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SUMMARY
Idiopathic scoliosis is a postural deformity of the spine that not only changes the shape of the spine but may
also alter postural control and muscle strength. Although this deformity is more common in some sports, it is
not known whether the scoliosis athlete’s balance and strength are altered. Balance and strength are essen-
tial to perform complex technical movements and prevent injuries. This cross-sectional study compared
postural control and isokinetic strength of shoulder rotator muscles in squash players with and without idio-
pathic scoliosis and the control group. We report a higher mediolateral stability index in the frontal plane in
scoliosis athletes and this may be associated with increased variability in postural control in the frontal plane.
Additionally, the peak torque of the shoulder rotators was not different between the groups. While the rela-
tionship between function and posture is complex, these results provide information for preventive health
care interventions in scoliosis athletes.
INTRODUCTION

Idiopathic scoliosis is a multifactorial spine disorder that has

been reported in about 27% of athletes in various sports.1

Squash is an expanding sport that has been approved for

the LA28 Olympic Games. Squash is a unilateral racket sport

whose movement patterns include a variety of simultaneous

fast and dynamic movements such as acceleration/deceleration

in different directions, side-stepping motions, and repeated

lunges. Shots require repetitive shoulder activity to hit the ball

and score points.2

Serve, overhand smash and high forehand and backhand

volley strokes put a lot of pressure on the shoulder and rotator

cuff.3 Following prolonged, repetitive unilateral activities, force

that unilaterally twists the spine, or an exercise that involves rota-

tional forces can lead to spinal deformity and abnormal posture.4

Musculoskeletal adaptations as a result of repetitive dominant

shoulder (DS) striking or throwing may cause bilateral skeletal

asymmetry in some athletes.1,5

The lunge is often performed by squash players, and proper

lunge technique is a key aspect of the game.2 In squash games,

the lunge allows the player to quickly stop the body’s forward

motion, establish a safe base for playing a shot, and step onto

the court to prepare for the next shot.6 Initial knee position has

been reported to be positively related to racket speed and char-

acteristics of more skilled players. The effects of the initial knee

position are directly related to the movement of the center of

mass.7 The lunge involves high impact forces and it is prone to
iScience 27, 111353, Decem
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injury.2 In the forward lunging, the trunk acts as the center of

the functional kinetic chain and provides a stable base for lower

extremity movements.8 But it seems that the function of trunk

muscles is changed in those with idiopathic scoliosis. Electro-

myographic (EMG) studies frequently reported a muscular over-

activity on the convex side of the intrinsic spinae muscles. EMG

changes in other trunk muscles have also been reported.9 Since

the dysfunction of a specific segment in the kinetic chain can

lead to altered function or damage to the distal segment,10 this

deficit or breaks can lead to upper and lower extremity injury.

Effective postural control is essential in sports because re-

duces the risk of sports injuries and its negative consequences

for the athlete’s physical and professional status. It is also neces-

sary for improving the control of voluntary movements in sports

and thus increasing sports performance.11 Injuries in squash ath-

letes can occur in both the upper and lower extremities and the

spine as a result of the speed and repetitive nature of squash.12

Loss of balance during quick side-to-side movements can also

lead to injury.13

Physical performance requires strength, endurance, power,

and good balance along with sensorimotor integration and

good neuromuscular control.14 Squash athletes may need

good dynamic and static postural control with shoulder rotator

muscle strength to have a better chance of hitting awinning shot.

While a review and meta-analysis by Dufvenberg et al.,15 a re-

view by Paramento et al.9 and other studies15–21 reported signif-

icant evidence of impaired standing balance in patients with

adolescent idiopathic scoliosis (AIS), there is a relative lack of
ber 20, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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studies on the effect of scoliosis and postural deformity on

postural control in athletes of different disciplines. Nagornov

et al.22 reported that footballers with idiopathic scoliosis and

flat feet had poor performance and a significant shift in the center

of gravity compared to healthy footballers. Schoeman et al.23 re-

ported a relationship between squash player ratings and dy-

namic balance in the non-dominant leg (NDL) and suggested

that it may be one of the important factors in the performance

of squash athletes. Also, impaired postural control has been re-

ported in dancers24 with idiopathic scoliosis, but it is unclear

whether squash players with idiopathic scoliosis have impaired

postural control.

Altered kinematics and shoulder dysfunction have been re-

ported in idiopathic scoliosis participants due to adaptation to

abnormal spinal curvature.25 But regarding the consequences

of AIS, themain focus of researchers was on the paraspinal mus-

cle due to its direct involvement with the spine and changes in

shoulder girdle muscles related to idiopathic scoliosis have

received less attention. A review by Chan et al.26 showed that

paraspinal muscles show consistent changes in the concavity

of the curve, such as decreased type I fibers, decreased muscle

activity, muscle atrophy, and altered muscle-related gene

expression that may be the cause or result. Insufficient posterior

tippingmovement of the scapula and greater activity of the lower

trapezius on the convex side and lower activity of the lower

trapezius and serratus anterior on the concave side have also

been reported.25

If the body moves in the order of trunk, shoulder, elbow, and

wrist, the ball can fly at the highest speed.27 The function of

the kinetic chain is based on pre-programmed muscle activities

that result in anticipatory postural adjustments, which position

the body to endure perturbations caused by running, throwing,

or kicking forces.10

Some shots, such as the drop shot, require a faster angular ve-

locity for the trunk rotation, in other words, they tend to a preci-

sion stroke kinetic chain model rather than a power stroke

model. Therefore, the parts of the upper limbs work more as a

single unit and the rotation of the trunk has a greater effect on

the speed of the racket during impact.28 Tennis Service’s math-

ematical analysis showed that a 20% reduction in kinetic energy

generated by the trunk resulted in a need for 34% more arm

speed or 80% more shoulder mass to deliver the same energy

to the ball.10 Despite these changes inmuscle activity in the trunk

and shoulder and dysfunction of the trunk kinetic chain in pa-

tients with idiopathic scoliosis, it is not known whether the shoul-

der rotation strength of the squash player with scoliosis is

impaired or not.

Injuries have an adverse effect on team and individual sports

success. A review by Drew et al.29 found that there is strong ev-

idence that pre-competition and intra-competition injuries are

associated with increased risk of failure and also increased avail-

ability of team members/athletes decreases the risk of failure.

The rate of shoulder injury in overhead sports has been reported

between 0.2/1000 and 1.8/1000 h.30 The main squash injuries

occur in the upper limb around the arm 0.51%, shoulder

3.72%, and forearm 0.17%.31 A review by Asker et al.30 showed

that external workload is a risk factor for shoulder injury in over-

head sports. It is worth noting that idiopathic scoliosis also in-
2 iScience 27, 111353, December 20, 2024
creases the possibility of some injuries in athletes.32,33 The

main goal of athletes, coaches, and physiotherapists is to

improve performance, while injury leads to reduced load capac-

ity, which directly and negatively affects sports performance.

We hypothesized that squash players with idiopathic scoliosis

have poor static and dynamic postural control compared to

healthy players and the control group. Also, we hypothesized

that squash players with idiopathic scoliosis would have lower

peak torque (PT) in isokinetic shoulder internal and external rota-

tors than healthy squash players and controls. Considering the

above, our aimwas to compare static and dynamic postural con-

trol and isokinetic shoulder rotational strength of squash players

with and without idiopathic scoliosis and controls.

RESULTS

The mean ± SD of the major Cobb angle, kyphosis, and lordosis

for scoliosis athletes were 23.8 ± 19�, 44 ± 12�, and 62.5 ± 11.1�,
respectively (more information about the participants is shown in

Table 1).

Postural control test results
The comparison of the groups revealed significant differences in

static postural stability test, mediolateral direction (F = 5.07,

mean square for between group = 1.00, mean square for within

group = 0.19 and p = 0.01, p < 0.05), non-dominant leg (NDL) dy-

namic athletic single leg test, anteroposterior direction (F = 4.83,

mean square for between group = 2.21, mean square for within

group = 0.45 and p = 0.01, p < 0.05) and dominant leg (DL) static

athletic single leg test, anteroposterior direction (F = 3.65, mean

square for between group = 2.13, mean square for within group =

0.58 and p = 0.04, p < 0.05). No significant difference was

observed between the groups in other postural control variables

(Table 2).

The post hoc test (Table 3) showed that in athletes with IS

(p = 0.01) and the control group (p = 0.01), static MLSI was signif-

icantly higher than in healthy athletes. The static anteroposterior

stability index (APSI) in the DL in athletes with idiopathic scoliosis

was significantly lower than the control group (p = 0.02). APSI of

dynamic balance in the NDL in athletes with idiopathic scoliosis

was significantly lower than in healthy athletes (p = 0.03) and

controls (p = 0.01).

The Kruskal-Wallis H test did not show a statistically signifi-

cant difference between the groups in the static MLSI of

the DL static athletic single leg test (H (2) = 0.11, p = 0.94,

h2 = 0.003, p < 0.05).

Isokinetic shoulder strength test results
The one-way analysis of variance (ANOVA) test showed a signif-

icant difference between groups in all tests except internal rota-

tors (IR) strength at 90�, non-dominant shoulder (NDS) (F = 2.43,

mean square for between group = 376.7, mean square for within

group = 154.5 and p = 0.10, p < 0.05) (Table 4). Based on the post

hoc test, the comparison of scoliosis athletes with healthy ath-

letes did not show a significant difference in the isokinetic

normalized peak torques of the evaluated shoulder muscles

(p < 0.05) (Table 5). There was no significant difference between

squash players with idiopathic scoliosis and the control group in



Table 1. Participant information

Athletes with IS (n = 8) Healthy athletes (n = 8) Control group (n = 13) p value

Age (years) 29.7 ± 8.6 25.7 ± 6 29.6 ± 5.4 0.38

Body weight (kg) 53 (51–66)a 64.4 ± 10.5 61.9 ± 14.5 0.63

Height (cm) 168.7 ± 9.3 165 (163–184)a 164 (160–167)a 0.34

Body mass index (kg/m2) 20.4 ± 2.2 23 ± 3.1 21.6 ± 3.1 0.24

Values other than number of participants are expressed as mean ± SD except where the data were non-normally distributed where these data are

presented as median and IQR.
aNon normally distributed data. The ANOVA was used for between groups comparison (p < 0.05).
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the PT of external rotators (ER) of the NDS at 90� (mean differ-

ence = 5.33, p = 0.06) and themean values of the rest of the tests

were significantly greater in squash players with idiopathic scoli-

osis than the control group (p < 0.05). Also, healthy athletes

showed significantly greater isokinetic strength than controls,

except for the PT of the ER muscle of the NDS at 45�, which

did not show a significant difference (mean difference = 8.38,

p = 0.06, p < 0.05).

The Kruskal-Wallis H test showed a statistically significant dif-

ference between groups in the normalized peak torques of the IR

at a 45� in the NDS (H (2) = 7.04, p = 0.02, h2 = 0.25). Pairwise

comparisons using Dunn’s test indicated that control group

scores were significantly lower than healthy athletes (p = 0.03)

and IS athletes (p = 0.02) and there was no significant difference

between scoliosis athletes and healthy athletes. There was no

missing data in the tests of this study.

A common way to assess effect size, especially in sports sci-

ence, is the partial eta square. In the context of ANOVA, this cri-

terion evaluates the strength of the effect of an independent

variable on a dependent variable.34 Effect sizes for each of the

outcome measures in this study are shown in Tables 2 and 4.

Small, medium, and large effects are reflected in partial values

of partial h2 equal to 0.01, 0.06, and 0.14 respectively.34,35 In

this study, the smallest and largest effect sizes for postural con-

trol were partial h2 = 0.28 and h2 = 0.77, respectively. Also, the

smallest and largest effect sizes for the isokinetic strength of

shoulder rotators were h2 = 0.90 and h2 = 1.0, respectively.

DISCUSSION

Postural control
Squash requires a stable base of support to execute a strong

and accurate shot on the squash court.23 The results of the

postural stability test showed that squash players with idiopathic

scoliosis and the control group had higher static MLSI than

healthy players. Also, the DL showed a lower static APSI in

squash players with idiopathic scoliosis than control group in

the athletic single leg test. As well the NDL showed lower dy-

namic APSI in squash players with idiopathic scoliosis than in

healthy squash players and controls. There was no difference

between the three groups in the rest of the postural control vari-

ables (Table 3).

Previous studies on postural control have shown different re-

sults in idiopathic scoliosis participants. Some studies have re-

ported greater sway in scoliosis participants compared to con-

trols.15–17,36–39 Other studies have shown no difference between

idiopathic scoliosis and controls.18,40–43 Findings of this study
were supported by the study of Steinberg et al.24 and Nagornov

et al.22 Both of these studies reported postural control problems

in athletes with idiopathic scoliosis. Steinberg reported that

dancers with scoliosis had poor dynamic postural control. Nagor-

nov stated that as a result of balance and coordination problems

footballers with scoliosis changed their kick speed sharply. When

comparing our results with other studies, it should be considered

that most studies used different protocols (open and closed

eyes,16,42 three trials were collected for 10 s each, and only the

final 7 s were used for analysis; 17 three trials of 64 s with 2 min

rest between each trial with eyes open; 38 participants stood for

2 min with eyes open and 2 min with eyes closed40), assessment

tools (force platform (Stabiliometer),16,17,37,38,40,42,43 motion

analyzer18) and participants (sports other than squash,22,24 non-

athletic adolescents; 17,37,39,40 participants had single or double

curves with right or left primary curves,43 all participants had dou-

ble curves41).

Postural control and idiopathic scoliosis

In most of the literature, greater postural sway and higher scores

on the BSS are interpreted as poor balance.44 In this study

squash players with idiopathic scoliosis and controls showed

higher static MLSI than healthy athletes. Postural control re-

quires the integration of proprioceptive, vestibular, and visual

senses as well as appropriate sensorimotor control to produce

motor commands.45 Patients with idiopathic scoliosis have dis-

orders in the proprioceptive and vestibular systems18,19,37 and

this sensorimotor dysfunction in patients with idiopathic scoli-

osis has been shown to cause them to give more weight to

vestibular information and the variability of the vestibular system

is six to ten times greater than that of the proprioceptive sys-

tem.45 This reweighting in favor of the vestibular system and re-

maining sensory system is problematic. In this case, vestibular

sensory information must be combined with other remaining

sensory information to adjust postural control commands to

the gravitational torque.46 Relying on vestibular information,

which is less accurate than visual and proprioceptive informa-

tion, may have caused poor postural control in squash players

with idiopathic scoliosis.

One of the two main mechanisms for postural control of the

frontal plane is foot tilt47 and the center of pressure (COP) posi-

tion in patients with AIS is shifted posteriorly in the sagittal

plane.15 This conditionmay have affected postural control in ath-

letes with scoliosis. The posterior displacement of the COP

causes patients with scoliosis to stand on their heels. This con-

dition impairs horizontal standing balance and therefore more

torsional control will be required.48 When the COP is displaced

posteriorly, the efficiency of the foot tilt is reduced, therefore, a
iScience 27, 111353, December 20, 2024 3



Table 2. Comparison of postural control between groups

Index F p value Partial h2

Dynamic postural stability OSIa 0.57 0.57 0.53

Dynamic postural stability APSIb 0.21 0.80 0.43

Dynamic postural stability MLSIc 2.14 0.13 0.39

Static postural stability OSI 1.76 0.19 0.30

Static postural stability APSI 1.00 0.38 0.39

Static postural stability MLSI 5.07 0.01f 0.34

Dynamic athletic

single leg (DL)d
OSI 0.44 0.64 0.65

Dynamic athletic

single leg (DL)

APSI 0.94 0.40 0.43

Dynamic athletic

single leg (DL)

MLSI 0.29 0.74 0.28

Dynamic athletic

single leg (NDL)e
OSI 1.40 0.26 0.58

Dynamic athletic

single leg (NDL)

APSI 4.83 0.01f 0.77

Dynamic athletic

single leg (NDL)

MLSI 2.10 0.14 0.53

Static athletic

single leg (DL)

OSI 0.71 0.50 0.49

Static athletic

single leg (DL)

APSI 3.65 0.04f 0.44

Static athletic

single leg (NDL)

OSI 1.45 0.25 0.56

Static athletic

single leg (NDL)

APSI 0.68 0.51 0.50

Static athletic

single leg (NDL)

MLSI 0.86 0.43 0.55

aOverall stability index.
bAnteroposterior stability index.
cMediolateral stability index.
dDominant leg.
eNon-dominant leg.
fStatistically significant p < 0.05.
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larger and faster foot tilt movement is required.47 Therefore, poor

postural control in the frontal plane in squash players with idio-

pathic scoliosis may be due to poor foot tilt function.

Almost every sport has an optimistic non-specific effect on

postural regulation, and these positive effects on postural regu-

lation components lead to better postural stability.11 The in-

crease in COP sway in the control group compared to healthy

athletes could be due to lack of physical activity.

A combination of deficits in sensorimotor mechanisms associ-

ated with scaling balance control commands and biomechanical

factors worsen AIS body sway.46 If the spine cannot be accu-

rately tracked, the information used by the central nervous sys-

tem (CNS) will be noisy and the control exerted on the spine

will not be accurate.49 In the presence of idiopathic scoliosis,

abnormal impulses sent from proprioceptive receptors in the

spine attack the brainstem, causing dysfunction and the release

of more abnormal impulses.36 When sensory information is

retrieved in patients with scoliosis, they have problems in

dynamically regulating the weights of different sensory inputs
4 iScience 27, 111353, December 20, 2024
to regulate postural control commands with a mechanical

context.50

The trunk is the center of the functional kinetic chain in lunge

movement8 but in the trunk with a scoliotic spine this kinetic

chain cannot provide a firm base for the squash player’s lower

extremity as the trunk’s muscles EMG have been shown to be

changed in idiopathic scoliosis.9 Thus deficit in the trunk func-

tional kinetic chain, the posterior displacement of the COP15

plus sensorimotor dysfunction18,19,37 and deficiency in foot tilt

as mechanisms for postural control of the frontal plane47 seem

to effect these squash player’s postural control. The lunge cre-

ates a high compressive contact force on the ankle,51 and there-

fore poor postural control combined with this high force can lead

to ankle injury.

We considered reduced COP sway in the sagittal plane as a

weak postural control in squash players with idiopathic scoliosis

compared to healthy athletes and controls. Reduced postural

sway may indicate resistance to movement as patients with

scoliosis are more likely to reach the limits of stability and thus

lose postural control.17 The reduction of COP sway in the sagittal

plane in athletes with idiopathic scoliosis can be due to adapta-

tion to a different control strategy to control the scoliotic spine.

Any change in body posture is impossible without affecting mus-

cle activity patterns and changes in movement patterns because

there is a direct relationship and interaction between these three

factors.49

An inaccurate perception of the gravitational vertical52 and

morphological changes of the trunk in right thoracic scoliosis

causes more weight to be carried on the DL, thus, stepping

with the right limb has been reported to be more challenging

than stepping with the NDL.53 This is consistent with our finding

of poor dynamic balance in the NDL. There is a relationship be-

tween the ranking of healthy squash players and dynamic bal-

ance in the NDL and this may be one of the most important

factors in the performance of squash athletes.23 This factor

was impaired in squash players with scoliosis.

Balance helps limit the mediolateral displacement and loading

of the knee during dynamic activities.54 Studies have shown that

squash players55 and female athletes56 are more likely to injure

the anterior cruciate ligament in their NDL. We suggest that

poor dynamic balance of the NDL in scoliosis squash athletes

can put them at risk of injury.

The present study provides evidence that athletes with scoli-

osis in both static and dynamic single leg tests have poor bal-

ance only in the sagittal plane. There is a relationship between

sagittal alignment and postural instability. Also, one of the key

factors for pain and progression in adult scoliosis is the sagittal

balance.39 It can be concluded that these results are due to

the loss of natural curvature in squash players with scoliosis in

the sagittal plane.

No significant difference was observed between the groups in

other static and dynamic postural control variables. The reason

may be that all tests were performed with eyes open, so athletes

with idiopathic scoliosis could improve balance with the help of

visual feedback. The organization of a structural unit in the

body is such that if one component causes an error in the output,

the other components change their contribution to reduce the

original error, so there is no need for corrective action from the



Table 3. The result of the post hoc test comparing the posture control of three groups

Athletes with ISa-healthy athletes Athletes with IS- controls Healthy athletes-controls

p value

Mean difference

(95% CIb s) p value

Mean difference

(95% CIs) p value

Mean difference

(95% CIs)

Static postural

stability/MLSI c
0.01g 0.63 (0.15–1.10) 0.91 0.02 (�0.38 to 0.43) 0.01g �0.60 (�1.03 to �0.18)

Dynamic athletic single

leg (NDL)d/APSIe
0.03g �0.76 (�1.48 to �0.04) 0.01g �0.97 (�1.62 to �0.32) 0.49 �0.21 (�0.83 to 0.41)

Static athletic single

leg (DL)f/APSI

0.55 �0.23 (�1.05 to 0.57) 0.02g �0.88 (�1.62 to �0.15) 0.06 �0.65 (�1.35 to 0.05)

aIdiopathic scoliosis.
bConfidence interval.
cMediolateral stability index.
dNon-dominant leg.
eAnteroposterior stability index.
fDominant leg.
gStatistically significant p < 0.05.
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controller.57 Visual input is important in maintaining postural bal-

ance. Information from the visual system can be more sensitive

than proprioception and more accurate than the vestibular sys-

tem.16 patients with idiopathic scoliosis compensate for the

deficit in the estimation of gravitational vertical using vision.58

A greater COP sway in the eyes closed condition has been re-

ported in scoliosis participants.42,50 Compensatory strategies

may have emerged in patients with idiopathic scoliosis to over-

come balance control challenges. Lanthier et al.40 reported no

balance control difference but reported a higher alpha peak fre-

quency in patients with AIS compared to healthy controls. They

suggested that AIS may require increased cortical processing to

maintain postural control in normal standing, and this may be a

compensatory strategy to manage postural control challenges.

Complexity and variability in postural control

Higher MLSI in the frontal plane in athletes with idiopathic scoli-

osis may be associated with increased complexity and variability

in postural control, and lower APSI in the sagittal plane may be

associated with decreased complexity and variability in postural

control in athletes with idiopathic scoliosis. There is an optimal

variability state with a chaotic structure in healthy and functional

movement.59 In cases such as unhealthy pathological conditions
Table 4. ANOVA test results

Test Index F p value Partial h2

IRa/90� 60�s�1 DSb 6.27 0.00e 1.0

IR/45� 60�s�1 DS 7.71 0.00e 1.0

IR/90� 60�s�1 NDSc 2.43 0.10 0.97

ERd/90� 60�s�1 DS 6.47 0.00e 0.90

ER/45� 60�s�1 DS 8.46 0.00e 1.0

ER/90� 60�s�1 NDS 3.70 0.03e 0.97

ER/45� 60�s�1 NDS 3.99 0.03e 1.0
aInternal rotators.
bDominant shoulder.
cNon-dominant shoulder.
dExternal rotators, Normalized PT (N.m) for the ER and the IR in two

testing positions.
eStatistically significant p < 0.05.
where biological systems are less adaptive to perturbation, the

systems are either excessively inflexible or noisy and unstable.60

It has been suggested that diseases are related to loss of vari-

ability and complexity.61 In dynamic systems and under certain

conditions, when variability increases and reaches a critical

and unstable point, the system changes to a new and more sta-

ble movement pattern that has less variability.60

It can be concluded that the reduction of proprioceptive ability

in athletes with idiopathic scoliosis24 may change the complexity

of postural control. The number of system elements and func-

tional interactions among them is defined as complexity. The

change in complexity depends on the dimension of the intrinsic

dynamic of the physiological or behavioral system. With age and

disease, complexity increases in systems with oscillatory dy-

namics. In contrast, the complexity is reduced in systems with

fixed-point dynamics.62 In squash athletes with idiopathic scoli-

osis, postural control strategies operate differently in the frontal

and sagittal planes. We propose that the complexity and vari-

ability may operate differently in athletes with idiopathic scoliosis

in the frontal and sagittal planes. Gruber et al.17 suggested that

the two planes of COP motion should be investigated indepen-

dently to provide more insight into the postural needs of

patients with scoliosis. We suggest that increased complexity

may be related to oscillatory dynamics in the frontal plane and

decreased complexity may be related to fixed point dynamics

in the sagittal plane.

The postural control of athletes with idiopathic scoliosis was

not impaired in most indexes, perhaps visual feedback compen-

sates for proprioceptive and vestibular impairments in these ath-

letes. Also, postural control functions differently in frontal and

sagittal planes in squash athletes with idiopathic scoliosis. Our

findings suggest that researchers should consider both the

sagittal and frontal planes when assessing postural control.
Isokinetic shoulder strength
The angular and linear movements of the athlete’s trunk and up-

per extremities serve a crucial function in effective shots by con-

trolling racket speed, position at impact, and trajectory.28 This

study showed that the isokinetic PT of the IR and ER muscles
iScience 27, 111353, December 20, 2024 5



Table 5. The result of the post hoc test comparing the shoulder rotators strength of three groups

Athletes with ISa- healthy athletes Athletes with IS- controls Healthy athletes-controls

p value

Mean difference

(95% CIb s) p value

Mean difference

(95% CIs) p value

Mean difference

(95% CIs)

IRc/90�/DSd 0.98 �0.08 (�12.8 to 12.6) 0.00g 16.0 (4.94–27.0) 0.00g 16.1 (4.55–27.6)

IR/45�/DS 0.42 �5.35 (�18.8 to 8.18) 0.01g 15.9 (4.23–27.7) 0.00g 21.3 (9.08–33.6)

ERe/90�/DS 0.93 �0.32 (�8.47 to 7.82) 0.00g 10.4 (3.16–17.8) 0.00g 10.8 (3.48–18.1)

ER/45�/NDSf 0.58 2.64 (�7.29 to 12.5) 0.01g 11.0 (2.40–19.6) 0.06 8.38 (�61.0 to 17.3)

ER/90�/NDS 0.61 �1.55 (�7.83 to 4.73) 0.06 5.33 (�0.31 to 10.9) 0.01g 6.88 (1.23–12.5)

ER/45�/DS 0.93 �0.36 (�9.74 to 9.01) 0.00g 13.5 (5.40–21.6) 0.00g 13.9 (5.41–22.4)
aIdiopathic scoliosis.
bConfidence interval.
cInternal rotators.
dDominant shoulder.
eExternal rotators.
fNon-dominant shoulder.
gStatistically significant p < 0.05.
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of the shoulder is not significantly different between squash

players with idiopathic scoliosis and healthy squash players.

Comparing the results (athletes with scoliosis and control group)

showed that except for the PT of the ER muscle of the NDS at

90�, which did not show a difference, other tests showed higher

values in athleteswith idiopathic scoliosis than the control group.

Also, comparing the results (healthy athletes and control group)

showed that except for the PT of the ER muscle of the NDS at

45�, which did not show a difference, other tests showed higher

values in healthy athletes than the control group.

A healthy spinal posture is essential for physical performance

in overhead athletes because it acts as a transmission link for the

upper extremity through the spinal kinematic chain. Since the

arm, scapula, and thoracic spine are links in the kinematic

sequence of upper quadrant movements, any dysfunction is

related to other links.25

Although changes in paraspinal and scapular muscles have

been reported in patients with AIS ,63 the results of the present

study did not show a difference between the normalized PT of

the internal and external shoulder rotators of the DS and NDS

in 90- and 45-degree shoulder abduction in squash players

with and without idiopathic scoliosis. Few studies have exam-

ined the relationship between posture and strength. Yagci

et al.64 found that upper extremity function was influenced by

curve patterns. Their results do not support the findings of this

study. Given that they assessed bilateral handgrip strengths

and participants were all non-athletes, comparisons of results

should be cautious. The study of Sari et al.65 and Reyhani

et al.66 showed the same result as our study. Sari et al.65 re-

ported that scapular asymmetry did not affect muscle strength

in subjects with AIS. Although they examined shoulder flexion

and abduction strength in subjects with AIS and not shoulder ro-

tators. Reyhani et al.66 compared shoulder proprioception in

asymptomatic athletes with and without scapular dyskinesia

and reported that while athletes with scapular dyskinesia had

significantly less active shoulder joint position sense in internal

and external rotation, they did not have significant differences

in hand grip strength. Considering the previously stated, we sug-

gest that muscle strength in participants with idiopathic scoliosis
6 iScience 27, 111353, December 20, 2024
may be affected only in the proximal (spinal) part of the trunk and

not in the distal (shoulder girdle) part.

Our findings may be influenced by the level of sports activity

because the sports activity level of athletes was competitive

and elite. Althoughwe excluded athletes with idiopathic scoliosis

and previous history of brace use or physical therapy to reduce

the effect of treatment, they may have compensated shoulder

rotation weakness with strength training during sports activity.

There are several ways to record muscle function such as

measuring strength, muscle latency, activity, and endurance.

The purpose of the present study was to investigate the isokinetic

strength of the shoulder rotator muscles, so we did not evaluate

the participants’ shoulder rotator muscle endurance. It has been

hypothesized that muscular endurance may be more important

than muscular strength in maintaining posture because postural

muscle contractions should last for a long time and posture is

maintained by tonic muscle contraction.67 Insufficiencies in type

I fibers and dysfunction of calcium pumps in muscles have been

identified in those with idiopathic scoliosis68 and therefore these

may affect the ability of those muscles to sustain correct posture.

Therefore, it appears that strength is less related to postural mis-

alignments.69 Some studies have shown a relationship between

posture and muscle endurance.70–73 The association between

passive sitting postures and reduced back muscle endurance in

participants with low back pain was suggested by O’Sullivan

et al.72 Mulhearn et al.71 also reported that there is evidence of a

relationship between posture and postural muscular endurance

in gymnasts. Postural muscular endurance was reduced in gym-

nasts with lordotic posture and low back pain. This suggests

that other factors such as muscular endurance rather than abso-

lute shoulder rotator muscle strength may be more important in

the shoulder complex of athletes with scoliosis.

Furthermore, fatigue of the shoulder rotator muscles could be

a factor that might have an effect on the difference between the

strength of the squash players with scoliosis and healthy ath-

letes. This difference may show itself when the muscles are

fatigued during a long game of squash. In squash, the average

match time was reported to be 49 min.74 Chan et al.’s75 study

found that the trunk extensors of participants with AIS are



Figure 1. Postural control test and Isokinetic strength test

(A) Postural stability test (B) Athletic single leg test (C) Shoulder rotators iso-

kinetic strength test.
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affected by trunk extensor fatigue more than the corresponding

muscles in healthy participants.

Our findings showed that the normalized PT of the control

group was significantly lower than athletes with scoliosis and

healthy athletes in post hoc tests (Table 5). This could be ex-

plained by considering that the control group was non-athletes

who had no regular physical activity for more than 1 year.

Control participants had healthy spine posture but showed

lower normalized PT compared to scoliosis athletes. As we

mentioned before, this can be explained by the level of sports ac-

tivity and strength training of athletes with scoliosis.

Anwajler et al.76 showed that the force-velocity parameters of

trunk flexors and extensors are influenced by the shape of the

scoliotic spine. However, it is unclear whether these parameters

are changed in the shoulder rotator muscles of squash players

with idiopathic scoliosis. It is believed that force and speed are

important factors that enable proper muscle activity and are

also key indicators of physical performance. The muscle’s ability

to produce concentric force is greater at slow isokinetic speeds

and decreases at high speeds. We suggest that future studies

focus on functional parameters of shoulder muscles in athletes

with idiopathic scoliosis as well as muscular endurance.

Scoliosis should not be considered only as a trunk pathol-

ogy.64 This study examined squash players with three curve

scoliosis patterns, although the posture of the shoulder girdle

was changed in these athletes, but the results of the present

study showed that there is no difference between the normalized

PT of the internal and external shoulder rotators of the DOM and

NDOM shoulder in squash players with and without idiopathic

scoliosis. Furthermore, we conclude that muscle strength may
be less important for shoulder posture in squash players with

idiopathic scoliosis.

We investigated postural control and shoulder rotation strength

in adult squash athletes with and without idiopathic scoliosis, and

to the authors’ knowledge, most studies have focused on adoles-

cent non-athletes with idiopathic scoliosis. The study used the

EOS system instead of conventional X-rays; therefore, athletes

were exposed to less radiation. In order to comprehensively inves-

tigate postural control in idiopathic scoliosis athletes, we evalu-

ated static and dynamic balance with two tests in double leg

and single leg standing positions. Also, to comprehensively inves-

tigate rotator strength in idiopathic scoliosis athletes, we evalu-

ated the isokinetic strength of the DOM and NDOM shoulder in

90- and 45-degree shoulder abduction. This study also consid-

ered the effect of time of day and circadian rhythm on isokinetic

strength in the data collection process.
Conclusion
Although the relationship between postural control and strength

with form and posture is complex, changes in form may follow

functional impairments and vice versa. Squash athletes with idio-

pathic scoliosis showed higherMLSI in the frontal plane and lower

APSI in the sagittal plane. Our suggestion is to evaluate both

planes in the study of postural control in order to have a compre-

hensive and accurate study. This study found no significant differ-

ence between shoulder rotatormuscle strength in squash athletes

with and without idiopathic scoliosis. We suggest that idiopathic

scoliosis may not affect shoulder rotation strength.
Limitations of the study
Although vision plays an important role in postural control, it has

been reported that elite athletes in various sports disciplines rely

less on vision to control postural balance and visually pay atten-

tion to their sports activities.77 We did not assess postural con-

trol with eyes closed (Figure 1). Therefore, future studies should

aim to comprehensively assess postural control in both eyes-

closed and eyes-open conditions.
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13. Zemková, E. (2011). Assessment of balance in sport: sience and reality.

Serbian J. Sports Sci. (SJSS) 5, 127–139.

14. Guirelli, A.R., Dos Santos, J.M., Cabral, E.M.G., Pinto, J.P.C., De Lima,

G.A., and Felicio, L.R. (2021). Relationship between upper limb physical

performance tests and muscle strength of scapular, shoulder and spine

stabilizers: A cross-sectional study. J. Bodyw. Mov. Ther. 27, 612–619.

https://doi.org/10.1016/j.jbmt.2021.05.014.

15. Dufvenberg, M., Adeyemi, F., Rajendran, I., Öberg, B., and Abbott, A.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Analyzed data This paper Data S1

Software and algorithms

Biodex Stability System BSS, Shirley, NY, USA https://biodexrehab.com/products/

balance-system-sd/

Biodex System 4 Pro Biodex Medical System Inc, Shirley, NY,

USA

https://biodexrehab.com/products/

system-4-pro/

SPSS 26.0 IBM Corporation, USA https://www.ibm.com/products/spss-

statistics
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design and subjects
Twenty-nine participants (24 female and five male) participated in this study. Eight squash athletes with idiopathic scoliosis, eight

healthy squash athletes and 13 control participants voluntarily participated in this study (Table 1). As shown in Table 1, there was

no significant difference between the groups in terms of age, sex, body weight, height, bodymass index (BMI). Written informed con-

sent was obtained from each participant before data collection.

This cross-sectional study was approved by the Research Ethics Committee of Tehran University (IR.UT.SPORT.REC.1398.055).

All methods were performed in accordance with the relevant guidelines and regulations. The influence of gender on the data was not

specifically tested in this study.

Participants, inclusion and exclusion criteria
Athletes were selected among 70 squash players at the sports complexes of Dibaji and Enghelab. The sports activity level of athletes

was competitive and elite.78 The standing posture of all participants was assessed by observing from anterior, posterior and lateral

views and looking for any abnormal shape or symmetry. The presence of scoliosis was assessed using Adam’s forward bending test.

If trunk rotation was present, a scoliometer was used to assess the angle of trunk rotation for referral for radiography.79 All the par-

ticipants were screened by the same examiner. An orthopedic surgeon examined 22 athletes who were referred to him based on

trunk rotation R7 ֯.1,79 Eight athletes met the inclusion and exclusion criteria. Healthy athletes were squash players without previous

injury or postural abnormalities and were recruited from the same place as athletes with idiopathic scoliosis. Control group (healthy

non-athletes without postural abnormalities and history of musculoskeletal injury) were recruited by sending online invitation mes-

sages using social networking sites. The control group was sedentary participants who had no regular physical activity for more

than one year.

Inclusion criteria

Three-curve idiopathic scoliosis pattern with major curvature in the thoracic or thoracolumbar region (cobb angle R10 ֯),80 all three
groups: adults aged R18 years, active at competitive or elite level (An athlete who trains and/or competes in local competitions is

considered a competitive athlete and an athlete who trains and/or competes at the national or international level is considered an

elite athlete),1 and all three groups: no recent (<3 month) history of musculoskeletal injury (injuries were defined as all fractures or

tears of the corresponding anatomical region).81

Exclusion criteria

Having postural abnormalities ( considered for healthy squash players and controls), congenital scoliosis, spina bifida, neurological

scoliosis, neuromuscular scoliosis, spondylolisthesis, leg-length discrepancy greater than two cm, history of bracing or/and phys-

iotherapy (<1 year). Leg dominance was determined by the leg used to kick the ball.82 Hand dominance was defined as the one

preferred for daily activities. All participants except one control participant were right-handed and right foot dominant. The

mean ± standard deviation of the training experience and weekly training hours of squash players with idiopathic scoliosis and

healthy squash players was 7.06±6.08 and 12.87±4.01 years, and 8.8±5.8 and 10.7±3.6 hours, respectively. Also, in this research,

each sports group included two elite athletes and six competitive athletes.
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Equipment
We used the EOS system (gold standard) to take radiographs with very low radiation exposur.83 The Biodex Stability System (BSS,

Shirley, NY, USA) was used to assess postural control. The BSS was shown to be reliable (ICCs ranged from 0.82 to 0.42 for OSI,

APSI, and MLSI).44 This device consists of a movable circular platform that can be tilted 20 degrees from horizontal in all directions.

It measures the deviation of the COP in static conditions and the degree of tilt in dynamic conditions. The platform allows different

difficulty levels of stability testing, from level 1 (least stable) to level 8 (most stable).84

Isokinetic strength of the shoulder was assessed using the Biodex System 4 Pro (Biodex Medical System Inc, Shirley, NY, USA)

which is a valid and reliable tool.85 The Biodex software program recorded the PT. The isokinetic dynamometer was calibrated using

a certified weight prior to data collection.

Procedure and testing
All data were collected between 12:00 and 15:00 PM to account for the influence of circadian rhythm and time of day on postural

control andmuscle strength.86 The warm-up protocol took approximately 10minutes and consisted of jogging, jumping, and a series

of shoulder warm-up exercises. We used the second part (1 A to 10 A) of the FIFA 11+S warm-up exercise in one set of 15 repeti-

tions.87 In the test session, the participants got acquainted with the test equipment and procedures.

Postural control test
Participants were wearing shorts, no shoes or socks. The measurements for each subject took 30 min. Postural control was

measured using postural stability test and athletic single leg test in two conditions (dynamic and static) with eyes open. Postural con-

trol was evaluated by overall stability index (OSI), APSI and MLSI. All tests consisted of three trials that lasted 20 seconds with a

10-second rest period between each trial. The mean score was calculated from three trials. The difficulty level of the test in dynamic

conditions were four.

Participants were instructed to stand on the locked platform of the BSS and adjust the supporting feet to achieve a comfortable

standing position that allowed them to maintain balance. Then the position of the participants’ feet was recorded. The position of the

participants’ feet remained constant in all tests. Participants were instructed to keep their hands on the iliac crests and were allowed

to grab the handrailing if they lost their balance (any body movements in relation to the test position that forced the participants to

grab a handrail to maintain balance was considered a loss of balance). One subject in the idiopathic scoliosis group lost her balance;

the test canceled and repeated again. The subject was then instructed to keep the platform as stable as possible. Participants were

instructed to look straight ahead and focus on a point on the wall approximately 0.5 m away. The control screen was covered during

the test, so they did not receive any visual feedback about their test. Also, they did not receive any verbal feedback.84 Participants

had two practice tests before each test. Postural stability test was performed while standing on two legs. The athletic single leg test

was performed in a single-leg standing position on the right and left leg, and the non-load-bearing leg was at 30 ֯ of hip and knee

flexion (Figure 1).

The participants performed the tests in this order: 1- Dynamic postural stability, 2- Static postural stability, 3- Dynamic athletic sin-

gle leg on the DL, 4- Dynamic athletic single leg on the NDL, 5- Static athletic single leg on the DL, 6- Static athletic single leg on

the NDL.

Isokinetic strength test
Participants were assessed in a seated position while securedwith pelvic and diagonal straps to stabilize the trunk. It took 30minutes

to collect isokinetic data from each participant. The isokinetic strength of shoulder ER and IR of the DS and NDS were evaluated

randomly with the arm at 45� and 90� shoulder abduction in the scapular plane in the concentric/concentric mode. The elbow

was bent 90� in all tests. The axis of the device coincided with the longitudinal axis of the humerus and the center of the glenohumeral

joint. Gravity correction was performedwith the arm relaxed in shoulder abduction (90� or 45� depending on the test) and the elbow in

90� flexion, and the forearm was in neutral pronation/supination.

Before each test, 10 submaximal concentric repetitions at 120�s-1 and three preliminary submaximal repetitions at 60�s-1 were

used to get familiar with the test. Then the participants performed the test with three repetitions at 60�s-1 concentric exertion. The

range of motion (ROM) was 45� in IR and 55� in ER. There was a one-minute rest interval between all sections.88 Isokinetic PT

was determined and normalized by individual body weight (PT/body weight). Participants were verbally supported and were not al-

lowed to see the displayed curves.

QUANTIFICATION AND STATISTICAL ANALYSIS

Before using the ANOVA, we checked the assumptions of normality (Shapiro-Wilk test) and homogeneity of variance (Levene’s test).

Normal distribution was not observed in some data, so inverse normal transformation method was used for them. After transforma-

tion, the assumption of normal distribution and homogeneity of data variance was obtained, except for the MLSI of the DL static ath-

letic single leg test and the ER strength of the NDS at 45�. The results of the Shapiro-Wilk test to evaluate normality showed that in the
e2 iScience 27, 111353, December 20, 2024
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dynamic postural stability test, MLSI had a normal distribution (p=0.14). The Shapiro-Wilk test also showed that in the dynamic

postural stability test, OSI, APSI had a non-normal distribution (p=0.01 and p= 0.01, respectively). The Shapiro-Wilk test showed

that in the static postural stability test, OSI, APSI and MLSI had a non-normal distribution (p=0.01, p=0.01 and p= 0.01, respectively).

The normality test showed that in the dynamic athletic single leg test, OSI, APSI and MLSI of DL had a non-normal distribution

(p=0.01, p=0.01 and p= 0.01, respectively). The normality test showed that in the dynamic athletic single leg test, OSI, APSI and

MLSI of NDL had a non-normal distribution (p=0.01, p=0.01 and p= 0.01, respectively).

The normality test showed that in the static athletic single leg test, OSI, APSI andMLSI of DL had a non-normal distribution (p=0.01,

p=0.01 and p= 0.01, respectively). The normality test showed that in the static athletic single leg test, OSI, APSI andMLSI of NDL had

a non-normal distribution (p=0.01, p=0.01 and p= 0.02, respectively).

The results of the Shapiro-Wilk test to evaluate normality showed that the normalized PT of ER strength of the DS at 90�, ER
strength of the NDS at 90�, IR strength of the DS at 45� and ER strength of the NDS at 45� had a normal distribution (p=0.27 and

p=0.44, p=0.05 and p=0.64, respectively).

The normality test also showed that the normalized PT of IR strength of the DS at 90�, ER strength of the DS at 45�, IR strength of the

NDS at 90� and IR strength of the NDS at 45� had a non-normal distribution (p=0.01, p=0.03, p=0.01 and p=0.01, respectively). The

ANOVA test and then post hoc analysis with Fisher’s test (LSD) were used for normally distributed data. The Kruskal-Wallis test and

then Dunn-Bonferroni post hoc method was used for non-normal data. A probability level of P<0.05 was selected for all tests. Sta-

tistical analysis of all tests was conducted in IBM SPSS Statistics Version 26.
iScience 27, 111353, December 20, 2024 e3
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