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Abstract
Purpose  In adolescent idiopathic scoliosis (AIS), spinal deformity can be seen in the thoracic or in the lumbar area. Although 
differences according to curve location are well described on standard radiographs, dynamic consequences of such differ-
ence remain unclear. Our objective was to explore the differences in dynamic spinal balance according to curve location in 
AIS patients using gait analysis
Methods  We prospectively included 22 females with AIS planned for surgical correction (16.3 years old, 81% Risser ≥ 4). 
Patients were divided into two matched cohorts, according to major curve location [right thoracic (Lenke 1) or left lumbar 
(Lenke 5)]. Gait analysis was performed the day before surgery. Global balance was analyzed as the primary outcome. Local 
curves parameters (dynamic Cobb angles) were defined as the secondary outcome.
Results  In coronal plane, Lenke 5 patients had a left trunk shift, whereas trunk was shifted to the right in Lenke 1 patients 
(− 20.7 vs 6.3, p = 0.001). In the sagittal plane, the main difference between the two groups was T12 position that remained 
over the pelvis during gait in Lenke 5 patients, whereas it was anterior to the pelvis in Lenke 1 patients. In the transversal 
plane, Lenke 5 and Lenke 1 patients presented the same gait abnormalities, with a global trunk rotation to the left (− 4.8 vs 
− 7.6, p = 0,165).
Conclusion  This is the first study to provide the results of a direct comparison between Lenke 1 and Lenke 5 patients during 
gait. Curve location influenced coronal and sagittal balance, but abnormalities of transversal trunk motion were the same, 
wherever the curve was located.
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Introduction

Adolescent idiopathic scoliosis is three-dimensional 
deformity of the spine. It is described as the result of 
vertebral rotation at the apex of the deformity, causing 
a coronal deviation of the spine and sometimes altering 
the sagittal profile. Coronal deviation direction is directly 
linked to vertebral rotation direction [1–3]. Thereby, right-
side rotation will lead to a right-side coronal deviation, 
and vice versa [4, 5]. In 2005, Lenke et al. proposed a clas-
sification for these patients, according to the location of 
the main deformity [6]. Lenke type 1 defines scoliosis with 
a main thoracic curve, generally right-sided. Conversely, 
Lenke type 5 defines scoliosis with a main thoraco-lumbar 
or lumbar curve, toward the left side in most of the cases. 
So far, mechanisms leading to idiopathic scoliosis remain 
unknown. Especially, the reason why rotation direction 
according to curve location is stereotyped has not been 
elucidated.

Long-term studies have established that some curves keep 
worsening after skeletal maturity and therefore need surgical 
correction during adolescence or early adulthood, in order to 
prevent progression. Most of the authors agree that lumbar 
curves are generally more evolutive after skeletal maturity 
and will therefore need arthrodesis for lower magnitude than 
thoracic curves [7]. However, the impact of these curves 
on spine functioning during adolescence is not well docu-
mented. Furthermore, no data explain why lumbar curve is 
more at risk of worsening in adulthood than thoracic ones.

Modern tools such as gait analysis are now available for 
the assessment of spine functioning during daily life activi-
ties. Originally designed for neuro-orthopedics patients, this 
technique has gained in popularity and has enlarged its field 
of application, such as hip and knee reconstruction surgery 
[8, 9]. An increasing number of studies have shown that 
it was feasible to assess trunk and spine motion with this 
innovative technique [10–12]. Using gait analysis, several 
authors have reported that adolescents with idiopathic sco-
liosis suffered gait impairment, mostly in the transverse 
plane [11–16]. However, most of the results were reported 
in patients with right thoracic scoliosis. To the best of our 
knowledge, no study has attempted to compare gait impair-
ment in adolescent idiopathic scoliosis patients according 
to curve location.

Our hypothesis was that curve location and rotation direc-
tion had an influence on gait abnormalities in adolescent 
idiopathic scoliosis patients. Our objective was to compare 
trunk kinematics between Lenke type 1 and Lenke type 5 
adolescent idiopathic scoliosis patients using gait analysis.

Patients and methods

Ethics

The study was approved by our institutional review board. 
Prior to inclusion in the study, a written consent was 
obtained from each participant after clear information was 
given.

Study design and population

From January 2015 to August 2018, we conducted a sin-
gle-center prospective observational study. We recruited 
adolescents consecutively planned for idiopathic scoliosis 
surgical correction. Inclusion criteria were as follows: (1) 
diagnosis of adolescent idiopathic scoliosis, (2) right tho-
racic curve (Lenke 1) or left lumbar curve (Lenke 5). In 
order to avoid being biased by any lumbar component, only 
Lenke 1 patients with a lumbar modifier type A according 
to Lenke classification were included. Patients with history 
of major orthopedic trauma, previous spine surgery or tran-
sitional vertebrae were excluded from the study.

Protocol

The day before surgery, antero-posterior and lateral full-
spine standing radiographs were taken. Additionally, patients 
underwent gait analysis. Our laboratory is equipped with six 
high-resolution infrared cameras sampled at the frequency 
of 100 Hz. Following the plug-in-gait protocol modified by 
Blondel et al. [17–20], patients were equipped with a set of 
36 reflective markers. Six markers were used for the descrip-
tion of the spine (C7, T6, T9, T12, L3, S1). Patients were 
asked to walk barefoot, on a 9-m walkway at a self-selected 
speed. Several trials were performed (mean number 4), and 
the best one (all markers visible, constant speed) was kept 
for analysis.

Evaluation parameters

Radiographic parameters were measured using a spine dedi-
cated software with a semi-automated measurement method. 
On AP views, we evaluated the thoracic and lumbar Cobb 
angles and the coronal vertical axis (horizontal distance 
between the C7-plumbline and the center of S1, CVA). On 
lateral views, we measured C2-C7 cervical lordosis, T4-T12 
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thoracic kyphosis, L1-S1 lumbar lordosis, pelvic parameters 
(pelvic incidence (PI), pelvic tilt (PT) and sacral slope (SS)) 
and the sagittal vertical axis (horizontal distance between 
C7-plumbline and the posterior superior angle of S1, SVA). 
Curves’ flexibility was assessed using lateral bending films 
and by calculating the Cincinnati index [21].

During gait analysis, different local curve parameters 
were measured (Fig. 1), including dynamic thoracic and 
lumbar Cobb angles, dynamic thoracic kyphosis (Dyn-TK), 
dynamic lumbar lordosis (Dyn-LL) and dynamic pelvic tilt 
(Dyn-PT). In the transverse plane, “orientation” referred 
to the angle between a line and a line perpendicular to the 

axis of gait: Shoulder-line orientation (Dyn-SL orientation) 
was defined as the angle between the bi-acromion line and 
a line perpendicular to the axis of gait; pelvic orientation 
(Dyn-P orientation) was defined as the angle between the 
bi-anterior superior iliac spines line and a line perpendicular 
to the axis of gait. Finally, the acromion-pelvis angle (APA) 
was defined as the angle between the bi-acromion line and 
the bi-ASIS line.

Global spinal balance parameters were measured as well 
during gait analysis (Fig. 1), including dynamic CVA (Dyn-
CVA), dynamic SVA (Dyn-SVA), C7-S1 coronal and sagit-
tal angles and T12-S1 coronal and sagittal angles. Global 

Fig. 1   Method of measurement 
of the different gait parameters. 
ACR​ acromion, ASIS antero-
superior iliac spine
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spinal balance parameters were defined as the primary 
outcome of comparison between the two groups and local 
curves parameters as the secondary outcome.

Statistical analysis

Values are presented as means. In order to improve statisti-
cal power, patients were matched according to main Cobb 
angle magnitude (± 5° tolerance). Prior to analysis, paired 
T tests were performed and revealed no statistical differ-
ence between right and left gait cycles regarding the evalu-
ated parameters (Table 1). Gait parameters were measured 
at every percentage of the right gait cycle and compared 
between groups using unpaired T tests when normally dis-
tributed. The mean values of every parameter were calcu-
lated and compared between groups using unpaired Stu-
dent’s t tests. The threshold for statistical significance was 
set at 5% (i.e., p < 0.05).

Results

Study population

During the inclusion period, 321 adolescents underwent 
idiopathic scoliosis surgical correction in our department. 
Among them, 126 underwent a gait analysis. After appli-
cation of our inclusion criteria and matching, 22 patients 
remained and were included for final analysis (11 in each 
group). Mean age was 16.3 years old (± 1.8). There were 
only females. Mean main Cobb angle was 44.1° (± 8.3). 
Cincinnati indices were not different between the two 

groups (34% vs 41%, p = 0.342). Demographic and radio-
graphic parameters are reported in Table 2. By design, 
there was no difference in main Cobb angle between Lenke 
1 and Lenke 5 patients (44.8° vs 43.4°, p = 0.321). CVA 
was different between the two groups, deviated toward the 
convex side (7.5 mm in right thoracic curves vs − 16.2 mm 
in left lumbar curves, p = 0.007).

Table 1   Comparison of means 
of gait parameters between right 
and left gait cycles in Lenke 1 
and Lenke 5 patients

GC gait cycle
*Negative values indicate deviation toward the left side

Lenke 1 (n = 11) p Lenke 5 (n = 11) p

Right GC Left GC Right GC Left GC

Dyn thoracic Cobb angle 12.7 12.9 0.269 5.8 5.9 0.956
Dyn lumbar Cobb angle 8.9 8.8 0.819 7.9 7.3 0.346
CVA* 6.3 5.4 0.403 − 20.7 − 19.6 0.287
C7-S1 coronal angle* 0.9 0.2 0.470 − 2.7 − 2.6 0.280
T12-S1 coronal angle* 3.2 3.1 0.626 − 5.2 − 5.9 0.290
Dyn-TK 26.8 26.6 0.404 29.0 27.7 0.304
Dyn-LL 20.5 20.1 0.226 35.8 35.5 0.154
Dyn-PT 9.1 9.1 0.821 10.4 10.2 0.283
SVA 50.0 51.4 0.562 39.7 38.9 0.516
C7-S1 sagittal angle 6.8 7.0 0.501 5.3 5.2 0.590
T12-S1 sagittal angle 8.6 8.7 0.778 0.6 0.5 0.807
Dyn-SL orientation* − 5.3 − 5.7 0.156 − 3.2 − 2.9 0.255
Dyn-P orientation 2.3 2.0 0.532 1.7 2.0 0.284
Dyn-APA* − 7.6 − 7.7 0.729 − 4.8 − 4.9 0.835

Table 2   Comparison of demographic and radiographic parameters 
between the Lenke 1 and Lenke 5 groups

*Negative values indicate deviation to the left
**Negative values indicate kyphosis

Radiographic parameters

Lenke 1 (n = 11) Lenke 5 (n = 11) p

Age 16.4 16.2 0.864
Girls (%) 100% 100% 0.999
Thoracic Cobb angle 44.8 28.9  < 0.001
Lumbar Cobb angle 24.7 43.4  < 0.001
Main Cobb angle 44.8 43.4 0.321
Cincinnati index 34% 41% 0.342
CVA* 7.5 − 16.2 0.007
Cervical lordosis** − 13.5 − 5.6 0.158
Thoracic kyphosis 20.7 20.1 0.864
Lumbar lordosis 54.7 46.9 0.182
SVA 15.1 8.4 0.545
Pelvic incidence 53.8 45.1 0.129
Pelvic tilt 9.7 8.1 0.721
Sacral slope 44.2 36.9 0.094
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Global spinal balance assessment (primary 
outcome)

In the coronal plane, there was a clear difference accord-
ing to curve location (Table 3 and Fig. 2). In Lenke 1 
patients, the mean Dyn-CVA during gait was deviated to 
the right, whereas it was deviated to the left in Lenke 5 
patients (6.3 vs − 20.7 mm, p = 0.001). The mean deviation 

to the convexity was larger in Lenke 5 patients (20.7 vs 
6.3 mm, p = 0.013). Therefore, C7-S1 and T12-S1 coro-
nal angles were significantly different between Lenke 1 
and Lenke 5 patients (3.2 vs − 5.2°, p < 0.001 and 0.9 vs 
− 2.7°, p = 0.006, respectively) (Fig. 3).

In the sagittal plane, there was no difference in over-
all balance, represented by Dyn-SVA and C7-S1 sagit-
tal angle, between Lenke 1 and Lenke 5 patients (Fig. 3). 
On the other hand, the T12-S1 sagittal angle was signifi-
cantly lower in Lenke 5 patients when compared to Lenke 
1 patients (0.6 vs 8.6°, p = 0.009), meaning that T12 mean 
position during gait was straight above the pelvis in Lenke 
5 patients, whereas the lumbar spine was more inclined 
forward in Lenke 1 patients.

Finally, in the transverse plane, Lenke 1 and 5 patients 
had the same gait pattern with the trunk being overall 
turned to the left side (− 7.6° vs − 4.8°, p = 0.165).

Table 3   Comparison of means of global spinal balance gait param-
eters between Lenke 1 and Lenke 5 patients

Negative values indicate deviation toward the left side

Lenke 1 (n = 11) Lenke 5 (n = 11) p

CVA 6.3 − 20.7 0.001
C7-S1 coronal angle 0.9 − 2.7  < 0.001
T12-S1 coronal angle 3.2 − 5.2 0.006
SVA 50.0 39.7 0.303
C7-S1 sagittal angle 6.8 5.3 0.275
T12-S1 sagittal angle 8.6 0.6 0.009
Dyn-APA − 7.6 − 4.8 0.165

Fig. 2   Comparison of local curves gait parameters between Lenke 1 and Lenke 5 patients. Bold points indicate statistical significance under 5% 
(p < 0.05)
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Local curves assessment (secondary 
outcome)

In the coronal plane, only dynamic thoracic Cobb angle was 
significantly different between the two groups (12.7° vs 5.8°, 
p = 0,027) (Table 4 and Fig. 4). Dynamic lumbar Cobb angle 
was not different in the two groups. None of the other param-
eters were different between the two groups. Of note, Dyn-SL 
orientation and Dyn-P orientation were not different (− 5.3° 
vs − 3.2°, p = 0.303 and 2.3° vs 1.7°, p = 0.656, respectively).

Discussion

This study is the first one to compare gait parameters in 
adolescent idiopathic scoliosis patients according to curve 
location. To the best of our knowledge, only Nishida et al. 

have reported results on Lenke 1 and Lenke 5 patients, but 
they compared convex to concave side within these two 
populations, without proposing a direct comparison [22].

In our study, the main differences between the two pop-
ulations were found in coronal global balance. There was a 
lateral trunk shift in the two groups, toward the convexity 
of the main curve. Lateral shift was significantly larger in 
Lenke 5 patients (20.7 vs 6.3, p = 0.013), suggesting that 
lumbar curves lead to more coronal imbalance than tho-
racic curves during gait. The consequences of this result 
are uncertain, but this asymmetrical trunk motion during 
gait may explain why Lenke 5 curves are usually more at 
risk of worsening after skeletal maturity.

Sagittal balance varied as well. Although overall bal-
ance was the same wherever the curve was located (no dif-
ference in SVA and C7-S1 sagittal angle), our results sug-
gest that the mechanisms within the spine may be different 
according to curve location. It has already been reported 
that in normal gait, a forward inclination of the trunk is 
needed [23, 24]. Therefore, T12 and C7 should be anterior 
to S1 when walking. In our study, the mean position of 
T12 was above the pelvis in Lenke 5 patients, whereas it 
was more anterior in Lenke 1 patients. Our first hypothesis 
is that Lenke 1 patients usually lack thoracic kyphosis. 
Considering that forward leaning of the trunk is manda-
tory during gait, flexion of the lumbar spine is necessary 
to provoke a forward trunk inclination, leading to a more 
anterior position of T12. The second hypothesis is that 
stiffness of lumbar curves may preclude the lumbar spine 
from flexion; therefore, T12 remains over S1 and global 
tilting of the trunk is provoked by flexion of the thoracic 
area. But this is only hypothetical; further studies includ-
ing sagittal bending analysis could help elucidating this 
specific point. So far, very little is known about sagittal 
balance in AIS patients and future research should focus 
on clarifying sagittal posture adjustment mechanisms in 
these patients.

Fig. 3   Comparison of global balance gait parameters between Lenke 
1 and Lenke 5 patients. Bold points indicate statistical significance 
under 5% (p < 0.05)

Table 4   Comparison of means of local curve gait parameters between 
the Lenke 1 and 5 patients

Negative values indicate deviation toward the left side
Bold was used to stress the significant p-values (ie < 0.05)

Lenke 1 (n = 11) Lenke 5 (n = 11) p

Dyn Thoracic Cobb 
angle

12.7 5.8 0.027

Dyn Lumbar Cobb angle 8.9 7.9 0.763
Dyn-TK 26.8 30,0 0.554
Dyn-LL 20.5 35.8 0.416
Dyn-PT 9.1 10.4 0.709
Dyn-SL orientation − 5.3 − 3.2 0.303
Dyn-P orientation 2.3 1.7 0.656
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Surprisingly, we found that despite opposite vertebral 
rotation, Lenke 1 and Lenke 5 patients had the same gait 
abnormalities in the transversal plane. Indeed, gait abnor-
malities in the transversal plane have been previously 
reported by several authors [11–13, 16]: AIS patients have 
been described to walk with the left shoulder remaining 
backward throughout gait cycle, leading to an overall trunk 
rotation to the left. However, it only has been reported in 
Lenke 1 patients. The reason why trunk and vertebras were 
turned in opposite directions remains unclear. Our results 
clearly show that trunk rotation abnormalities during gait are 
not related to vertebral rotation direction or curve location. 
Indeed, patients in our two groups had opposite vertebral 
rotation but same transverse plane abnormalities. Nishida 
et al. have reported differences in transversal plane motion 
between Lenke 1 and Lenke 5 patients [22]. However, their 
study was limited to stance phase, which represents about 
40–50% of the gait cycle. Our results are in line because 
we found significant differences in SL-orientation between 
Lenke 1 and 5 patients during stance phase. However, when 
considering the whole gait cycle, there was no difference 
anymore and the mean SL-orientation was to the left in the 
two groups, whatever the vertebral rotation direction was.

Our study has several limitations. We present our 
results on a limited sample of patients. However, our 
sample is homogeneous, with matched cohorts allow-
ing for a reasonable comparison. This study attempts to 

help understanding idiopathic scoliosis mechanisms and 
its consequences on spine functioning. Otherwise, using 
APA as an indicator of spinal rotation is quite inaccurate. 
Indeed, this parameter only reflects the global behavior 
of the trunk in the horizontal plane. Due to the absence 
of consistent osseous landmarks on the anterior aspect of 
the trunk, it is difficult to catch the exact behavior of the 
spine itself in the transversal plane. However, APA has 
been used by many authors [11, 13] and we believe this is 
the best surrogate when analyzing dynamic aspect of the 
spinal deformity in this plane and it gives a lot of infor-
mation about spinal motion. Lastly, we did not analyze 
kinetic data such as ground reaction forces and moments 
that were applied at different levels of the spine. This is 
of great importance, and future research should focus on 
investigating the role of forces that are applied to the spine 
in spinal deformity patients.

In conclusion, we found that curve location had an influ-
ence on coronal and sagittal balance, but the abnormalities 
of transversal trunk motion were the same, wherever the 
curve was located. Our results may suggest that vertebral 
rotation is not the cause of gait abnormalities. As suggested 
by some authors, spine deformity may be the consequence 
of postural control failure [12, 25, 26]. However, as the 
relationship between gait abnormality and spinal deformity 
remains unclear, further studies are needed to shed light on 
this particular point. Including larger samples or comparing 

Fig. 4   Schematic representation of the mean position during gait of C7 and T12 above the pelvis in the two groups of patients, in the coronal 
plane (a) and sagittal plane (b). Bold points indicate statistical significance under 5% (p < 0.05)
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patients with opposite rotation in the same spinal area could 
help understanding this relationship.
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