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Abstract

Purpose Bracing is the most commonly used treatment for scoliosis. But braces remain predominantly “handcrafted.” Our
objective was to create a novel brace simulator using a high-fidelity 3D “avatar” of the patient’s trunk.

Methods An observational cross-sectional study was constructed. The inclusion criteria were patients with a moderate idi-
opathic scoliosis (between 15° and 35° of Cobb angle) aged between 9 and 15 years old with an indication of brace treatment.
Twenty-nine scoliotic patients, 25 girls and four boys, with a mean age of 12.4 years were included. Twenty right thoracic
and 14 left lumbar were measured with a mean Cobb angle of 24°. 3D “avatars” were generated using a novel technology
called the “anatomy transfer.” Biomedical simulations were conducted by engineers who were blinded to the clinical effect
of the real patient brace. The in-brace Cobb angle effect (real effect) was compared with the virtual numeric in-brace Cobb
angle observed using the blindly constructed avatar (simulation effect).

Results Real and simulated in-brace Cobb angle were compared using a paired two-sided Student’s 7 test. The real mean
Cobb angle was 11° and 17° in the simulation which was statistically significant. The strength of prediction of the simulation
was assessed for each individual patient; 76% of the real in-brace Cobb angles had good and moderate prediction (+ 10°).
Conclusions Incorporating high-fidelity copy of the entire 3D shape of the patient’s trunk and multiple 3D-reconstructed bony
images into an anatomical reference avatar resulted in moderate-to-good prediction of brace effect in three quarters of patients.
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These slides can be retrieved under Electronic Supplementary Material.

Key points Take Home Messages

. Simulations were conducted by engineers who were blinded to the
clinical effect of the real patient brace.

1. An effective brace simulator could aid brace manufacturers to produce
an optimal patient-specific effective brace without delay.
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Incorporating high-fidelity copy of the entire 3D shape of the
patient’s trunk and multiple 3D reconstructed bony images into an
anatomical reference avatar resulted in moderate-to-good
prediction of brace effect in three quarters of patients.

2. Our objective was to create a 3D “avatar” of the patient’s trunk
incorporating both the “internal” and “external” components from the
skin to bone.
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In order to evaluate the effectiveness of the simulated trunk, we
compared the brace effect experienced by the patient (real effect) and
the virtual numeric effect observed using the blindly constructed
avatar (simulation effect).
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More extensive clinical data is still necessary to promote the
and validation of ized simulation models.
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Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00586-019-05948-9) contains
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supplementary material, which is available to authorized users.

during the entire growth period of children with progressive
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curves. Although previously a controversial topic, it is now
well documented that brace therapy is effective in prevent-
ing curve progression [1—4]. Bracing has proved to be more
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beneficial for smaller curves, thus it should be instituted as
soon as possible once progression is confirmed [5]. In the
future, identifying predictive factors of curve progression
should allow clinicians to decide, even in the earliest stages
of curve progression, whether it is necessary to commence
brace treatment [6, 7].

To achieve satisfactory long-term results, the brace must
be mechanically effective from the outset. A number of
parameters need to be considered when designing a brace,
including curve severity, patient age and the flexibility and
location of the curve. This explains why many clinicians
support the notion of patient-specific evaluation of brace
treatment [8, 9].

In addition to involving complex patient-specific param-
eters, braces remain predominantly “handcrafted” and as
such, their fabrication is highly dependent on the skill of
the individual brace manufacturer. This is also why manu-
facturing companies of braces are not equivalent and why
re-adjustments are frequently required.

An effective brace simulator could aid brace manufac-
turers worldwide to produce an optimal patient-specific
effective brace without delay. Brace simulators are already
available on the market; however, the majority relies on
finite element models (FEM) that have not been clinically
evaluated or validated [10-17]. The pilot studies recently
published employ simple FEM that cannot ensure real-life
three-dimensional (3D) brace shapes since they have only
taken into account the internal skeleton of the trunk in 3D
without the non-skeletal components [18, 19].

Our objective was to create a 3D “avatar” of the patient’s
trunk incorporating both the “internal” and “external” com-
ponents from the skin to bone. The 3D avatar generated
would subsequently be submitted to the mechanical action
of the real patient brace’s 3D shape. In order to evaluate the
effectiveness of the simulated trunk, we compared the brace
effect experienced by the patient (real effect) and the virtual
numeric effect observed using the blindly constructed avatar
(simulation effect).

Materials and methods

Ethical approval for this study was obtained from the local
ethics committee on February 20, 2015, (CECIC Rhone-
Alpes-Auvergne, Clermont-Ferrand, IRB 5891).

Study design

This pilot study is prospective, non-randomized, monocen-
tric, observational and controlled (simulation versus real
brace effect). It was developed and implemented with the
assistance of the local clinical study center specializing in
innovative medical devices.
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It should be noted that the brace simulations performed
in this study did not modify the conception and fabrication
of the real braces.

Patients

All patients in the study were recruited after obtaining
informed and written parental consent between January 2016
and December 2017. Informed consent forms are available
on request. Inclusion criteria were as follows:

Age 9-15 years old

Idiopathic scoliosis (lumbar and/or thoracic curve);
Moderate curve: Cobb angle of between 15° and 35° and
Brace treatment indicated

Few patients with progressive curves under 20° were
included, which is not strictly in-line with the SRS guide-
lines. In our institution, we use nighttime bracing (with
Chéneau or Charleston brace) for progressive small curves
that appear very effective in preventing further progression
[20].

Thirty patients were initially recruited into the study. One
patient was subsequently excluded due to the late finding of
six lumbar vertebrae. The 3D spinal reconstruction with the
EOS® system is only validated at present for patient with the
standard number of vertebrae.

Mean age was 12.4 years (range 9-15), 25 girls and 4
boys.

Mean Cobb angle before treatment was 24° (range
15°-35°).

3D reconstruction of bony structures

All patients underwent full spine X-rays with EOS® imag-
ing in the free standing position with and without bracing.

The EOS® imaging system is a tridimensional imag-
ing modality that is validated for 3D evaluation of spinal
deformities. This low-dose imaging technique provides
simultaneous AP and lateral views in the standing normal
weight-bearing position. Computerized reconstructions with
sterEOS® software based on identifiable anatomic points
provide a 3D image of the entire spine, the pelvis and the
thoracic cage.

3D shape acquisition of the trunk

Computer-assisted brace fabrication relies on the acquisition
of the 3D shape of the patient’s trunk. High-accuracy optical
scans are now routinely used to obtain 3D body trunk shape
(Fig. 1a). The resulting trunk shape is then modified manu-
ally with a specific software program (Fig. 1b).
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Fig.1 3D body trunk shape
obtained with the optical scan A
(a). This resulting trunk shape
is then modified manually with
a specific software program (b).
Computer-generated 3D model
of the brace which would be
used to construct the patient’s
real brace (c¢)

For this study, optical scans were performed with the
ScanGogh II, Vorum Research Corporation.

The scan of the external shape of the patient was acquired
in the same free standing position used for EOS® imaging.
The delay between EOS and optical scan acquisitions was
less than 2 months in order to avoid any significant modifica-
tion of height and trunk shape over time.

Avatar construction

One of the challenges of this study was to combine the inter-
nal skeletal 3D patient shape obtained with EOS® with the
corresponding external 3D shape resulting from the optical
scan. For this step, we turned to the Anatoscope® technology
known as “anatomy transfer,” which consists of constructing
an animated anatomical avatar of a given patient by combin-
ing a 3D reference model (canonical avatar) with medical
images of the patient. Biomedical simulation can then be
performed on this personalized avatar, allowing 3D visuali-
zation and optimization of a treatment before it is applied to
the patient in real life. The reference model exhibits standard
human anatomy complemented with biomechanical data and
parameters, such as landmarks and attachments.

In the initial stage “registration,” the reference model is
deformed to fit the patient data in order to generate a patient-
specific biomechanical avatar. This personalized avatar can
then undergo biomedical simulations in the second stage.

For our brace simulation, the input data were:

¢ General patient information (age, sex, weight, height)

e Two standard EOS® X-ray views (AP and lateral) with
generated semiautomatic bone reconstruction of spine
(vertebra T1 to L5), pelvis S1 and rib cage (ribs 1 to 10)

e Surface scan of the patient’s upper skin is captured by the
brace manufacturer (Fig. 1a). (This scan is then modified

by the brace manufacturer (Fig. 1b) in order to obtain the
brace’s 3D shape)

e Computer-generated 3D model of the brace which would
be used to construct the patient’s real brace (Fig. 1c)

The reference model contains all the large intra-cavity
organs and soft tissues (skin, fat, muscles, ligaments, etc.)
not inferred from the medical images of the patient, as well
as the sternum and ribs 11 to 12.

Since the personalized rheological parameters of these
anatomical structures were unknown, the organs and soft
tissues were modeled as a global elastic continuum embed-
ding the bones. The bones were considered as rigid bodies
with connections between the vertebra and ribs, and ribs and
sternum, modeled using 6D constraints (three translational
and three rotational). Each constraint was characterized by
specific nonlinear stiffness and deformation limits to repre-
sent the inherent nature of the spinal column.

Once the patient’s bony imaging was integrated into the
reference model in the final period of registration, the virtual
patient trunk (chest and abdomen) was ready for simulation
(Fig. 2).

The brace, modeled as a surface mesh, was positioned
automatically on the personalized avatar using a least-
squares fitting technique (Fig. 3). Contact was then simulated
between the brace (a moving rigid body) and the deformable
virtual body until a static equilibrium was reached. Bio-
mechanical data generated by the simulation at this point
included the predicted spinal curve, the forces applied to the
bones and the pressure distribution on the skin.

Simulations of this type were undertaken for all patients.
The 3D shape of the brace applied in the simulation was
identical to the original shape used to create the real patient
brace. All simulations were conducted by Anatoscope®
engineers who were blinded to the clinical effect of the real
patient brace. It should be stressed that the brace simulations
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Fig.2 Computer-generated 3D model showing the whole patient’s
trunk geometry with the combination of the internal bony structures
and the 3D external trunk shape

had no impact on the patient and/or the design and fabrica-
tion of the brace. Simulations were performed after initiation
of brace treatment.

Judgement criteria

Given that the main objective was to evaluate the accuracy
and clinical pertinence of the predictions furnished by the
brace simulation; our primary criteria were the difference in
degrees between the in-brace Cobb angle measured after the
simulation and the “real” in-brace Cobb angle reported in
the EOS® full spine X-rays. One Cobb angle was measured
in patients with single curves and two for those with double
curves.

@ Springer

Fig.3 Computer-generated 3D model of the patient’s avatar with the
brace on

The upper and lower end vertebrae for the Cobb angle
measurement were semiautomatically defined by the
SterEOS® software. The same two vertebrae were used for
all Cobb angle measurements in the same patient whether
it was measured following the simulation or after real in-
brace 3D reconstruction.

The secondary objective was to assess the difference
between the in-brace kyphosis and lordosis angles after
simulation and the corresponding “real” in-brace angles
reported in the EOS® full spine X-rays. Thoracic kyphosis
was measured using perpendiculars drawn from T4 and
T12, lordosis from perpendiculars at the level of L1 and
L5.
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Statistics

Statistical analysis was performed using the SPSS version
12.0.1 for Windows (SPSS inc. Chicago, IL, USA). Mean
values of each parameter were compared with and without
a brace using a paired two-sided Student’s t test. Differences
were considered to be statistically significant at a p value
cut-off =0.05.

In addition to overall group statistics, the strength of
prediction of the simulation (good, moderate or poor) was
assessed for each individual patient. Strength of prediction
was defined as following:

Good prediction difference between simulation and real
in-brace Cobb angle < or=+6°.

Moderate prediction difference between simulation and
real in-brace Cobb angle > 6° but < 10°.

Poor prediction difference between simulation and real
in-brace Cobb angle > 10°.

The admitted threshold of Cobb angle measurement error
is 4° with the EOS® system after 3D reconstruction of the
spine.

Results

Results of the simulation for each case are displayed in
Table 1.

Variability of Cobb angle prediction

Thirty-four curves were measured in 29 patients. (Five
patients possessed significant double curves necessitating
two measurements.) Twenty curves were right thoracic and
14 were left lumbar. Good prediction was observed for 21
curves, moderate prediction for five curves and poor predic-
tion for the remaining eight curves. 3D spine reconstructions
(real out of brace, real in-brace and simulations) of case 8
and 14 are illustrated in Figs. 4 and 5.

Global statistics are displayed in Table 2

The mean Cobb angle without a brace was 24.5° (15°-35°).
Although both real and simulated in-brace measurements
showed a smaller Cobb angle with bracing (mean angle=11°
in EOS® X-rays and 17° in the simulation), the difference
between means was statistically significant (p =0.03).

Without bracing, the mean kyphosis angle was 22.5°
(2°-43°). The mean real in-brace kyphosis angle was 18°
(0°-42°). The mean simulated kyphosis angle was 24°
(1°-41°), representing a significant difference between real
and simulated values (p <<0.05).

For the lumbar lordosis, the mean angle without a brace
was 44° (21°-60°). No difference could be observed between
the real in-brace lordosis angles (mean 41°, range 15°-58°)
and the simulated in-brace lordosis angles (mean 39°, range
14°-58°).

Discussion

The principal finding is that this experimental brace simula-
tion method accurately predicted 60% of the real in-brace
Cobb angles of scoliotic curves. For the study population
as a whole, the simulator underestimated the brace curve
correction (in-brace Cobb angle 17° vs. 11°). However, this
does not detract from the fact that the simulation had already
provided a good estimation of the correction achieved
with bracing. To our knowledge, it is the first study con-
ducted in which the observers of the simulation, namely the
Anatoscope® engineers, were blinded to the clinical effect
of the brace. We considered study blinding to be mandatory
given that the goal of developing this brace simulator is to
facilitate the orthotists work.

Studies using FEM of brace action already exist in the
literature [10-13, 15, 21-24]. However, model validation
and simulation uncertainty have rarely been addressed,
which has limited the clinical implementation of personal-
ized models. In a recent study by Vergari et al. [19]. evaluat-
ing brace action in 42 patients, brace action was simulated
by using soft cylindrical pads acting on the rib cage and
spine combined with displacements applied to key vertebrae.
The authors used the patient’s 3D geometry obtained from
stereo-radiography but did not integrate the patient’s trunk
surface or their internal organs in the simulation. Moreover,
the brace itself was modeled via cylindrical pads, which is
a simplification of the shape and functioning of an actual
brace. Finally, an important limiting factor, notably in com-
parison with the current study, was using in-brace stereo-
radiography images to define the positioning of the pads.
In our study, the simulations were performed by blinded
investigators without the use of in-brace stereo-radiography.

For the experimental brace model described by Vergari
et al. [19], root-mean-squared error (RMSE) was used to
measure the differences between the Cobb angles predicted
by the model and those observed with actual brace effect in
in-brace stereo-radiographies. Simulation RMSEs of Cobb
angle were lower than measurement uncertainty in 79% of
the patients. If we encompass “good” and “moderate” pre-
dictions (i.e., difference between means < 10°) our results
are almost equivalent (76%).

Vergari et al. [19] showed that brace simulation is possi-
ble with a personalized simplified FEM performed a posteri-
ori. Our study confirms that it is now possible to use a brace
simulator that can predict, a priori, the effect of bracing.
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Table 1 Global data and results of the simulation for each case

Case Age Outof Real Simulation Upper and Out of Real Simulation Out of Real Simulation
brace in-brace lower end brace in-brace brace in-brace
Cobb Cobb vertebrae kyphosis  kyphosis lordosis lordosis
1 12 15 10 5 T6_T12 27 17 28 42 41 42
22 14 16 T12_14
2 9 15 T6_T11 27 19 30 45 42 39
2 11 19 3 5 T5_T09 33 18 28 39 45 30
4 15 31 17 19 T12_L3 37 24 38 41 33 34
5 15 35 35 30 T12 14 4 11 8 51 49 47
35 32 28 T6_T12
6 14 35 31 36 T4_T11 18 4 20 32 26 37
30 25 41 T11_L5
7 15 30 10 12 T12_L5 34 32 37 52 47 49
12 29 6 2 T12-L5 32 23 36 60 52 58
9 15 29 21 26 T6_T12 15 12 19 47 50 48
10 12 27 6 26 T6_T10 10 3 9 46 46 44
11 14 15 3 10 T7_T12 27 24 22 55 58
12 15 18 4 1 T12_L5 36 28 40 54 48 57
13 15 23 20 19 T4_T10 16 0 16 53 41 47
14 14 20 5 2 L1_L5 22 25 24 38 31 36
15 11 24 10 40 T6_L2 43 31 41 56 45 51
16 14 16 6 10 T12_1L4 43 42 44 53 50 45
17 12 19 3 13 T2_T10 6 10 10 44 39 43
16 3 17 T10_L4
18 13 28 10 21 T12_14 6 7 6 50 45 47
21 6 9 T6_T12
12 15 —11 11 T11_L4 42 24 36 32 47 18
20 13 29 14 21 T11_L3 23 36 28 53 49 52
21 12 35 18 12 T12_14 27 13 23 52 47 53
22 14 19 11 18 T5_T10 4 15 11 21 15 14
23 12 35 25 28 T6_T11 10 9 12 36 36 34
24 9 35 2 27 T6_L1 22 9 23 40 35 37
25 9 13 3 3 T6_L2 16 18 20 28 35 18
26 9 35 14 18 T6_L1 2 7 4 24 27 15
27 13 15 2 31 T9_L2 37 26 24 48 32 16
28 9 18 2 7 T6_T10 6 9 15 42 21 37
29 11 15 10 6 T6_T12 26 17 29 42 41 39

The method was not successful for all the patients stud-
ied; the simulation poorly predicted curve correction in
eight (26%) of the 30 patients. This finding could be largely
due to certain simulation parameters being standardized in
advance for all patients regardless of age, gender and curve
flexibility. Poor predictions were generally observed in the
more “flexible” patients. For example, in cases 17 and 24,
the real in-brace correction was very good, respectively, 3°
and 2°, meaning that the curves were very flexible. On the
other hand, the simulated Cobb angle was, respectively, 13°
and 27°. The simulator was incapable of accounting for the
variations in spine flexibility. It was not possible to adjust

@ Springer

these prefixed simulation parameters in light of the desired
blinded evaluation.

These findings are very encouraging because we feel that
integrating other biomechanical characteristics, particularly
curve “flexibility,” will help to improve the prediction capac-
ity of the model. The importance of having good and repro-
ducible clinical indicators of the biomechanical characteris-
tics of scoliosis patients cannot be overstressed.

In conclusion, incorporating high-fidelity copy of the
entire 3D shape of the patient’s trunk and multiple 3D
reconstructed bony images (spine, ribs, pelvis) into an
anatomical reference avatar resulted in moderate-to-good
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Fig.4 3D reconstructions of
the spine and pelvis of case 8
(lumbar scoliosis), out of brace,
in the real brace and the simu-
lated spine

Fig.5 3D reconstructions of
the spine and pelvis of case

14 (lumbar scoliosis), out of
brace, in the real brace and the
simulated spine

Table 2 Global statistics

Out of Brace

Cobb Kyphosis Lordosis
Out of brace 24.5 22.5 44
In-brace real 11 18 41
In-brace simulation 17 24 39
P 0.03 «0.05 0.15

In Brace

In Brace

prediction of brace effect in three quarters of patients when
combined with simple spine FEM. These findings open
a new era of personalized FEM that will help the multi-
disciplinary clinical team to manage their patients with
spinal deformities. More extensive clinical data are still
necessary to promote the development and validation of
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personalized simulation models. We foresee that simula-
tors are the future of rigid brace conception in the next
decade.
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