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Abstract: This study used finite element (FE) analysis with the load-controlled method (LCM)
and the displacement-controlled method (DCM) to examine motion differences at the implant
level and adjacent levels between fusion and non-fusion implants.

A validated three-dimensional intact (INT) L1-L5 FE model was used. At the 1L.3-14 level, the
INT model was modified to surgery models, including the artificial disc replacement (ADR) of
ProDisc 1II, and the anterior lumbar interbody fusion (ALIF) cage with pedicle screw fixation.
The LCM imposed 10 N m moments of four physiological motions and a 150 N preload at the
top of L1. The DCM process was in accordance with the hybrid testing protocol. The average
percentage changes in the range of motion (ROM) for whole non-operated levels were used to
predict adjacent level effects (ALE%).

At the implant level, the ALIF model showed similar stability with both control methods. The
ADR model using the LCM had a higher ROM than the model using the DCM, especially in
extension and torsion. At the adjacent levels, the ALIF model increased ALE% (at least 17 per
cent) using the DCM compared with the LCM. The ADR model had an ALE% close to that of the
INT model, using the LCM (average within 6 per cent), while the ALE% decreased when using
the DCM.

The study suggests that both control methods can be adopted to predict the fusion model at
the implant level, and similar stabilization characteristics can be found. The LCM will
emphasize the effects of the non-fusion implants. The DCM was more clinically relevant in
evaluating the fusion model at the adjacent levels. In conclusion, both the LCM and the DCM
should be considered in numerical simulations to obtain more realistic data in spinal implant

biomechanics.

Keywords: load-controlled method, displacement-controlled method, hybrid approach, finite
element analysis, adjacent segment effect, artificial disc, fusion

1 INTRODUCTION

Spinal fusion is an effective surgical technique for
treating low back pain [1]. However, clinical stud-
ies reported that the incidence of degeneration at
adjacent levels after spinal fusion ranged from 6
per cent to 58 per cent of cases [2-5]. Patients may
undergo another surgery for extended fusion to

*Corresponding author: Department of Mechanical Engineering,
National Chiao Tung University, 1001 Ta Hsueh Road, Hsinchu,
Taiwan, 300, Republic of China. email: chhung@mail.nctu.
edu.tw

the adjacent levels, which is attributed to stress
concentration at the adjacent levels and motion
redistribution after rigid spinal fixation. Nowadays,
the design concept of spinal implants has changed
from traditional stable fusion to mobile non-fusion
that attempts to restore normal physiological motion
and to solve the adjacent segment problems [6-9].
In the past, several finite element (FE) and cadaver
studies have used the traditional load-controlled
method (LCM) to evaluate the characteristics of
adjacent level effects (ALEs) on spinal constructs
with fusion or non-fusion spinal implants [6-8,
10-14]. This loading method applied the same pure
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moment to all the spinal constructs, and then the
motions in each level were calculated. However,
conflicting results of ALEs were found with this type
of analysis [7, 8, 11, 12].

In recent years, Panjabi [15, 16] introduced a new
testing protocol that is similar to the displacement-
controlled method (DCM), called the hybrid appro-
ach. This approach applies different moments so
that the same overall ranges of motions (ROMs) are
achieved for both intact and implant models. Goel
and co-workers [9, 17, 18] indicated that, in real life,
people bend their spines within a similar limited
ROM regardless of whether their spine is healthy
or has undergone spinal surgery. Therefore, they
suggested that the hybrid approach should be more
clinically relevant. Currently, a number of studies
have evaluated spinal implant biomechanics using
the hybrid approach [9, 16, 17, 19]. However, only a
few studies have focused on the differences between
the LCM and DCM (hybrid approach). Goel et al. [9]
analysed ALEs of artificial discs that used both the
LCM and the hybrid approach, and revealed that
ALEs were not obvious under the LCM, while the
ALEs (in this case, decreased ROM) were signific-
ant under the hybrid approach. It is still not clear
whether the LCM or the DCM is more suitable for
revealing the reality of spinal implants. Therefore,
this study used FE analysis with both the LCM and
the DCM to explore biomechanical differences at the
implant level and the adjacent levels between fusion
and non-fusion spinal implants.

2 MATERIALS AND METHODS

Three FE models of the lumbar spine were con-
structed for this study. The first model was the intact
lumbar spine. The other two models were the lum-
bar spine implanted with a SynCage-Open (Synthes
Spine, Inc., Pennsyvlvania, USA) plus bilateral pedicle
screws, and with a ProDisc II (Synthes, Inc., Paoli,
Pennsylvania, USA; / Spine Solutions, New York, USA)
artificial disc respectively. Two control methods, the
LCM and the DCM, were included.

2.1 FE model of the intact lumbar spine

A three-dimensional non-linear intact lumbar spine
(INT) L1-L5 FE model was constructed. The spinal
geometry was obtained from 1 mm computed tomo-
graphy scans of a middle-aged male, and the FE
model was established using the software ANSYS
9.0 (ANSYS Inc., Canonsburg, Pennsylvania, USA)

[20]. The INT model was an osseoligamentous lum-
bar spine as shown in Fig. 1(a), which included the
vertebrae, intervertebral discs, endplates, posterior
bony elements, and all seven ligaments.

An eight-node solid element (SOLID185) was used
for modelling the cortical bone, cancellous bone,
posterior bony element, cartilage endplate, and
annulus ground substance. The cortical bone and
cancellous bone were assumed to be homogeneous
and transversely isotropic [21]. The posterior bony
element and cartilage endplate were assumed to be
homogeneous and isotropic [22]. The intervertebral
disc consisted of annulus ground substance, nucleus
pulposus, and collagen fibres embedded in the
ground substance. The non-linear annulus ground
substance was simulated by using a hyperelastic
Mooney-Rivlin formulation [23, 24]. This hyperelas-
tic material model can simulate a non-linear stress—
strain relationship, which is a material non-linear
problem. The collagen fibres simply connected
between nodes on adjacent endplates to create an
irregular criss-cross configuration. These irregular
angles of collagen fibres were oriented within the
range of the study by Marchand and Ahmed [25].
In the radial direction, 12 double cross-linked fibre
layers were defined to decrease the elastic strength
proportionally from the outermost layer to the
innermost. Therefore, the collagen fibres in different
annulus layers were weighted. The elastic moduli at
the outermost layers were as follows: layers 1 to 3,
1.0; layers 4 to 6, 0.9; layers 7 to 9; 0.75. The elastic
modulus at the innermost layers 10 to 12 was 0.65.
The cross-sectional areas at the outermost layers
were as follows: layers 1 to 3, 1.0; layers 4 to 6, 0.78;
layers 7 to 9, 0.62. The cross-sectional area at the
innermost layers 10 to 12 was 0.47. These values
were based on previous studies [26, 27]. The nucleus
pulposus was modelled as an incompressible fluid
with a bulk modulus of 1666.7 MPa by eight-node
fluid elements (FLUID80) [22, 28]. All seven liga-
ments and collagen fibres were simulated by two-
node bilinear link elements (LINK10) with uniaxial
tension resistance only, which were arranged in
an anatomically correct direction [29]. The cross-
sectional area of each ligament was obtained from
previous studies [22, 26, 30, 31], and the material
properties of the spine are listed in Table 1. The facet
joint was treated as having sliding contact behav-
iour using three-dimensional eight-node surface-to-
surface contact elements (CONTA174), which may
slide between three-dimensional target elements
(TARGE170). The coefficient of friction was set at
0.1 [27]. The initial gap between a pair of facet

Proc. IMechE Vol. 223 Part H: J. Engineering in Medicine

JEIM476 © IMechE 2009

Downloaded from pih.sagepub.com at NATIONAL CHIAO TUNG UNIV LIB on April 25, 2014


http://pih.sagepub.com/

FE analyses on fusion and non-fusion spinal implants 145

©

(b) lumbar spine inserted SynCage-Open titanium cage supplemented with pedicle

screws at L3-L4; (c) lumbar spine implanted ProDisc 1I artificial disc at L3-L4

)

o
2
2
:
5

Cortical Bone
Fig. 1 FE model of the L1-L5 segments: (a) intact
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Table 1 Material properties used in the FE model
Young’s modulus
Material Element type (MPa) Poisson’s ratio  Area (mm?) References
Bone E,=11300 vy = 0.484 - [21]
Cortical Eight-node SOLID185 E, =11300 Ve = 0.203
E,=22000 Ve =0.203
G, = 3800
G, = 5400
G, = 5400
Cancellous Eight-node SOLID185 E.=140 Viy = 0.45 - [21]
E, =140 Ve, = 0.315
E, =200 vy, = 0.315
G,=48.3
G,=483
G,=48.3
Posterior bone Eight-node SOLID185 3500 0.25 - [22]
Disc
Nucleus pulposus Eight-node FLUID80 1666.7 - - [22, 28]
Ground substance Eight-node SOLID185 Cip=0.42 - - 23, 24]
Co1 =0.105
Annulus fibres Two-node LINK10 26, 27]
Outermost 550 - 0.76
Second 495 - 0.5928
Third 412.5 - 0.4712
Innermost 357.5 - 0.3572
Cartilaginous endplates Eight-node SOLID185 24 0.4 - [22]
Ligaments* Two-node LINK10 [22, 26, 30, 31]
ALL 7.8 - 24
PLL 10 - 14.4
TL 10 - 3.6
LF 15 - 40
ISL 10 - 26
SSL 8 - 23
CL 7.5 - 30
Spinal instrumentation (titanium Two-node BEAM188 110000 0.28 D=6mm
alloy)
SynCage-Open (titanium alloy) Eight-node SOLID185 110000 0.28 -
ProDisc II metallic endplate Eight-node SOLID185 210000 0.3 -
(Co-Cr-Mo alloy)
Polyethylene inlay ultra-high Eight-node SOLID185 1016 0.46 - [32]

molecular weight polyethylene

*ALL, anterior longitudinal ligament; PLL, posterior longitudinal ligament; TL, transverse ligament; LF, ligamentum flavum; ISL,
interspinous ligament; SSL, supraspinous ligament; CL, capsular ligament.

surfaces was kept within 0.5 mm [22]. The stiffness
of the spinal structure changes depending on the
contact status, and so the standard contact option in
ANSYS was adopted to account for the changing-
states non-linear problem in this study. In addition,
the element’s shape will change after applying bend-
ing moments, thus changing the individual element
stiffness. Therefore, the large displacement analysis
option in ANSYS was chosen to solve this geom-
etric non-linear problem. The INT model consisted
of 112174 elements and 94 162 nodes (Fig. 1(a)).

2.2 FE model of the anterior lumbar interbody
fusion

To simulate the anterior lumbar interbody fusion
(ALIF), the L3-L4 level of the INT model underwent
partial discectomy and total nuclectomy by the

anterior approach, which included removal of the
anterior longitudinal ligament, anterior and some
inner layer portions of the annulus, and the entire
nucleus pulposus. All the other ligaments were
preserved. Next, an 8° lordotic titanium alloy cage
(SynCage-Open; 30mmx24 mmx21 mm) supple-
mented with bilateral pedicle screw fixation was
inserted. The material properties of the cage and
posterior implant system are listed in Table 1.

In this model, four pedicle screws (r =3 mm) and
two rods (r=3mm) were modelled with three-
dimensional beam elements (BEAM188); then a full
constraint behaviour was designed between the
screw—bone interface to simulate the pedicle screw
bounded on the vertebrae. A SynCage was placed
between the vertebral bodies, and the bone-cage
interfaces were assigned fully bonded conditions to
mimic successful fusion. The ALIF model consisted
of 139692 elements and 99 924 nodes (Fig. 1(b)).
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2.3 FE model of the anterior lumbar artificial disc
replacement

To simulate the artificial disc replacement (ADR), a
ProDisc II was implanted into the INT model at
L3-14 following the standard ADR procedure. The
anterior and inner layer portions of annulus at L3-
L4 were removed. In addition, the nucleus of L3-14
was totally removed and all spinal ligaments were
preserved. Figure 1(c) shows the remaining disc ann-
ulus and spinal ligaments after implanting ProDisc
II. The material properties of the ProDisc II are listed
in Table 1.

The keel of the metallic plate surfaces was mod-
elled as a flat surface for simplification. A fully
bonded condition was applied between the metallic
plate and adjacent vertebrae. Deformable surface-to-
surface contact behaviour was used between the
polyethylene inlay and the superior metallic plate,
and the coefficient of friction for the polyethylene—
(Co—Cr-Mo) alloy contact surface was chosen to be
0.07 [32]. The ADR model consisted of 113315 elem-
ents and 91 126 nodes (Fig. 1 (c)).

2.4 Convergence test and model validation

In order to obtain reliable data, model validation
and a convergence test were conducted. For the con-
vergence test, three mesh densities (coarse model,
4750 elements and 4960 nodes; normal model, 27 244
elements and 30630 nodes; finest model, 112174
elements and 94 162 nodes) were selected to test for
ROM changes in the INT model, and the finest mesh
density was chosen since the change was within 1.03
per cent (less than 0.2°).

For the model validation, the loading condition
was based on an in vitro study in which the multi-
level lumbar spine was subjected to the maximum
possible load without causing spinal injury [33].
Therefore, the LCM was used to validate all four phys-
iological motions, i.e. flexion, extension, torsion, and
lateral bending. In each case a moment of 10 Nm
and a preload of 150N were placed on the superior
surface at the L1 level. In addition, the pure moments
of 3.5Nm and 7.5Nm were also used in validating
the INT model. These models constrained all degrees
of freedom at the inferior surfaces of the L5 vertebra.

2.5 Boundary and loading conditions

The LCM and DCM were used to explore the diff-
erences at the implant and the adjacent levels. The
LCM was the same control method that had been
used in the model validation (10Nm with 150N
preload). For the DCM, a 150 N preload was applied
on the superior surface of the L1 vertebra, and then
a higher pure moment of 30 N m was applied incre-
mentally by 0.3 Nm in 100 loading steps. The result
of every substep was saved. Therefore, the resultant
ROMs (L1 to L5) of the ALIF and ADR models
under different moments would match the ROMs
of the INT model by using the LCM. The detailed
total lumbar ROMs of the INT model under the LCM
are 16.84° in flexion, 14.73° in extension, 9.48° in
torsion, and 17.14° in lateral bending (Table 2). These
ROMs are a baseline to match the total lumbar
motion among the INT and surgical models under
DCM (Table 3). The resulting deviation of ROMs
among the three FE models were controlled to

Table 2 Intervertebral range of motion and applied moment among the INT, ALIF, and ADR models under the LCM

ROM (deg)
Total lumbar ROM
L1-L2 L2-13 L3-14 L4-15 (deg) (L1-L5) Moment (N m)

Flexion

INT 3.76 3.93 4.00 5.15 16.84 10

ALIF 4.01 4.21 0.09 6.04 14.35 10

ADR 3.76 3.86 4.37 5.23 17.22 10
Extension

INT 3.30 3.37 3.70 4.36 14.73 10

ALIF 3.14 3.03 0.42 4.06 10.65 10

ADR 3.69 3.54 6.69 4.37 18.29 10
Torsion

INT 2.03 2.16 2.50 2.79 9.48 10

ALIF 2.05 2.05 1.07 2.72 7.89 10

ADR 2.09 2.09 4.19 2.73 11.10 10
Lateral bending

INT 3.97 4.05 4.25 4.87 17.14 10

ALIF 4.13 4.24 1.15 5.28 14.80 10

ADR 3.80 3.80 6.14 4.66 18.40 10
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Table 3 Intervertebral range of motion and applied moment among the INT, ALIF, and ADR models under the DCM

ROM (deg)
Total lumbar ROM
L1-L2 L2-13 L3-14 L4-15 (deg) (L1-L5) Moment (N m)

Flexion

INT 3.76 3.93 4.00 5.15 16.84 10

ALIF 4.69 4.92 0.65 6.55 16.81 129

ADR 3.65 3.76 4.25 5.08 16.74 9.6
Extension

INT 3.30 3.37 3.70 4.36 14.73 10

ALIF 4.38 4.24 0.65 5.55 14.82 16.2

ADR 2.95 2.91 5.36 3.64 14.86 6.9
Torsion

INT 2.03 2.16 2.50 2.79 9.48 10

ALIF 2.46 2.46 1.31 3.20 9.43 13.2

ADR 1.72 1.85 3.56 2.37 9.50 7.8
Lateral bending

INT 3.97 4.05 4.25 4.87 17.14 10

ALIF 4.89 4.92 1.31 6.02 17.14 12.3

ADR 3.26 3.57 5.82 441 17.06 9

within 0.1° in flexion, 0.13° in extension, 0.05° in
torsion, and 0.08° in lateral bending. The above pro-
cedure used in this study was in accordance with the
hybrid testing protocol that was presented in detail
in several previous studies [9, 15, 16]. With both
control methods, all the models were constrained at
the bottom of the fifth vertebra.

3 RESULTS

The results are revealed in four parts. First, the
model validation is presented. Second, the implant
level effects are shown. Third, the ALEs on the
fusion and non-fusion spinal construct are com-
pared with those of the intact lumbar spine under
both loading conditions. Fourthly, the stress varia-
tion in the adjacent disc annulus is revealed under
both control methods. In this study, the data were
normalized to the INT model as percentage values
under each loading mode.

3.1 Model validation results

The ROMs in five levels of the INT model under
different loading moments were validated with pre-
vious in-vitro cadaveric tests and analytical studies
[33-36] (Fig. 2). Under a 10Nm moment with a
150 N preload, the current INT model showed some
stiffer behaviour in flexion and exhibited a 6-11°
lower ROM value than those obtained by Yamamoto
et al. [33] and Panjabi et al. [35] in-vitro studies,
as shown in Fig. 2(a). In torsion, the difference bet-
ween the INT model and the in-vitro tests was less
than 2°. Under 3.75 N m and 7.5 N m pure moments,

all the five lumbar ROMs were within the range of
extreme values in flexion—extension, both side tor-
sions, and both side lateral bendings, compared with
the results of an in-vitro test without a follower load
made by Rohlmann et al. [36] (Fig. 2(b)).

3.2 Implant level effects

Under the LCM, the ALIF model showed relative
stability, compared with the INT model; the ROM
was reduced significantly in flexion (—97.7 per cent),
extension (—88.6 per cent), and lateral bending
(=72.9 per cent), but less in torsion (—57.0 per cent),
compared with the INT model. In contrast, the ADR
model had a large ROM increase in extension
(+81.1 per cent) (Fig. 4(a)), torsion (+67.9 per cent)
(Fig. 5(a)), and lateral bending (+44.5 per cent) (Fig.
6(a), but less in flexion (+9.2 per cent) (Fig. 3(a)).
The ROM values of the LCM are listed in Table 2.

Under the DCM, the ROM of the ALIF model was
reduced significantly in flexion (—83.7 per cent),
extension (—82.4 per cent), and lateral bending
(—69.2 per cent), but less in torsion (—47.6 per cent),
compared with the INT model. In contrast, the ADR
model had a large ROM increase in extension
(+45.1 per cent) (Fig. 4(b)), torsion (+42.7 per cent)
(Fig. 5(b)), and lateral bending (+37.1 per cent) (Fig.
6(b)), but less in flexion (+6.4 per cent) (Fig. 3(b)).
The ROM values of the DCM are listed in Table 3.

Both control methods can provide similar stability
in the ALIF model. However, in the ADR model, the
LCM showed prominently higher ROM than the
DCM, especially in extension and torsion.
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preload in the present INT model; (b) loading of 3.75N m and 7.5 N m pure moments in
the present INT model. (The data in (b) include both side motions. Median and extreme

values for the in vitro data are shown)

3.3 Adjacent level effects

The ALE% was defined as the averaged percent-
age changes of the ROM from whole non-operated
levels. Under the LCM, the ALE% of the ALIF
model in flexion (+10.3 per cent) and extension
(—7.3 per cent) were small, and in torsion and lateral
bending were even smaller (average within 6 per
cent). The ALE% values of the ADR model were close
to those of the INT model in flexion (Fig. 3(a)),
extension (Fig. 4(a)), torsion (Fig. 5(a)), and lateral
bending (Fig. 6(a)) (average within 6 per cent).

Under the DCM, the ALE% of the ALIF model
increased in flexion (+25.6 per cent), extension
(+28.6 per cent), torsion (+16.7 per cent), and lateral
bending (+22.8 per cent), compared with the INT
model. In contrast, the ALE% of the ADR model
decreased significantly in extension (—13.6 per cent)
(Fig. 4(b)), torsion (—14.9 per cent) (Fig. 5(b)), and
lateral bending (—13.0 per cent) (Fig. 6(b)), but less
in flexion (—2.9 per cent) (Fig. 3(b)), compared with
those with the INT model.

The DCM increased the ALE% more than when
using the LCM in the ALIF model; on the other hand,
the DCM decreased the ALE% more than when using
the LCM in the ADR model, especially in extension,
torsion, and lateral bending.

3.4 Stress and intradiscal pressure variation in
the adjacent disc

Under the LCM, the intradiscal pressure of the ALIF and
ADR models at the adjacent L.2-L3 level changed by
—18.3 per cent and by +3.5 per cent in flexion. In
contrast, under the DCM, the intradiscal pressure of
the ALIF and ADR models at the adjacent 1.2-1.3 level
changed by +8.5 per cent and by +0.7 per cent in flexion.
Therefore, the ALIF model slightly raised intradiscal
pressure at the adjacent L.2-13 level under the DCM.
The intradiscal pressure of the ADR model showed
only minor changes between both control methods.
Figure 7 indicates the stress distribution of the
L2-L3 annulus in the LCM or the DCM among the
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Fig. 3 Changes in the ROM under flexion: (a) LCM results; (b) DCM results

three FE models (flexion). For the DCM, a higher
stress concentration at the adjacent level after a
fusion procedure is more clearly shown, compared
with the LCM. The same stress trends were also
found in three other physiological motions. These
results indicated that use of the DCM in evaluating
the adjacent level should be more clinically relev-
ant.

4 DISCUSSION

Accelerative degeneration of adjacent levels is an
important clinical issue after spinal fusion. Different
testing methods have been used to evaluate ALEs
after implanting various spinal implants [16]. How-
ever, it is still not clear which testing method is more

suitable for revealing the reality of spinal implants.
This study aimed to evaluate the differences of the
LCM and DCM FE analyses applied to fusion and
non-fusion implants.

For the INT model, the present FE simulation is
in good agreement with in-vitro tests in terms of
extension, torsion, and lateral bending [33, 35],
whereas the ROM is 6-11° lower than that from the
in-vitro test under flexion. Eberlein et al. [37] also
indicated that the numerical results exhibited a
response that was stiffer than the experimental res-
ults in terms of flexion using the same moment.
Their study also indicated that these deviations can
be reduced by assuming tissue degeneration in the
annulus fibrosus and a complete loss of intradiscal
pressure in the intervertebral discs. Therefore, tissue
degeneration plays an important role in the motion
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Fig. 4 Changes in the ROM under extension: (a) LCM results; (b) DCM results

behaviour of the lumbar spine. In the in-vitro test
made by Rohlmann et al. [36], the older cadaver
specimens revealed a larger variance in ROM than
younger specimens did. This discrepancy in flexion
may be the result of various stages of disc degenera-
tion, such as microfissures in the disc, annulus
bulging, damage to the endplate, or dehydration of
the disc. Furthermore, specimens could possibly
have suffered soft-tissue decay after a longer experi-
mental time, and this may have caused extreme
stiffness changes in the specimens. Therefore, the
cadaveric specimen of the in-vitro tests exhibited
lower stiffness than the FE spine model analysis in
flexion.

For the implant level, the ALIF model showed
similar stability with both control methods. Oxland
and Lund [38] indicated that anterior fusion plus

posterior pedicle screw fixation can improve stabi-
lization in all motions. Gerber et al. [39] indicated
that anterior cage plus posterior pedicle screw
fixation did not provide significant stability in
torsion with the LCM. This behaviour of the LCM
is similar to the in-vitro test of Panjabi er al. [40]
using the hybrid method, in which the ROM de-
creased by 77.4 per cent in flexion-extension, by 36.4
per cent in torsion, and by 65.7 per cent in lateral
bending. The results of this study are in agreement
with most of the in-vitro test results [38-41], in that
the fusion level can provide good stability in flexion,
extension, and lateral bending but is not so in
torsion, regardless of whether the LCM or DCM is
used.

The implant level of the ADR model shows
significantly increased ROM in extension, torsion,
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Fig. 5 Changes in the ROM under torsion: (a) LCM results; (b) DCM results

and lateral bending under both control methods.
In addition, the LCM showed higher ROM than the
DCM, especially in extension and torsion. These
characteristics of the ADR are in agreement with a
previous report by Goel et al. [9].

Therefore, this study suggests that both control
methods can be adopted to evaluate the implant
level of the fusion model, and similar stabilizing
characteristics can be expected to be found. On the
other hand, the effects on the implant level of the
ADR increased ROM with the LCM, especially in
extension (81.1 per cent versus 45.1 per cent) and
torsion (67.9 per cent versus 42.7 per cent). Thus,
LCM analysis might indicate a higher risk for
patients with ADR implants. The present authors
believe that the LCM emphasizes the effects on the
implant level of the non-fusion implant.

For the adjacent levels, the ALIF model shows a
significantly increased ALE%, using the DCM. As
mentioned previously, conflicting ALE% results were
found with the LCM. The ALE% of the DCM
determined in the current study are in the range
of the values reported in the literature [19, 40,
41], which showed a significantly increased ALE%.
However, a few inconsistencies in the ALE% were
still noticed. In lateral bending, significantly in-
creased ALE% with fusion was reported (average,
+20.7 per cent) [19]; in contrast, a small ALE% with
fusion was also found (average, +4.1 per cent) [40].
This discrepancy was also revealed in torsion [19, 40,
41]. Despite these differences in ALEs, this study has
shown that the DCM could emphasize the ALEs
more than the LCM on the fusion model. Figure 7
indicates that the stress distribution on the adjacent
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Fig. 6 Changes in the ROM under lateral bending: (a) LCM results; (b) DCM results

disc annulus increased markedly in the DCM after
the fusion procedure. Clinical reports showed that
high incidences of accelerative disc degeneration
and facet joint arthritis at the adjacent levels were
present [2, 4, 42, 43]. Based on these observations,
the DCM is more effective in predicting the ALEs
after spinal fusion.

The ALE% of the ADR model in adjacent levels was
close to the INT model with the LCM, while it was
significantly decreased with the DCM. This trend of
an ALE% decrease was also found in other studies
using the hybrid method [9, 40, 41]. The intradiscal
pressure of the ADR model changed only to a minor
extent at the adjacent L2-L3 level (less than 4 per
cent). This trend is in agreement with the findings of
previous studies [9, 44].

Overall, this study suggests that the DCM should
be more clinically relevant in evaluating the ALEs of
the fusion model. On the other hand, the DCM may
decrease the ALEs of the ADR. Verification of the
influence of these abnormal motions requires more
evidence through clinical research. Therefore, the
conclusion was reached that both control methods
should be used in evaluating ALEs of non-fusion
implants.

Goel et al. [9] proposed that the patient’s main aim
following surgery is to go back to normal daily life.
Thus, the surgically treated spine should be able to
go through the same ROM as in a normal person.
However, in real life, people sustain the same ex-
ternal moments during lifting activities, whether
or not they have had surgery, thus the LCM is useful
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Fig. 7 Von Mises stress distribution of the adjacent 1.2-L3 disc annulus under flexion for the INT
model (left), the ALIF model (middle), and the ADR model (right): (a) LCM; (b) DCM. The
solid arrows indicate stress concentration regions

for evaluating this condition. The present authors
believe that these two analytical methods could be
used to predict specific conditions in the patient’s
daily life. The DCM is suitable for evaluating the
patient’s daily life motion during restoration after
surgery, while the LCM is suitable for evaluating the
patient’s normal life work-loading condition after
surgery [45].

One limitation of this study is that the material
properties of this simulation, such as the non-linear
behaviour of the spinal ligaments, the viscoelasticity
of the disc, and the grade of degenerative disc, were
slightly simplified and idealized from those of a
cadaver specimen. A degenerative disc is common in
most patients before surgery. The various grades
of degeneration in the disc, such as delamination,
dehydration, or reduced disc height, do not allow
for exact replication of the unique material pro-
perties of a degenerated disc. Therefore, normal
material properties were used in this simulation.
Also, the constrained behaviour used in the bone-
screw interface, the keel in the metallic plates of
the ProDisc, and the bone ingrowth into the cage

were simplified. Pretension should occur after insert-
ing the ADR, which might distract the remaining
annulus, reducing the ROM and facet loading at
the surgical level. This mechanism was not modelled
here, which is a limitation in this study. The loading
conditions of these FE simulations were similar to
those of the traditional in-vitro test; so the muscle
contraction, complicated external load, and move-
ment of the pelvis were not considered in this study.
In daily life activities, muscles induce considerably
high compression forces on the lumbar spine [46],
and muscles play a very important role in stabiliz-
ing the lumbar spine [47]. The absence of muscle
forces would lead to more instability, especially at
the surgical level of surgery models. In addition, the
annulus stress, intradiscal pressure, and implant
loading would be much lower than those measured
in vivo. Patwardhan et al. [48] proposed a follower
load to mimic the more realistic physiological com-
pressive loads seen in vivo. This consists of a com-
pressive load applied along a follower load path
that approximates the tangent to the curve of the
lumbar spine, thus subjecting the whole lumbar
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spine to nearly pure compression. In this study, this
condition was not a matter of concern. However, an
FE analytical study with a follower load on fusion and
non-fusion spinal implants will be presented in the
near future.

5 CONCLUSION

In this research, differences between the LCM and
DCM FE analyses for the evaluation of fusion and
non-fusion implants were observed. For the implant
level, this study suggests that both control methods
can be adopted to predict the fusion model, and
similar stabilization characteristics can be found.
The LCM will emphasize the effects of the non-
fusion implant. For the adjacent levels, the DCM was
more clinically relevant in evaluating the fusion
model. These two analytical methods can be used to
predict specific conditions in a patient’s daily life.
The DCM is suitable for evaluation of the patient’s
daily life motion during restoration after surgery.
The LCM is suitable for evaluation of the patient’s
normal life work-loading condition after surgery.
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