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Abstract: This study aims to investigate the fixation strength of unilateral cortical bone trajectory screw fixation 
(UCBT) and UCBT with contralateral translaminar facet screw fixation (UCBT-TFS) by repeating the verification of 
three finite element models. Three healthy female models of the lumbosacral spine were constructed. For each of 
them, four transforaminal lumbar interbody fusion (TLIF) models with the following instruments were created: bilat-
eral traditional trajectory pedicle screw fixation (TT), bilateral cortical bone trajectory screw fixation (CBT), UCBT, and 
UCBT-TFS. A 150-N compressive load with 10 N/m moments was applied to simulate flexion, extension, lateral bend-
ing, and axial rotation. The range of motion (ROM), the stress of the cages, and the stress of the posterior fixations 
were compared. TT and UCBT-TFS had a similar low ROM compared to the intact models, and CBT showed a higher 
ROM in lateral bending. UCBT resulted in the highest ROM under all loading conditions, especially in lateral bending 
(116% and 170% greater than TT in left bending and right bending). UCBT induced a significant increase in the peak 
stress of cages and instruments, followed by CBT and UCBT-TFS, and the lowest mean values were observed for 
TT. Among the four different fixation techniques, TT offered the highest fixation strength and lowest implant stress, 
followed by UCBT-TFS and CBT, while UCBT was the least stable and resulted in increased stress of the screws and 
cages. UCBT-TFS improved biomechanical stability and appeared to be a less invasive alternative in well-selected 
patients with single-level TLIF.

Keywords: Cortical bone trajectory, unilateral, translaminar facet screw, transforaminal lumbar interbody fusion, 
finite element analysis, biomechanical stability

Introduction

With the development of surgical technology 
and implanted instruments, the number of lum-
bar fusion surgeries has increased rapidly for 
the past three decades. Deyo et al. [1] found 
that the annual number of lumbar fusion oper- 
ations increased from approximately 61,000  
in 1993 to over 450,000 in 2011 (an increase 
of 600%) in the United States. Pedicle screw 
fixation, the classic technology to treat spinal 
degenerative disorders, vertebral deformities, 
and metastatic tumors, has been applied for 
more than 60 years since it was first described 
in 1959 by Boucher [2]. However, several limi-

tations of pedicle screws have also been report-
ed in the literature, including excessive dissec-
tion of paraspinal muscles, screw loosening, 
and instrument failure [3-5].

Based on the modification of the screw track  
in traditional trajectory pedicle screw (TT), 
Santoni et al. [6] described a novel cortical 
bone trajectory (CBT) screw fixation method 
with approximate pullout strength and mechan-
ical performance compared with TT in 2009. In 
terms of the screw path, the entry point of CBT 
is closer to the midline of the spine, and the 
screw-bone interface is located in the stiffer 
cortical bone. The in vivo analysis of CBT dem-
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onstrated a 30% increase in uniaxial yield  
pullout load [6] and 1.7 times higher torque 
relative to TT [6, 7]. Therefore, considering the 
better biomechanical properties of CBT screw 
fixation, unilateral cortical bone trajectory scr- 
ew fixation (UCBT) and a combined fixation of 
UCBT with a contralateral translaminar facet 
screw (UCBT-TFS) have received increasing at- 
tention by spine surgeons as a type of less in- 
vasive alternative fixation [8]. However, none  
of the previous studies evaluated the biome-
chanical performance of UCBT and UCBT-TFS. 
This is the first study to investigate the stabili- 
ty of these fixation techniques by repeated te- 
sting of three different finite element models.

Materials and methods

Model development of the lumbosacral spine

To improve the reliability and repeatability of 
the analysis results in this study, finite element 
(FE) models of different healthy volunteers 
were constructed for repetitive testing. Two 
independent spine surgeons were assigned to 
exclude the spinal deformities of volunteers. 
Finally, the high-resolution computed tomogra-
phy data (AQUIRRON 64, Toshiba, Japan, 250 
mAs, 120 kV voltage, slice thickness of 0.625 
mm) of three healthy adult females were ac- 
quired and stored in a hard disk. The average 

ing an NURBS surface on the object. The can-
cellous bone and posterior bone were gene- 
rated by offsetting the entire vertebral body. 
Then, the smoothed models were processed 
using SolidWorks 2017CAD (SolidWorks Cor- 
poration, Concord, MA, USA) to construct the 
vertebral endplates, annulus fibrosus, nucleus 
pulposus, and facet cartilage parts.

The bodies of the vertebrae, including cortical 
bone, cancellous bone, and posterior bone, 
were set as solid elements. Cancellous bone 
was covered by a 0.5 mm thick cortical bone 
[9]. Two cartilaginous endplates with a thick-
ness of 1 mm were attached to the upper and 
lower surfaces of the cortical bone [10, 11]. 
The annulus fibrosus was assumed to be a 
composite of seven crisscrossing fiber layers 
with an inclination to the transverse plane 
between 15° and 30° [12]. The fiber content 
accounted for approximately 19% of the annu-
lus fibrosus, similar to a real annulus [12]. The 
nucleus pulposus, simulated as a fluid-like and 
incompressible material, occupied 44% of the 
disc volume [9]. The breadth of the facet jo- 
ints was approximately 0.3-0.6 mm according 
to the natural distance in CT. The parts des- 
cribed above were assembled into intact lum-
bosacral models (Figure 1). The midsagittal 
diameter (width), transverse diameter (length), 
and height of the L4/L5 vertebral body were 

Figure 1. Reconstructions of the intact lumbosacral models of the three fe-
male volunteers involved in the present study. Because the analysis of this 
study did not involve coccyx, the geometry characteristics of the coccyx in 
patient 3 (right) were simplified.

age of the three volunteers 
was 35 (range 28-41) years 
old.

Anatomical 3D models of the 
lower lumbar vertebrae, sa- 
crum, and coccyx were gener-
ated using Mimics resear- 
ch 19.0 (Materialize, Leuven, 
Belgium) (because the analy-
sis of this study did not invol- 
ve the coccyx, the geometric 
characteristics of the coccyx 
in patient 3 were simplified). 
The intact models were em- 
bedded into Geomagic Studio 
2013 (3D Systems Corpor- 
ation, Rock Hill, South Caro- 
lina, USA) for further opera-
tion, including retriangulation 
and smoothing of the polygon 
mesh, making triangles more 
uniform in size, and generat-
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measured by SolidWorks [13]. The height of  
the vertebral body was defined as the dis- 
tance between the upper and lower cortical 
bone. The disc height at L4/5 was the mean 
value of the anterior edge, center, and poste- 
rior edge of the disc [14]. The lower arc of lum-
bar lordosis (LLLA) was defined as the angle 
between the upper endplate of L4 and the  
endplate of S1 [15]. The sacral slope (SS) was 
defined as the angle between the horizontal 
line and the endplate of S1 (Figure 2) [16]. 
Finally, the intact lumbosacral models were 
imported into ANSYS Workbench 17.0 (ANSYS, 
Ltd., Canonsburg, Pennsylvania, USA) for set-
ting material properties, defining major liga-
ments, and generating meshes.

Construction of surgical models 

Transforaminal lumbar interbody fusion (TLIF) 
was assumed at the L4-5 level to excise the 
joint cartilage, the right facet joint, and part of 
the annulus fibrosus, nucleus, and cartilagi-
nous endplates. The interbody cage was placed 
obliquely in the middle of the intervertebral 

translaminar facet screw had a length of 45 
mm and a diameter of 3.5 mm. The entry point 
of the cortical bone trajectory was located at 
the intersection of the lower border of the tr- 
ansverse process and the midline of the supe-
rior articular process, inclining 30-45 degrees 
to the head side and 20 degrees to the lateral 
side [17]. The entry point of the translaminar 
facet screw was located at the junction of the 
lamina-spinous process, and the screw was 
passed through the left facet joint [18].

Biomechanical analysis

All the FE models were imported into ANSYS 
Workbench 17.0 for biomechanical testing. The 
sacroiliac joint was bilaterally fixed with all 
degrees of moment restricted throughout the 
whole analysis. To simulate the weight of the 
body and movement load, a vertical compres-
sive force of 150 N was used on the upper sur-
face of L3, and a 10-N/m moment was applied 
along the radial direction in flexion, extension, 
left lateral bending, right lateral bending, left 
rotation, and right rotation [10, 19]. The mate-

Figure 2. Demonstration of the anatomical measurements. A. Measure-
ments of the vertebral body length, width, and height. B. Measurements of 
the disc height, lower arc of lumbar lordosis (LLLA), and sacral slope (SS). 
The disc height at L4/5 was the mean value of the anterior edge, center, 
and posterior edge of the disc. The LLLA was defined as the angle between 
the upper endplate of L4 and the endplate of S1. The SS was defined as the 
angle between the horizontal line and the endplate of S1.

space and filled with cancel-
lous bone allograft to simu- 
late the embedded allogeneic 
bone graft. Then, the TLIF 
models were applied with four 
different fixation techniques: 
(1) bilateral traditional trajec-
tory pedicle screw fixation 
(TT); (2) bilateral cortical bo- 
ne trajectory screw fixation 
(CBT); (3) UCBT; and (4) UCBT-
TFS (Figure 3). In total, six- 
teen finite element models 
were created. In all four fusion 
models, the cage was placed 
in the same location. The pos-
terior rods, cage, TT screws, 
CBT screws, and facet screws 
were constructed according to 
our previous report [12]. The 
posterior rods had a diameter 
of 5.5 mm; the cage had a 
length of 24 mm and a height 
of 12-14 mm (according to the 
different disc heights of the 
models); the TT screws had a 
length of 50 mm and a diam-
eter of 6 mm; the CBT screws 
had a length of 35 mm and a 
diameter of 5 mm; and the 
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rial properties were assumed to be isotropic 
elasticity according to our previous study [20]. 
The material of the intervertebral bone graft 
was assumed to the cancellous allograft bone 
properties [10]. The material of posterior fixa-
tions and spinal cage was assumed as titani- 
um alloy and polyetheretherketone (Table 1) 
[10, 21]. The L4-5 disc was degenerated, ch- 
anging the elastic material properties of the 
annulus. The ligaments of the spine were simu-
lated using tension-only and nonlinear spring 
elements. The stiffness of the springs was 
taken from previous validation experiments on 
FE models (spring stiffness = (modulus of elas-
ticity × cross-section)/average length) [22, 23]. 

The stiffness of the anterior longitudinal liga-
ment, posterior longitudinal ligament, ligamen-
tum flavum ligament, supraspinous ligament, 
interspinous ligament, transverse ligament, 
and capsular ligament was 8.74 N/mm, 5.83 
N/mm, 15.75 N/mm, 15.38 N/mm, 0.19 N/
mm, 2.39 N/mm, and 10.85 N/mm, respec- 
tively. The contact type of the facet joint was 
defined as “frictional”, and the friction coeffi-
cient was set at 0.1. The remaining bodies  
were defined as the “bonded” mode [11]. The 
optimum mesh was generated with hexahe- 
dral elements (C3D4). The dimension of the 
joint cartilage mesh was 0.5 mm, while that of 
the other bodies was 2.0 mm. The ROM, cage 

Figure 3. Renderings of 
transforaminal lumbar in-
terbody fusion (TLIF) with 
four different fixation tech-
niques: A. Bilateral tradi-
tional trajectory pedicle 
screw fixation (TT). B. Bi-
lateral cortical bone trajec-
tory screw fixation (CBT). 
C. Unilateral cortical bone 
trajectory screw fixation 
(UCBT). D. Unilateral corti-
cal bone trajectory screw 
plus contralateral trans-
laminar facet screw fixa-
tion (UCBT-TFS).

Table 1. Material properties assumed for posterior fixations, bone-graft, and spinal cages
Bodies Material Young’s Modulus (GPa) Poisson’s Ratio (μ) References
Posterior fixations titanium alloy (Ti-6A1-4V) 110 0.28 [21]
Bone graft cancellous bone 0.1 0.2 [10]
Spinal cage polyetheretherketone 3.6 0.25 [10]
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stress, and posterior fixation stress were re- 
corded to make a biomechanical comparison  
of TLIF with the four fixation techniques.

Results

Morphometric characteristics and sagittal pa-
rameters of intact lumbosacral models

The geometrical measurements of vertebral 
body size and disc height were in the range 
documented by previous anatomical studies 
[13, 14]. The measurement of sagittal para- 
meters showed a good match with Chinese 
asymptomatic adults (Table 2) [15, 16]. Accor- 
ding to the quantitative comparison, all three 
lumbosacral models were proven to be suit- 
able for further FE analysis.

Validation of the intact model

The final intact models contained between 
630,212 and 958,474 nodes and 393,835 
and 521,823 elements. The average ROMs of 
L3-4 level during flexion, extension, bending, 
and rotation were 4.13°, 3.65°, 3.57°, and 
1.78°, respectively, 5.21°, 3.84°, 3.54°, and 
2.16° at the L4-5 level, respectively, and  
5.90°, 3.51°, 2.70°, and 1.51° at the L5-S1 
level, respectively. The comparison between 
our results and the reported data in the three 
models showed that the ROMs of different  
segments were in good agreement with those 
experimental measurements under all loading 
conditions [24-26] (Figure 4). Therefore, the 
three intact models were included for further 
biomechanical analysis.

Range of motion

In general, all posterior fixation techniques 
induced a significant decrease in the ROM at 

the fusion segment with respect to the intact 
configuration. Among the four implanted mod-
els, the highest ROM at the L4-5 level was 
found for the UCBT configuration, followed by 
CBT, UCBT-TFS, and TT (Figure 5). Compared 
with the ROM in TT, the ROMs in UCBT marked- 
ly increased by 31%, 55%, 116%, 170%, 55%, 
and 62% in flexion, extension, left bending, 
right bending, left rotation, and right rotation, 
respectively. Although the mean value of CBT 
was slightly higher in lateral bending than that 
of TT and UCBT-TFS, the three instruments 
showed comparable stability in other direc-
tions. The differences in the ROM among the 
three implanted models were less than 0.2 
degrees.

Stress of cages

In terms of the maximal von Mises stress of  
the cages, the highest mean value was ob- 
served in the UCBT models in each direction, 
especially in lateral bending and axial rotation 
(compared to the TT models, increased by 
148%, 105%, 55%, and 73% in left bending, 
right bending, left rotation, and right rotation, 
respectively). CBT resulted in a similar cage 
stress to UCBT-TFS, which was higher than the 
stress of TT in lateral bending and axial rota-
tion. Generally, the TT models still resulted in 
the lowest stress at the cage surface (average 
47 MPa, 15 MPa, 26 MPa, 27 MPa, 45 MPa, 
and 34 MPa in flexion, extension, left bending, 
right bending, left rotation, and right rotation, 
respectively) (Figure 6).

The stress of the posterior fixations

A similar change in maximal von Mises stress in 
the posterior fixations was observed: the high-
est stress of the instruments was found in the 

Table 2. Anatomical measurements of three intact models
Patient 1 Patient 2 Patient 3 Anatomical study References

L4 width (mm) 36.2 28.9 35.2 33.0±0.4 [13]
L4 length (mm) 50.4 42.3 46.9 43.6±0.5 [13]
L4 height (mm) 26.3 26.0 25.8 25.5±0.3 [13]
L5 width (mm) 34.8 28.2 35.4 34.2±0.3 [13]
L5 length (mm) 52.9 42.3 47.4 44.5±0.4 [13]
L5 height (mm) 25.5 25.8 25.7 25.9±0.3 [13]
Disc height at L4/5 (mm) 7.2 6.3 8.1 8.5±1.6 [14]
Lower arc of lumbar lordosis (°) 24.1 33.2 36.8 28.8±9.9 [15]
Sacral slope (°) 29.8 35.1 34.5 34.4±8.0 [16]
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UCBT models, while TT demonstrated a signifi-
cant decrease in the stress in each direction 
(Figure 7). The maximum peak von Mises stre- 
ss in UCBT was observed during flexion, left 
rotation, and right rotation (average 306, 326, 
and 292 MPa, respectively). A typical peak  
von Mises stress of UCBT is shown in Figure  
8. Finally, UCBT-TFS generally resulted in less 

despite the advantage of biomechanical sta- 
bility using pedicle screws, screw loosening  
and breakage are common complications in 
patients with osteoporosis. Screws with differ-
ent trajectories have been developed to im- 
prove the holding strength in the vertebral 
body. From a biomechanical point of view, the 
forces of the transverse process, lamina, and 

Figure 4. Mean values and minimum-maximum rang-
es of L3-S1 for the intact lumbosacral models com-
pared with the average and standard deviation of pre-
vious experimental results. The comparison showed 
that the ROMs of different segments were in good 
agreement with those experimental measurements. 
A. The ROM at the L3-4 level. B. The ROM at the L4-5 
level. C. The ROM at the L5-S1 level. *The ROM of L5-
S1 were not provided in Shim’s study.

Figure 5. Mean values and minimum-maximum ranges of ROMs at the fixa-
tion segment in four implanted models. The highest ROM at the surgical lev-
el was found for the UCBT configuration, followed by CBT, UCBT-TFS, and TT.

stress than CBT but resulted 
in consistently higher stress 
than TT under all loading con-
ditions (compared to the TT 
models, increased by 22%, 
6%, 64%, 53%, 45% and 66% 
in flexion, extension, left ben- 
ding, right bending, left rota-
tion, and right rotation, res- 
pectively). 

Discussion

Multiple studies have con-
firmed that three-column sta-
bilization of the spine can be 
effectively achieved by pedi- 
cle screw fixation. However, 
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facet joint transmit and converge at the pedi-
cle, namely, as the “force nucleus” of the verte-
bral body [27]. CBT screws obtain good fixation 
strength by maximizing thread contact with the 
cortical bone in the “force nucleus”, including 
the dorsal cortical bone at the insertion, the 
medially oriented posterior pedicle wall, the lat-
erally oriented anterior pedicle wall, and the 
curvature of the vertebral body wall [7]. There- 
fore, the CBT technique offers superior fixation 
strength over the TT technique in some con- 
ditions.

Although there was a slightly higher ROM in lat-
eral bending, this study showed that bilateral 

screw techniques can provide similar biomech- 
anical stability [30, 31] and fusion rates [32, 
33] to bilateral pedicle screw fixation. How- 
ever, in terms of UCBT, the ROM, cage stress, 
and instrument stress were significantly high- 
er than those of TT, which is the gold stand- 
ard fixation for lumbosacral fusion in the treat-
ment of various spinal diseases. This result 
indicates that UCBT may make the fusion seg-
ment very unstable, especially in lateral bend-
ing. In addition, UCBT may also increase the 
risk of cage subsidence, screw loosening, and 
nonunion. Therefore, UCBT is less optimal for 
stabilizing cases of TLIF due to the low fixation 
strength and large instrument stress.

Figure 6. Mean values and minimum-maximum ranges of the peak von Mis-
es stress in the cages in four implanted models. Generally, the TT models 
still resulted in the lowest stress at the cage surface.

Figure 7. Mean values and minimum-maximum ranges of the peak von Mis-
es stress in posterior fixations in four implanted models. The highest stress 
of the instruments was found in the UCBT models, while TT demonstrated a 
significant decrease in the stress in each direction.

CBT demonstrated similar fix-
ation strength to TT. This re- 
sult was consistent with sev-
eral previous biomechanical 
studies by Matsukawa et al. 
[28, 29]. The authors found 
that CBT screws demonstrat-
ed greater vertebral stability 
in flexion-extension and low- 
er stability in lateral bending 
and rotation than TT screws  
in the normal lumbar spine, 
while they demonstrated sta-
tistically lower fixation streng- 
th in the spondylolytic spine. 
This may be related to the 
shorter lever arm and smaller 
spacing of the CBT construct. 
In terms of internal fixation 
stress, the maximum stress  
of CBT was also higher than 
that of TT, especially in lateral 
bending and rotation (78%, 
63%, 101%, and 89% in left 
bending, right bending, left 
rotation, and right rotation, 
respectively). This may be due 
to the smaller CBT screws 
being extensively surrounded 
by hard cortical bone. Thus, 
we suggest TT rather than 
CBT for patients with obesity, 
spondylolytic vertebrae, and 
unilateral/bilateral facetecto-
my to decrease the risk of 
screw loosening.

Some biomechanical studies 
and clinical reports have re- 
vealed that unilateral pedicle 
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The size of translaminar facet screws (TFS) (3.5 
mm diameter and 45 mm length) is similar to 
that of CBT screws (5 mm diameter and 35  
mm length), and both screws pass through the 
lamina and maximize thread contact with the 
stiff cortical bone. In addition, the fixed facets 
significantly reduce motion in flexion, exten-
sion, and axial rotation but have less impact in 
lateral flexion [18]. Translaminar facet screws 
have shown good fixation strength and are 
often applied with unilateral pedicle screw fixa-
tion [34, 35]. Thus, we assume that the com-
bined fixation of UCBT and TFS can preserve 
the limited paraspinal muscle dissection of 
UCBT fixation and overcome the limitations of 
reduced stability. The data of this study also 
recommend that a hybrid fixation of UCBT with 
TFS is a better choice to reduce invasiveness 
and provide sufficient stability. However, it 
should be noted that the stress of UCBT-TFS 
screws is higher than that of TT screws in lat-
eral bending and rotation, which means that 
patients with UCBT-TFS should be evaluated  
for their body mass index and postoperative 
activity.

Some limitations should be mentioned in this 
computational study. First, as a computer simu-

lation biomechanical experiment, it has con-
natural drawbacks, such as exclusions of the 
difference of soft-tissue dissections among 
four fixations, the effect of different weights, 
and the complex movements of the spine. Se- 
cond, the nonlinear characteristics of the liga-
ments were simplified, and the effects of fat 
and skin were excluded. Furthermore, our bio-
mechanical study only focused on single-level 
conditions and single-interbody cage TLIF, and 
the biomechanical results of these techniques 
at 2 levels or with other lumbar fusion tech-
niques have not been obtained.

In conclusion, among the four different fixation 
techniques, TT offered the highest fixation str- 
ength and lowest implant stress, followed by 
UCBT-TFS and CBT, while UCBT was the least 
stable and resulted in increased stress of the 
screws and cages. UCBT-TFS improved biome-
chanical stability and appeared to be a less 
invasive alternative in well-selected patients 
with single-level TLIF.
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