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Abstract. In this paper, we developed a methodology for a non-invasive 3D
diagnosis based on a digitized dorsal surface of the patient enabling assessment and
monitoring of Adolescent Idiopathic Scoliosis (AlS). We applied a novel 3D
registration algorithm, which enables rigid transformation of 3D vertebral CAD models
and localization of vertebrae centroids on the middle 3D spinal line to simulate the
AIS. Registrations of the vertebral centroids on a 5th degree middle spinal B-Spline
curve is the main step in establishing biomechanical relations of internal structure
(deformed spine) with a digitized surface of patients and extracting the key diagnostic
parameters of the AIS. This simulation algorithm is developed into PLM system CATIA
using KAX tools and successfully evaluated on 372 AlS patients.
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1 INTRODUCTION

Scoliosis is a highly complex 3D musculoskeletal disorder (MSD) of the spine that greatly affects
the patient’s health and quality of life, including functional limitations with secondary complications
such as respiratory and circulatory dysfunction, pain, and cosmetic changes. Scoliosis affects 2-4%
of the global population, and almost 80% of the developed cases are of an unknown reason (i.e.
idiopathic) [6], with an estimated prevalence of 36 million new patients worldwide by 2050
according to the WHO. Adolescent idiopathic scoliosis (AIS) is defined as a deformation of the
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spinal curve of more than 10° angle measured traditionally on standing planar or biplanar
radiographs, using the Cobb technique [5].

To-date, the so-called Cobb angle is considered as the key parameter in AIS diagnosis and acts
as a guide for treatment, but describes only the 2D curvature of the deformity in the
anterior/posterior and/or sagittal plane from 2D X-ray images with significant intra- and inter-
observer variability and errors [24].

The main drawback of traditional diagnostic methods in AIS assessment is their harmful effect
on this vulnerable population, especially, due to multiple exposures to radiation (e.g. X-rays, EQOS,
CT) during the monitoring process. As a result, due to the repetitive test images, patients are
exposed to a substantial amount of ionizing radiation [14], and each exposure increases the risk of
cancer development. However, it is mandatory for patients with AIS to be examined every 3-6
months to monitor their curvature’s progression and treatment outcomes [22]. Although new
technologies have significantly reduced radiation intensity (e.g. EOS), there is still an increased
cumulative risk for patients [17]. Extensive research [25] in 5573 female breast cancer patients
showed that 69% had some exposure to ionizing techniques for spinal deformity diagnosis during
adolescence. The clinical goal is, therefore, to avoid or reduce application of those methods in
deformity monitoring [15] with a preference for non-invasive techniques based on visual
examination of the patient’s trunk and external deformity measures [11],[14], but this is also
highly subjective and based upon the clinician’s experience.

In recent years, innovative 3D optical systems have been considered as alternatives to X-ray
imaging for estimating the 3D spinal curve that passes through centroids of each vertebral body
(Middle Spinal Line - MSL) and vertebral axial rotations [2],[16]. A surface topography method,
e.g. rasterstereography, is less expensive, non-invasive and non-ionizing technique through which
the curvature of the spine is modelled to allow an estimation and evaluation of deformity-related
changes of the digitized patient’s back surface using only light as a medium [26]. New studies
have shown that certain deformity indicators (Cobb angle) calculated using optical methods have a
relatively high reliability [23],[29]. However, to-date, none of these diagnostic approaches have
been applied to calculate other internal parameters of the deformity, and still neglect the 3D
complexity of the internal spinal structures.

A generic, state-of-the-art 3D CAD model of the spine (GMS) has been recently developed at
the University of Kragujevac to simulate the 3D nature of the deformity and to estimate internal
biomechanical properties and indicators of AIS. GMS is scalable and model of the spine that can be
registered to the 3D digitized surfaces of the patient’s back, optically (non-invasively) scanned [6].
Also, a novel computational algorithm embedded in the state-of-the-art ScolioSIM1.0 tool for
markerless and contactless detection of the key anatomical landmarks on a patient’s back was
developed and tested on partial X-Ray images [6]. These technical solutions resolve our challenge
to generate a 3D patient-specific spine/deformity (PSS) model and to extract internal deformity
parameters from an external surface only.

In addition to the 3D nature of spinal deformities, the degree of progression as the child
matures is the fourth dimension of AIS, adding further challenges to the clinical assessment and
management. Namely, the majority of AIS patients experience progression of their curvature after
reaching skeletal maturity and the risk of progression in adulthood and associated health problems
increases significantly [4],[10],[33]. Accordingly, monitoring of AIS is essential to recognize the
changes at an early stage and counteract with a therapy, as with a spinal curvature of more than
50° surgical treatment is recommended to reduce the curve, stop the progression and maintain
lung and heart function.

2 NEW NON-INVASIVE 3D DIAGNOSIS

We proposed a non-invasive 3D methodology and a system to quantify deformity measures using
patient-specific models generated from patient’s dorsal shape, anatomical landmarks, the curve of
surface asymmetry and middle spinal curve generated from optical 3D scan data. Developed
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system is created using knowledgeware technology and VBA macros implemented in PLM system
CATIA V5 to perform these measurements with minimal human intervention. A general
methodology for obtaining a patient-specific 3D model of the deformity is given in Figure 1.

Patient  )....lemsonalsizes &

anatomical measures,
marking landmarks

3D surface scan

3D registration (3D
surface + 3D model
of the spine)

Generating primary
and secondary
landmarks

Deformity
measures

Landmarks
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Patient specific model

Figure 1: Stages of generating a 3D model of the deformity - patient specific model.

2.1 Materials and Methods

In this research, to simulate patient-specific model of spinal deformity and its evaluation we used
the following datasets, materials and methods:
o Patient datasets (372 patients);
e 3D scanning and reconstruction of the dorsal surface using ARTEC Eva device or
equivalent;
e 3D spinal reconstruction - Generic 3D spinal model using Materialise Mimics software;
e Surface importing and analysis in PLM system CATIA and curvature analysis of the dorsal
surface;
e Application of Knowledgeware technologies and scripts:
o extracting dorsal asymmetry line, middle spinal line and curvature analysis of those
lines in 3 planes - 3D analysis of the spinal deformity;
o creating reference elements for vertebral models’ orientation towards the dorsal
surfaces;
o mathematical measurements of deformity indicators (internal and external);
o 3D visualization of the deformity model, apical vertebrae, primary and secondary
curve detection.
Reports on 3D analysis and visualizations and statistical analysis.

2.2 Knowledgeware Technologies

We used PLM system of CATIA V5R20 to automate the methodology with an in-built VBA (VB
software is given in [20]) scripts called ScoliosisSimulator-3DSpinalRegistration.catvba. This macro
processes the patient's optical scan of the dorsal surface and generates elements of CAD skeletal
model based on a generic parameterized 3D model of spine (by rigid registration) and generates
key parameters to quantify deformity [6],[8].

We implemented VBA macro for generating and visualizing reference elements of the 3D
skeletal model on the spinal curve. For this purpose, we used Turner-Smith's rule [6], which
localize peaks of spinal processes towards the dorsal surface. The VBA macro produces a set of
diagnostic parameters exported in a separate *.xls file for further analysis.

2.2.1 3D registration of the spinal model with the dorsal surface - "Patient-specific” 3D deformity
model

Generic 3D model of the spine is adaptable and it can be registered to the dorsal surface. Using

ScoliosisSimulator-3DSpinalRegistration.catvba macro, “patient-specific” model of deformity is

generated. The scaling factor will modify each vertebral model in three directions according to rigid

registration principle (3D to 3D), Figure 2.
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Figure 2: Registration and referencing of the generic 3D model of the spine to the dorsal surface -
“patient-specific” model of the deformity.

This model generates a set of internal and external parameters. Particularly important are:
SOSORT-these angles, Cobb angles, transpositions of vertebral body centroids and intervertebral
discs [5],[6],[14]. Transpositions have negative sign (*-") if the vertebral bodies are dislocated left
from CVS (Central Vertical Spinal) line, and positive (“+") if centroids are right from this line. The
vertebra which is in a sense of absolute value, the mostly dislocated, is called apical vertebra. This
vertebra belongs to the primary curve and is around of the peak that curve [27].

The “gold standard” in radiographic measurement of spinal curve and its progression in clinical
practice over time is a Cobb angle in frontal and sagittal planes, Figure 3 [7]. This angle quantifies
a curvature of the curve between end vertebras of the deformity curve in frontal and sagittal
planes, and angles greater than 10 degrees are considered as a significant for scoliosis diagnosis.
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Figure 3: Cobb angle measurement on X-ray films a) triple curve with Cobb angles «,,, ay;, oy, , b)
illustration of manual measurements of Cobb angles in frontal and sagittal planes.
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SOSORT consortium recommends selecting the reference vertebrae in the sagittal and frontal
planes for measuring specific angles as it is done in the clinical settings [14]. Thus, we included
SOSORT-these angles between vertebrae T2-T5, T5-T12, T10-L2, and L1-L5 in the frontal plane
and angle between vertebrae L1-L5 and T4-T12 in the sagittal plane.

To localize centroids of each vertebra and transform 3D vertebral models to make them
“patient-specific” we implemented registration technique. Vertebral models are then registered
over the skeletal model of the deformity, Figure 4.

a)

Figure 4: Reference skeletal model of the AIS deformity on a) frontal and b) sagittal plane.

3 REGISTRATION

Image Registration is a set of transformation methods used to fuse two 2D images or 3D point
clouds in a common coordinate system. It is usually considered that raw images or 3D clouds of
the target object are acquired in different time and perspective, with the same (intramodal) or
different modalities (intermodal) [1].

Registration algorithms determine corresponding elements of the two images (fixed and
floating) and calculate geometrical transformation for their spatial alignment (term registration or
alignment can be found in literature as Matching, Stabilization, Fusion, Stitching, etc.). The first
type of registration was rigid and includes: scaling, rotation and translation of the correspondent
features or landmarks of the flowing image to a fixed image. Deformable registration is a set of
non-rigid geometrical transformations used for fusion of highly complex deformable shapes or
images.

Deformable registration is applicable in soft tissue reconstruction and functional analysis (lung
function, brain cancer monitoring, prostate cancer diagnosis, heart-rate image compensation, etc.).
In some cases, it is necessary to combine rigid registration as initialisation of the fusion process
and to complete registration with some non-rigid algorithm. There are many registration algorithms
applicable in medicine available today [13],[18],[19],[28].

3.1 3D/3D Registration

In the case of 3D-3D registration, it is necessary to have corresponding points, lines or surface
features, internal or external anatomical landmarks. Vertebral models of the generic spine are re-
constructed from CT slices and represent point clouds of the real vertebrae [9]. We used CATIA to
make scalable and parametric models adaptable to various patient-specific conditions, including
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congenital changes on vertebral shapes (Figure 5). These models are statistical and correspond to
standardized Panjabi’s measurements [6].
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Selected Points: 0
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Figure 5: Statistical/generic model of L4 vertebra a) original, b) translated in its centroid, c) point
cloud.
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Figure 6: Targeted model of L4 vertebra a) polygonal, b) 15% decimated, c) point cloud.

In some cases when registration shapes are very complex it is not always convenient to detect
corresponding elements between them. In this scenario, it is better to find centroids of point
cloud’s volume and then proceed with registration [31]. One of the recently developed registration
algorithms is CPD-Coherent Point Drift is particularly interesting as it combines rigid and
deformable transformations and perfectly fits for vertebral shapes, and it is resistant to a different
number of floating cloud (Figure 5) and a targeted shape (Figure 6).

In this paper, we apply a 3D registration algorithm to transform vertebral models and adopt
their positions toward 3D back surface. As we work with bone anatomical 3D models, we focused
on rigid 3D transformation algorithms.

3.2 3D Transformations: Rotation, Translation, Scaling

Vertebral models are 3D representations of real vertebrae (hard structure) reconstructed over CT
images, scalable and parametrically described. To register their centroids on the middle spinal line
and orient them towards 3D back surface we applied 3D transformations (rotation, translation and
scaling) that are necessary to describe registration function given in equation 4.1 [8],[12].

3.3 General Methodology

We consider the alignment of two vertebral shapes (point clouds) as a probability density
estimation problem defined by Myronenko. One of the point clouds is GMM (Gaussian mixture
model) centroids and another one is the target point cloud [3]. Bellow, we give a basic notation, as
it is defined in [21]:
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e D -dimension of the point sets; N,M - number of points in the point sets;
e Xy.,= 7,.zy - the first point set; Y., = v,.y, - the second point set (GMM

centroid);
e 7= Y,0 - transformation rapplied to Y, where 0 is a set of the transformation

parameters;
e 1- column vector of all ones;
e d=(a) - diagonal matrix formed from vector a.

Rigid registration allows rigid transformations: translation, rotation and uniform scaling factor
[211,[30].

4 RIGID REGISTRATION

For this type of registration, the transformation of the GMM is required r y,;R,t,s = sRy,, +t where
R, is a rotation matrix, ¢, is a translation vector and s is a scaling factor. In this case, the
objective @ - function depends on rotation, translation and scaling factor and has the form (4.1):

N N
: 1 ZZ old o NpD 2
Q R7t75702 =52 P (m|$n)“zn_5R1m_tH +710g0
20* 04 2 (4.1)

Where: R'R=1 and det(R)=1
In the given equation, the first part is similar to form of absolute orientation problem [32].

4.1 Application of Rigid Registration to AIS Modelling

4.1.1 3D spinal assembly model

To simulate scoliosis of a specific patient, it is necessary to have a fully assembled model of the
physiologically normal spine with 20 vertebral models. This CAD model is a parametric master
model created in CATIA and represents the “S” shaped spine with normal lumbar lordosis, thoracic
kyphosis and cervical lordosis (Figure 7).

BX o &) paster prosuct catproduc
g

Figure 7: 3D CAD model of a generic spine (Master Product.CATProduct) - Physiologically normal
spine.
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After many tests in clinical environment we concluded that 5th degree B-Spline curve is the best
fitting solution for AIS representation on X-Ray films and for approximation of the real spinal curve,
to calculate inflection points and to set reference lines for measuring Cobb angles in two planes
[7]. In this course, we used 5th degree B-Spline curve to localise vertebral centroids on it.

4.1.2 Referencing of the vertebral models to dorsal surfaces
Master 3D model of the spine is adoptable to 3D dorsal skeletal models generated using
ScoliosisSimulator-3DSpinalRegistration.catvba macro illustrated in Figure 4. This is done by rigid
transformations using embedded formula (4.1) over common referencing elements of the skeletal
model and vertebra (centroid and vertebral axes). Figure 8a illustrates referencing and orientation
of the lumbar model L2 towards digitized dorsal surface and automatic creation of the geometrical
relations among geometrical elements in assembly model (e.g. coincidence).

Orientation of each vertebral model is defined according to the Turner-Smith’s rule. This rule
defines the coincidence between vertebral vector n which passes through vertebral centroid and
procesus spinosus and normal vector of the back surface 7?5 , Figure 8b. This rule is also important

to calculate parameters of axial vertebral rotation of each vertebra in deformity models.

@ Part Design
Assembly Design RefPlane3 A xp g

| Plrerpiane2 A L2RefPlane

B

ki

9 lint3
P !
ﬁ X iLine3

Procesus spinosus
colinear with normal
surface vector

L2RefLine

[P L2refuine
a) b)

Figure 8: Referencing of the lumbar model L2 towards back surface a) over reference elements,
and b) Turner-Smith's rule.

VBA script also creates all dependencies between skeletal deformity model of the dorsal surface
and enables strong multi-modular associations and built-in knowledge with vertebral models from
the master assembly (Master Product.CATProduct). Initialization of the registration process is the
determination of the scaling factor and its transfer from skeletal deformity model to each vertebra

model, as it is illustrated in Figure 9.
I

Master Product.
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Figure 9: Initialisation of the rigid registration process and regenerating vertebral models to
patient’s back surface.
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Standardized modelling techniques, like publication, “child-parent” modelling technique as well as
external parametrization in assembly module, also, are implemented. After registering all vertebral
models towards surfaces, we have a full 3D deformity model of AIS, or “patient-specific” deformity
model (Figure 10).
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Figure 10: Example of AIS patient-specific assembly model in CATIA with model tree and
geometrical associations after the registration process for a 14 years old female patient.

Once the patient-specific model is generated, the initial generic model (Partl.1.CATPart) will be
replaced with the patient-specific model in the data flow. 3D CAD model of deformity and
ScoliosisSimulator-3DSpinalRegistration.catvba macro are integral part of the system ScolioMedIS,
the information system for monitoring and diagnosing scoliosis, for online AIS diagnosis and
monitoring.

5 RESULTS

The system produced a set of diagnostic parameters that are displayed in the special branch of the
CAD models tree, but also exported in separate *.xls file for downstream analysis. Besides, it
generates a printable report on the performed analysis (Figure 11).

Full visualization of the deformity is performed using Knowledgeware technologies and rigid
registration algorithm in a standard CAD environment. As results, of the registration process and
mathematical calculation we have many parameters generated in the sub-processes. This includes:

e Automatic detection of anatomical landmarks on the patient’s back surface;

e Generated asymmetry line of the dorsal surface and middle spinal line as a 5t degree B-

Spline curve;

e Reference elements for dorsal deformity indicators measurements;

¢ Key initial parameters of the “Patient-Specific” model (Scaling Factor, Split_L, etc.);

e Reference elements for 3D rigid registration of vertebral models, positioning, translation,

scaling and rotation;

e Inflection points of the middle spinal line in frontal and sagittal planes and corresponding

Cobb angles;

e Detected apex vertebrae and end vertebrae of the primary and secondary curves of the

deformity greater than 10° according to Cobb;

e Transpositions of the vertebral models from specific vertical axes of the patient;
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e SOSORT-these angles [6],[14];
3D visualiyations of the deformity in 3D with ready for archiving and online visualization

(*.xls, *.CATPart, *.CATProduct, *.STL, *.txt, *.3DXml), etc.

We successfully tested abovementioned system on 372 patients in adolescence optically diagnosed
from 2015 to 2017. Following patient cases are examples of two female patients with moderate

thoracic scoliosis:
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Figure 11: Reports and visualizations of the Patient-specific deformity models for two AIS

patients.
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6 CONCLUSIONS AND FUTURE WORK

This paper presents a part of the results of the development of the methodology for the diagnosis
of spinal deformities. It is based on the application of methods of surface topography and reduced
exposure to X-rays for patients suffering from idiopathic progressive scoliosis, aimed at elimination
of radiation. The selected approach is based on the application of knowledgeware technology, as
the integrator for patient-specific 3D modelling, visualization, simulation and monitoring of
scoliosis. Spinal deformity modelling is based on a generic 3D model of the spine, generated from
CT scans, which can be regenerated and adapted to the model of the patient’s dorsal surface. The
developed system is tested on a representative number of adolescent (372), using models of their
dorsal surfaces, results indicate that the system is robust and it can reduce the need for
radiographic examinations.

Although the incidence and prevalence of scoliosis are very high, there still is not a unique
protocol for its clinical assessment and monitoring. The protocol, we proposed takes into
consideration the 3D nature of the deformity, with a special accent on the sagittal plane and axial
rotations, which is usually given insufficient attention in everyday clinical practice. Our system
excludes subjective assessment and any writing/reading error, and it can be expected that this
protocol will gain high value when measuring on subjects with scoliosis are performed. As the
system is based on precise, quantitative and objective procedure for the analysis and visualization
of human static posture on the basis of the detected anatomical landmarks, it can give its potential
applications and further development directions.

We presented, in this paper, a 3D rigid registration algorithm to orient and register CAD
vertebral models toward digitally reconstructed back surface of patients. This process is the key to
get patient-specific model of deformity and to generate a very important set of extrinsic and
extrinsic deformity indicators in diagnosis and monitoring process. Further efforts will be focused
on the identification of typical morphological characteristics of deformities that would enable 3D
deformable registration to adopt the algorithm with the congenital spinal deformities, grouping and
comparing deformity lines and improve diagnosis process and precision of deformity models.

Current version of the system is tested at Center for Physical Medicine and Rehabilitation, in
Orthopedics and Traumatology Clinic in Kragujevac, Serbia, and its implementation showed
promising results, particularly in adolescent idiopathic deformities.
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