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ABSTRACT

This paper examines the stress distribution in the posterior fusion fixation, spinal range of motion (ROM),
and the screw-bone interaction force obtained from various fixation methods of short-segment spine sur-
gical alignment (SA) under five loading conditions (axial compression, flexion, extension, lateral bending,
and axial rotation) provided by a FE spine model. The implant-instrumented FE spine model was val-
idated against the experimental data in the literature. Among different fixation methods, fusing more
spinal segments might help distribute the spinal load on the pedicle-screw to reduce the stress, screw
force, and instability of the spine (range of motion). With longer rods, the additional intermediate screws
are suggested to provide additional anchoring effect to the fixation device. However, the fact that insert-
ing more screws also increases the stress concentration points on the rods should also be considered.
Further this study supports the clinical observation that interbody cage can provide anterior support to
the spine and reduce the loads on the posterior fixation devices. In both single-level and two-level fusion,

IB reduced ROM, rod stress, and screw/bone interaction force.

© 2018 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Pedicle-screw (PS)-based spine fusion is a standard treatment
for degenerative spinal disorders which aims to consolidate the
spine and restores the spinal stability [1,2]. Despite the continuous
advances in PS designs and fixation techniques over the last two
decades, failures of spinal implants, such as PS breakage [3], loos-
ening and pullout, have not been fully eliminated in post-surgical
spines [4-6]. Excessive stress concentrations within the vertebral
bone after the PS-fixation of the spine is one major cause for the
PS loosening or pullout while the excessive stress in the implants
could result in the structural failure of the implants [7]. Risk of
over fusion could also result in complications such as promimal
junctional kyphosis (PJK) [21]. Revision surgeries are usually re-
quired after the failures of the implants, which carries with it sig-
nificant risk for the patient and high cost for society [8]. It is of
great clinical value to compare the stress distributions in the verte-
bral bones and spinal implants and screw-bone interaction forces
associated with different fixation techniques in the fusion surgery
[[2],[71,[9]]. By identifying and predicting the stress distributions,
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the possibility of spinal implant and bone failure could be ana-
lyzed. Additionally, analyzing the interaction force at the screw-
bone interface could also provide insight regarding the force dis-
tributions between the spinal implants and spine.

In the literature, both cadaveric experimental and finite ele-
ment (FE) studies have been conducted to predict the stress dis-
tributions in the spinal implants and spinal bony tissues after
PS-instrumented surgery [2,7,9-11]. Compared with the cadaveric
experimental studies, FE analysis has the advantages of lower cost,
higher efficiency, and better capability of predicting the internal
stress within the bone and applied to the spinal implants [12,13].
Ambati et al. [2] conducted FE analysis to compare the stresses
in the posterior instrumentation from different fixation techniques
of fusion surgery. Villa et al. ([29]) performed FE simulations and
experimental validations to calculate the stress in the pedicle rod
construct used in the SA under different loading conditions. Gornet
et al. [11] also conducted FE simulations and experimental stud-
ies to compare the differences of stress in the traditional titanium
rods in the rigid spinal fixation system and the poly-ether-ether-
ketone (PEEK) rods in the semi-rigid fixation system. Although
stress/strain information of the external cortical bone [7] and rods
[10] could be measured experimentally, it remains challenging to
use experimental approach to measure the interaction force and
stress distribution internal to the bone and the PS bone interface.
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Table 1
Summary of material properties of spinal tissues.
Material Modulus (Mpa) Density Poisson’s Element type References
(g/cm?3) ratio
Cortical bone 12,000 1.91 0.30 8-node solid element [14]
Cancellous bone 100 1.87 0.20 8-node solid element [14]
Posterior bony elements 3500 1.87 0.25 8-node solid element [15]
Cartilaginous endplate 23.80 1.0003 0.40 8-node solid element [15]
Annular ground substance Hyperelastic (Mooney-Rivlin) 1.0003 0.45 8-node solid element [28]
c1=0.56, c2=0.14
Annular collagen fibers Nonlinear stress-strain curve 1.0003 4-node shell element [16]
with rebar reinforced
Nucleus pulposus Hyperelastic (Mooney-Rivlin) 1.0003 0.4999 8-node solid element [17]
c1=0.12, c2=0.09
Ligaments Nonlinear stress-strain curves 1.0003 4-node shell element [18]

FE studies are a feasible and necessary alternative to predict the in-
ternal stress to the bone and the stress applied to the PS. In previ-
ous studies, the effects of various parameters such as pedicle screw
numbers, fusion level numbers, and interbody cage on the implant
stress and spine biomechanical behavior (range of motion-ROM)
have not been thoroughly studied for short-segment level fusions
under physiological spinal loads. Although the patient-specific sur-
gical plan is highly dictated by the spinal condition and anatomy,
it is interesting to quantify how individual variables (screw num-
bers, fusion levels, and interbody cage) in different surgical plans
will affect the implant stress, load transfer between the implant
and spine and spinal ROM.

Thus, the objective of this study was to compare the stress
value, stress distribution in the rods, the global ROM in the
spine, and the screw/bone interaction force (resultant contact force
between screw and bone) in different fixation methods of short-
segment spine fusion [2,9,10] under five types of loading condi-
tions (axial load of 500N, 10 Nm in flexion, extension, lateral bend-
ing, and axial rotation), independently, while using a validated FE
spine model. The six different fixation methods (Fig. 2) compared
in this study include: (1) bilateral one-segment fixation with four
pedicle screws (M1); (2) bilateral single-level fixation with four
pedicle screws with an IB at L3-L4 level (M2) ; (3) bilateral two-
segment fixations with four pedicle screws (M3); (4) intermediate
unilateral fixation with five pedicle screws (M4); (5) bilateral in-
termediate fixation with six pedicle screws (M5); and (6) bilateral
intermediate fixation with six pedicle screws with an IB at L3-L4
level (M6). These six methods were designed to study the effect of
the screw numbers, fusion level numbers, and interbody cage on
the spine and implant behaviors.

2. Methods
2.1. FE models

2.1.1. Lumbar spine FE model without implant

The segmental FE lumbar spine model (L2-L4) utilized in this
study was obtained from one lumbar spine model of a 47-year old
male healthy subject (Fig. 1) which was validated in our previous
study [19]. Each vertebra consisted of a cancellous core surrounded
by a cortical shell layer with thickness from 0.5 mm to 1 mm (Zan-
der et al., [30]). At both ends of each vertebra, cartilaginous end-
plates were simulated with a thickness of 0.8 mm [13]. The facet
cartilage joints were modeled as a soft frictionless contact with an
initial gap of 0.5mm (Zander et al., 2009). All seven major liga-
ments (anterior longitudinal ligament (ALL), posterior longitudinal
ligament (PLL), flaval ligament (FL), facet capsular ligament (CL),
intertransverse ligament (ITL), interspinous ligament (ISL), and sus-
praspinous ligament (SSL)) were meshed by 4-node shell elements
(Bowden et al., [24]). Local muscle forces and upper body weight

Fig. 1. FE model of a L,-L4 lumbar spine without implant: (a) side view; and (b)
posterior view.

in lumbar spine were simulated by a compressive follower load
with optimized path through the vertebrae (Dreischarf et al., [25]).
Osseous tissues of the vertebrae and cartilaginous endplates in
this study were modeled as isotropic homogeneous linearly-elastic
materials [[14],[15]]. The intervertebral disc models were based
on Schmidt et al. [27] with the following details: the annulus fi-
brosus was modeled into ground substance reinforced by colla-
gen fibers. The nucleus pulposus and annular ground substance
were modeled in an isotropic, hyper-elastic material using the
Mooney-Rivlin material model (Schmidt et al., [28]). Eight layers of
collagen fibers were generated radially in the annular ground sub-
stances using shell elements with rebar properties. The nonlin-
ear mechanical behavior of the fibers was represented in a stress—
strain curve [16]. Since the external layers of collagen fibers have
greater stiffness than the internal layers, scalars were defined to
weight the collagen fibers in different layers (outermost layers 1-
2: 1.0, layers 3-4: 0.9, layers 5-6: 0.75, innermost layers 7-8: 0.65)
to ensure the variations of stiffness. The orientations of the colla-
gen fibers were defined with a 30- or 150-degree angle from the
horizontal surface defined by the bottoms of intervertebral discs
(Rohlmann et al., [26]). The mechanical behaviors of the ligaments
were described using nonlinear stress-strain curves [18]. The ma-
terial properties of different tissues are summarized in Table 1.

2.1.2. Spinal implants

One conical PS was tested in this study. The computer aided
design (CAD) model of the PS was developed based on the di-
mensions and design variables reported by Chao et al. [3]: this
PS had a length of 45mm, inner diameter of 4.9 mm, and outer
diameter of 6.5mm. One PEEK interbody cage (IB) was imple-
mented in this study with a posterior height of 9 mm, an anterior
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method 3 (M3); (d) method 4 (M4); (e) method 5 (M5); and (f) method 6 (M6).

height of 12 mm, width of 15mm, and a lordosis angle of 15°. The
rods in this study had circular cross section with a diameter of
6.0mm [10]. The PS and IB were meshed with tetrahedral elements
and the rods were meshed with hexahedral elements. Mesh con-
vergence test was conducted and the final element number was
54,413 for each PS. The PS and rods were simulated as homoge-
neous linear-elastic material with a Young’s modulus of 110 GPa
and a poison’s ratio of 0.3 [3,10]. The PEEK IB was assigned with a
Young’s modulus of 3.6 GPa and a Poisson’s ratio of 0.36 [2].

2.2. FE models of the instrumented lumbar spine with different
fixation methods

As shown in Fig. 3, the previously-validated FE lumbar spine
model was instrumented with PSs and rods using different fixa-
tion methods [9,10]: (1) bilateral one-segment fixation with four
pedicle screws (M1) shown in Fig. 2(a); (2) bilateral single-level
fixation with four pedicle screws with an IB at L3-L4 level (M2)
shown in Fig. 2(b); (3) bilateral two-segment fixations with four
pedicle screws (M3) shown in Fig. 2(c); (4) intermediate unilateral
fixation with five pedicle screws (M4) shown in Fig. 2(d); (5) bi-
lateral intermediate fixation with six pedicle screws (M5) shown
in Fig. 2(e); and (6) bilateral intermediate fixation with six pedi-
cle screws with an IB at L3-L4 level (M6) shown in Fig. 2(f). The
positioning of the PS in the vertebrae followed the geometrical
prescriptions of the American Society for Testing Materials (ASTM)
F1717 standard, where the screw angles and the orientation of the
rods were kept identical with the experimental setup in the lit-
eratures [10,20]. Perfect tied connections between the PS and the
attached rods were assigned in this study where no relative move-
ment was permitted between the screw head and the rod [9,10].
The screw-bone connection was also simulated as perfectly tied
connection with consideration of the compaction effect of the PS
to the bone to represent the long-term PS/bone bond with solid
fusion [3,22].

2.3. Loading conditions and boundary conditions

The inferior endplate of L, vertebra in all tested FE models was
fully constrained in all degrees of freedom. The loading conditions

f

Fig. 2. Posterior and anterior views of instrumented lumbar spine FE model using different short-segment fixation methods: (a) method 1 (M1); (b) method 2 (M2); (c)

Table 2
Percentage variation of the rod von Mises stress in six fixation methods.
M1 M2 M3 M4 M5 M6

Axial compression 160.3 MPa —38% —14% —26%  —26% —42%
Flexion 95.4MPa -36% —8% -21%  -28%  —48%
Extension 70.8 MPa —40%  -46%  —18%  —-36%  —46%
Lateral bending 93.2 MPa —38% -11% -7% -17% —36%
Axial rotation 117 MPa -39% -17%  -20% —24% —46%

were applied on the superior endplate of L,. For each instrumented
FE spine model, five loading conditions [10] were tested: (1) an
axial load of 500N; (2) a moment of 10Nm in flexion direction;
(3) a moment of 10Nm in extension direction; (4) a moment of
10Nm in left lateral bending; and (5) a moment of 10Nm in left
axial rotation.

2.4. Validation of PS-instrumented FE spine models

The FE models of the intact lumbar spine and the spinal im-
plants were validated separately in our previous studies [19,23].
The FE models of PS-instrumented spine were validated against the
experimental and simulation results reported by Villa et al. [10] us-
ing the von Mises stress of the pedicle rods predicted in the M5
models. ANOVA method was utilized to correlate the von Mises
stress values of this study and those in the literature [10].

3. Results
3.1. FE model validation and von Mises stress in the rod

As shown in Fig. 3, the maximum von Mises stress values of
the rods predicted in this study were consistent with the exper-
imental results and FE simulation results reported by Villa et al.
[10] (R2 =0.9247), which validated the FE models in this study.

The variation of the maximum rod von Mises stress in each fix-
ation method was calculated and compared to that in M1 (Table 2).
To illustrate the stress distribution in the rod, the von Mises stress
contour plots of the rod were generated for all the six fixation
methods in flexion in consistent color scale (0-96 MPa) (Fig. 4).
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Fig. 3. Implant-instrumented spine FE model validations: comparison of maximum von Mises stress of the rods predicted in this study (M5) and that reported in the

literature [10].

As shown in Table 2, the axial compression force of 500N
produced the largest von Mises stress in the rod among all
five test loading conditions in M1 (160.3 MPa). Within the four
pure bending loading conditions (flexion, extension, lateral bend-
ing, and axial rotation), axial rotation produced the largest
von Mises stress (117 MPa) in the rod for all the six fixation
methods, whereas flexion/extension produced the smallest (flex-
ion/extension: 95.4 MPa/70.8 MPa). With IB, M2 reduced up to 40%
of rod stress compared to M1, which generally reduced more rod
stress than the configurations without interbody. With one more
level fused, M6 reduced more rod stress than M2 did. With one
more level fixed than M1 with same number of screws, M3 re-
duced considerably more rod stress in all loading conditions com-
pared to M1 (between —8% and 46%). From M3 to M5, same level
of fixation was conducted with increasing number of screws. As
more screw inserted, more rod stress was reduced in all loading
conditions except for extension in M3 (axial compression: —14%
to —26%, flexion:—8% to —28%, extension: —46% to —36%, lateral
bending: —11% to —17%, axial rotation: —17% to —24%). With IB in-
serted at L3—L4, M6 reduced considerably more rod stress than M5
did in all loading conditions (between —36% and —48%).

As shown in Fig. 4, the maximum von Mises stress occurred
on the rod adjacent to the screw/rod connecting area in all the
six fixation methods. In M1 and M2, the maximum rod von Mises
stress concentrated at the rod/screw connecting area. Comparing
M1 and M3: with shorter rod (M1), higher level of stress concen-
tration occurred on the rod whereas stress tended to distribute on
larger area on rod with extended rod (M3). In M4, three screws
were attached on the left rod while two screws were attached to
the right rod. The stress concentrated notably more on the left rod
adjacent to the intermediate screw while the stress on the right
rod tend to be more distributed. In M5 and M6, the maximum von
Mises stress concentrated on the intermediate screw in both rods.

3.2. Range of motion

The variation of the global ROM of spine model with each fixa-
tion method was calculated and compared to that in M1 (Table 3).
As shown in Table 3, the flexion produced the largest ROM in
the rod among four bending loading conditions in M1 (7.1°) fol-
lowed by lateral bending (6.4°) whereas extension produced the

Table 3
Percentage variation of the global range of motion of spine model with six
fixation methods.

M1 M2 M3 M4 M5 M6
Flexion 7.1° —-15%  -41%  —-45% -49%  —62%
Extension 3.8° -18% —-53%  -55% -59%  —89%

Lateral bending  6.4° -20% -52% -56% —-59% —74%
Axial rotation 5.2° —12% —27% —31% —35% —55%

Table 4
Percentage variation of the maximum screw/bone interaction force in six fixa-
tion methods.

M1 M2 M3 M4 M5 M6

Axial compression 89N -53%  -21% —-6% -35%  —69%
Flexion 108N  —-65% 1% -9% -76%  —86%
Extension 103N -54% 2% —5% -73%  —-83%
Lateral bending 78N —43% 14% —28% —47% —68%
Axial rotation 171N —44% -11% 4% —44%  —56%

smallest (3.8°). With IB inserted, M2 reduced up to 20% of global
ROM in M1, which is greatly lower than those with two-level fu-
sion (M2-M6). With one more level fixed using the same num-
ber of screws, M3 reduced considerably more ROM in all loading
conditions compared to M1 (between —27% and —53%). With same
fusion level, increasing the number of screws did not significantly
affect the global ROM of the spine models (flexion: from —41% to
—49%, extension: from —53% to —59%, lateral bending: from —52%
to —59%, axial rotation: from —27% to —35%). With an IB inserted
at L3-L4, M6 reduced significantly more ROM than M5 did in all
loading conditions.

3.3. Maximum interaction force between the PS and vertebra

The variation of the maximum screw/bone interaction force in
each fixation method was calculated and compared to that in M1
(Table 4).

As shown in Table 4, the axial rotation produced the largest
screw force in the rod among all five test loading conditions in
M1 (171N). With IB inserted at L3-L4, M2 reduced up to 65%
screw forces than M1 did. Comparing M2 with M6, M6 reduced
up to 29% more screw force than M2 did with one more level of
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Fig. 4. Stress contour plots of the rods in six fixation methods: (a) M1; (b) M2; (c) M3; (d) M4; (e) M5; and (f) M6 (color scale 0-96 MPa).

fusion and two more screws to share the force. With one more
level fixed using the same number of screws, M3 considerably re-
duced the screw force in axial compression (—21%) and axial ro-
tation (—11%) whereas achieved comparable screw force in flex-
ion/extension (1%/2%) and increased that in lateral bending (14%).
With same level of fixation with increasing number of screws from

M3 to M5, more screw force was reduced in all loading conditions
(axial compression: —21% to —35%, flexion: 1% to —76%, extension:
2% to —73%, lateral bending: 14% to —47%, axial rotation: —11% to
—44%). With IB inserted at L3-L4, M6 reduced considerably more
screw force than M5 did in all loading conditions (axial compres-
sion: from —35% to —69%, flexion: from —76% to —86%, extension:
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from —73% to —83%, lateral bending: from —47% to —68%, axial ro-
tation: —44% to —56%).

Discussion

The present study primarily focused on comparing the effects
of different fixation methods on the implant stress and load trans-
fer between the implants and spine, which is intended to reveal
the relative variations in the spinal biomechanics when chang-
ing the screw/rod configurations. It will be better to understand
how individual parameters such as screw numbers, fusion lev-
els, and interbody cage in different surgical plans will affect the
spinal ROM, implant stress, and load transfer between the im-
plant and spine. Six posterior short-segment fusion techniques
were tested and compared, which were widely used to treat tho-
racolumbar burst fractures, scoliosis, and spondylolisthesis [2,9,10].
The implant-instrumented spine FE models were validated against
the experiments reported by Villa et al. [10], where the von Mises
stress in the pedicle rod predicted in this study was consistent
with the experimental data. The variations of implants investigated
in this study included a number of fused levels, number of pedicle
screws inserted, and with or without an IB.

The von Mises stress in the rod could provide insights of the
rod fracture risk. In general, the present study showed that more
fixed spinal levels, more screws, and inserting the IB would re-
duce the stress in the rods. However, it has been observed that
stress concentration occurred adjacent to the screw/rod connect-
ing points. With fewer screws attached, less stress concentration
occurred on the rods, which might increase the rod survival rate in
the long term. In both single-level and two-level fusions, inserting
IB reduced the rod von Mises stress. The main reason was that the
IB provided the anterior support to the fused vertebrae. FE study
has advantages in predicting the stress/strain in the implants over
the physical test using the strain gauge because the strain gauge
can only provide stress/strain information on discrete points [10].

The screw/bone interaction force was investigated to show the
load distribution between the vertebrae and the spinal implants.
With the same fused level, increasing the number of screws could
help reduce the screw force. This is because the load was dis-
tributed to more screws. It is also noticeable that M3, even with
longer rods compared to M1, generated marginally a larger screw
force in flexion/extension and considerable larger screw force in
lateral bending than M1 did. Due to the absence of the intermedi-
ate screws, M3 failed to provide the intermediate anchoring points
for the rods, which produced a longer cantilever distance in the
rod and allowed a larger local spinal deformation at the interme-
diate level. The intermediate screws are able to provide an ante-
rior force to the intermediate vertebra creating a lordosis effect to
the spine, which was consistent with the findings reported by Li
et al. [9]. If the intermediate screws exist, the rod stress tended
to concentrate adjacent to the roots of the intermediate screws
(Fig. 4), which suggested that the intermediate screws bear a con-
siderable amount of load. In both single-level and two-level fu-
sions, the IB provided anterior support to the spine and reduced
the screw force, which is well consistent with clinical observations.

Measuring the ROM of the spine verifies the overall stiffness
of the spine implant construct which provides a measure of the
stability provided by the fixation. The present study showed that
instrumenting more spine levels with longer rods reduced both
the rod stress and the ROM of the spine model. With IB inserted,
more ROM will be reduced at fused level, which indicates that IB
could increase the stability in the spine fusion. IB greatly increased
the stability at the inserted level in both single-level fusion and
two-level fusion. However, previous study has suggested that over-
fusion might induce adjacent segment deterioration and PJK [2,21].
To possibly prevent such degeneration, some have suggested tech-

niques such as tethering bands attached to the upper instrumented
vertebra to facilitate a smoother biomechanical transition of the
ROM [21]. The present study also found that increasing the screw
density with the same fused levels does not affect the global ROM.
This is due to the fact that the global stiffness of the spine is pri-
marily determined by the rod and IB configurations and the screws
only serve as connections between the rods and bones. However,
as seen in Fig. 4(d), fewer screws will increase the local stress con-
centration effect on the rod.

Among the five loading conditions tested in this study, the axial
compression load (500 N) produced the largest von Mises stress in
the rod and the screw-bone interaction force, which was consis-
tent with the results reported by Villa et al. [10]. Among the four
bending loading modes (flexion/extension, lateral bending, and ax-
ial rotation), the axial rotation generally produced the largest von
Mises stress in implants and screw-bone interaction force, which
was consistent with the general trends predicted in the literatures
[2,10]. The loading conditions applied in this study were different
from the physiological loads that resulted in the maximum ROM in
each loading direction [12]. Dreischarf et al. [12] suggested that the
FE spine models could also be tested by the loading conditions that
combining pure bending moment and compression, which could
better represent the physiological spinal loads.

The limitations of the present study should be taken into ac-
count. Since only static loading conditions were applied in this
study, it is not possible to investigate the implant performance un-
der long-term cyclic loading conditions. Although the maximum
stress value predicted in this study was significantly lower than
the material yield stress, long-term cyclic loads on the implants
might result in the fatigue failure of the implants. In the situations
of high-cycle fatigue failures of the implant, the breakage of in-
dividual fixation device might abruptly change stress or load dis-
tributions predicted in the present study. The present study can-
not predict the failure history of the implants either. Another lim-
itation of this study is that the residual stress in the implants
introduced by the intraoperative rod bending procedure was not
considered in the present study. The simplified bonded screw/rod
connection might amplify the stress concentration effect adjacent
to the screw/rod connecting points. Finally, linear-elastic and ho-
mogeneous material properties were assigned to bony tissues and
the implants. Since the focus of this study is not predicting the
post-yield behavior of the bony tissues and implants, it is accept-
able to use linear-elastic material models to simulate the pre-yield
elastic behaviors. However, linear-elastic material properties should
be only utilized when the bony tissues and implants are under
small deformations. To predict the failure and the yielding process
of the bony tissues and implants under high-strain energy scenar-
ios, nonlinear-elastic material properties are suggested.

Future studies will consider alternative stress in the implants
in order to predict the high-cycle fatigue behavior of the implants.
Since only short-segment spine model (L2-L4) were employed in
this study, this study did not address the effects of global param-
eters (such as pelvic incidence and lordosis in the spine) on the
biomechanical performance of the implants.

Conclusions

In summary, this study was able to compare the rod stress, the
ROM of the spine and screw/bone interaction force in six differ-
ent short-segment spine fixation methods under different loading
conditions using the FE method. Among different fixation meth-
ods, instrumenting more spinal segments (increasing implant den-
sity) might help distribute the spinal load on the PS to reduce the
stress, screw force, and instability of the spine (ROM). With longer
rods, the additional intermediate screws are suggested to provide
additional anchoring effect to the fixation device. However, the fact
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that inserting more screws also increased the stress concentration
points on the rods should also be considered. This study also sup-
ported the clinical observation that an interbody cage can provide
anterior support to the spine and reduce the loads on the posterior
fixation devices.
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