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A B S T R A C T

Introduction: It was hypothesized that pelvic retroversion in Adult Spinal Deformity (ASD) can be related to an
increased hip loading explaining the occurrence of hip-spine syndrome.
Research question: How pelvic retroversion can modify acetabular orientation in ASD during walking?
Methods: 89 primary ASD and 37 controls underwent 3D gait analysis and full-body biplanar X-rays. Classic
spinopelvic parameters were calculated from 3D skeletal reconstructions in addition to acetabular anteversion,
abduction, tilt, and coverage. Then, 3D bones were registered on each gait frame to compute the dynamic value of
the radiographic parameters during walking. ASD patients having a high PT were grouped as ASD-highPT,
otherwise as ASD-normPT. Control group was divided in: C-aged and C-young, age matched to ASD-hightPT
and ASD-normPT respectively.
Results: 25/89 patients were classified as ASD-highPT having a radiographic PT of 31� (vs 12� in other groups, p
< 0.001). On static radiograph, ASD-highPT showed more severe postural malalignment than the other groups:
ODHA ¼ 5�, L1L5 ¼ 17�, SVA ¼ 57.4 mm (vs 2�, 48� and 5 mm resp. in other groups,all p < 0.001). During gait,
ASD-highPT presented a higher dynamic pelvic retroversion of 30� (vs 15� in C-aged), along with a higher
acetabular anteversion of 24� (vs 20�), external coverage of 38� (vs 29�) and a lower anterior coverage of 52� (vs
58�,all p < 0.05).
Conclusion: ASD patients with severe pelvic retroversion showed an increased acetabular anteversion, external
coverage and lower anterior coverage during gait. These changes in acetabular orientation, computed during
walking, were shown to be related to hip osteoarthritis.

1. Introduction

As the population growths older, the number of degenerative pa-
thologies multiplies and occur in conjunction with wear and tear of the
tissues, leading to musculoskeletal problems, particularly in the spine
(Fehlings et al., 2015). Adult Spinal Deformity (ASD) consists of a variety
of postural and spino-pelvic alterations of the lumbar or thoracolumbar
spine, involving one or more of the three planes (Schwab et al., 2005;
Acaro�glu et al., 2016). It is defined as the presence of pain or loss of
function with an increase in one of the following radiographic parame-
ters: Pelvic Tilt (PT), Sagittal Vertical Axis (SVA), Pelvic incidence minus
lumbar lordosis (PI-LL) mismatch, coronal Cobb angle, and Thoracic

Kyphosis (TK) (Lafage et al., 2016; Schwab et al., 2012). ASD has a
physical and mental impact on the individual. In fact, it can alter daily
function, such as walking (Kawkabani et al., 2021; Semaan et al., 2022),
sitting and standing (Saad et al., 2022), and can be associated to anxiety
and depression in extreme cases (Schwab et al., 2003; Bess et al., 2016).
The severity of the deformity is quantified radiologically and can often
guide surgical decision (Fujishiro et al., 2018, 2020).

ASD patients are known to present sagittal malalignment leading to
the recruitment of compensatory mechanisms in order to maintain a
horizontal gaze, and to keep their head and center of gravity above their
feet (Dubousset, 1994). Pelvic retroversion is the first compensatory
mechanism adopted by the patients in order to maintain postural balance
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(Lafage et al., 2009a). Knee flexion develops in later stages in order to
palliate for the exhaustion of pelvic retroversion (Lafage et al., 2008;
Obeid et al., 2011a; Hovorka et al., 2008), and is generally considered as
the final stage of compensation (Obeid et al., 2011b).

Hip osteoarthritis can occur in some patients under the hip-spine
syndrome, a very well-known concept in the literature representing
cases where spine deformity is concurrent with hip osteoarthritis (Rivi�ere
et al., 2017, 2018; Day et al., 2018). A recent study showed that ASD
subjects compensating with an excessive pelvic tilt and knee flexion
presented an altered hip orientation, showing a more tilted acetabulum,
with decreased anterior coverage and increased posterior coverage and
anteversion (Mekhael et al., 2021). These alterations, investigated in the
static standing position, and indicative of femoro-acetabular impinge-
ment, might be at the origin of the development of hip osteoarthritis
(Reid et al., 2010).

While it is known that daily life activities might increase forces on the
spine, hips and knees compared to static position, we hypothesized that
the modification seen in hip orientation in standing position persists
during walking in ASD patients with increased pelvic retroversion.

Thus, the aim of this study was to investigate the relationship be-
tween pelvic retroversion and changes in acetabular orientation and
global alignment in ASD during walking.

2. Methods

This is an IRB-approved (CEHDF 1259) cross sectional study where
control subjects and patients with ASD consulting a center for radio-
graphic assessment were enrolled.

2.1. Population

In total, 89 primary ASD (52 � 20 years, 70F) and 37 asymptomatic
subjects (46 � 14 years, 25F) were enrolled. ASD were included if they
presented back pain and at least, one of the radiographic diagnostic
criteria as defined by the International Spine Study Group (Kim et al.,

2017): pelvic tilt (PT) > 25�, a mismatch between pelvic incidence and
lumbar lordosis PI-LL > 10�, frontal Cobb angle >20�, sagittal vertical
axis (SVA) > 50 mm, or thoracic kyphosis (TK) > 60�. The exclusion
criteria of the control group were any orthopedic history and/or back
pain.

2.2. Data acquisition

All subjects filled the following health related quality of life (HRQOL)
questionnaires: Oswestry Disability Index (ODI), Short Form - 36 (SF-36)
item survey assessing general quality of life with both its physical (PCS)
and mental (MCS) components, and the Visual Analog Scale for pain
(VAS). Subjects were equipped with reflective markers on the head,
spine, trunk and lower limbs according to the modified Davis protocol
(Plug In Gait model) and the Leardini protocol (Fig. 1a) (Leardini et al.,
2011; Davis and Ounpuu, 1991). They all underwent 3D gait analysis at
self-selected speed using 8 infrared cameras (Vicon Motion Systems,
Oxford, UK). A static trial was recorded at first. Then, each subject
walked several trials that were compared for kinematic consistency using
Polygon (Vicon Motion Systems, Oxford, UK). One representative trial
was considered for the calculation of kinematics (of the trunk, pelvis and
lower limbs), the gait deviation index (GDI) and spatio-temporal pa-
rameters (Semaan et al., 2022; Schwartz and Rozumalski, 2008).

Additionally, subjects underwent full-body bi-planar X-rays (EOS
Imaging®, Paris, France) in the free-standing position with gait reflective
markers still in place. Then, 3D reconstructions of the spine, pelvis, lower
limbs were performed by well-trained operators using a specific software
(Fig. 1b).

The following spinopelvic and global alignment parameters were
calculated using 3D reconstructions from static radiographs: Pelvic Tilt
(rPT, in �), Sagittal Vertical Axis (rSVA, in mm), the Odontoid Hip Axis
Angle (rODHA, in �): angle between the vertical reference line the line
joining the top of the odontoid (OD) and the center of the hip axis (HA),
L1S1 (�), T1T12 (thoracic kyphosis in �), frontal Cobb angle (in �), pelvic
incidence (PI in �) and PI-LL mismatch (�) (Fig. 2a).

Fig. 1. Radiographic and 3D gait acquisition with reflective markers placement and registration technique between the two imaging modalities.
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The following hip parameters were calculated using the 3D pelvic and
lower limb reconstructions from static radiographs (Ghostine et al.,
2016): acetabular anteversion (in �), tilt (in �), external coverage (known
also as the vertical center edge angle, in �), anterior and posterior
coverage over the femoral head (in �) Fig. 2b). The right limb was
analyzed in this study.

Skeletal segments were extracted as 3D points and meshes expressed
in the X-ray booth coordinate system. The 3D locations of reflective
markers were also extracted. An image registration technique was
applied using the computation of rigid body transformation matrix be-
tween the X-ray booth and the gait analysis environment for each
segment at each time of the gait analysis.

The global alignment, spinopelvic and hip parameters were then
computed on the moving skeletal segments in 3D during the gait cycle
using Matlab (Mathworks, Nattwik, USA) (Rebeyrat et al., 2022), while
reducing soft tissue artefacts using a novel technique (Skalli et al., 2018;
Lahkar et al., 2021). Mean values and range of motion (ROM) of each
radiographic parameters were computed during the gait cycle. The suffix
d was added to each parameter in order to differentiate the dynamic
value calculated during walking from the radiographic value calculated
on the static X-ray designated by the suffix r.

Fig. 2. Radiographic parameters calculated on 3D skeletal reconstructions: a) postural and spino-pelvic parameters, b) acetabular parameters.
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2.3. Statistical analysis

Pelvic retroversion was analyzed according to PI for all subjects to
check for abnormal pelvic tilt, using the equation and reference corridor
assessed in a previous study (PT ¼ 0.37*PI-7�, Amabile et al., 2018).
Patients with ASD having a PT related to PI that was superior to 2
standard deviations (SD) of controls, were grouped as ASD-highPT,
otherwise as ASD-normalPT (Fig. 3).

Demographics, HRQOL outcomes, radiographic parameters in static
position computed from biplanar X-Ray 3D reconstruction, and during
walking computed from gait data, in addition to classical kinematic pa-
rameters, were compared between ASD-highPT, ASD-normalPT and
controls using Kruskal-Wallis test with Conover-Iman pairwise compar-
isons to search for group effect. The level of significance was set at 0.05
and adjusted with Bonferroni correction to accommodate for multiple
comparisons. In the case of a significant difference in age between
groups, the split of the control group in C-young and C-aged was
considered.

The variation of postural, spinopelvic and hip parameters during
walking were displayed for each group during the normalized gait cycle
as kinematic waveforms and compared between each other using the
statistical parametric mapping (SPM) method (Pataky, 2012).

The relationship between dynamic and static parameters as well as
HRQOL outcomes were evaluated through a univariate analysis, using
Pearson’s r correlation coefficient.

Statistical tests were run under Xlstat® (Addinsoft, Paris, France;
version 2020.1.3.65336) and Matlab (MathWorks, Inc., Natick, USA).

3. Results

Patients with ASD were grouped as follow: 25 in the ASD-highPT
group (65 � 14: (mean � SD) y.o., 21F) and 64 in the ASD-normalPT
group (46 � 18y.o., 49F). Control subjects were divided in C-aged
(>60 y.o.) and C-young (<60 y.o.) in order to match with the age of ASD-
highPT and ASD-normalPT groups respectively. There were 12 subjects
in the C-aged group (60 � 8 y.o., 5F) and 25 in the C-young group (39 �
10 y.o., 20F).

3.1. HRQOL scores and static radiographic parameters

Both ASD-highPT and ASD-normalPT had a significantly decreased

physical component summary on the SF-36 questionnaire when
compared to C-aged and C-young groups (38, 41, 51, 47, respectively, all
p < 0.05). ASD-highPT had a significantly higher score for ODI and VAS
for pain when compared to ASD-normalPT, C-aged and C-young (Fig. 4).

ASD having a high PT relatively to their PI had a higher radiographic
PT of 31� (vs 11.5� in C-aged, p < 0.001) for a similar PI between groups
(average of 50�), ODHA (5.1� 3.5� vs 2.2� 1.2� in C-aged), SVA (57.4�
52.6 mm vs 7.7 � 20 mm in C-aged), PI-LL mismatch (20.8 � 19.2� vs
�10.7 � 5.7� in C-aged) and knee flexion (11.9 � 14.1� vs 1.4 � 4.5� in
C-aged, all p < 0.05) when compared to ASD-normalPT, C-aged and C-
young. They also had a decreased LL (30.1� 20.7� vs 61.5� 8.4�; Fig. 5).

Patients in the ASD-highPT group had a significantly increased
acetabular tilt (36.7 � 8.6� vs 26.3 � 4.7� in C-aged), acetabular ante-
version (25.9 � 4.2� vs 20.6 � 3.0� in C-aged), and a significantly
decreased anterior coverage over the femoral head (50.8 � 6.8� vs 59.7
� 4.1�) when compared to patients in the ASD-normalPT group as well as
to controls in C-aged and C-young (Fig. 6).

3.2. Walking pattern

During walking, the ASD-highPT group had a significantly increased
(average) dynamic pelvic retroversion, identical to their rPT, when
compared to ASD-normPT, C-aged and C-young (29.4 � 7.9� vs 16.9 �
9.5� in C-aged, p < 0.001; Fig. 7). They also had an increased dODHA
during the whole gait cycle (9.1� 5.3� vs 4.7� 2.6� in C-aged, p< 0.01),
with an increase of its ROM (3.7� 1.5� vs 2.3� 0.8� in C-aged, p< 0.05),
when compared to the other groups.

The ASD-highPT group presented an increased acetabular anteversion
(23.8 � 4.7� vs 21.4 � 3.8� in C-aged group, p < 0.05) with a higher
external coverage of the acetabulum (38.3 � 6.0� resp. vs 30.2 � 6.7� in
C-aged, p < 0.001). They also presented a significantly lower anterior
coverage of the acetabulum (52.9 � 5.1� vs 57.4 � 6.9� in C-aged) and a
significantly higher acetabular tilt (33.0� 8.4� vs 28.2� 5.2�) during the
gait cycle (Fig. 8).

The ASD-highPT also had an overall abnormal walking kinematics
compared to other groups: they walked with a slower gait speed (0.8 �
0.3 m s�1 vs 1.2 � 0.3 m s�1 in C-aged group), shorter step length (0.5 �
0.1m vs 0.6 � 0.1m for other groups) and reduced cadence (95.6 � 13.7
step/min vs 110.2� 16.4 step/min in C-aged). The overall gait deviation
index showed an altered gait for the ASD-highPT patients (80.2 � 9.3 vs
94.7 � 12.9 in C-aged, all p < 0.001).

Fig. 3. Pelvic tilt distribution of patients according to their pelvic incidence: High-PT assessed from Amabile et al., 2018). Blue lines represent the 95% confidence
interval (corridor of normality) in controls. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.3. Correlation between radiographic, HRQOL outcomes and dynamic
parameters

The univariate analysis showed that the dynamic acetabular tilt,
anteversion and external coverage were mostly correlated to SVA, PT, PI-
LL and knee flexion on static radiographs (r between 0.28 and 0.67, p <

0.05), as well as the physical component of SF36 (PCS), the VAS for pain
and ODI (r between 0.23 and 0.34, p < 0.05; Table 1).

4. Discussion

Spinal deformity in adults is known to deteriorate quality of life and
autonomy of patients during daily life activities. To compensate for their
spinal deformity, as the alignment of the head upon the pelvis was shown
as a quasi-invariant in asymptomatic population, patients increase their

pelvic retroversion in standing position. This mechanism was found to be
associated with changes in hip orientation. This study investigated hip
orientation in ASD during walking. Patients with excessive pelvic retro-
version had an increased dynamic acetabular tilt, anteversion, external
and posterior coverage with decreased anterior coverage.

In this study, pelvic retroversion was analyzed with regard to pelvic
incidence. Indeed, each individual has its own incidence, and manages to
keep the head upon the pelvis with proper adjustment of pelvic retro-
version and spine curvatures (lumbar lordosis, thoracic kyphosis, cervical
lordosis). In asymptomatic controls, the relationship between pelvic
retroversion and incidence is well described (Vialle et al., 2005; Amabile
et al., 2018). It ranges within a corridor which is considered as a refer-
ence. When the spinal curvatures are altered, due to local (tissue alter-
ation) or global (neuromuscular) factors, pelvis retroversion is a major
compensation phenomenon. Patients with excessive pelvic retroversion

Fig. 4. Comparison of HRQOL scores between groups.

Fig. 5. Between-group comparisons of postural and spino-pelvic parameters calculated on static radiographs.
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(ASD-highPT) are those who had their radiographic PT above the
normality corridor (2SD) of reference pelvic retroversion relatively to
their pelvic incidence, defined by controls. As expected, these patients
were older than those with normal PT. In order to accommodate for
natural changes in pelvic retroversion due to spine ageing, an older
control group (C-aged) was considered for further comparisons.

Patients with excessive pelvic retroversion had more deteriorated
HRQOL scores when compared to other patients and to controls. This is in
accordance with previous studies that showed a positive relationship
between the increase of pelvic retroversion and the deteriorated HRQOL
scores (Lafage et al., 2009b).

When analyzing their static radiographs, patients with excessive
pelvic retroversion presented with increased knee flexion, an additional
compensatory mechanism that is developed by patients who already

exhausted their pelvic retroversion. In fact, these patients had more se-
vere spinal deformity, showing a lack of lordosis (decreased LL and
increased PI-LL mismatch), that lead to forward shift of the head and
trunk (increased ODHA and SVA).

When analyzing their hips in the standing position, patients with
excessive retroversion showed an increased acetabular tilt, anteversion
and posterior coverage over the femoral head, all of them showing a
more excessive coverage posteriorly, associated with a decreased ante-
rior coverage. These results were concordant with a previous study
(Mekhael et al., 2021; Buckland et al., 2015).

When transitioning from the static position to walking, ASD with high
PT conserved their excessive pelvic retroversion while increasing their
forward shift of the trunk. Indeed, 44% of the ASD-highPT patients
increased their ODHA of more than 5� (vs 11% of the normalPT and

Fig. 6. Between-group comparisons of acetabular parameters calculated on static radiographs.

Fig. 7. Pelvic tilt and ODHA computed during walking.
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Control groups). They moved their head forward when walking leading
to a less economical dynamic balance.

During walking, patients with excessive pelvic retroversion showed a
more excessive acetabular tilt, anteversion during the whole gait cycle,
associated with a decreased anterior coverage of the femoral head, when
compared to other ASD patients and controls. This result was the same as
shown in static standing position. In addition, these patients showed a
more excessive exterior coverage of the femoral head when walking.

This altered dynamic hip orientation was in relation with the lack of
lumbar lordosis, the PI-LL mismatch and the forward shift of trunk, as
shown in the univariate analysis. Moreover, the findings of this study
were in relationship with the deterioration in quality of life.

In conclusion, dynamic analysis combined with static radiological 3D
analysis provided complementary information that provides better un-
derstanding of mechanisms associated to ASD. The study brought to light
the importance of considering the pelvic tilt in relation to the pelvic
incidence since the pelvic tilt as a stand-alone value cannot reflect the

amount of pelvic compensation. Indeed, ASD with abnormally high
pelvic tilt appeared the worst in terms of QOL and of static and dynamical
balance.

This study revealed for these patients a dynamic hip orientation
showing a more excessive acetabular coverage over the femoral head
posteriorly (through the acetabular anteversion) and externally, with a
decreased coverage anteriorly. While it is not fully confirmed yet, this
pattern of hip orientation was suggested to be linked to hip osteoarthritis
(Reid et al., 2010; Valera et al., 2018).

Patients’ follow-up is in progress to determine if surgical correction of
spinal deformity can improve global alignment and dynamic balance,
and therefore reduce alterations of acetabular orientation.

Declaration of competing interest

None.

Fig. 8. Acetabular parameters computed during walking.

Table 1
Correlations (Pearson’s r) between hip parameters computed during walking and postural and spino-pelvic parameters calculated on static radiographs as well as
HRQOL scores.

Pearson’s r correlation Static radiographs HRQOL scores

Acetabular parameters during walking ODHA SVA PT PI-
LL

T1T12 Cobb
angle

Knee
flexion

L1S1 PCS-
SF36

MCS-
SF36

VAS for
pain

ODI

Acetabular Anteversion Average 0.30 0.44 0.42 ¡0.24
ROM 0.23 ¡0.29 ¡0.31

Acetabular Tilt Average 0.31 0.47 0.45 ¡0.25
ROM ¡0.29 0.28 ¡0.32 ¡0.24

External Acetabular
Coverage

Average 0.30 0.50 0.67 0.58 0.28 ¡0.38 ¡0.23 0.28 0.31
ROM 0.43 0.36
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