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Abstract

Non-fusion technology in spine surgery reduces surgical morbidity and degeneration of the adjacent levels by the insertion of dynamic spinal
implants. Despite these advantages, a dynamic spinal implant (DSI) generates complications which require clinical follow-up, the continuous
development of constructive solutions and structured optimization of the implant architecture using current mechanical design methods.

This study structures this optimization process of a DSI concept by incorporating the mechanical behavior of the device, design variables and
functional requirements into a global design model. The geometric (descriptive anatomy) and mechanical (materials, components, etc.)
characteristics are obtained from a literature review. By combining these parameters, variables and requirements, appropriate values can be
determined. The resulting mathematical model is then used to design and implement a device that is suitably adapted in movements and stiffness.
The model assumes linear or non-linear behavior.

We describe the optimization of the design variables to ensure the correct functioning of the mechanism when adapted to the patient. The
optimization purpose is to determine the architecture of the implant, the choice of materials and the geometric parameters of implantation. An
optimized implant model corresponding to specific degrees of degeneration in the intervertebral joint can then be envisaged.
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1. Introduction

More than 5% of the world’s population suffers acute back
pain, especially as a result of degenerative pathologies of
intervertebral discs. This degeneration leads to deterioration in
the disc properties (loss of shock absorption, collapse, disc
herniation, etc.).

The lumbar spinal segments are highly stressed and
particularly badly affected during movement and when carrying
loads. Disabling pain (lumbago) is usually accompanied by
nerve pain (sciatica, cruralgia) which can generate a risk of
paralysis.

The initial treatment of disc degeneration is to apply
conservation options (drugs, rehabilitation, etc.); 5% to 10% of
patients find no relief. Implant surgery is then the second
treatment option to improve quality of life.

The fusion technique is often used in spine surgery and is the
benchmark treatment. Posterior instrumentation (pedicle
screws and rods) results in the complete and definitive
suppression of mobility in the operated segment. Although the
clinical results may be satisfactory, this technique can have
some highly negative consequences: accelerated degeneration
of the adjacent vertebral levels, screw loosening, etc. [1].

As a result, more recently, "non-fusion" systems have
gradually been developed. The aim of these dynamic spinal
implants (DSI) is to limit the evolution of the pathology, to
preserve partial mobility and to reduce intradiscal pressure.
Kaner proposes a classification of these DSIs into two groups:
anterior devices and posterior devices [2].

Anterior devices include total disc prostheses and nucleus
pulposus prostheses (core) where only the central part is
replaced. Posterior devices [3] cover three types of systems:
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interspinous systems, systems that replace the facet joints, and
pedicle systems [4]. Posterior devices with pedicle screws are
able to preserve the integrity of the disc and the facets.

The lumbar segment studied here is implanted with an
innovative posterior DSI (Fig. 1) consisting of two rigid metal
elements (piston rod and fixed rod made of titanium) and
deformable polymer elements inserted in the cylinder. The two
rods are fixed to the pedicles of the lumbar vertebrae using
titanium pedicle screws. The piston rod is connected to the
upper vertebra (denoted n) and the fixed rod to the lower
vertebra (denoted n+1). An assembly consisting of two DSIs
and four pedicle screws is needed for one joint segment.

<— Vertebran

" A o "7% Pedicle screw

=i <—— Dynamic Implant
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= <— Fixed rod

<— Vertebra n+1

Fig. 1. Innovative concept for a dynamic spinal implant
(articular segment n/n+1).

The main function of the assembly is to ensure the transfer
of loads and to stabilize the lumbar segment during the three
types of anatomical movement: flexion-extension, lateral
inflexion and axial rotation. It must therefore allow mobility but
also limit the range of relative movements. During extension
movements by the patient the implants undergo compression.
During flexion movements, they undergo traction.

Several solutions have been studied; this innovative concept
has been validated by mechanical tests (quasi-static traction-
compression, fatigue and aging accelerated by DMA), a key
step in the design process devised for these medical devices [5]
[6].

There is considerable intervariability in the range of
displacement and the degree of the pathology in a significant
sample of patients. The aim can never be to control these
variations but to analyze them in order to design then optimize
devices that perform their functions by incorporating natural
fluctuations into these pathological situations. To do this, the
optimization study is based on a structuring system (see section
3), involving Observation, Interpretation and Aggregation steps
(OIA) which includes design constraints and the intended goals
for the DSI.

A parsimonious model was developed, based on the
geometry and mechanical characteristics of the assembly. The
mechanical construction data for this model are derived from a
previous experimental and bibliographic study, evaluating the
displacements, the actions transmitted and their load
distributions [7]. Thus the model that was constructed included
mechanical behavior and these functional requirements. Sets of
solutions were tested according to levels of degeneration
(pathology); finally, a compromise was sought to meet the
needs of a targeted sample of patients by developing the DSI.
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2. Developing the mathematical model

The literature reveals essentially two types of modeling of
the lumbar spine. The models most often produced are based on
finite element (FE) methods. They study the local behavior of
the vertebral column and include the non-linear mechanical
behavior of vertebral segments (intervertebral disc), the
influence of muscles and ligaments, etc. [8]. This detailed
modeling is adapted to assess the state of stress of the elements
of the vertebral segments after implantation.

The aim is to develop a predictive mechanical model during
the design phase of a DSI; detailed FE models give access to
stresses in all elements of the vertebra and the disc. This
information is essential from a clinical point of view and during
the validation phase of the technological solutions. In this
study, we intend only to differentiate the positions of the
constituent elements of the solutions and their intrinsic stiffness
so as to adapt them as well as possible to the different degrees
of disc degeneration. As a result, a simplified dimensioning tool
is needed in this upstream solution search phase [9]. Different
models can then be selected. In an earlier study, we used a
model consisting of rigid bodies subjected to forces in
mechanical equilibrium [10]. The main advantage of this model
is that it is possible to assess the solution behavior with a very
short calculation time (resolution of an analytical model);
however, the equation system is associated with a single
specific architecture of the solution. In order to put in place a
tool that can be more generally applied, we develop a FE model
consisting of beam elements and springs, using Matlab. The
resolution times remain comparable but this model can evolve
and one may envisage other architectures.

In this study, we model the mechanical behavior of a
segment of the lumbar spine, taking into account the natural and
postoperative asymmetries with respect to the sagittal plane
(where the range of displacements is greatest during flexion or
extension movements). The model is formulated based on
relationships that represent the equilibrium of a mechanical
system (Newton’s first law). It can describe the natural behavior
of the vertebral segment and its behavior after implantation of
the DSI. The modeling process is described in the following
paragraphs.

2.1. Disc degeneration and load distribution

According to the literature, the gradual degeneration of the
disc produces a change in the load-bearing areas between the
vertebrae. According to [10], when the disc is functioning in a
standard way, the vertical load is mainly supported by the
contact between the vertebra and the disc surface and is
distributed between the anterior and posterior halves of the
vertebra body. A fraction of the vertical load is taken up by the
neural arch (around 8%). As a result of degeneration, this
distribution changes considerably. Depending on the degree of
degeneration, the load taken up by the neural arch can change
from 8% of the vertical load to 63% in extreme cases. This
variation is described in Table 1 based on cadaveric
measurements [7] [10]. According to these measurements, in
the lumbar region, the vertical load between vertebrae is 2kN.
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This load magnitude was confirmed by our previous study
[10] in the upright position, for standard conditions, without
additional external loads. It takes into account the weight of the
body upper part and the action of the tendons and muscles.

Table 1. Load distributions according to [ 10]; Mean values + SD for each grade
of disc degeneration (s is the number of specimens).

Upright posture
Deterioration Ant. vertebra Post. vertebra Neural arch
Grade 1 (s=6) 44 +11 48 +5 8+8
Grade 2 (s=11) 33+16 48+ 12 19+ 14
Grade 3 (s=28) 19+13 47+ 14 34+17
Grade 4 (s=19) 11+8 26+ 16 63 +£22

It is no easy task to model the estimated mechanical
behavior of the lumbar region. Referring to works which are
based on plastic elasto-visco models of the components of the
lumbar region (disc, vertebra, etc.), in this study, we intend
only to estimate the effect on the overall functioning of the
lumbar region of adding a DSI. Thus we model the natural
lumbar region with elastic behavior (assuming a linear
behavior of the displacement in relation to the load), whose
characteristics are given in Figure 1. These characteristics are
derived from studies by [5], [9] and [10] for the disc and
vertebra behavior respectively.

In order to include stiffness values in a mechanical model,
we must introduce the characteristic dimensions of the
elements. To do this, we produced a synthesis of data from the
literature studying the main morphological characteristics of
the lumbar region (from L1 to L5). The data came mainly from
[10]. Figure 2 lists the main parameters and the values selected.
Based on the dimensions of every component, an equivalent
stiffness can be computed for the lumbar zone (later called Ke,)

equal to 872N.mm".
KV'Ert. \ —
Kise x
Kvert. " =
|

Fig. 2. Mechanical parameters.

Characteristics (N.mm™")
Kier 3000
Kaise 926

As the degeneration of the disc (see 2.1) leads to a gradual
transfer of the center of pressure (denoted O) of the 2kN
vertical load (denoted F) along the line AE (Fig. 3), we note
that the distance BO varies from 3.4mm to 25.7mm for the most
serious degeneration grade.

54.37mm

Dimension (mm)
AB AC AE
224 44.8 76.5

Fig. 3. Geometrical parameters.

For grade 4, it should be stressed that the centre of pressure
is located at the exterior of the contact surface between the
vertebra and the disc as described in Table 1.

Table 2. Distance BO according to the degeneration grade.

Deterioration Load sharing along segment (%) Distance (mm)

grade AB BC CE BO
1 44 48 8 34
2 33 48 19 9.3
3 19 47 34 16.5
4 11 26 63 257

2.2. Modeling the mechanical behavior of the DSI

The main advantage of using the DSI is to rebalance this
transfer of load. To quantify this, a mechanical parametric
model needs to be developed of the entire lumbar region and
the DSI (Fig. 4).

E,
Keq
Equiv. Mech.
quiv. Mec KprZ
model
z
Y
X

Fig. 4. Definition of the equivalent mechanical model.

The mechanical model we developed is based on a FE
assembly using 3D elements of the Bernoulli Beam type (for
sections BO, OD, E ;D and E;D). Local stiffnesses were added
at points B, E; and E, to introduce the contribution of the
vertebrae (Kcq) and the elements of the DSI, K, at E; and Ky
at E; respectively. The external loading was applied at point O
(F,=-2kN). With this configuration, 3D beam elements with 6
degrees of freedom per node must be used. Displacement
boundary conditions were imposed at point B (ux = uy = 0),
point O (uy = 0) and point D (uy = 0). Properties were chosen
for sections BO, OD, E|D and E;D a profile with a circular
cross-section (radius 0.01m) where E = 210000MPa (Young’s
modulus) and v = 0.3 (Poisson’s ratio). It could be noticed that
only the displacements of point B, E; and E, were relevant in
this modeling; the characteristics of beams have been selected
without any consideration of the natural element and they are
only used to transfer the vertical load applied in point O to the
other points. By resolving the matrix system constructed from
the assembly of elementary stiffness matrices and introducing
boundary conditions, it was possible to identify the depressions
along axis z for points B, E; and E, for a parameterization of
the dimensions (BO, OD, E,D and E,D) and angles (a; and o),
by resolving the system of equations 1. To determine the angle
variation of plane B, Ei, E», we calculate the normal of this
plane from equation 2 and then to deduce the characteristic
angles P (between this normal and axis z in plane X, z) and 0
(between this normal and axis z in plane y, z).
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f=Ku (1)

with K, the stiffness matrix of the structure, f, the load vector
applied to the system and u, the displacement vector of every
node.

n = BE: x BE2 2)

with n, the normal of the plane defined by points B, E; and E».
From the normal, vector n, the different angle value defined
in equations 3 and 4 could be deduced.

0 = atan (n.y / n.z) 3)
B = atan (n.x / n.z) 4

With the mechanical model we developed, we were able to
determine the influence of the addition of the DSI to the
assembly of vertebrae as a function of angles o, o, screw
length through distances BE; and BE, and degree of
degeneration of the disc (from 2 to 4) parameterizing the
position of the center of pressure O. We observed an angle
deviation both in the sagittal plane () and the frontal plane (),
linked with the independent parameterizing of the angles and
screw lengths.

3. Structuring the design optimization problem

As the aim of the study is to optimize the behavior of the
joint segment for the different degrees of degeneration
associated with the pathology, the DSI should restore
kinematics and load transfer on the joint, whatever the patient.

This study structures the problem using the "Observation -
Interpretation - Aggregation" (OIA) formulation suggested by
the works of Collignan [11] and Quirante [12]. Three models
were produced: i. the observation model includes the
mathematical model (see 2.2); ii. then, the interpretation model
defines an interpretation function to identify solutions of
interest; iii. the aggregation model translates all the objectives
into a single objective to be optimized (Fig. 5). This approach
has been validated when systems were optimized, mainly by
Quirante [13] and Sebastian [14].

1) Observation 2) Interpretation 3) Aggregation

Observation Interpretation Aggregation
function function function
Design Observation Interpreted Global
variables variables variables Desirability Index

Fig. 5. Structuring of the design problem through the observation,
interpretation and aggregation model [10].

Thus a single function translates the designer’s preference
(iii) by defining weights associated to the design constraints.
The solution can then be filtered by aggregation, as described
in studies by Harrington [15]. Details of the design model are
shown in Figure 5. In the next two paragraphs (3.1 and 3.2) the
variables are described and the three models are presented.

3.1. Variables, functional requirements, observation model

Designing the DSI involves determining the parameter
values of the different models developed in part 2 of this study.

The implantation parameters of the screws can be identified
mainly by: angles o and o», screw lengths (BE; and BEy),
compressive stiffness of the DSI (K1 and K;2). Table 3 lists
the variations envisaged for each of the six design parameters.

Table 3. Name and range of the design parameters.

Design parameters
o (°)  oy(°) BE;(mm) BE;(mm) K,y (N.mm"') K,,(N.mm™)
Range [10:30] [10:30] [65:100] [65:100] [200;1500]  [200;1500]

3.2. Observation, interpretation, aggregation functions

The observation model, presented in Figure 5 and
developed in Section 2, makes it possible to link the six design
variables to different quantities in order to judge the relevance
of these values of design variables (called design criteria).
From a functional point of view, there are three criteria with
which to judge the relevance of a solution. Angle AP ensures
that the disc remains both in contact and load-bearing despite
the use of the DSI. If this is not the case, there is a considerable
risk that osteoporosis may develop. In addition, angle A6 is
used to check that the load distribution remains centered on the
axis of the vertebral column despite the dispersions associated
with the implantation phase. For these two angle parameters,
the variation should be between +5°. In the event of design
problems, we suggest limiting the variation in the height of
points AE; and AE; to [-2; 1].

From these design requirements, the acceptability of a
design solution can be defined as its ability to satisfy every
design criterion. In our case, these criteria are expressed in
different units (mm and d°), making a direct comparison
between them difficult. The interpretation of the design criteria
consists in bringing criteria to a scale of comparison by
qualifying their degree of satisfaction. In this way, desirability
functions are a class of value functions which turn criteria into
a satisfaction level ranging from 0 (undesirable) to 1 (full
satisfaction level). The interpretation functions correspond to
those of Harrington, shown in Figure 6 [15].

0.99

di
Two-sided (Target form)

Ai

Yoy YUY
Fig. 6. Shape of Harrington’s interpretation functions.
According to the constraint types, we use a two-sided
function since the objective is to target particular values. The

interpretation functions are customized by the bound Y, Y,
Y* and Y*. Their values are given in Table 4.

Table 4. Desirability boundary definitions.

AE, and AE; (mm) AP and A6 (°)
{y-y'} {yny"h {y,y'}p  {Yny"y
Grade2tod  {-2,-1.9} 09,1} (-1.5,-1} {1, 1.5}

From the different desirability values (from dAE;, dAE,,
dAB, dAB we propose to compute the Global Desirability Index
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(GDI) for the product of every desirability value. Different
aggregation strategies could be used to compute the GDI. In
our case, a solution should respect every design criterion and
compensatory strategy is not suitable for the design of the DSI.
The GDI is computed according to equation 5.

GDI = (dAE," dAE," dAB" dAG) Vs ®)

4. Solving process and results
4.1. Observation, interpretation, aggregation functions

The main advantage of using a simplified model lies in the
fact that the time required to find a solution is shorter. This
allows for a combinatorial exploration of the design space. The
scope of each design variable is defined in Table 4. For each
one, a unit increment (i.e. 1° or Imm) was tested. For stiffness
values Ky and Ky, an increment of 100N.mm™! was used. We
first assume a problem where the implantation parameters and
the implant stiffnesses are symmetrical (i.e. BE; = BE»; o =
oz and Ky = Kpro). Using this hypothesis, the solution space
can be limited to a 3D space. The aim is then to determine the
combinations of design variables that maximise the GDI for
each grade.

Graphs form a to d in Figure 7 show the different combi-
nations of design variables where the GDI value is greater than
0.2. Note that, depending on the degree of degeneration, the
design variable combinations of relevant solutions are not
identical. They range from grade 2, with a small area of
solutions and about 1000 combinations of variables (Fig. 7.a),
to 7000 solutions for grade 3 (Fig. 7.b), then 9800 solutions for
grade 4 (Fig. 7.c). This justifies the use of this type of device
for high degrees of degeneration.

We also note that for grade 2 the Ky and Ko values are
low, at 200N.mm" whatever the values of o and BE;
(corresponding to values of BE; and BE,). For this
configuration of stiffnesses the GDI is close to one, meaning
that the design constraints are respected. Concerning grade 3,
the solution areas with high GDI values are to be found where
the Ky and Ko values are below 600N.mm™ and, as was the
case for grade 2, the other two variables have little influence on
the GDI. And finally, for the last grade, in contrast to the other
two, we note that the solution area is limited for the lowest
stiffness values.

In order to design a DSI that is compatible with all the
different degrees of degeneration, we looked for the
intersection of all the solutions for these 3 grades. The value of
the resulting GDI was the cube root of the product of the GDIs
obtained for each grade (Fig. 7.d). One can see that the
intersection greatly limits the number of solutions and we
obtained only 369 different solutions. Thus, for the envisaged
load, it is apparent that the low levels of DSI stiffness seem
better adapted to all the grades of degeneration, with lengths
BE;between 90 and 100mm and angles of implantation varying
between 10 and 30°.

Grade 2

Grade 3 d

Grade 4 ! Grade 2 to 4

!
T
T
1
1
’T
1
|

;
|
I
!
|
T
|
T
|
|

|
|
I
|
|
1
|
I
|
I

Fig. 7. Location of relevant solutions (ie. with GDI over than 0.2)
4.2. Robustness of solutions

When the device is being implanted, the surgeon must cope
with various problems in order to guarantee the ideal
implantation parameters. This is mainly due to morphological
intervariability, difficulties in determining the implantation site
in the patient or to problems during the operation. The aim is
therefore to determine from all the solutions adapted to all four
grades, which are robust regarding the different dispersions;
this is then described as the robustness of the solutions. We
suggest making dispersions of the design variables in order to
verify that the solutions that have been found remain solutions
despite these dispersions. To do this, we set up a stochastic
simulation around each of the solutions found. The imposed
dispersions are shown in Table 5.

Table 5. Values of dispersion envisaged for each design variable.

o, and o, Ky and Ky

+ 100N.mm"!

BE, and BE,

Dispersion +5° +5mm

By introducing dispersions into the model developed above,
it can be seen that the configurations become asymmetrical.
Thus this indicates that the angle variation depends on the
frontal direction, in contrast to the previous configurations.

Robust solutions for Grade 2 to 4 1

{
|
I

L
|
|
|
|
|
|
T
|
It
|
|

10 70
alpha o

Fig. 8. Location of the robust solutions.
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The dispersions lead to reduce the relevant solutions for the
DSI. Figure 8 illustrates the location of solutions in the design
space and it can be observed a drastic reduction of the amount
of solutions (13 against 369 initial solutions drawn in Figure
7). They correspond to robust solutions and angular values
close to 20°, lengths BE; to 77mm and stiffness value for DSI
to 360N.mm!. With this combination of the design variables,
the DSI will remain a solution in spite of the dispersions listed
in Table 5.

5. Conclusion

In this study, a design and an optimization of a dynamic
spinal implant has been performed. To support the design
optimization process it is proposed to use a general framework
called OIA framework based on successive modeling:
Observation, Interpretation and Aggregation. This approach is
useful to integrate into the same structure the physical model,
the design objectives and the requirements into one single
objective to optimize (named GDI). A direct comparison of
solutions is possible through the GDI value. On the first step,
the design problem is optimized as a tradeoff between the
grades of degeneration of the patient. Relevant solutions have
been identified. From these solutions, robust evaluation of the
solution has been performed since the surgical act leads to
imprecision in angle and position of the DSI. In this context, it
seems to be relevant to add robustness aspects into the search
for a solution. Disparities on the design parameters (for angular
values, the length BE and the stiffness values of DSI) have been
included into the optimization process by using the previous
developed framework.

This preliminary study will be completed through different
axes. The first one consists in introducing the different natural
motions of the vertebrae. This point will lead to completing the
physical model of the OIA framework. To quantify the
influence of the DSI on the final positions and motions of
vertebrae, it is relevant to use the pseudo-rigid body model of
the lumbar spine developed by [9]. These different points will
lead to designing a robust and relevant DSI according to the
different kinds of patients and recommendations could be
deduced for required precision of the surgical act.
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