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A B S T R A C T

Purpose: Clinical examinations of scoliosis often includes X-rays. Regular clinical monitoring is recommended in
particular at young age, because of the high risk of progression during periods of rapid growth. Supplementary
methods free of ionizing radiation thus could help to reduce the potential risk of ionizing radiation related health
problems.
Methods: Twelve 3D scan images from female and male patients with different types and severities of spinal
deformations were analysed using body scanner image analysis tools. The scan images were captured with a 3D
body scanner, which used an infrared sensor and a video camera. To calculate and compare with the patient's
specific spinal deformations, simulations based on finite elements methods were performed on biomechanical
models of ribcage and spinal column.
Results: The methods and parameters presented here are in good agreement with corresponding X-rays, used for
comparison. High correlation coefficients of kρsk � 0.87 between Cobb angle and lateral deviation, as well as
between Cobb angle and rotation of the vertebrae, indicate that the parameters could provide supplementary
informations in the assessment of spinal deformations. So-called apex angles, in addition introduced to relate the
results of the present method with Cobb angles, show strong correlations of kρsk � 0.68 and thus could be used for
comparison in later follow-up examinations.
Conclusion: The user-friendly 3D body scanner image analysis tools enable orthopaedic specialists to simulate,
visualize and inspect patient's specific spinal deformations. The method is intended to provide supplementary
information in complement to the Cobb angle for the assessment of spinal deformations in clinical daily routine
and might have the potential to reduce X-rays in follow-up examinations.
The Translational Potential of this article: The study presents a new method, based on 3D body scanner images and
biomechanical modelling, that has the potential to reduce X-rays when monitoring scoliosis especially in young
patients.
1. Introduction

Idiopathic scoliosis is a three dimensional deformation of the spinal
column by lateral deviation, and rotation and torsion around the vertical
axis of the individual vertebral bodies [1–3]. The lateral curvature of the
spine, measured by Cobb angle, has to bemore than 10� to be classified as
scoliosis.

In a clinical examination a thoracic scoliosis presents itself in a rib
hump with posterior elevation on the convex side and a flattening on the
concave side, due to the rotation of the vertebral bodies and the resulting
distortion of attached ribs. In the case of lumbar scoliosis, waist asym-
metry and a lumbar bulge are the most prominent signs. In general,
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scoliosis has no symptoms at early stage. For example, female adolescents
can show breast asymmetry due to scoliosis, which is reflected in a
change in the back contour at the upper part of body. Depending on the
spinal curvature, various types of treatments are recommended,
including physical therapy, brace treatment, or surgery [4]. The presence
of scoliosis in adolescent, in general, has a high risk of progression.
Therefore, it is recommended that in particular young patients diagnosed
with scoliosis do have regular clinical follow-up examinations, according
to their bone growth. Follow-up examinations sometimes include X-ray
of the spine and thus recurred exposure to ionizing radiation. For diag-
nosis of scoliosis, in particular at the first appointment, X-rays are
essential and gold-standard. However, in follow-up examinations it is
unich, Germany.
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Table 1
Material properties of the elastic model components.

Component: Young's modulus (GPa): Poisson's ratio:

Costal cartilage 10.5 ⋅ 10�3 [52] 0.2
Intervertebral disk 30.9 ⋅ 10�3 [41] 0.45 [46,47]
Rib 6.71 ⋅ (age in years)0.2 [42] 0.3
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desirable to minimize the exposure to radiation, particularly at young
age, since a single X-ray image is associated with exposure to radiation of
400–800 μGy [5], depending on the body mass index. Although Oakley
et al. [6] stated theoretically that the cumulative radiation doses from
scoliosis related X-ray examinations do not reach the critical value of
carcinogenic risk, there is no doubt that in paediatric radiology a high
level of attention is always paid to whether an X-ray examination is
absolutely necessary, or not. Children in particular have high growth
potential, a long life expectancy and radiation-sensitive tissue. For this
reason, restrictive handling of ionizing radiation is required in this age
group [7]. Therefore, there is a need for non-invasive, radiation-free
techniques that can be used more frequently in daily routine to support
medical observations during follow-up examinations of scoliosis [8–10].

A number of different non-invasive, contactless techniques and
methods free of ionizing radiation have been developed for this purpose
[11–15]. By now there are several types of fast and contactless body
scanners available that provide precise 3D images of the outer body
contours in order to visualize and capture asymmetries from externally
visible deformities in the assessment of idiopathic scoliosis [16]. In
parallel various techniques have been developed that automatically, or
semi-automatically, recognize certain body points and characteristic
features due to scoliosis. These techniques include different surface
topography methods using stereo cameras [17] Moir�e-fringe mapping
[18] and raster stereography [15]. The majority of these systems focuses
on asymmetries of the outer body contours in order to deduce the shape
and curvature of the spinal column from anatomical feature points [19,
20]. These techniques, however, often need additional markers at certain
body points and do not provide internal anatomical information about
the spine. Especially they do not yield much information about the
rotation of vertebral bodies. In complement, efforts have been made to
reduce the radiation dose by using a scanning radiography imaging
system, like EOS, for the evaluation of scoliosis. Recent studies have
shown that this system can significantly reduce the patient's radiation
exposure in comparison with conventional radiographs with similar
image quality [21,22]. However, the EOS system is relatively expensive,
not completely ionization radiation free and difficult to use for children
with disabilities, though, as they need to adopt and maintain a stable
posture and position [22]. 3D body scanners are in particular used in
medical studies to build anthropometric databases [23,24]. Recently, a
portable, electronic device, based on ergonomics (human factors), has
been developed as a non-invasive tool for early detection of adolescent
scoliosis [25].

Regardless of different approaches, the ultimate goal of all these de-
velopments is to reduce the risk of radiation-related secondary diseases
from multiple x-rays when assessing scoliosis in children, especially
during sensitive phases of growth. To our knowledge, the pathogenesis of
scoliosis is still unclear and it is assumed to be a multi factorial disease.
Irrespective of the cause, the progression of scoliosis is a matter of
biomechanics [26] and the axial rotations of the vertebral bodies around
the vertical body axis and their correlation with lateral deviations have
significant effects on the initiation and progression of scoliosis. Biome-
chanical modelling of the human spine, using Finite Element Methods
(FEM), has therefore gained a lot of attention andmany FEMmodels have
been developed for the thoracic, lumbar and cervical spine [27–30]. To
adapt a FE model to the patient specific characteristics, in general, a
precise estimation of the model parameters is required and these
methods thus are potentially more accurate. In addition, FE analysis
(FEA) allows to analyse the effects of external stress and internal strain on
the spine. FEA can thereby possibly help to (further) reveal the aetiology
of scoliosis and the biomechanics of a progressive scoliosis, as well as
improve the understanding of the initial formation of a scoliosis from a
mechanical point of view [31].

Patients with cerebral palsy (CP) have a higher incidence of devel-
oping scoliosis than others [32]. Previously a body scanner system has
been developed especially considering examination requirements for
patients with CP [33]. The body scanner provides a 3D image of the
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patient's torso. In the present study a user-friendly graphical user inter-
face (GUI) have been developed to allow orthopaedic specialists to
visualize and analyse patient's specific spinal deformations due to scoli-
osis from the torso image. The GUI allows for macroscopic FEM simu-
lations of individual spinal deformations on a biomechanical model of
the spine and ribcage, built with CAD. The resulting, accordingly
deformed model is fitted into the 3D torso image, captured by the body
scanner. The best configuration is found by visually fitting several cuts of
the model into the corresponding body contours from different per-
spectives. This configuration can then be used at follow-up examinations
for initial setting and comparison with previous results, revealing
changes in the patients scoliotic spine deformity without further X-rays,
provided that no other indications and conditions requiring an X-ray.

2. Material and methods

2.1. Material

In this study 10 patients (5 female and 5 male), aged 11–50 years
(average: 21 years), were analysed with methods presented hereinafter.
All patients showed signs of spinal deformation. Some patients were
affected by neurogenic scoliosis, due to neuromuscular imbalance from
CP, while others were diagnosed with idiopathic scoliosis. All patients,
including those with neurogenic scoliosis, were able to stand upright
without support. X-rays were available for all patients at the time of body
scan.

The previously developed body scanner system is equipped with an
infrared depth sensor and a RGB video camera. Using computer vision
algorithms, the system provides a true colour 3D image of the patients
torso upon scanning [33,34]. It is thus non-invasive and ionizing radia-
tion free. Moreover the scanner is mobile and can be easily packed and
set up at other places than the hospital. Patients were asked to stand still
and upright, with their arms slightly abducted, during the scanning
process of less than 10 seconds.

Ribcage models of female and male were designed [35], according to
various geometry parameters taken from literature, using Computer
Aided Design (CAD) methods. From the different geometries for female
and male we have then build basic models for FEM simulations with
FEBio, a software suite for biomechanics [36]. The models essentially are
made of rigid and thus non-deformable vertebral bodies and non-linear,
according to a neo-Hookean solid [37,38], elastic ribs attached to them.
Non-linear elastic intervertebral discs further give flexibility to the spinal
column [35]. The basic material properties, namely the modulus of
elasticity and the Poisson's ratio, for the non-linear elastic components of
the model are given in Table 1. Since the stiffness varies with age
[39–41], the corresponding Young's moduli were considered as a func-
tion of age [42]. The densities were estimated to 1.0 ⋅ 103 kg/m3 in broad
accordance with corresponding parameters in other studies [43–47]. For
the simulations the models were meshed into 4-node linear tetrahedral
finite elements. Microscopic biomechanical properties were not consid-
ered in the present study.

2.2. Methods

Fig. 1a shows a screenshot of the GUI of the body scanner image
analysis tools. Themainwindow is separated into three sections: X-ray (X),
images extracted from 3D body scanner and spinal column and ribcage
models simulations (B) and simulation settings (S), from left to right.



Figure 1. Fig. 1a: Screenshot of the graphical user interface (GUI) of the body scanner image analysis tools. The GUI is separated in three sections: X-ray ‘X’ (left),
images extracted from 3D body scanner and spinal column and ribcage models simulations ‘B’ (centre) and model simulation settings ‘S’ (right). Further details are
described in the text. Fig. 1b: Screenshot of simulation settings 2nd tab: Translational and rotational degrees of freedom can be confined/fixed individually for all
vertebral bodies.
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To simulate the patient's specific deformation of the vertebral col-
umn, here at the example of a female patient with right convex thoraco-
lumbar scoliosis, characteristic feature points along the vertebral column
were marked (diamond symbols) on the X-ray, using an in-built pop-up
tool (shown in the inset X2). Important markers were in general the
positions of vertebral bodies that define the shape of the spinal column,
for instance the apex level(s) and the beginning/end of lateral curva-
ture(s). The required marker at L5 was used as reference point to find out
the lateral translation. Additionally markers at the cervical spine helped
to scale the model according to the patient's individual height and could
be used for orientation of the vertical body axis later on. The lateral
distances of all the markers relative to L5 were then transferred to the
simulation section (S) as initial simulation settings for the lateral de-
viations (Tx) of the corresponding vertebrae. Besides the lateral posi-
tions, each marker on the X-ray (X1) could be associated with a degree of
rotation around the vertical axis, after Nash-Moe index [48] (cf. X2). The
corresponding angular rotations (Rz) were also transferred to the simu-
lation settings. In the example shown here these were in lateral trans-
lation 18 mm at L1, -4 mm at T7 and C7, and -6 mm at C5. In angular
rotation it was �10� only at L1. Sliders for lateral (Tx) and
anterior-posterior (Ty) deviation, as well as rotations (Rz) around the
vertical body axis, further allowed to individually adjust any of these
settings for any of the vertebral bodies between C3 and L5. In practice,
however, it was sufficient to define the deviations and rotation only at a
couple of feature points along the vertebral column, for instance the apex
levels of the main curvature (cf. Table 2). With regard to the
anterior-posterior deviation, therefore it was sufficient to define the de-
viation only at the apices of kyphosis and lordosis, if necessary. In the
example shown here it was �20 mm at T7.
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Vertebrae with no prescribed deviation and/or rotation were free to
move in all six degrees of freedom: lateral, anterior-posterior and
inferior-superior translation, as well as rotations around the three prin-
ciple axes. In addition to the prescribed deviation and/or rotation for
some of the vertebrae, the others could be individually confined in any of
their degrees of freedom by selecting corresponding tick boxes (Fig. 1b).
Thereby individual vertebral bodies could be set fix in translation and/or
rotation, if required.

The FEM simulation results from the ribcage model, according to the
afore selected settings, were then shown together with the body scan
image in the central section (B). Four subplots, and individual slicing of
the images along the three principle axes allowed for an in-depth in-
spection in 3D (cf. B1), coronal (B2), transverse (B3) and sagittal (B4)
view. The alignment of the body scan image relative to the simulated
model and the scaling of the model could be adjusted by additional
sliders and buttons (B5). According to the matching between the body
contours and the simulated model deformation upon visual inspection,
the initial settings could then be refined and displayed again until ribcage
and spinal column are in anatomically and physiologically reasonable
relation to the body contours throughout the whole body. The course of
the spinal column depicted in the coronal view (B2) then corresponds to
the spinal column seen in the anterior-posterior X-ray image.

Fig. 2 demonstrates at the examples of the same patient shown in
Fig. 1a the effects of different parameter settings in several transverse, as
well as coronal and sagittal cuts. While the centre column represents the
optimum parameter setting, the left and right column show the effects of
under- and overstated parameters at the example of longitudinal trans-
lation, Ty, and vertebral body rotation, Rz, respectively. An understated
longitudinal translation, Ty, typically results in a partially off-centred



Figure 1. (continued).
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model towards the front (highlighted region ① in 1st column) and
potentially also an understated kyphose angle most clearly visible in the
corresponding sagittal view (highlighted region ④ in 1st column).
Accordingly an overstated Ty parameter leads to an off-centred model
towards the back and an exaggerated kyphose angle, respectively (cf.
highlighted regions① and⑤). In a similar manner an under-/overstated
Rz becomes visible when comparing the back contours in the transverse
cuts (cf. highlighted regions ②/③).

Further a so-called apex angle has been defined, in an attempt to
transfer the results of the present methods and parameter settings into a
measurement that also reflects the Cobb angle – a gold standard in X-ray
analysis. The apex angle is defined as 180� � θ, where θ is the included
angle between the two legs from the main apex to the adjacent inflection
points along the course of the vertebral column from back view [34]. In
principle this apex angle can thus be derived both from images of coronal
X-ray and from the back view of the model.

3. Results

In order to verify the reliability of the developed body scanner image
analysis tools, we analysed twelve body scan images from ten patients, 5
female and 5 male. In terms of practical feasibility of the analysis tools,
they provide an easy to use GUI to analyse 3D scan images from patients
with spinal deformities by comparison with FEM simulations of the pa-
tient's specific geometry of ribcage and spinal column.

Fig. 3a and b show in summary the body scanner image analysis re-
sults of ten patients with spinal deformations, including two follow-up
15
scans. Next to the patient IDs in the first column, X-ray images show
the patient's individual spinal deformation in coronal view. The other
subplots show the deformed spinal column and ribcage from FEM
simulation results in posterior-anterior, sagittal and multiple transverse
views, respectively, together with the body scan image (contours). In all
cases reasonable good agreement were achieved between outer body
contour and simulated ribcage and spinal column deformations from
body scan and FEM simulation, respectively. While the posterior-anterior
and sagittal views visualize the total spinal column and ribcage inside the
body scan image, do the transverse cuts show the effects of lateral de-
viation and/or rotation on the apex level, but also their effects on other
vertebral levels along the spine through the attached adjacent vertebral
levels.

Table 2 lists the patient's data and the corresponding parameter set-
tings used for the simulations. The parameter values of lateral and lon-
gitudinal deviations and rotations around the vertical body axis are
relative values and thus indicate deviations of the vertebral bodies from
their initial positions in non-deformed model configuration.

The Spearman rank-order correlation coefficient (ρs) between the
Cobb angles and the lateral deviations Tx at main apex level is ρs ¼ 0.90,
with associated probability p < 0.05. Accordingly the correlation coef-
ficient between the Cobb angles and the rotations (Rz) is ρs ¼�0.87 with
p < 0.05. In general, the Spearman correlation coefficient is a measure of
monotonicity of the relationship between two sets of data [49,50]. It can
have values from þ1 to �1. A ρs of þ1, or �1, indicates a positive or
inverse correlation, respectively, while ρs close to 0 would indicate no
tendency for a relationship between the data. The p value is a probability
that indicates statistical significance of a correlation coefficient value,
when lower than the conventional 5%.

The apex angles from the coronal X-ray images and from the back
views of the models upon simulation are listed in Table 3 along with the
Cobb angles. The corresponding Spearman rank-order correlation coef-
ficient value between the Cobb angles (CA) and the apex angles from
coronal X-rays (APX) is ρCA�APX ¼ 0.89 with p < 0.05. Accordingly the
rank-order correlation coefficient values between the Cobb angles and
the apex angles from the model (APM) were found to be ρCA�APM ¼ 0.68
with p < 0.05 and ρAPX�APM ¼ 0.71 with p < 0.05 between both the apex
angles.

In general, at the lower thoracic and thoraco-lumbar levels, the
transverse cuts of the ribcage correspond in shape and size to the total
outer contours of the body scan image, while at the upper thoracic levels
the correspondence is given at the back and the centre of the front. Mild
and medium spinal deformations, as shown here, overall seem to have
rather small effect on the body contours at the front, if the back side is
more heavily effected (e.g. Fig. 3a ID 07). Asymmetries between the left
and right side, evident from a rib hump at the convex side of the back, are
even more pronounced when there is distinct rotation around the vertical
axis of the vertebrae involved (cf. Fig. 3b IDs 17, 21). The level of
maximum asymmetry in the body contour, however, visibly may not
always correspond to the apex level. In particular at the upper thoracic
region, a pronounced asymmetry could be visible at the levels of the
scapula, while the apex tend to be at a lower level. The anterior-posterior
deviations towards ventral or dorsal are important to adjust the vertebral
column to the dorsal line in sagittal view, but seem to have almost no
effect on the asymmetry between left and right side of the body contours
at the back in transverse view (cf. Fig. 3a IDs 04a/b).

4. Discussion

If scoliosis is suspected, regular clinical examinations are essential,
especially for children in growing age. In addition to the clinical exam-
ination, X-rays are the gold standard to date. Alternative methods are
important for a close monitoring without significant exposure to radia-
tion though. Our present combined 3D body scanner image and ribcage



Table 2
Classification of patients' scoliosis evaluated from X-ray images and associated
initial parameters for simulations.

ID: Scoliosis
range:

aCobb
angle
[deg.]:

Nash-
Moe
index:

bMain
apices &
feature
levels:

cTx
[mm]:

cTy
[mm]:

cRz
[deg.]:

02a thoracic þ34 I T7 29 5 �10
L2 �7 �5 5

02b thoracic þ20 I T7 19 5 �8
L2 �7 �5

04a thoraco-
lumbar

þ14 I T7 �20
L1 20 �10

04b thoraco-
lumbar

T7 �35
L1 20 �10

06 thoracic þ12 I T7 �10
T8 8 �5
L2 5

07 thoraco-
lumbar

�12 I T7 �9 �30 �5
T12 �15

16 lumbar �14 I T7 5 �15 �3
L2 �8

17 thoraco-
lumbar

þ15 I T4 10
T7 �20
T12 25 �20

18 lumbar �16 I T6 6
T7 �10
L1 �23 10

21 combined þ38/-
33

II T1 5
T7 10
T10 25 �25
L2 �10 5

22 thoraco-
lumbar

�42 I T7 5 �5
T12 �15 10

27 lumbar þ10 I T7 �20
L2 8 �10

a The sign of Cobb angle values corresponds to right (þ) and left (�) convexity.
b Levels in bold font denote the apex level(s) of main curvature(s) in coronal

view.
c Tx, Ty and Rz are relative values, indicating deviation from initial healthy

configuration, where Tx: lateral deviation to left (�) and right (þ); Ty: longitu-
dinal deviation towards front (þ) and back (�); Rz: rotation around the vertical
body axis.
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model analysis tools are a further step in this direction. The methods
presented here, however, are not suitable to replace X-rays, rather than
intended to provide supplementary information for an orthopaedic
specialist especially when X-ray is not clearly justified.

The software enables an orthopaedic specialist in a decent manner of
time to simulate and directly visualize different patient's specific spinal
deformations inside the patient's body contours. Slicing from three
different perspectives along the principle axes and the 3D view further
allow for an in-depth inspection and analysis at any part of the trunk. The
expenditure of time per patient, however, depends onmultiple aspects. In
general, the time needed to analyse a single body scan with body scanner
image analysis tools increases with severity and complexity of the spinal
deformation. In turn, the analysis time needed decreases with experience
of the user and/or the availability of initial parameter values from X-ray,
or previous body scan analysis. At present the X-ray image has to be
available in DICOM format, becausemetadata like the pixel sizes are used
to calculate the effective metric distances.

The body scan image analysis with the present tools are slightly more
time-consuming than X-ray at the moment. While the overall scanning
process is comparable or less time consuming than an X-ray, the iterative
adjustment of the individual parameters during the analysis with body
scanner image analysis tools takes more time than an X-ray assessment.
On the other hand, the easy packaging and mobility of the body scanner
and further developments towards a semi or fully automated fitting
procedure have the potential to shorten the time required for a body
16
scanner image analysis and are advantages over X-ray.
The patients analysed in this study had different types and severities

of spinal deformations. The results show that the main field of applica-
tion in clinical daily routine could be all types and severities of spinal
deformations that require regular follow-up examinations, but not
necessarily justify an X-ray.

The consideration of the age of the group in terms of a homogeneous
group of patients are of no significance, since the aim of this study was to
test whether our X-ray-free method can provide similar results to an X-
ray image and provide supplementary information.

Given that spinal deformations seem to first show up at the transverse
back contours, rather than at the front, good matching between the rib
cage and body contours should be primarily achieved and rated ac-
cording to the back side. In transverse cuts, the asymmetry between the
left and right side of the back contour, in general, tend to show up rather
at the thoracic and thoraco-lumbar regions, because of the ribcage and
the ribs attached to the vertebral bodies, respectively. The effects of
lumbar spinal deformations and apices below T12 then seem to propa-
gate through the adjacent attached vertebrae to the ribcage and thereby
become visible in the transverse body contours. Clear lumbar de-
formations, additionally, also show up in an asymmetric body contour in
the posterior-anterior view similar to the waist asymmetry in clinical
examination (cf. Fig. 3b ID 21). When adjusting the spinal configuration
parameters – here Tx, Ty and Rz – the focus, however, should be on a
parallel alignment of the transverse body contours to the transverse cuts
of the ribcage, in particular at the back side and the centre of the front.
The rather strong asymmetries in the scapula region, in comparison to
lower levels, could be explained by a kind of enhancement effect. Here
the ribs attached to the vertebral bodies lift the overlying scapula to-
wards the back appearing in a more prominent asymmetry.

The inter- and intra-rater reliabilities are expected to be rather high,
since human symmetry perception is fairly sensitive to identify already
small asymmetries [51]. Fig. 2 shows that parameters values off the
optimum results in effects clearly visible in transverse and sagittal and/or
coronal view. Small inter- and intra-rater variabilities, however, are
inherent to the present method, since it is partially based on manual
interaction. A quantification of the inter- and intra-rater reliability will be
possible upon further analysis with a larger number of patients and users.
With further developments towards an automated routine for matching
recognition, inter- and intra-rater reliability will be of minor relevance
though.

The high Spearman rank-order correlation coefficient between the
Cobb angles and lateral deviations indicates a strong relationship be-
tween these parameters. Similar the negative Spearman correlation co-
efficient close to �0.9 between the Cobb angles and the rotations
indicates a strong inverse relationship. In either case thus significant
correlations could be achieved, because the simulations are based on the
combined effect of lateral deviation and rotation (ΘCobb ∝ f(Tx, Rz)). The
number of samples is rather small though, which could affect the accu-
racy. Nevertheless, both parameters – lateral deviation and rotation –

seem to be related to the Cobb angle and therefore could be used in a
similar manner than the Cobb angle to characterise the severity of spinal
deformation. Further, when comparing with previous simulation results,
changes in any of these parameters are clear indications of a change in
spinal course.

Similar there was found a very strong correlation between the Cobb
and apex angles, shown by the high Spearman rank-order correlation
coefficient value (ρCA�APX ¼ 0.89) and small probability (p < 0.05).
Although less strong, there also exist statistically significant (p < 0.05)
strong correlations between the Cobb angles and the apex angles derived
from the model calculations (ρCA�APM ¼ 0.68), and between the apex
angles from X-rays and the model calculations (ρAPX�APM ¼ 0.71),
respectively. The very strong correlation between the Cobb and apex
angles from X-rays suggests that the apex angle could potentially be used



Figure 2. Transverse cuts of the body scan image and the ribcage and spine models at several levels in the thoracic spine region, as well as coronal and sagittal cuts,
for three different parameter settings, with one per column. Highlighted regions and aspects show typical criteria when visually fitting the model into patient's body
contours. While left and right column show extreme cases, the centre is best match.
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Figure 3. Fig. 3a: Patients images, showing from left to right: posterior-anterior X-ray, transparent bodyscans with simulated model inserted in back and sagittal view
and corresponding transverse cuts. Each row represents different patients data. Numbers in first column correspond to patient ID. Letters in patient ID indicate follow-
up images. Fig. 3b: Continuation of patient images (Fig. 3a).
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Figure 3. (continued).
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Table 3
Apex angle values from both images of the coronal X-rays and models back views
upon simulation.

ID: aCobb angle [deg.]: Apex angle θAPX [deg.]: Apex angle θAPM [deg.]:

02a þ34 26.8 15.4
02b þ20 20.7 11.5
04a þ14 12.5 17.9
04b 18.7
06 þ12 7.0 0.0
07 �12 8.1 8.7
16 �14 6.8 10.1
17 þ15 14.1 15.5
18 �16 20.6 15.7
21 þ38/-33 29.6 23.3
22 �42 27.7 15.6
27 þ10 10.3 9.5

a The sign of Cobb angle values corresponds to right (þ) and left (�) convexity.
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in complement to the Cobb angle for scoliosis assessment in follow-up
examinations. With respect to its future application in clinical routine,
the procedure of the present method could be as follows: When a patient
exhibits signs of spinal deformation at its first clinical examination with
an orthopaedic specialist, an X-ray examination will be performed ac-
cording to the gold standard. In addition a 3D surface scan of the torso
will be taken with the body scanner and from either image the apex
angles will be extracted. Since the correlation coefficient value between
the Cobb angle and the apex angle from X-ray was found to be signifi-
cantly high, the apex angle then can be used for comparison in later
follow-up examinations. At the next appointment with an orthopaedic
specialist another body scan will be taken in addition to the clinical ex-
amination. The apex angle and parameter settings associated with the
latest body scan then can be compared with the previous one(s) and thus
in combination with the results from the clinical examination ease the
decision whether another X-ray is indicated or not. If the results of the
clinical examination and the present method show no, or only minor,
changes, no X-ray may be required at this stage, thus reducing the
exposure of ionizing radiation to the patient. While X-rays are necessary
to see the curvature of the spine and to exclude the congenital spinal
malformation, in particular at first examination, the present method has
the potential to reduce the number of X-rays in follow-up examinations
and thus reduce the accumulated doses of ionizing radiation over the life
span of a patient.

At present the validity of the current method has to be continuously
verified with increasing number of patients, before its translational
application in clinical routine. Patients whose clinical examination re-
veals a spinal deformation and who requires an X-ray according to the
orthopaedic specialist are asked to voluntarily have a body scan of their
torso carried out. The present method and its results thereby directly can
be compared with the corresponding X-ray, without exposing the patient
to additional radiation. According to our assessment, determinants that
may influence the validity of the present method currently are the
biomechanical model and the fitting procedure of the distorted model
inside the 3D body scan image of the torso. Future developments will
therefore focus on an (semi–) automated recognition of anatomically
good matchings between simulation results and body scan images. First
tests based on next nearest neighbour distances between the ribcage
(blue dots) and outer body contours (orange dots) in transverse planes –
depicted in Fig. 4 by (grey) dotted straight lines – showed that the present
software can be extended towards an automated matching recognition.
Once an automated matching recognition is implemented, further itera-
tive algorithms can be used to approach the optimum vertebral column
configuration by automatically varying the parameter settings (Tx, Ty,
Rz). Varying these parameters at certain key points (e.g. apex level(s))
will result in slightly different configurations with different matchings.
The vertebral column configuration according to the best match settings
is then expected to reflect the patients individual anatomical
configuration.
20
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5. Conclusion

The body scanner image analysis tools presented here are intended to
provide supplementary information for the assessment of spinal de-
formations in clinical daily routine, in order to reduce the number of X-
rays in follow-up examinations. FEM simulations on biomechanical
models of the spinal column and ribcage in combination with 3D images
from a body scanner allow for an user-friendly visualization and easy
slice-by-slice in-depths inspection of patient's specific spinal de-
formations from different perspectives without the use of ionizing radi-
ation. Strong correlations between the Cobb angles and other parameters
introduced in this paper suggest that the methodmight have the potential
to be used for scoliosis assessment in follow-up examinations in com-
plement to the Cobb angle.
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