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Abstract:

Introduction: Pedicle screws are commonly used in fixation to treat various spinal disorders. However, screw loosening
is a prevalent complication, particularly in patients with osteoporosis. Various biomechanical studies have sought to address
this issue, but the optimal depth and trajectory to increase the fixation strength of pedicle screws remain controversial.
Therefore, a biomechanical study was conducted using finite element models.

Methods: Three-dimensional finite element models of the L3 vertebrae were developed from the preoperative computed
tomography images of nine patients with osteoporosis and nine patients without who underwent spine surgery. Unicortical
and bicortical pedicle screws were inserted into the center and into the anterior wall of the vertebrae, respectively, in differ-
ent trajectories in the sagittal plane: straightforward, cephalad, and caudal. Subsequently, three different external loads were
applied to each pedicle screw at the entry point: axial pullout, craniocaudal, and lateromedial loads. Nonlinear analysis was
conducted to examine the fixation strength of the pedicle screws.

Results: Irrespective of osteoporosis, the bicortical pedicle screws had greater fixation strength than the unicortical pedi-
cle screws in all trajectories and external loads. The fixation strength of the bicortical pedicle screws was not substantially
different among the trajectories against any external loads in the nonosteoporotic vertebrae. However, the fixation strength
of the bicortical pedicle screws against craniocaudal load in the cephalad trajectory was considerably greater than those in
the caudal (P=0.016) and straightforward (P=0.023) trajectories in the osteoporotic vertebrae. However, this trend was not
observed in pullout and lateromedial loads.

Conclusions: Our results indicate that bicortical pedicle screws should be used, regardless of whether the patient has os-
teoporosis or not. Furthermore, pedicle screws should be inserted in the cephalad trajectory in patients with osteoporosis.
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Introduction

Over several decades, pedicle screw (PS) fixation has
been a gold standard treatment for various spinal disorders,
including degenerative diseases, deformity, and trauma'™”.
However, screw loosening is a highly prevalent complication
that can result in unfavorable surgical outcomes associated
with the loss of spinal alignment or pseudoarthrosis, particu-
larly in patients with osteoporosis*™. The anchoring ability

of PSs depends on the strength of the bone-screw interface;

thus, biomechanical studies have been widely conducted to
elucidate the factors related to fixation strength (FS), includ-
ing the morphology of the pedicle, mechanical properties of
PSs, and insertion techniques of PSs”.

To date, the optimal depth and trajectory of insertion
techniques of PSs, particularly in the sagittal plane, remain
controversial. From a biomechanical perspective, increasing
the length of screws and properly purchasing the anterior
vertebral cortex have been advocated as the most secure
fixation methods'. Conversely, in the thoracic and lumbar
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Table 1. Bone Mineral Density and Hounsfield Unit in
the O and NO Groups.

BMD (g/cm?®)
Group HU (L3)
Femoral neck Spine
(0} 0.568+0.065 0.810+0.128 42.7+£23.5
NO 0.773+0.075 0.568+0.065 110.1£37.5

Values are expressed as mean+standard deviation.
BMD, bone mineral density; HU, Hounsfield unit; O, osteoporosis;

NO, nonosteoporosis

spines, it has been reported that the pedicle itself contributes
to approximately 60% and purchasing of the anterior cortex
to 20%-25% of the FS'’. Regarding the trajectories, screw
insertion aimed toward the superior-anterior corner of the
vertebral body was shown to provide the best rigidity'”,
while screw insertion aimed toward the caudal part of the
body in the osteoporotic lumbar vertebrae was reported to
provide higher biomechanical strength'”. These controversies
might be attributed to the variations in the properties of
specimens used in experiments. Another study that used syn-
thetic osteoporotic bone models with a low material property
variance and a homogeneous structural property reported
that PSs should be inserted toward the inferior-anterior cor-
ner and that there should be purchase of the anterior cor-
tex'?. However, only the axial pullout force was applied to
assess the biomechanical strength of PSs in most previous
studies. In a recent biomechanical study that used computa-
tional models, axial pullout did not substantially contribute
to screw loosening'”. Furthermore, craniocaudal load was
shown to increase the risk of screw loosening in the osteo-
porotic vertebrae'”. Therefore, external loading on PSs may
be a critical factor for screw loosening. This study used fi-
nite element models to explore the optimal depth and trajec-
tory of PSs in the osteoporotic vertebrae against various ex-
ternal loads.

Materials and Methods

The study protocol was reviewed and approved by the
ethics committee of our institution. From our database of
lumbar spine surgery, 18 female patients aged 55-91 years
whose bone mineral densities were measured preoperatively
at the femoral neck and spine via dual-energy X-ray absorp-
tiometry were selected. The measurements in the spine with
severe degenerative changes were inaccurate; thus, the
Hounsfield unit (HU) was used as a substitute, which exhib-
ited correlation with bone mineral density”". The patients
were divided into two groups using the HU: O group (HU<
78.5, n=9), consisting of patients with osteoporosis, and NO
group (HU>78.5, n=9), consisting of patients with no osteo-
porosis'®. In this study, the L3 vertebra of each patient was
used for examinations; thus, the HU values were measured
on preoperative computed tomography (CT) images by plac-
ing an oval region of interest over three axial slices of L3:
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immediately inferior to the superior end plate, in the middle
of the vertebral body, and superior to the inferior end
plate®. The HU values from the three slices were averaged.
Data about the bone mineral density and HU of each group
are summarized in Table 1.

Finite element models

The construction of the finite element models and the
biomechanical analyses were conducted using Mechanical
Finder (version 11.0, MECHANICAL FINDER, Center for
Computational Mechanics, Tokyo, Japan). Three-dimensional
finite element models of the L3 vertebrae were constructed
using the preoperative CT images of the lumbar spine with a
slice thickness of 1 mm. The model consisted of 1-2-mm
tetrahedral elements with 39419-86017 nodes and 183872-
398737 solid elements™. To allow for bone heterogeneity of
the vertebra, the mechanical properties of each element were
computed from the HU value®. To calculate bone density
(p) from the HU values, the following equation was used:

p (g/cm’)=(HU+1.4246)x0.001/1.058 (If HU>-1)

p (g/cm’)=0.0 (If HU<-1)

Young’s modulus and the yield stress of each tetrahedral
element were calculated using the equation utilized by
Keyak et al.””:

[Young’s modulus (E) from bone density (p)]

E=0.001 (p=0)

E=33900p>* (0<p<0.27)

E=5307p+469 (0.27<p<0.6)

E=10200p>" (0.6<p)

[yield stress (o;) from bone density (p)]

0=1.0x10" (p<0.2)

0=137p"* (0.2<p<0.317)

c=114p'" (0.317<p)

The Poisson’s ratio of each element was set to 0.4.

A PS with a 7.0-mm diameter was modeled using the CT
data of a PS (MATRIX 5.5 Spine System, DePuy Synthes
Spine, Inc., Raynum, MA, USA) taken via a high-resolution
micro-CT. The material property of the PS was titanium al-
loy with Young’s modulus of 108.9 GPa, a critical stress of
899 MPa, a yield stress of 824 MPa, and Poisson’s ratio of
0.28. The PSs were inserted into the vertebrae through the
pedicles. As a result, the models were divided into two solid
elements: vertebrae and screws. Based on a previous study,
surface-surface contact elements with a frictional coefficient
of zero were used for the interface between the PS and the

vertebra™.

Validity of finite element models

As previously reported, a uniformly distributed uniaxial
compressive load was applied to the upper surface of the
vertebrae, and all elements and nodes on the lower surface
completely The Newton-Raphson
method was employed for nonlinear analysis, and the post-
yield modulus was set to 0.05. An element was assumed to
yield when its Drucker-Prager equivalent stress reached the
element yield stress. Failure in the post-yield phase was de-

were constrained™.
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Unicortical screw

Bicortical screw

Entry point

Cephalad Straightforward Caudal
trajectory trajectory trajectory

Figure 1. Insertion depth, trajectory, and entry point of the pedicle screws.
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Figure 2. Direction of external loads applied to the pedicle screws (axial pullout [a], craniocau-
dal [b], and lateromedial [c] loads) and the load—displacement curve displaying the fixation strength
of the pedicle screws (d).

fined as a minimum principal strain of the element of less load when at least one element failed. The fracture load in
than —10,000 microstrain. Fracture load was defined as the this study was 1,525+904 N, comparable with the value of
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1,764+588 N in the previous study™.
Screw insertion depth and trajectory

The PS insertion techniques employed in this study (Fig.
1) were based on those used in a previous study'. PSs with
two different lengths were inserted into the vertebrae: uni-
cortical screws to the center and bicortical screws to the an-
terior cortex of the vertebrae. The PSs were inserted in three
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different trajectories in the sagittal plane: straightforward
(SF) trajectory parallel to the upper endplate of the vertebra,
cephalad (CE) trajectory toward the anterior-superior corner
of the vertebra, and caudal (CA) trajectory toward the
anterior-inferior corner of the vertebra. The entry point for
each trajectory was as follows: the intersection of a longitu-
dinal line at the lateral border of the superior articular proc-
ess with a transverse line bisecting the transverse process for
the SF trajectory, a tangential transverse line to the distal
border of the transverse process for the CE trajectory, and a
tangential transverse line to the proximal border of the trans-
verse process for the CA trajectory. In the axial plane, the
PSs were directed 15° toward the midline.

Nonlinear finite element analysis

Nonlinear analysis was conducted to examine the FS of
the PSs. Three different external loads were applied to the
PSs at the entry point, with the models completely con-
strained in all directions at the surface of the upper and
lower endplates of the vertebrae: axial pullout, craniocaudal,
and lateromedial loads (Fig. 2a, b, c¢). The loading rate was
set to 20 N. The load at the sudden inflection point in the
load-displacement curve was considered to be FS (Fig. 2d)
because at this point, screw displacement rapidly progressed
due to bone fracture within the screw threads.

Statistical analyses

Data were expressed as meanzstandard deviation. To in-
vestigate the optimal depth of PSs and the impact of bone
quality on FS, FS was compared using the Mann-Whitney U
test between the unicortical and bicortical PSs in each tra-
jectory for both the O and NO groups and between the O
and NO groups in each depth or trajectory. Pearson’s corre-
lation coefficient was used to explore the correlation be-
tween the FS of PSs and the HU values. Furthermore, to in-
vestigate the optimal trajectory of PSs, FS was compared
via analysis of variance followed by Tukey’s post hoc test
among the trajectory for each external load. All statistical
analyses were conducted using JMP Pro software (version
16; SAS Institute Inc., Cary, NC). P<0.05 was considered to
indicate statistical significance.

Results

The length (mm) of the unicortical and bicortical PSs
were 40.0+0 and 62.1+3.0 mm for the CA, 40.0+0 and 55.0
+3.1 mm for the SF, and 40.0+0 and 55.6+3.7 mm for the
CE trajectories, respectively. Table 2 presents the FS of the
PSs in the O and NO groups against each external load for
each depth or trajectory. In both groups, the bicortical PSs
had greater FS than the unicortical PSs in all trajectories
and external loadings. Therefore, the optimal trajectory and
impact of osteoporosis on FS of bicortical PSs were investi-
gated. The FS of bicortical PSs was found to be correlated
with the HU values in each trajectory (Fig. 3). In the NO
group, the FS of the PSs was approximately two- to three-
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Figure 4. Comparison of the fixation strength of pedicle screws among caudal (CA), cephalad (CE), and straightforward

(SF) trajectories in osteoporotic (O) and nonosteoporotic (NO) vertebrae against axial pullout (a), craniocaudal (b), and latero-

medial (c) loads.

fold greater with statistically significant difference in all tra-
jectories against each external load (axial pullout: P=0.004
for the CA, 0.003 for the CE, and 0.003 for the SF trajecto-
ries; craniocaudal: P=0.003 for the CA, 0.038 for the CE,
and 0.022 for the SF trajectories; lateromedial: P=0.004 for
the CA, 0.006 for the CE, and 0.003 for the SF trajectories)
compared with the O group (Fig. 4). In the NO group, the
FS of the PSs was not statistically significantly different be-
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tween the trajectories for any of the external loads (Fig. 4).
However, in the O group, the FS against the craniocaudal
load in the CE trajectory was statistically significantly
greater than those in the CA (P=0.016) and SF (P=0.023)
trajectories, although this trend was not observed against the
axial pullout and lateromedial loads (Fig. 4). The equivalent
stress distribution around the bicortical PSs in each trajec-
tory against external loads is presented in Fig. 5, with the
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Aoxiad

Sagnial

Figure 5. Distribution of Dragger—Prager equivalent stress on osteoporotic vertebrae in a representative case. Axial (upper row)
and sagittal (bottom row) images against axial pullout (a), craniocaudal (b), and lateromedial (c) loads.

Axial

Sagittal

CE SF

Figure 6. Illustrative case. Bone density (g/cm?) distribution of the osteoporotic vertebra in the axial (upper row) and sagittal
(lower row) planes.

red area indicating stress concentration. The pedicle mostly Discussion
contributed to the FS of the PSs in all trajectories against all
external loads, but in the CE trajectory, the anterior cortical This study applied three external loads on the PSs. The

bone layer at the screw tip exhibited a relatively higher motions of the lumbar spine consist of flexion-extension, ax-
stress distribution against all external loads than those in the ial rotation, and side-bending. Craniocaudal and lateromedial
CA and SF trajectories. loads may reflect flexion-extension and axial rotation, re-
spectively. Regardless of the trajectory and type of external
load, the bicortical PSs were superior to the unicortical PSs
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in terms of the FS for both the osteoporotic and nonosteo-
porotic vertebrae. A recent biomechanical study that used
osteoporotic lumbar vertebrae reported that the bicortical
PSs had substantially greater pullout strength than the mid-
body PSs™. Another biomechanical study that used finite
element models of osteoporotic lumbar vertebrae reported
that longer PSs had greater FS against flexion, extension,
lateral bending, and axial rotation forces applied to the ver-
tebrae®. The results of the aforementioned studies corrobo-
rate our finding on the optimal depth of PSs.

Regarding our findings on trajectory, the FS was not con-
siderably different for any of the trajectories against any of
the external loads in the nonosteoporotic vertebrae. How-
ever, in the osteoporotic vertebrae, the PSs in the CE trajec-
tory had substantially greater FS against the craniocaudal
load than in the other trajectories, although no remarkable
difference in the FS among the trajectories was observed
against axial pullout and lateromedial loads. Previous in vivo
studies that measured the load on PSs reported that the pri-
mary load was in a craniocaudal direction rather than in an
axial pullout direction®””. The axial pullout load was tradi-
tionally applied to assess the FS of PSs in biomechanical
studies. However, a recent cadaveric study reported that
nonaxial loads applied to PSs caused screw plowing, which
led to subsequent screw loosening”. Finite element analyses
also revealed that axial pullout did not substantially contrib-
ute to screw loosening and that craniocaudal loading in-
creased the risk of screw loosening in the osteoporotic verte-
brae"'?. The cortical bone layer exerts a substantial effect
on the FS of PSs™. In addition, the strength of the vertebra-
screw interface is associated with the regional bone density
around PSs”™"”. In the osteoporotic vertebrae in our cohort,
the bone density at the screw tip of the PSs in the CE tra-
jectory was greater than those in the CA and SF trajectories
(Fig. 6). Therefore, bicortical PSs were recommended in the
CE trajectory for the osteoporotic vertebra, although the tra-
jectory did not affect the FS of PSs in the nonosteoporotic
vertebra.

This study used finite element models developed from the
preoperative CT images of the patients. Finite element
analysis can negate the inherent disadvantages in biome-
chanical studies using animal or cadaveric bones. PSs with
the same screw design, including thread shape, can be re-
peatedly inserted into a model in several trajectories, which
leads to the reduction of bias in the quality of PSs and
bones. The present study has several limitations that need to
be acknowledged. First, the same equation was used for
both osteoporotic and nonosteoporotic vertebrae. The equa-
tion includes bone density but not bone quality. Bone
strength is defined as a combination of bone density and
quality. For a more accurate analysis, models developed us-
ing micro-CT data are needed. Second, the external loading
conditions do not accurately reflect clinical loading condi-
tions. Surgically embedded implants including PSs are ex-
posed to repetitive biomechanical stresses inside the body
due to the patient’s daily movements. Therefore, cyclic load-
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ing to PSs might be needed to assess FS in vertebral mod-
els, as mentioned in a previous study'®. Third, the insertion
techniques did not completely reflect those employed in
clinical settings, in which the pedicle is probed and a tap-
ping hole is created. Finally, models with instrumentation at
multiple vertebrae were not used. In spine surgery, PSs are
connected to rods at multiple vertebrae. To the best of our
knowledge, this is the first study to investigate the optimal
depth and trajectory of PSs in osteoporotic and nonosteo-
porotic vertebrae against various external loads.

In conclusion, our results indicate that bicortical PSs
should be selected for spinal instrumentation in patients with
and without osteoporosis. In patients with osteoporosis, PSs
should be inserted in the trajectory toward the superior-
anterior corner of the vertebra.
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