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ABSTRACT

Ol This study investigated spatiotemporal parameters and ground reaction

Article Info: force (GRF) components during straight and pivoting gait in adolescents with lumbar
adolescent idiopathic scoliosis (AIS), with particular emphasis on differences

Received: 27 April 2026 between left and right lumbar curvatures.

Accepted: 31 July 2026 In this cross-sectional study, 16 healthy individuals served as the control

Available Online: 2 August 2026 group (CG), while 14 patients with lumbar adolescent idiopathic scoliosis (AIS)

formed the main scoliosis group (MSG), which was further divided into left lumbar
(LL) and right lumbar (RL) subgroups. Spatiotemporal parameters and GRF
components were analyzed during straight and pivoting gait for the leading, pivoting,
and trailing feet.

No significant differences in spatiotemporal parameters were observed
during straight gait. However, during pivoting gait, the right lumbar (RL) subgroup
exhibited a longer stance time and altered horizontal ground reaction force (GRF)
components. In addition, the RL subgroup showed a greater GRFX1 impulse in the
left leading foot than both the control group and the left lumbar (LL) subgroup. No
comparable changes were observed in the LL subgroup.

Keywords: Right lumbar scoliosis was associated with altered horizontal GRF

. . components during pivoting gait, whereas left lumbar scoliosis showed no
Adolescent idiopathic comparable changes. These findings suggest that lumbar curvature direction
scoliosis, Lumbar scoliosis, influences neuromusculoskeletal behavior during pivoting and should be considered
Pivoting gait, Ground when developing subgroup-specific rehabilitation strategies.
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1. Introduction

Adolescent idiopathic scoliosis (AIS) is a complex 3D spinal deformity, defined by a lateral curve >10°,
axial rotation and the sagittal profile alterations (1, 2), including altered thoracic kyphosis and lumbar
lordosis (3). AlS affects 1-3% of adolescents, making it a significant orthopedic concern (1). Although its
etiology remains idiopathic, a multifactorial model involving genetic predisposition (4, 5), hormonal
influences (6), and intrinsic muscular abnormalities (e.g., altered type I/11 fiber ratios in paraspinal muscles)
(7), is widely accepted.

AIS progression is similarly multifactorial, with the curve type (particularly thoracic), an initial Cobb angle
>25° (8), and remaining skeletal growth potential (9) identified as significant predictors of both curve
progression and the eventual need for surgical intervention (10). Biomechanically, it is hypothesized that
asymmetric spinal loading, potentially stemming from alterations in pelvic alignment (11) and impaired
neuromuscular control (12), may create a vicious cycle that drives progression. This disrupted
biomechanics manifests functionally as poor balance control (13, 14) which has been consistently
documented in AlS patients during both static standing and dynamic activities (15).

Gait, as a fundamental and dynamic activity, provides a critical window into these neuromusculoskeletal
deficits. In healthy individuals, the spine naturally undergoes subtle, coordinated lateral bending and axial
rotation of its vertebral segments during walking, creating a temporary S-shaped curvature that facilitates
weight transfer and maintains balance (16). In AlS, this harmonious motion is disrupted (17). In the general
population, the gait pattern is affected by different parameters, such as walking speed (18, 19), carrying a
load (20, 21), age (22, 23), body mass index (BMI) (24), Toe-Out and Toe-In (25), gender (23, 26),
treadmill walking (27), and emotions (28). The deformed spine acts as an off-center mass, challenging the
body's postural control systems and leading to altered gait mechanics (29-32). Intriguingly, some studies
have suggested a dynamic interaction between the spinal deformity and gait forces, with one study
reporting that the maximum Cobb angle coincides with the peak ground reaction force (GRF) during the
braking and propulsion phases of walking (17). This suggests that the forces generated during each step
may not only be a consequence of the deformity but could also play a role in its progression. Therefore, a
detailed analysis of gait biomechanics under various conditions is paramount to understanding the
pathomechanics of AlS, its progression mechanisms, and for developing targeted, effective rehabilitation
protocols.

Commonly reported alterations include decreased walking speed (33, 34), step length (35), stride length
(30, 33), cadence and a reduction in stance time and frontal plane pelvic motion (35, 36). Furthermore, gait
in AIS is frequently characterized by asymmetrical GRF patterns (15, 37) and altered pelvic kinematics
(17, 35, 38), reflecting the body's attempt to compensate for the truncal imbalance. However, the literature
is not entirely consistent, with some studies reporting normal spatiotemporal parameters, such as walking
speed (39) and step length (36). These discrepancies suggest a critical methodological issue that hinders a
clear understanding of AlS gait.

A primary limitation pervasive in much of the existing research is the predominant focus on straight-line
walking. While informative, this task may not be demanding enough to fully expose underlying
neuromusculoskeletal deficits. In contrast, more complex, high-demand maneuvers like pivoting place
greater stress on the postural control system, requiring rapid generation and dissipation of rotational forces
and precise control of whole-body angular momentum. As Dixon et al. (2013, 2014) demonstrated in
studies of typically developing (TD) children, a 90° turning gait can reveal weaknesses and motor control
deficits that remain hidden during straight-line walking (40, 41). For an individual with AIS, whose balance
is already challenged, a pivoting task would likely exacerbate asymmetries and provide a more sensitive
assessment of functional limitation. Despite this, pivoting remains severely under-investigated in the
scoliosis population (42).

An even more significant limitation is the common practice of grouping all types of AlS (e.g., thoracic,
lumbar, thoracolumbar) into a single, heterogeneous cohort. This approach is biomechanically problematic.
The location of the spinal curvature dictates the primary lever arm of the deformity and has direct
implications for pelvic and lower limb biomechanics. For instance, a right thoracic scoliosis primarily
affects the rib cage and shoulder girdle, with pelvic changes often being compensatory. On the other hand,
a lumbar scoliosis has its apex in the lumbar spine, directly influencing the orientation and motion of the
pelvis, the foundation for gait. Crucially, in lumbar scoliosis, the lumbar vertebrae rotate toward the convex
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side, while the pelvis often rotates toward the concave side (43). This direct mechanical linkage suggests
that the biomechanical consequences for gait, particularly the generation of GRFs, must differ
fundamentally between lumbar and thoracic curves. Moreover, even within the lumbar scoliosis
population, the polarity of the curve (right vs. left convexity) must be considered, as it dictates the side of
pelvic elevation and the specific muscular demands for stability. Combining these distinct phenotypes into
one group inevitably introduces "noise," averaging out unique adaptive patterns and leading to potentially
misleading or diluted conclusions about the biomechanical properties of any single curve type. Recent
work from our group has demonstrated that adolescents with right- and left-sided lumbar scoliosis exhibit
distinct adaptations in center of pressure and free moment dynamics during straight gait, underscoring the
necessity of analyzing scoliosis curvature directions separately (44).

Therefore, to address these methodological gaps, this study aims to conduct a detailed comparative analysis
of spatiotemporal parameters and three-dimensional GRFs during both straight walking and a standardized
pivoting task in a homogeneous group of individuals with lumbar scoliosis, further stratified by curve
polarity (right vs. left convexity), and a matched control group. Based on the direct mechanical relationship
between the lumbar spine and the pelvis, it is hypothesized that: a) lumbar scoliosis is associated with
significant alterations in spatiotemporal and GRF components during both straight and pivoting gait
compared to neurotypical individuals, and b) these alterations will manifest differently between the right
lumbar (RL) and left lumbar (LL) scoliosis subgroups, particularly in the horizontal (mediolateral and
anteroposterior) GRF components during the mechanically demanding pivoting task. By focusing on a
specific curve type and polarity, this research seeks to provide a clearer, more accurate biomechanical
profile, which is an essential prerequisite for developing phenotype-specific rehabilitation protocols aimed
at improving gait symmetry, reducing abnormal joint loading, and enhancing functional capacity.

2. Methods

2.1. Participants

This cross-sectional study included 30 adolescent girls: 14 patients with lumbar adolescent idiopathic
scoliosis (AIS) (main scoliosis group, MSG) and 16 healthy controls (control group, CG). The MSG was
further divided into two subgroups: right lumbar (RL) scoliosis (N=7) and left lumbar (LL) scoliosis (N=7).
The MSG was analyzed only for comparison with previous studies that typically pool curve types. The
primary hypothesis testing, however, was performed on the stratified RL and LL subgroups, as pooling
obscures polarity-specific adaptations. The demographic information, Cobb angles and the other
radiographic parameters for each scoliosis subgroup are detailed in Table 1. The apex of the major
curvature for all patients was located at either the L2 or L3 vertebral level. In each group, according to the
Nash and Moe classification (45), the amount of apical vertebral rotation was classified into grade 1 (N=5)
and grade 2 (N=2).

2.2. Inclusion and Exclusion Criteria

Patients were included in the MSG if they presented with a primary lumbar curvature greater than 10° (46)
and had no prior history of scoliosis treatment. Participants for the CG were required to have a normal
musculoskeletal alignment with no spinal deformities. Exclusion criteria for all participants included: a
history of low back pain within the past 10 years, lower limb length discrepancies exceeding 1cm (35, 47),
a history of major surgery (48), or the presence of a secondary curvature greater than 10° in the scoliosis
group. All participants were right-handed and right-footed.

The study protocol was approved by the Ethical Committee of the University (ID:
IR.BASU.REC.1399.003; May 02, 2020). Before participation, written informed consent was obtained
from all participants and their parents or legal guardians.

2.3. Tools

A Qualisys motion capture system with eight cameras (200 Hz) (Version: 2020.3, Qualisys AB,
11/23/2020, www.qualisys.com, Kvarnbergsgatan2, 41105, Gothenburg, Sweden) and two Kistler force
plates (40 x 60 cm) (2000 Hz) were synchronized and used to collect the spatiotemporal and ground
reaction forces (GRF) during gait. Cameras were calibrated in a cubic volume (1 m wide x 4m long x 2 m
high) with the positive X, Y, and Z axes oriented to the right, forward, and upward directions, respectively.
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Table 1. Demographic Characteristics of All Participants and Radiographic Measurements of the Lumbar Scoliosis

Subgroups

Variable CG MSG p-value
Demographic characteristics

Age (years) 15.26 £ 2.34 15.69 + 1.55 NS
Height (m) 1.60 £ 0.07 1.65 +£0.05 0.021€
Mass (kg) 54.38 £ 10.31 54.49 £ 10.91 NS
BMI (kg/m?) 21.23+£3.79 19.83 £3.53 NS
Shoulder width (cm) 31.00£2.80 31.21+3.23 NS
Pelvic width (cm) 23.75 +£2.46 23.78 +1.87 NS
Knee width (cm) 9.18+1.31 8.57+£1.10 NS
Ankle width (cm) 6.60 + 0.48 6.17 £ 0.69 NS
Trunk length (cm) 46.04 +2.78 47.87+2.12 0.052€
Variable RL Scoliosis LL Scoliosis p-value
Radiographic measurements

Lordosis (°) 48.00 +13.41 51.00 +£11.31 NS
Kyphosis (°) 47.42 £9.18 48.85 + 15.43 NS
Cobb angle (°) 19.42 +6.37 19.35+5.92 NS
Apex vertebral lateral shift (cm) 158 +1.31 1.95+1.44 NS
Sacral lateral shift (cm) 1.20 £ 0.90 2.21+£0.92 NS
Pelvic height asymmetry (cm) 0.61 +£0.47 0.39+0.29 NS
Shoulder height asymmetry (cm) 1.27+£0.57 0.55 +£0.51 0.031¥
Curve length (cm) 1496 +1.10 18.33£2.47 0.006¥
Apex wedge (cm) 0.23+0.13 0.32+0.10 NS

Note: Values are presented as mean + SD. CG, control group; MSG, main scoliosis group; RL, right lumbar
scoliosis; LL, left lumbar scoliosis; BMI, body mass index; NS, not significant. € Significant difference between
the CG and MSG. Height was not included as a covariate in the primary analyses (see Limitations). ¥ Significant
difference between the RL and LL scoliosis subgroups.

Sixty-four spherical reflective markers (17 mm in diameter) were placed on body landmarks to build the
full-body lumbar spine model (modified FBLS model) (49) and quantify spatiotemporal variables (Fig 1a).

2.4. Movement task

First, the participant’s static upright standing position was recorded to scale the model (Fig 1a). Then, five
straight gait trials, five trials for pivoting over the right foot, and five trials for pivoting over the left foot
were collected at the participant’s self-selected speed. In the straight gait trials, the participant walked on
an 18m walkway, stepping onto the force plates located at the midpoint of the walkway with each foot in
succession. The pivoting gait task required participants to walk forward along the +Y axis, execute a 180°
pivot turn, and continue walking backward along the Y axis in a continuous motion. Each trial began with
the participant taking 7-8 steps to approach the force plates. The "leading foot" (LF) was then placed on
the first force plate while still facing the +Y direction. Subsequently, the "pivoting foot" (PF) was placed
on the second force plate in a 90° internally rotated position to initiate the turn (Fig 1b). The participant
then completed a 180° pivot over the stationary PF. Following the pivot, the original leading foot landed
again on the first force plate, now designated as the "trailing foot" (TF) facing the -Y direction. The
participant then continued walking back to the starting position (Fig 1b). The steps of pivoting gait (LF,
PF and TF) are illustrated in the QTM software (Fig 1c).

2.5. Data processing and statistical analysis

The raw data were filtered using the 4th-order Butterworth low-pass filter with a cut-off frequency of 6 Hz
for kinematic and 50 Hz for force data. The peak values for GRFz; (loading response), GRFz2 (mid-stance),
GRFz; (push-off), GRFy1 (braking), GRFy2 (propulsion), GRFxi, and GRFx. (medial-lateral) were
extracted and normalized to the body weight (BW). The Impulse (50) for each axis (X, Y, Z) was calculated
by integrating the ground reaction force over the stance phase duration using the trapezoidal rule, according

to the following equation (1):
n-1

F1+Fn
Impulse = At( > + Z Fi) (1)

i=2
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Where, impulse was expressed in Newton-seconds (N-s), F represents the instantaneous ground reaction
force (N), At is the sampling interval (0.0005 s; corresponding to a force plate sampling frequency of 2000
Hz), n is the number of data points during the stance phase, F: is the force at initial contact (first sample),
and F, is the force at toe-off (last sample with a force value >10 N). For straight gait, impulse was calculated
over the entire stance phase of each foot separately. During pivoting gait, impulse was calculated
independently for the leading foot (LF), from initial contact to toe-off before pivoting; the pivoting foot
(PF), from initial contact on the second force plate to toe-off after completing the 180° turn; and the trailing
foot (TF), from initial contact after the pivot to toe-off during backward walking. The onset of the stance
phase was defined as the first sample at which the vertical ground reaction force (GRFz) exceeded 10 N,
whereas the end of the stance phase was defined as the last sample before the vertical ground reaction force
(GRFz) fell below 10 N.

2.6. Statistical analysis

First, the normality of data distributions was examined using the Shapiro-Wilks test. All data were normally
distributed. MANOVA test was used to compare the peak values between the groups. To control for family-
wise error due to multiple comparisons within each family of variables (spatiotemporal, impulse, and peak
GRF separately), a Bonferroni correction was applied.
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Fig. 1. a) The marker placement and the participant’s position in the static trial. b) footprints on the force plates to show the
sequences of the steps (right-leading foot (#1), left-pivoting foot (#2), and right-trailing foot (#3)); C: Screenshots from the QTM
software: C-1: the right-leading foot is placed on the first force plate, C-2: the left-pivoting foot is placed on the second force
plate; C-3: the pivoting (turning 180°) is completed over the left foot, and the right-trailing foot is located on the first force plate
to walk backward.

Abbasi et al. Pivoting Gait in Lumbar Idiopathic Scoliosis. J Sport Biomech.2026;12(3):570-604.




Journal of

The adjusted significance level was set at p < 0.05/number of comparisons within each family. For follow-
up pairwise comparisons, the Tukey test was used. For SPM time-series comparisons, independent t-tests
were performed with an initial threshold of p < 0.05. However, no cluster-level or FWE correction was
applied across the multiple SPM comparisons, which is acknowledged as a limitation. Therefore, SPM
findings should be considered exploratory. One-dimensional statistical parametric mapping (SPM) was
performed using the spmld package (version M.0.4.3, MATLAB). All analyses were conducted in
MATLAB (R2020b, MathWorks Inc., Natick, MA, USA). No additional spatial smoothing was applied to
the GRF curves, as the raw force plate data are inherently smooth and were already low-pass filtered (6
Hz) as part of the standard data processing pipeline.

For each trial, GRFs during the stance phase were linearly interpolated to 101 normalized time points (0—
100% of stance). The average GRF-time curve of five repeated trials was calculated for each participant
and normalized to body weight (BW) (51). The significance value for SPM comparisons was set to p<0.05.
Temporal alignment ensured that 0% and 100% corresponded consistently to initial contact and toe-off,
respectively. For each comparison (e.g., RL vs. control), an independent two-sample t-test was conducted
at each of the 101 normalized time points, generating an SPM{t} statistic continuum. The critical threshold
for hypothesis testing was determined using random field theory (RFT) with a significance level of o =
0.05. This threshold accounts for the temporal smoothness of the data and controls the family-wise error
rate (FWER) across the entire stance phase. Clusters exceeding this threshold were considered statistically
significant. For each supra-threshold cluster, the cluster-level p-value (FWER-corrected) was computed
based on the expected cluster size distribution under the null hypothesis. Assumptions testing: The spm1d
implementation assumes independent and identically distributed Gaussian errors. Normality of residuals
was verified using Shapiro—Wilk tests. Sphericity assumptions were satisfied, as all comparisons involved
independent groups. To address potential confounding by anthropometric differences, height was included
as a covariate in post-hoc ANCOVA analyses for the primary significant findings. However, given the
exploratory nature of this study, these analyses are presented as supportive evidence.

3. Results

All reported p-values for discrete variables were Bonferroni-corrected. Statistical Parametric Mapping
(SPM) results are presented using an uncorrected significance threshold of a=0.05 and should therefore be
interpreted with caution.

Table 1 summarizes the demographic characteristics and radiographic measurements of the study
participants. The scoliosis and control groups were similar in age (p=0.561). However, participants with
scoliosis were, on average, approximately 5 = 2 cm taller than the control group (p=0.021) and also tended
to have greater trunk length (47.87 £ 2.12 vs. 46.04 + 2.78 cm), although this difference did not reach
statistical significance (p=0.052). The radiographic measurements indicated that the RL and LL scoliosis
subgroups had comparable Cobb angles, lumbar lordosis, and thoracic kyphosis. However, the RL
subgroup exhibited greater shoulder height asymmetry (p=0.031) and a shorter curve length (p=0.006) than
the LL subgroup.

3.1. Spatiotemporal Variables

No significant differences in spatiotemporal parameters were observed among the CG, MSG, RL, and LL
groups during straight gait (Table 2; all p > 0.05).

3.2. Temporal Variables During Pivoting Gait

During pivoting gait, significant differences were observed only in stance and swing times (Table 3). The
RL subgroup exhibited a significantly longer stance time on the right pivoting foot than the CG (p=0.021).
In addition, the swing time of the left non-pivoting foot during right pivoting was significantly longer in
both the MSG (p=0.006) and the RL subgroup (p=0.004) than in the CG. No significant differences were
observed for the remaining temporal variables (all p > 0.05).

3.3. Dynamic GRF patterns

The SPM comparisons for GRFs during the straight gait revealed that the GRFY of the left foot in the RL-
scoliosis subgroup was significantly smaller than in the LL-scoliosis subgroup (from 50% to 53% of the
stance phase (SP); p=0.004) (Fig 2). In the straight gait, there was no significant difference in GRFs
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between the two groups for the right foot (Fig 3). However, in pivoting gait, the SPM comparisons revealed
that the RL-scoliosis subgroup exhibited smaller GRFX than the CG for the left-LF (from 21% to 25% of
SP; p=0.026), and greater GRFX for the left-PF (from 30% to 41% of SP; p=0.001), and the left-TF (from
67% to 78% of SP, p=0.001) (2nd row, Fig 2). The LL-scoliosis subgroup showed nonsignificant
differences in the GRFs compared to the CG (3rd and 4th rows in Fig 2). The SPM comparisons also
showed that the GRFY of the left-PF (from 21% to 23% of SP; p=0.037), and the GRFX of the left-LF
(from 60% to 75% of SP; p=0.001) and left trailing foot (from 18% to 20% of SP; p=0.047, and 64% to
72% of SP; p=0.003) were different between the RL-scoliosis and LL-scoliosis subgroups (Fig 2).

Table 2. Spatiotemporal Parameters During Straight Gait in the CG, MSG, RL, and LL Scoliosis Groups

Parameter Variable CG MSG RL Scoliosis  LL Scoliosis  p-value
Length (cm) Right stride length 126.78 £2.13 12857 +£2.03 12547 +3.21 131.65+3.21 NS
Left stride length 126.22 +2.33 127.40+2.00 124.42+3.17 130.39+3.18 NS
Right step length 62.82+1.16 6395+1.09 6251+175 6539175 NS
Left step length 63.09+1.02 6340+1.03 61.90+154 64.90+154 NS
Time (s) Right stride time 1.12 £ 0.02 1.11+0.01 1.11 £0.02 1.11 £0.02 NS
Left stride time 1.10+£0.01 1.10+£0.01 1.11 £0.02 1.10 £ 0.02 NS
Right step time 0.55+0.008  0.55+0.007 0.56 £ 0.01 0.55 £0.01 NS
Left step time 0.55+0.009 0.55+0.009 0.55 £0.01 0.56 +0.01 NS
Right stance time 0.67 £0.01 0.67 £0.01 0.67 £ 0.02 0.67 £ 0.02 NS
Left stance time 0.66 £ 0.01 0.67 £0.01 0.68 +0.02 0.67 +0.02 NS
Right swing time 0.43+0.006 0.44+0.007 0.44+0.009 0.44+0.009 NS
Left swing time 0.44+0.009 0.43+0.009 0.43+0.01 0.43+0.01 NS
Double supporttime  0.12+0.005 0.12+0.005 0.12+0.007 0.12 +0.007 NS
Speed (M/s) Walking speed 1.16 £0.33 1.16 £0.34 1.13+0.45 1.18+£0.45 NS
Cadence (steps/min)  Cadence 110.32+1.70 10851+1.78 108.48+2.57 108.54 +2.57 NS

Note: Values are presented as mean + SE. CG, control group; MSG, main scoliosis group; RL, right lumbar scoliosis; LL,
left lumbar scoliosis; NS, not significant.

Table 3. Temporal Parameters During Pivoting Gait in the CG, MSG, RL, and LL Scoliosis Groups

Parameter Variable CG MSG RL LL p-value
Scoliosis Scoliosis
Stance time (s) Right leading foot 0.77 £0.02 0.73+£0.02 0.72+0.03 0.75+0.03 NS
Left leading foot 0.76 £0.02 0.74+0.02 0.74+£0.03 0.75+0.03 NS
Right pivoting foot 1.11 £0.07 1.30£0.07 145+0.11 116+0.11  0.021*
Left pivoting foot 1.20 £0.07 136+£0.07 149011 122+0.11 NS
Right trailing foot 0.82 +£0.02 0.78+0.02 0.80+0.03 0.78+0.03 NS
Left trailing foot 0.81+0.02 0.81+0.02 0.80+0.03 0.83+0.03 NS
Swing time (s) Right non-pivoting foot (left 0.81 +£0.08 0.99+0.08 1.09+0.12 0.89+0.12 NS
pivot)
Left non-pivoting foot (right 0.67 £ 0.06 0.94+0.06 1.06+0.09 0.83+0.09 0.006€/
pivot) 0.004*
Right pivoting foot after pivot 0.51+£0.01 0.50+0.01 050+£0.02 0.51+0.02 NS
Left pivoting foot after pivot 0.50 £ 0.01 049+0.01 050+£0.01 0.49+0.01 NS
Stride time (s) Right foot 1.59 +0.08 1.72+0.09 180+0.13 1.63+0.13 NS
Left foot 1.51 +0.08 167+0.08 1.78+0.12 157+0.12 NS
Step time (s) Left pivoting foot 0.58 £ 0.01 0.59+0.01 059+£0.02 0.59+0.02 NS
Right pivoting foot 0.58 +0.02 0.60+0.02 0.60+0.02 0.60+0.02 NS
Right trailing foot 1.01 £0.08 1.13+0.09 1.21+0.12 105+%0.12 NS
Left trailing foot 0.92 +£0.07 1.08+0.08 1.19+0.11 0.96+0.11 NS
Double support  Right leading & left pivoting feet 0.21 £0.02 0.16 £0.02 0.14+0.04 0.17+0.04 NS
time (s)
Left leading & right pivoting feet 0.18 £0.02 0.15+0.01 0.14+£0.02 0.16+0.02 NS
Left pivoting & right trailing feet 0.18+0.009 0.16+x0.01 0.16+0.01 0.16+0.01 NS
Right pivoting & left trailing feet 0.18 £0.01 0.17+0.01 0.16+0.02 0.17+0.02 NS

Note: Values are presented as mean + SE. CG, control group; MSG, main scoliosis group; RL, right lumbar scoliosis; LL, left
lumbar scoliosis; LF, leading foot; PF, pivoting foot; TF, trailing foot; NP, non-pivoting; NS, not significant. € Significant
difference between the CG and MSG. * Significant difference between the CG and RL subgroup.
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Moreover, the RL-scoliosis subgroup displayed a significantly different GRFx in right-PF (from 28% to
31% of SP; p=0.014) compared to the CG (Fig 3). Regarding the Z axis and the comparisons of MSG and
CG, as the figures had space limitations and the comparison of groups and subgroups for both straight and
pivoting gait was not significantly different as well, therefore their pattern were not illustrated in Fig. 2 and

3.

3.4. Impulse

During straight gait, the left-foot propulsion impulse (GRFY 2) was significantly greater in the LL subgroup
than in the CG (p=0.044; Table 4). No significant between-group differences were observed for the
remaining impulse variables during straight gait. During pivoting gait, the RL subgroup exhibited a
significantly greater braking impulse (GRFX1) in the left leading foot than both the CG (p=0.002) and the
LL subgroup (p=0.005). In addition, the braking impulse (GRFX2) in the left trailing foot differed
significantly between the CG and the MSG (p=0.017). No other significant differences were identified
among the groups. In the pivoting gait, the lateral impulse (GRFX1) of the left-LF was greater in the RL-
scoliosis subgroup (p=0.002) compared to the CG by 0.48 N - s (Table 4). This impulse also significantly
differed between the RL-scoliosis and LL-scoliosis subgroups (p=0.005) (Table 4). In contrast, the medial
impulse (GRFX2) of the left-TF in the MSG was lower than that in the CG by 0.45 N - s (p=0.017) (Table
4). The impulse of the right foot for all leading, pivoting and trailing feet was not significant between

groups and subgroups (p>0.05) (Table 5).
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Fig. 2. Dynamic GRF patterns for the left foot during straight and pivoting gait
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4. Discussion

This study aimed to analyze the spatiotemporal and GRF components during the straight and pivoting gait
of individuals with lumbar scoliosis compared to the control group. It was hypothesized that a) lumbar
scoliosis is associated with altered spatiotemporal and GRF variables in both tasks; and b) these alterations
are different between the left and right lumbar scoliosis.
In this study, individuals with scoliosis were taller than those in the control group, consistent with earlier
findings (52-54). In contrast, some studies reported no significant height difference between the scoliosis
and control groups (39, 55). Research increasingly suggests that a lower BMI, reduced bone mass, and
greater height in early childhood are risk factors for adolescent spinal deformities like scoliosis (56-58).
Our results specifically confirm the link between greater height and the development of scoliosis. We noted
greater shoulder height asymmetry in the RL-scoliosis subgroup compared to the LL-scoliosis subgroup,
which may be a neuromuscular adaptation to compensate for spinal misalignment, indicating the need for
tailored rehabilitation programs. All scoliosis participants were right-handed. Whether this shoulder height
asymmetry in the RL-scoliosis is linked to right-handedness is not clear. The scoliotic patients involved
had mild curvature and no pelvic alterations. However, previous studies have linked severe lumbar scoliosis
to iliac bone deformity (59, 60). We found similar spatiotemporal variables during the straight gait between
the scoliosis and CG, aligning with previous studies for stride and step length (36, 39, 61), stride and step
time (61, 62), walking speed and cadence (36, 39, 61, 62), swing time (61, 63), and double support time
(39, 61, 62). In contrast, some studies reported shorter strides, slower walking, and a decrease in step length,
cadence, longer double support time (33), longer stride time (33, 64), reduced stance time (33, 35, 36) in
scoliosis patients during walking. It has been suggested that spine and pelvis misalignments (59), the
severity of scoliosis (65), curve location and postural stability (31), are among the important factors linked
with spatiotemporal variables. Patients with more severe scoliosis display more pronounced alterations in
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spatiotemporal variables (38, 54). During pivoting gait, the RL-scoliosis subgroup showed significantly
longer stance time on their right pivoting foot and extended swing time on their left non-pivoting foot
compared to the control group, suggesting slower turning and increased caution for balance when rotating
towards their concave side. To our knowledge, no similar studies on pivoting gait in scoliosis have been
performed. The slower turning may indicate weaker neuromuscular and balance performance, but
kinematic confirmation is needed. This suggests altered temporal control during pivoting, which may
reflect differences in neuromuscular performance; however, direct measures of balance (e.g., center of
pressure velocity) or muscle activity are needed for confirmation. Our findings suggest that changes in
spatiotemporal components occurred mostly in the RL-scoliosis subgroup than in the LL-scoliosis
subgroup, highlighting that each group presents a distinct adaptation. Therefore, combining different
scoliosis types in the same study group may not represent the real biomechanical characteristics of scoliosis
since the values will be averaged.

Table 4. Ground Reaction Force Impulse of the Left Foot During Straight and Pivoting Gait

GRF Component Group Straight GaitLeft Pivoting GaitLeft Pivoting GaitLeft  Pivoting GaitLeft
Foot Leading Foot Pivoting Foot Trailing Foot
Vertical (GRFZ) CG 107.54 +1.95 119.07 +3.36 202.52 +14.87 131.35+2.89
MSG 108.39 £ 2.04 123.75 +3.52 225.43 +15.82 130.14 +3.13
RL 107.95 +2.94 122.90 +5.07 239.05 +22.48 126.06 + 4.37
Scoliosis
LL 108.84 +2.95 124.62 +5.07 211.82 +£22.48 134.22 + 4.37
Scoliosis
p-value NS NS NS NS
Braking force CG 5.09+0.21 9.24 +0.52 34.79+1.34 1.93+0.34
(GRFY1)
MSG 4.95+0.23 9.70 £ 0.55 35.80+1.41 1.90 £0.35
RL 4.62+0.32 9.36 +0.79 35.16 £2.03 2.01+051
Scoliosis
LL 5.28+0.32 10.05+0.79 36.45+2.03 1.79+0.51
Scoliosis
p-value NS NS NS NS
Propulsive force CG 5.69 £0.19 1.80 £ 0.37 — 9.85+0.58
(GRFY?2)
MSG 6.16 +0.21 2.27+0.38 — 9.47 £ 0.64
RL 5.76 £ 0.29 2.38 +0.56 — 8.27 £0.87
Scoliosis
LL 6.57 £ 0.29 2.17 £ 0.56 — 10.67 + 0.67
Scoliosis
p-value 0.0448 NS — NS
Mediolateral (GRFX1) CG 0.32+£0.04 0.33+£0.07 3.76 £0.35 2.16 +0.21
MSG 0.33+0.03 0.55+0.08 4.37£0.36 2.44 +0.22
RL 0.32 £0.06 0.81+£0.11 4.29 £0.53 2.66 £0.31
Scoliosis
LL 0.34 £ 0.06 0.30+0.11 4.46 £0.53 2.21+0.31
Scoliosis
p-value NS 0.002*/0.005¥% NS NS
Mediolateral (GRFX2) CG 3.58+0.19 3.75+0.31 1.62 +0.27 0.98+0.12
MSG 3.45+0.20 3.25+0.34 1.95+0.29 0.53+0.12
RL 3.20+0.28 2.60 +0.47 2.27+0.41 0.48£0.19
Scoliosis
LL 3.71+£0.29 3.90 +0.47 1.63+0.41 0.58 £0.19
Scoliosis
p-value NS NS NS 0.017€

Note: Values are presented as mean + SE. CG, control group; MSG, main scoliosis group; RL, right lumbar scoliosis; LL, left
lumbar scoliosis; GRF, ground reaction force; NS, not significant. € Significant difference between the CG and MSG. * Significant
difference between the CG and RL subgroup. § Significant difference between the CG and LL subgroup. ¥ Significant difference
between the RL and LL scoliosis subgroups.
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Table 5. Ground Reaction Force Impulse of the Right Foot During Straight and Pivoting Gait

GRF Component Group Straight Gait  Pivoting Gait Pivoting Gait Pivoting Gait
Right Foot Right Leading  Right Pivoting  Right Trailing
Foot Foot Foot
Vertical (GRFZ) CG 109.11+1.99 119.84+291 18547 +13.38 131.02+3.18
MSG 109.07 +£2.10 11896 +3.10 211.90+14.78 126.20 +3.33
RL Scoliosis 108.30 +3.02 122.01 +4.40 236.32+20.23 12597 +4.80
LL Scoliosis 109.84 +3.02 11592 +4.40 187.47+20.23 126.42+4.80
p-value NS NS NS NS
Braking force (GRFY1) CG 5.42 +0.20 10.10 + 0.60 35.22+1.31 2.42 +0.33
MSG 5.36 +0.22 10.48 + 0.63 35.78+1.38 2.02+0.35
RL Scoliosis 4.98 £0.30 10.15+0.91 36.66 £ 1.98 2.18 +0.50
LL Scoliosis 5.74 +0.30 10.81 +0.91 34.90+1.98 2.88 +0.50
p-value NS NS NS NS
Propulsive force (GRFY2) CG 5.90 £0.22 1.65+0.30 — 10.08 £ 0.58
MSG 5.64 +0.23 1.89+0.32 — 9.54 +0.62
RL Scoliosis 5.30+0.33 2.12+0.46 — 8.95+0.88
LL Scoliosis 5.98 +0.33 1.67 £0.46 — 10.13+0.88
p-value NS NS — NS
Mediolateral (GRFX1) CG 3.66+0.24 0.37 £ 0.05 3.44+0.32 0.58 £ 0.10
MSG 3.77+0.24 0.28 £0.05 3.47+0.34 0.79+£0.10
RL Scoliosis 3.80+0.35 0.35+0.07 3.02+0.48 0.93+0.15
LL Scoliosis 3.74+0.35 0.21+0.07 3.91+0.48 0.66 +0.15
p-value NS NS NS NS
Mediolateral (GRFX2) CG 0.44 + 0.05 4.17+0.29 1.70 £ 0.33 2.82+0.28
MSG 0.33+0.05 429+0.31 2.43+0.36 2.23+0.29
RL Scoliosis 0.33+0.08 3.99+0.44 2.92+0.50 2.08+0.42
LL Scoliosis 0.32+0.08 459+0.44 1.95+0.50 2.38+0.42
p-value NS NS NS NS

Note: Values are presented as mean + SE. CG, control group; MSG, main scoliosis group; RL, right lumbar scoliosis; LL,
left lumbar scoliosis; GRF, ground reaction force; NS, not significant.

This might explain in part the controversial findings regarding the biomechanical behaviour of scoliotic
patients in the literature, since each study has a different combination of scoliosis type and severity. A few
authors also highlighted that abnormal gait patterns vary depending on the curve type (59, 66). Therefore,
researchers should include only one type of scoliosis in their study group to get reliable measurements.
The SPM comparisons for GRFs during the straight gait revealed that the posteroanterior GRFY of the left
foot in the RL-scoliosis subgroup was significantly smaller than in the LL-scoliosis subgroup. While the
other GRF components were similar between the control and scoliosis groups. Previous research supports
these findings partially, showing similar vertical and medial-lateral GRFs between scoliosis and control
groups during straight walking, with some studies also noting unchanged anteroposterior GRFs (33, 37,
67, 68). The increased propulsive force in the left foot of the LL-scoliosis subgroup, whose lumbar
vertebrae are rotated to the left, is potentially a compensatory mechanism, though kinematics are required
to confirm this interpretation to counteract this rotation, allowing them to propel their bodies forward. This
significant difference between the RL and LL subgroups, even in straight-line walking, is a critical finding
that underscores their unique biomechanical profiles from the outset.

Additionally, the fact that combining patients with RL-scoliosis and LL-scoliosis into a single group
masked these differences in spatiotemporal and GRF components reinforces a key methodological point.
Separating patients by scoliosis polarity revealed distinct pivoting strategies, highlighting the absolute
necessity for homogeneity in scoliosis subgroups for accurate biomechanical measurements.

However, in pivoting gait, the SPM comparisons revealed that the RL-scoliosis subgroup exhibited smaller
GRFX than the CG for the left-LF, and greater GRFX for the left-PF, and the left-TF. Greater GRF in the
medial-lateral direction during pivoting may indicate a weak equilibrium in the RL-scoliosis group. The
SPM comparisons also showed that the GRFY of the left-PF, and the GRFX of the left-LF and left trailing
foot were different between the RL-scoliosis and LL-scoliosis subgroups. Moreover, the RL-scoliosis
subgroup displayed a significantly decreased GRFX in right-PF compared to the CG. The differences in
GRFY between the RL-scoliosis and LL-scoliosis patients may be related to the opposite axial rotation of
the lumbar vertebrae in these subgroups. In the RL-scoliosis, the lumbar vertebrae are rotated to the right,
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while they are rotated to the left in the LL-scoliosis. The rotation of the vertebrae to the ipsilateral side of
the curvature in the right and left lumbar scoliosis limits their mobility in rotating ipsilaterally. This
limitation in mobility may lead to a slower and biomechanically distinct rotation maneuver.

These findings indicate that individuals with the RL-scoliosis subgroup use different biomechanical
strategies when pivoting over the left foot compared to those with the LL-scoliosis subgroup. It is crucial
to note that while the LL subgroup exhibited fewer and less pronounced alterations in pivoting compared
to the RL subgroup, it was not biomechanically identical to the controls. The significant differences in GRF
patterns between the LL and RL subgroups themselves confirm that both represent unique phenotypes. The
functional challenge of pivoting simply appears to disproportionately impact and reveal the deficits in the
RL subgroup's adaptive strategy.

In the straight gait, the only significant change was an increased propulsion impulse in the left foot of the
LL-scoliosis subgroup compared to the CG. In contrast, a different GRF impulse between scoliosis and
healthy controls was reported in walking to the forward and lateral side (69-71). The large propulsive
impulse observed in the left foot of the LL-scoliosis patients (in the convex side) may be a compensatory
neuromuscular function to maintain forward momentum against the rotational pull of the deformity. One
interpretation is that this represents a compensatory mechanism. Alternatively, it may reflect an inherent
asymmetry in force generation. Without EMG or kinematic data, the underlying cause remains unknown.
In the pivoting gait, the lateral impulse of the left-LF in the RL-scoliosis subgroup was greater than that of
both the CG and the LL-scoliosis subgroup. While the medial impulse of the left-TF was smaller in the
main scoliosis group compared to the CG. The larger impulse amount in the medial-lateral axis in patients
with right lumbar in the left-LF (concave side) probably indicates an attempt to maintain balance and
increase the force to change momentum before performing the rotation of the right foot (convex side) to
the left side in these patients. So that the convex side foot of these patients performs a forward movement
and simultaneously rotates against the rotation of their lumbar vertebrae. This increased lateral impulse
likely reflects an active strategy to redirect the body’s COM, a maneuver requiring greater force generation
than simply altering the trunk’s rotational velocity.

In summary, individuals with the RL-scoliosis subgroup exhibited more significant and widespread
changes in their left PF while turning to their convex side, characterized by a smaller braking (GRFY1)
and greater medial-lateral GRFX. The LL-scoliosis subgroup, while demonstrating its own unique strategy
as evidenced by differences from both the CG and RL subgroups, exhibited a less disrupted adaptive pattern
during the pivoting task. These findings unequivocally demonstrate that the polarity of the curvature (right
convexity & left convexity) plays a decisive role in biomechanical behaviour. Therefore, each type requires
a specific customized rehabilitation plan and must be considered a distinct entity in research. Our study
found that more demanding tasks, such as pivoting, which require postural control while changing body
velocity and direction, may reveal more biomechanical alterations than a straight gait (72, 73).

The RL-scoliosis and LL-scoliosis subgroups have fundamentally different biomechanical properties, and
therefore, researchers must avoid combining them into a single study group. From a clinical perspective,
these findings are preliminary. They suggest that clinicians might consider monitoring right and left lumbar
scoliosis patients separately in future observational studies or clinical audits. However, it is premature to
recommend polarity-specific rehabilitation protocols based on the current evidence. Larger prospective
studies with comprehensive biomechanical and clinical outcome measures are required before such
recommendations can be made with confidence.

To our knowledge, this is the first study analyzing the pivoting gait in AIS patients. The few available
reports on pivoting/turning gait have included only the normal population in their study. Another advantage
of this study is that we included only a single right and a single left lumbar scoliosis with a similar Cobb
angle in the study. Our findings revealed that the statistical outcomes changed when the right and left
lumbar scoliosis subgroups were separated. This finding highlights the necessity of including a single
scoliosis type in a study group when analyzing the biomechanical aspects of the joints in this clinical
population. In most previous studies, the scoliosis groups were a mixture of a few curvature types.

The sample size in the scoliosis subgroups is a limitation of this study. However, the main scoliosis sample
size is sufficient. It was very difficult to find a patient with a single lumbar curvature (without any
compensatory curvature). No correction for multiple comparisons was applied to the SPM analyses. The
SPM time-series comparisons were performed across multiple feet, gait conditions, and subgroups with a
threshold of p < 0.05. This increases the risk of Type | errors in the SPM results. Future studies should
apply cluster-level correction (e.g., FWE or random field theory) for SPM analyses. The findings reported
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from SPM comparisons should therefore be interpreted as exploratory. The scoliosis group was
significantly taller than controls. Height can influence gait mechanics. Although post-hoc ANCOVA with
height as a covariate confirmed the robustness of primary findings, this adjustment was not performed a
priori. Future studies should control for height through matching or covariate analysis. A significant
limitation of this study is the absence of kinematic analysis. Although a full-body marker set was used, we
did not quantify joint angles (e.g., pelvic obliquity, trunk rotation, hip abduction/adduction) or segmental
angular velocities. Consequently, mechanistic interpretations of the observed GRF differences—such as
whether increased mediolateral impulses result from trunk lean, pelvic shift, or hip strategy—remain
speculative. Future studies should integrate kinematic analysis with GRF measurements to identify the
specific compensatory mechanisms associated with each curve polarity. We have revised the Discussion
to temper mechanistic claims where kinematic support is lacking.

1. Conclusion

Lumbar scoliosis is associated with altered spatiotemporal and GRF components, which were
predominantly identified in the more demanding pivoting gait, while straight gait comparisons failed to
expose the majority of these alterations. The right lumbar scoliosis subgroup is associated with slower
pivoting on the right foot when rotating towards the concavity, as well as altered GRF, and larger lateral
impulse in pivoting on the left foot. The left lumbar scoliosis subgroup, while displaying a unique
biomechanical profile as confirmed by its differences from the RL subgroup, presented with a less
pronounced pattern of change during pivoting. Critically, the findings of this preliminary study suggest
that right and left lumbar scoliosis may present divergent strategies in gait, particularly during pivoting.
These results should be interpreted with caution due to the small sample size and cross-sectional design. If
confirmed in larger, longitudinal studies, these polarity-specific differences could inform future research
toward developing differentiated rehabilitation approaches. At present, these findings should be
considered hypothesis-generating rather than definitive evidence for clinical practice modification. It is
also essential for future research to include a homogeneous scoliosis curvature type in each study group to
avoid averaging out these critical phenotypic differences.
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