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Abstract

Background

Postural rehabilitation emphasizing on motor control training of segmental spinal move-

ments has been proposed to effectively reduce the scoliotic spinal deformities in adolescent

idiopathic scoliosis (AIS). However, information regarding the impairments of segmental spi-

nal movement control involving segmental spinal stabilizers in adolescent idiopathic scolio-

sis remains limited. Examination of segmental spinal movement control may provide a

window for investigating the features of impaired movement control specific to spinal seg-

ments that may assist in the development of physiotherapeutic management of AIS.

Objectives

To compare segmental spinal movement control in adolescents with and without idiopathic

scoliosis using modified pressure biofeedback unit.

Methods

Segmental spinal movement control was assessed in twenty adolescents with idiopathic

scoliosis (AISG) and twenty healthy adolescents (CG) using a modified pressure biofeed-

back unit. Participants performed segmental spinal movements that primarily involved seg-

mental spinal stabilizing muscles with graded and sustained muscle contraction against/off

a pressure cuff from baseline to target pressures and then maintained for 1 min. Pressure

data during the 1-minute maintenance phase were collected for further analysis. Pressure

deviation were calculated and compared between groups.

Results

The AISG had significantly greater pressure deviations for all segmental spinal movements

of cervical, thoracic, and lumbar spine than the CG.
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Conclusion

Pressure biofeedback unit was feasible for assessing segmental spinal movement control in

AIS. AISG exhibited poorer ability to grade and sustain muscle activities for local move-

ments of cervical, thoracic, and lumbar spine, suggesting motor control training of segmen-

tal spinal movements involving segmental spinal stabilizing muscles on frontal, sagittal, and

transverse planes were required.

Introduction

Adolescent idiopathic scoliosis (AIS), developing at the ages of 11–18 years, is a deformity of

the spine and trunk involving all three planes with spinal curvature greater than 10 degrees

measured using Cobb method [1] and accounting for approximately 90% of idiopathic scolio-

sis in children [2]. On inspection, AIS is generally characterized by asymmetric, lateral-shift,

and curved trunk accompanying rib and back hump and axial twist of torso that tend to deteri-

orate rapidly during the very fast-growing period [3, 4] and adversely influence physical and

psychological health as well as quality of life of AIS [5, 6]. Although the definite etiology of AIS

remains unclear, genetic expression along with environmental and lifestyle factors [7] may be

responsible for impairments at neuro-osseous [8], biomechanical (e.g., asymmetrical vertebrae

growth) [9], neuromuscular (e.g., disorganized sensorimotor integration or sensory process-

ing) [7, 10], and cellular (e.g., melatonin signaling malfunction) [7, 11] levels in AIS.

In terms of neuromuscular perspective, impaired motor control of the axial motor system

may be the cause of AIS [12, 13]. Studies indicated that AIS assumes altered motor strategy

based on re-weighting of proprioceptive inputs arising from axial musculature to restore per-

ceptual-motor dysfunction [14, 15]. In addition, electromyography study of the activities of

paraspinal muscles revealed that AIS demonstrated asymmetric firing of bilateral paraspinal

muscles with higher muscle activities on the convex side than the concave side [16, 17]. Fur-

thermore, individuals with AIS demonstrate asymmetric muscle thickness of the deep thoracic

paraspinal muscles [18], lumbar multifidus [18, 19], obliquus internus and externus [20], and

transverse abdominus [21] on the concave and convex sides. These muscles play important

roles on the regulating segmental spinal alignment and stability [22–24] to ensure a stable base

for force transmission through kinetic chains and efficient functional performance. However,

morphological imbalance and neurophysiological dysfunction in these muscles may negatively

affect the segmental spinal stability and maintenance of neutral spinal alignment in AIS during

static and dynamic activities. Therefore, examination of segmental spinal movement control

may provide crucial information to inform physiotherapists in designing exercise therapy pro-

grams for AIS.

The movements specifically to local spinal segments in individuals with AIS have been sel-

dom examined previously. Shirado et al. [25] examined dynamic lateral side-shift movements

of trunk in sitting and found that individuals with AIS showed impaired trunk movement con-

trol by revealing a lesser shifted weight and a longer time to shift weight than those without

AIS at both slow and fast speeds. Guyot et al. [26] examined local movement of cervical spine

and reported that individuals with AIS performed poorly on the cervicocephalic relocation test

compared with healthy individuals without AIS, suggesting a dysfunctional control of segmen-

tal cervical spine movement in anterior-posterior direction (sagittal plane) while primarily

activating cervical stabilizing muscles (i.e., deep cervical flexor muscles). However, in AIS,

information regarding segmental spinal movements primarily involving local spinal stabilizing
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muscles around thoracic and lumbar regions and in all three planes remains limited. There-

fore, movements of local spinal segments in individuals with AIS must be investigated in order

to assist researchers and clinicians in characterizing deviated motor performance of local spi-

nal segments in AIS, thus providing further insight into the specific physiotherapeutic strate-

gies for managing AIS.

In both research and clinical settings, a pressure biofeedback unit has been used to assess

and train lumbar–pelvic movement control primarily by activating segmental spinal stabilizing

muscles in individuals with lower back pain [27–29] as well as cervical dysfunction [29, 30].

The way of using pressure biofeedback units could be also suitable for assessing segmental spi-

nal movements in AIS. Therefore, this study aimed to examine segmental spinal movements

primarily by activating local spinal stabilizing muscles in adolescents with and without idio-

pathic scoliosis using modified pressure biofeedback unit.

Materials and methods

An exploratory cross-sectional study design was used. Adolescents with idiopathic scoliosis

(AISG) and healthy adolescents without idiopathic scoliosis (CG) were included and assessed

for their segmental spinal movement control once by using a modified pressure biofeedback

unit. This study was conducted at Child Development Laboratory of National Yang-Ming

University in accordance with the Declaration of Helsinki. This research protocol was re-

viewed and approved by the Institutional Review Board of National Yang-Ming University

(YM105010F). Informed consent was received from both participants and their parents before

recruitment in this study.

Participants

All participants were recruited from primary and high schools in Northern Taiwan. The com-

mon inclusion criteria for both the AISG and CG are outlined as follows: (1) age of 10–18

years, (2) medical clearance for other disorders that might affect truncal and spinal move-

ments, and (3) ability to follow instructions to perform testing movements. The exclusion cri-

teria for both groups are outlined as follows: (1) any numbness, weakness, or paresthesia in the

extremities; (2) a history of surgery of the trunk, spine, or lower extremities; and (3) leg length

discrepancy (>1 cm). Furthermore, the participants in the AISG were required to have a con-

firmed diagnosis of AIS with a Cobb angle of 10˚–40˚.

Segmental spinal movement assessment

A three-way adapter connecting the air pump and pressure cuff of a commercially available

pressure biofeedback unit (Stabilizer™ Pressure Biofeedback, Chattanooga Group, Australia)

and a pressure sensor (range: 0–75 mmHg; accuracy: 0.1 mmHg) (MPX5010DP, Freescale

Semiconductor Inc., USA) that was mounted on a microcontroller board (Arduino Compati-

ble Mega 2560 R3, Arduino LLC., Italy) constituted the modified pressure biofeedback unit

used in this study (Fig 1). Check for the leak of air from the adapter was performed under

water and no leak of air was found.

Segmental spinal movements primarily by activating local spinal stabilizing muscles in the

cervical, thoracic, and lumbar regions was assessed while supine or side-lying on an undeform-

able firm mattress, with the pressure cuff underneath participant’s body (Table 1, Fig 2). In

order to ensure that each participant could selectively activate local spinal stabilizing muscles

without using compensatory movements of other body parts, a physiotherapist who was certi-

fied and experienced in Nuerac1 method (Record1 AS) [31] instructed each participant how

to correctly perform segmental spinal movements. Firstly, in order to obtain the feeling of
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correct movement, each participant lay comfortably on a mattress and was instructed to con-

centrate on and follow the small segmental spinal movements that the physiotherapist manu-

ally guided. Then each participant was asked to try to actively perform the segmental spinal

movements with physiotherapist’s hands followed to monitor the correctness of movements

and check unwanted muscle activities and movements of other body parts, such as postural

shift. For example, when performing cervical spinal flexion movement, some participants

might overtly activate sternocleidomastoid muscles. The physiotherapist then instructed the

participants through verbal and tactile cues to help participants focus on activating deep cervi-

cal muscles (slight chin in using flexors longus capitis and longus colli) instead of using sterno-

cleidomastoid muscles. Finally, physiotherapist checked if the movements could be performed

correctly by each participant without cuing before the commencement of assessment.

Segmental spinal movements required each participant to actively and lightly contract seg-

mental spinal stabilizing muscles against (or off) pressure cuff from baseline pressure to target

pressure (increase or decrease pressure value from baseline by 10 mmHg). Baseline pressure

Fig 1. Modified pressure biofeedback unit.

https://doi.org/10.1371/journal.pone.0181915.g001
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and target pressure were determined by our pilot study and previous reports [29, 32]. Segmen-

tal spinal movements examined in this study were flexion in the cervical region (Table 1, Fig

Table 1. Descriptions of segmental spinal movement assessment.

Regions Movements and baseline/target pressure

(mmHg)

Descriptions of test posture, location of cuff center, and test movement

Cervical

Flexion Test posture: supine with pillows support under knees (approximately 130o hip flexion)

20 / 30 ± 0.5 mmHg Cuff center: 4th vertebrae of cervical spine

Test movement: slight chin in against pressure cuff with deep cervical flexor muscle

contraction

Thoracic

Extension Test posture: supine with pillows support under knees (approximately 130o hip flexion)

40 / 30 ± 0.5 mmHg Cuff center: inferior angle of scapula

Test movement: mid-trunk (thoracic spine) slightly away from pressure cuff

Side-shift to right / left Test posture: side-lying with both lower extremities flexed

40 / 50 ± 0.5 mmHg Cuff center: vertical line through right and left inferior angle of scapula

Test movement: mid-trunk (thoracic spine) slightly downward push against pressure cuff

Rotation to right / left Test posture: supine with pillows support under knees (approximately 130o hip flexion)

40 / 50 ± 0.5 mmHg Cuff center: inferior angle of scapula

Test movement: right/left side of mid-trunk (thoracic spine) slightly downward push against

pressure cuff

Lumbar

Flexion Test posture: supine with pillows support under knees (approximately 130o hip flexion)

40 / 50 ± 0.5 mmHg Cuff center: 3th vertebrae of the lumbar spine

Test movement: lower trunk (lumbar spine) slightly downward push against pressure cuff

Extension Test posture: supine with pillows support under knees (approximately 130o hip flexion)

40 / 30 ± 0.5 mmHg Cuff center: 3th vertebrae of lumbar spine

Test movement: lower trunk (lumbar spine) slightly away from pressure cuff

Side-shift to right / left Test posture: side-lying with both lower extremities flexed

40 / 50 ± 0.5 mmHg Cuff center: vertical line through 3th vertebrae of lumbar spine

Test movement: lower trunk (lumbar spine) slightly downward push against pressure cuff

Rotation to right / left Test posture: supine with pillows support under knees (approximately 130o hip flexion)

40 / 50 ± 0.5mmHg Cuff center: 3th vertebrae of lumbar spine

Test movement: right/left side of lower trunk (lumbar spine) slightly downward push against

pressure cuff

https://doi.org/10.1371/journal.pone.0181915.t001

Fig 2. Illustrations of test setting. (A) Cervical flexion. (B) Thoracic extension. (C) Thoracic side-shift to

right. (D) Thoracic rotation to right. (E) Lumbar flexion. (F) Lumbar extension. (G) Lumbar side-shift to right.

(H) Lumbar rotation to right. Black oval denotes pressure cuff; gray oval denotes pillow; black arrow indicates

movement direction.

https://doi.org/10.1371/journal.pone.0181915.g002
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2A); extension, side-shift, and rotation in the thoracic region (Table 1, Fig 2B–2D); and flex-

ion, extension, side-shift, and rotation in the lumbar region (Table 1, Fig 2E–2H). The order of

segmental spinal movements in the cervical, thoracic, and lumbar regions was random.

For each segmental spinal movement, participants lay quietly in the test position and the

examiner ensured the pressure value of pressure cuff was at baseline pressure for 2 minutes

(Table 1). Participants were then instructed to perform the segmental spinal movement with

mild muscle contraction (primarily by activating spinal stabilizing muscles) against (or off)

the pressure cuff to achieve the target pressure (Table 1) while watching the pressure value

displayed on the LCD screen of the microcontroller board. After participants were able to

maintain at the target pressure for 5 seconds, they were then asked to sustain the muscle con-

traction without feedbacks from the LCD screen (turned off by the examiner) while maintain-

ing the target pressure for 1 min (1-minute maintenance phase). To ensure the participants’

understanding of testing procedures, a trained physiotherapist demonstrated whole proce-

dures and then each participant was instructed by the physiotherapist. Two to three practice

trials were given before the actual test.

Pressure data of each segmental spinal movement during the 1-minute maintenance phase

were measured and collected at a 50-Hz sampling rate by the pressure sensor and were then

outputted to a personal computer for storage and subsequent analyses. Pressure variables ex-

amined in this study was the pressure deviation (defined as the root mean square of subtrac-

tion of target pressure from each pressure data point) for each segmental spinal movement

during the 1-minute maintenance phase. Pressure deviation is viewed as the discrepancy be-

tween the given target pressure and the pressure derived from one’s contracting segmental

stabilizing muscles of a spinal segment against (or off) the pressure cuff. A great pressure devi-

ation (overshoot and undershoot the target pressure value) indicates one’s inferior ability to

control and sustain segmental stabilizing muscle activities of a spinal segment against (or off)

the pressure cuff in order to maintain at a given pressure level. Before the commencement of

this study, a pilot investigation of between-day (within 5 days) reliability for all segmental spi-

nal movements was conducted in 10 participants (5 with and 5 without AIS) and the findings

revealed good to excellent reliability (intraclass correlation coefficients = 0.83–0.98 for all seg-

mental spinal movements) of using the modified pressure biofeedback system to assess seg-

mental spinal motor performance.

Statistical analysis

Basic data, demographic characteristics, and pressure deviation for the AISG and CG are pre-

sented using descriptive analysis; these were compared between the groups using the Mann–

Whitney test for continuous variables and chi-squared test for categorical variables. The signif-

icance level was set at a P value of< 0.05. All statistical analyses were performed using SPSS

(version 22.0; SPSS Inc., Chicago, IL, USA).

Results

Participant characteristics

Twenty participants were included in the AISG, whereas 20 participants were in the CG. The

groups were comparable for all demographic characteristics (Table 2). In the AISG, the average

Cobb angle and angle of trunk rotation were respectively 22.1˚ ± 4.7˚ (range: 14˚–35˚) and

5.2˚ ± 2.6˚ (range: 2.5˚–13.1˚). Fourteen participants in the AISG had an S-curve type scoliosis,

with seven having a major thoracic curve convex to the right and the rest having a major lum-

bar curve convex to the left. The remaining six participants in the AISG had a C-curve type

Segmental spinal movement control in AIS
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scoliosis, with two having a major lumbar curve convex to the left and two each having a

major thoracolumbar curve convex to the right and to the left.

Comparison of pressure deviation

Table 3 lists the pressure deviations of all segmental spinal movements for the AISG and CG.

The pressure deviation for cervical flexion significantly differed between the AISG and CG,

with the AISG exhibiting a greater deviation from the target pressure.

The AISG demonstrated a significantly greater pressure deviations for thoracic extension as

well as for thoracic side-shift movements to the right and to the left than did the CG. In addi-

tion, the pressure deviations for thoracic rotation to the right and to the left significantly dif-

fered between the AISG and CG, with the AISG exhibiting greater deviations from the target

pressures (Table 3).

The AISG demonstrated significantly greater pressure deviations for lumbar flexion and exten-

sion than did the CG. Furthermore, the pressure deviations for lumbar side-shift movements to

the right and to the left were higher in the AISG than in the CG. The pressure deviations of lum-

bar rotation to the right and to the left were higher in the AISG than in the CG (Table 3).

Discussion

The results of this study indicate that the modified pressure biofeedback unit was feasible

for assessing and sensitive to alterations on the performance of segmental spinal movement

control in AIS. Notably, the segmental spinal movement control of the cervical, thoracic, and

lumbar regions was all affected in AISG, but the between-group differences in terms of pres-

sure values were not large. Furthermore, we determined that the pressure deviation for all

examined segmental spinal movements were greater in the AISG. This finding thus supports

Table 2. Participant’s characteristics of adolescent idiopathic scoliosis (AIS) and control groups.

Variables AIS (n = 20) Control (n = 20) P value

Female sex 8 (40%) 7 (35%) 0.154

Age (year) 14.1 ± 2.3 13.6 ± 2.4 0.478

Height (cm) 159.2 ± 11.7 159.9 ± 11.1 0.883

Weight (kg) 47.9 ± 10.6 55.5 ± 13.6 0.121

Body mass index (kg/m2) 18.7 ± 2.3 21.7 ± 4.7 0.055

Cobb angle (degree) 22.1 ± 4.7 - -

Angle of trunk rotation (degree) 5.2 ± 2.6 - -

Type of scoliosis

S curve

Thoracic scoliosis

Convex to right 7 (35%) - -

Lumbar scoliosis

Convex to left 7 (35%) - -

C curve

Thoracolumbar scoliosis

Convex to right 2 (10%) - -

Convex to left 2 (10%) - -

Lumbar scoliosis

Convex to left 2 (10%) - -

Data are presented as mean ± standard deviation or number (percentage).

https://doi.org/10.1371/journal.pone.0181915.t002
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the hypothesis that the movement control of the axial motor system is affected in AIS, as indi-

cated by a poorer ability of AISG to grade and sustain steady force output of segmental spinal

stabilizing muscles when compared with CG. The significant minor impairments may com-

promise the ability of individuals with AIS to adapt and to maintain normal spinal curvature

during the rapid growth period, thus individuals with AIS exhibit progressive deterioration of

spinal curvature during this period.

The maneuvers used in this study and the pre-test physiotherapist’s instructions and prac-

tice sessions secured the participants to focus on segmental spinal movement control rather

than using compensation of other body parts and ensured the participants to use somatosen-

sory information of trunk to actively scale and sustain muscle activity without external feed-

back to fulfil the requirements of movement tasks in this study. We speculate that the poor

performance on segmental spinal movements in AISG may be related to impaired propriocep-

tion of the trunk, dysfunction of the central sensoriomotor integration of the axial motor sys-

tem, and morphological changes in the trunk muscles.

To our knowledge, no previous study has examined truncal proprioceptive function in AIS.

The test maneuvers used in this study provided a window for investigating truncal propriocep-

tive function. Our findings of a greater pressure deviation of segmental spinal movements

together with previous reports that a larger error for a joint repositioning test as well as a

higher joint movement perception threshold of the upper extremities [33] and lower extremi-

ties [10] suggested impaired proprioception in AIS should be a systematic problem. Proprio-

ceptive deficits of the trunk in AIS may impeding the AISG from appropriately fine-tuning

segmental stabilizing muscle activities by using afferent information from the adjacent spinal

segments to meet the task demands. Consequently, the AISG demonstrated a poorer perfor-

mance on segmental spinal movement control than the CG. These findings indicate that body

awareness training is an important component of rehabilitation management of AIS [34, 35].

The poor segmental spinal movement control in AIS observed in this study may also be

associated with dysfunctional central sensorimotor control [10], altered sensory weighting/

reweighting mechanism [14, 15], or abnormal interhemispheric asymmetric activation [13]

that were proposed in previous studies. Aberrant central sensorimotor processing and control

Table 3. Pressure deviation of segmental spinal movements for cervical, thoracic, and lumbar regions.

Movements AIS (n = 20) Control (n = 20) Mann-Whitney U P value

Cervical

Flexion 2.98 ± 1.27 1.30 ± 0.98 51 <0.001*

Thoracic

Extension 2.22 ± 2.62 1.57 ± 1.07 112 0.017*

Side-shift to right 2.53 ± 1.73 1.41 ± 1.22 102 0.008*

Side-shift to left 2.18 ± 1.92 1.90 ± 0.97 124 0.040*

Rotation to right 2.89 ± 2.26 1.29 ± 0.49 60 <0.001*

Rotation to left 2.51 ± 3.15 1.60 ± 1.52 125 0.042*

Lumbar

Flexion 2.90 ± 1.52 1.51 ± 1.59 89 0.003*

Extension 1.97 ± 1.56 1.21 ± 0.86 116 0.023*

Side-shift to right 4.48 ± 4.07 1.60 ± 1.23 94 0.004*

Side-shift to left 3.13 ± 3.46 2.00 ± 1.25 78 0.001*

Rotation to right 2.40 ± 2.29 1.35 ± 0.91 90 0.003*

Rotation to left 2.41 ± 4.08 1.41 ± 1.08 95 0.005*

*P < 0.05. Data are presented as median ± inter-quartile range (unit: mmHg).

https://doi.org/10.1371/journal.pone.0181915.t003
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in AIS jeopardize the using somatosensory information form the concave side and convex side

of the trunk to scale activities of segmental spinal stabilizing muscles. Our findings systemati-

cally demonstrate that compared with the CG, the AISG exhibited greater pressure deviations

for all segmental spinal movements involving the active sustained contraction of segmental

stabilizing muscles around cervical, thoracic, and lumbar regions. Examination of the associa-

tions of brain activity, somatosensation of trunk, and muscle activities of trunk may provide

better insight into the problem.

Asymmetric muscle thickness in the deep thoracic paraspinal muscles [18], lumbar multifi-

dus [18, 19], obliquus internus and externus [20], and transverse abdominus [21], as well as

with type I muscle atrophy of the paraspinal muscles [36] may be associated with our observa-

tion that AISG had poor local spinal movement control. Such morphological alterations in

muscles (asymmetry and biomechanical disadvantage) may require differential activation of

segmental stabilizing muscles on both sides that may impose a greater demand on axial motor

control system; therefore, negatively influence the motor performance. The associations

between asymmetric muscle thickness of truncal muscles and poor local axial motor control

need to be examined in future study using sonography and electromyography.

Our findings provide clues for clinical assessment and management of AIS. According to

functional roles, trunk muscles can be classified as stabilizers and mobilizers [37]. The former

is primarily responsible for stability and physiological alignment of spine and the latter is

responsible for a range of trunk movements. The scoliotic spine can be interpreted as that the

stability and physiological alignment of spine are no longer maintained by elemental compo-

nents, particularly the trunk stabilizing muscles. Therefore, the maneuvers and assessment

method used in this study allow examination of specific function of trunk stabilizers and

inform which spinal segments and movement directions are affected as well as the extent of

impairments. The information is important for physiotherapeutic management AIS. Our find-

ings also suggest that training of trunk stabilizers should be incorporated into rehabilitation

program for AIS. This proposition is supported by previous study reporting that the effect of

adding on training of trunk stabilizing muscles was superior to traditional exercise in reducing

scoliotic curve and pain in AIS [38]. Furthermore, we propose that training of trunk stabilizers

should be in all three planes and be introduced in the beginning of rehabilitation program in

order to amend impairments of segmental spinal stabilizing muscles and establish a stable

spine, and then progresses from static to dynamic corrective exercise to enhance functional

integration of trunk stabilizer and mobilizer to restore a symmetric, neutral spine.

This research has several limitations. First, we examined axial movement control in supine

and side-lying positions; whether similar findings might be obtained in upright positions (i.e.,

sitting or standing) remains unknown. Second, our sample size was small, and the AIS group

encompassed different types of scoliosis of mild to moderate severity; therefore, a subgroup

analysis could not be performed. Whether impaired axial movement control is associated with

AIS types and severity warrants further investigation. Third, the maneuvers employed in this

study to activate segmental spinal stabilizers are according to systematically developed clinical

approach (i.e., Nuerac1 method (Record1 AS)) [31] and the using pressure biofeedback to

monitor segmental spinal movements has been reported in several studies [27, 28, 30]. How-

ever, further study is required to monitor activities of these muscles and kinematics of body

movements while performing the pressure biofeedback assessment in AIS.

Conclusion

The modified pressure biofeedback unit was feasible for assessing and sensitive to alterations

on the performance of segmental spinal movement control in AIS. AISG exhibited a poorer
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ability to grade and sustain muscle activity in the axial regions, suggesting training of segmen-

tal spinal movement control on frontal, sagittal, and transverse planes were required.
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