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Abstract—Scoliosis is a complex spinal disorder that mostly
affects adolescents and younger population. To avoid and reduce
harmful radiation techniques in adolescent idiopathic scoliosis
investigation and follow-ups, a novel non-invasive approach is
highly recommended and needed in clinical practice. In this paper
ARScoliosis application to diagnose, visualize and document spinal
condition and particularly adolescent idiopathic scoliosis in real
time is presented. This ARScoliosis application is developed in Unity
3D, a game engine, and allows non-invasive quantification of
posture and spinal deformity using recently available non-ionizing
wide-angle depth sensor Microsoft Azure Kinect DK as a diagnostic
medium. Parametric and scalable 3D model of the spine is
registered to the internal spinal alignment extracted from the
anatomical landmarks and joints in real time and visible over the
specific patient. It is envisioned that ARScoliosis will support
monitoring of scoliosis after applied therapy and include more
diagnostic parameters, after final testing and validation against
standard X-Ray imaging modalities.

Keywords—Augmented Reality, Spinal Disorder, Scoliosis
Diagnosis, Visual Inspection.

I. INTRODUCTION

Scoliosis is a highly complex 3D musculoskeletal disorder
of the spine that greatly influences the patient’s health and
quality of life. Scoliosis affects 0.47-5.20% of the global
population [1], and almost 80-90% of the cases develop for an
unknown reason (idiopathic) [2]. Adolescent idiopathic
scoliosis (AIS) is defined as a deformation of the spine by an
angle of more than 10°, measured on standing radiographs,
using the Cobb technique [3].

The main drawback of traditional radiographic (RAD)
methods in AIS assessment (Figure 1b) is their harmful effect
on the young population, especially due to multiple radiation
exposures while monitoring progression of the disease, which
increases the risk for malignancy development later in life.
However, it is mandatory for patients with AIS to be examined
every 3—6 months to monitor the curvature’s progression [4]
(Figure 1a). The clinical goal and priority are therefore to
avoid or reduce application of those methods in AIS
monitoring [5] with a clear preference for non-invasive
techniques based on visual examination of the patient’s trunk
and external deformity measures [5], [6].
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In recent years, innovative marker-based 3D optical
systems have been considered as alternatives to RAD imaging
(e.g., Vicon, Moir¢ Topography, Quantec Spinal Imaging
System, Integrated Shape Imaging System) due to their ability
to produce a non-invasive estimation of the external back
profile, hence allowing the calculation of external parameters
of AIS [7], [8]. These systems use the position of markers
placed on anatomical landmarks on the subject’s skin, to
reconstruct the spinal posture, but such techniques are subject
to high levels of errors due to soft tissue artefacts.

[208170eq

a) b)

Fig. 1. Evaluating scoliosis: a) visual inspection - optical diagnosis, b)
traditional radiographic assessment through measuring primary and
secondary Cobb angles on X-ray images.

A novel 3D optical method, e.g. rasterstereography (RST),
is a less expensive, non-ionizing technique which estimates
deformity-related changes of the patient’s back using only
light as a medium [9]. Unfortunately, none of these methods
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visualize the 3D model of the patient-specific spine and
particularly its structure in real time, statically or dynamically.

Recently, applications of non-ionizing Augmented Reality
(AR) or Virtual Reality (VR) technologies showed promising
results in supporting medical decisions, diagnosis and therapy.

1) Medical Augmented Reality applications review

AR, a technology which according to Gartner’s hype cycle
[10] has passed from the emerging technology class to a more
mature state, can be the key technology to enable the
visualization of 3D patient-specific models in the physical
environment e.g. 3D spinal model superimposed over the
patients’ dorsal surface.

In the recent years, the interest on medical AR applications
has been escalating, mainly due to the recent hardware and
software development which enabled a various range of AR
applications and improved the accessibility to this technology
to an expansive group of users. One of the most accurate
sources where the popularity of AR applied for medical
purposes can be observed is the PubMed database (Figure 2)
where 2389 papers include “Augmented Reality” in the title
from which 73 papers treat the subject AR applied for spinal
affections and treatment procedures, mainly focused on
surgical procedures.
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Fig. 2. PubMed database AR results by year [11].

AR popularity is not the only characteristic which evolved
in the past decades, if at its earliest development phases AR
was used to provide auxiliary information during medical
procedures (e.g. a live video with ultrasound images [12],
MRI and CT data [13] [14]), nowadays, the challenge is to use
AR to access and visualize real-time patient-specific data
superimposed with the highest accuracy [15]. Some
researchers suggest that in the near future, AR will replace
traditional medical tools such as microscopes, navigation and
display equipment etc. [16]. As we analysed multiple research
papers and use cases, we identified that, currently, the most
advanced AR applications are used to aid clinicians,
predominantly during and while planning interventional
procedures. In [17] the authors reviewed the latest commercial
and research medical AR applications. Among these
applications is [18] which is currently testing an AR tool able
to offer real-time patient-specific anatomical information.

In the field of spinal disorders AR applications are mainly
developed to support surgical procedures. One of the first AR
applications developed to support and navigate scoliosis
surgery was developed in 1995 [19]. Since then, due to the
technical advances, there are numerous solutions and
applications that use AR for spinal corrective therapies [20].
The latest innovation in the spinal surgery has been made by
Augmedics [21] which used their “xvision Spine” system in a
world’s first minimally invasive spine surgery performed on
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June 15 2020 [22]. As for the spinal deformity evaluation and
diagnosis, a few AR based studies were found, mainly due to
the fact that an AR application will not suffice if it is not used
by well-trained clinicians. Few AR concepts and solutions
were found in domain of spinal 2D visualization and
diagnosis, [23],[24], [25]. In[25] an AR framework for spinal
disorders diagnosis is presented as well as full 3D spinal
model. The lack of novel research and reliable solutions in this
field is what motivated us to develop a new diagnostic and
visualization application — AR Scoliosis. Moreover, we could
not identify any solution which is able to track the patient’s
anatomical landmarks in real-time and to superimpose a
dynamic patient-specific spinal 3D model which is able to
extend the intervals between X-ray images thus reducing the
radiation as much as possible.

II. METHODOLOGY

To develop an AR application for real-time visualization
of an idiopathic 3D spinal deformity we used a combination
of specific hardware and software to perform four
development steps as described in figure 3.
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Fig. 3. Development phases: I) Landmark detection and acquisition, II)
Initial alignment and registration, III) Individualization of the spinal model,
IV) Visualization, GUI and usage.
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a)

b)

Fig. 4. Anatomical landmarks and joints from the Body Tracking Function of the Azure Kinect DK: a) default as detected by Kinect, b) additional points
created to improve accuracy.

As depicted in figure 3 phase I, the first step of the
ARScoliosis application is to detect necessary landmarks from
the physical environment (e.g. from the patient’s body). Using
these landmarks, the 3D spinal model is modified accordingly
to the automatically registered internal spinal alignment
(Figure 3 phase II and III). The final step is to include all this
information into a user-friendly interface which can be used
by clinicians.

A. AR application requirements

In order to develop a functional AR application three
major requirements, have to be satisfied:

1) Hardware

To fulfil abovementioned tasks in the development
process, stationary PC and Microsoft Azure Kinect DK as an
external acquisition device were used. This is due to the
following reasons:

e Microsoft Azure Kinect DK uses heavy computational
libraries and powerful PC with a large screen. This is
beneficial for detailed diagnosis and provides a good
accessibility and overview over the numerous
functionalities of the user interface (UI).

e Microsoft Azure Kinect DK is a development kit
which includes relevant components for this task such
as a wide-angle depth sensor (depth data), a 4K RGB
video camera (colour data) and an inertial
measurement unit (orientation sensor). Most
importantly, the Microsoft Azure Kinect DK has a
Body Tracking SDK included, which can track human
joints at runtime.

2) Software

To develop an application for scoliosis visualization and
to calculate important diagnostic parameters the game engine
Unity 3D (C#) is used. It provides a good integration of the
Microsoft Azure Kinect DK libraries, as well as cross-
platform development for Microsoft Windows, Android and
i0S. The software can be easily expanded with a condensed,
mobile version for smartphones or tablets.
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3) Used landmarks

The following eight out of 32 available joints from the
Body Tracking Function of the Microsoft Azure Kinect DK
were used to calculate the asymmetry line: 1) Neck, 2)
Shoulder right, 3) Shoulder left, 4) Spine Chest, 5)
Spine Naval, 6) Pelvis, 7) Hip_right, 8) Hip_left (Figure 4 a).

Additional landmarks and joints could be added to allow
better modelling and more precise localization of specific
vertebra, according to statistical models available in literature
[26] (Figure 4 b).

B. AR application development

To meet all clinicians’ needs a reliable 3D model of the
spine and the visualization in AR must be developed. To
achieve this, we have done the following:

1) Extraction of asymmetry line

The asymmetry line on back (dorsal) surface was enriched
with six additional data points calculated using the shoulder-
hip vectors bilaterally. The centre of the connecting line
between the shoulder-hip vectors was calculated on 10, 20, 40,
50, 70 and 85 percent of the vectors. For example, the joints
shoulder left and shoulder right were connected and the
centre of this vector used as an additional value for the
asymmetry line between the neck and spine_chest joint which
was detected by the Azure Kinect.

2) 3D model creation and positioning

The 3D model of a spine was calculated based on the back-
asymmetry line. Each data point of the spinal line (both,
automatically tracked joints, as well as additionally calculated
points) represented a point of a Catmull-Rom spline. A
Catmull-Rom spline is an interpolating spline with one point
at each end of the curve and several control points in between.
3D models of twenty vertebrae (C5 to L5) [27] were attached
to the Catmull-Rom spline using the control points of the
automatically tracked joints and the calculated additional
points.
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Fig. 6. GUI of the ARScoliosis application for 3D visualization, diagnosis and archaiving records on subject specific posture or spinal pathologies including
another modalities e.g. X-ray image.

To implement 3D model generation, “Dreamteck splines
v2.01” free version of the Package is used [28]. However,
there are some open issues:

a) individual rotation of each vertebrae toward the
patients’ dorsal surface is more precisely determined than
using other interpolation methods (e.g. Bezier curves),
however not yet optimal.

b) dynamic adaptation of the spine model with

movements of the patient. (adaptations to randomly changing
control points each 0.03sec was verified).

3) Model Registration

The tracked and calculated coordinates of the joints were
directly used to initialize the Catmull-Rom spline and to attach
the vertebrae accordingly. This process is performed through
3D rigid registration presented at figure 5.

In the registration process, the main parameter of posture
and spinal deformity e.g. primary and/or secondary Cobb
angle is calculated and presented to the user. The Cobb angle
can be calculated dynamically from the 3D spine model by
adapting the traditional way of Cobb angle calculation, based
on 2D X-ray images to the 3D model meaning that:

e The application must locate the most tilted vertebra at

__ , _ the top of the curve and draw a parallel line to the
Bscene | mOume | = e =L .
[Daier = Pt . N superior vertebral end plate.

e The application must locate the most tilted vertebra at
the bottom of the curve. Then draw a parallel line to
the inferior vertebral end plate.

e The application must erect intersecting perpendicular
lines from the two parallel lines.

e The angle formed between them is Cobb angle.

This method is easier and more accurate compared to the
traditional way, because the rotation data of each vertebra is
already documented. After iterating over all vertebrae, and
calculate the angle between two successive vertebrae, the

b biggest degree angle should be the primary Cobb angle.
Fig. 5. 3D model registration: a) initial set of control points of the internal
spinal alignment, b) registerable and scalable 3D generic model of the human 4) Integration into an interactive user interface
spine, ¢) registration process in Unity 3D, d) 3D subject-specific model of

The interactive UI of ARScoliosis integrates the tracking
and calculation of the 3D spine model, as well as numerous
features to facilitate regular check-ups of AIS. In that

the spine and Cobb angle.
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Fig. 7. Use Case Diagram with patient management features embedded in the ARScoliosis UI and platform.

sequence, the main goal of this non-invasive application is to
extend the intervals between X-ray images to reduce radiation
as much as possible.

Via video stream of the Microsoft Azure Kinect DK the
body of the patient is tracked, and a 3D model of the patient-
specific spine is displayed in real-time on the video stream or
a static image (i.e. a screenshot), as it is depicted in figure 6.

Based on five medical expert interviews (spinal surgeons
and physicians), the Ul provides several features, such as
free-hand drawing to highlight and annotate parts of the
spine, a screenshot function that can store the free-hand
annotations, a tool to examine the spine in detail (i.e. turning
the spine and zooming in or out), a field where notes can be
taken and a feature that allows to compare X-ray images with
the real-time calculated 3D model of the spine. Further, the
application is connected to a database to store patient data,
the individual clinical history, as well as X-ray images or
(annotated) screenshots of the dynamically calculated spine,
or specific parameters, such as Cobb angle or Risser sign.

C. Use Case Diagram

The use case diagram in figure 7 clarifies which users
(physicians and physiotherapists) are intended to work with
ARScoliosis in the future and how their workflow could look
like. Medical experts are the main user group intended to use
the system, dealing with two different use cases. Primarily, if
a patient is not yet part of the system, the expert can insert or
connect all relevant data to calculate a first 3D model of the
patient’s distorted spine. After creating a record about a new
patient and saving all data to the database, the expert can start
the diagnosis process and when finished, he can leave the
process and close the software or explore the record of an
existing patient.

Secondly, for existing patients, the spine model can be
edited, zoomed, rotated, a new calculation of the spine model
can be initiated, a screenshot can be taken, or his specific
model can be compared to corresponding X-Ray image.

The database was implemented with MySQL and the
phpMyAdmin database using MAMP. This database can be
connected from the Unity C# Script over a php-File to the
localhost database on the web.
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III. RESULTS AND DISCUSSIONS

Based on interviews conducted with five medical experts,
in the development phase four of them said that they have
already used devices that can tracks the patient’s back using
laser or optical technology. However, these devices are very
unreliable and expensive and normally diagnosis is usually
performed manually (e.g. bend-forward test, or hip/shoulder
tilt) or using conventional radiography.

So far none of these technological devices (optical
scanners) are regularly used for diagnosis, therapy or regular
check-ups. A simpler device and software that would help to
monitor AIS development would be highly appreciated and
could expand intervals between harmful X-Ray follow-ups.

All medical experts said that an appealing Ul would be
helpful to show the patient how their spine looks and to
simulate how postural changes and exercises could improve
it. The wvisualization in ARScoliosis could furthermore
improve patient’s adherence to the therapy.

Based on the needs of the medical experts we developed
an AR application in combination with Microsoft Azure
Kinect DK. Catmull-Rom splines were used to simulate 3D
spinal model, because the individual rotation of each vertebrae
is more precisely determined than with Bezier curves and also
the scaling of the spinal model is more convenient with
Catmull-Rom splines, as the vertebrae scale dynamically in
relation to the up or down scaling factor of the spline.

Ongoing testing in clinical practice will allow us to
evaluate its precision and to validate generated parameters and
patient-specific model against standard modality like CT or
bi-planar radiographs.

Moreover, ARScoliosis can be adopted for industrial
purposes. For example, during a training process for manual
assembly operations, this application can be used to monitor
the ergonomic parameters and range of the motion. In the
future, we plan to use this application together with the
innovative training station developed in the DiFiCIL project
[29].

IV. CONCLUSIONS

In this research paper we present a concept for an
application called ARScoliosis aimed to enable the detection,
diagnosis and visualization of AIS using AR. It combines
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cutting-edge spatial computing equipment with AR
technologies to improve the diagnosis and monitoring process
by reducing the need for standard X-Ray-based AIS
investigation. ARScoliosis, thus being in a development stage,
can be a good base for supporting diagnosis and treatment of
AIS in a clinical environment.

Future work implies testing the application on at least fifty
patients to validate its efficiency against conventional X-Ray
diagnosis methods. Also, more functionalities should be
added to this application, such as the possibility to calculate
additional internal and external parameters of deformity and
posture.
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