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1. Introduction

ABSTRACT

Sagittal alignment is known to greatly vary between asymptomatic adult subjects; however, there are no
studies on the possible effect of these differences on gait. The aim of this study is to investigate whether
asymptomatic adults with different Roussouly sagittal alignment morphotypes walk differently. Ninety-
one asymptomatic young adults (46 M & 45 W), aged 21.6 + 2.2 years underwent 3D gait analysis and full
body biplanar X-rays with three-dimensional (3D) reconstructions of their spines and pelvises and
generation of sagittal alignment parameters. Subjects were divided according to Roussouly’s sagittal
alignment classification. Sagittal alignment and kinematic parameters were compared between
Roussouly types. 17 subjects were classified as type 2, 47 as type 3, 26 as type 4 but only 1 as type 1.
Type 2 subjects had significantly more mean pelvic retroversion (less mean pelvic tilt) during gait
compared to type 3 and 4 subjects (type 2: 8.2°; type 3:11.2°, type 4: 11.3°) and significantly larger ROM
pelvic obliquity compared to type 4 subjects (type 2: 11.0°; type 4: 9.1°). Type 2 subjects also had
significantly larger maximal hip extension during stance compared to subjects of types 3 and 4 (type 2:
—11.9°; type 3: —8.8°; type 4: —7.9°) and a larger ROM of ankle plantar/dorsiflexion compared to type 4
subjects (type 2: 31.1°; type 4: 27.9°). Subjects with type 2 sagittal alignment were shown to have a gait
pattern involving both increased hip extension and pelvic retroversion which could predispose to
posterior femoroacetabular impingement and consequently osteoarthritis.

Normative sagittal alignment requires a harmonious relation-
ship between cervical lordosis, thoracic kyphosis, lumbar lordosis

Spinal deformities are common orthopedic problems in both
children [1] and adults [2] which often affect the spine in all 3
planes. While the motive for treatment can be related to aesthetic
considerations or pulmonary function deficiency [3], spinal
anomalies have also been shown to affect gait and balance [4].

Previous studies based on gait analysis have shown a significant
effect of frontal malalignment on the kinematics [5,6], kinetics [7],
muscle activation patterns [6] and spatio-temporal characteristics
[5,8] of gait. However, there has recently been increased emphasis
on the importance of the restoration of physiological sagittal
alignment during spine deformity treatment [9].
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and pelvic parameters. While the absolute values of each of these
components can vary in a large range of normality, these
parameters are correlated amongst each other in order to maintain
proper alignment in healthy subjects [10]. Roussouly et al.
suggested that normal sagittal alignment could be divided into
4 types that differ significantly between each other [11]. While
previous gait analysis studies have shown a significant effect of
sagittal malalignment on gait [7,12-16], there are no studies on the
relationship between the variations of normal alignment and gait
in asymptomatic healthy subjects.

The aim of this study is to investigate whether asymptomatic
healthy adults with different Roussouly sagittal alignment
morphotypes walk differently. Our hypothesis was that the
kinematics and spatio-temporal characteristics of gait differ
between subjects with different sagittal alignment morphotypes.
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2. Materials and methods
2.1. Study design

This is a cross-sectional IRB approved study of the relationship
between sagittal alignment and gait in young adult volunteers. The
inclusion criteria were age between 18 and 28 years and no history
of orthopedic surgery to either the spine, pelvis or lower limbs.
Subjects were excluded if they presented any pain, including lower
back pain, at the time of the study or if they had any
musculoskeletal disease. Most subjects were students recruited
at one of the faculties of our university. All subjects signed a
written informed consent form.

2.2. Data acquisition

For each subject the following demographic characteristics
were noted: age, gender, weight, height and body mass index
(BMI).

Each subject underwent three-dimensional gait analysis
(3DGA) using a Vicon® (Vicon Motion Systems, Oxford, UK)
optoelectronic motion system (7 MX3 infrared cameras, 200 Hz).
Marker placement was based on the modified Helen Hayes
protocol [17] and was applied as recommended in the Plug in
Gait® model. Subjects were asked to walk at a self-selected speed
along a 10-m walkway. The consistency of the kinematic curves
was verified under Polygon® (Vicon Motion Systems, Oxford, UK)
and inconsistent trials were eliminated. One representative trial
was then used to calculate three-dimensional joint angles and
spatio-temporal parameters. Data was processed using the
pipeline in Workstation™ (Vicon Motion Systems, Oxford, UK):
fill gap routine +10 frames and Woltring filter with a scale of 10.

Kinematic parameters of the pelvis, hip, knee and ankle were then
calculated in Matlab® (Mathworks, Natick, USA) for each subject.
The following spatio-temporal parameters were calculated by the
model: walking speed (m/s), cadence (steps/min), foot off (% of gait
cycle), single support (s) and step length (m). Single support was
normalized to stride time and was thus expressed as a percentage
of the whole gait cycle. All the kinematic and spatio-temporal gait
parameters generated in this study have been previously defined
[18,19].

All subjects also underwent a full body biplanar X-ray exam
(EOS Imaging, Paris, France). Subjects were asked to stand upright
in a relaxed manner with their shoulders flexed to about 45° and
their hands placed on the zygomatic bones of their face. This
consensual free-standing position [10,20] was adopted in order to
avoid the superimposition of subjects’ arms over their spines on
lateral radiographs.

Their spines, pelvises and lower limbs were reconstructed in 3D
using SterEOS™ (EOS Imaging, Paris, France). Lower limb length (in
meters) was measured on the 3D reconstructions of the lower
limbs, as the sum of the lengths of the femur (from the center of the
femoral head to the middle of the intercondylar region of the distal
femur) and tibia (from the middle of the intercondylar region of
the proximal tibia to the middle of the horizontal portion of the
medial malleolus). Furthermore, the following, previously defined
[21,22], sagittal spino-pelvic alignment parameters were generat-
ed from these 3D reconstructions: pelvic tilt, sacral slope, pelvic
incidence, L1-L5 lordosis, L1-S1 lordosis, T1-T12 kyphosis and T4-
T12 kyphosis. Briefly, pelvic tilt is defined as the angle between the
vertical and a line drawn from the center of the femoral heads to
the midpoint of the sacral plate; sacral slope as the angle between
the S1 sacral endplate and the horizontal; pelvic incidence as the
angle between the perpendicular to the sacral plate and a line

Fig 1. Representative sagittal radiographs of subjects with Roussouly types 1 (a), 2 (b), 3 (c) and 4 (d) sagittal alignment. The sagittal spinal curvatures and sacral slope of each
subject are drawn in yellow on the radiographs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



drawn from the center of the femoral heads to the midpoint of the
sacral plate; L1-L5 and L1-S1 lordosis as the angles between the
upper endplate of L1 and the lower endplate of L5 or upper
endplate of S1 respectively; T1-T12 and T4-T12 kyphosis as the
angles between the upper endplate of T1 or T4 (respectively) and
the lower endplate of T12.

In the rest of this report, the term “gait pelvic tilt” will be used to
refer to the movement of the anterior superior iliac spines (ASIS)
relative to the posterior superior iliac spines (PSIS), the value of this
variable increases with anteversion and decreases with retrover-
sion. Whereas “radiographic pelvic tilt” will be used in order to
refer to the radiographic definition of pelvic tilt, the value of this
variable increases with retroversion and decreases with ante-
version.

2.3. Statistical analysis

Each subject was classified into one of the 4 types of Roussouly
[11]: type 1 subjects had a SS < 35° with 3 vertebrae or less in their
lumbar lordosis, type 2 subjects had SS < 35° with more than 3
vertebrae in their lumbar lordosis, type 3 subjects had 35° <SS
<45° and type 4 subjects had SS>45°. Sagittal radiographs of
subjects that are representative of Roussouly types 1, 2, 3 and 4 are
represented in Fig. 1.

Statistical analysis was done using SPSS Statistics version 20.0
(IBM Corporation, New York, USA) and Xlstat version 2015.3.1
(Addinsoft, Paris, France). All variables were tested for normality
using the Shapiro-Wilk test and for equality of variance using
Levene’s test. The anthropometric, spino-pelvic, kinematic and
spatio-temporal parameters were compared between Roussouly
types: normally distributed variables were compared by one-way
analysis of variance (ANOVA) with Games-Howell (for samples
with unequal variance) or Hochberg’s T2 (for samples with equal
variance but unequal sample sizes) tests as post hoc analysis; non-
normally distributed variables were compared using Kruskall-
Wallis test with Conover-Iman post hoc analysis and Bonferroni
correction. Chi-squared test was used to compare the male/female
ratio between Roussouly types. Step length and walking speed
were compared between Roussouly types while adjusting for
lower limb length and BMI using one-way analysis of covariance
(ANCOVA) followed by Dunn-Sidak pairwise comparisons. Step
length was also compared between the right and left limbs, for
each Roussouly type, while controlling for lower limb length using
ANCOVA. The significance level was set at 0.05 for all tests.

Table 1
Subject characteristics by Roussouly type.

3. Results
3.1. Subject demographics

Ninety-one asymptomatic young adults (46 men & 45 women),
aged 21.6 + 2.2 (18-28) years, were enrolled in this study.

3.2. Subject characteristics by Roussouly type

17 (18.7%) subjects were classified as type 2, 47 (51.6%) as type 3,
26 (28.6%) as type 4, and only 1 (1.1%) subject as type 1. Therefore,
Roussouly’s type 1 was excluded from further analysis. The
demographic and sagittal alignment characteristics of each
Roussouly type are reported in Table 1. Type 4 subjects were
significantly more overweight compared to type 2 subjects
(BMI=24.2 +3.0 vs. 22.5 +2.5kg/m?; p=0.017) but all types had
similar age and height. Moreover, both genders were similarly
distributed amongst all 3 types. Subjects classified into different
Roussouly types had similar T1-T12 & T4-T12 kyphosis and
radiographic pelvic tilt.

3.3. Gait differences between Roussouly types

The kinematic curves of the 3 Roussouly types are drawn in
Fig. 2. In almost all of the kinematic curves there is an offset
between the 3 curves which are otherwise mostly parallel. While
all 3 types noticeably differ between each other in all of the curves,
type 2 subjects in particular had a quite distinct gait pattern
compared to subjects of types 3 and 4. The comparison of
kinematic and spatio-temporal parameters across the 3 Roussouly
types (Table 2) revealed: Type 2 subjects had a significantly more
retroverted pelvis during gait (decreased gait pelvic tilt) compared
to type 3 and 4 subjects and significantly larger mobility of their
pelvises in the frontal plane compared to type 4 subjects. Type 2
subjects also had significantly larger maximal hip extension during
stance compared to subjects of types 3 and 4 and a larger mobility
of their ankle in the sagittal plane compared to type 4 subjects. The
times of maximal knee flexion during swing and maximal
dorsiflexion during stance phase occurred at later stages during
the gait of type 4 subjects compared to subjects of types 2 and 3
(only significant for the time of maximal dorsiflexion during
stance). None of the spatio-temporal parameters significantly
differed between Roussouly types. Furthermore, when step lengths
were compared between the right and left limbs, while controlling
for lower limb length, they were found to be similar for Roussouly’s

Type 2 Type 3 Type 4 Between-group comparison (p-value)

(N=17) (N=47) (N=26)
Age (years) 21.8+2.7 215422 21.6+1.8 0.795
Gender 7 M/10W 23 M/24W 16 M/10W 0.388
Weight (Kg) 65.5+12.8 679+15.6 719+13.6 0.062
Height (m) 1.70+0.09 1.70+0.11 1.72+£0.09 0.423
BMI (Kg/m?) 22.5+2.5° 232432 242 +3.0° 0.017¢
T1-T12 kyphosis (°) —453+99 —46.3+9.2 —452+78 0.691
T4-T4 kyphosis (°) —38.7+10.2 —385+9.4 —371+72 0.589
L1-L5 lordosis (°) 38.5 +5.9"¢ 47.6 £7.9%¢ 53.9 +12.7%° <0.001¢
L1-S1 lordosis (°) 50.5 + 7.4>¢ 60.1+6.3%¢ 66.9 +11.5%" <0.001¢
Pelvic incidence (°) 411 +7.8™¢ 48.1+7.2%¢ 56.7 +£12.7%° <0.001¢
Sacral slope (°) 30.0 +5.0°¢ 38.3+3.8%¢ 45,6 +8.5%° <0.001¢
Radiographic pelvic tilt (°) 10.9+5.1 9.7+6.1 11.0+£7.5 0.171

M: Men/W: Women.
@ Significantly different from type 2.
b Significantly different from type 3.
¢ Significantly different from type 4.
4 Significant at the p <0.05 level.
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Fig. 2. Kinematic curves of Roussouly types 2 (inred), 3 (in blue) and 4 (in green). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

type 2 (p=0.282), type 3 (p=0.372) and type 4 (p=0.691). Fig. 3
summarizes the most relevant gait differences in the sagittal plane
between the Roussouly types.

4. Discussion

In this study, the examination of the sagittal alignment and gait
of 91 asymptomatic adults showed that subjects with different
Roussouly morphotypes tend to have different gait kinematics but
similar spatio-temporal characteristics of gait. Each sagittal
alignment morphotype was associated with a gait pattern which
varied from the two other morphotypes, suggesting that corridors
of normality could be specific to sagittal alignment profiles.

4.1. Subject characteristics by Roussouly type

In the current study, only 1 out of 91 subjects (1.1%) was
classified as having type 1 sagittal alignment. This is in contrast
with Roussouly’s study [11] in which 21.3% of asymptomatic
subjects had been classified as type 1 but somewhat in accordance
with a larger study on 489 subjects by Araujo et al. in which only

4.9% of subjects had been classified as having type 1 sagittal
alignment [23]. Furthermore, Araujo et al’s study [23] had
demonstrated that housewives and obese subjects were more
likely to have type 1 sagittal alignment. This could therefore
further explain the low prevalence of this type in our population
since most of the subjects recruited in this study were university
students and the mean BMI (Table 1) was well below the threshold
of obesity (BMI=30kg/m?). Other factors could have resulted in
the lack of subjects with type 1 alignment in our sample such as the
young age of our participants, which is also a factor that is known
to significantly influence sagittal alignment patterns [24] in
asymptomatic adults. Type 4 subjects were significantly more
overweight compared to type 2 subjects. The mean BMI of type 4
subjects (24.2kg/m?) was close to the threshold above which
subjects are considered overweight (25 kg/m? < BMI < 30 kg/m?).
This is in accordance with previous studies that had shown that
while obese subjects were more likely to have type 1 sagittal
alignment, overweight subjects were most likely to have type 4
sagittal alignment [23]. While pelvic incidence, sacral slope,
radiographic pelvic tilt, L1-L5 and L1-S1 lordosis were all found to
be significantly different between the 3 studied types, T1-T12 and



Table 2
Gait comparisons between Roussouly types.

Type 2 Type 3 Type 4 Between-group comparison

(N=17) (N=47) (N=26) (p-value)
Pelvis & hip kinematics
Mean gait pelvic tilt (°) 8.24+4.3P¢ 11.2+5.9° 11.3+5.3° 0.024°
ROM pelvic obliquity (°) 11.0+3.6° 10.0+4.0 9.1+£4.9° 0.034°
ROM pelvic rotation (°) 121+5.0 121+4.6 14.0+£5.7 0.088
ROM hip flexion/extension (°) 440+3.2 434+3.9 428 +4.3 0.381
Mean hip flexion/extension (°) 123+44 1514+6.7 15.5+£6.5 0.055
Hip flexion at initial contact (°) 29.8+4.4 32.5+6.9 32.6+6.8 0.088
Maximum hip extension in stance (°) —11.9 +4.4°¢ -8.8+71° -79+6.4" 0.020°
Time of maximum hip extension in stance (%) 52.2+1.8 52.4+1.8 52.4+1.9 0.856
ROM hip abduction/adduction (°) 14.3+4.1 13.3+3.6 13.0+4.2 0.175
ROM hip internal/external rotation (°) 30.1+10.3 283+9.2 273+9.1 0.528
Hip rotation at initial contact (°) -10.4+10.2 -12.4+93 -142+94 0.204
Knee kinematics
ROM knee flexion/extension (°) 60.6 +6.2 61.4+55 61.3+4.6 0.748
Maximum knee flexion in stance (°) 14.7 £6.0 12.7+75 13.5£6.0 0.371
Time of maximum knee flexion in stance (%) 12.7+23 129+23 13.5+2.2 0.223
Maximum knee extension in stance (°) 1.8+43 0.7 +4.3 14+4.7 0.366
Time of maximum knee extension in stance (%) 35.8+5.9 36.2+6.1 375+5.2 0.264
Maximum knee flexion in swing (°) 60.7 7.2 61.0+£5.8 61.7 +£4.3 0.667
Time of maximum knee flexion in swing (%) 719+ 1.5¢ 722+1.6 72.7+1.3° 0.028°
Knee extension at initial contact (°) 3.9+6.1 31+48 3.5+3.8 0.687
Ankle kinematics
ROM dorsiflexion/plantarflexion (°) 31.1+4.8° 28.9+5.1 279+5.8 0.013°
Maximum dorsiflexion in stance (°) 176 £3.8 171+£3.2 17.3+£3.6 0.753
Time of maximum dorsiflexion in stance (%) 45,7 +3.9¢ 46.6 +3.69 481+3.3%° 0.002°
Maximum plantarflexion in stance (°) -9.1+6.1 —-7.8+51 —-6.6+5.3 0.112
Time of maximum plantarflexion in stance (%) 60.3+14 60.4+1.8 60.8 +1.8 0.311
Maximum dorsiflexion in swing (°) 11.2+£3.7 10.0 £2.7 10.6 £3.5 0.146
Time of maximum dorsiflexion in swing (%) 83.7+2.9 84.8+4.9 84.1+4.0 0.873
ROM foot progression in stance (°) 10.3+£2.8 9.7+31 9.7+31 0.498
Spatio-temporal parameters
Walking Speed (m/s) ¢ 1.29+0.15 1.28+0.14 1.26+0.15 0.567
Cadence (steps/min) 114.8 +73 114.7 £ 8.3 112.7+£9.5 0.654
Foot Off (%) 60.2+14 60.4+1.8 60.8 +1.7 0.236
Normalized single support (%) 0.418 £0.02 0.415 +0.02 0.420+0.03 0.696
Step length (m) ¢ 0.679 +0.05 0.667 +0.05 0.661 +0.05 0.241

a
b

Significantly different from type 2.
Significantly different from type 3.
Significantly different from type 4.

c
d

e

Significant at the p < 0.05 level.

T4-T12 kyphosis were found to be similar across types of sagittal
alignment. This is in accordance with previous studies, which had
reported significant differences in lumbar lordosis and pelvic
parameters between Roussouly types [23] and only small
correlations between these parameters and thoracic kyphosis
[10,25].

4.2. Gait differences between Roussouly types

This is the first study to show that healthy asymptomatic
subjects with different sagittal alignment morphotypes tend to
have mildly varied gait kinematics. Subjects with type 2 sagittal
alignment, characterized by a hypolordotic spine with a small
sacral slope [11], were found to have increased pelvic retroversion
during gait (small gait pelvic tilt) compared to subjects with other
sagittal alignment profiles. This is in contrast with the values of
radiographic pelvic tilt of these same subjects, where type 2
subjects had similar pelvic retroversion compared to subjects with
other types of sagittal alignment (Table 1). This suggests that
radiographic pelvic tilt, which is measured on static X-rays, is not
indicative of gait pelvic tilt that seems to significantly vary from its
original static value during gait. Radiographic pelvic tilt is
considered a crucial compensatory mechanism for subjects with

For step length and walking speed, comparisons were adjusted for BMI and step length.

sagittal malalignment and the maximal amount of pelvic tilt that a
subject can perform is known to be limited by his maximal capacity
of hip extension [9]. Therefore, the previous finding would suggest
that the manner in which pelvic tilt changes during gait does not, at
least solely, depend upon its value in the static position and that
the general alignment of the subject partially determines this
change during gait. Clinicians should thus not only consider the
static value of pelvic tilt but also take into account that this value
will change during gait depending on the subject’s global
alignment and that subjects with type 2 alignment would
necessitate more pelvic retroversion during gait compared to
other subjects.

Moreover, although subjects with type 2 alignment had similar
spatio-temporal characteristics of gait compared to subjects with
other sagittal morphotypes, they had increased maximal hip
extension during stance and a larger Range Of Motion (ROM) of
ankle plantar/dorsiflexion during gait compared to other mor-
photypes (only significant compared to type 4 subjects for ankle
plantar/dorsiflexion). This suggests that type 2 subjects necessitate
more extension at the level of the hip and more ROM at the level of
their ankles in order to walk at self-selected speed, compared to
other subjects. Furthermore, although not statistically significant,
type 2 subjects also had less mean hip flexion during the whole gait
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cycle (p=0.055) and less hip flexion at initial contact (p=0.088)
compared to subjects with other sagittal alignment morphotypes
(Table 2). This is also apparent in the kinematic curves of the hip in
the sagittal plane (Fig. 2) where the mean curve of type 2 subjects
was shifted downward (more extension) compared to the curves of
the two other types, throughout the gait cycle. Since even mild to
moderate hip osteoarthritis is known to limit the ability of subjects
to perform hip extension [26], subjects with type 2 alignment
would thus be more functionally affected compared to others by
hip osteoarthritis, even if mild, during gait. Moreover, this finding
of increased hip extension throughout the gait cycle, coupled with
the increased retroversion of the pelvis (with the ensuing posterior
overcoverage of the femoral head by the acetabulum) could lead to
posterior femoroacetabular impingement and consequently hip
osteoarthritis [27].

Interestingly, none of the previous studies on subjects with
sagittal malalignment had reported a similar gait pattern to the
ones reported in this study for any of the alignment types
[12,14,15]. However, a study by Sarwahi et al. had also suggested
that the gait anomalies resulting from sagittal malalignment
(notably “flatback”) could be a predisposing factor in the
development of hip osteoarthritis [15].

Furthermore, the presence of significant differences in gait
kinematics between asymptomatic subjects with different sagittal

alignment profiles suggests that kinematic corridors of normality
could be specific to each sagittal alignment profile. Otherwise,
differences in gait kinematics between subjects with various
pathologies and asymptomatic subjects that would have been
significant could be underestimated (or non-significant differences
could be overestimated).

The main limitation of this study is the lack of subjects with
type 1 sagittal alignment. These subjects are known to have a
peculiar pattern of sagittal alignment compared to other subjects
and future studies should study their gait. Although multiple
differences in kinematic parameters were statistically significant,
the mean differences in angular values were fairly small for some
of these parameters which therefore limits their clinical relevance.
Furthermore, this study only compared kinematic curves using
parameters that are commonly utilized in clinical practice. This
approach to kinematic curve analysis was used in order to make
the study as relevant as possible to clinicians. Future studies could
use whole curve analysis methods in order to better characterize
the full differences between such curves.

In conclusion, asymptomatic subjects with different types of
sagittal alignment were shown to have mildly different patterns of
gait kinematics but similar spatio-temporal characteristics of gait.
This suggests that kinematic corridors of normality should be
specific of sagittal alignment profiles. Moreover, subjects with type



2 sagittal alignment were shown to have a gait pattern involving
both increased hip extension and pelvic retroversion. This gait
pattern could be a predisposing factor in the development of
multiple musculoskeletal pathologies, among which posterior
femoroacetabular impingement and consequently osteoarthritis.
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