
HAL Id: hal-03574852
https://amu.hal.science/hal-03574852v1

Submitted on 4 May 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Description of spine motion during gait in normal
adolescents and young adults

Solène Prost, Benjamin Blondel, Vincent Pomero, Guillaume Authier,
Christophe Boulay, Jean Luc Jouve, Sebastien Pesenti

To cite this version:
Solène Prost, Benjamin Blondel, Vincent Pomero, Guillaume Authier, Christophe Boulay, et al..
Description of spine motion during gait in normal adolescents and young adults. European Spine
Journal, 2021, 30 (9), pp.2520-2530. �10.1007/s00586-021-06918-w�. �hal-03574852�

https://amu.hal.science/hal-03574852v1
https://hal.archives-ouvertes.fr


 

 

 

Description of spine motion during gait in normal adolescents 
and young adults 

 
Solène Prost1,2,4 · Benjamin Blondel1,2,4 · Vincent Pomero1 · Guillaume Authier1 · Christophe Boulay1,3,4 · 

Jean Luc Jouve1,3 · Sebastien Pesenti1,3,4 

 
 

Abstract 

Introduction Standing radiographs allow analysis of spinal segments and their relative positioning. However, it requires a 

specific positioning influencing spinal alignment. Knowledge of trunk movements when walking is therefore an essential 

step to evaluate dynamic sagittal balance. Our objective was to define spinal junction kinematics and their correlations dur- 

ing gait in a healthy population. 

Method This is a prospective, single-center study. Between 2015 and 2017, 25 healthy volunteers were included. The meas- 

urements were taken in a motion analysis laboratory. Several kinematic parameters were studied, including spinal junction 

movements in the three planes and dynamic sagittal vertical axis (Dyn-SVA). Pearson correlation coefficients were calculated 

to determine the interactions between the spinal junctions. 

Results In the sagittal plane, the average amplitude of variation of the dyn-SVA was 25.5 cm (SD = 8.9). The average range 

of motion of the lumbosacral and thoracolumbar junction was approximately 3°, they operated in anti-phase during the gait 

cycle and were strongly correlated (r = −0.5069, p = 0.01). In the transverse plane, the anti-rotation of the upper body rela- 

tive to the pelvis was mainly ensured by the opposite movements of the lumbosacral and thoracolumbar junction (r = 0.5689, 

p = 0.003). In the frontal plane, the lateral inclination in the lumbar region was made in the opposite direction from the pelvis 

toward the carrying member. 

Conclusion Although there is substantial inter-subject variability, our study characterized the angular movements in the 

three planes of the different spinal junctions, of the pelvis and the lower limbs during a gait cycle in a healthy population. 

Keywords Gait cycle · Trunk motion · Dynamic sagittal balance · Spinal junction 

 

Introduction 

Since the last decade, the analysis of spinopelvic interac- 

tions has been reported to be crucial for the understanding of 

spine sagittal alignment [1]. Thereby, in daily practice, full 

 

 
spine radiographs including the pelvis have become the gold 

standard for analysis of the so-called lumbopelvic complex 

[2–4] providing information for either pathological condition 

or preoperative planning. Based on this, many spinopelvic 

parameters have been described and after age adjustment, 

serve as realignment goals in spinal deformity patients [5, 

6]. Recent literature has stressed the importance of fulfilling 

these goals to improve functional results in spine surgery 

[7–9]. 

However, conditions in which radiographs are taken may 

be misleading. Indeed, standard radiographs are performed 

in a constrained position and a restrained environment. In 

these conditions, radiographic spinal alignment may differ 

from daily life. In 2020, it was shown that in adolescents 



 

 

with idiopathic scoliosis, dynamic sagittal alignment was 

not related to X-ray parameters, questioning the validity 

of sagittal alignment assessment based on radiographic 

measurements [10]. On the other hand, technologies such 

as gait analysis provide data about dynamic spinal posture 

and could therefore give valuable information about sagittal 

alignment [11]. 

Gait cycle is a sequence of stance and swing phases dur- 

ing which balance is voluntarily compromised, to provoke 

forward projection of the body [12]. Ducroquet et al. stressed 

the importance of pelvic rotation during gait and introduced 

the “pelvic step”, described as a forward rotation of the pel- 

vis in the transverse plane, allowing an increased step length 

of the ipsilateral leg during the swing phase [13]. Simul- 

taneously, the upper part of the trunk initiates an opposite 

rotation, to prevent complete rotation of the pelvis [14–16]. 

Although the rotational motion of the trunk and pelvis is 

well-known, the behavior of spinal segments linking the 

upper trunk to the pelvis remains unknown, as well as their 

behavior in sagittal and coronal planes. 

A specific gait analysis protocol was recently described 

with the ability to describe a segmental analysis of the 

spine [17, 18]. This protocol demonstrated significant cor- 

relations with usual radiographic parameters in adolescent 

idiopathic scoliosis patients [19]. Knowledge of segmental 

spinal motion appears crucial, to be able to understand vari- 

ous spinal conditions and properly adapt physical therapy or 

surgical treatment. Therefore, this study aimed to describe 

kinematic mechanisms within the spine in asymptomatic 

volunteers during walking, using gait analysis. 

 
Methods 

Stu  d  y d  esig  n   

 
This is a prospective single-center study of asymptomatic 

volunteers. Inclusion criteria were as follows: no history 

of chronic back pain, major trauma, orthopedic condition 

or previous orthopedic surgery. To limit the risk of biased 

analysis, subjects must have been between 12 and 30 years 

old to be included as mature trunk parameters are acquired 

in adolescents from the age of 12 [20] and degenerative 

changes of the spine may occur from the age of 30 [21]. 

This study was approved by our local ethics committee, and 

before inclusion, informed consent was collected from every 

participant. 

G ait p  rotocol 

 
Gait analysis was performed in a laboratory equipped with 

6 high-res infrared cameras. Subjects were prepared with 

a 36-marker protocol derived from the Helen Hayes and 

Plug-in-Gait protocol, enhanced with four additional mark- 

ers along the spine [17]. In total, six markers were used for 

spine description (C7, T7, T9, T12, L3, S1). Subjects were 

asked to walk barefoot, at a self-selected speed along a 9-m 

walkway. An average number of four trials were performed 

and the best one was kept for analysis. 

 
Evalu  ation   p  aram  eters 

 
Several parameters were measured in the three planes of the 

space (Fig. 1). 

In the coronal plane, shoulder-line and pelvis obliq- 

uity were collected. Coronal vertical axis (Dyn-CVA) was 

defined as the horizontal distance between the S1 marker 

and a line dropped from the C7 marker, in the coronal plane. 

In the sagittal plane, we measured dynamic thoracic 

kyphosis (dyn-TK) defined as the angle between the C7-T7 

and the T9-T12 lines; the dynamic lumbar lordosis (dyn- 

LL), defined as the angle between the T12-L3 and the L3-S1 

lines; pelvic tilt (PT); and the sagittal vertical axis (dyn- 

SVA), defined as the horizontal distance between the S1 

marker and a line dropped from the C7 marker, in the sagittal 

plane. 

Finally, in the transverse plane, shoulder-line and pelvis 

rotations (SL-rotation and P-rotation, respectively) were 

measured, as well as the acromion-pelvis angle (APA), 

defined as the angle between the bi-acromial line and the 

line passing through the anterior superior iliac spines. 

Additionally, spinal parameters were measured at the 

cervicothoracic (CTh), thoracolumbar (ThL) and lumbosa- 

cral (LS) junctions in the three planes of the space: coronal 

(lateral bending), sagittal (flexion–extension) and transverse 

(torsion). CTh was the relative motion of the Vertex-C7 line 

with regard to the C7-T12 line; ThL was the relative motion 

of the C7-T12 line with regard to the T12-S1 line, and LS 

was the relative motion of the T12-S1 line with regard to 

the pelvis. 



 

 

 

 
 

Fig. 1 Marker protocol and gait parameters. a: Thoracic cobb, b: dynamic thoracic kyphosis, c: dynamic lumbar lordosis, d: dynamic pelvic tilt, 

e: dynamic CVA, f: dynamic SVA, f: shoulder-line rotation, g: pelvis rotation, h: acromion-pelvis angle 

 

 

Statistical an  alysis 

 
Results are presented as means (±standard deviation). By 

convention, data were acquired during the right gait cycle 

and calculated at every percentage of the gait cycle. Negative 

values indicate rotation toward the left side in the coronal 

and transverse planes and toward the back in the sagittal 

plane. In a secondary analysis, the average value of each 

parameter during a whole gait cycle was calculated, as well 

as the range of motion (ROM), defined as the difference 

between the minimal and maximal value of a parameter dur- 

ing the gait cycle. Interactions between spinal segments were 

investigated using Pearson correlation tests. Threshold for 

statistical significance was set à 5% (i.e., p-value < 0.05). 

 
Table 1 Results of gait parameters in the sagittal plane 

 

Parameter Mean ROM 

Dyn-SVA 59.3 (± 27.6) 25.5 (± 8.9) 

Dyn-TK 28.7 (± 5.6) 4.5 (± 2.6) 

Dyn-LL 15.2 (± 6.7) 3.3 (± 2.1) 

Dyn-PT 10.9 (± 3.9) 3.0 (± 1.1) 

Cervicothoracic flexion–extension – 6.4 (± 13.7) 6.3 (± 3.2) 

Thoracolumbar flexion–extension – 17.8 (± 6.6) 3.1 (± 1.8) 

Lumbosacral flexion–extension 15.6 (± 6.3) 3.3 (± 1.6) 

Except for Dyn-SVA, data are expressed in degrees (°). Dyn-SVA 

dynamic sagittal vertical axis (expressed in centimeters), Dyn-TK 

dynamic thoracic kyphosis, Dyn-LL dynamic lumbar lordosis, Dyn- 

PT dynamic pelvic tilt, ROM range of motion 



 

 

Fig. 2 Spinal junctions motion 

in the sagittal plane during a 

full gait cycle 



 

 

SPSS software (IBM, USA) was used to perform statistical 

analysis. 

 
Results 

In  clu  d  ed   p  op  u  lation 

 
At the end of the inclusion period, 25 asymptomatic subjects 

were included (15 females and 10 males), with a mean age of 

16.1 years (from 12.6 to 29.9 SD = 5.7) and an average body 

mass index of 20.0 kg/m2 (from 15.8 to 27.8 SD = 3.3). In 

average, walking speed was 1.1 m/s (± 0.1), step length was 

0.6 m (± 0.1) and stride length was 1.2 m (± 0.2). 

G  ait resu  lts 

 
In the sagittal plane, the mean dyn-SVA value was 59.3 cm 

(± 27.6), corresponding to a forward tilt of the trunk during 

walking, with a ROM of 25.5 cm (± 8.9) (Table 1). The 

flexion–extension motion of spinal junctions is presented in 

Fig. 2 and Table 1. On average, the thoracolumbar junction 

was in flexion, whereas cervicothoracic and lumbosacral 

junctions were in extension. 

In the transverse plane, mean shoulder-line and pelvis 

rotations were −0.9° (± 2.4°) and 0.5° (± 2.6°), respectively. 

Acromion-pelvis angle was 0.4° (± 4.7°). These results read 

as a symmetric rotation of pelvis and shoulder-line, with 

as much rotation to the left and the right during a full gait 

cycle. During the right stance phase (0–60% of the gait 

cycle), the pelvis was rotated toward the left at initial con- 

tact. Rotation toward the right was then initiated to allow 

bodyweight transfer on the right lower limb. It finally led 

to an anterior excursion of the center of gravity, in order 

to engage forward propulsion of the body. Meanwhile, the 

upper body rotated in the opposite direction (Fig. 3). Torsion 

between the upper and lower body was related to the rotation 

of the lumbosacral junction. Indeed, we observed opposite 

rotation of lumbosacral junction with regard to the pelvis, 

with the largest ROM at this level (8.3° at the lumbosacral 

junction, 3.3° at the cervicothoracic junction and 3.9° at the 

 

 

 

 
 

Fig. 3 Relative motion of 

shoulder-line and pelvis in the 

transverse plane during a full 

gait cycle 



 

 

Fig. 4 Spinal junctions motion 

in the transverse plane during a 

full gait cycle 



 

 

Table 2 Results of gait parameters in the transversal plane 

Parameter Mean ROM 

Dyn-APA − 0.4 (± 4.7) 14.1 (± 1.4) 

Shoulder-line rotation − 0.9 (± 2.4) 7.1 (± 0.7) 

Pelvis rotation 0.5 (± 2.6) 7.6 (± 1.6) 

Cervicothoracic torsion − 0.3 (± 0.9) 3.3 (± 2.0) 

Thoracolumbar torsion − 1.0 (± 1.1) 3.9 (0.7) 

Lumbosacral torsion − 0.9 (± 2.3) 8.3 (± 1.4) 
 

 

Data are expressed in degrees (°). Dyn-APA dynamic acromion-pelvis 

angle, ROM range of motion 

 

thoracolumbar junction) (Fig. 4). Rotations of the different 

spinal junctions are presented in Table 2. 

In the frontal plane, pelvis lateral inflection peak 

occurred at 15% and 65% of the gait cycle. The lumbar spine 

responded with opposite inflection to keep the trunk vertical 

in the frontal plane (Fig. 5). Inflection of the different spinal 

junctions is presented in Table 3. 

R  elation  s b  etw  een   sp  in  al ju  n  ction  s 

 
Correlations linking the relative motion of the spinal junc- 

tions are presented in Table 4. In the transverse plane, 

motion at the different spinal levels was not significantly 

correlated, corresponding to independent moves of spinal 

junctions during the gait cycle. On the other hand, the lum- 

bosacral extension was significantly correlated to thora- 

columbar flexion (r = −0.5069, p = 0.01). Finally, there were 

significant correlations between relative motions of spinal 

junctions in the coronal plane (Fig. 6). 

 
Discussion 

The pelvic step was introduced by Ducroquet et al. in 1956 

and describes pelvis rotation in the transverse plane [22]. 

This concept shed light on the pelvis, being the fundamen- 

tal link for coordination between lower limbs and the trunk 

during gait. Since then, modern tools have been developed 

that allowed for accurate description and quantification of 

this phenomenon, as well as the relative motion of individual 

segments [17, 23, 24]. To the best of our knowledge, our 

work is the first one to go deeper into the segmental analy- 

sis of the trunk by describing the motion at different spinal 

junctions during gait. 

In the sagittal plane, an increase of dyn-SVA corresponds 

to a trunk anterior tilt to promote forward propulsion of the 

body. Anterior tilting leads to a temporary imbalance of the 

trunk. Thereafter, the trunk tilts back in a less anterior posi- 

tion during the swing phase, to replace the center of grav- 

ity over the pelvis. In our study, the lumbosacral extension 

was significantly correlated to thoracolumbar flexion. The 

lumbosacral junction was in extension during gait as the 

compensation for anterior pelvic tilt. Therefore, thoracolum- 

bar flexion was necessary to provoke anterior tilting of the 

trunk. On the other hand, the cervicothoracic junction was in 

extension but presented a great variability among our popu- 

lation (SD = 13.7°), reflecting the larger mobility of this seg- 

ment. Higher mobility of the cervicothoracic junction allows 

subjects to keep a horizontal gaze when walking, which is 

crucial for gait stability. 

In the transverse plane, our subjects presented symmet- 

ric rotations of pelvis and shoulder-line. These two seg- 

ments presented opposite rotations. Considering the right 

gait cycle, while the pelvis rotated toward the left side to 

increase step length, the shoulder-line rotated in the oppo- 

site direction, as shown in Fig. 3. Our results are consistent 

with previous literature, this phenomenon is known as the 

anti-phase between trunk and pelvis [15]. Within the spine, 

our results suggest that trunk torsion mainly occurs at the 

lumbosacral level as a response to the pelvic rotation, while 

thoracolumbar and cervicothoracic junctions did not show 

great motion in the transverse plane. Once again, coordi- 

nation between trunk and pelvis appears as a crucial fac- 

tor for gait stability. Indeed, several authors have reported 

alterations of the trunk–pelvis coordination in some spinal 

conditions, such as chronic low-back pain or idiopathic sco- 

liosis [25–28]. Therefore, motion analysis opens the door 

to physical therapy in such patients, aiming to improve 

transverse plane trunk motion but further research is nec- 

essary to confirm the exact implications of such disorders. 

We found that within the spine, the lumbosacral junction 

presented the largest mobility, especially in the transverse 

and frontal plane (Tables 2 and 3). This finding in a healthy 



 

 

Fig. 5 Spinal and pelvis motion 

in the frontal plane during a full 

gait cycle 



 

 

Table 3 Results of gait parameters in the frontal plane 

Parameter Mean ROM 

Dyn-CVA − 0.1 (± 0.1) 3.0 (± 0.0) 

Shoulder-line obliquity 0.1 (± 2.8) 4.9 (± 2.3) 

Pelvis obliquity − 0.2 (± 2.3) 8.1 (± 1.4) 

Dyn-Thoracic Cobb − 0.1 (± 2.8) 8.5 (± 1.5) 

Dyn-Lumbar Cobb 0.3 (± 1.6) 5.6 (± 1.0) 

Cervicothoracic inflection − 0.6 (± 1.0) 2.7 (± 1.2) 

Thoracolumbar inflection 0.4 (± 0.4) 1.2 (± 0.3) 

Lumbosacral inflection 0.2 (± 4.3) 12.4 (± 1.6) 
 

 

Except for Dyn-CVA, data are expressed in degrees (°)Dyn-CVA 

dynamic coronal vertical axis (expressed in centimeters), ROM range 

of motion 

 
 

population raises serious concerns about rotational behavior 

of the spine in patients undergoing extended spinal fusion 

including the lumbosacral junction. Indeed, torsion of the 

trunk at this level will therefore not be possible anymore 

and will probably occur at a more proximal level, leading 

to decreased step length. In 2014, Wu et al. [29] studied the 

rotational behavior of the trunk with artificially increased 

stiffness. They reported consistent results, with a decrease 

of trunk–pelvis coordination associated with compensatory 

increased pelvis–leg phase, finally leading to decreased step 

length. Upper trunk and upper limbs rotation being manda- 

tory during gait, it is likely that lumbosacral junction stiff- 

ness will lead to compensatory increased rotation at the 

thoracolumbar and cervicothoracic junctions, as the head 

must remain straight to assure gait stability. 

In the frontal plane, the motion of spinal junctions was 

significantly correlated at every level. While thoracolum- 

bar and lumbosacral junctions moved in the same direction, 

there was an opposite inclination of the cervicothoracic 

junction. This contra-rotation of the cervicothoracic junc- 

tion appears as a compensatory mechanism, to keep a hori- 

zontal gaze. 

 

 
Conclusion 

In conclusion, our work is the first one to describe motion 

within the spine during normal gait. Our results allow a bet- 

ter understanding of biomechanical behavior of the spine 

during daily-life activities and could help to understand 

pathological mechanisms in patients with spinal conditions 

or after spinal fusion. 

 

 

 

 

 

Table 4 Correlations linking 

motion of the spinal junctions 
 Correlation coefficient 

(r) 

p Linear regression 

Frontal plane    

Cervicothoracic vs Thoracolumbar – 0.4737 0.017 – 0.1x + 0.4 

Cervicothoracic vs Lumbosacral – 0.7056 < 0.001 – 0.3x 

Thoracolumbar vs Lumbosacral 

Sagittal plane 

0.5689 0.003 1.2x−0.3 

Cervicothoracic vs Thoracolumbar – 0.397 0.049 – 0.2x−19 

Cervicothoracic vs Lumbosacral 0.2616 0.207 – 

Thoracolumbar vs Lumbosacral 

Transversal plane 

– 0.5069 0.010 – 0.5x + 7 

Cervicothoracic vs Thoracolumbar – 0.2045 0.327 – 

Cervicothoracic vs Lumbosacral 0.0595 0.778 – 

Thoracolumbar vs Lumbosacral – 0.1043 0.620 – 

 



 

 

 

 
 

Fig. 6 Correlation analysis of motion at the different spinal junctions in frontal and sagittal planes



 

 

 

 
References 

1. Le Huec J-C, Gille O, Fabre T (2018) Sagittal balance and spine- 

pelvis relation: a French speciality? Orthop Traumatol Surg Res 

104(5):551–554 

2. Diebo BG, Varghese JJ, Lafage R, Schwab FJ, Lafage V (2015) 

Sagittal alignment of the spine: what do you need to know? Clin 

Neurol Neurosurg 139:295–301 

3. Dubousset J, Charpak G, Skalli W, Lavaste F, Kalifa G (2005) A 

new 2D and 3D imaging approach to musculoskeletal physiology 

and pathology with low-dose radiation and the standing position: 

the EOS system. Bull Acad Natl Med 189:287–297 

4. Hasegawa K, Okamoto M, Hatsushikano S, Shimoda H, Ono M, 

Watanabe K (2016) Normative values of spino-pelvic sagittal 

alignment, balance, age, and health-related quality of life in a 

cohort of healthy adult subjects. Eur Spine J 25(11):3675–3686 

5. Lafage R, Schwab F, Challier V, Henry JK, Gum J, Smith J et al 

(2016) Defining spino-pelvic alignment thresholds: should opera- 

tive goals in adult spinal deformity surgery account for age? Spine 

41(1):62–68 

6. Moal B, Lafage V, Smith JS, Ames CP, Mundis G, Terran JS 

et al (2015) Clinical improvement through surgery for adult spinal 

deformity: what can be expected and who is likely to benefit most? 

Spine Deform 3(6):566–574 

7. Lee NJ, Kothari P, Kim JS, Shin JI, Phan K, Di Capua J et al 

(2017) Early complications and outcomes in adult spinal deform- 

ity surgery: an NSQIP study based on 5803 patients. Glob Spine 

J 7(5):432–440 

8. Smith JS, Klineberg E, Schwab F, Shaffrey CI, Moal B, Ames 

CP et al (2013) Change in classification grade by the SRS- 

Schwab adult spinal deformity classification predicts impact 

on health-related quality of life measures: prospective analysis 

of operative and nonoperative treatment. Spine (Phila Pa 1976) 

38(19):1663–71 

9. Smith JS, Klineberg E, Schwab F, Shaffrey CI, Moal B, Ames CP 

et al (2013) Change in classification grade by the SRS-Schwab 

adult spinal deformity classification predicts impact on health- 

related quality of life measures: prospective analysis of operative 

and nonoperative treatment. Spine 38(19):1663–1671 

10. Pesenti S, Prost S, Pomero V, Authier G, Roscigni L, Viehweger 

E, Blondel B, Jouve JL (2020) Does static trunk motion analy- 

sis reflect its true position during daily activities in adoles- 

cent with idiopathic scoliosis? Orthop Traumatol Surg Res 

106(7):1251-1256 

11. Blonde B, Viehweger E, Fuentes S, Bollini G et al (2015) Postural 

spinal balance defined by net intersegmental moments: results of 

a biomechanical approach and experimental errors measurement. 

World J Orthop 6(11):983–990 

12. Sutherland DH (2002) The evolution of clinical gait analysis: part 

II kinematics. Gait Posture 16(2):159–179 

13. Charnley J (1966) La Marche et les Boiteries. Étude des Marches 

Normales et Pathologiques. (A Study of Normal and Abnormal 

Gait.). J Bone Joint Surg Br 48-B(2):403–403 

14. Waters RL, Morris J, Perry J (1973) Translational motion of the 

head and trunk during normal walking. J Biomech 6(2):167–172 

15. Crosbie J, Vachalathiti R, Smith R (1997) Patterns of spinal 

motion during walking. Gait Posture 5(1):6–12 

16. Crosbie J, Vachalathiti R, Smith R (1997) Age, gender and 

speed effects on spinal kinematics during walking. Gait Posture 

5(1):13–20 

17. Blondel B, Pomero V, Moal B, Lafage V, Jouve J-L, Tropiano 

P et al (2012) Sagittal spine posture assessment: feasibility of a 

protocol based on intersegmental moments. Orthop Traumatol 

Surg Res 98(1):109–113 

18. Pesenti S, Prost S, Blondel B, Pomero V, Severyns M, Roscigni L 

et al (2019) Correlations linking static quantitative gait analysis 

parameters to radiographic parameters in adolescent idiopathic 

scoliosis. Orthop Traumatol Surg Res 105(3):541–545 

19. Mulroy S, Gronley J, Weiss W, Newsam C, Perry J (2003) Use 

of cluster analysis for gait pattern classification of patients in 

the early and late recovery phases following stroke. Gait Posture 

18(1):114–125 

20. Pesenti S, Blondel B, Peltier E, Viehweger E, Pomero V, Authier 

G et al (2017) Spinal alignment evolution with age: a prospective 

gait analysis study. World J Orthop 8(3):256–263 

21. Oh CH, Yoon SH (2017) Whole spine disc degeneration survey 

according to the ages and sex using pfirrmann disc degeneration 

grades. Korean J Spine 14(4):148–154 

22. Jean D, Pierre D, Robert D. (1968) Walking and limping; a 

study of normal and pathological walking [by] Robert Ducro- 

quet, Jean Ducroquet [and] Pierre Ducroquet, with the collabo- 

ration of Marcel Saussez. Illustrated by Marcel Dudouet. Pref. 

by Emanuel Kaplan. Translated by William S. Hunter and Jep 

Hunter. Philadelphia: Lippincott. 284 p 

23. Ceccato J-C, de Sèze M, Azevedo C, Cazalets J-R (2009) Com- 

parison of trunk activity during gait initiation and walking in 

humans. PLoS ONE 4(12):e8193 

24. Bruijn SM, Meijer OG, van Dieën JH, Kingma I, Lamoth CJC 

(2008) Coordination of leg swing, thorax rotations, and pelvis 

rotations during gait: the organisation of total body angular 

momentum. Gait Posture 27(3):455–462 

25. Seay JF, Van Emmerik REA, Hamill J (2011) Low back pain sta- 

tus affects pelvis-trunk coordination and variability during walk- 

ing and running. Clin Biomech 26(6):572–578 

26. Lamoth CJC, Beek PJ, Meijer OG (2002) Pelvis–thorax coor- 

dination in the transverse plane during gait. Gait Posture 

16(2):101–114 

27. Selles RW, Wagenaar RC, Smit TH, Wuisman PIJM (2001) Dis- 

orders in trunk rotation during walking in patients with low back 

pain: a dynamical systems approach. Clin Biomech 16(3):175–181 

28. Pesenti S, Pomero V, Prost S, Severyns M, Authier G, Roscigni 

L et al (2020) Curve location influences spinal balance in coronal 

and sagittal planes but not transversal trunk motion in adoles- 

cents with idiopathic scoliosis: a prospective observational study. 

Eur Spine J. https://doi.org/10.1007/s00586-020-06361-3 (Epub 

ahead of print) 

29. Wu WH, Lin XC, Meijer OG, Gao JT, Hu H, Prins MR et al (2014) 

Effects of experimentally increased trunk stiffness on thorax and 

pelvis rotations during walking. Hum Mov Sci 33:194–202 

 

https://doi.org/10.1007/s00586-020-06361-3

