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Spinal fixations with pedicle screws are widely used nowadays in order to provide spine stability and
correcting spinal deformity. The pullout strength of pedicle screws can be evaluated by means of
pullout strength testing. This paper reviews recent experimental and finite element analysis evidence
concerning the factors that affecting the pullout strength of pedicle screws in various bone materials.
Cadaveric bones and synthetic foam blocks were used by researchers in the recent experiment. Types
of screw, screw designs, insertion technique, bone mineral density and bone-screw interface have their
own significant effects to the fixation strength and will be further discussed.

Key words: Spinal fixation, pedicle screws, pullout strength, cadaveric bones, synthetic foam blocks.

INTRODUCTION

Spinal fixation with pedicle screw has become the most
commonly used methods in spinal instrumentation
system. Their capability in providing fixation stability and
the effectiveness in correcting spinal deformity causes
the surgeons to widely use pedicle screws fixation. They
have been used also for solid bone fusion in patients with
deformity  like scoliosis or kyphosis, fracture,
spondylolisthesis, degenerative arthritis or tumor (Yilmaz
et al.,, 2009). To appraise the stability of the fixation
system, a pullout test was done to evaluate the
performance of the pedicle screws. In this test, the
fixation strength or the holding power of the screw to the
bone thread surfaces was determined. Many studies
were done by pulling out the embedded screws in either
synthetic bone or cadaver bone at a certain rate of
withdrawal to determine the pullout strength of particular
pedicle screws.

However, loosening or failure of pedicle screws was
also reported in many cases. It was due to inadequate of
fixation strength of the screw especially in patients with
osteoporosis. A lot of efforts have been made in practice
to increase the pullout strength of pedicle screw include
increasing the length or diameter of the screw, coatings
the screw with hydroxyapatite, or for severe bone loss,
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using materials as polymethylmethacrylate (PMMA) and
calcium phosphate bone cement (Lei et al., 2006).

The purpose of the present paper is to summarize
recent studies that show how the pullout performance of
various pedicle screws were influenced by several factors
including screw designs, cement augmentation, screws
coating, pilot hole and tapping, insertional torque and
bone density.

Types of pedicle screws

Numerous types of pedicle screws were available in the
market as shown in Figure 1. Many studies were done in
order to identify the ability and mechanical performances
of each pedicle screw. The holding strength of pedicle
screws in vertebral bones is influenced by many factors.
The bone-screw interface is the crucial part. There was a
report on the capability of conical screws to improve
thread purchase by compacting the cancellous bone at
the cancellous-cortical interface throughout the pedicle
(Hsu et al., 2005). However, there was another study
comparing conical and cylindrical screws wherein which
screws provide better pullout resistances. The holding
strength of conical and cylindrical screws was compared
under ideal conditions and after a compromising event;
cyclic loading and 180° turn back was applied. Cyclic
loading was applied because clinical failure of spinal
implants is produced most often by fatigue.



Figure 1. Several types of typical pedicle screws available [2,
5, 9]: A) cylindrical, B) conical, C) cannulated with radial hole
and D) expandable.

Pedicle screws are subjected to complex cyclic forces
that combine tranverse bending and axial pullout loads.
The results showed that conical screws failed more easily
when pullout test were performed compared with
cylindrical screws for both ideal and compromising event
(Lill et al., 2000). Conversely, Abshire et al. (2001) found
inversely results by conducting the same experiments.
They declared that conical screws provided an increase
in the pullout strength compared with cylindrical screws
without loss of pullout strength, stiffness or energy-to-
failure when conical or cylindrical screws were backed
out 180° or 360° from full insertion. They also stated that
the conical screws engage more of the pedicle cortex as
well as the cancellous bone at the corticocancellous
margin than cylindrical screws. This contradictory fact
maybe due to the conical and cylindrical screws designs
that were used in particular studies.

Besides, cortical and cancellous screws were
compared in osteoporotic bone material with axial and
angled pullout test (Patel et al., 2008). The authors found
that cancellous screw had a significantly higher pullout
force than the cortical screw and they suggest that only
screws placed axially or up to 10° angle may increase its
holding power. In this study, failure of screw fixation was
observed from the stripping of the internal screw threads
within the bone material. No failure was observed at the
screw treads even after fully pullout of screws. In
addition, the bone material itself had a significant effect
on the failure of implants. However, limitation existed in
this study wherein the screws diameter used are not
identical even though the length is equal.

A comparative study between cervical pedicle screws
and lateral mass screws was done in order to prove that
cervical pedicle screws have higher pullout strength using
the same screws dimension. Screw loosening has been
documented as a failure mechanism for lateral mass
screws, where the decreasing size of the lateral masses
results in lower pullout strength (Johnson et al., 2006). In
this study, all screws were repetitively cycled at a rate of
25 mm/min for 200 cycles. As hypothesized, pedicle
screws have superior pullout strength than the lateral
screws. Lateral screws loosen more than the pedicle
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screws over time, although both screw types have similar
initial stability. Thompson et al. (1997) demonstrated that
noncannulated screws had better holding power
compared with cannulated screws.

Cannulated screws are designed with enlarged core
diameter to accommodate guide pins. Hence, the ratio of
major diameter to core diameter will be decreased and
this will affects the pullout strength of cannulated screws.
Despite, pullout strength for cannulated, pedicle screws
could be increased with bone cement augmentation.
Chen et al. (2009) presented the effects of radial holes
for cannulated screws with cement injection on the bone-
screw interface. The pullout strength for the cannulated
screws increase as the number of radial holes increased.
It is cause by large amount of exuded cement injection
from the radial holes and providing better bone-screw
holding strength. They also found that tapping the pilot
holes significantly reduced the pullout strength of the
screws. A comparison was also made between small-
diameter cannulated and solid-core screws by Kissel et
al. (2003). They concluded that cannulated and solid core
screws of similar dimension and thread length have
similar holding strengths. Therefore, these cannulated
screws make an attractive alternative for surgical fixation
applications.

Various methods have been used to improve pedicle
screw fixation including increasing the diameter of
screws. Yet, this may not always be possible because of
anatomic constraints. It may increase the risk for pedicle
fracture with possible neural injury. A better solution is to
use an expanding pedicle screws. Expanding pedicle
screw may improve bone fixation by increasing the screw
tip diameter, allowing greater bone contact with no
increase in pedicle insertion diameter. The screw tip
diameter increased by inserting a smaller gauge screw
into the threaded interior of expanding screw and opens
the fins concentrically as it advances. Many studies were
done to evaluate the pullout performance of expansive
pedicle screws. Apparently, expansive pedicle screws
had significantly improved pullout strength when
compared with self-tapping screws in both cases of low
and high bone mineral density (BMD) (Cook et al., 2000).

An effort was made by Cook et al. (2004) to investigate
whether polymethymethacrylate (PMMA) bone cement
augmentation of an expandable pedicle screw can further
improve fixation strength compared to the expandable
screw alone in severely osteoporotic bone. They found
that there was an increase in pullout strength with the
cemented expandable screw compared with a
noncemented expandable screw including a greater than
twofold increase in pullout strength in the most severely
osteoporotic bone. The stiffness and energy absorbed to
failure was also significantly increased. The cement
augmentation may be especially useful in the severely
osteoporotic patient. Significantly, the removal and
replacement of a pedicle screw in a revision procedure
substantially decreases the mechanical fixation strength
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Figure 2. Parts of typical orthopaedic screw.

of the screw.

Furthermore, the turning back of the screws becomes
necessary when surgeons cannot successfully insert
screws into the proper position during the first attempt,
which reduces the holding strength. Lei et al. (2006) have
show that the turning back torque and pullout strength of
expansive screws were significantly greater than those
conventional screws. Similarly, their pullout strength was
higher in the revision test. These findings suggest that
expansive screw is ideal in problematic situations where
the bone integrity is compromised by either osteoporosis
or pedicle screw revision by providing biomechanical
parameters similar to those expected for normal bone
and in primary surgery.

PEDICLE SCREW DESIGN

Noteworthy, the designs of pedicle screws are also
important for providing sufficient fixation strength of the
implant. Note that, major diameter, minor diameter, pitch,
thread length, thread shape and thread depth of the
screws are affecting the pullout strength of the screws
(Figure 2). Chapman et al. (1996) conducted a study on
factors that affected the pullout strength of cancellous
bone screws. In general, cancellous screws are designed
to have greater thread depth and decreased thread
cross-sectional thickness in comparison to cortical
screws, to provide more holding power in porous material
such as cancellous bone. Other than that, major diameter
of the screw also gives potential effects on the holding
power wherein larger diameter provides greater holding
power.

However, the diameter of screw is limited by the size of
pedicles especially the immature pedicles. Yilmaz et al.
(2009) have done a study to evaluate the effect of dilation
of immature pedicles on the pullout strength of the
screws. They found that the dilation does not affect the
pullout strength of the screws after 3 months in in vivo
model. Besides, larger diameter provided a more rigid
construct than PMMA augmented pedicle screw fixation
in revision spinal instrumentation. The less stiff and more
viscoelastic of PMMA would result in reduced stiffness of

the construct and increase the ability of distributing creep
deformations during fatigue than the large diameter
construct (Kiner et al., 2008).

Studies have been done by numerous researches via
finite element analysis. Zhang et al. (2004) created a
three-dimensional finite element model to simulate the
behavior of bone and screw during screw pullout. From
the simulation, bone experienced significant shear stress
at the thread root during screw pullout. At maximum
force, only those elements at the thread root region
reached the yield point and failed. They declared that
screws with larger major diameter and smaller minor
diameter and pitch will lead to an increase in the pullout
strength. Moreover, it is obvious that a linear correlation
between the pullout strength and thread numbers can be
obtained. More thread numbers can resist higher forces
or in other words, longer purchase length can effectively
increase pullout strength.

Chatzistergos et al. (2009) also preferred finite element
analysis compared to experimental study. Several factors
affecting the pullout forces of screw have been
demonstrated. They also found that, the major diameter
or outer radius was the most important factors and it was
proven that larger outer radius yielded greater pullout
forces. Without any doubt, they stated that inclination of
the thread or thread angle is considered to be the less
important ones. However, they did show that an increase
of the thread angle resulted in an increase of the pullout
force.

Bone cement augmentation

Recently, bone cement augmentation was used to
enhance the strength of osteoporotic bones and to
enhance screw fixation. The technique of bone cement
augmentation was crucial aspect since it was reported
that the technique is affecting the fixation strength. The
techniques for screw fixation with cement augmentation
include inserting screws when cement is soft, inserting
screws when cement is curing characterized by its
doughy consistency and inserting screws after drilling
and tapping hardened cement. In the study of Flahiff et
al. (1995), the fixation strength of polymethymethacrylate
(PMMA) bone cement was evaluated among those
cement augmentation techniques. They concluded that
inserting cortical screws into plastic femur sawbones
when the PMMA was in a doughy consistency prior to
curing (approximately 8 to 10 min after mixing) produced
the strongest cement-screw construct. Driling and
tapping holes after the cement had hardened resulted in
the weakest cement-sawbone construct.

A Dbiomechanical cadaveric analysis of PMMA
augmented pedicle screw fixation was done by Frankel et
al. (2007). They highlighted that the screw augmentation
procedures were performed using fenestrated bone tap
system which can prevent backflow of cement toward
neural elements and allowing custom foam for



Figure 3. Cement augmentation method; vertebroplasty (left) and
kyphoplasty (right).

subsequent screw placement. The results showed that
PMMA did increase the pullout strength of screw fixation
for both osteoporotic and nonosteoporotic bones. In fact,
the pullout strength did not significantly change with
increased cement volume wusage. Thus, they
recommended using the lower range of cement volumes
in pedicle screw augmentation procedures to perhaps
reduce the likelihood of cement toxicity.

Previous method of cement augmentation is the
standard transpedicular approach. In addition, other
methods of cement augmentation are vertebroplasty
augmentation approach and balloon kyphoplasty
augmentation as shown in Figure 3. Bone cement is
injected through a small hole into a fractured vertebra for
vertebroplasty augmentation whilst in  kyphoplasty
augmentation a balloon is used to create a void which is
filled with PMMA. A series of comparison between them
has been done by Becker et al. (2008). Vertebroplasty
augmented screws showed a significant higher pullout
force than others.

Kyphoplasty technique also increased the pullout force
compared with nonaugmented screws. However,
surgeons may favor balloon kyphoplasty for screw
augmentation since vertebroplasty has considerable risks
regarding cement leakage and a slightly higher
perioperative morbidity. By the study of Burval et al.
(2007), they evaluated the performance of kyphoplasty
augmentation with an exposed to cyclic fatigue loading
prior to pullout testing. 5000 cycles of caudalcephalad
loading were applied perpendicular to the pedicle screws.
Their results showed that pedicle screw augmentation
using kyphoplasty technique increased the pullout failure
2 to 3 fold in osteoporotic vertebrae. Chang et al. (2008)
agreed that PMMA has advantages like readily
availability, inexpensiveness, short application time and
fixation strength that are practical for clinical applications.
Sequential dilatation with K-wires during screw tract
preparation can be used to prevent leakage of PMMA
cement. They also declared that the sufficient usage
volumes of PMMA cement for lumbar and thoracic screw
are 3 and 2 ml, respectively.

As hypothesized by Blattert et al. (2009) removal of
screws, if needed, might cause problems. Among
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screw designs, the cannulated-fenestrated screws might
cause problems especially during revision, because of
their winglike cement interconnection between the screw
core and surrounding tissue. However, they have
successful showed that revision characteristics of these
screws following cement augmentation are not
problematic even for osteoporosis cases. Obviously, the
cement interconnection between the screw core and
surrounding bone tissue is fragile enough to break off in
the event of extraction torque and to release the screw.

Other types of bone cements instead of PMMA are
calcium sulfate paste and particulate calcium phosphate.
Rohmiller et al. (2002) suggested that PMMA should be
replaced by calcium sulfate paste since they
demonstrated similar pullout strength. PMMA has
potential dangers if leakage into spinal canal occurs. In
addition, the calcium sulfate paste does not have an
exothermic reaction in its curing phase and this will
eliminates the risk of thermal damage to spinal canal.
The paste also improves safety around spinal cord since
it is biodegradable and designed to be resorbed by body
rather than becoming a permanent space-occupying
lesion in the canal in the event of leakage. Particulate
calcium phosphate is alternative bone cement to PMMA.
The special ability of the calcium phosphate in the fixation
application is to speed natural tissue healing and then be
replaced by the patient's own bone tissue. It has been
demonstrated that the pullout strength of screws with
augmentation of calcium phosphate is high. Interestingly,
the application of calcium phosphate to normal bone will
reduce screw pullout strength. Calcium phosphate
improved the pullout strength of failed screw in low
density polyurethane blocks (osteoporotic bone)
(Hashemi et al., 2004).

Pedicle screws surface coating

As described early, PMMA may be associated with
complication such as leakage, exothermic damage to the
bone and adjacent tissue and long term screw loosening
resulting from nonbiologic bonding. The use of
hydroxyapatite (HA) coated implants (Figure 4), on the
other hand, may improve the stability of the bone-metal
interface without the disadvantages of PMMA (Stea et al.,
1995; Moroni et al.,, 1998). Hasegawa et al. (2005)
showed that HA-coated pedicle screws had higher pullout
resistance than uncoated screws and it is clearly
revealed that the inter-spaces between the screw threads
had filled with new bone and good bonding was present
between the bone and the apatite coating of the screw.
Even under loaded conditions, HA coating improves
fixation of pedicle screws, with increased pullout
resistance and reduced risk of loosening.

As stated by Sanden et al. (2001) higher pullout
resistance by HA-coated screws at early stage was
mainly caused by differences in surface roughness of the
coatings, while the difference at later stage was due to
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Figure 4. a) Coated and b) uncoated screws (left) and
PMMA augmented screw (right) [19, 30].

bone reaction around the HA-coated screws. A study on
improving extraction torque of HA-coated pedicle screws
was also been done. The surface roughness of plasma-
sprayed HA-coated implants is generally three to four
times greater than the roughness of machined metal
implants (Wennerberg et al., 1993). The fixation strength
of HA-coated screws was highly correlated to its surface
roughness. By using fully coated screws, extraction was
extremely difficult compared to extraction of conventional
stainless steel screws, which were regularly loose. By
reducing the area of the screws that is coated, it may be
possible to achieve an enhanced purchase while
extraction will be easier (Sanden et al., 2000).

Titanium coated on the surface of titanium alloy
implants have also been widely used in orthopaedics and
dentistry with great success because of their good
mechanical properties and biocompability rather than HA
coatings. However, titanium coating is bioinert, which
cannot bond chemically to bone tissue. Therefore,
attempts have been made including modification of
titanium coating with alkali and heat treatment to improve
the surface properties of titanium coating implants
(Kokubo et al., 1996). Absolutely, alkali-modified implants
shows higher shear strength which can be attributed to
the changes in surface topography and chemistry.
Significantly, it can improve and accelerate the early in
growth of bone and osseointegration to reduce clinical
healing times and thus, to improve implant success rates
(Xue et al., 2005).

Upasani et al. (2009) pointed the benefits of
hydroxyapatite — titanium plasma sprayed (HA-TPS)
composite coating that may leverage the advantages of
both individual coatings to further improve screw fixation.

Generally, HA-TPS did improved peak torque during
screw extraction. However, the composite coating may
not provide a significantly greater benefit compared with

HA alone. They clarified that improved osseointegration
with HA coatings may result in a decreased incidence of

screw loosening and improved outcomes of
transpedicular spinal instrumentation in nonfusion
procedures.
OTHER FACTORS INFLUENCING FIXATION
STRENGTH

Few reports have addressed the effects of a pilot hole
tapping on the bone/screw interfacial strength. However,
the reported results have been inconsistent (Thompson
et al., 1997). Johnson et al. (2006) examined the effect of
tapping on pullout strength in synthetic polyurethane
foam. Their results indicated there was no demonstrable
effect on holding power when screws were inserted with
or without tapping. Chapman et al. (1996) and Cook et al.
(2004) indicated that, tapping in porous materials
decreased screw pullout strength because the removal of
materials by the tap enlarged the hole considerably,
reducing the holding power of the screw threads.

Ronderos et al. (1997) analyzed the axial pullout
strength of tapped vesus untapped pilot holes for
bicortical screws in the anterior cervical spine. They
concluded that tapping a pilot hole neither weakens nor
strengthens the axial pullout strength of fully threaded
cortical bone screws. Carmouche et al. (2005) found that
tapping the pedicles in the lumbar spine did decrease the
pullout resistance but not in thoracic spine. One
explanation for this is that in severe osteoporosis, there is
simply less cancellous bone available to be compressed.
Thus, the process of tapping does not cause a significant
net loss of cancellous bone and fixation is more
dependent on cortical purchase.

A pilot hole is drilled with smaller diameter to make a
path so that screws can easily be inserted in correct
direction. Pilot hole also has its own affects on pullout
resistance and insertion torque. Leite et al. (2008) found
that higher insertion torque can be resulted as long as the
pilot hole used was smaller than inner or minor diameter
of screw. In other words, with the increased diameter of
the pilot hole, the insertion torque was reduced. That
phenomenon correlated with bone removal during pilot
hole drilling which would affect the anchorage of the
implant. As the pilot hole’s diameter increases, a larger
amount of bone is removed, and a smaller amount of
bone is available to be compacted around the implant,
thus, reducing the insertion torque. During the surgical
procedure, insertion, removal and re-insertion of the
screws often happen to determine the pathway of pilot
hole and to detect possible violations of the lateral wall of
the pilot hole that might damage adjacent structures of
vertebrae (Kim and Lenke, 2005).

However, this procedure might interfere with the screw



holding strength. Therefore, Defino et al. (2009)
investigated the effect of repetitive pilot hole use on the
insertion torque and pullout strength of screws. They
found that insertion torque and pullout strength did
reduce between the first and following insertion. Despite,
the pattern of reduction of pullout strength was not similar
to the pattern of reduction of the insertion torque.
However, the study of Foley et al. (1990) revealed that
there was no significant difference in pullout strength as
noted in pretapped or self-tapped screws inserted into the
same hole one, two or three times before pullout testing.

Besides, the effect of insertional torque to pullout
resistance is uncertain. Leite et al. (2008) stated that, the
insertion torque of implants showed a correlation with
pullout resistance only for perforation values of pilot hole
smaller than the inner diameter of the screw. Inceoglu et
al. (2004) found that, there was no significant correlation
between pullout strength and insertional torque. They
concluded that insertional torques are not good predictors
of pullout strength and stiffness, particularly in
nonstandard screw and thread designs.

Bone mineral density (BMD) is another factor that
influenced pullout strength especially in osteoporosis
cases. Many studies have shown the correlation between
BMD and pullout strength. Hsu et al. (2005) agreed that
both pullout strength and insertion torque in the foam with
the higher density was consistently higher than that in the
foam with the lower density. Battula et al. (2006)
concluded that the depth of insertion of the tip of the
screw for adequate fracture fixation in normal bone is 1
mm or more past the far cortex and in osteoporotic bone
it is at least 2 mm past the far cortex. It shows that
osteoporotic bone need more screws surface area
interface with the bone in order to provide sufficient
holding power. Osteoporotic bones usually related to
screw loosening that mainly caused by cyclic
caudocephalad toggling at the bone-screw interface
when an axial compression load was transmitted through
the plate or rod to the screw.

A clinical study was done by Okuyama et al. (2001) to
investigate the screw loosening behavior among
osteoporosis patients. After several years followed up,
loosening of pedicle screws occurred and it affect the
implant stability. Thus, BMD is supposed to be a very
important parameter influencing the stability of pedicle
screws. Suzuki et al. (2001) found that pedicle screw
coupling increased the pullout strength in osteoporotic
spine. However, the improvement is only subjected to
BMD of more than 90 mg/ml but not for BMD of less than
90 mg/ml. Zhang et al. (2006) noted that screw pullout
strengths were directly proportional to the shear strength
of the foam material. Low BMD will have lower pullout
strength as their shear strength is very low. Ramaswamy
et al. (2009) studied the holding power of screws in
osteoporotic, osteopenic and normal bone. They found
that the pullout strengths of all screws were correlated to
the foam density and significantly it was better in higher
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density foam.

CONCLUSION

The main factors affecting the pullout force of a bone
screw are its design, the material properties of the bone
and the insertion technique followed by the surgeon.
Conflicts still exist whether to perform experimental study
using cadaver or synthetic foam blocks since results may
vary within the materials. A continuous study is needed to
gather information and knowledge as much as possible to
enhance more stable and rigid spinal fixation system.
Extra concern must be put on to the osteoporosis cases
since major problems of fixation stability and rigidity are
referring to them.
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