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Head to pelvis alignment of adolescent idiopathic scoliosis patients
both in and out of brace

Claudio Vergari'© - Isabelle Courtois? - Eric Ebermeyer? - Raphael Pietton® - Houssam Bouloussa®* - Raphael Vialle3 -
Wafa Skalli’

Purpose To determine the short-term effect of bracing of adolescent idiopathic scoliotic (AIS) patients on the relationships
between spinopelvic parameters related to balance, by comparing their in and out-of-brace geometry and versus healthy
subjects.

Methods Forty-two AIS patients (Cobb angle 29° + 12°, ranging from 16° to 61°) with a prescription of orthotic treatment
were included retrospectively and prospectively. They all underwent biplanar radiography and 3D reconstruction of the spine
and pelvis before bracing as well as less than 9 months after bracing. Eighty-three age-matched healthy adolescents were
also included as control group and underwent biplanar radiography and 3D reconstruction.

Results Sacral slope was higher in AIS than healthy patients (p =0.005). Bracing induced large changes of pelvic tilt (between
— 9° and 9°), although patients’ sagittal spinopelvic alignment tended to remain within the normality corridors defined by
the healthy patients. Patients had flatter backs compared to healthy subjects and bracing further reduced their spinal curves.
The head tended to remain above the pelvis in-brace.

Conclusion Analysis of sagittal alignment from head to pelvis showed that bracing further flattened the patients’ backs and
induced large compensating reorientations of the pelvis. Sagittal balance should be included in the planning and evaluation
of brace treatment, since it could play a role in its outcome.

Graphical abstract
These slides can be retrieved under Electronic Supplementary Material.
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1. Patients were able to maintain a sagittal alignment similar to

healthy subjects, at the cost of large pelvic reorientation.

. Adolescent idiopathic scoliosis is a deformity of the trunk, which
can induce alterations of patient’s balance alignment
2. Sagittal balance should be included in the planning and evaluation
of brace treatment, since it could play a role in its outcome.
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Effect of bracing on sagittal alignment is often limited to the spine,

and it does not include the head and the pelvis. 086, p.<0.001 o= 089; p <0.001

s %0 70 %0 % 40 % e w 70 @ %0 40 0
; ) . - PT-PI-TI3-311 PT-PI-TI3-311
3. The aim of this study was to characterize the patients global
alignment in and out of brace, from head to pelvis, using biplanar Seoliotic patients (dots) maintained a global alignment similar to healthy subjects
X-rays and 3D-reconstruction methods. (green ellipse). However, bracing induced changes in pelvic tilt up to 9°
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Introduction

Scoliosis is a complex deformity of the trunk in the

54 Claudio Vergari three planes of space. Its most prominent characteristic
c.vergari @gmail.com is a deviation of the spinal curve in the coronal plane,
which is usually quantified by the Cobb angle, together
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with a flattening of the sagittal spinal curve and vertebral
rotations in the transverse plane. Currently, the attention
is shifting from a 2D characterisation of the deformity
through the Cobb angle, towards a global 3D analysis of
the patient, including their alignment. This should ideally
include the spinal chain of balance from the head to the
“pelvic vertebra” and, in some cases, the lower limbs [1].

Patients tend to compensate any alteration of the bal-
ance in order to keep the head upon the pelvis and a hori-
zontal gaze: the compensation is obtained by altering the
spinal alignment and, for congruity, pelvis orientation [2].
When spinal flexibility is reduced or pelvic reorientation
does not suffice to keep the head upon the pelvis, such
as in elderly patients, lower limbs are the last link of the
compensatory chain that can help them maintain their bal-
ance [3].

Analysis of spinopelvic parameters and their mutual
relationships have been thoroughly characterized in healthy
adolescents [4] and adults [5-9]. In particular, the interest
of patient balance is recognized for spinal surgery [10, 11],
which is the final recourse to correct progressive scoliotic
patients for whom the non-operative treatment failed. Post-
surgery malalignment can be a source of pain and disability,
and it can lead to severe mechanical consequences such as
proximal junctional failure or adjacent disc degeneration
[12-15].

Adolescent idiopathic scoliosis (AIS) is the most com-
mon form of the pathology, with risk of progression espe-
cially during the pubertal growth spurt. The most common
conservative treatment for progressive moderate to severe
curves is bracing, which aims to stop or slow down the pro-
gression to avoid surgery. Just like the assessment of scolio-
sis severity, evaluation of brace effect on the spinal align-
ment of AIS patients is often only focused on Cobb angle
correction. Thanks to relatively recent technical advance-
ments in 3D imaging of scoliosis in clinical routine [16],
three-dimensional parameters started being included in the
analysis of bracing [17-19]. This shows that bracing can
have limited effects on the 3D deformity: it can leave the
thoracic kyphosis and axial rotations unchanged or even
worsened in up to 80% of cases [17]. This shows how the
correction mechanisms of braces are still not completely
understood. Several factors account for this: the complex
shape of the deformity, the difficulty of planning and imple-
menting an effective correction strategy, but also the com-
pensating mechanisms that are usually not accounted for
when planning a brace.

To our knowledge, no study analysed the effects of brac-
ing on the relationships between spinopelvic parameters,
rather than on the parameters themselves. The hypothesis
of this work is that such analysis could clarify how bracing
acts on the deformity and give an insight on the compensa-
tion mechanisms of young AIS patients.

Materials and methods
Subjects

Forty-two patients (27 girls and 15 boys, average age
13 +2, average Cobb angle 29° + 12°, ranging from 16°
to 61°) diagnosed with progressive AIS were included
retrospectively and prospectively from 2 clinical centres.
Patients were treated if they presented a Risser sign <2,
Cobb angle >25° [20] or an increase of more than 5° in
6 months paired with a worsening of the clinical appear-
ance with hump increase [21]. Twenty-three patients
had thoracic curves (apex in TI-T11), nine were thora-
columbar (apex in T12-L1) and ten were lumbar (apex
in L2-L5). All patients were at their first prescription of
treatment; 30 patients wore thoracic lumbar sacral ortho-
sis (TLSO) and 12 night-time braces. All patients under-
went biplanar radiographs (EOS system, EOS Imaging,
Paris, France) in free-standing position at treatment deci-
sion (pre-brace) and in-brace. In-brace acquisition was
performed on average 3 +2 months after pre-brace x-ray
(ranging between same day and 9 months).

Eighty-three healthy adolescents and young adults (58
girls, 25 boys, mean age 14 + 3 years, ranging between 9
and 21 years) were also included as control group. They all
underwent biplanar radiography. The study was performed
after approval of the ethical committee (CPP 6001 Ile de
France V and local hospital committee).

Data processing and analysis

Validated methods were employed to reconstruct the 3D
geometry of the spine and pelvis for each biplanar X-ray
[22]. In addition, the odontoid process (OD) and the
bicoxo-femoral axis were digitized in both radiographs
(Fig. 1). An anatomical coordinate system was calculated
for each patient, with its origin placed at the centre of the
bicoxo-femoral axis (HA). The coronal plane was consid-
ered vertical and passing through the two acetabula, the
sagittal plane was vertical and at 90° from the coronal
plane, while the transverse plane was horizontal.

Clinical parameters were calculated in the patient coor-
dinate system from the 3D reconstruction: pelvic incidence
(PI), pelvic tilt (PT), sacral slope (SS), L1-S1 lumbar lor-
dosis (LL), T1-T12 thoracic kyphosis (TK). In addition,
the angle between the vertical and the line that connects
OD to HA was measured in the sagittal and coronal planes
(Fig. 1, [23]).

Vialle et al. and Schwab et al. Previously reported sev-
eral significant relationships between pelvic and spinal
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Fig.1 Biplanar radiographs of an adolescent idiopathic scoliotic
patient (a) and 3D reconstruction of the pelvis, spine and C2 odontoid
process (OD) in frontal (b), sagittal (c), top (d) and 3D views. Panel
B reports the coronal projection of the OD-HA angle and panel C the

parameters in healthy subjects [6, 9] (SS vs. PI, PT vs.
PI, LL vs. PI, LL vs. a linear combination of PT, PI and
TK). For each of these relationships, a confidence ellipse
was built [24] using the data from the previous work to
represent the distribution of the different parameters in the
healthy population and compare it with the present data on
healthy subjects and AIS patients.

iftal
HA

coronal
OD-HA

coronal

sagittal one. Panel F represents the pelvic parameters (pelvic tilt: PT,
pelvic incidence: PI, sacral slope: SS) and the positive sign of each
parameter is indicated by the arrows

Statistics

Non-parametric tests were selected because not all vari-
ables passed normality tests (Lilliefors’ test). Differences
between pre-brace and in-brace parameters were analysed
with paired Wilcoxon signed rank test, while compari-
sons with healthy controls using Kruskal Wallis test and



Tukey—Kramer post-hoc analysis. Correlations were quanti-
fied with Spearman’s rank test. Slopes and intercepts of the
linear regression were compared between groups using rank
transform analysis of covariance (ANCOVA) [25]. Analy-
ses were performed with Matlab 2016b (The Mathworks,
Natick, MA, USA).

Results

Age and sex distributions were not significantly different
between healthy and AIS subjects (p> 0.05). Table 1 reports
the clinical parameters for the healthy subjects and the AIS
patients before and in brace. Curve topology had no signifi-
cant impact on brace effect (p > 0.05, Kruskal-Wallis test).

Pelvis

Figure 2 shows the relationship between PI and SS in each
group, compared to the normal distribution published by
Vialle et al. [9]. It can be noted that the data for pre-brace

and in-brace patients appears shifted upwards relative to the
normal ellipse; indeed, SS was higher in AIS patients pre-
brace than healthy subjects (p =0.005). PT and linear regres-
sions did not differ between groups (p > 0.05).

Figure 3 shows the relationship between PI and PT in
each group. Again, regression parameters did not statistically
vary between groups. PT was lower in AIS patients than
healthy subjects, but the difference was not significant, nor
was brace effect significant (p=0.37, Table 1). Nevertheless,
PT change due to bracing ranged from — 9° to 9°; in other
words, while the average PT did not change between pre-
brace and in-brace, large PT variations took place. Further
analysis showed that all patients (but one) who had a pelvic
tilt lower than 5° increased their pelvic tilt when in-brace,
while 64% of the patients who had pelvic tilt higher than 5°
decreased it (Fig. 4).

Table 1 Clinical parameters in

. Healthy subjects Pre-brace In-brace Difference between groups
healthy subjects and adolescent
idiopathic scoliosis patients Cobb angle (°) - 2924121  19.149.8 In-brace< pre-brace (p =0)
before and in-brace TI-T12 kyphosis (°)  40.6+10.9 3424157  31.0+14.4 Healthy > pre-brace (p =0.02)
Healthy > in-brace (p =0.0004)
L1-S1 Lordosis (°) —543+11.1 — 5824125 —52.5+10.8 In-brace> pre-brace (p =0.04)
Pelvic incidence (°) 453+9.8 48.8+11.7 48.3+12.6 p=0.09
Pelvic tilt (°) 7.9+8.0 6.0+7.8 73+58 p=0.37
Sacral slope (°) 374+7.6 429+99 41.0+9.7 Healthy < pre-brace (p =0.005)
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ficients are reported in each panel) while shaded areas represent the
95% confidence ellipse of healthy subjects from Vialle et al. [9]
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Spinal alignment shows a multilinear relationship between LL vs a com-

bination of PT, PI and TK, as previously described by
Figure 5 shows the relationship between PI and LL; the  Vialle et al. [9]. This relationship, which includes the
intercept of the linear regression for healthy subjects was ~ thoracolumbar spine and pelvis, was similar between
significantly higher than in the other groups (p <0.001), groups, even if LL and TK showed differences.

while the slope was lower but not significantly. In other Odontoid process.
words, for a given SS, AIS patients tended to have flat- Figure 7 reports OD-HA sagittal and coronal angle in
ter lordotic spines (because LL values are negative).  the three groups. Both sagittal and coronal angles tended

Moreover, AIS patients further decreased their lordosis ~ to increase from healthy to pre-brace and to in-brace,
when in brace (p =0.04, Table 1). The change in LL was although differences between groups were not significant.
significantly correlated to the change in PT (Spearman’s  Similarly to brace-induced changes in PT, changes in sag-
rho=0.48, p=0.001). ittal OD-HA were not statistically significant but they

T1-T12 kyphosis was significantly higher in healthy ~ ranged between — 6° and + 6°. Again, changes depended
patients that in pre-brace and in-brace (Table 1). Figure 6  on the pre-brace angle (Fig. 4).
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dosis in healthy subjects, pre-brace and in-brace scoliotic patients.
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coefficients are reported in each panel) while shaded areas represent
the 95% confidence ellipse of healthy subjects from Vialle et al. [9]
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Fig.6 Relationship between L1-S1 lordosis, Pelvic tilt (PT), pelvic
incidence (PI) and T1-T1 thoracic kyphosis (TK) in healthy subjects,
pre-brace and in-brace scoliotic patients. Dashed lines represent lin-

Discussion

This work focused on the analysis of spinopelvic alignment
in AIS patients at decision of conservative treatment and
in-brace, compared to healthy subjects. Only the immedi-
ate effects of bracing were analysed, 3 months after the last
out-of-brace biplanar radiography. While short-term effect
cannot be used to determine brace efficacy for the long-
term outcome, several studies suggest that the two are cor-
related, thus confirming the interest in analysing immedi-
ate brace effects [20, 26, 27]. The originality of this work
lies in the analysis of the relationship between parameters,

PT-PI-TK/3-3[

PT-PI-TK/3-3[7

ear regressions (correlation coefficients and p-values are reported in
each panel) while shaded areas represent the 95% confidence ellipse
of healthy subjects from Vialle et al. [9]

compared to those obtained in healthy patients, in addition
to the range and distribution of each single parameter. This
approach allows an insight into the strategy to maintain
balance of AIS patients relative to healthy subjects, and
how this strategy could be affected by bracing.

While the analysis was mainly focused on sagittal plane
parameters, these were calculated from a 3D model. This
allows correction of projection biases; for instance, if the
patient was not perfectly aligned with the lateral plane of
the radiographic device, their pelvic parameters would still
be calculated in the anatomical sagittal plane rather than in
the radiographic plane. The 3D geometry of the spine is also
accounted for when calculating sagittal parameters, which
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Fig.7 OD-HA angle in the coronal and sagittal planes for the three
groups. Differences between groups were not significant

are classically measured in 2D, since they can be measured
using the 3D orientation of the vertebral endplates.

Results were compared with 95% confidence ellipses cal-
culated on the data reported by Vialle et al. on a population
of healthy subjects aged from 20 to 70 years old [9]. Since
the age range in the present study was limited to adoles-
cents, it was necessary to include a population of healthy
adolescents to determine if the previously published spin-
opelvic relationships remained valid. Figures 3, 4, 5 and 6
show that this is the case; only PI appeared smaller in this
study (45.3°+9.8° against 54.7° +10.6° in Vialle et al.).
This could be expected, since PI tends to increase with age.

The advantage of comparing patient clinical parameters
with 95% confidence ellipses based on healthy subjects, is
that ellipses simultaneously represent the distribution of data
in two dimensions, the slope of the relationship between
parameters and the correlation coefficient of the underlying
linear regression (represented by the transversal diameter of
the ellipse). In other words, there is an immediate compari-
son with the linear regression between parameters of healthy
patients and with the parameters’ confidence intervals.

Spinal sagittal alignment was further flattened by brac-
ing: kyphosis was lower in AIS than in healthy subjects, as
expected, but it was further reduced by bracing. Lordosis
was also reduced by bracing, thus worsening the character-
istic scoliotic “flat back”, confirming previous 3D analyses
of brace effect [17]. The general consensus is that bracing
should aim at restoring a normal 3D geometry of the trunk,
without neglecting the transverse and sagittal planes. These
were included in the SOSORT guidelines for scoliosis treat-
ment [24, 25]. Nevertheless, brace is still often prescribed
only using a coronal x-ray, thus neglecting the 3D configura-
tion. Figure 6 shows a multilinear relationship representing
a global spino-pelvic alignment, since it includes PT, PI, TK
and LL. Even though TK and LL differences were present

between groups (for instance, in TK and LL, Table 1), this
graph remains within the confidence ellipse for the three
groups, suggesting that global sagittal alignment remained
balanced even after the loss of kyphosis and lordosis.

Bracing had variable effect on PT, with some patients
increasing and other decreasing it (Fig. 4), and the change
in PT was significantly correlated to the change in LL
(p=0.001). Thus, patients who flattened their LL in brace,
compensated by increase their PT (pelvic retroversion). This
is expected, but a non-negligible portion of patients (N=10)
actually decreased their PT while also decreasing LL. Fig-
ure 8 and Online Resource 1 show such a case; this patient
had a high pre-brace PT (13°, 85th percentile), but her head
was posterior relative to her acetabula (OD-HA = — 5°).
Her strategy to compensate the sagittal straightening of
her spine was to pivot her whole trunk forward around her
pelvic acetabula, resulting in a forward shift of the head,
which actually brought the head close to the vertical of the
acetabula (in-brace OD HA =1.3°).

As shown by the description of this compensation mech-
anism, the inclusion of the head in the analysis of brace
effect is an original aspect of this work. OD is just below
the head’s centre of mass [28], and it has the advantage over
the auditory meatuses of being easily recognizable in fron-
tal and lateral radiographs. It is commonly accepted that
all subjects tend to maintain the head upon the pelvis and
a horizontal gaze, with minimal expenditure of energy [2,
29]. This is because the head has a non-negligible weight
which is applied to the relatively small cervical spine; a
small displacement of the head could induce higher muscu-
lar forces to counterbalance large moments on the cervical
vertebrae and discs. Indeed, recent studies showed that the
OD-HA angles are almost constant in asymptomatic sub-
jects, whether young or elderly [30].

This result was confirmed in AIS patients, who showed
the same variability of sagittal OD-HA (SD: 2.8°, Fig. 7)
as healthy subjects in the present work (SD: 2.4°) and in the
previous study from Amabile et al. (SD: 2°). Bracing did
not affect variability (SD: 2.5), and the same applied for the
coronal angle, which presented even lower variability (less
than 2° in all groups). Nevertheless, AIS patients in-brace
showed a small forward shift of the head relative to healthy
subjects (— 1.3° sagittal OD-HA against — 2.5°, respec-
tively), corresponding to a 1 cm displacement. This could
be due to the reduced kyphosis which were compensated by
a forward shift of the body inclination.

Lower limbs were not included in the analysis of sagittal
balance, but it is generally accepted that they mostly inter-
vene in compensation mechanisms of elderly subjects, who
present less spinal and pelvic mobility, or adolescents with
high-grade spondylolisthesis. A further limitation of this
study is that the cohort was not sufficiently large to perform
a sub-analysis concerning the different effects of night-time



Fig.8 Biplanar radiographies of a patient before a and in brace b.
Green lines show the interacetabular axis and the vertical line from
its midpoint. This patient, who had a pelvic incidence of 37°, signif-
icantly flattened her lumbar lordosis in brace (from — 52° to — 39°)

and TLSO braces, although this was beyond the scope of this
work. Finally, patients were recruited from only two centres,
and therefore results should be generalized with care. Type
and quality of bracing depends on the orthotist’s experi-
ence, and different centres could have different approaches
to brace manufacturing: a larger multi-centric cohort could
increase result variability.

Quantitative analysis of the sagittal plane is important
in bracing, because its correction could play a role in treat-
ment outcome. For instance, it was previously suggested
that negative pre-brace pelvic tilt could be indicative of
curve progression [31]. In the present study, brace-induced
changes of PT and OD-HA depended on the out-of-brace
values. Patients who had low out-of-brace PT tended to
increase them proportionally, and vice-versa; the same prin-
ciple applied to the position of the head (Fig. 4). In other
words, patients tended to normalise their pelvic orientation
and the position of the head above the pelvis. This observa-
tion gives an insight on the compensation strategy actuated
by the patient, although this strategy remains a complex

while reducing her pelvic tilt (from 13° to 7°). 3D reconstruction of
the pelvis c—d) shows the forward shift of the sacral plate in brace d,
i.e. the pelvic anteversion

combination of neuromuscular activity, dynamic adaptation,
proprioception and biomechanics, which cannot be summed
up in simplified rules than will be true for all patients.

Conclusion

Bracing enabled a significant correction of Cobb angle, but
analysis of sagittal alignment from head to pelvis showed
that it further flattened the patients’ backs. This resulted in
large compensating reorientations of the pelvis to keep the
congruity with spinal alignment and to keep maintain the
head upon the pelvis. Sagittal balance should be included
in the planning and evaluation of bracing treatment. Indeed,
its systematic measurement could play a role in treatment
outcome and, considering the present analysis, help improve
brace action on the sagittal deformity.
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