Journal of Medical and Biological Engineering (2022) 42:107-114
https://doi.org/10.1007/540846-022-00678-8

ORIGINAL ARTICLE q

Check for
updates

Model-Based Radiation-Free Assessment of Scoliosis: A Principle
Validation Study

Susmita Roy’ - Alexander T. D. Griinwald' - Renée Lampe'?

Received: 12 October 2021 / Accepted: 6 January 2022 / Published online: 18 January 2022
© The Author(s) 2022

Abstract

Purpose Adolescent scoliosis is one of the common pediatric spinal diseases which has a high risk of progression due to the
rapid growth of the skeleton during the growing stage therefore needs regular clinical monitoring including X-rays. Because
X-rays could lead to ionizing radiation-related health problems, an ionizing radiation-free, non-invasive method is presented
here to estimate the degree of scoliosis and to potentially support the medical assessment.

Methods The radiation-free body scanner provides a 3D surface scan of the torso. A basic 3D structure of the human ribcage
and vertebral column was modeled and simulated with computer-aided design software and finite element method calcula-
tion. For comparison with X-rays, courses of vertebral columns derived from 3D torso images and 3D models were analyzed
with respect to their apex positions and angles.

Results The methods show good results in the estimation of the apex positions of scoliosis. Strong correlations (R =0.8924)
were found between the apex and Cobb angle from X-rays. Similar correlations (R =0.8087) was obtained between the apex
angles extracted from X-rays and the combination of torso scan images with 3D model simulations. Promising agreement
was obtained between the spinal trajectories extracted from X-ray and 3D torso images.

Conclusions Very strong correlations suggest that the apex angle could potentially be used for scoliosis assessment in follow-
up examinations in complement to the Cobb angle. However, further improvements of the methods and tests on a larger
number of data set are necessary before their introduction into the clinical application.

Keywords Scoliosis - Noninvasive - lonizing radiation-free - Body scanner - 3D model of the rib cage and vertebral
column - Finite element method

JEL Classification I. Health, education, and welfare - I1 Health - 110 General

1 Introduction scoliosis, which has a high risk of progression and aggra-

vation because of the rapid growth of the skeleton at the

Scoliosis is a spinal deformity of at least 10° curvature in
the coronal plane associated with vertebrae rotation in the
transverse plane [1]. Adolescent scoliosis (AS), either idi-
opathic or neurogenic, is one of the most prevalent types of
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adolescent stage. Therefore, regular monitoring of AS
patients and quantitative assessment of the spinal curvature
are required to prevent or reduce the progression and pro-
vide proper treatment. The degree of curvature is quantified
by both, measuring the Cobb angle from X-ray images [2]
and clinical examinations. The Cobb angle measurement
is the gold standard for scoliosis evaluation and the most
reliable option for physicians to take a decision for their
treatment. However, taking frequent X-rays causes a high
risk of radiation-related health problems. Therefore, there
is a need for supporting medical observation techniques that
can reduce the number of ionizing X-ray examinations for
scoliosis assessment [3]. To date, to reduce the number of
X-rays, different surface-topography based methods are the
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most commonly used alternative technique for the assess-
ment of scoliosis [4—6]. Since lateral deviation and axial
rotation of the vertebrae around the vertical body axis are
strongly associated with scoliosis, 3D computational model
calculations of the human rib cage and spinal column also
have the potential to widen the range of assessment meth-
ods and techniques. In this regard, several mathematical and
biomechanical 3D models of the spine have been developed
and provide correlations between anatomical parameters and
the distortions of spine, due to the changed biomechanical
forces that lead to scoliosis [7-9].

The study presented here is based on the work of Roy
et al. [10-12] that reported about a camera system hereinaf-
ter referred to as a body scanner, which acquires a 3D image
of the human torso for the assessment of scoliosis. It is also
an attempt to find an assessment method that allows one to
quantify the curvature similar to the Cobb angle without
radiation exposure for the patients. The present verification
method is similar to Cobb’s angle measurement but does
not reproduce the true value of Cobb’s angle; however, it
correlates with Cobb’s angle. In general, an X-ray image is
an essential standard of care in the diagnosis of scoliosis at
the first appointment of a patient with an orthopedic spe-
cialist. The present paper compares the spinal trajectories
derived for a number of patients from X-ray and body scan-
ner images and analyzes them to find one or more param-
eters that can be used to assess scoliosis.

2 Materials and Methods
2.1 X-RayImages

X-ray images from nine subjects were used to develop and
evaluate the efficacy of a new method for the analysis of
their 3D body torso images obtained from the body scanner.

The data set comprises patients between eleven and
30 years of age, six females and three males, and with

different types of scoliosis. Table 1 shows patients’ informa-
tion in addition to the scoliosis assessment results evaluated
by a senior orthopedic specialist from their X-ray images.
With respect to the range of scoliosis, the scoliosis was clas-
sified following the characterizations: (1) thoracic, if the
apex of the scoliosis curve is located between T2 and T11;
(2) thoracolumbar, when located in the range T12-L1; (3)
lumbar in the range L2-L5; and (4) combined, when it is a
combination of thoracic and lumbar [13, 14]. Further, sco-
liosis was classified according to the Nash and Moe method
[15].

2.2 Scan Images and Rib Cage Model

The 3D surface scan images of the above-mentioned patients
were taken with a custom-designed body scanner, consist-
ing of a camera system using infrared and RGB sensors,
for the assessment of scoliosis [10]. The scanner system is
dedicated especially for patients with cerebral palsy (CP),
who are often affected by neurogenic scoliosis but also can
be used for patients with idiopathic scoliosis.

The scanner is portable and can be installed in the cent-
ers for people with special needs. Patients can be scanned in
both standing and sitting positions, especially many patients
with CP and neurogenic scoliosis who are not able to stand
for a long time. The scanning process was very fast and
provided a three- dimensional surface image of the outer
body shape. The system was thus non-invasive and free of
ionizing radiation.

The 3D skeletal structures of male and female rib cage
models were modeled [12] with computer-aided design
(CAD) software [16], based on anatomical geometries and
morphometric parameters derived from literature [17, 18].
A FEBio software suite [19, 20], which is one of a finite
element method-based [21] software tools, was then used
to simulate subject-specific deformations of the vertebral
column and ribcage.

Table 1 Participants’ age,

, : Patient Gender Age Scoliosis Convexity Cobb Moe

gender, and classification of )

their scoliosis evaluated from Year Range Angle in °

Xeray images P1 Female 14 Thoracic Right 34 I
P2 Female 25 Thoracolumbar Right 14 I
P3 Female 13 Combined Right, left 20,24 1
P4 Female 11 Thoracic Right 12 I
P5 Male 30 Thoracolumbar Left 12 1
P6 Male 13 Lumbar Left 14 1
P7 Male 23 Thoracolumbar Right 15 I
P8 Female 17 Combined Right, left 38,33 I
P9 Female 15 Thoracolumbar Left 42 I

Moe represents the rotational degree of Moe
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Since scoliosis structure is a complicated structure, there-
fore the deformation was mostly simulated as anisotropic
material, except few parts. The geometric and an isotropic
material (where used) properties were collected from Griin-
wald et al. [12]. The element edge lengths of the elastic com-
ponents varied from about 0.01 ~mm to 23 ~mm and thus
were small in comparison to the overall geometry. Simula-
tion on a finer meshed model showed very similar results
within the principle limits.

The results were compared with the surface scan images
from the body scanner system. At its best match, the rib-cage
model was assumed to represent the course of the subject-
specific spine and thereby allowed to locate and mark the
positions of the vertebral bodies. The trajectory of the ver-
tebral column derived from the subject-specific distorted
rib-cage model that best matches the surface scan image
is therefore hereinafter referred to as the combined model.

Figure 1 depicts the afore-described derivation of the ver-
tebral column trajectories from the body scanner and X-ray
images. The surface scan image provided by the body scan-
ner system (a.) and the simulated subject-specific deforma-
tion of the rib cage model (b.) were combined and shown in
coronal (c.1) and transverse (c.2) planes. These views were
then used to iteratively adapt the rib-cage model simulation

to the surface scan. At its best match, the positions of verte-
bral bodies were marked (c.1, referred here as a combined
model) and further used for analysis (f.). Ideally, on the same
day of the body scan, an X-ray image of the torso was taken
in the coronal plane (d.) and the positions of the vertebral
bodies were marked (e.). Polynomial fits to the vertebral
body positions from the combined model and X-ray then
represented the vertebral column trajectories (f.) and were
used for further analysis.

All the procedures related to patients’ data privacy and
personal interests were approved by the ethics committee of
the authors’ affiliated institutions.

2.3 Analysis of Vertebral Column from X-ray Images
and Scan Images

The extracted courses of vertebral columns from two dif-
ferent materials (i) from the X-ray images and (ii) from the
combined models were analyzed to find one or more param-
eter that correlates with the Cobb angle and can be used
in future follow-up examinations for scoliosis assessment.
To get the courses of vertebral columns, polynomials of 5%
to 9th order were fit to the extracted scattered positions of
vertebral bodies.
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Fig. 1 Schematic diagram of the derivation of vertebral column trajectories from the combined model—surface scan image from the body scan-
ner and subject- specific distorted rib cage simulation and X-ray images. (Further details are given in the text.)
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As an example, Fig. 2 shows 5th order polynomial fits
to the extracted scattered positions of vertebral bodies (cir-
cles) from X-ray (Fig. 2a) and combined model (Fig. 2b)
from the same person. In the case of right convexity, the
global maxima, and the case of left convexity the global
minima of the polynomials were extracted and considered
as the apex of the vertebral column. Roots of the second
derivatives of the polynomials were then calculated to find
potential inflection points at both sides of the apex. In addi-
tion to the apex positions (point ‘A’ with filled black circles),
the inflection points were also marked in Fig. 2 by filled blue
circles (point ‘B’ and ‘C’). The angle at the apex position
between the lines from ‘A’ to ‘B’ and ‘A’ to ‘C’ (marked as
0 in Fig. 2) was calculated and subtracted from 180° to be
consistent with the Cobb angle definition. This angle was
defined here as the apex angle. Following this procedure,
the apex angles and positions were computed from all X-ray
images and combined models.

Furthermore, a quantity was calculated to evaluate the
matching of the combined model with the X-ray image. The
courses of the vertebral columns derived from X-rays and
model simulations were normalized to their vertical length
and aligned to coincide at the top and bottom-most verte-
brae C3, or T1, and LS5, respectively. The area between the
two curves was computed as a measure for the difference
between the curves. The area was calculated following the
equation:

Fig.2 Courses of vertebral col-
umns extracted from (a) X-ray

X-ray analysis

* |yi = Yip| (1)

N-1
AQx,y) = Alll_l;l;lo Z ‘xi(—ra)' _ ximod
i=0

where x*"® and ¥"? are the x-coordinates on the polynomi-
als derived from X-ray and the combined model, and y, are
the corresponding y-coordinates. The latter have identical
values for X-ray and the combined model. This area was
computed for all the cases to see the quality of the combined
model in comparison to the course of the vertebral column
derived from the X-ray. Figure 3 shows overlays of the poly-
nomial fits and the markers of the corresponding vertebrae
locations representing the spinal courses.

3 Results

Nine X-ray images were visually analyzed by an experi-
enced orthopedic specialist and the vertebral levels closest
to the apex were determined. These levels were plotted in
Fig. 4 as a function of the vertebral levels where the apex
was detected by our analysis from X-ray images (Fig. 4a)
and combined models (Fig. 4b). A perfect match means
that the corresponding vertebral levels coincide and this
would reflect in points lying over the diagonal in Fig. 4. A
mismatch is indicated by the distance from the diagonal.
The result shows that in most cases the vertebral level
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Fig.3 Area between the polynomials (center) derived from the vertebral body positions of the combined model (left) and the X-ray (right)
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Fig.4 Vertebral level at which apex is located as a function of the
vertebral level at which apex is extracted from the analysis program.
Each point represents an individual case also marked in the figure

determined by our analysis program corresponds to the
vertebral level at which the apex of scoliosis occurred.

Figure 5 shows the summary of results obtained from
all the X-ray images and combined models analysis. The
individual bars represent the Cobb angles, the apex angles
determined from the X-ray image and combined model,
and the corresponding area differences. From these, a set
of six Pearson’s correlation coefficient values (R) were
calculated following the Eq. (2). The results are presented
in Table 2.
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to distinguish the points where the points overlap with another case.
(a) Results obtained from an X-ray image, (b) the same from com-
bined models

oo Y (a;—a)(b; - b)
VI (a-a) X (b~ b)

where, R = correlation coefficient, ¢; = individual values of
one set variable, @ = mean value of all a variables, b; =
individual values of another set variable, b = mean value of
all b variables.

The R-value ranges from — 1 to 1. R close to 1, means one
set of parameters increases with the increase of the second

(@)
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Table 2 Correlation coefficients
between the analyzed

parameters along with their
probabilities

Parameters R-value P-value
Cobb angle vs apex angle from the X-ray 0.8924 0.0012
Cobb angle vs apex angle from the combined model 0.5328 0.1397
Cobb angle vs area difference 0.3182 0.4041
Apex angle from X-ray vs apex angle from the combined model 0.8087 0.0083
Apex angle from X-ray vs area difference 0.3507 0.3548
Apex angle from combined model vs area difference 0.0101 0.9794

set of parameters—a positive correlation. If R-value is close
to — 1 then it is a negative correlation. As a rule of thumb
the absolute values of R can be classified into four catego-
ries: (1) weak correlation if the value lies in between 0.20
and 0.39; (2) moderate correlation, if it lies in between 0.4
and 0.59; (3) strong, when that is in between 0.6 and 0.79;
and (4) very strong, when it is in between 0.80 and 1.00.

The P-value is the probability that indicates when lower
than the conventional 5% (P < 0.05) that the correlation coef-
ficient is statistically significant. The obtained results show
that the apex angle is very strongly correlated with the Cobb
angle when derived from X-ray, indicated by an R-value of
0.8924 (P <0.05). Further, there exist a very strong correla-
tion (R=0.8087, P <0.05) between the apex angles evalu-
ated from X-ray images and combined models. The correla-
tions between other sets of parameters are not statistically
significant.

4 Discussion
The current work analyses the trajectories of vertebral col-

umns extracted from (1) X-ray images and (2) a combina-
tion of body scanner images and our vertebral column and

@ Springer

rib cage models from patients with scoliosis. The method
was developed to assess adolescent scoliosis and to reduce
number of X-rays in follow-ups [10, 11]. The present study
included adult patients with neurogenic scoliosis due to Cer-
ebral Palsy, where of course their growth had ended, but the
patients suffered from stress-related back pain. The X-rays
were taken to diagnose if degeneration alteration or other
osseous dysplasia were responsible for the pain in neuro-
genic scoliosis. In order to develop our analysis method and
to test the working principle, it was essential to include their
X-rays and body scanner images in our study.

Figure 4 showed the level of accuracy for the identifica-
tion of apex positions from the analysis program and those
obtained manually by an orthopedic specialist. Quite a good
match between these two extraction methods supports the
use of our analysis program in extracting the course of the
vertebral column. The two outliers (patient P2 and patient
P5) are from the cases of mild scoliosis, where a clear iden-
tification of the exact apex position was difficult by visual
inspection.

A very strong correlation between the apex angles evalu-
ated from X-ray images and the conventional Cobb angles
suggests that this angle could potentially be used for scolio-
sis assessment in follow-up examinations complementary
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to the Cobb angle. The very strong correlation between the
apex angle evaluated from X-ray images and combined mod-
els also supports the method’s potential use in follow-up
examinations. However, moderate correlation between the
Cobb angle and apex angle from the combined model indi-
cates that the apex angle from the combined model is not
directly comparable with the Cobb angle in the method’s
present state. Additionally, the method of determination and/
or the combined model potentially needs improvement. In
fact, the Cobb angle measurement method is a two-dimen-
sional measurement (i.e. on radiography) of a three-dimen-
sional deformity of the spine. In order to be able to measure
the Cobb angle, the bony curved edges of the cover and base
plates of the two mostly tilted vertebral bodies around the
apex, must be clearly visible in the X-ray image [22]. There-
fore, even if it were possible to measure the marginal angle
between the two endplates of the vertebral bodies in our 3D
model that can not be exactly the same (or comparable) with
the Cobb angle measured on the 2D X-ray image. Parallel
lines that are drawn at the top and bottom endplates of the
superior and inferior vertebral can not be drawn in 3D (i.e.
the case of model) identically as in 2D (i.e. the case of X-ray
image). Furthermore, natural growth-related malformations
of the vertebral bodies were not considered in our present
model. Here the vertebrae were designed uniformly, accord-
ing to the normal anatomy. We, therefore, defined the apex
angle in such a way that their way of evaluation is the same
for both the cases, i.e., from X-ray and combined model.
The residual mismatch between the values of either apex
angle, however, might be due to the constructional differ-
ences between the real anatomy and model structure.

Neither the Cobb angle nor the apex angle is well-cor-
related with the area difference between the two trajecto-
ries obtained from the X-ray and combined model, nor is
it statistically significant for the cases presented here. The
transverse cross-sections of the 3D model provide informa-
tion about the positions, axial rotations, and inclinations of
the vertebral bodies (Fig. 1c.2). It is intended to include the
area difference parameter as an optimization quantity for the
simulation of the 3D model in the future.

With the perspective of its future application, the method
presented here could come in clinical practice as follows:
when a patient exhibits signs of scoliosis during his first
consultation with an orthopedic specialist, in addition to the
regular X-ray image a 3D surface scan of the torso will be
taken with the body scanner. From either image, following
the procedure presented here, apex angles will be extracted.
Provided that there are very strong correlations between the
Cobb angle and the apex angle from the X-ray, as well as
between the apex angles from X-ray and combined model,
the apex angle could be used for comparison instead of
the Cobb angle. Later in follow-up examinations, in addi-
tion to the clinical examination, another non-invasive body

scan will be performed. The apex angle extracted from the
combined model using the latest 3D body scan will then
be compared with the previous one and thus help to decide
whether another X-ray is indicated. In case there is no sig-
nificant difference in complement to the clinical examina-
tion, the orthopedic specialist may come to the conclusion
that no X-ray will be required at this stage, and thus reduce
the exposure to ionizing radiation for the patient. Although
the present method will not eliminate the need for X-rays,
especially at first time, a radiograph is required for evalu-
ation of the morphology of the spine, the method has the
potential to reduce the number of X-rays taken over the life
span of a patient. Furthermore, the method is independent
of the natural growth of a person and their posture during
scanning. Once the method has been tested and validated
on a larger number of data set, it can be applied in clinical
practice.

The present method shares the technique of other model-
based image analysis methods [23-25] as well as the 3D
reconstruction of the spinal curve [26] as a basis for the
assessment of scoliosis. Furthermore, the advantages are
associated with short computation time and full control
over our model. Further developments of the model struc-
ture in more detail and improvements of the present simula-
tion procedure are required. In future, a larger number of
patients with different types of scoliosis is required to prove
the method’s efficacy. Follow the steps presented here an
integrated software tool will be the next step to automati-
cally perform a scoliosis assessment and monitoring.

5 Conclusions

An ionizing radiation-free, non-invasive method is presented
to estimate the degree of scoliosis and to support the clinical
assessment. The method shows good results in the estima-
tion of the apex positions of scoliosis. Strong correlations
were found between the apex angle, evaluated by our radi-
ation-free scanning method, and Cobb angle from X-rays.
Very strong correlation results suggest that the apex angle
could be used for scoliosis assessment in follow-up examina-
tions in complement to Cobb angle.
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