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Highlights 

What are the main findings? 

• The main thoracic curve (MT) positively correlated with mediolateral gait stability in patients 
with adolescent idiopathic scoliosis (AIS), whereas thoracic kyphosis (TK) showed a negative 
correlation. 

• Gait symmetry analysis revealed distinct correlations between spinal curvatures and 
mediolateral trunk acceleration across various quadrants. 

What is the implication of the main finding? 

• Patients with AIS exhibiting right-convex MT curves may experience a leftward shift in their 
center of gravity, thereby impacting gait stability. 

• A comprehensive understanding of the relationship between spinal deformities and gait may 
aid the development of targeted rehabilitation strategies for patients with AIS. 

Abstract: This study investigated the relationship between morphological changes in the spine and 
gait characteristics in patients with adolescent idiopathic scoliosis (AIS) through inertial 
measurement unit (IMU) analysis. Twenty-three female patients with AIS scheduled for scoliosis 
surgery underwent preoperative gait analysis with an IMU attached at the third lumbar vertebra. 
Gait stability indicators including root mean square (RMS) values for the mediolateral (RMSx), 
anteroposterior, and vertical components were calculated. The peak mediolateral components in the 
four coronal plane quadrants were also analyzed. Relationships with the main thoracic (MT) curve, 
thoracolumbar curve, and thoracic kyphosis (TK) were assessed using Spearman’s rank correlation. 
The MT curve positively correlated with RMSx, whereas TK exhibited a negative correlation. Gait 
symmetry analysis revealed a positive correlation between the MT curve and peak mediolateral trunk 
acceleration in the second (left-upper) quadrant and negative correlations for TK in the first (right-
upper) and fourth (right-lower) quadrants. Patients with AIS with right-convex MT curves shifted 
their center of gravity leftward, but reduced TK restricted this compensation. These findings may be 
useful in developing the rehabilitation strategies for AIS. 

Keywords: adolescent idiopathic scoliosis; spinal morphology; gait analysis; inertial measurement unit 
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1. Introduction 

Adolescent idiopathic scoliosis (AIS) is characterized by a lateral spinal curvature that develops 
during growth, most commonly affecting adolescents aged 12–18 years. AIS is also marked by a 
lateral deviation of the spine, often accompanied with rotational deformities. It is particularly 
prevalent among females, and early diagnosis along with timely intervention is crucial because 
progressive AIS can lead to postural asymmetries and pain and even compromise cardiopulmonary 
function [1]. Its etiology remains largely unclear, although genetic predisposition, 
neurodevelopmental abnormalities, and hormonal influences are its contributing factors [2]. 
Asymmetrical bone growth and muscular imbalances during spinal development may play a role in 
scoliosis progression [3]. 

Conservative management through regular observation is typically recommended for mild 
scoliosis. As for more severe cases, orthotic intervention and surgical correction are considered. 
Surgical treatment primarily involves spinal correction and fixation, with corrective procedures being 
widely implemented [4]. Additionally, the efficacy of exercise-based interventions, such as the 
Schroth method and other conditioning approaches, tailored to individual patient needs have been 
increasingly investigated [5,6]. These therapeutic programs aim to enhance spinal flexibility, promote 
muscular balance, and improve trunk stability, effectively preventing scoliosis progression [7]. Early 
detection and intervention are particularly emphasized to reduce the likelihood of surgical 
intervention [8]. However, for exercise therapy to be optimally effective, individualized programs 
must be carefully designed according to the comprehensive assessment of spinal morphology and an 
in-depth understanding of the associated motor functions and movement patterns. 

Center-of-gravity sway was reported to be increased in individuals with AIS compared with 
that in healthy controls, with a notable correlation between postural instability and the progression 
of thoracic spinal curvature [9,10]. Conversely, treatment strategies that aimed at improving gait 
patterns in patients with AIS have been explored, although the specific effects of physiotherapy, 
orthotic interventions, and surgical correction on gait mechanics remain controversial [11]. 

The inertial measurement unit (IMU) has been increasingly used in clinical physiotherapy for 
the quantitative and qualitative assessment of motor function [12]. The IMU offers minimal 
environmental constraints and is user-friendly, imposing a negligible physical or psychological 
burden on patients. Consequently, it facilitates longitudinal assessments at consistent intervals, 
providing valuable insights into the qualitative changes in motor function over time. 

This study aimed to investigate the relationships between spinal morphological changes and 
gait characteristics in AIS using IMU and to evaluate their clinical applicability. The findings in this 
study may contribute to the expansion of treatment strategies and facilitate in the development of 
tailored rehabilitation programs based on disease severity, ultimately enhancing patient outcomes. 

2. Subjects and Methods 

2.1. Study Design and Participants 

This single-center retrospective observational study was approved by the Ethics Committee of 
Oita University Faculty of Medicine (Approval No.: 2889). It included female patients with AIS aged 
12–18 years who were hospitalized at the Department of Orthopedic Surgery, Oita University 
Hospital, for scoliosis correction surgery between August 2019 and May 2024. The exclusion criteria 
included the following: (1) presence of neurological symptoms caused by AIS that could affect motor 
function or quality of life (QOL); (2) presence of other orthopedic conditions that would likely impact 
motor function or QOL; and (3) a history or current diagnosis of central nervous system disorders. 
As a result, 23 cases were included, with a mean age of 14.1 ± 1.14 years (Table 1). 
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Table 1. Participant characteristics. 

n 23 

Sex (Male : Female) 0 : 23 

Age (years) 14.1 ± 1.14 

High (m) 1.54 ± 0.09 

Weight (kg) 43.7 ± 6.38 

BMI (kg/m2) 18.4 ± 1.72 

BMI: Body mass index. Average ± standard deviation. 

2.2. Spinal Morphometry Using X-ray Imaging 

X-ray images of the standing position in the coronal and sagittal planes were used to classify the 
curve patterns according to the Lenke classification. As defined by the Scoliosis Research Society, the 
Lenke classification categorizes scoliosis into six curve types (Types 1–6) and incorporates lumbar 
modifiers (Types A, B, C) and sagittal thoracic modifiers (−, N, +) [13,14]. Additionally, three 
parameters indicative of spinal morphology were measured: the main thoracic (MT) curve, the 
thoracolumbar (TL) curve, and thoracic kyphosis (TK). These parameters were determined by 
calculating the angles formed at the intersection of two lines (Figure 1). In MT curve, the angle is 
formed by two tangential lines extending along the superior endplate of the uppermost vertebra and 
the inferior endplate of the lowermost vertebra within the thoracic region on the coronal plane [15]. 
The angle for the TL curve is formed by two tangential lines extending along the superior endplate 
of the uppermost vertebra and the inferior endplate of the lowermost vertebra in the thoracolumbar 
region on the coronal plane [15]. As for the TK, the angle is measured between two tangential lines 
extending along the superior endplate of the fifth thoracic vertebra and the inferior endplate of the 
12th thoracic vertebra [16]. 

 

Figure 1. Measurement of spinal morphology with an X-ray image. In a standing posterior-anterior radiograph, 
the angle consists of two intersecting lines: the upper endplate of the main thoracic (MT) curve upper vertebra 
and the lower endplate of the MT curve lower vertebra. The thoracolumbar (TL) curve is also measured in the 
lumbar spine in the same way as the MT curve. In the sagittal plane, thoracic kyphosis (TK) covers T5 to T12. In 
a standing X-ray lateral image, the angle includes two perpendicular lines: the upper endplate of the T5 vertebra 
and the lower endplate of T12. 
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2.3. IMU Using Gait Analysis 

An IMU (MVP-RF8-GC-2000, MicroStone, Japan) was attached at the third lumbar spinous 
process and the right calcaneal tuberosity. Participants were barefoot during the measurements. They 
walked at a comfortable speed along a 20 m walkway, which included a 5 m acceleration phase and 
a 5 m deceleration phase. Data were recorded at a sampling frequency of 200 Hz and transmitted in 
real-time to a personal computer via Bluetooth wireless technology. The IMU’s proper functioning 
was visually verified. After two trials, we used the data from the second trial for the analysis. 
Acceleration data from the trunk and right foot were extracted over 10 gait cycles. 

The following gait parameters were computed using Microsoft Excel: stride-to-stride time 
variability (STV) from the acceleration data at the right calcaneal tuberosity to assess gait cycle 
variability, root mean square (RMS) from trunk acceleration data to evaluate gait stability, and the 
Lissajous index (LI) to quantify gait symmetry [12,17–19]. We computed the RMS separately for the 
mediolateral (RMSx), anteroposterior (RMSy), and vertical (RMSz) components. The overall gait 
instability was quantified by calculating the composite RMS (RMSt). Given that RMS is proportional 
to the square of the walking speed, it was adjusted by normalizing it to the squared walking speed, 
in line with previous studies [12,20]. Moreover, LI was computed in two planes: the coronal plane 
(LIcor) and the transverse plane (LItra). During Licor computation, we extracted the peak values of 
the mediolateral acceleration components in the first to fourth quadrants of the coronal plane (first: 
right-upper, second: left-upper, third: left-lower, fourth: right-lower), as observed from the posterior 
view (Figure 2). The computation methods are detailed below. 

RMS 

RMS = ቆ1Tන 𝑎ଶ(𝑡)୲ା୘
୲ dtቇଵଶ 

RMSt =ටRMS୶ଶ + RMS୷ଶ + RMS୸ଶ 

a(t): Acceleration signal; x: Mediolateral direction; y: Anteroposterior direction; z: Vertical direction; 
t: Total acceleration. 

LI 

LI =  ฬ2(R right− R left)(R right + R left) ฬ  ×  100 

R: rectangle area 

STV STV = SDmean × 100 

Mean: mean gait cycle duration; SD: standard deviation of the gait cycle duration. 
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Figure 2. Attachment of IMU and four quadrants with the frontal plane observed from the back. The x-axis 
represents the mediolateral direction, the y-axis denotes the anteroposterior direction, and the z-axis signifies 
the vertical direction (A). When observing the coronal plane from the back, it delineates as per the Cartesian 
coordinate system (B). IMU: inertial measurement unit. 

2.4. Statistical Analyses 

Statistical data were analyzed using GraphPad Prism version 9.3. The normality of the data was 
assessed using the Shapiro–Wilk test, which revealed that some data were not normally distributed. 
Therefore, the correlations between the three spinal morphological parameters (MT curve, TL curve, 
and TK) and the gait characteristics obtained from the IMU-based gait analysis were examined using 
Spearman’s rank correlation coefficient. The significance level was set at below 5%. 

3. Results 

3.1. Lenke Classification and Spinal Morphometry 

Regarding the Lenke classification, types 1, 2, 3, 4, and 5 had 11 (A−: 1, AN: 3, B−: 2, BN: 4, CN: 
1), 1 (BN: 1), 2 (B−: 1, CN: 1), 0, 5 (C−: 1, CN: 4), and 4 (C−: 2, CN: 2) cases, respectively (Table 2). 

Table 2. Results of radiological parameters and gait analysis using IMU. 

Lenke classification 
 

Type 1 (A- : AN : B- : BN : CN) 11 (1 : 3 : 2 : 4 : 1) 

Type 2 (BN) 1 (1) 

Type 3 (B- : CN) 2 (1 : 1) 

Type 4 0 

Type 5 (C- : CN) 5 (1 : 4) 

Type 6 (C- : CN) 4 (2 : 2) 

Spinal morphological alterations 
 

Main thoracic curve (degree) 39.1 ± 10.1 
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Thoracolumbar curve (degree) 33.8 ± 10.7 

Thoracic kyphosis (degree) 12.6 ± 9.2 

Comfortable gait speed (m/s) 1.21 ± 0.10 

Stride-to-stride Time Variability (%) 2.32 ± 1.14 

Root mean square (RMS) 
 

x: Mediolateral direction (m/s2) 0.89 ± 0.16 

y: Anteroposterior direction (m/s2) 1.54 ± 0.25 

z: Vertical direction (m/s2) 1.58 ± 0.25 

t: RMS vector magnitude of three direction (m/s2) 2.39 ± 0.27 

Lissajous index 
 

Coronal (%) 16.1 ± 12.9 

Transversal (%) 17.8 ± 17.0 

Peak acceleration of mediolateral direction with the frontal plane#1 

1st quadrant  (m/s2) 5.06 ± 2.25 

2nd quadrant (m/s2) 5.32 ± 1.98 

3rd quadrant (m/s2) 3.47 ± 1.70 

4th quadrant (m/s2) 3.36 ± 1.12 

Average ± standard deviation.  #1: The four quadrants are divided by the frontal plane observed from back. 
IMU: inertial measurement unit. Spinal morphometric analysis revealed that the MT curve was 39.1° ± 10.1°, the 
TL curve was 33.8° ± 10.7°, and TK was 12.6° ± 9.2°. 

3.2. Gait Analysis 

The gait speed during the IMU-based gait analysis (comfortable walking speed) was 1.21 ± 0.10 
m/s (Table 2). The STV was 2.32% ± 1.14%. Measures of gait stability included RMSx at 0.89 ± 0.16 
m/s², RMSy at 1.54 ± 0.25 m/s², RMSz at 1.58 ± 0.25 m/s², and RMSt at 2.39 ± 0.27 m/s². Additionally, 
the indices representing the symmetry of the center-of-mass displacement during gait were 16.1% ± 
12.9% for LIcor and 17.8% ± 17.0% for LItra. Regarding the peak values of lateral acceleration in the 
frontal plane, the first, second, third, and fourth peaks were 5.06 ± 2.25, 5.32 ± 1.98, 3.47 ± 1.70, and 
3.36 ± 1.12 m/s², respectively. 

3.3. Correlation Between Spinal Morphometry and Gait Analysis 

Table 3 lists the correlation coefficients and p-values for each pair of parameters obtained from 
the spinal morphometry and gait analysis. For the MT curve, RMSx (r =.536, p =.008) demonstrated 
significant positive correlations with the second peak (r =.463, p =.026) (Figure 3). For TK, RMSx (r = 
−.550, p =.007) showed significant negative correlations with the first peak (r = −.478, p =.021) and the 
fourth peak (r = −.517, p =.012) (Figure 4). Conversely, the TL curve exhibited no significant 
correlations with the gait analysis parameters. 
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Table 3. Correlation coefficients between radiological parameters and gait analysis using IMU. 

 MT TL TK 

Comfortable gait speed .300 (.164) -.190 (.386) .166 (.451) 

Stride-to-stride Time Variability .046 (.835) -.023 (.915) -.108 (.625) 

Root mean square (RMS)    

x: Mediolateral direction .536 (.008) -.288 (.183) -.550 (.007) 

y: Anteroposterior direction .349 (.103) -.109 (.622) .019 (.930) 

z: Vertical direction -.056 (.800) .062 (.778) .121 (.582) 

t: RMS vector magnitude of three 
direction 

.294 (.173) -.134 (.543) -.075 (.733) 

Lissajous index  

Coronal .223 (.305) -.065 (.769) -.167 (.446) 

Transversal .367 (.085) -.052 (.814) -.017 (.939) 

Peak acceleration of mediolateral direction with the frontal plane#1 

1st quadrant .377 (.076) -.283 (.190) -.478 (.021) 

2nd quadrant .463 (.026) -.125 (.570) -.187 (.393) 

3rd quadrant .387 (.068) -.254 (.243) -.288 (.182) 

4th quadrant .361 (.090) -.048 (.829) -.517 (.012) 

Spearman's rank correlation explored relationships. Figures in brackets indicate p-value. #1: The four quadrants 
are divided by the frontal plane observed from back. IMU: inertial measurement unit, MT: Main thoracic curve, 
TL: Thoracolumbar curve, TK: Thoracic kyphosis. 
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Figure 3. Correlation between the MT curve and RMS, as well as peak acceleration in the mediolateral direction 
relative to the frontal plane. A positive correlation was observed between the MT curve and RMSx (A). Similarly, 
a positive correlation with peak acceleration in the mediolateral direction in the second quadrant relative to the 
frontal plane was observed (B). MT curve: main thoracic curve, RMS: root mean square, x: mediolateral direction. 

 

Figure 4. Correlation between the MT curve and RMS, as well as peak acceleration in the mediolateral direction 
relative to the frontal plane. A negative correlation was observed between the MT curve and RMSx (A). Similarly, 
a negative correlation with peak acceleration in the mediolateral direction in the first and fourth quadrants 
relative to the frontal plane was observed (B). TK: thoracic kyphosis, RMS: root mean square, x: mediolateral 
direction. 

4. Discussion 

Regarding gait characteristics in patients with AIS, most of the previous studies primarily 
examined gait parameters such as speed and cadence but insufficiently explored the correlation of 
these parameters with spinal morphological changes. Accordingly, the present study constitutes one 
of the few kinematic analyses utilizing IMU to investigate the interplay between spinal morphology 
and gait characteristics in patients with AIS. 

Gait instability analysis demonstrated that the MT curve had a significant positive correlation 
with both RMSx and the second peak value. Various factors, including aging and sensory 
impairments, contribute to heightened lateral instability during gait [21,22]. Additionally, impaired 
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plantar sensory function, as observed in conditions such as stroke, exacerbates lateral sway during 
walking [23]. Given that this study examined young female subjects with AIS and no neurological 
impairments, spinal morphological changes could directly influence gait characteristics. In AIS, 
spinal deformities are characterized by frontal plane deviations, particularly in the MT and TL curves. 
Consequently, the center of mass (CoM) in the static posture may be displaced laterally, subsequently 
influencing CoM dynamics during movement. Notably, all of our participants presented with a right-
convex MT curve, indicating a potential rightward CoM deviation. During gait, a pronounced MT 
curve may require greater compensatory lateral CoM shifts to maintain balance. The positive 
correlation between the MT curve and RMSx likely reflects this compensatory mechanism. The 
significant positive correlation between the MT curve and the second peak also supports this 
interpretation. Biomechanically, during the left stance phase of gait, the CoM must reposition within 
or near the base of support established by the left foot for balance maintenance. In a pronounced MT 
curve, a rightward-displaced CoM necessitates an amplified leftward shift during this phase, thereby 
elevating the second peak value. Patients with AIS reportedly have a reduced stance phase duration, 
further implying restrictions in the frontal plane CoM [24]. 

Conversely, the TL curve did not significantly correlate with gait instability. Meta-analyses and 
literature reviews on the gait characteristics of AIS indicate that pelvic and hip movements in the 
frontal plane during gait are diminished compared with those observed in healthy individuals 
[24,25]. Thus, the CoM displacement in AIS may be primarily compensated by the upper trunk, 
particularly the thoracic spine, rather than by the lower trunk, including the lumbar spine and pelvis. 
Therefore, the TL curve may have no direct influence on gait instability. 

TK, which reflects morphological alterations in the sagittal plane, demonstrated a significant 
negative correlation with RMSx, the first peak value, and the fourth peak value. The relationship 
between sagittal plane alignment and gait characteristics in patients with AIS remains poorly 
explored compared with pelvic and hip alignment and their respective kinematics. Consequently, the 
present findings, which elucidate the association between TK and gait dynamics, provide valuable 
insights into this underexplored domain. Irrespective of AIS, kyphosis is the most prevalent 
abnormality of sagittal plane alignment. Kyphotic postural alterations, which are frequently linked 
to aging and osteoporosis, have been implicated in dynamic standing balance deteriorations, 
heightened postural sway, and gait instability [26,27]. Hence, sagittal plane alignment may play a 
pivotal role in gait disturbances. However, our study identified an association between reduced TK 
and increased lateral sway, possibly attributed to the diminished spinal mobility accompanying TK 
decrease. While direct evidence linking TK reduction to spinal mobility decline remains scarce, prior 
research supports this association. For instance, a study examined the interplay between spinal 
morphology and respiratory function in adult patients with AIS and identified MT curve flexibility—
quantified as [(standing MT curve – lateral bending MT curve) ÷ standing MT curve × 100 (%)]—and 
TK as independent predictors of percent-predicted forced vital capacity (%FVC) and expiratory 
volume in 1 s (%FEV1.0) [28]. The correlation coefficients between TK and %FVC (r = 0.512, p < 0.001) 
and between TK and %FEV1.0 (r = 0.509, p < 0.001) indicate that TK reduction contributes to the 
diminished mobility of both the thoracic cage and the spine. Given the interrelationship between the 
MT curve, RMSx, and the second peak value, the lateral displacement of the CoM in patients with 
AIS is counterbalanced by the upper trunk movement. However, TK reduction, coupled with 
diminished mobility of the spine and thoracic cage, may impede compensatory mechanisms in the 
upper trunk. Consequently, the RMSx increases, and more specifically, the first and fourth peak 
values are augmented rather than the second peak, which typically serves as the primary 
compensatory direction. 

This study has several limitations. First, the participants were patients hospitalized for surgical 
treatment; hence, they may have exhibited relatively severe morphological changes in the spine. 
Conversely, individuals with AIS who qualify for conservative management, such as exercise 
therapy, are typically in the early disease stage, presenting with only mild morphological alterations. 
Therefore, future research should include patients with milder cases who do not require surgical 
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intervention. Furthermore, the present gait analysis derived an overall index for a single gait cycle 
without differentiating or analyzing its individual phases. To assess the effects of CoM deviations 
more comprehensively, future studies should incorporate phase-specific analyses of the gait cycle. 

5. Conclusions 

Given that the majority of MT curves in patients with AIS exhibit right convexity, our study 
findings suggest that gait is preserved through compensatory mechanisms, characterized by a 
pronounced leftward shift of the CoM, which is initially displaced to the right. TK reduction may 
constrain these compensatory mechanisms by reducing the spinal mobility. Although IMU-based 
clinical assessments proved beneficial, they inadequately captured detailed gait characteristics. These 
findings may be helpful in advancing movement guidance strategies and rehabilitation protocols for 
patients with AIS. 
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