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Abstract 
 
Cage subsidence and loosening increase with a decrease of bone density. Thus, the stabilization of spinal segments 

may be dependent on density of cancellous bone. The aim of this study was to investigate the effects of bone density on 
the biomechanical behavior of the ALIF with cylindrical cages and PSF. Nonlinear numerical analysis was carried out 
by means of finite element method, and various Young’s moduli those have been described by the bone density were 
employed for the calculation. The range of motion was increased by 120% with decreasing of the density. Relative slip 
distance increased by 810% at the bone-cage interface and by 1750% at the bone-screw interface with a decrease of the 
density. Continuous cage subsidence, cage loosening, screw loosening and screw failure would occur particularly dur-
ing an excessive flexion and/or an excessive axial rotation. The excessive low density would mainly cause pedicle-
screw loosening due to the remarkable screw slip. In the case of excessively reduced density, therefore, further study is 
required in order to investigate how to improve the current PSF for the segmental stability. 
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1. Introduction 

Bone density of spinal segments varies with indi-
viduals and decreases with ages [1]. Low bone den-
sity leads to low bone strength that would allow a 
higher risk of cage subsidence and cage loosening in 
the lumbar interbody fusion by using titanium cages 
[1-3]. Bone density of adjacent vertebrae, thus, would 
be a significant factor for stabilization of spinal seg-
ments as reported by Lund et al. [4] and Jost et al. [5]. 
A decrease of the bone density in the stand-alone 
anterior lumbar interbody fusion (ALIF) leads to an 
increment of bone indentation and relative motion at 
the bone-cage interface in immediate postoperative 
state [6]. However, other age-related geometric or 
mechanical changes of lumbar spinal segments except 

bone density were not substantial in the change of the 
biomechanical behaviors [6]. Addition of pedicle 
screw fixation (PSF) to the stand-alone ALIF im-
proves segmental stability as in vitro shown by Ger-
ber et al. [7] and Lund et al. [4] and as analytically 
reported by Kim [8]. With a low density of the bone 
adjacent to PSF-screw, its failure may occur even 
under physiologic loadings. With aging, furthermore, 
density reductions of bone would decrease stability of 
spine segments. It is unclear, however, how the 
change of bone density near PSF-screw affects the 
segmental stability or/and interbody fusion of the 
bone-cage interface. 

Bone failure and/or relative slip at the bone-cage 
interface can induce cage subsidence [9-10]. The 
bone failure beneath the cage during initial loadings 
of the immediate postoperative state represents the 
initial cage subsidence. Then, bone loss beneath the 
cage due to excessive relative slip at the interface 
would cause a continuous subsidence of the cage after 
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the initial subsidence. The median time of the con-
tinuous cage subsidence was 2.75 months with devia-
tions from 0.25 to 8 months after surgery in the stand-
alone ALIF with rectangular cages [11], with an aver-
age of 3.7 mm cage subsidence. Ray [12] reported in 
the PLIF with cylindrical cages about 1.0 mm cage 
subsidence. 

The objective of the current study was to investi-
gate the effects of bone density on the biomechanical 
behavior of the ALIF with cylindrical cages and PSF. 
Nonlinear numerical analysis of the ALIF model has 
been performed by finite element method. Various 
Young’s moduli of bone were employed for the cal-
culation. Plastic deformation and relative slip either at 
the bone-cage interface or at the bone-PSF screw 
interface were predicted. A decrease of bone density 
would allow cage loosening at the bone-cage inter-
face and screw loosening at the bone-screw interface. 
 

2. Materials and methods 

Effects of bone density on the biomechanical be-
havior of human lumbar spine segments (L4-L5) 
were investigated by means of the finite element 
method. The segments were anteriorly stabilized by 
cylindrical cages, bone graft and PSF under static 
physiologic loads. 

Five cases of Young’s moduli were considered 
based on the density variations with aging or with 
individuals in both cancellous bone (CB) and poste-
rior bony elements (PE) (Table 1). According to the 
literature [1-3], CB was classified into normal, 
slightly reduced and significantly reduced densities. 

Then, PE was also classified into severely reduced 
and excessively reduced densities together with the 
significantly reduced density of CB. 

The bone materials including CB, PE, bony end-
plate and bone graft were assumed to be linearly elas-
tic and perfectly plastic. As Drucker-Prager equiva-
lent stress of bone reached at the yield strength as 
shown in Tables 1 and 2, perfect plastic yielding oc-
curred. The yield strength was defined as multiplying 
Young’s modulus by the compressive yield strain of 
0.84% [3]. Plastic deformation (or failure) of bone 
was assumed to occur when the minimal principal 
strain [13] of bone was below –0.84%. 

For finite element modeling, the geometric data of 
L4-L5 segments were based on the literature [14-16]. 
Details of all structures with relevant material proper-
ties have been employed from the previous studies [8]. 
The geometry of the ALIF has been assumed to be 
symmetric about its sagittal plane, as shown in the 
overall element mesh of Fig. 1. The material proper-
ties used in this analysis are shown in Table 2. In the 
finite element implementation (ANSYS, version 9.0, 
ANSYS Inc., Canonsburg, PA), the materials were 
assumed to be isotropic and homogeneous. CB, PE, 
bone graft, PSF and interbody cage were modeled as 
3-D isoparametric eight-node solid elements with 
three translation degrees of freedom (DOFs) (Table 3). 
Cortical bone and bony end-plates were modeled as 
four-node shell elements with six DOFs including 
three rotations and three transitions. Despite the direct 
connection between the solid element and the shell 
element, there was little difference in the elastic de-
formation of this study under the physiologic loadings 

Table 1. Five cases of Young’s moduli based on the density variations with aging or with individuals in both cancellous bone 
(CB) and posterior bony elements (PE). 
 

density status cases Young’s moduli yield 
strain [3] yield strength Density [3], 

g/cm3 
Density [2], 

g/cm3 
Density [1], 

g/cm3 

normal 200CB-
3.5PE 

200MPa CB 
3.5GPa PE 0.84% 1.68 MPa * 

29.4 MPa 
0.085 

- 
0.33 
1.06 

0.15 
- 

slightly re-
duced 

40CB-
3.5PE 

40 MPa CB 
3.5GPa PE 0.84% 0.34 MPa 

29.4 MPa 
0.057 

- 
0.24 
1.06 

- 
- 

significantly 
reduced 

14CB-
3.5PE 

14 MPa CB 
3.5GPa PE 0.84% 0.12 MPa 

29.4 MPa 
0.045 

- 
0.17 
1.06 

0.1 
- 

severely re-
duced 

14CB-
1.4PE 

14 MPa CB 
1.4GPa PE 0.84% 0.12 MPa 

11.8 MPa 
0.045 

- 
0.17 
0.79 

0.1 
- 

excessively 
reduced 

14CB-
0.43PE 

14MPa CB 
0.43GPa PE 0.84% 0.12 MPa 

3.6 MPa 
0.045 

- 
0.17 
0.53 

0.1 
- 
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between SOLID62 and SOLID73. SOLID62 was a 
nonlinear elstoplastic solid element type with 3 DOFs, 
whereas SOLID73 was a linear elastic solid element 
type with 6 DOFs. 

The intervertebral disc had a uniform height of 11 
mm and cross-sectional area of 1360 mm2. The verte-
bral body was assumed to have 0.9 mm thick cortical 
outer shell with an internal cancellous core; however, 
the thickness of the bony end-plates was assumed to 
be 0.5 mm. Geometry for the facet joint was referred 
from Grobler et al. [14] and Panjabi et al. [16]. The 
annulus of the intervertebral disc was assumed to be a 
composite material with a series of fiber bands em-
bedded in a matrix of ground substance. The annulus 
fibers and ligaments were modeled as cable elements 
supporting tension only. No muscle activation was 
considered in this study. 

Two titanium interbody cages with outer diameter 
of 14 mm (including thread height 0.8 mm) and with 
length of 22.5 mm were inserted into a normal model 
of L4-L5 to simulate Ray TFC (Surgical Dynamics 
Inc, Concord. California) as shown in Fig. 1 (b). The 
cage was engaged into the bony end-plates with 0.7 
mm depth. The bone graft packed firmly with bone 
chips was assumed to occupy every hole of the cage, 
as shown in Fig. 1 (c). Bone graft within the cage was 
assumed to have the properties of CB. 

The contact areas between rod and screw, between 

bone and PSF screw, between bone and cage and 
between bone graft and cage were modeled as contact 
elements with an initial gap distance of zero and with 
a Coulomb friction coefficient of 0.4 [18]. The con-
tact area of articulating facets was also modeled as 
contact elements with frictionless 0.45 mm initial gap. 
The elements are capable of supporting only com-
pression in the normal direction and shear in the tan-
gential direction to the surface. Slip distance was 
obtained by calculating slip length between two nodal 
points of a contact element. Gap distance was calcu-
lated by relative normal motion between two nodal 
points of a contact element. In the pedicle screw fixa-
tion (TSRH, Medtronic Sofamor Danek), screws, 
rods with lordosis and nuts were modeled as solid 
elements. 

As shown in Fig. 1 (d), it was assumed that no rela-
tive motion occurs on the screw-bone interface of the 
middle (x2) due to the anchoring thread; however, 
relative motion occurs at the regions (x1 and x3) of 
the screw due to the relatively smooth surface. The 
diameter of the pedicle screw was assumed to be 6.0 
mm at the region (x1) and 4.0 mm at the region (x2), 
on the basis of the sectional area of the PSF screw 
with 6.5 mm outer diameter (including thread height).  

The inferior surface of the L5 vertebra was fixed in 
all degrees of freedom. Static loads were applied on 
the top surface of the human lumbar segments (L4-

 
 
Fig. 1. A finite element model of the human lumbar interbody spine L4-L5 with paired cylindrical cages and PSF; (a) ALIF 
model, (b) cylindrical cages (TFC), (c) bone graft within the cages, (d) the screw, rod and nut of PSF and (e) assembled PSF. 
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L5). 
Loading conditions on the superior surface of L4 

were chosen within a normal physiologic range [19] 
using axial rotation of 10 Nm, lateral bending of 5 
Nm, and flexion/extension of 10 Nm. Compression 
on the lumbar segments is up to 1000 N for standing 
and walking and is higher during lifting [26]. Thus, a 
compressive preload of 1200 N was applied by uni-
formly distributed nodal vertical loads acting on the 
superior surface of L4. 

Angular displacement and compressive preload 
were applied simultaneously on the superior surface 

that was the shell element with 6 DOFs. With a 
changed angular displacement on the surface, compu-
tation was repeated to get the additional moment of 
10 Nm to the sagittal moment arising from the com-
pressive preload [8], through 60-240 iterations de-
pending on the loading conditions. 
 

3. Results 

As shown in Table 4, the axial compressive dis-
placement on the superior surface of L4 increased 
with a decrease of CB density. The increase in the 

Table 2. The material properties of the human lumbar spine (L4-L5) with cylindrical cages and PSF. 
 

Materials Young's 
modulus [MPa] 

Yield strain [%], 
strength [MPa] 

Poisson's 
ratio 

Cortical bone [23] 
Bony end-plates 

12000 
12000 

173 MPa 
10 MPa 0.3 

Cancellous bone [3] 14-200 0.84% 0.2 

Posterior bone 430-3500 0.84% 0.25 

Ground substance 4  0.49 

Annulus fiber [15,24] 

Lateral  
Posterolateral  

Anterior 
Posterior 

inner/middle/outer 
76/106/136 
59/70.5/82 
76/106/136 
59/70.5/82 

Cross-sec. area (mm2) 
8.6/6.7/4.8 
5.7/5.8/4.7 
6.4/5.5/3.4 
4.2/3.9/3.0 

Titanium cage, 
Posterior screw fixation 110,000 848.4 0.3 

Bone graft  100 -- 0.2 

Ligaments [19,25]  Cross-sec. area (mm2) 

Anterior longitudinal 7.8 22.4 

Posterior longitudinal 10 7.0 

Ligamentum flavum 17 14.1 

Transverse ligament 10 0.6 

Capsular ligament 7.5 10.5 

Intraspinous 10 14.1 

Supraspinous 8.0 10.5 

 
Table 3. The mesh structure of the finite element model. 
 

Element types 
in ANSYS No of elements and DOFs Materials 

Solid element 
(SOLID62) 31166, 3-DOFs (ux, uy, uz) Cancellous bone, posterior bony elements, ground substance, 

cage, bone graft and PSF. 

Contact element 
(CONTAC52) 7442, 3-DOFs (ux, uy, uz) 

Top and bottom surfaces of the cage packed with bone graft, bone 
graft inside cage, screw-necks, screw-tips, contact between rod 

and screw. 
Cable element 

(LINK10) 706, 3-DOFs (ux, uy, uz) Annulus fibrosis, ligaments 

Shell element 
(SHELL43) 

1494, 6-DOFs (ux, uy, uz, rotx, roty, 
rotz) 

Cortical bone (0.9 mm thickness), bony end-plate (0.5 mm thick-
ness) 
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displacement was more substantial than that of the 
cases with a decrease of PE density. Facet reaction 
increased during 10 Nm axial rotation with 1200 N 
preload as CB density decreased. Little reaction was 
predicted during all loadings except axial rotation. 

ROMs were increased with decreasing both CB 
and PE densities as shown in Fig. 2. The ROMs were 
in the range of the experimental literature [7]. The 
excessively low bone density increased ROM by 
120%. 

Under 1200 N axial compression, the axial defor-
mation of cancellous bone was much higher in the 
case of 14CB-3.5PE than in the case of 200CB-3.5PE 
(Fig. 3). The deformation was greater at the anterior 
region of the bone-cage interface than at the posterior  

Table 4. The vertical displacement at the center of the supe-
rior surface of L4 under 1200 N compression and the facet 
reaction during 10 Nm axial rotation with 1200 N preload. 
 

Young’s moduli
Displacement 
[mm] during 

1200 N preload

Facet reaction [N] during 10 
Nm axial rotation with 1200 

N preload 
200CB-3.5PE 0.60 0.4 

40CB-3.5PE 2.04 6.6 

14CB-3.5PE 3.95 6.9 

14CB-1.4PE 4.01 9.9 

14CB-0.43PE 4.07 5.4 

 
region. The level of the minimal principal strain on 
cancellous bone in the case of 14CB-3.5PE was much 

 
 
Fig. 2. The predicted ROM was compared with the experimental literature [7], which represents the mean ROM with a standard 
deviation. The ROM increased with a decrease of bone density. 
 

 
 
Fig. 3. The axial deformation and minimal principal strain of the case of 200CB-3.5PE were compared with those of 14CB-
3.5PE during 1200 N axial compression. 
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less than that of 200CB-3.5PE; on bone graft, how-
ever, the strain level of 14CB-3.5PE was greater than 
that of 200CB-3.5PE. 

A decrease in either CB density or PE density 
caused a substantial increase up to 810% in the 
maximum slip distance of the bone-cage interface 
(Fig. 4). The level of the minimal principal strain on 
bone graft was increased with decreasing CB density 
(Fig. 5); on the bone near PSF-screw, however, the 
level of the strain decreased (Fig. 6). The maximum 
slip distance of the bone adjacent to PSF-screw tip 
substantially increased by 1750% as bone density 
decreases (Fig. 7). 

Fig. 8 shows the maximum level of the equivalent 
stress in the middle of the PSF-screw. The stress level 
increased as CB density decreases; however, there 
was no substantial change in the stress level as PE 
density decreases. The level of the stress during flex-
ion/axial rotation with 1200 N preload was about 2 
times higher than that of 1200 N compression only. 
 

4. Discussion 

This study showed that a decrease of bone density 
in the ALIF by using cylindrical cages and PSF al-
lowed a substantial increase in ROM, axial compres-

  
Fig. 4. The maximum slip distance was predicted at the bone-cage interface under the combined loadings. 
 

 
 
Fig. 5. The minimal principal strain of the bone graft was predicted. 
 

  
Fig. 6. The minimal principal strain of the bone near the screw-tip was predicted. 
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sive displacement, plastic bone deformation and rela-
tive slip distance of either the bone-cage interface or 
the bone-screw interface. The greater plastic deforma-
tion and relative slip of the interfaces increased the 
risks of cage subsidence, cage loosening and screw 
loosening. 

Clinically, either a rectangular or cylindrical cage 
was subsided in lumbar vertebrae during physiologic 
loading modes [11, 12]. The bone beneath the 
cage/the indentor failed and compacted [9]. The bone 
surrounding the cage would be compacted/densified 
repeatedly in the axial direction during physiologic 
loadings until the maximum level of the bone stress is 
less than the yield strength. Then, no more plastic 
deformation of bone would occur under small relative 
slip distance of the bone-cage interface. The cage 
subsidence would, therefore, be related to the plastic 
deformation of bone and slip distance at the interface. 
In the current study, the plastic deformation of bone 
materials was predicted by the minimal principal 
strain. The plastic deformation represents local bone 
failure. The plastic deformation and slip distance at 
the bone-cage interface increased with a decrease of 
either CB density or PE density. As well, the decrease 
of the density increased the plastic deformation and 

slip distance of the bone-screw interface. The greater 
slip distance at the bone-screw interface showed the 
greater slip distance at the bone-cage interface, par-
ticularly during axial rotation/flexion as shown in 
Figs. 4 and 7. The greater plastic deformation and slip 
distance at both interfaces showed the higher risks of 
cage subsidence, cage loosening, screw loosening and 
screw failure.  

Bone graft. Bone graft within the cage can be 
compressed in a normal case of CB density because 
the level of the minimal principal strain was less than 
–0.84% [3]. A reduced density in either CB or PE, 
however, would not allow the failure of bone graft 
due to a higher level of the minimal principal strain as 
compared to –0.84%. Then, the bone graft would be 
incorporated into the new bone matrix formed during 
fusion. The regions with the range of tensile and com-
pressive strains (±0.1%) would not allow the initial 
formation or later maintenance of bone inside the 
cages. With a decrease in either CB or PE density, 
therefore, a new bone matrix instead of the plastic 
deformation would be formed on the bone graft, to-
gether with the fact that relative slip distance at the 
bone graft-cage interface was so small.  

Screw loosening. Stress/strain concentration was 

 
 
Fig. 7. The maximum slip distance was predicted at the screw tip-bone interface during all loadings with 1200 N preload. 
 

 
 
Fig. 8. The maximum equivalent stress of PSF-screw was predicted during the combined loadings. 
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found at the bone adjacent to the tip of the PSF-screw. 
At the bone the level of the minimal principal strain 
was greater than yield strain of -0.84% in the case of 
200CB-3.5PE, but much below -0.84% in the case of 
14CB-3.5PE. In the cases of a reduced PE density, the 
slip distance of the bone-screw interface was greater 
than 0.15 mm [10]. In the case of 14CB-0.43PE, in 
particular, the strain level and relative slip distance 
were so excessive that screw loosening would occur 
at the interface during flexion and/or axial rotation. 
Furthermore, the reduced PE density allowed a sub-
stantial increase in the relative slip distance of the 
bone-cage interface. 

Limitations. In the case of the stand-alone ALIF, 
Kim [6] showed analytically that a significant in-
crease of slip distance occurs as CB density decreases. 
In the current study using the ALIF with PSF, five 
cases of Young’s moduli were considered based on 
the variations of bone density. The results of the case 
of 200CB-3.5PE represented the biomechanical be-
haviors of interbody fusion with a uniform bone den-
sity of middle age. 14CB-0.43PE was, however, as-
sumed to be a case of old age with the lowest bone 
density in both CB and PE. It is unclear in vivo that 
the reduction in PE density initiates whether together 
with or after the reduction in CB density. However, 
CB density decreased by about 50% with aging [1-3] 
and then additional reduction of PE density was con-
sidered in the current study. The level of the yield 
strain in PE is little known whereas the level of the 
yield strain in CB was likely to be constant despite 
the variations of its density [3]. The level of the yield 
strain in PE was assumed to be the same as that of CB 
in the current study. In addition, the muscle was not 
included in the current model. Instead, an increased 
compressive force of 1200 N due to the addition of 
muscle forces was applied on the model. Trunk mus-
cle activation caused a follower load on the spinal 
curve so that lumbar spine supports compressive 
loads of physiologic magnitudes without buckling of 
the spine [27]. 

In conclusion, an excessively low bone density 
could allow 120% increase of ROM, 810% increase 
of cage slip and 1750% increase of pedicle-screw slip. 
The excessive low density would mainly increase the 
risk of pedicle-screw loosening due to the remarkable 
increase of screw slip. Particularly continuous cage 
subsidence, cage loosening, screw loosening and 
screw failure would occur during an excessive flexion 
and/or an excessive axial rotation. In the case of ex-

cessively reduced density, further study is required in 
order to investigate how to improve PSF for the seg-
mental stability. 
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