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Abstract This is an experimental study on human cadaver
spines. The objective of this study is to compare the pullout
forces between three screw augmentation methods and two
different screw designs. Surgical interventions of patients
with osteoporosis increase following the epidemiological
development. Biomechanically the pedicle provides the
strongest screw fixation in healthy bone, whereas in osteo-
porosis all areas of the vertebra are affected by the disease.
This explains the high screw failure rates in those patients.
Therefore PMMA augmentation of screws is often manda-
tory. This study involved investigation of the pullout forces
of augmented transpedicular screws in five human lumbar
spines (L1-L4). Each spine was treated with four different
methods: non-augmented unperforated (solid) screw, per-
forated screw with vertebroplasty augmentation, solid screw
with vertebroplasty augmentation and solid screw with
balloon kyphoplasty augmentation. Screws were augmented
with Polymethylmethacrylate (PMMA). The pullout forces
were measured for each treatment with an Instron testing
device. The bone mineral density was measured for each
vertebra with Micro-CT. The statistical analysis was per-
formed with a two-sided independent student ¢ test. Forty
screws (10 per group and level) were inserted. The
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vertebroplasty-augmented screws showed a significant
higher pullout force (mean 918.5 N, P = 0.001) than con-
trol (mean 51 N), the balloon kyphoplasty group did not
improve the pullout force significantly (mean 781 N,
P > 0.05). However, leakage occurred in some cases treated
with perforated screws. All spines showed osteoporosis on
Micro-CT. Vertebroplasty-augmented screws, augmenta-
tion of perforated screws and balloon kyphoplasty
augmented screws show higher pullout resistance than non-
augmented screws. Significant higher pullout forces were
only reached in the vertebroplasty augmented vertebra. The
perforated screw design led to epidural leakage due to the
position of the perforation in the screw. The position of the
most proximal perforation is critical, depending on screw
design and proper insertion depth. Nevertheless, using a
properly designed perforated screw will facilitate augmen-
tation and instrumentation in osteoporotic spines.

Keywords Osteoporosis - Screw augmentation -
Perforated screws - Vertebroplasty - Balloon kyphoplasty -
Transpedicular fixation/stabilization

Introduction

An increasingly elderly population in industrial countries is
a well-known problem to societies and health services. In
2050, 54% of the population will be older than 65 years in
countries with a human development index >0.9 [7, 31].
This epidemiological trend is resulting in increased num-
bers of patients with age related orthopedic diseases such
as osteoporosis or degenerative scoliosis [12, 14, 21, 39].
Scoliotic deformities are prevalent in 36—48% of osteo-
porotic women and worsened by osteoporotic vertebral
fractures. Adult scoliotic patients have a reduced bone
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stock, which may result in fractures or increased decom-
pensation of the scoliotic curve [8, 14].

Increased patient numbers results in increased operation
numbers. Indications for open surgery with screw stabi-
lization in osteoporotic patients are spinal imbalances after
fracture, tumors, instability, multisegmental spinal stenosis
and neurological deficits warranting open decompression.
The treatment goal for these diseases is, next to an ade-
quate decompression in the case of neurological deficit, the
achievement of a balanced and stable spine [19].

Polymethylmethacrylate (PMMA) augmentation is
regarded as an efficient way to enhance screw strength in
osteoporotic bones [10, 26]. Although vertebroplasty (VP)
and balloon kyphoplasty (BKP) are generally used for
vertebral body stabilization, they are also becoming more
popular in screw augmentation [25, 36]. In both the tech-
niques, cement is injected prior to screw insertion; in
balloon kyphoplasty, a balloon is used to create a void
which is filled with PMMA, whilst in vertebroplasty
PMMA is injected directly into the vertebral body. The
pedicle screw is then inserted into the cement in order to
enhance its strength.

Further developments include expandable screws with
augmentation or perforated screws [6]. Perforated screws
are mainly based on cannulated screw for percutaneous
placement [33]. The adjustments for cement injection
include lateral slots or holes at the distal end of the screw to
allow an even cement distribution throughout the vertebra.

The objective of our study was the comparison of the
pullout forces of solid pedicle screws augmented with verte-
broplasty or balloon kyphoplasty against a new technique of
screw augmentation which allows injection of the cement
through a perforated screw. The biomechanical behavior of
the different screw designs and augmentation methods were
studied in osteoporotic human cadaver spines.

Materials and methods

Five adult lumbar spines (four females, 1 male; age 72—
89 years, mean 79.8 years) were treated with bilateral
pedicle screws in L1-L4. Each augmented vertebra was
treated bilaterally with the same augmentation technique.

Three of four lumbar vertebrae received the solid Du-
alcore 6.2-50 mm pedicle screw (Click’X, Synthes Inc.
Solothurn, CH) and one vertebra received the perforated
Dualcore 6.2-50 mm pedicle screw optimized for bone
augmentation (Click’X, Synthes, Fig. 1). The perforated
screw has a central canal without a distal opening and
2 x 2 holes at 20 and 40% of the thread length from the
tip. Each cadaver spine was treated with different aug-
menting or stabilization techniques and control resulting in
ten screws per group.
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Fig. 1 Example of a perforated transpedicular screw, b cement
distribution during injection and attachment of screw with luer-lock
connector

The following groups were investigated and three
different augmentation techniques were used to augment
SCrews:

Group 1 (vertebra L1) solid screw, no augmentation

(control).

Group 2 (vertebra L2) perforated screw/vertebroplasty

(P/VP).

Group 3 (vertebra L3) solid screw/vertebroplasty (S/VP).

Group 4 (vertebra L4) solid screw/balloon kyphoplasty

(S/BKP).

The placement of all screws was done purely under
image intensifier on the intact lumbar spine and the verte-
brae were dissected after the operative procedure. The
placement was performed using a starter awl on the
cortex of the pedicle and a blunt pedicle probe. All
screws were inserted two-thirds of the vertebral width
without tapping.

A vertebral PMMA (Vertecem, Synthes Inc, Solothurn,
CH) was used for bone augmentation and 2 ml was
injected per screw in the levels L2-1.4 (e.g. groups 2—4).

Group 2: The perforated screws were inserted into the
vertebra with the same approach as the solid screws and the
cement was injected through a special adapter (Fig. 1b)
with a 2-ml syringe.

Group 3: After transpedicular probing, the cement was
injected bilaterally using the same bone fillers as in group 4
in a vertebroplasty technique (Kyphon Inc. Sunnyvale,
USA) and the screws were placed immediately after filling.

Group 4: A standard balloon kyphoplasty technique as
described by Garfin et al. [11] was performed using a
20-mm kyphoplasty balloon (Kyphon Inc. Sunnyvale,
USA). The cement was injected using the bone fillers.

The cement was injected in the groups 2-4 after a
minimum of 6 min after mixing. The correct viscosity was
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observed visually by the criteria that the cement stopped
dripping off the injection cannula.

Leakage was assessed by visual examination and ap/
lateral radiography.

The pullout forces were measured on an Instron uni-
versal testing machine (model 4301) with a load cell of
5 kN. The vertebra were dissected and individually
attached with a vice. The screw was fixed to a screw holder
and visually attached longitudinally along the axis of the
screw to the load cell. The pullout tests were performed at a
rate of 5 mm/min until the screw was pulled out com-
pletely. The maximum load during testing was defined as
maximum failure load (e.g., pullout strength of the screw).

After testing, the histological examples of the vertebra
were examined by micro-CT in order to evaluate the
osteoporosis. Micro-CT was performed with 340 slices; the
overall bone mineral density (BMD) was calculated along
three different depths (slice 1-100, 100200 and 200-300
at a resolution of 17 pm in all dimensions) .

The statistical analysis was performed using the F test
for equality of variance followed by two-sided independent
student 7 tests. To correct for multiple testing, the ¢ tests
were performed at the 1.7% level of significance (Bon-
ferroni correction).

The BMD per vertebra was analyzed as mean of the
three different depths. The BMD adapted pullout forces
were calculated based on the difference from the overall
mean BMD in the sample group (Table 1) and a BMD
adapted statistical analysis was performed based on the
relative difference from the overall BMD.

The primary endpoint of this study was the screw
strength regarding pullout forces. Secondary endpoints
included the injection characteristics and leakage.

Results

A total of 20 lumbar vertebrae were stabilized with 40
screws (10 screws per group). The mean pullout forces
were 513 £ 214 N in group 1 (control), 917 & 253 N in
group 2 (P/VP), 920 £ 268 N in group 3 (S/VP) and
781 £ 349 N in group 4 (S/BKP, Fig. 2). The overall and

Table 1 Micro-CT analysis of bone volume versus tissue volume
(BV/TV) and bone marrow density (BMD) of the cadaver specimen

Spine Age Mean BV/TV Mean BMD (g/cm?)
1 72 0.12 864.7
2 76 0.10 797.9
3 78 0.11 815.7
4 89 0.07 824.7
5 84 0.06 851.6
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the individual analysis of the pullout forces (Figs. 3, 4)
were significantly higher in groups 2 and 3 relative to the
control (P = 0.001; Table 2). The balloon kyphoplasty
group could not show a significantly higher strength than
the control (P > 0.05). Furthermore, no statistical differ-
ence (P between 0.33 and 0.97) was found between the
treatment groups (groups 2—4).

The histological analysis with micro-CT (Table 1)
showed an overall mean bone density of 830 + 27 mg HA/
cm® per vertebra and a mean bone volume to tissue volume
(BV/TV) ratio of 0.09. As all specimens had a different
BMD, the pullout forces were adapted to the BMD based
on the mean BMD. The non-adapted and the BMD-adapted
overall values are shown in Table 2. Statistically, the
evaluation of the non-BMD adapted results and BMD-
adapted results was similar.

The injection through the perforated screw was
uneventful and easy to perform. It was possible to inject the
required amount of PMMA (2 ml/pedicle) in all vertebrae.
However, the post-op radiography and the intraoperative
visual control showed a posterior leakage in two cases of
group 2 (P/VP). Leakage occurred exclusively into the
epidural veins (Fig. 5).

In group 2, the cement was inserted generally much
more posterior than in group 3 or group 4.

After the pullout, the visual inspection of the solid
screws showed incorporation into the cement mantle in
balloon kyphoplasty and vertebroplasty, whereas the per-
forated screw could be clearly stripped out of the cement
mantle (Fig. 6).

Discussion

PMMA augmentation is regarded as the best method to
enhance screw strength significantly in osteoporotic bones
[10, 26, 30, 32, 41, 43]. Although PMMA was primarily
used for pelvic surgery, special changes were made to meet
the needs of spinal surgery. Today PMMAs used in spinal
surgery are radioopaque and have a reduced exothermic
polymerization reaction to reduce tissue necrosis and nerve
damage in the case of leakage [1].

The cementing techniques enhance the fixation of the
screw within the vertebral body transferring the bio-
mechanical load anteriorly from the pedicle to the vertebral
body. Screw augmentation with PMMA cement is indi-
cated in osteoporotic cases requiring instrumentation such
as instability, neurological damage, multisegmental
decompression or degenerative scoliosis. The application
of PMMA augmented screws also allows a shorter fusion
segment compared to non-augmented screws. Furthermore,
also the strength of anterior implants can be enhanced in
osteoporotic bone by posterior screw augmentation [37].
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Fig. 2 Overall pullout forces of 1400
Group 1 (control), Group 2
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Fig. 3 Mean pullout forces of two screws of the five spinal
specimens separately
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Fig. 4 Example of pullout-force recording of right and left screws
(control group)

Two cementing techniques, vertebroplasty and balloon
kyphoplasty, for stabilization of a vertebra are currently
in clinical use. Vertebroplasty is furthermore used for
augmenting transpedicular screws showing the above-

perforated screw/ VP solid screw/ VP solid screw / BKP

Table 2 Pullout force of all groups and BMD adapted pullout forces
with respective P values towards control

Group Mean pullout force BMD adapted mean
(N) and P value pullout force (N) and
to control P value to control

1 513 + 214 516 + 220

2 917 + 253.5/0.001 920 =+ 270/0.002

3 920 =+ 268.1/0.002 922 + 278/0.002

4 781 £ 349.8/>0.05 782 £ 356/0.06

mentioned results [10, 30, 32, 41, 43]. Balloon kyphoplasty
is generally used for reduction of vertebral fracture. The
void created by the balloon can be either filled with PMMA
or resorbable bone cements [2, 26-28, 38]. Vertebroplasty
has considerable risks regarding cement leakage and a
slightly higher perioperative morbidity than balloon kypho-
plasty [38]. Therefore surgeons may favor balloon kyp-
hoplasty for screw augmentation to minimize these risks.
However, clinical experience, familiarity with both the
procedures and the large price difference between both the
techniques may influence the general use of balloon kyp-
hoplasty in augmentation procedures.

Alternative techniques to enhance the strength of the
implants are techniques combining sublaminar hooks,
wires, conical screws, iliac screws or expandable screws [6,
35, 43]. These techniques not only show a higher strength
than transpedicular screws alone in osteoporosis, but also
have inherent risks [5, 13, 32].

Several studies have confirmed that screws in osteo-
porotic spines have a significant lower-screw strength with
more frequent screw movements within the vertebra than
normal spines [5, 13, 23, 29, 35] leading to overall higher
failure rates of up to 12% [2, 26, 41].

However, PMMA augmentation of screws has shown to
provide higher strength than all alternative techniques [9,
30, 41, 43]. A possible further advantage of additional
adjacent segment augmentation has been discussed with
the potential of reducing adjacent vertebral fractures [15].

@ Springer
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Fig. 5 Example of
instrumented spine (L2-1.4)
with the three investigational
groups. P/VP Perforated screw,
vertebroplasty, S/VP solid
screw/vertebroplasty, S/BKP
solid screw/balloon
kyphoplasty. Note the different
cement distribution between
P/VP and S/VP or S/BKP.
Cement leakage in L2 (arrow)

e e Bl ;i\u'\_'.l!oli_'- TRiRIE L.

Fig. 6 Example of screws after experiment. Screws of group 2 a
showed no cement mantle. b Represents a screw from group 3, and ¢
from group 4

The insertion depth of the screw plays a significant role.
Screws implanted deeper than 50% into the vertebral body
or bicortical screws perforating the anterior vertebral cor-
tex enhance screw anchorage in the bone [11, 22, 42]. We
observed those rules and inserted the screws as shown in
Fig. 5. However, bicortical fixation was avoided because of
the anterior leakage risk.

Finally the diameter of the screws plays a role in normal
bone, screws with diameters 7 mm and higher show better
strength. In osteoporotic bone, such screws may cause
pedicle fractures in 24-40% of cases, leading to screw
failure [3, 43]. Therefore we used only 6.2-mm screws in
our study.

@ Springer

As shown above, larger screw diameters can lead to
pedicle fractures in osteoporotic bone. This leaves the
question whether the primary strength of a screw in osteo-
porosis can be compared to the strength in healthy bone.

In a non-osteoporotic spine, screw anchorage in an
intact and healthy pedicle assures 80% craniocaudal stiff-
ness and 60% pullout force. By inserting the screw into a
healthy vertebra, the pullout force can be further enhanced
by 20% and by another 20% using bicortical fixation
[18, 40].

Furthermore, the bone density of healthy vertebral
bodies is six times lower than that in the pedicle overall.
The trabecular pedicular bone, however, is only twice as
stiff as the vertebral trabecular bone and the cortical
pedicular bone is eight times stiffer than the trabecular
vertebral bone, hence the need of pedicular fixation of
screws. But in osteoporosis, the trabecular and cortical
pedicular bone can be reduced by up to 50% versus a
healthy bone and may therefore not be able to provide the
required strength [18].

Taking this fact into account and the above-mentioned
fact that screws with diameter 7 mm and higher may break
the pedicle in case of osteoporosis, we could not rule out
pedicle perforation with the 6.2-mm screws and therefore
avoided cement injection into the area of the pedicle.
Furthermore, the screws are designed such that, if inserted
at the required depth, all of the perforations lie well within
the vertebra and none in the pedicle. Finally it has been
described that no tapping is to be preferred for screw sta-
bility [43], which we considered in our study.

The results of our study reflect the results of those
studies regarding the concept of screw augmentation; we
could enhance the screw strength by 1.8 in the verte-
broplasty groups and 1.5 in the balloon kyphoplasty group.
We tried to simulate clinical conditions and inserted
bilateral screws with the same augmentation technique
always in one vertebra and treated all spines with all
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different augmentation procedures. We found no difference
between the uses of perforated and not perforated screws
regarding the pullout forces of the screws, although the
screws after the pullout looked different (Fig. 6). This
might be an advantage in the case of loosening in order to
avoid large defects of the bone by the dislocation of the
screw with an intact cement mantle.

In our study, leakage occurred in two cases in group 2,
which can be due to the positioning of the lateral holes. In
assessing the images, 50% of the screw itself was fixed
within the pedicle and 50% of the screw within the verte-
bral body. The insertion of the screw was consistently
performed to maximize anchorage within the vertebral
body, e.g., 80% of the vertebral depth. It is possible, that
the perforations of the screw lie directly attached or within
a venous vessel allowing a posterior leakage via the
basovertebral vein into the epidural space and veins. This
has to be considered during screw insertion. Furthermore, it
is important to specify the operation technique and aim to
insert the screws at the 20%/80% limit of the vertebral
depth. This deep implantation is important to avoid a
positioning of the perforations within the pedicle which
then, in the case of a pedicle perforation, can easily lead to
leakage into the spinal canal. We did not observe any
anterior leakage of cement in our study.

Nevertheless, a perforated screw has handling advanta-
ges. The injection of PMMA cement through perforated
screws is technically easier than performing a vertebro-
plasty or balloon kyphoplasty and inserting a screw into the
cement. In first positioning of the perforated screw, the
position can be verified and, if needed, optimized. After
vertebroplasty or balloon kyphoplasty, there remains a risk
of dislocation or misalignment of the screw during inser-
tion into the cement. It is furthermore possible to first
position the screws on several segments and then to per-
form an augmentation of those screws simultaneously; a
simultaneous multisegmental approach is more difficult
in vertebroplasty and nearly impossible in a balloon
kyphoplasty.

The screw strength after balloon kyphoplasty was 1.5
times higher than that of the control according to the lite-
rature [4, 25], but just failed to reach significance in our
study. This may be due to the fact that we injected an equal
amount of PMMA cement in all groups. In the balloon
kyphoplasty group, the balloon was inflated to 2 ml and
2 ml was injected. The balloon itself creates a void, with an
impactation of the surrounding trabeculae and may there-
fore prevent cement penetration into the surrounding bone.
It is obvious, that the injection of an amount of cement,
which just fills the void, does not have the same interdigi-
tation as a vertebroplasty. Therefore, it is possible that the
injection of more cement might have led to better results;
however, it would have biased the study towards balloon

kyphoplasty. A study investigating the pul-out behavior of
screws, augmented with different amounts of cement found
no increase of strength after the injection of more cement
[9]. A different study design investigated the behavior of a
4 ml cement augmentation with balloon kyphoplasty ver-
sus a 2 ml cement augmentation of vertebroplasty and
found a significant higher stability in balloon kyphoplasty
[4]. This study injected a vertebra with two different aug-
menting methods and can therefore not be compared to our
study. A different study, investigating the bilateral aug-
mentation of pedicle screws with balloon kyphoplasty
versus a non-augmented control found a significant higher
strength towards the non- augmented control [25]. The
same group documented furthermore a higher strength of
solid anterior screws augmented with balloon kyphoplasty
towards a non-augmented control [24].

All our specimens were in the reported range of osteo-
porosis [20]. The BMD differences were marginal, which
explains that the BMD did not have a significant impact on
the pullout results. As it has been shown that BV/TV values
give a better idea about osteoporosis and are the best values
regarding stability of the vertebra [20], we analysed those
values as well showing that all specimen were osteoporotic.
However, a Micro CT analysis of a slice of a vertebra does
not reflect the overall BV/TV ratio as they vary depending
on the vertebral region [20]. To minimize a bias, we
sampled out bone from the intact and non-augmented
central region of the vertebra.

We used non-resorbable PMMA cement developed for
vertebroplasty augmentation in our study. The discussion
whether resorbable calcium phosphate cements (CPC)
result in a higher strength than PMMA is still going on.

Both the substances have shown in various studies to
enhance screw stiffness; PMMA up to 49—-162% and CPC
up to 102% [28, 30, 37, 41, 43]. Therefore, it seems that
both the substances can be used in normal bone to enhance
screw strength.

There are several limitations to this study. As mentioned
in other comparable studies, the pullout forces do not reflect
the real biomechanics in situ and can be influenced by
various factors, such as diameter of the screws, pitch dis-
tance and partially or fully threaded screws [17, 29, 34]. We
tried to rule out most of those parameters using the same
fully threaded screw and inserted the screw perpendicular to
the superior endplates. Although the biomechanics in vivo
are different, a comparison of different augmentation
techniques with the same biomechanical model is in our
opinion acceptable.

In order to avoid intraindividual bone stock differences,
we treated every spine with all four different stabilization
techniques. However, we always treated the same vertebra
with the same stabilization technique, so differences in the
pedicle diameter and the size of the vertebra could
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influence the outcome to some extend. In osteoporosis, the
screw strength in the pedicle is significantly reduced to a
healthy spine; therefore we believe that pedicle size had
only a small impact in our model [7, 18]. Furthermore, it
has also been demonstrated in biomechanical studies that
pedicle size has no impact on the pullout force [16].
Nevertheless, we tried to challenge the treatment effect
using the smallest diameter and therefore strongest pedicle
(L1) as control.

We also did not measure the injection time as the
injection time is clinically not as important as the precise
injection viscosity; therefore we strictly adhered to the
parameters to inject the PMMA cement not earlier than
6 min after mixing. In the future, a more correct analysis of
the viscosity should be possible with the use of a visco-
simeter, which is being currently developed. Whether a
leakage could have been avoided using a viscosimeter
remains still unknown.

Furthermore, the implantation technique may vary
slightly; small aberrations/angulations differences during
implantation technique or a different local bone stock
within the body and pedicle may lead to different results
(Fig. 4), therefore all screws were assessed separately in
the statistical analysis.

Conclusion

The pullout strength of a solid and perforated Dualcore
transpedicular screw can be significantly enhanced by
vertebroplasty. Balloon kyphoplasty augmentation is not
superior to vertebroplasty augmentation. The new perfo-
rated Dualcore screw allows for an easier operation with
considerable intraoperative advantages.

An accurate implantation technique and cement han-
dling technique of the perforated screw is necessary in
order avoid cement leakage into local vessels.
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