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Abstract The effects of different parameters on the

mechanical behaviour of the lumbar spine were in most

cases determined deterministically with only one uncertain

parameter varied at a time while the others were kept fixed.

Thus most parameter combinations were disregarded. The

aim of the study was to determine in a probabilistic finite

element study how intervertebral rotation, intradiscal

pressure, and contact force in the facet joints are affected

by the input parameters implant position, implant ball

radius, presence of scar tissue, and gap size in the facet

joints. An osseoligamentous finite element model of the

lumbar spine ranging from L3 vertebra to L5/S1 interver-

tebral disc was used. An artificial disc with a fixed center of

rotation was inserted at level L4/L5. The model was loaded

with pure moments of 7.5 Nm to simulate flexion, exten-

sion, lateral bending, and axial torsion. In a probabilistic

study the implant position in anterior–posterior (ap) and in

lateral direction, the radius of the implant ball, and the gap

size of the facet joint were varied. After implanting an

artificial disc, scar tissue may develop, replacing the

anterior longitudinal ligament. Thus presence and absence

of scar tissue were also simulated. For each loading case

studied, intervertebral rotations, intradiscal pressures and

contact forces in the facet joints were calculated for 1,000

randomized input parameter combinations in order to

determine the probable range of these output parameters.

Intervertebral rotation at implant level varies strongly for

different combinations of the input parameters. It is mainly

affected by gap size, ap-position and implant ball radius for

flexion, by scar tissue and implant ball radius for extension

and lateral bending, and by gap size and implant ball radius

for axial torsion. For extension, intervertebral rotation at

implant level varied between 1.4� and 7.5�. Intradiscal

pressure in the adjacent discs is only slightly affected by all

input parameters. Contact forces in the facet joints at

implant level vary strongly for the different combinations

of the input parameters. For flexion, forces are 0 in 63% of

the cases, but for small gap sizes and large implant ball

radii they reach values of up to 533 N. Similar results are

found for extension with a maximum predicted force of

560 N. Here the forces are mainly influenced by gap size,

implant ball radius and scar tissue. The forces vary

between 0 and 300 N for lateral bending and between 0 and

200 N for axial torsion. The parameters that have the

greatest effect in both loading cases are the same as those

for extension. Intervertebral rotation and contact force in

the facet joints depend strongly on the input parameters

studied. The probabilistic study shows a large variation of

the results and likelihood of certain values. Clinical studies

will be required to show whether or not there is a strong

correlation of parameter combinations that cause high facet

joint forces and low back pain after total disc replacement.
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Introduction

Degenerative disc disease is an indication of total disc

replacement. Several types of artificial discs are on the

market. Most of them have metallic endplates, which are

fixed to the adjacent vertebral bodies. Usually the endplates

are linked by a ball-and-socket-joint allowing rotation

within the artificial disc. Often a polyethylene inlay takes
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over the ball part. The inlay is fixed to the caudal endplate

(Prodisc-LTM, Synthes; Paoli, Pennsylvania), movable in

anterior/posterior direction (Activ-LTM, B.Braun Aesculap;

Tuttlingen, Germany) or movable in a plane parallel to the

endplate (MobidiscTM, LDR Médical; Troyes, France). In

some disc types, a metallic ball is fixed to the caudal

endplate (MaverickTM, Medtronik Sofamor Danek;

Minneapolis, Minnesota; FlexicoreTM, Stryker Corp.;

Kalamazoo, MI, USA). The CharitéTM artificial disc

(DePuy Spine; Raynham, MA, USA) has a lentoid sliding

core of polyethylene, encased between the biconcave

metallic endplates. Devices with a fixed center of rotation

are semi-constrained and do not allow pure translation,

except when the alignment within the surrounding joint is

not respected and lift-off occurs. Clinical success rates

amount to about 80% and apply similarly to all disc types

mentioned [3, 9–11]. The reasons for the unsatisfying

results are not exactly known.

The effect of an artificial disc on the mechanical

behavior of the lumbar spine has been studied by several

groups using the finite element method [4, 6, 7, 12, 19, 20,

26]. Mostly deterministic models were used by varying one

parameter at a time, such as position of the implant, while

the others were kept fixed. Combinations, e.g., of extreme

values of different parameters were not covered by these

studies. However, these combinations may lead to unfa-

vorable intervertebral motions and high facet joint loads

and thus to low back pain.

In probabilistic studies, uncertainties and natural varia-

tions are incorporated into the model [8]. The values of

each input parameter are sampled randomly from the

appropriate distribution and used in the model [2]. Calcu-

lations are performed for a great number of combinations.

Thus, a large range of possible results is determined, and

parameter combinations that lead to unfavorable results can

be discovered. An advantage of obtaining a distribution

over a single value obtained from a deterministic model is

that confidence limits, giving an indication of the spread of

the output parameter, can be found [2]. With the help of

statistic methods the probability of certain results can be

determined.

During surgery, the surgeon aims mostly at placing the

artificial disc in a central position. A deviation of up to

3 mm of this position in anterior/posterior and in lateral

direction is common. The radius of ball and socket varies

considerably for different implant types but does normally

not depend on implant size. For example, the MaverickTM

disc has a relatively small radius while that of the Mobi-

discTM is large. An anterior approach is used mostly for the

insertion of the artificial disc. Therefore, the anterior lon-

gitudinal ligament (ALL) has to be transected. This

ligament is the most important structure utilized to limit

intervertebral rotation during extension. After insertion of

an artificial disc, scar tissue may develop and take over the

function of the ALL [15]. The gap size of the facet joints

varies from patient to patient and is, in most cases, not

exactly known [1]. The aim of the present investigation

was to determine in a probabilistic finite element study the

effects of implant position, implant ball radius, existence of

scar tissue, and gap size in facet joints on intervertebral

rotations, intradiscal pressures, and contact forces in the

facet joints.

Material and methods

FE model of intact lumbar spine

A three-dimensional, nonlinear, osseoligamentous lumbar

spine segment ranging from the vertebra L3 to the disc L5/

S1 was used. The model has been validated in previous

studies using experimental data from in vitro and in vivo

studies [16, 26, 27]. The geometry was taken from CTs. The

annulus fibrosus of the intervertebral discs was modeled as a

fiber-reinforced hyperelastic composite (neo-Hookean,

C10 = 0.3448, D1 = 0.3) [5]. The fibers were embedded in

the ground substance in concentric rings around the nucleus

pulposus in two times seven layers with alternating orien-

tations of about 30� and 150� to the mid-cross-sectional

plane of the disc. Fiber stiffness decreased from the outer

shell to the center [23]. The nucleus pulposus was modeled

as an incompressible fluid-filled cavity. The curved facet

joints had a thin cartilaginous layer which was simulated

using soft contact with exponentially increasing contact

force and decreasing contact gap [22]. The facet joints could

transmit only compressive forces. At full closure, the joints

had the same stiffness as the surrounding bone. The orien-

tation of the facet joints was taken from the literature [14].

All eight ligaments from the lumbosacral region (anterior

and posterior longitudinal ligament, flaval ligament, facet

capsules, intertransverse, interspinous, supraspinous and

iliolumbar ligament) were included in the model and rep-

resented by tension-only spring elements with nonlinear

material properties. In this study, the vertebrae were

assumed to be rigid in order to reduce computer time. The

material properties of the different soft tissues were taken

from the literature (Table 1) [5, 13, 19, 21, 23, 27] and are

specified in detail elsewhere [18, 19, 21, 27].

FE model with artificial disc

The L4/5 disc of the intact model was almost totally

removed, leaving only the lateral parts of the annulus

fibrosus in place (Fig. 1). The anterior and posterior lon-

gitudinal ligaments were transected. An artificial disc with

a fixed center of rotation (similar to Prodisc) was integrated
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in a central position. A perfect bond was assumed between

the prosthetic endplates and the adjacent vertebrae. No

friction was simulated within the artificial disc. The arti-

ficial disc was modeled by the use of kinematic coupling

[20, 25], simulating an idealized behavior of the implant.

This method was realized with connector elements, which

keep the nodes of the adjacent endplates at the allowed

kinematics. The spinal kinematics are only slightly differ-

ent from those obtained when modelling the disc implant

conventionally with volumetric elements. Kinematic cou-

pling strongly reduces the model modification time in

parameter and probabilistic studies as well as the computer

time for finite element analyses. However, it does not allow

lift-off in the implant. Furthermore, it does not take into

account implant deformations and hence it does not allow

calculation of the stresses in the implant. Stresses calcu-

lated in the bone close to the implant are very often

imprecise. The disc modeled allowed unlimited rotational

motions.

Boundary and loading conditions

The inferior side of the L5/S1 intervertebral disc was rig-

idly fixed. The L3 vertebra was loaded with pure moments

of 7.5 Nm in the three main anatomical planes to simulate

flexion, extension, lateral bending to the right, and left

axial torsion [24].

Probabilistic study

In the probabilistic study, the following five input variables

were randomized simultaneously.

(a) Position of the artificial disc in anterio-posterior

direction (ap-position): A truncated Gaussian distri-

bution with a mean value of 0 mm and a standard

deviation of 1 mm was assumed. The range was

limited to 3 mm from the central position in both

directions.

(b) Position of the artificial disc in lateral direction: Also

in lateral direction, a truncated Gaussian distribution

with a mean value of 0 mm and a standard deviation

of 1 mm was assumed. The range was limited to

3 mm from the central position in both directions.

(c) Radius of the implant ball: For the implant ball, a

radius lying within a range between 5 and 20 mm was

assumed. The radii of the current implant types are

within this range. A uniform distribution of the radii

was simulated. With increasing implant ball radius,

Table 1 Material properties and element types used for the different tissues

Component Material properties Element type References

Vertebra Rigid

Ground substance of annulus fibrosus Hyperelastic, neo-Hookean

C10 = 0.3448, D1 = 0.3

8-Node hex [5]

Fibres of annulus fibrosus Nonlinear and dependent on the distance

from the disc centre

Spring [23]

Nucleus pulposus Incompressible Fluid [4, 21]

Ligaments Nonlinear Spring [13, 21]

Cartilage of endplate Hyperelastic, neo-Hookean

C10 = 0.3448, D1 = 0.3

8/6-Node hex [5]

Cartilage of facet joint Soft contact [21, 22]

Fig. 1 Finite element model

with artificial disc at level L4/5
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the center of rotation of the artificial disc moves

caudally to keep the most cranial point of the implant

ball at the same position.

(d) Gap size of the facet joints: A truncated Gaussian

distribution with a mean value of 0.5 mm and a

standard deviation of 0.3 mm were assumed. The

range allowed was between 0.1 and 1.5 mm.

(e) Scar tissue replacing the ALL: Only the two cases

‘scar tissue’ and ‘no scar tissue’ were allowed. Equal

distribution of the two cases was simulated. The scar

tissue had the same width and stiffness as the intact

ALL.

The Monte Carlo method was used to generate ran-

domized input parameters and 1,000 finite element

calculations were performed for each of the four loading

cases. The program NESSUS (Southwest Research Insti-

tute, San Antonio, Texas, USA) was employed to

randomize and calculate probabilistic results. In a pre-

liminary study, random samples of 100 calculations already

led to similar probability distributions as did the 1,000

calculations while there were only minor differences

between 500 and 1,000 random samples.

Output parameters of the probabilistic study were inter-

vertebral rotations in the loading plane, intradiscal pressure

and contact forces in the facet joints at all levels. Lateral

bending and axial rotation causes different loads in the left

and right facet joint. The higher value is always shown in

this study. Scatter diagrams and curves for the cumulated

probability are presented. The finite element program

ABAQUS, version 6.7 (SIMULIA Inc., Providence, Rhode

Island, USA), was used with the pre- and post-processor

PATRAN (MSC Software, Marburg, Germany).

Results

Intervertebral rotations

The levels adjacent to the artificial disc were seen to be

only slightly affected by the various input parameters for

all loading cases studied.

At the implant level, intervertebral rotation during

flexion varies between 2.4� and 6.4� (Fig. 2). In 20% of the

cases, the rotation is less than 5.35� and in 90% less than

5.9�. That means that intervertebral rotation is between

5.35� and 5.9� in 70% of the cases. Intervertebral rotation

is mainly influenced by gap size, ap-position, and implant

ball radius. Values of less than 5.0� are predicted for gap

sizes less than 0.5 mm in combination with implant ball

radii greater than 14 mm.

For extension, the intervertebral rotation varies between

1.4� and 7.5� (Fig. 3). In nearly 50% of all cases, it is less

than 2.5�. These are the cases where scar tissue is assumed

to be present. Implant ball radius has a small effect on

intervertebral rotation. A larger radius leads normally to

smaller rotations. Without scar tissue, intervertebral rota-

tion is mostly greater than 4.0�. For implant ball radii

greater than 11 mm there is nearly a linear decrease of

intervertebral rotation. A small implant ball radius in

combination with no scar tissue and large gaps in the facet

joints leads to the highest rotations.

For lateral bending, intervertebral rotation varies

between 4.0� and 7.0�. In 40% of the cases, the rotation is

less than 4.8�, and in another 40%, the rotation is greater

than 5.8�. Intervertebral rotation is mainly affected by scar

tissue and implant ball radius. If there is scar tissue,

intervertebral rotation is low. The rotation decreases with

increasing implant ball radius.

For axial torsion, intervertebral rotation varies between

0.6� and 2.8�. It is mainly affected by gap size and implant
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Fig. 2 Scatter diagram (top) and cumulated probability of interver-

tebral rotation at implant level for loading case flexion (bottom). In

the scatter diagram, intervertebral rotations are shown for 1,000 input

parameter combinations depending on facet joint gap size and implant

radius. In the lower diagram the cumulated probability of interver-

tebral rotation is given. It shows that in 20% of the cases

intervertebral rotation is less than 5.35� and in about 70% it is

between 5.35� and 5.9�
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ball radius. Intervertebral rotation increases with increasing

gap size and increasing implant ball radius.

Intradiscal pressure

Intradiscal pressure in the adjacent discs was only slightly

affected by the input parameters. This is the case for all

loading cases studied.

Forces in the facet joints

For flexion, contact forces in the facet joints at the levels

adjacent to the artificial disc are zero for all combinations

of the input parameters. At the implant level, the force

varies between 0 and 533 N. In 63% of the cases, the force

is zero (Fig. 4). Gap size and implant ball radius are the

variables which mostly affect facet joint force. Forces are

zero for facet joint gaps greater than 1 mm as well as for

implant ball radii smaller than 11.5 mm. Forces greater

than 400 N are only predicted for gaps less than 0.3 mm.

For extension, facet joint forces are about 13 N at level

L3/4 and about 29 N at level L5/S1 for all combinations of

the input parameters. At the level of the artificial disc, facet

joint force varies between 0 and 560 N (Fig. 5). In 70% of

the cases, the force is zero. Facet joint forces are mainly

influenced by gap size, implant ball radius and scar tissue.

High forces are predicted for combinations of small

implant ball radii, small gap sizes and no scar tissue. Forces

higher than 400 N are only calculated for gaps less than

0.4 mm in combination with no scar tissue.

For lateral bending, facet joint forces are about 8 N at

level L3/4 and 35 N at level L5/S1 for all combinations of

the input parameters. At implant level, the force varies

between 0 and 300 N (Fig. 6). The forces are mainly

influenced by gap size, scar tissue and implant ball radius.

When scar tissue is assumed, facet joint forces are less than

100 N. Forces higher than 200 N are predicted only for

gaps less than 0.3 mm in combination with an implant ball

radius less than 10.5 mm.

For axial torsion, facet joint forces are about 85 N at

level L3/4 and 48 N at level L5/S1 for all combinations of
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Fig. 3 Scatter diagram (top) and cumulated probability of interver-

tebral rotation at implant level for loading case extension (bottom). In

the scatter diagram the influence of implant radius, presence of scar

tissue and gap size of the facet joint on intervertebral rotation is

shown
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Fig. 4 Scatter diagram (top) and cumulated probability of facet joint

force for loading case flexion (bottom). In 63% of the cases the facet

joint force was zero
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the input parameters. At the level of the artificial disc, the

forces vary between 0 and 200 N (Fig. 7). Forces are

mainly affected by gap size, scar tissue and implant ball

radius. High forces are predicted for a small gap, existence

of scar tissue and a small implant ball radius with the gap

size being the most influencing factor. Forces greater than

120 N are predicted for gaps less than 0.55 mm when there

is no scar tissue and for gaps less than 0.85 mm when there

is scar tissue.

Discussion

In this probabilistic study, the effects of implant position,

implant ball radius, gap size in the facet joints and exis-

tence of scar tissue on intervertebral rotations, intradiscal

pressures and contact forces in the facet joints were

determined.

Although being quite extensive, this study still has some

limitations. The large number of possible input variables

disallows to study all combinations of them. Only one

spine geometry was studied although the geometry may

significantly affect some results. Using patient-specific

models would drastically increase the computer time nee-

ded for the calculations. It is presently also practically

impossible to validate these models. The vertebrae were

assumed to be rigid although in reality they would deform

under loading. Pure moments were applied to simulate the

motion of the spine, and muscle forces were neglected.

Only one type of artificial disc was studied. The artificial

disc with a fixed centre of rotation was simulated assuming

kinematic coupling thus not allowing elastic deformations

within the disc. Lift-off in the disc may occur when facets

come to contact or the range of motion of the implant is

exceeded. Our kinematic model did not allow lift-off. Only

one stiffness was assumed for the scar tissue. Due to these

and other simplifications, the calculated absolute values are

not necessarily very precise. The calculated trends, how-

ever, should be affected only slightly by these assumptions.

The levels adjacent to the artificial disc were basically

unaffected by the various input parameters. This is due to

the load-controlled loading protocol. The applied loads
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were always the same, and this assured that all levels see

the same moment. A motion-controlled protocol with a pre-

determined motion would have had an effect on the adja-

cent levels depending among others on the number of

model segments. This dependency is one reason why

motion-controlled loading protocols are seldom used. It is

still a matter of debate, which loading protocol is the most

realistic one.

For flexion, intervertebral rotation was among 70% of

the cases between 5.35� and 5.9�. Lower values were cal-

culated for small facet joint gaps in combination with large

implant ball radii. A large implant ball radius leads to

apparent translation of the cranial vertebra in anterior

direction. This reduces the gap in the facet joints and thus

the possible range of motion at that level. The contact

forces in the facet joints were zero in 63% of the cases. For

small gaps in combination with large implant ball radii, the

forces increased up to 533 N. Apparent translation in the

anterior direction of the cranial vertebra relative to the

caudal vertebra—in the case of a large implant ball radius

as well as a small gap—leads to early contact in the facet

joints and thus to high contact forces.

For extension, intervertebral rotation is mainly affected

by scar tissue. If it is present, the rotation is small. Without

scar tissue the rotation was much higher. This demonstrates

the importance of ALL and scar tissue for limiting rotation

during extension. The greatest rotations were predicted

when no scar tissue was assumed in combination with small

implant ball radii and large gaps in the facet joints. A large

gap allows greater rotations prior to contact in the facet

joint. In the case of small implant ball radius, the center of

rotation is close to the natural center of rotation. Facet joint

forces were zero in 70% of the cases. Small implant ball

radii, small gaps in the facet joints and the absence of scar

tissue led to contact forces of up to 560 N. A small implant

ball radius and a small facet joint gap lead to early contact

and high forces in the facet joints. The absence of scar tissue

increases intervertebral rotation and thus has a similar effect

to that of a small implant ball radius.

It is remarkable that for flexion and extension, calcu-

lated facet joint forces were zero in about two-thirds of the

cases but higher than 400 N in about 5% of the cases. Very

high contact forces may lead to facet joint arthrosis and

thus to low back pain.

For lateral bending, intervertebral rotation is affected

mainly by scar tissue and implant ball radius. The scar

tissue was assumed to have the same lateral dimension as

the ALL. Therefore, it is effective also for lateral bending.

With increasing implant ball radius, the apparent transla-

tion also increases, and this reduces the gap, thus leading to

smaller rotations. Facet joint forces are mainly affected by

gap size, scar tissue and implant ball radius. When scar

tissue was present, intervertebral rotation and thus facet

joint forces were small. Forces up to 300 N were predicted

for small gaps in combination with small implant ball radii

since both lead to early contact in facet joints.

Intervertebral rotation is small for axial torsion and

affected mainly by gap size and implant ball radius. A

small gap leads to earlier contact in the facet joints, which

reduces intervertebral rotation. Axial torsion is accompa-

nied by coupled motion in the frontal plane. Therefore, also

the implant ball radius affects intervertebral rotation for

axial torsion. Facet joint forces are mainly affected by gap

size, scar tissue and implant ball radius. A small gap and a

small radius close the gap earlier and therefore cause

higher contact forces in the facet joint.

Intradiscal pressure was only slightly influenced by the

various input parameters studied. Thus this global param-

eter is not very sensitive to these input parameters.

Intradiscal pressure is mostly influenced by the axial spinal

load [17].

For flexion, higher facet joint forces are predicted for

large ball radii than for small ones. For extension, lateral

bending and axial rotation it is the other way round. Joint

kinematics may significantly alter as facets come to contact
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Fig. 7 Scatter diagram (top) and cumulated probability of facet joint

force for loading case axial torsion (bottom)
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and thereafter as this articulation continues. This may lead

to lift-off in the disc that reduces the force increase in the

facet joints. Lift-off occurs easier in implants with large

ball radii than with small ones. On the other hand, a small

ball radius develops high resistance against lift-off that

leads to high shear forces at the interface between implant

and vertebral endplates during axial rotation. Lift-off in the

disc may damage the articulating surfaces and increase the

wear rate. Thus both, high facet joint forces and lift-off in

the implant are potentially harmful for the patient. A model

that prevents lift-off in the implant may overestimate the

contact force in the facet joint.

For the loading cases chosen, the position of the implant

revealed in most cases only a minor effect on the output

variables studied. This seems to be in contradiction to

earlier studies [12, 19, 20, 26] where a considerable effect

of implant position had been predicted. However, effects of

implant position found in the present study are small in

relation to the influence of the other input parameters

studied.

This study shows that intervertebral rotation and contact

force in the facet joints can vary widely depending on

implant ball radius, gap size of facet joint and presence of

scar tissue. Some combinations of the input variables may

lead to very high forces in the facet joints that may cause

facet joint arthrosis and subsequently low back pain. Fur-

ther studies will be necessary in order to prove that

artificial discs with extreme implant ball radii may thus

lead more often to clinical problems in patients with small

facet joint gaps but without scar tissue.
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