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From In Vitro Evaluation of a Finite Element Model of the Spine to

In Silico Comparison of Spine Instrumentations

Claudio Vergari **, Mathilde Gaume °, Sylvain Persohn, ¢, Lotfi Miladi ®, Wafa Skalli

Abstract

Growth-preserving spinal surgery suffer from high complications rate. A recent bipolar
instrumentation using two anchoring points (thoracic and pelvic) showed lower rates, but its
biomechanical behaviour has not been characterised yet. The aim of this work was to combine
in vitro and in vivo data to improve and validate a finite element model (FEM) of the spine,
and to apply it to compare bipolar and classical all-screws implants.

Spinal segments were tested in vitro to measure range of motion (ROM). Thoracic segments
were also tested with bipolar instrumentation to measure ROM and rod strain using a strain

gage.

A subject-specific FEM of the spine, pelvis and ribcage of an in vivo asymptomatic subject
was built. Spinal segments were extracted from it to reproduce the in-vitro mechanical tests.
Experimental and simulated ROM and rod strain were compared. Then, the full trunk FEM
was used to compare bipolar and all-screws instrumentations.

The FEM fell within 1° of the experimental corridors, and both in silico and in vitro
instrumentation rods showed 0.01% maximal axial strain. Bipolar and all-screws constructs
had similar maximal Von Mises stresses.

This work represents a first step towards subject-specific simulation to evaluate spinal
constructs for neuromuscular scoliosis in children.

Keywords: neuromuscular scoliosis; bipolar technique; minimally invasive fusionless surgery;

numerical model
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1. Introduction

Neuromuscular spinal deformity (NMSD) is due to abnormal muscle tone and muscle
imbalance which often starts in the first years of life. Progression of the deformity can lead to
loss of sitting ability and respiratory insufficiency (Mayer, 2015). Therefore, those cases that
progress without response to non-operative treatment (physiotherapy or bracing) must undergo
early spinal surgery to stop the progression. Such an early fusion, however, can lead to cessation
of trunk growth and of lung development, and this complex surgery presents a relatively high
rate of complications: the meta-analysis by Sharma et al. (2013) reports 13% prevalence of
mechanical complications such as implant breakage, loosening or cut-out of implant.

Growth-preserving surgical techniques have been developed to treat NMSD (Sarwahi et al.,
2015); while they present the advantage of not stopping trunk growth, they can result in
complication rates of 40-70% (Akbarnia et al., 2005; Bess et al., 2010)) including more than
20% which are due to implant failure or rod breakage (Thakar et al., 2018). Screw pull-out and
implant migration are often due to the general poor health status of neuromuscular patients
(malnutrition, osteopenia, etc.), while rod breakage may also occur in dynamic and heavy
patients due to the long spinal constructs that are necessary to stabilize the whole spine.

Recently, a minimally-invasive fusionless surgical approach was developed (Gaume et al., n.d.;
Miladi et al., 2018) as both an early surgical treatment that preserves growth and a definitive
treatment avoiding arthrodesis at skeletal maturity. This technique is proposed as an alternative
to arthrodesis which provides a high rate of complications in neuromuscular scoliosis (Rumalla
et al., 2016). This method uses two fixation points for the construct: a pelvic anchoring with
iliosacral screws and a proximal thoracic anchoring with supralaminar and pedicle hook claws.
This differs from classical arthrodesis which employ pedicle screws at most (or all) vertebral
levels to anchor the implant (Modi et al., 2008). Rod lengthening during growth can be achieved
using the previous distal incision, thus respecting the minimal invasive philosophy of the
technique.

While this method resulted in a mechanical complication rate similar to the lower end of fusion
surgeries (30 % at 5 years follow-up (Gaume et al., n.d.)), the biomechanical behaviour of such
“bipolar” construct, and its differences relative to an all-screws approach, has not been studied
yet. Particularly, as rod breakage may be a clinical issue in the growing spine, whether an all-
screw approach can limit mechanical stress in the rods is an open question. While iliosacral
screws are known to be mechanically reliable (Miladi et al., 1997; Shabtai et al., 2017), the
effect of only anchoring the instrumentation proximally with thoracic hooks in bipolar
instrumentation is not known.

Numerical modelling has been widely used to simulate spine biomechanics, but model
evaluation using in-vivo data is often challenging (Lafon et al., 2010, 2009). Furthermore, when
considering numerical simulation of spinal instrumentation, implant or screw stresses are very
important to evaluate risk of breakage, but such values are difficult to measure in vitro or in
vivo to validate the model. However, implant strain can be measured experimentally, and these
values are directly related to the stress.

A finite element model (FEM) of the scoliotic trunk has been previously described in the
literature and it has been applied to simulate surgical approaches in severe scoliosis (Lafon et
al., 2009). The aim of this work was to combine in vitro and in vivo data to improve and validate
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this existing FEM of the spine, in terms of range of motion and bipolar implant strain, and to
use the model to conceptually compare the stresses to which bipolar and all-screws implants
are submitted.

2. Methods

2.1 General approach

A subject-specific FEM of the trunk of an asymptomatic subject was built, including spine,
pelvis and ribcage. Models of the thoracic and lumbar spinal segments were extracted from this
full model. Previous biomechanical tests were used to validate these segmental models in terms
of range of motion (ROM) in three directions (Gaume et al., 2020). Cadaver tests on the thoracic
sections also included testing of a bipolar instrumentation, and the comparison of
instrumentation strain with the numerical results validated the FE model with regards to
instrumentation. Finally, the full FEM of the subject, including pelvis and ribcage, was used to
predict and compare instrumentation stress in two conditions: bipolar and all-screws
instrumentations. Figure 1 shows the process, which is detailed hereafter.

STEP 1: Model validation STEP 2: Model application
Aim: validation of the segmental Aim: comparison of two
FEM based on existing strategies of instrumentation

experimental studies % YQ

In vivo subject geometry

-
i

s

L T ——

i C7-T6 and L2-L5 segments \i L> Spine, rib cage, pelvis

____________

Comparison experimental vs model
ROM (intact specimens)
ROM + rod strain (instrumented)

Comparison
all screws vs bipolar

Specimens for experimentation:
C6-T7 segments (N=6), intact & instrumented
L1-S1 segments (N=5), intact

Figure 1. Schematic view of the methodological approach.

2.2 Model

The FEM of a thoracolumbar spine, ribcage and pelvis was generated based on previously
described work (Descrimes et al., 1995; Lafage et al., 2004; Lafon et al., 2009; Vergari et al.,
2015). Model’s subject-specific geometry was obtained from standing biplanar radiography and
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Figure 3A) of one asymptomatic female subject (40 years old) who underwent low dose
biplanar X-Rays acquisitions, after ethical committee approval (CPP lle de France VI 6036),
and was retrospectively included in the study. The spine model consisted in the vertebral bodies,
posterior arches, spinous processes, articular facets and intervertebral discs and ligaments.
Bony structures were modelled by linear elastic behaviour (Poisson’s ratio: 0.3, Elastic
modulus: 1 GPa for the vertebral body, 3.5 GPa for spinous and transverse processes, and 5
GPa for other vertebral structures), while ligaments were multi-linear elastic (Chazal et al.,
1985) and articular facets were non-friction contacts. Mechanical properties were previously
detailed (Vergari et al., 2015), while the behaviour of intervertebral discs was approximated
with a 3 degree polynomial describing its moment (M) vs rotation (A®) relation in the form:

2
M = k,.A6. (1 + (2—9) ) (Equation 1)

Here ko represents the initial segment stiffness and @ is a stiffening parameter. These
parameters were calculated by regression to fit the experimental moment vs rotation curves of
thoracic and lumbar samples. When this mechanical property was implemented in the model,
ko was utilized to calculate an equivalent elastic modulus (E) as follows:

E=kol/ (Equation 2)

where 1 is the intervertebral second moment of area corresponding to the loading direction and
L is the disc height. This allowed to adapt the mechanical behaviour relative to the subject-
specific geometry.

Since only thoracic and lumbar segments were tested (see below), experimental data was not
available for all discs; therefore, mechanical properties of the T6-L1 segment in the FEM was
extrapolated from the available data
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2.3 Segmental model evaluation

In order to evaluate crucial parts of the model, a thoracic (T1-T6, Figure 2C-D) and lumbar
spinal segments (L2-L5) were extracted from this trunk model.

used to track vertebral motion are visible in the vertebral bodies and spinous processes. (C) Frontal view of the 3D
reconstruction of T1-T7 vertebrae (volume models) and beam finite element model: bones are represented as black
lines and ligaments in red. (D) and (E) show radiographs of an instrumented sample.

2.3.1 in vitro experiments

Existing in vitro experiments on five lumbar spinal segments (L1 to S1, 3 men, age range: 62-
77 years) and six thoracic segments (C6 to T7, 6 men, age range: 43-63 years) were considered.

The mechanical testing protocol was previously described by Gaume et al. (2020), and is briefly
described here. Upper (L1 or C6) and lower vertebrae (S1 or T7) were embedded in rigid blocks.
The lower block was fixed while the upper block was attached to a custom testing rig equipped
with a + 10Nm load cell. Samples were loaded in flexion-extension (FE), lateral bending (LB)
and torsion (TO) by applying pure moment: thoracic segments were loaded between £5 Nm in
steps of 1 Nm while lumbar segments were loaded between + 8 Nm in steps of 1.6 Nm.

Thoracic segments were then instrumented with a bipolar instrumentation and the segments
were submitted to the same loading. Instrumentation spanned the whole segment from T1 to
T7, and it was fixed with supralaminar and pedicle hooks fixed on two adjacent vertebrae (T1-
T2 and T4-T5). Cross links were present at T3 and T6. The lower ends of the rods were
embedded in the fixing block of the T7 vertebra. A strain gage was installed on the posterior
face of the rod to measure its axial strain at the last loading step in FE. For motion measurement,
the loading rig was installed within a biplanar radiographic device (EOS Imaging, Paris,
France). Five steel beads of 2 mm diameter were inserted in each vertebra (Figure 2A-B.
Biplanar radiographs were acquired at each loading step, and the beads were tracked in 3D to
calculate intervertebral rotations in the three loading directions (Muth-seng et al., 2019).
Furthermore, geometry of all vertebrae was reconstructed with previous validated methods

5

Q®®E CC-BY-NC-ND license. You must give appropriate credit, provide a link to the license, and

indicate if changes were made. You may do so in any reasonable manner, but not in any way that
suggests the licensor endorses you or your use. You may not use the material for commercial purposes. If you
remix, transform, or build upon the material, you may not distribute the modified material.



https://doi.org/10.1016/j.jmbbm.2021.104797
https://creativecommons.org/licenses/by-nc-nd/4.0/

Accepted Manuscript. Published in Journal of the Mechanical Behavior of Biomedical Materials.
DO! : https:/doi.org/10.1016/j.jmbbm.2021.104797

(Humbert et al., 2009). Second moment of area of each intervertebral disc was estimated by
averaging the second moments of area of the adjacent vertebral endplates.

2.3.2 In vitro model evaluation.

The segmental spine models were used to reproduce the in-vitro tests boundary conditions. The
vertebrae which were embedded in rigid blocks (C7, T6, L1, S1) were not considered, to avoid
border effects. A virtual spinal instrumentation was also generated for the thoracic segment,
including thoracic hooks (T1-T2 and T4-T5), to reproduce the instrumented in-vitro
experimentation. Elastic modulus of instrumentation was 110 GPa (Niinomi, 1998). ROM of
the intact thoracic and lumbar segments, as well as instrumented thoracic segment (Lafon et al.,
2009), were compared to the experimental corridors. Longitudinal strain of the rod in FE of the
thoracic segment was compared to the strain which was measured experimentally.

2.4 In-silico application

For the same in vivo subject above, the full trunk model was built, including spine, ribcage and

Upper
; thoracic ,

Mid-shaft

Lumbar

Figure 3). The virtual spinal instrumentation was extended from T1 to the pelvis, with the
addition of ilio-sacral screws and a transverse element at L2 level. The instrumented trunk
model was blocked at the pelvis, and rotations at the T1 vertebra were computed according to
the hybrid method described by Panjabi et al. (2007), i.e., pure moments of + 5 Nm were applied
to the model, and the resulting rotations at the T1 vertebra were measured. These rotations (2.3°
in flexion, 1.6° in right bending and 7.7° in torsion) were then imposed as boundary conditions
in both instrumented configurations.

The model was then modified by adding pedicle screws at all vertebral levels between T6 and
L5, and the simulations were repeated with the same boundary conditions. Maximal stress was

6

Q®®E CC-BY-NC-ND license. You must give appropriate credit, provide a link to the license, and

indicate if changes were made. You may do so in any reasonable manner, but not in any way that
suggests the licensor endorses you or your use. You may not use the material for commercial purposes. If you
remix, transform, or build upon the material, you may not distribute the modified material.



https://doi.org/10.1016/j.jmbbm.2021.104797
https://creativecommons.org/licenses/by-nc-nd/4.0/

Accepted Manuscript. Published in Journal of the Mechanical Behavior of Biomedical Materials.
DO! : https://doi.org/10.1016/j.jmbbm.2021.104797

measured in the upper thoracic, mid-shaft and lumbar region of the two instrumentations (

3

FSFE S o o
= Upper !
thoracic

A B B

'I" iy tp';\"lﬂ.-r.“i:
Mid-shaft
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Figure 3).
The model was implemented in ANSYS V15 (Ansys Inc., Canonsburg, PA, USA).
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Figure 3. (A) Biplanar radiographies of a 40-years old healthy woman and (B) 3D reconstruction of her pelvis and
spine, with the model of T1-S1 all-screws constructs. Rods are represented in red, crosslinks in blue, claw hooks
in black and screws in green. Model of bipolar construct is similar, including iliosacral screws but without pedicle
screws (in green). (C) Subject-specific finite element model.
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3. Results

3.1 Intervertebral segment behaviour

Table 1 reports the values of ko and ®. approximating each intervertebral disc behaviour in the
three loading directions. Loading curves were well approximated by the polynomial in Equation
1, with an R? > 0.9 in all loading conditions. Figure 4 shows the experimental corridor of
thoracic (intact and instrumented) and intact lumbar spinal segments ROM, represented by the
average + 2*SD of all curves. Ranges varied between samples.

Table 1: Constants for polynomial approximation of disc properties (" indicates the same value as the cell
above)

Segment Lateral bending Flexion/Extension Torsion

ko (Nm/rad) O (rad) ko (Nm/rad) O (rad) ko (Nm/rad) O (rad)
T1-L1 24.9 0.037 1.40*24.9 0.037 24.9 0.037
L1-L2 " " 0.3*24.9 0.037 24.9 "
L2-L3 " " " 0.037 1.1*249 "
L3-L4 " " " 1.5 *0.037 1.2*249 "
L4-L5 " " " 2.0 *0.037 1.3*%249 "
L5-S1 " " " 2.57*0.037 1.4*249 "
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comparing the experimental corridor (shaded areas, mean + 2*SD) and the simulated tests using an in-

vivo subject geometry (black line).

3.2 Model evaluation

Supplementary Content 1 shows an example of lateral inflexion in vitro and in silico test.
Simulations based on in-vivo patient geometry (Figure 4, black curves) fell within the
experimental range of 2SD for all intact configurations, and for all instrumented loadings except
at maximal loading in LB and at initial negative loading in TO (Figure 4); in these cases,

9

Q®®E CC-BY-NC-ND license. You must give appropriate credit, provide a link to the license, and

indicate if changes were made. You may do so in any reasonable manner, but not in any way that

suggests the licensor endorses you or your use. You may not use the material for commercial purposes. If you
remix, transform, or build upon the material, you may not distribute the modified material.


https://doi.org/10.1016/j.jmbbm.2021.104797
https://creativecommons.org/licenses/by-nc-nd/4.0/

https://doi.org/10.1016/j.jmbbm.2021.104797

simulated curves were outside of the two standard deviations experimental corridor by less than
1°.

Maximum axial strain obtained in the simulated rod at maximal FE loading was 0.010%, which
is similar to the value measured by strain gauge in the thoracic rods (0.013 %).

3.3 Comparison of instrumentations

Supplementary Content 2-4 show comparison of the simulated behaviour of the two
instrumentations under FE, LB and TO loadings, respectively. Maximal Von Mises stresses for
the bipolar fixation were obtained in the upper thoracic region in LB (43.9 MPa), and in the
lower lumbar region for the other two loadings (37.8 MPa in FE and 75.0 MPa in TO, Table 2).
All-screws fixation yielded maximal stresses in the upper thoracic region for all loadings (34.8,
50.3 and 94.8 for FE, LB and TO respectively). Both instrumentations showed maximal stresses
in torsion. Stress values was similar between the two fixations; the largest difference was
obtained in torsion, where all-screws construct maximal stress was higher than the bipolar one
by 20 MPa (26 %).

Figure 5 shows stress distributions; in both configurations, maximal stresses were concentrated
near the fixations for all loadings. However, high stress was also present along the rods in
torsion, while rod stress in FE and LB was lower.

Table 2. Comparison of maximum Von Mises stresses of the implant in the two configurations (bipolar and all-
screws) and in different regions under three directions of imposed rotations. Plus signs at superscript indicate
maximal values per loading and configuration.

Bipolar All-screws
Flexion Lateral bending  Torsion Flexion Lateral bending Torsion
Upper thoracic (MPa) 22.4 43.9* 67.5 34.8* 40.3* 94.8*
Mid-shaft (MPa) 32.8 31.0 69.1 17.1 29.1 86.3
Lower lumbar (MPa) 37.8* 314 75.0* 27.2 28.9 80.8

4. Discussion

Numerical models are the obvious means to compare different spinal instrumentations, but
these models require prior validation against experimental data if their results are to be trusted.
In this work, a subject-specific FEM of the intact and instrumented spine was evaluated against
experimental data in terms of range of motion and rod axial strain, and then it was used to
compare a bipolar and all-screws implants. In particular, it was not clear if only two anchoring
points (distal and proximal), linked by long rods, could offer sufficient stability and resistance
compared to more classical approaches which benefit from anchoring points at all vertebral
levels. Indeed, growth-preserving surgery for NMSD could substantially benefit patients, but
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they still present very high complication rates. The novel bipolar instrumentation with
minimally-invasive surgery described by Miladi et al (2018) showed promising clinical results,
but its mechanical behaviour has not been analysed yet.
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Figure 5. Von mises stress of the bipolar (first row) and all-screws instrumentations (second row) in flexion/extension, lateral bending and torsion, with a top view and lateral
view in each loading. Stresses are concentrated near the anchoring points rather than along the rods. Color are different in each loading, showing that torsion presented the
higher stresses.
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Instrumentation was only tested in vitro on the thoracic spine, and the tested segment was
relatively short (C7-T7) compared to the in vivo instrumentation, which would span the whole
spine. This choices were made because the biomechanical behaviour and stability of thoracic
hook fixation is much less studied than the distal fixation by iliosacral screws (Casaroli et al.,
2020). The comparison of experimental and simulated axial rod strains is an important aspect
of this works. Indeed, while stress is informative when comparing instrumentations, it is usually
not feasible to validate the values obtained in a model. Strain, on the other hand, can be
measured directly and it is directly related to stress, especially in linear elastic materials such
as titanium.

The main limitation of this study is that different spinal specimens were used to characterize
thoracic and lumbar discs, rather than full spines. Furthermore, the instrumented spine segment
was shorter than the in vivo instrumentation. This is due to the difficulty of obtaining human
cadaveric full spines without disc degeneration, osteophytes and other pathologies potentially
affecting intervertebral mobility. Moreover, since the two tested segments did not represent the
whole spinal column, mechanical properties of the T6-L1 segment in the FEM was extrapolated
from the available data. Finally, gender of the subjects was not accounted for (Lang-Tapia et
al., 2011). Nevertheless, the ROM of the upper thoracic region (T1-T7) was characterized in
this work, a segment that is often neglected in the literature which mostly focused on the
thoracic spine below T3 (Balabaud et al., 2002; Kuklo et al., 2008) or on shorter segments
(Kingma et al., 2018; Wilke et al., 2017).

Another limitation is the use of cadaveric specimens of elderly subjects, when the
instrumentation is mainly used in prepubertal or adolescent subjects. Not only the two differ in
geometry and overall size, but also in mechanical properties, especially for the soft tissues.
While this is acommon limitation found in the literature, in this study the mechanical properties
which were estimated from the mobility curves were normalized with the specimens’
geometrical properties, and therefore they could be at least partially adapted to any subject’s
geometry. Moreover, in the present case of direct comparison between two instrumentation
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configurations trunk geometry (

Upper
: thoracic :

Mid-shaft

Lumbar

Figure 3), these limitations should have marginal effects on the results. Indeed, the claim of the
present work is not the validation of the recent bipolar implant for use in adolescents, for which
clinical validations already exist at 5-years follow-up, but to compare two instrumentation
configurations. Besides, using an adult geometry in the simulation is closer to the experimental
conditions, thus closer to the range of validation of the numerical model.

The results of the simulations reproducing the in vitro experiments are encouraging; the spinal
geometry used to test the model was collected from in vivo data and was independent from the
in vitro tests, and the results still fell within the experimental corridors of 2SD (Figure 4), which
corroborates the model’s reliability. In other words, the validation procedure is closer to a
potential in vivo application than comparing simulation and experiments performed on the same
specimens. Moreover, simulated rod strain corresponded to the measured one, providing a
further degree of confidence in the model’s results.

Finally, the trunk FEM was passive, as it did not include neuromuscular components, and it
represented an adult’s geometry. While implementing muscular action and control would lead
to more realistic results, and instrumentation loadings, this is a common challenge in the
existing literature, which still has to be overcome.

Simulations show that stresses were concentrated near the anchoring sites in both
configurations (Figure 5). Comparisons with the literature are sparse because only few studies
focused on the stress in long, growing rods in situ. For instance, Agarwal et al. found a maximal
stress of 56 MPa applying 1 Nm moment in flexion (Agarwal et al., 2021), which is higher than
the present results probably because those authors used a pre-stressed model with a follower
load; in their case, the application of the flexion moment did not have any effect on implant
stress. Ribesse et al. (2021) found maximal stresses near the distal anchoring site, at the
thoracolumbar junction, while stresses were higher in the proximal anchoring site in the present
work. However, shorter constructs were analysed in that work.

Results suggest that bipolar configuration shows similar stresses than all-screws configuration
(Table 1, Figure 5). The bipolar technique overall demonstrated slightly higher stresses in FE
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and LB, and lower stresses in TO than the all-screws configuration. Maximal VVon Mises stress
in flexion and lateral bending was 9% higher in bipolar than in all-screws, but the latter showed
26 % higher stress in torsion. It is not surprising that torsion loading yields higher stresses: the
narrow rectangle formed by the thoracic and lumbar transverse elements and the two
longitudinal rods does not offer high resistance to this loading. Nevertheless, both
configurations were well below the yield strength of titanium medical grade alloys (about 850
MPa, Niinomi, 1998). Although the two constructs provide a similar order of magnitude of
strains (Miladi et al., 2018), the in vitro and in silico approaches in the present work were
limited to simple loading cases. Further in-vivo studies are necessary to go towards more
realistic in-vivo loadings.

In conclusion, in this work a subject-specific FEM of the spine was evaluated in terms of ROM
and implant strain against in vitro experiments: the model fell within the experimental curves
in most conditions, and showed the same rod strain as the experimental measurement. Then,
the model was completed with the subject’s rib cage and pelvis and applied to compare bipolar
and all-screws configuration. Results show that the two constructs were biomechanically
similar, with similar locations and levels of maximal stress. Further work could aim at
reproducing in silico the specific muscular activity patterns of NMSD patients. These patients
present specific trunk deformities that can be reproduced with the subject-specific model
described in this work, which represent a first step towards the simulation of proximo-distal
spinal construct behaviour for NMSD patients.
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Supplementary Content legends

Supplementary Content 1: The animation shows an example of lateral inflexion in vitro and in
silico test. Frontal and lateral radiographies are shown at each loading step. Metal beads which
were used to track vertebral motion are visible in the vertebral bodies and spinous processes.
Frontal and posterior views of T1-T7 vertebra 3D reconstruction (volume models) and beam
finite element model are also shown: bones are represented as black lines, intervertebral discs
in cyan and ligaments in red.

Supplementary Content 2: Flexion/extension loading of the spinal implant (T1-S1) in bipolar
(A) and all-screws (B) configuration, in top, lateral and front views. Color scale represents VVon
Mises stresses (MPa). Spine, ribcage and pelvis were hidden for clarity.

Supplementary Content 3: Lateral inflexion loading of the spinal implant (T1-S1) in bipolar
(A) and all-screws (B) configuration, in top, lateral and front views. Color scale represents VVon
Mises stresses (MPa). Spine, ribcage and pelvis were hidden for clarity.

Supplementary Content 4: Torsion loading of the spinal implant (T1-S1) in bipolar (A) and all-
screws (B) configuration, in top, lateral and front views. Color scale represents Von Mises
stresses (MPa). Spine, ribcage and pelvis were hidden for clarity.
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