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Abstract

Objective: To assess the functions of intervertebral discs on the lateral bending of the spine in deformed
thorax model, and to improve the reliability of the minimally invasive correction surgery for treating
pectus excavatum.

Background: Clinical outcomes demonstrate that improvement of scoliosis after surgery correction does
not meet expected results if the influences of intervertebral discs have not been taken into account
during pre-surgery numerical simulation of pectus excavatum with scoliosis.

Method: Two thorax models were reconstructed based on the computed tomographic (CT) data, which
included the deformed (pectus excavatum with scoliosis) models with and without intervertebral discs.
In order to study the effects of these discs on the lateral bending of the spine, a 40 mm correcting
displacement was applied on the sagittal plane of the sternum of the deformed thorax models.

Results: The result of the lateral displacement of the spine was smaller in the deformed thorax model
with discs (2.1 mm) than without discs (2.7 mm). After correction, the Cobb angle of the deformed
thorax with discs was 13°, whereas the Cobb angle was 11° in the model without discs. Actually the
clinical correction result was 15°.

Conclusion: Intervertebral discs decrease the lateral bending of the spine in the deformed thorax model.
The computed results demonstrate that intervertebral discs play a critical role in the lateral bending of
the spine of deformed thorax models. Thus, the influence of intervertebral discs should be considered in
numerical model and simulation of minimally invasive correction surgery of pectus excavatum with

scoliosis.
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Introduction

The NUSS procedure has been widely used in children as a
minimally invasive procedure for treating pectus excavatum
[1-4]. During this correction procedure, a deformed sternum
and ribs may contribute to significant pull on the spine, which
may results in an uncertain surgery result and/or aggravation of
scoliosis, which have to lead an early termination of the
operation [5-10].

There is problem need to be further improved in numerical
analysis, though recently, establishing finite-element models
have been widely used to profile the deformation in pectus
excavatum with scoliosis. The numerical simulation of the
based model can be used to predict orthopedic results to get the
best treatment results [11-14]. In 2010, Nagasao et al. prior to
surgery, established thorax models with beam elements while
simulating correction procedures for 25 patients with
asymmetric pectus excavatum [15]. The effects of NUSS
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surgery on the spine were determined by comparing the thorax
images pre- and post-NUSS surgery. The results suggested that
the predicted spine shape of the numerical simulation was
consistent with the surgical result in several cases, whereas in
some cases the spine exacerbated deformity after the surgery
while the simulation results were positive [15]. Therefore, it
suggest that the discrepancy between simulation results and
clinical results may lie in the underestimation of the effects of
thoracic discs, in fact, the simulation model above exaggerated
the spine bending stiffness. Moreover, there are few researches
that have assessed the effects of thoracic discs on the lateral
bending of the spine.

Discs, acting as the connective tissue between two vertebrae,
somehow determine the biomechanical properties of the spine.
Thus, we hypothesized that intervertebral discs influence the
lateral bending of the spine in deformed thorax model. In order
to elucidate the underlying biomechanical effects of the discs
on the lateral bending of the spine, we tested this hypothesis by

3271



simulating correction procedures on a deformed thorax of
pectus excavatum with scoliosis. Our study provides a
foundation for further study and design of correction surgery
plans for pectus excavatum, and it is of significance for
improving the reliability of the minimally invasive correction
surgery of pectus excavatum with scoliosis.

Materials and Methods

Model construction

Computed tomography (CT) images of thorax of a patient with
pectus excavatum with scoliosis were provided by General
Hospital of Beijing Command. In the patient with pectus
excavatum with scoliosis, the sternum inward concave to the
right side with a depth of 40 mm, and the spine bowed to the
left with a Cobb angle of 20°. The 3-D solid model of the
deformed thorax was reconstructed in Mimics (Mimics 10.0;
Materialise Technologies, Leuven, Belgium) (Figure 1A). The
models were imported into Geomagic (Geomagic studio 10.0;
Geomagiclnc, North Carolina, USA) for point cloud
processing, and finally imported into ABAQUS(ABAQUS
6.11) to establish the assembled solid model (Figure 1B).
Model 1-b was the thorax model without discs. Accordingly,
we propose a feasible way to construct the thorax model with
discs. In ABAQUS, columns that were thicker than the discs
were produced in the gaps between vertebrae, and the disc
between two vertebrae was obtained by the Boolean
calculations of subtraction based on the upper and lower
vertebra as well as the column. Thorax models constructed by
using this approach are shown in Figure 1C.

L

Figure 1. A) 3-D thorax model (deformed); B) Solid thorax model
without discs (deformed); C) Solid thorax model with discs
(deformed).

Numerical simulation

The two models were pre-processed in ABAQUS, respectively.
The sternums, ribs, and thoracic vertebrae were connected by
coupling nodal displacements (same displacement for adjacent
nodes), while the discs and the vertebrae were connected by
Boolean calculation of glue. Subsequent meshes were added to
the models. We build models using proper material parameters
of the model [12,13,15] and boundary conditions based on
surgery method. Table 1 shows the settings of the element
parameters. The boundary conditions were defined as follows:
the upper surface of the first thoracic vertebra, the lower
surface of the 12! thoracic vertebra as well as the interfaces
between the sternums and the collar bones were defined as the
zero displacement constraints on the three coordinate
directions (Figure 2). Additionally, because rib displacement is
large during the correction procedure, we took into account
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during each calculation the potential for geometric nonlinear.
For the simulation on the deformed thorax, a -40 mm
correction displacement (along the Y direction) was applied to
the lower part of the second sternum. We compared the lateral
bending of the spine, in terms of both displacement field and
stress distribution in the deformed thorax models with or
without discs.

Figure 2. 1: Indicates the zero displacement constraints on the three
coordinate directions; 2: Indicates the 40 mm correction
displacement on the sternum of the deformed thorax.

Figure 3. The results of maximum correction displacement in the
deformed thorax with discs (left panel) and without discs (right
panel).

3. i..

Figure 4. The results of Stress distribution in the abnormal thorax
with discs (left panel) and without discs (right panel).

Table 1. Parameters of the model material.

Name Elastic modulus (MPa) Poisson ratio

Biomed Res- India 2017 Volume 28 Issue 7



Effect of intervertebral disc on the lateral bending of the spine in deformed thorax model

Sternum 450 0.42

Thoracic vertebra 450 0.42

Rib 162 0.45

Intervertebral disc 10 0.48
Results

The results of the maximum correction displacement (X) of the
spine were shown in Figure 3. Which show the spine
deformation occurred on the lateral bending in the thorax, and
the maximum spine displacement values (-X) in the models
with and without discs were 2.1 mm (at 5" to 7t vertebrae)
and 2.7 mm (at 5™ to 9™ vertebrae). The results showed that
discs have influence on lateral displacement of the spine. The
results of stress distribution on the spine are presented in
Figure 4. We can find the maximum correction stress on the
spine of the deformed thorax models with and without discs
were 8.7 MPa (at the 6™ vertebra) and 7.6 MPa (at the 4t
vertebra). From computing results, the discs have effect on
stress distribution in the spine.

Figure 5. 3-D model images of the abnormal thorax before and after
the surgery.

Figure 6. Numerical simulation of the abnormal thorax models with
discs (left panel) and without discs (right panel).

Validation of simulation results

The simulation results of the deformed thorax models with and
without discs were compared with the correction result after
surgery. Surgeons implanted two correcting bars at the lower
part of the second sternum (the concaved position of pectus
excavatum) to correct pectus excavatum. Figure 5 shows 3-D
solid models of the deformed thorax before and after surgery,
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while Figure 6 presents the simulation result of correction in
the thorax models with and without discs. The comparison of
the clinical correction result in these three models is presented
in Table 2.

Table 2. Post-surgical deformity in comparison with the simulation
results.

Numerical simulation result

Name Post-surgery  (with discs) (Without discs)

/Relative error /Relative error

Deformation of  the

- - 0,
sternum (Y/mm) 41.03 41.43/0.975%

-41.32/0.707%

Cobb angle of the spine  15° 13°/13.333% 11°/26.667%

Before surgery, the patient had pectus excavatum that was
inward concave to the right side with a depth of 40 mm, while
the spine bowed to the left with a Cobb angle of 20°. As shown
in Table 2, the simulation results from the thorax models with
and without discs showed the deformation of the sternum were
both close to the clinical result, which also demonstrated small
relative errors. Cobb angles improved 13° and 11° in
simulation models with and without discs, respectively, while
the respective relative errors were 13.3% and 26.7% as
compared with clinical results.

Overall, simulation results of improved scoliosis based on the
model with discs was similar to surgical results, which was
accompanied by smaller relative error compared to simulation
results based on the model without discs. The research results
suggested that the discs have an important influence on the
lateral bending of spine in deformed thorax model. The relative
error was calculated with the following formula:

A—-B

A28 % 100%

where A is the post-surgical value and B is the simulated value.

Discussion

In pre-surgery numerical simulation, the new function of the
intervertebral discs has been confirmed that in the correction of
pectus excavatum with scoliosis, intervertebral discs absorb the
lateral bending of the spine, which do not meet with the fact
that intervertebral discs may increase the lateral bending of the
spine. The results of the paper demonstrate that there is small
difference in lateral bending of the spine between the
numerical results based on models with intervertebral discs and
the results of post-surgery correction, which is in contrast to
simulation results based on models without intervertebral discs.
The paper suggest that numerical simulation of minimally
invasive correction of pectus excavatum with scoliosis using
the numerical models with intervertebral discs is more
consistent with clinical results than the numerical models
without discs. Moreover, although the result which considered
the intervertebral discs was closed to the clinical results, but
there are still some errors after consideration the discs. It
suggests that there may be other factors affecting the lateral
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bending of the spine of deformed thorax model, in which there
may be the intercostal muscles. There are several subtypes of
pectus excavatum with scoliosis. The position and the depth of
pectus excavatum as well as the direction and the height of
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scoliosis all exert direct influences on the deformation of the
spine. Therefore, this mechanism of this influence need to be
elucidated in future studies in this field.

Figure 7. The left panel was the picture of the three-point bending test for the measurement of material parameters of the rib; the right panel was
the picture of the compression test for the measurement of material parameters of the vertebrae.

Conclusion

1. Two numerical models of deformed thorax with or without
intervertebral discs have been constructed in the paper, while
studying the deformation patterns of the lateral bending of the
spine under loading conditions by numerical simulation. The
simulation results show that intervertebral discs decrease the
lateral bending of the spine of deformed thorax. These findings
potentially explain the reason that the orthopedic surgery for
pectus excavatum with scoliosis fails to meet with the clinical
results when surgical plans has been designed based on
simulation models without considering the influence of
intervertebral discs.

2. In comparing our prediction results with clinical results, we
demonstrate that the prediction results based on the simulation
using the thorax model of pectus excavatum with scoliosis was
consistent with the real-world correction result when the
prediction model takes into account intervertebral discs.
However, the simulation using the thorax model of pectus
excavatum with scoliosis without considering intervertebral
discs shows large error compared to surgical results.

3. The results of the paper suggest that the effects of
intervertebral discs should be taken into account in the
numerical model when simulating the correction of pectus
excavatum with scoliosis in order to predict clinical results
more accurately.

Availability of data and supporting materials

Confirmation method of the material parameters of human rib
and vertebrae in the paper, it took three-point bending test for
the test specimens of animal (pig) ribs and compression test for
vertebral test specimens to obtain the Elastic modulus (E) and
Poisson's ratio (), as it is shown in Figure 7. The testing
machine was adopted WDW-10 computer-controlled electronic
universal testing machine, made by Changchun Kexin Test
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Instrument Co. Ltd. The material parameters of rib was E=148
MPa and p=0.45. The material parameters of vertebra was
E=318M Pa and p=0.43. With reference of animal experiments
and related literatures, this paper determined the material
parameters of ribof human thorax model was E=162 MPa and
p=0.45, the material parameters of vertebra was E=450 MPa
and p=0.42. Referring to the vertebrac material parameters, the
sternum material parameters wasset as E=450 MPa and
p=0.42. The setting of the material parameters of intervertebral
disc were referred to related literatures [16,17], E=10 MPa and
p=0.48.
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