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Abstract

Purpose To evaluate the 3D deformity of the acetabula and lower limbs in subjects with adolescent idiopathic scoliosis
(AIS) and their relationship with spino-pelvic alignment.

Methods Two hundred and seventy-four subjects with AIS (frontal Cobb: 33.5°+ 18° [10°~110°]) and 84 controls were
enrolled. All subjects underwent full-body biplanar X-rays with subsequent 3D reconstructions. Classic spino-pelvic and
lower limb parameters were collected as well as acetabular parameters: acetabular orientation in the 3 planes (tilt, antever-
sion and abduction), center—edge angle (CEA) and anterior and posterior sector angles. Subjects with AIS were represented
by both lower limb sides and classified by elevated (ES) or lowered (LS), depending on the frontal pelvic obliquity. Param-
eters were then compared between groups. Determinants of acetabular and lower limb alterations were investigated among
spino-pelvic parameters.

Results Acetabular abduction was higher on the ES in AIS (59.2° + 6°) when compared to both LS (55.6° +6°) and controls
(57.5°+3.9°, p<0.001). CEA and acetabular anteversion were higher on the LS in AIS (32°+6.1°, 20.5° £5.7°) when
compared to both ES (28.7°+5.1°, 19.8°+5.1°) and controls (29.8° +4.8°, 19.1° +4°, respectively, p <0.001). Anterior
sector angle was lower on both ES and LS in AIS when compared to controls. CEA, acetabular abduction and acetabular
anteversion were found to be mostly determined (adjusted R*: 0.08-0.32) by pelvic tilt and less by frontal pelvic obliquity,
frontal Cobb and T1T12.

Conclusions Subjects with AIS had a more abducted acetabulum at the lowered side, more anteverted acetabulum and a lack
of anterior coverage of both acetabula. These alterations were strongly related to pelvic tilt.
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Introduction cause its tilting in the frontal and sagittal planes, and its rota-

tion in the axial plane.

The 3D deformity of the spine in adolescent idiopathic scoli-
osis (AIS) causes alterations in posture, spino-pelvic sagittal
alignment [1] and pelvic orientation [2]. The pelvic vertebra,
as described by Dubousset [3], is often an integral part of
the scoliotic curvature, and any spino-pelvic deformity could
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Previous studies on subjects with AIS found acetabular
and lower limbs alterations, such as decreased femoral tor-
sion [4], a greater neck-shaft angle [5], differences in femur
lengths, total lower limbs lengths and tibial torsions between
sides of subjects with AIS [6]; these findings were attributed
to spino-pelvic alterations. However, these studies remain
scarce, and a comprehensive analysis of the relationship
between the spino-pelvic deformity in AIS and acetabular
and lower limb morphological alterations is lacking, espe-
cially since these alterations were shown to be related to the
development of pathologies of the hip such as osteoarthritis
[7].

Thus, the aim of this study was to investigate changes in
the morphology of the acetabulum and lower limbs between
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subjects with AIS and controls, and to elucidate the rela-
tionship between the 3D deformities of the spine and the
acetabula.

Methods
Subjects and imaging

This is an IRB approved retrospective descriptive study
(CEHDF742) on non-operated subjects with AIS who
had consulted our center for imaging. Demographics (age,
weight and height) were collected for each subject. All
subjects underwent full-body biplanar radiographs (EOS
Imaging®, Paris, France). Subjects were asked to stand in a
modified free-standing position [8], and acquisitions were
performed by a qualified technician.

Inclusion criteria were: age between 10 and 18 years old,
diagnosed with AIS, with a frontal Cobb angle > 10°. The
exclusion criterion was the presence of structural lower limb
discrepancy > 1 cm (measured from the center of the femo-
ral head to the middle distal tibial end). A control group of
asymptomatic subjects, recruited for a previous study, with
no musculoskeletal or neurological disorders, were included.

Elevated side
apis paiamoi

Fig.1 a Full-body biplanar X-rays for a patient with adolescent idi-
opathic scoliosis, b 3D reconstructions of the spine, pelvis and lower
limbs with classification of elevated and lowered sides, ¢ acetabular

Neither group reported any pain or pathologies related to the
hips or lower limbs.

The spine and lower limbs of each subject were recon-
structed in 3D by well-trained operators using SterEOS®
(version 1.6.4.7977, EOS imaging, Paris), as well as the
pelvises and the acetabula using a specific software (Arts et
Meétiers ParisTech, Paris, France).

Collected parameters

Different 3D spino-pelvic, acetabular and lower limb param-
eters were collected from the 3D reconstructions (Fig. 1) [9].
The spino-pelvic parameters included: frontal Cobb angle,
type of curvature according to Lenke [10], apical vertebral
rotation (AVR), T1T12 kyphosis, L1S1 lordosis, pelvic inci-
dence (PI), pelvic tilt (PT), lateral pelvic obliquity (LPA)
(distance between iliac crests calculated in the frontal plane)
and pelvic axial rotation (PAR) (in the horizontal plane).
Spino-pelvic parameters were calculated in the 3D patient
plane. Global postural parameters were also collected: sagit-
tal vertical axis (SVA: as the distance from the C7 plumbline
to the posterior corner of the sacrum), CAM-HA plumbline
(as the distance from the plumbline passing by the center of
auditory meatus to the center of the hip axis), T1 and T9 tilt
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tilt, d acetabular anteversion, e acetabular abduction, f center—edge
angle, g sacro-acetabular angle, h anterior sector angle and i posterior
sector angle



and C7CSL (the distance from the center of C7 plumbline to
the center of the sacral plate in the frontal plane).

The collected 3D acetabular parameters were: acetabular
tilt [11], acetabular anteversion, acetabular abduction [12],
center—edge angle (CEA) [13], anterior and posterior sector
angles [14] and sacro-acetabular angle (SA) [11]. Acetabular
anteversion and abduction were calculated morphologically,
i.e., in the Lewinnek plane (M), and positionally (P), i.e.,
in the horizontal or vertical planes (Fig. 1). The collected
3D lower limb parameters were: femoral torsion, hip—knee
shaft angle (HKS), knee flexion—extension, neck-shaft angle
(NSA), tibial torsion, valgus/varus of the knee (hip—knee
angle: HKA) and the tibial mechanical angle [15]. The ratio
of the femur length over the tibial length [16], as well as the
anatomical (sum of the femoral and tibial lengths) and func-
tional lengths (distance between the center of the femoral
head to the center of the ankle) of the full lower limbs were
also calculated and normalized to height.

The validity and reliability of the aforementioned param-
eters have already been studied [17, 18].

Statistical analysis

Mean differences between AIS and controls for demographic
data were tested using either Mann—Whitney’s U test or a
two-sample 7-test depending on data normality (Shap-
iro—Wilk’s test).

The two limbs were included for each subject with AIS
and grouped according to the pelvic obliquity in the frontal
plane (obtained from the 3D reconstruction) into elevated
side (ES) and lowered side (LS). Acetabular, lower limb and
3D length parameters were first compared between each side
of AIS (ES or LS) using either a paired t-test or Wilcoxon
signed rank test. For the control group, the left and right
sides were averaged after confirmation of no statistical dif-
ferences between both sides. Then, each side of the AIS was
compared to controls using a Mann—Whitney’s U test or a
two-sample ¢-test.

Differences between groups were also investigated by
studying the distribution of the parameters: CEA, NSA
and acetabular anteversion were compared between groups
according to specific ranges used in clinical classifications
(CEA for risk of overcoverage or dysplasia; NSA and acetab-
ular anteversion for risk of femoro-acetabular impingement)
[13, 19, 20]. When no clinical classifications were found in
the literature, the control group was divided into 3 classes,
which were defined as: low, if inferior than mean-1 SD (17%
of subjects); intermediate, if it falls between mean and 1 SD
and mean+ 1 SD (66% of subjects); high, if superior than
mean+ 1 SD (17% of subjects). The distribution of the AIS
sides was then evaluated based on these classifications. Het-
erogeneity was assessed using a Chi-squared test; pairwise
comparisons were computed using adjusted residuals.

In order to investigate the relationship between the 3D
acetabular and lower limbs parameters that differed between
groups and spino-pelvic parameters, a univariate analysis
using Pearson’s correlation test was applied. Then, in order
to explore the most significant determinants of the acetabular
and lower limb 3D parameters among demographics and
spino-pelvic parameters, a multivariate analysis using step-
wise multiple linear regression was computed.

Statistics were performed using Xlstat® (version 2019.1.2,
Addinsoft®, Paris, France). The level of significance was set
at 0.05.

Results
Study sample

In total, 274 subjects with AIS were included in this study
(232 females, age: 14.4 + 2 years). Frontal Cobb angle and
AVR were 33.5°+18°[10°-110°] and 14.3°+9° [0.1°-39°],
respectively. Subjects with AIS were classified as follow:
128 Lenke type-1, 8 Lenke type-2, 8 Lenke type-3, 119
Lenke type-5 and 11 Lenke type-6; there were no subjects
with Lenke type-4. Lower limb discrepancy had a median
of 0.3 cm [0-0.9 cm]. In total, 84 asymptomatic subjects
were also included in the control group (60 females, age:
14.1 +3.1 years). There were no significant differences
between AIS and controls in demographic data (all p > 0.05,
Table 1).

Mean values of the spino-pelvic and postural parameters
were compared between groups (Fig. 2). Briefly, T1T12
and CAM-HA were significantly lower in subjects with AIS
(33.6°+12°, —27.5 +23 mm, respectively) when compared
to controls (42.7° +8°, —19.9 +24 mm, respectively). Lat-
eral pelvic obliquity and C7CSL were significantly higher
in subjects with AIS (5.3+3.5 mm, 11.5+9 mm, respec-
tively) when compared to controls (4+3.5 mm, 7.8 + 6 mm,
respectively).

The detailed comparison of acetabular and lower limb
parameters between the ES, LS in AIS and controls were
presented in Table 2. Acetabular abduction (M and P) were
significantly higher in the ES group (59.2° +6°, 56.6° +£4°,
respectively) when compared to both LS (55.6° +£6°,

Table 1 Comparison of demographics between controls and adoles-
cent idiopathic scoliosis (AIS)

Demographics Control AIS p value
Mean SD Mean SD

Age (years) 14.1 3.1 14.4 2.0 0.06

Weight (kg) 52.0 14.8 523 114 0.37

Height (m) 1.6 0.1 1.6 0.1 0.06
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Table 2 Between-group comparisons of 3D acetabular and lower limbs parameters in controls, elevated side (ES) and lowered side (LS) of sub-
jects with adolescent idiopathic scoliosis

Parameters Control Elevated side Lowered side Control versus ES  Control versus LS  ES versus LS
(ES)- AIS (LS)- AIS

Mean SD Mean SD Mean SD  p value p value p value
Acetabular abduction M (°) 57.5 39 59.2 6.0 556 6 0.01 0.005 <0.001
Acetabular abduction P (°) 55,5 3.8 56.6 42 539 42 0.04 0.001 <0.001
Acetabular tilt angle (°) 206 6.3 21.6 8.1 213 7.8 0.27 0.44 0.64
Center—edge angle (°) 29.8 4.8 28.7 51 32 6.1 0.10 0.005 <0.001
Sacro-acetabular angle (°) 56.6 9.9 604 120 60 12.6  0.01 0.03 0.53
Acetabular anteversion M (°) 19.1 4 19.8 5.1 205 5.7 0.21 0.03 0.03
Acetabular anteversion P (°) 148 3.9 15.5 45 159 5 0.16 0.02 0.18
Anterior sector angle (°) 61 4.4 59.1 6.1 592 6.5 0.01 0.03 0.84
Posterior sector angle (°) 942 44 94.7 55 942 59 044 0.66 0.30
Femoral mechanical angle (°) 939 1.5 94.1 1.9 939 2 0.31 0.98 0.05
Femoral torsion (°) 16.7 9.6 169 109 175 11.1 0.79 0.43 0.22
Hip—knee shaft angle (°) 4 0.8 4.2 1.1 4.3 1 0.25 0.04 0.14
Knee flexion—extension (°) -31 5 -24 54 -34 53 027 0.72 <0.001
Neck-shaft angle (°) 1314 43 1308 46 1306 44 027 0.14 0.38
Tibial torsion (°) 285 6.6 28.6 72 293 7.1 0.88 0.37 0.11
Valgus/varus (°) 04 22 0.5 2.6 0.3 2.8 0.86 0.76 0.22
Tibial mechanical angle (°) 89.1 24 89.3 29 898 2.8 0.67 0.05 <0.001
Ratio of femur length over tibia length 1.16 0.03 1.16 0.03 1.16 0.03 0.24 0.11 0.98
Anatomical length (cm) 745 6.2 76.4 43 762 4.3 0.002 0.01 <0.001
Normalized anatomical length 0.471 0.01 0475 0.02 0474 0.02 0.01 0.09 <0.001
Functional length (cm) 749 6.2 76.8 43 76.6 4.3 0.002 0.01 <0.001
Normalized functional length 0.474 0.01 0478 0.02 0477 0.02 0.01 0.10 <0.001

Significant p values are indicated in bold



53.9°+4°, respectively) and controls (57.5° +4°, 55.5° +4°,
respectively). CEA and acetabular anteversion (M and P)
were significantly higher in the LS (32° +6°, 20.5° +6°,
15.9°+5°, respectively) group when compared to both ES
(28.7°+5°, 19.8°+5°, 15.5°+4.5°, respectively) and con-
trols (29.8°+5°, 19.1°+4°, 14.8° +4°, respectively). The
anterior sector angle was significantly lower in both ES
(59.1°£6°) and LS (59.2° +6.5°) groups when compared
to controls (61° +4°). Femoral torsion, NSA, tibial torsion
and valgus/varus did not differ between groups. The ratio of
the femoral length over the tibia length ranged between 1.1
and 1.2 and was similar between groups. Both normalized
anatomical and functional lengths were significantly higher
in the ES (0.475+0.02, 0.478 +0.02, respectively) while
compared to both LS in AIS (0.474+0.02, 0.477 +0.02,
respectively) and controls (0.471+0.01, 0.474 +0.01,
respectively).

Distributions of 3D acetabular parameters

When the CEA was evaluated based on the clinical ranges
published by Tannast [20], the ES group tended toward
dysplasia and the LS group was significantly shifted
toward overcoverage (Fig. 4). Acetabular anteversion and
NSA were similar to normal ranges when assessing the

risk of femoro-acetabular impingement based on the clini-
cal classifications published in the literature [13, 19].
When the distribution of the ES and LS groups were
compared to controls for both the morphological and posi-
tional acetabular abduction, the LS group tended toward
the low class and the ES to the high class of controls
(Fig. 3). For the anterior sector angle, morphological and
positional acetabular anteversion, both ES and LS groups
tended toward the low class of controls (Figs. 3, 4). For
the posterior sector angle and SA angle, both ES and LS
groups tended toward the high class of controls (Fig. 4).

Univariate analysis

CEA was significantly correlated to: age (r=—0.20,
p=0.05), T1 tilt (r=-0.25, p=0.01) and PT (r=-0.25,
p=0.01). Positional acetabular abduction was significantly
correlated to: T1 tilt (r=0.23, p=0.02), T9 tilt (r=0.25,
p=0.01), SS (r=-0.20, p=0.04) and PT (r=0.32,
p=0.001) (Fig. 5). Positional acetabular anteversion was
significantly correlated to CAM-HA plumbline (r=—0.36,
p<0.01), T1 tilt (r=0.30, p=0.002), PI (»r=0.41,
p<0.001) and PT (r=0.45, p<0.001) (Fig. 5).
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Discussion

Adolescent idiopathic scoliosis (AIS) is known to alter the
orientation of the pelvis in the 3 planes, which may lead
to alterations in acetabular and lower limb morphologies.
This study investigated the changes that might occur in
acetabular and lower limb morphologies in these subjects
while analyzing both the elevated and lowered sides of
the pelvis as well as their correlation to the spino-pelvic
parameters. Subjects with AIS had a more abducted ace-
tabulum at the lowered side, more anteverted acetabulum
and a lack of anterior coverage of both acetabula. These
alterations were strongly related to pelvic tilt.

The spino-pelvic and global posture alterations found in
the AIS group were similar to those reported in previous
studies [21]. The analysis of acetabular and lower limb
parameters between both sides of AIS and controls showed
some morphological and positional alterations. Along with
the comparisons of means of acetabular and lower limb
parameters between both sides of AIS and controls, a com-
parison of the distributions of these parameters has also
been investigated. This type of study allowed for a more
thorough analysis of the heterogeneous anatomy of sub-
jects with AIS and differences with previously published
clinical ranges or normative data.

CEA and acetabular abduction are frequently used in the
assessment of the acetabular coverage. These parameters are
inversely related: when the CEA increases, the acetabular
abduction decreases, and vice versa. According to the clini-
cal ranges of CEA published by Tannast et al. [20] (Fig. 4),
it was found that the LS of subjects with AIS is significantly
more shifted toward overcoverage than the ES and controls
and the positional acetabular abduction to be significantly
more shifted toward the higher class of controls (Fig. 3); in
contrary, the ES were more shifted toward dysplasia ranges
for the CEA and to the lower class of controls for the posi-
tional acetabular abduction. Since the positional acetabular
abduction was significantly determined by the position of
the pelvis in both the frontal and sagittal planes, the fron-
tal obliquity might have moved the lateral edge of the ace-
tabulum on the LS externally, which might lead to a lower
acetabular abduction, and consequently to a higher external
coverage of the femoral head. The opposite effect takes place
on the ES, showing more subjects having undercoverage
compared to controls. Our findings, based on 3D data, are
in disagreement with Schmitz et al. [22], who, by grouping
both acetabula together, found no differences while compar-
ing the CEA, calculated in 2D, of AIS subjects to controls. It
is therefore interesting to consider each side separately when
analyzing the acetabula of subjects with AIS.

When analyzing the anterior sector angle, the ES and
LS hips were shifted toward the low class in controls

(Fig. 4), thus indicating a high prevalence of decreased
anterior femoral head coverage in subjects with AIS in
both hips (ES and LS). Moreover, positional acetabular
anteversion in both sides of AIS pelvis was significantly
more shifted toward the high class of controls (Fig. 3).
This increase in acetabular anteversion was also present
morphologically. Both the increase of acetabular antever-
sion and the decrease of the anterior sector angle show
that subjects with AIS have a more exposed femoral head
anteriorly on both the ES and LS that could predispose
them to hip dysplasia. These findings are in accordance
with previous study showing that subjects with AIS have a
higher incidence of dysplasia compared to normal popula-
tion [23].

Moreover, acetabular anteversion and acetabular abduc-
tion were both positionally and morphologically signifi-
cantly different between groups (Table 2), this might show
that subjects with AIS have already morphological altera-
tions of the acetabula in addition to the positional impact of
the spinal deformity on the acetabula.

The alterations of the CEA, acetabular abduction and
anteversion were found to be correlated (Fig. 5) and mostly
determined by PT (f=-0.08, #=0.32 and #=0.51, respec-
tively) showing that the alteration of the position of the pel-
vis in the sagittal plane have a major impact on the acetabu-
lar coverage over the femoral head as shown in a previous
study [24].

Surgical spinal realignment of subjects with adult spinal
deformity showed that improving the sagittal alignment by
increasing the lumbar lordosis had consequently decreased
the pelvic tilt and acetabular anteversion [25]. In this study,
the acetabular anteversion, abduction and CEA were corre-
lated and determined by the pelvic tilt; this might highlight
the importance of the continuous monitoring of the sagittal
alignment of subjects with AIS since they might be at risk
of developing acetabular alteration in case they did not reach
the proper sagittal alignment.

Differences in spino-pelvic parameters in patients with
spinal pathologies and on patients with hip osteoarthritis
have been extensively studied before. Moreover, many stud-
ies have explored the relationship between hip and spine
pathologies, especially in the adult setting. This is a descrip-
tive study of the changes that occurs in the acetabular ori-
entation and lower limb morphology in subjects with AIS.
The major limitation of this study is its retrospective nature
and that the included patients were not followed up in order
to confirm whether they later developed hip pathologies,
although such a task might require the observation of these
subjects for many years into the future. A prospective study
is developed in order to follow up these patients.

In conclusion, subjects with AIS were found to have
significant asymmetry in hip morphology leading to a
more abducted acetabulum on the LS and a more anterior



undercoverage as well as anteverted acetabula on both sides.
These alterations were essentially correlated and determined
by the pelvic tilt in the sagittal plane.
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