. https://doi.org/10.1371/journal.pone.0178620 PMID: 28562650

29. Sayers S., Harackiewicz D., Harman E., Frykman P., Rosenstein M. Cross-validation of three jump

power equations. Med Sci Sports Exerc., 1999; 31(4):572–577. https://doi.org/10.1097/00005768-

199904000-00013 PMID: 10211854

30. Marks R. The reliability of knee position sense measurements in healthy women. Physiother Can.,

1994; 46:37–41.

PLOS ONE Effects of compression garment after exercise-induced muscle fatigue onset for people who exercise regularly

PLOS ONE | https://doi.org/10.1371/journal.pone.0264569 February 28, 2022 15 / 17

https://doi.org/10.1519/JSC.0b013e3181b42589
http://www.ncbi.nlm.nih.gov/pubmed/19675482
https://doi.org/10.1519/JSC.0000000000002145
https://doi.org/10.1519/JSC.0000000000002145
http://www.ncbi.nlm.nih.gov/pubmed/28859013
https://doi.org/10.1519/JSC.0b013e3181d33025
http://www.ncbi.nlm.nih.gov/pubmed/20195085
https://doi.org/10.2165/00007256-200737070-00005
https://doi.org/10.2165/00007256-200737070-00005
http://www.ncbi.nlm.nih.gov/pubmed/17595156
https://doi.org/10.1117/1.JBO.23.1.015007
http://www.ncbi.nlm.nih.gov/pubmed/29368457
https://doi.org/10.1113/JP270570
http://www.ncbi.nlm.nih.gov/pubmed/26174323
https://doi.org/10.1016/j.gaitpost.2018.08.011
http://www.ncbi.nlm.nih.gov/pubmed/30165286
https://doi.org/10.1093/ptj/70.2.79
http://www.ncbi.nlm.nih.gov/pubmed/2296615
http://www.ncbi.nlm.nih.gov/pubmed/16558671
https://doi.org/10.1016/j.gaitpost.2016.08.008
http://www.ncbi.nlm.nih.gov/pubmed/27523397
https://doi.org/10.1111/j.1600-0838.2007.00649.x
http://www.ncbi.nlm.nih.gov/pubmed/17490457
https://doi.org/10.2519/jospt.2001.31.10.567
http://www.ncbi.nlm.nih.gov/pubmed/11665744
https://doi.org/10.1016/s1050-6411%2800%2900027-4
https://doi.org/10.1016/s1050-6411%2800%2900027-4
http://www.ncbi.nlm.nih.gov/pubmed/11018445
https://doi.org/10.1519/JSC.0b013e3181cf769f
http://www.ncbi.nlm.nih.gov/pubmed/20300013
https://doi.org/10.1519/JSC.0b013e3182576f1e
https://doi.org/10.1519/JSC.0b013e3182576f1e
http://www.ncbi.nlm.nih.gov/pubmed/22505126
https://doi.org/10.1371/journal.pone.0178620
http://www.ncbi.nlm.nih.gov/pubmed/28562650
https://doi.org/10.1097/00005768-199904000-00013
https://doi.org/10.1097/00005768-199904000-00013
http://www.ncbi.nlm.nih.gov/pubmed/10211854
https://doi.org/10.1371/journal.pone.0264569


31. Kasai N., Tanji F., Ishibashi A., Ohnuma H., Takahashi H., Goto K., et al. Augmented muscle glycogen

utilization following a single session of sprint training in hypoxia. Eur J Appl Physil., 2021; Jul 6. https://

doi.org/10.1007/s00421-021-04748-8 PMID: 34228222

32. Markovic G., Jaric S. Is vertical jump height a body size independent measure of muscle power. J

Sports Sci., 2007; 25:1355–1363. https://doi.org/10.1080/02640410601021713 PMID: 17786688

33. Oranchuk DJ., Storey AG., Nelson AR., Cronin JB. Isometric training and long-term adaptations: effects

of muscle length, intensity, and intent: a systematic review. Scand J Med Sci Sports, 2019; 29:484–503.

https://doi.org/10.1111/sms.13375 PMID: 30580468

34. Goldie PA., Bach TM., Evans OM. Force platform measures for evaluating postural control: reliability

and validity. Arch Phys Med Rehabil., 1989; 70:510–517. PMID: 2742465

35. Olsson L., Lund H., Henriksen M., Rogind H., Bliddal H., Danneskiold-Samsøe B. Test-retest reliability

of a knee joint position sense measurement method in sitting and prone position. Adv Physiother.,

2004; 6:37–47

36. Powers ME. Vertical jump training for volleyball. Strength Cond J., 1996; 18(1):18–23.

37. Kraemer WJ., Bush JA., Newton RU., Duncan ND., Volek JS., Denegar CR., et al. Influence of a com-

pression garment on repetitive power output production before and after different types of muscle

fatigue. Sports Med Train Rehabil., 1998; 8(2):163–184.

38. Doan B., Kwon Y., Newton R., Shim J., Popper E., Rogers R., et al. Evaluation of a lower-body com-

pression garment. J Sport Sci., 2003; 21:601–610. https://doi.org/10.1080/0264041031000101971

PMID: 12875311

39. Baum JT., Carter RP., Neufeld EV., Dolezal BA. Donning a novel lower-limb restrictive compression

garment during training augments muscle power and strength. Int J Exerc Sci., 2020; 13(3):890–899.

PMID: 32922631

40. Wannop JW., Worobets JT., Madden R., Stefanyshyn DJ. Influence of compression and stiffness

apparel on vertical jump performance. J Strength Cond Res., 2016; 30(4):1093–1101. https://doi.org/

10.1519/JSC.0000000000001195 PMID: 27003453

41. Kuster MS., Grob K., Kuster M., Wood GA., Chter A. The benefits of wearing a compression sleeve

after ACL reconstruction. Med Sci Sports Exerc., 1999; 31:368–371. https://doi.org/10.1097/00005768-

199903000-00003 PMID: 10188739

42. Michael JS., Dogramaci SN., Steel KA., Graham KS. What is the effect of compression garments on a

balance task in female athletes? Gait Posture, 2014; 39:804–809. https://doi.org/10.1016/j.gaitpost.

2013.11.001 PMID: 24314813
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