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Wearing compression garments
differently affects monopodal
postural balance in high-level
athletes

Kévin Baige, Frédéric Noé®"™* & Thierry Paillard

This study investigated the acute effects of compression garments (CG) on balance control in elite
athletes. 15 male professional handball players were recruited. They had to stand as motionless as
possible in a monopedal stance on a force plate with the eyes closed and on a wobble board with
the eyes open, while wearing CG or not. Centre of foot pressure mean velocity and surface area
were calculated. Statistics were first calculated with the data from the whole sample. A hierarchical
cluster analysis was also performed in order to categorize the participants’ behaviours into subgroups
with similar characteristics. The whole group analysis showed that there were no significant effects
attributed to CG. The clustering analysis identified two distinct and homogeneous subgroups of
participants. Only athletes with the best balance abilities at baseline could benefit from CG wearing
to improve their balance control. These athletes, who swayed less and were more sensitive to
somatosensory manipulation due to CG wearing, seem to control balance by adopting a support-
dependent preferred sensorimotor tactic. Our findings suggest that amongst high-level athletes,
the ability to benefit from CG wearing to improve balance control seems to depend on participants’
intrinsic balance skills and/or preferred sensorimotor tactics.

Abbreviations

CG Compression garments

COP Centre of foot pressure

HCA Hierarchical cluster analysis

PC Principal component

PCA Principal component analysis

RD Relative difference (RD =100*[CG-REF]/REF)
REF Reference

S COP surface area

SD Standard deviation

STA Stable postural task with the eyes closed
UNSTA  Unstable postural task with the eyes open

VX Mean COP velocity along the medio-lateral axis
VY Mean COP velocity along the antero-posterior axis

Compression garments (CG) have been widely used in medicine in patients with venous disease, restricted
mobility or with an immobilization of the lower limb for many years'. CG create an external pressure gradient
on the body surface which improves venous hemodynamics and prevents leg swelling and blood clots"*. The
wearing of CG in sport has also become very popular during and after training or competition in order to improve
physical performances® and to accelerate recovery®’. Suggested mechanisms include attenuation of muscle
oscillation during exercise**, enhanced venous return, blood flow and muscle oxygenation with accelerated
metabolic removal®?, reduced post-exercise edema’® and attenuated markers of muscle damage®. CG could have
a beneficial influence on endurance exercise mainly by attenuating perceived exertion and muscle soreness and
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by improving running economy*°. CG could also affect neuromuscular performances such as vertical jumping
and sprint performance. The exact mechanisms by which CG impact neuromuscular performances are not clear,
but it may be due to the activation of cutaneous mechanoreceptors which elicits enhancements in the ability to
perceive position in space and improves accuracy of motor actions such as jumping technique*!*!!. The additional
sensory cues from cutaneous mechanoreceptors provided by CG are also likely to improve movement control
such as balance control'>'.

When specifically focusing on the influence of CG on balance control, studies showed that CG did not bring
any beneficial effect'’*?, whereas others showed that balance control was enhanced when wearing CG!>!31>2324,
The heterogeneity in these results might stem from participants characteristics (e.g., age, sex, healthy vs injured),
conditions of balance control assessment (e.g. static vs dynamic postural tasks, monopodal vs bipodal stances,
with eyes open or closed, on stable ground or unstable/compliant surface) and CG properties (segments/joints
covered by the CG, level of compression). In general, CG rather induce beneficial effects when standing in
monopodal stance'>!*?324, especially with the eyes closed'>'**%. Only Woo et al. reported a positive influence of
CG with a bipedal stance when assessing elderly participants who had to perform a Romberg test on a compli-
ant surface’. CG seem to preferentially benefit to subjects with lower limb injuries'>**** than to non-injured
subjects!”~?. The location of the compression (i.e. ankle, shank, knee or thigh) does not seem to be a major
factor in explaining the differences observed in the studies. Some studies reported beneficial effects of CG on
balance control with knee sleeves'>?, socks'® and leggings'® whereas others did not report any beneficial effect
with knee sleeves'” and socks'®-2*?2, Similarly, the level of compression, which is not systematically specified in
the studies, does not appear to be a major factor in explaining the heterogeneity of the results. Studies that have
tested the effects of wearing CG of different compression levels reported that the level of compression had no
influence on balance control'>"*-22,

Overall, CG would rather improve balance control in physically diminished/impaired subjects (e.g., elderly
and injured) than in healthy young ones in particular in monopedal stance. Nonetheless, knowing that expertise
in sport can enhance the process of sensory reweighting®, expert athletes are likely to integrate more efficiently
the cutaneous stimulation provided by CG to improve balance control. Only two studies, to our knowledge,
have been conducted in order to test the influence of CG on balance control in sportspeople, while producing
divergent findings'>??. Michael et al. showed that balance control of sportswomen was improved when they
wore CG"?, whereas Sperlich et al. did not report any beneficial influence of CG in a group of competitive alpine
skiers??. Nevertheless, Sperlich et al. performed a balance test with and without CG while asking participants to
wear racing ski-boots?. These boots, which stimulate cutaneous mechanoreceptors in the foot and shank and
provide a mechanically efficient support at the tibia level®®, might have acted as a confounding factor and hid a
potential positive effect of CG. Hence the influence of expertise in sport on the ability to take advantage for CG
to improve balance control remains an open question.

Consequently, this study was undertaken in order to investigate the acute effects of calf compression sleeves
on monopodal balance control of professional elite handball players. It was hypothesized that calf compression
sleeves would enhance monopodal balance control in professional handball players. Because of potential het-
erogeneity between participants’ response to CG wearing, a normalized principal component analysis was used
to reduce the dimensionality of the data before performing a hierarchical cluster analysis (HCA). The HCA is a
multivariate statistical method which categorizes the participants’ behaviours into subgroups with similar char-
acteristics, thus facilitating the investigation of differences in individual responses by enabling the identification
of natural groupings that may exist in a whole sample?”?%.

Results

Table 1 presents the mean values of COP parameters in the whole sample with the characteristics of each cluster.
When inferential statistics were performed on the whole group, no significant differences were observed between
REF and CG conditions in the STA postural task. Nevertheless, strong tendencies could be observed on VX and
VY, which tended to be reduced in CG compared to the REF condition (V=92; P=0.073 and V=91; P=0.083).
In the UNSTA postural task, no statistically significant differences or tendencies were observed between both
conditions.

In the STA postural task, PCA resulted in two components that explained 70% of the total variance of the
original dataset. PC1 accounted for 46.6% of the total variance and was loaded with three variables, RD_VY,
RD_S and VY, which were positively correlated. PC2 explained 23.4% of the total variance and was loaded with
three variables, S and VX, which were positively correlated, and RD_VX which was acting in the opposite direc-
tion (Fig. 1a). In the UNSTA postural task, PCA resulted in two components that explained 77.3% of the total
variance of the original dataset. PC1 accounted for 54.0% of the total variance and was loaded with the three
variables, VX, VY and RD_S, which were positively correlated. PC2 explained 23.3% of the total variance and
was loaded with three variables, S and VY, which were positively correlated, and RD_VX which was acting in the
opposite direction (Fig. 2a). In both postural tasks, the clustering analysis identified two clusters. The individu-
als’ factor map (Figs. 1b and 2b) shows that there was a great variability between subjects and that individuals
from these two clusters were mainly differentiated on the PC1 axis. Individuals from cluster 1 were located on
the left side, with low values of postural parameters in the REF condition and negative values of relative differ-
ence between both conditions (Table 1). On the contrary, individuals from cluster 2 were located on the right
side and had high values of postural parameters in the REF condition and positive values of relative difference
between both conditions.
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(a)

PC2 (23.4%)

n REF CG RD
Whole group 15 1,978.2 (536.3) 1,822.4 (736.7) -7.9(25.1)
S Cluster 1 8 1,725.8 (443.3) 1,281.3 (301.2) ~22.1(22.6)
Cluster 2 7 2,266.8 (509.8) 2,440.8 (569.1) 8.5(17.0)
Whole group 15 59.4 (15.2) 54.8 (15.0) ® -7.2(16.0)
STA VX Cluster 1 8 52.3 (4.4) 44.9 (8.5) -14.2 (14.2)
Cluster 2 7 67.5(19.3) 66.1(12.9) 0.7 (15.1)
Whole group 15 46.7 (13.8) 43.1(17.5)% -9.7 (18.8)
VY Cluster 1 8 38.7 (4.4) 30.0 (5.9) -22.6 (12.7)
Cluster 2 7 55.9 (15.3) 58.0 (13.5) 5.0 (12.7)
Whole group 15 707.0 (206.9) 648.7 (369.3) -9.7 (38.8)
S Cluster 1 8 610.3 (130.6) 481.7 (201.2) -21.3(28.1)
Cluster 2 7 817.5 (230.7) 839.6 (437.4) 3.5 (47.0)
Whole group 15 31.8(12.2) 34.5(17.7) 5.5(16.9)
UNSTA VX Cluster 1 8 23.2 (6.6) 22.2(5.1) —-2.9(13.5)
Cluster 2 7 41.6 (9.4) 48.6 (16.4) 15.1 (15.9)
Whole group 15 23.4(7.1) 22.3(7.7) -5.3(12.8)
VY Cluster 1 8 18.5(5.1) 16.1 (3.8) -11.9(8.9)
Cluster 2 7 29.0 (4.2) 29.4 (3.5) 2.2 (12.9)

" PC1 (46.6%)

Table 1. COP parameters of the whole group with cluster characteristics in the different postural tasks and
experimental conditions. Data are expressed as mean (SD). STA stable postural task with the eyes closed,
UNSTA unstable postural task with the eyes open, REF reference condition, CG compression garments
condition, S COP surface area, VX and VY mean COP velocity along the medio-lateral and antero-posterior
axes respectively, RD relative difference between both conditions (RD = 100*[CG-REF]/REF). *illustrates a
tendency from whole group statistics (0.05<P<0.1) between REF and CG conditions.
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Figure 1. Variables’ (a) and individuals’ (b) factor map of the PCA applied on COP parameters in the STA
postural task. Individuals from cluster 1 and 2 are represented by black and red dots respectively. S_REF
COP surface area in the REF condition, VX_REF mean COP velocity along the medio-lateral axis in the REF

condition, VY_REF mean COP velocity along the antero-posterior axis in the REF condition, RD_S, RD_VX
and RD_VY relative difference between both conditions (RD = 100*[CG-REF]/REF) of S, VX and VY variables.

Discussion

The aim of this study was to analyze the acute effects of wearing CG on the monopodal balance control in elite
professional handball players. When considering data from the whole sample, results from inferential statistics
were not consistent with the hypothesis that CG would improve balance control, since the wearing of CG only
induced tendencies to an improved monopedal balance control in the STA postural task. The HCA approach
was successful in identifying two distinct and homogeneous subgroups of participants, thus illustrating that
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(a) Variables’ factor map (b) Individuals’ factor map
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Figure 2. Variables' (a) and individuals’ (b) factor map of the PCA applied on COP parameters in the UNSTA
postural task. Individuals from cluster 1 and 2 are represented by black and red dots respectively. S_REF

COP surface area in the REF condition, VX_REF mean COP velocity along the medio-lateral axis in the REF
condition, VY_REF mean COP velocity along the antero-posterior axis in the REF condition, RD_S, RD_VX
and RD_VY relative difference between both conditions (RD =100*[CG-REF]/REF) of S, VX and VY variables.

high inter-individual variability in the ability to benefit from CG wearing to improve balance control is present
within a group of high-level athletes.

CG act by applying frictional forces to the skin, which direction and size are related to the body sway
movements". As initially observed in studies about the effects of passive tactile cues on balance control®, these
forces activate both slow and fast-adapting cutaneous mechanoreceptors to provide additional sensory cues that
are integrated by the central nervous system to reduce body sway when a sensory pathway critical for standing
posture has been perturbed (e.g. when vision is occluded). The stimulation of cutaneous inputs from the lower
leg induced by the wearing of CG can also depress the H-reflex by activating Ia inhibitory interneurons'S. Because
an early spinal reflex can provoke small reactive and uncontrolled movements that can be a source of postural
instability®, there is a relationship between the amplitude of the H-reflex and that of the displacement of the
COP: the lower the amplitude of the H-reflex, the lower the postural sway***'. Even though the differences in
COP parameters were not statistically significant among experimental conditions, the tendencies to an improved
balance control with CG (P=0.073 and P=0.083 for VX and VY respectively) could reflect an efficient sensory
reweighting mechanism* with an up-weighting of the additional cutaneous information provided by CG to
compensate for the lack of visual cues in the STA postural task. Indeed, garments that stimulate lower limbs
cutaneous receptors (e.g. CG, braces and tapes) rather positively influence balance control when somatosensory
information is altered by experimental manipulations'**>**. These garments had more limited effects when
standing on unstable supports (e.g. wobble board as in the present study) or performing dynamic tasks (e.g.
Y balance test)'”?, likely due to the availability of visual cues and the increased contribution of vestibular and
proprioceptive cues due to greater joint movements® which might have limited an up-weighting of the additional
somatosensory cues provided by CG.

Results from the PCA showed that there was a high variability between individuals’ responses to CG wearing
within a population of professional elite athletes. This heterogeneity among the ability of participants to benefit
from CG wearing to improve balance control could explain the controversial results about the influence of com-
pression garments on balance control in healthy young subjects!>!#!17182024 Tn both STA and UNSTA postural
tasks, the HCA also provided evidence that this variability did not present a random structure, but was structured
in two clusters of participants with similar characteristics. Subjects from cluster 1, while presenting lower values
of postural variables in the REF condition, exhibited a more efficient balance control at baseline than subjects
from cluster 2. Interestingly, only subjects from cluster 1 benefited from CG wearing to improve their balance
control, while presenting negative values of RD of COP parameters between CG and REF condition. Individuals
from cluster 2 presented positive value of RD and did not benefit from CG wearing. This link between balance
control efficiency at baseline and the ability to take advantage of CG to improve balance control can potentially
stem from (1) differences in participant’s preferred sensorimotor tactics and/or (2) differences in participants’
intrinsic balance/proprioceptive abilities.

Individuals vary in the degree to which they weight sensory inputs to control their balance®?. Earlier reports
about sensory reweighting in balance control during sensory perturbations have provided evidence that subjects
from a homogeneous sample could respond differently to sensory perturbations depending on preferred modes
of spatial referencing®**. Two main preferred sensorimotor tactics have been identified. Some subjects, called
support-dependent, rely more on the exploitation of the geometry of the support surface as a reference frame by
assigning a high weight to somatosensory cues from ankle-foot proprioceptive and plantar cutaneous mecha-
noreceptors. Other subjects, called gravity-dependent, rely more on gravitoinertial signals by assigning a high
weight to kinetic-graviceptive vestibular cues and/or to proprioceptive cues stemming from joints and muscles
with a higher position in the kinematic chain (i.e. hip, trunk and neck joint muscles)**~. Isableu & Vuillerme
showed that subjects who had to sway as little as possible on stable ground with the eyes closed differently
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regulated their balance according to their preferred sensorimotor tactics®®. Support-dependent subjects swayed
less than gravity-dependant subjects, by minimising angular variations of the ankle with respect to the support.
On the other hand, gravity-dependent subjects exhibited larger postural sway while adopting a more exploratory
behaviour in order to extract kinetic-graviceptive information more efficiently®. In the present study, individuals
from cluster 1, who swayed less than those from cluster 2, had a typical profile of support-dependent subjects,
while individuals from cluster 2 may be characterized as gravity-dependent subjects. Isableu & Vuillerme also
showed that support-dependent subjects were more sensitive to somatosensory alteration of the feet-support
than gravity-dependent ones®. In the same manner, individuals from cluster 1 exhibited a greater sensitivity to
somatosensory manipulation by being the only participants to take advantage of CG to improve balance control,
thus supporting the idea that they would present a support-dependent preferred sensorimotor tactic.

Even though athletes exhibit better balance control than non-athletes?>*, such a heterogeneity of balance
regulation mechanisms within our group of athletes might also stem from individual natural predispositions
that would persist despite years of training®. It is known that the contribution of proprioception in balance
regulation is increased in athletes and that elite athletes have superior proprioceptive abilities than sub-elite or
non-athletes**!. Nevertheless, Han et al. showed that superior proprioceptive abilities in high-level athletes was
not correlated with training experience but was rather constrained by genetically determined factors*!. Hence,
it can be hypothesised that athletes from cluster 1 had exceptional neurobiologically determined propriocep-
tive acuity that enabled them to benefit from CG wearing through optimal sensory reweighting. The ability to
take advantage of garments that stimulate cutaneous receptors such as CG to improve balance control seems
to describe a U-shaped relationship according to subjects’ balance and/or proprioceptive abilities. Beneficial
effects are reported in individuals with poor proprioceptive acuity and/or balance***? and with individuals with
good proprioceptive acuity and/or balance'?, whereas no beneficial effects are reported in healthy non-athletes
subjects with “ordinary” balance and/or proprioceptive acuity'”!820-24,

A limitation of the study is that although CG were individually fitted by choosing proper sizing according to
the individual calf size and height, we did not measure the interface pressure applied by the CG. According to the
manufacturer’s information, the CG used in this study are expected to provide a 19 mmHg pressure level over the
calf. Due to the sizing issue, however, it is possible that 19 mmHg is not always the pressure actually applied. For
example, with a M size suitable for a 38-43 cm calf circumference range, the pressure exerted by the CG should
be higher with a circumference of 43 cm compared to 38 cm. In this case, the more intense pressure on the skin
may provide a greater cutaneous stimulus with a larger impact on balance control. The fact that a commercially
manufactured CG does not provide a homogeneous compression level with the same size might modulate the
effects of CG on balance control. Hence, in the present study, this could also have influenced the distribution of
the individuals within the different clusters. Nevertheless, studies that have tested the effects of wearing CG of
different compression levels reported that the level of compression had no influence on balance control'>?-22,
thus suggesting that the level of compression is not the most crucial factor that modulates the effects of CG on
balance control. However, future studies should be conducted to specifically examine the influence of compres-
sion heterogeneity actually provided by a CG model of a given size on balance control. Further experiments are
also needed to assess athletes’ preferred sensorimotor tactics (through sensory perturbation paradigms) and
intrinsic proprioceptive abilities in order to explore the influence of these two factors on the ability of athletes
to take advantage of CG to improve balance control.

Conclusions

This study showed that among a sample of professional handball players with more than 15 years’ experience, only
athletes with the best balance abilities at baseline could benefit from CG wearing to improve their balance control.
Hence, it can be suggested that the ability to benefit from CG wearing to improve balance control depends on
elite athletes’ intrinsic balance abilities and/or preferred sensorimotor tactics. The present finding emphasizes the
necessity to address the issue of inter-individual variability when studying the effects of CG on balance control.

Methods

Participants. Fifteen male handball players from the same team in the professional French National Hand-
ball League (age: 25.06 £4.19 years old, height: 190.5+5.73 cm; body mass: 94.2 +£12.25 kg; years of practice:
15.94+5.15 years; mean+ SD) were recruited. All participants had equal training volume (13 h of training
including one 60-min handball game per week). Exclusion criteria included any neuromuscular impairments
and/or ankle, knee, hip trauma in the past 2 years and medication that might influence balance. Participants were
also asked to avoid strenuous activity and the ingestion of alcohol or/and exciting substances 24 h before the
experimental session. All participants voluntarily signed an informed consent form before starting the experi-
ment, which was in accordance with the Helsinki Declaration. All procedures were approved by and performed
in accordance with the relevant guidelines and regulations of the University of Pau and Adour Countries Ethics
Committee.

Balance control assessment. Participants were asked to stand barefoot and to sway as little as possi-
ble in a monopedal stance on their non-dominant leg for 25 s on a force platform (STABILOTEST TECHNO
CONCEPT, Mane, France) which sampled the centre of foot pressure (COP) displacements at 40 Hz. The non-
dominant leg (i.e. the supporting leg, which was determined as the leg which is not used to kick a ball) was
chosen because handball is an asymmetric activity which requires frequent phases of monopedal stance on the
non-dominant leg (e.g. while passing, jumping and shooting). A wobble board with a diameter of 40 cm and
a height of 8 cm (Balance-board, SISSEL GmbH, Bad Diirkheim, Germany) could be placed on the force plat-
form to generate instability. For accurate and similar feet positioning between all subjects, the foot was placed
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according to precise landmarks on the force platform and the wobble board. Subjects had the supporting leg
extended and the other leg flexed with the big toe positioned at the level of the malleolus of the other leg (with-
out any contact). They were also asked to cross the arms in front of the chest while touching the border of the
clavicle with the forefinger. Two postural tasks were considered: a stable task (STA) where participants stood on
stable ground with the eyes closed (while keeping their gaze in a straight-ahead direction) and an unstable task
(UNSTA) where they stood on the wobble board with the eyes open (while looking at a fixed level target at a
distance of 2 m). All postural tasks were performed with or without wearing compression garments (i.e., in the
CG condition and the REF condition respectively). Two familiarization trials were performed for each postural
task before data acquisition in order to avoid any learning effect*’. COP surface area (S: 90% confidence ellipse),
mean COP velocity along the medio-lateral (VX) and antero-posterior (VY) axes were calculated to character-
ize balance control; the lower these parameters, the more efficient the balance control*. In the CG condition,
progressive calf compression sleeves composed of 69% Polyamide, 21% Elastane and 10% Yarn (BOOSTER Elite,
BV SPORT, Saint Etienne, France) were worn by the participants. These CG provide a pressure that increases
gradually from 13 mmHg at the ankle to 19 mmHg at the gastrocnemius. CG size was individualized according
to guidelines of the manufacturers, based on participants” height and calf circumference. Four sizes were used:
M+, L+, XL+and XXL+, sized for 34-38 /> 175, 38-43 /> 175, 38-43 [ >192, 43-48/192 (calf circumference/
height, in cm) respectively so as to accommodate all participants’ body shape.

Statistical analysis. The two postural tasks (STA and UNSTA) were analyzed independently. The first step
of the analysis consisted of evaluating the influence of CG with a standard whole group analysis. Since the data
did not meet the assumption of normal distribution (tested with the Shapiro-Wilk test), non-parametric Wil-
coxon signed rank tests were applied to compare each dependent variables (S, VX, VY) between the REF and
CG conditions. A standardized principal component analysis (PCA) was also applied as a multivariate approach
in order to conduce a more subtle descriptive analysis of variability between subjects, while identifying potential
linear links between variables. COP parameters in the REF condition and the relative differences (RD) of each
COP parameter between both conditions (RD =100*[CG-REF]/REF) were used as input values in the PCA.
RD is an easily interpretable descriptor, which limits the influence of the heterogeneity between participants in
the REF condition and makes it easy to differentiate participants who benefit from CG wearing (negative value
of RD) and those who do not (positive value of RD). Finally, a hierarchical cluster analysis (HCA)* was used
in a stepwise fashion on the basis of the principal component scores obtained from the PCA, to categorize the
participants’ behaviours into subgroups with similar characteristics (i.e. with low or high COP values in the REF
condition and low or high RD values)*?. Statistical analyses were performed with R statistical software. The
significance level was set at P<0.05 and tendencies were reported when 0.05<P<0.1.

Received: 28 May 2020; Accepted: 20 August 2020
Published online: 18 September 2020

References
1. Lattimer, C. R., Azzam, M., Kalodiki, E., Makris, G. C. & Geroulakos, G. Compression stockings significantly improve hemody-
namic performance in post-thrombotic syndrome irrespective of class or length. J. Vasc. Surg. 58, 158-165 (2013).
2. Dermont, T., Morizot, L., Bouhaddi, M. & Ménétrier, A. Changes in tissue oxygen saturation in response to different calf compres-
sion sleeves. J. Sports Med. https://doi.org/10.1155/2015/857904 (2015).
. Beliard, S. et al. Compression garments and exercise: No influence of pressure applied. J. Sports Sci. Med. 14, 75-83 (2015).
4. Born, D. P, Sperlich, B. & Holmberg, H. C. Bringing light into the dark: Effects of compression clothing on performance and
recovery. Int. J. Sports Physiol. Perform. 8, 4-18 (2013).
5. Engel, E. A., Holmberg, H. C. & Sperlich, B. Is there evidence that runners can benefit from wearing compression clothing?. Sports
Med. 46, 1939-1952 (2016).
6. Brown, F et al. Compression garments and recovery from exercise: A meta-analysis. Sports Med. 47, 2245-2267 (2017).
7. Hill, J., Howatson, G., van Someren, K., Leeder, J. & Pedlar, C. Compression garments and recovery from exercise-induced muscle
damage: A meta-analysis. Br. J. Sports Med. 48, 1340-1346 (2014).
8. Ménétrier, A. et al. Effects of recovery using contrast water therapy or compression stockings on subsequent 5-min cycling per-
formance. J. Sci. Cycling 2, 49-56 (2013).
9. Partsch, H., Winiger, J. & Lun, B. Compression stockings reduce occupational leg swelling. Dermatol. Surg. 30, 737-743 (2004).
10. Doan, B. K. et al. Evaluation of a lower-body compression garment. J Sports Sci. 21, 601-610 (2003).
11. Loturco, I et al. Effects of compression clothing on speed-power performance of elite Paralympic sprinters: A pilot study. Spring-
erplus 5, 1047. https://doi.org/10.1186/s40064-016-2681-8 (2016).
12. Kuster, M. S., Grob, K., Kuster, M., Wood, G. A. & Géchter, A. The benefits of wearing a compression sleeve after ACL reconstruc-
tion. Med. Sci. Sports Exerc. 31, 368-371 (1989).
13. Michael, J. S., Dogramaci, S. N., Steel, K. A. & Graham, K. S. What is the effect of compression garments on a balance task in female
athletes?. Gait Posture 39, 804-809 (2014).
14. Woo, M. T. et al. Effects of different lower-limb sensory stimulation strategies on postural regulation—A systematic review and
meta-analysis. PLoS ONE 12, 522. https://doi.org/10.1371/journal.pone.0174522 (2017).
15. Woo, M. T,, Davids, K., Liukkonen, J., Chow, J. Y. & Jaakkola, T. Inmediate effects of wearing knee length socks differing in com-
pression level on postural regulation in community-dwelling, healthy, elderly men and women. Gait Posture 66, 63-69 (2018).
16. Espeit, L., Pavailler, S. & Lapole, T. Effects of compression stockings on ankle muscle H-reflexes during standing: Short report.
Muscle Nerve 55, 596-598 (2017).
17. Cavanaugh, M. T,, Quigley, P. J., Hodgson, D. D, Reid, J. C. & Behm, D. G. Kinesiology tape or compression sleeve applied to the
thigh does not improve balance or muscle activation before or following fatigue. J. Strength. Cond. Res. 30, 1992-2000 (2016).
18. Hijmans, J. M, Zijlstra, W., Geertzen, ]. H. B., Hof, A. L. & Postema, K. Foot and ankle compression improves joint position sense
but not bipedal stance in older people. Gait Posture 29, 322-325 (2009).
19. Woo, M. T., Davids, K., Liukkonen, J., Jaakkola, T. & Chow, J. Y. Effects of textured compression socks on postural control in
physically active elderly individuals. Proc. Eng. 72, 162-167 (2014).

w

SCIENTIFIC REPORTS |

(2020) 10:15331 | https://doi.org/10.1038/s41598-020-72347-2


https://doi.org/10.1155/2015/857904
https://doi.org/10.1186/s40064-016-2681-8
https://doi.org/10.1371/journal.pone.0174522

www.nature.com/scientificreports/

20. Jaakkola, T. et al. Effects of training on postural control and agility when wearing socks of different compression levels. Biomed.
Hum. Kin. 9, 107-114 (2017).

21. Papadopoulos, E. S. et al. The effect of different skin-ankle brace application pressures on quiet single-limb balance and electro-
myographic activation onset of lower limb muscles. BMC Musculoskelet. Disord. 8, 89. https://doi.org/10.1186/1471-2474-8-89
(2007).

22. Sperlich, B. et al. Is leg compression beneficial for alpine skiers?. BMC Sports Sci. Med. Rehabil. 5, 18. https://doi.org/10.1186/2052-
1847-5-18 (2013).

23. Palm, H. G. et al. Effects of knee bracing on postural control after anterior cruciate ligament rupture. Knee 19, 664-671 (2012).

24. You, S. H., Granata, K. P. & Bunker, L. K. Effects of circumferential ankle pressure on ankle proprioception, stiffness, and postural
stability: A preliminary investigation. J. Orthop. Sports Phys. Ther. 34, 449-460 (2004).

25. Paillard, T. Plasticity of the postural function to sport and/or motor experience. Neurosci. Biobehav. Rev. 72, 129-152 (2017).

26. Noé, E, Garcia-Masso, X., Delaygue, P, Melon, A. & Paillard, T. The influence of wearing ski-boots with different rigidity charac-
teristics on postural control. Sports Biomech. 19, 157-167 (2020).

27. Watelain, E., Barbier, E, Allard, P., Thevenon, A. & Angué, J. C. Gait pattern classification of healthy elderly men based on biome-
chanical data. Arch. Phys. Med. Rehabil. 81, 579-586 (2000).

28. White, S. G. & McNair, P. J. Abdominal and erector spinae muscle activity during gait: The use of cluster analysis to identify pat-
terns of activity. Clin. Biomech. 17, 177-184 (2002).

29. Rogers, M. W,, Wardman, D. L., Lord, S. R. & Fitzpatrick, R. C. Passive tactile sensory input improves stability during standing.
Exp. Brain Res. 136, 514-522 (2001).

30. Mcllroy, W. E. et al. Modulation of afferent inflow during the control of balancing tasks using the lower limbs. Brain Res. 961,
73-80 (2003).

31. Chen, Y. S. & Zhou, S. Soleus H-reflex and its relation to static postural control. Gait Posture 33, 169-178 (2011).

32. Peterka, R.]. Sensorimotor integration in human postural control. J. Neurophysiol. 88, 1097-1118 (2002).

33. Smalley, A., White, S. C. & Burkard, R. The effect of augmented somatosensory feedback on standing postural sway. Gait Posture
60, 76-80 (2018).

34. Yalla, S. V. et al. An immediate effect of custom-made ankle foot orthoses on postural stability in older adults. Clin. Biomech. 29,
1081-1088 (2014).

35. Ivanenko, Y. P, Solopova, I. A. & Levik, Y. S. The direction of postural instability affects postural reactions to ankle muscle vibra-
tion in humans. Neurosci. Lett. 292, 103-106 (2000).

36. Isableu, B. & Vuillerme, N. Differential integration of kinaesthetic signals to postural control. Exp. Brain Res. 174, 763-768 (2006).

37. Kluzik, J., Horak, E. B. & Peterka, R. J. Differences in preferred reference frames for postural orientation shown by after-effects of
stance on an inclined surface. Exp. Brain Res. 162, 474-489 (2005).

38. Pavailler, S., Hintzy, E, Horvais, N. & Forestier, N. Cutaneous stimulation at the ankle: A differential effect on proprioceptive
postural control according to the participants preferred sensory strategy. J. Foot Ankle Res. 9, 9. https://doi.org/10.1186/s1304
7-016-0140-y (2016).

39. Hrysomallis, C. Balance ability and athletic performance. Sports Med. 41, 221-232 (2011).

40. Paillard, T. Relationship between sport expertise and postural skills. Front. Psychol. 10, 1428. https://doi.org/10.3389/fpsyg
.2019.01428 (2019).

41. Han, J., Waddington, G., Anson, J. & Adams, R. Level of competitive success achieved by elite athletes and multi-joint propriocep-
tive ability. J. Sci. Med. Sport 18, 77-81 (2015).

42. Wang, C. et al. Effectiveness of daily use of bilateral custom-made ankle-foot orthoses on balance, fear of falling, and physical
activity in older adults: A randomized controlled trial. Gerontology 65, 299-307 (2018).

43. Cug, M. & Wikstrom, E. A. Learning effects associated with the least stable level of the Biodex® stability system during dual and
single limb stance. J. Sports Sci. Med. 13, 387-392 (2014).

44. Paillard, T. & Noé, E. Techniques and methods for testing the postural function in healthy and pathological subjects. Biomed. Res.
Int. 2015, 891390. https://doi.org/10.1155/2015/891390 (2015).

45. Ward, J. H. Hierarchical grouping to optimize an objective function. J. Am. Stat. Assoc. 58, 236-244 (1963).

Author contributions
K.B., EN. and T.P. conceived and designed research. K.B. conducted experiments. K.B., EN. and T.P. analyzed
data. K.B., EN. and T.P. wrote the manuscript. All authors read and approved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to EN.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:15331 | https://doi.org/10.1038/s41598-020-72347-2


https://doi.org/10.1186/1471-2474-8-89
https://doi.org/10.1186/2052-1847-5-18
https://doi.org/10.1186/2052-1847-5-18
https://doi.org/10.1186/s13047-016-0140-y
https://doi.org/10.1186/s13047-016-0140-y
https://doi.org/10.3389/fpsyg.2019.01428
https://doi.org/10.3389/fpsyg.2019.01428
https://doi.org/10.1155/2015/891390
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Wearing compression garments differently affects monopodal postural balance in high-level athletes
	Anchor 2
	Anchor 3
	Results
	Discussion
	Conclusions
	Methods
	Participants. 
	Balance control assessment. 
	Statistical analysis. 

	References


