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Abstract

Background: Pedicle screw instrumentation is one of the most commonly used forms of stabilization. Achieving solid screw fixa-
tion within the bone presents a significant challenge to spinal surgeons. Although pure pullout is not the mode of failure seen in
clinical situations, pullout testing is thought to be a good predictor of pedicle screw fixation strength for spinal fusion.
Objectives: To investigate the effects of varying lengths and thread depths of pedicle screws, as well as its insertion angle relative
to the sagittal line on pullout strength, and stiffness of the pedicle screws and adjacent bone.
Methods: Six fresh-frozen bovine lumbar vertebrae (L5) were examined. Pedicle screws with the lengths of 35, 40, and 45 mm, and
the pedicle screws with thread depths of 0.9, 1.1, and 1.15 mm were inserted in pedicles by an orthopedic surgeon. Axial pullout tests
were performed by a pullout apparatus and force-displacement curves were plotted.
Results: The 45 mm length screw showed the maximum pullout strength (1746 N) and stiffness (564.7 N/mm) in the case of constant
thread depth of 0.9 mm. The 1.15 mm thread depth screw showed the maximum pullout strength (1719 N) and stiffness (646.4 N/mm)
in the case of constant length of 40 mm, and the screw insertion angle of 25° resulted in maximum pullout strength (1251 N) and
stiffness (249.6 N/mm) in the case of constant thread depth of 0.9 mm and constant length of 35 mm.
Conclusions: Increasing the length and the thread depth of the screws leads to an increase in the pullout strength, as well as the
bone-screw construct stiffness. Pedicle screw pullout strength and the bone-screw construct stiffness were also affected by the inser-
tion angle of the screw. There are other factors such as the insertion technique employed by the surgeon, and bone mineral density,
which affect the pullout strength.
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1. Background

Pedicle screw fixation has been demonstrated as one of
the most standard treatment methods for various spinal
disorders to provide rigid fixation (1). Compared to
other methods, it increases fixation stability and promotes
spinal fusion and healing. The selection of an ideal screw
size and type is the key factor to the success of fixation,
helping spine surgeons achieve the optimal fixation of
spine instrumentation (1-3). Although pedicle screws are
the main fixation devices for certain spine surgeries, many
problems such as pedicle screw loosening, failure of ver-
tebra after screw fixation, and screw failures have been re-
ported (4). There are certain diseases, such as disc degener-
ation, which can alter the shape of the intervertebral discs
(IVDs) leading to a change in the vertebra’s load distribu-
tion pattern. While using artificial discs to recover some

functions of an IVD, implementation of the pedicle screw
fixation may be necessary as well (5, 6). Type of screw, screw
design, insertion technique followed by the surgeon, bone
mineral density, and bone-screw interface can all affect the
fixation strength (7-9).

Results of a work by Lill and co-workers showed that
compared with cylindrical screws, conical screws failed
more easily by performing pullout tests (10). In con-
trast, Abshire et al., stated that compared with cylindri-
cal screws, conical screws provided more fixation strength,
without loss of pullout strength, stiffness or energy-to-
failure, when screws were backed out 180° or 360° from full
insertion (11). They also stated that the conical screws pro-
vided more engagement of the pedicle cortex and the can-
cellous bone at the cortico-cancellous margin than cylin-
drical screws (11). In another work, Tsai et al., derived
the theoretical formulae to predict the pullout strength
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of conical pedicle screws (12). They found that the pull-
out strength of the pedicle screws is a function of bone
strength, screw design, and pilot hole (12). Previously,
Chapman et al., used an analytical formula to predict
the pullout strength of cancellous/cortical screws inserted
into the synthetic bone (13). Generally, cancellous screws,
by decreased thread cross-sectional thickness and greater
thread depth in comparison to cortical screws, are de-
signed to provide more holding power in material like
cancellous bone (13, 14). They investigated factors that af-
fect the pullout strength of cancellous bone screws, and
showed that the larger outer diameter of the screw pro-
vides greater holding power (13). The bone-screw interface
is the crucial part affecting the pullout strength of pedicle
screws. Hsu et al,. reported that conical screws, by com-
pacting the cancellous bone at the cancellous-cortical in-
terface throughout the pedicle, can improve thread pur-
chase, and as a result, pedicle screw fixation (15).

A finite element (FE) study by Matsukawa et al., showed
that pullout strength enhances significantly with increas-
ing both screw diameter and length (16). Varghese et al., in
a FE study, investigated the effect of the number of threads,
outer diameter, and thread geometry on pullout strength
of pedicle screw in a synthetic osteoporotic bone model,
and they found that the outer diameter has the highest ef-
fect on pullout strength of the pedicle screw (17). Zhang
et al., who used the FE method, indicated that a larger
outer diameter, longer insertion length, and smaller pitch
could increase the pullout strength significantly (8). On
the other hand, Chao et al., surprisingly stated that pull-
out strength is higher in screws with a smaller outer di-
ameter (18). In another study, Fakhouri et al., showed that
the screw with a smaller outer diameter had lower pullout
and higher shear stress, suggesting that thinner screws are
more susceptible to loosening (19). In a FE study by Chatzis-
tergos et al., it was concluded that the major parameters
influencing the pullout force is the outer diameter and
the purchase length of the screw, and the dependence on
the thread depth and pitch was significantly weaker (20).
On the other hand, Lai et al., tested pedicle screws under
fatigue loading in osteoporotic vertebrae and found that
larger diameter screws exhibited more pullout strength
immediately after the implantation, however, after fatigue
loading, both sizes of screws exhibited comparable pull-
out strength (1). They have indicated that the smaller di-
ameter screws may be considered for surgical techniques
performed on osteoporotic vertebrae for reduced risk of
pedicle breakage without sacrificing fixation strength (1).
Krishnan et al., showed that increasing screw insertion an-
gle reduced the pullout strength of a single screw config-
uration in both extremely osteoporotic and normal bone
model (2). Barber et al., concluded that paired pedicle

screws at 30 degrees of convergence offered more resis-
tance to axial pullout and sustained higher loads at the
clinical threshold of loosening compared with paired pedi-
cle screws placed in parallel (21). However, Sterba et al., re-
ported that the straight or parallel screw (parallel to the
midline sagittal line) is a more stable construct compared
to the angled inserted screw when subjected to caudal
cyclic loading (22). Also, a study by Amirouche et al., indi-
cated that screw pullout force is positively correlated with
material density and negatively correlated with insertion
angle (23).

Despite existence of numerous papers related to the ef-
fects of pedicle screw’s geometrical parameters on its pull-
out strength, there are no complete unanimity on using
the optimal structure and geometry of pedicle screws in
spinal instrumentation. The purpose of the current study
was to investigate the effects of varying lengths and thread
depths of pedicle screws, as well as its insertion angle rel-
ative to the sagittal line on pullout strength of the pedicle
screws, using animal vertebrae and in-vitro tests.

2. Methods

The pedicle screws in this study are made of Ti-6Al-4V
alloy and they are conical core and self-tapping. These pedi-
cle screws with fixed heads were in the following configu-
rations: the lengths of 35, 40, and 45 mm, thread depths
of 0.9, 1.1, and 1.15 mm, and the two different insertion an-
gles of 15° and 25° relative to the sagittal line. Moreover, the
pitch and thickness of their threads were 2.75 mm and 1.5
mm, respectively. Six fresh-frozen bovine lumbar vertebrae
(L5) were employed in the pullout tests. The vertebrae were
harvested, stripped of soft tissues, and kept in a freezer at -
20°C. Each vertebra was thawed overnight to the room tem-
perature before testing. At first, bones were kept at 4°C and
then at room temperature of 25°C (11). The screws were in-
serted in pedicles with the intrapedicular method (Figure
1) by an experienced spine surgeon in the hospital oper-
ating room. In all cases, insertion angles to the vertebrae
were maintained at 25° relative to the sagittal line (Figure
2). Pullout test was performed in accordance with the re-
quirements of ASTM F543 (Figure 2) (24). The pullout tests
were performed using a Zwick/Reoll Hct 400/25 dynamic
testing machine. Axial pullout strength was obtained as
the peak force before any negative deflection on the force-
displacement curve (25). In the last step, the screw with a
thread depth of 0.9 mm and a length of 35 mm inserted
with an angle of 15° relative to the sagittal line and was put
under pullout test. The threaded sections of screws were
inserted fully into bones.
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Figure 1. Two methods of inserting a screw in the pedicle. A, intrapedicular (or transpedicular) approach; B, extrapedicular approach (26)

Figure 2. A, Preparing bovine lumbar vertebrae and inserting screws into pedicles; B, Bovine vertebra with a pedicle screw mounted in tensile machine; C, The insertion angle
of pedicle screw relative to the sagittal line

3. Results

After pullout tests, force-displacement curves were
drawn to compare pullout strength of the screws with dif-
ferent lengths, thread depths, and different insertion an-
gles, separately. Also, another biomechanical parameter of
interest is the pullout stiffness, which is the slope of the lin-
ear part before the yield point in a pullout test, the elastic
region, of the force-displacement curve. As it can be seen
in Figure 3 and Table 1, among all screws with the same
thread depth of 0.9 mm, but different lengths, the screw
with the length of 45 mm had the greatest pullout strength
(1746 N) and pullout stiffness (564.7 N/mm). Among screws
with the same lengths, i.e. 40 mm, but different thread

depths, the screw with the thread depth of 1.15 mm had the
maximum pullout strength (1719 N) and pullout stiffness
(646.4 N/mm). Moreover, comparing two insertion angles
of screws relative to the sagittal line, the screw with the in-
sertion angle of 25° showed greater pullout strength (1251
N) and pullout stiffness (249.6 N/mm).

Figure 4 Shows the pullout strengths of the pedicle
screws recorded in various tests.

4. Discussion

Pedicle screw loosening is a common problem, espe-
cially for osteoporotic vertebrae (15). In fact, stress shield-
ing and the following imbalanced bone remodeling pro-
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Table 1. Comparison of Maximum Pullout Forces and Stiffness for Different Screws’ Configurations

Number Screw Length, mm Thread Depth, mm Insertion Angle, deg, ° Max Pullout Force, No. Stiffness of Bone-Screw Construct, N/mm

1 35 0.9 25 1251 249.6

2 40 0.9 25 1396 419.6

3 45 0.9 25 1746 564.7

4 40 1.1 25 1468 469.7

5 40 1.15 25 1719 646.4

6 35 0.9 15 1153 198.3
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Figure 3. Force-displacement curves for vertebra-pedicle screw construct with: A,
screw lengths of 35, 40, 45 mm, and the thread depth of 0.9 mm; B, thread depths
of 0.9, 1.1, 1.15 mm, the length of 40 mm, and insertion angle of 25°; C, the screw in-
sertion angle of 15° and 25° relative to the sagittal line, 35 mm length, and 0.9 mm
thread depth.

cess could result in screw loosening (27). In order to pre-
vent stress shielding, sufficient levels of mechanical stim-
uli must exist in the bone in the vicinity of an implant.

Haase and Rouhi used a finite element analysis to com-
pare the mechanical stimuli transferred to bones due to
a change in screw parameters (28). They indicated that
screws with a smaller outer diameter and angled threads
increased stimuli transfer to the bone, and as a result,
increased pullout strength, when both stress and strain
energy density were considered. Reducing the screw’s
elastic modulus caused an increase in stress transfer to
the bone, however, strain energy density was decreased,
which was unexpected and suggests that there may be
complex patterns of different mechanical stimuli result-
ing in these consequences (28). Also, Rouhi et al., investi-
gated the effects of various engineering designs of bone
screws on stress shielding and screw loosening using a
two-dimensional finite element study and showed that by
increasing the outer diameter of the screw and the num-
ber of threads, the likeliness of screw loosening decreases
(27). The pullout force of pedicle screw and bone-screw
construct’s stiffness can be used to evaluate the maximum
load at failure and the rigidity of bone-screw construct,
which shows the resistance to deformation, respectively.

There are several reports on enhancing the pullout
strength of pedicle screws by increasing the length or
outer diameter of the screw, increasing the thread depth,
covering screw with hydroxyapatite, and using bone ce-
ment in case of severe lacking of bone density (29, 30). Also,
several researchers have reported a strong effect of bone
mineral density on screw fixation strength (31-33). Due to
the anatomic constraints for increasing the screw’s diam-
eter, a better method to improve pedicle screw fixation is
used for expanding pedicle screws, which may improve
bone fixation by increasing the screw tip diameter, en-
abling greater bone contact with no increase in pedicle in-
sertion diameter (34). In addition, augmenting the screws
with polymethylmethacrylate (PMMA) cement could im-
mediately increase the screw pullout strength; however, it
is an exothermic polymer, which may cause thermal bony
necrosis and neural injury (35, 36). It should be noted that
since the geometrical parameters of the screw are related
to each other, it is difficult to investigate the effect of each
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Figure 4. Pullout strength of pedicle screws with: A, various lengths, thread depth
of 0.9 mm, outer diameter of 5.5 mm, and insertion angle of 25°; B, various thread
depths, length of 40 mm and insertion angle of 25°; and C, two different insertion
angles, length of 35 mm, and thread depth of 0.9 mm and outer diameter of 5.5 mm.

one separatel; thus, making rough comparisons of various
researchers’ results does not yield solid outcomes and may
not even be logical.

Results of this study showed that the pullout strength
was higher in a screw with a greater length (see Figures

3A and 4A). By using a screw with a greater length, there
will be a greater contact area and the bone-screw inter-
face, allowing more friction between the screw surface and
neighboring bone, and thus, a greater pullout strength
will be resulted. Similarly, by increasing the thread depth,
pullout strength increases (see Figures 3B and 4B). Due to
the limitation in the size of pedicle region, by increase in
screw size, there is a potential risk of neurologic or vascu-
lar injury due to perforation of the pedicle and the ante-
rior wall of the vertebra by screw insertion. Additionally,
screw-bone construct’s stiffness is higher for a screw with
a greater thread depth and length than those with smaller
thread depths and lengths (see Table 1).

Moreover, it was also shown that the screw, which was
inserted at a greater angle relative to the sagittal line, i.e.
25°, offers a higher pullout strength and stiffness than the
insertion angle of 15° (see Figures 3C and 4C). The bone-
screw interface is the decisive factor affecting the pullout
strength of pedicle screws. Regional variation in vertebral
bone density and the amount of bone-screw interface con-
tribute to the differences in the pullout, as well as stiff-
ness among different screw insertion angles. It should be
noted that the insertion angle is bounded by the size and
orientation of the pedicle, and it cannot be limitlessly in-
creased. Additionally, in the case of the insertion angle
of 25°, the bone involvement between screws will be in-
creased compared to that of the smaller angle; thus the
pullout strength would increase.

A factor, which might influence results of this work,
was the anisotropic nature of spongy bone, as well as non-
homogenous distribution of trabeculae. Using multiaxial
pedicle screws and applying dynamic load can provide a
better insight into this complex problem. The single axial
pullout force may not represent in-vivo physiological load-
ing conditions. In addition to the pullout force, the screws
may sustain the bending and/or torsional moments dur-
ing the daily activities, which can be investigated in the fu-
ture. Large variations in cadaveric bone geometrical and
mechanical properties as well as the small number of sam-
ples used in this study can be deemed as some other limita-
tions of this work. Other factors such as the thread profile,
screw pitch, and bone material properties likely influence
the fixation strength of pedicle screw, which can be taken
into account and investigated in future studies. More-
over, one should note that, due to the aforementioned lim-
itations and/or simplifications, solid conclusions can’t be
made solely based on the results presented in this paper.
Authors of this paper initially intended to do in-vitro test
on a greater number of vertebrae, however, due to some
constraints, making more tests were not possible. It is nec-
essary to perform further investigations in order to be able
to make solid conclusions in the future studies.
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