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Objectives

Cement augmentation of pedicle screws could be used to improve screw stability, espe-
cially in osteoporotic vertebrae. However, little is known concerning the influence of differ-
ent screw types and amount of cement applied. Therefore, the aim of this biomechanical
in vitro study was to evaluate the effect of cement augmentation on the screw pull-out force
in osteoporotic vertebrae, comparing different pedicle screws (solid and fenestrated) and
cement volumes (O mL, 1 mL or 3 mL).

Materials and Methods

A total of 54 osteoporotic human cadaver thoracic and lumbar vertebrae were instrumented
with pedicle screws (uncemented, solid cemented or fenestrated cemented) and augmented
with high-viscosity PMMA cement (O mL, 1 mL or 3 mL). The insertion torque and bone
mineral density were determined. Radiographs and CT scans were undertaken to evaluate
cement distribution and cement leakage. Pull-out testing was performed with a material
testing machine to measure failure load and stiffness. The paired t-test was used to compare
the two screws within each vertebra.

Results

Mean failure load was significantly greater for fenestrated cemented screws (+622 N;
p < 0.001) and solid cemented screws (+460 N; p < 0.001) than for uncemented screws.
There was no significant difference between the solid and fenestrated cemented screws (p =
0.5). In the lower thoracic vertebrae, 1 mL cement was enough to significantly increase
failure load, while 3 mL led to further significant improvement in the upper thoracic, lower
thoracic and lumbar regions.

Conclusion

Conventional, solid pedicle screws augmented with high-viscosity cement provided compa-
rable screw stability in pull-out testing to that of sophisticated and more expensive fenes-
trated screws. In terms of cement volume, we recommend the use of at least T mL in the
thoracic and 3 mL in the lumbar spine.
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Article focus
The evaluation of the pull-out force for
solid and fenestrated cemented screws as
well as uncemented screws from osteo-
porotic vertebrae.
The comparison of two different cement

Key messages
Conventional, solid pedicle screws aug-
mented with high viscosity cement pro-
vided comparable pull-out strength as
sophisticated, more expensive fenestrated
screws.

volumes (1 mL, 3 mL).
The consideration of vertebra level (upper
thoracic, lower thoracic and lumbar) and
bone mineral density.

We recommend the use of at least T mL
cement in the thoracic and 3 mL in the
lumbar spine.
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Bone mineral density (BMD) and insertion torque might
be good predictors of screw stability, particularly in the
uncemented screws.

Strengths and limitations
Strength: three study groups, each with paired com-
parison of two screw types implanted in the left and
right pedicle of the same vertebra.
Strength: randomisation with respect to BMD meas-
ured by dual-energy X-ray absorptiometry and verte-
bra level.
Limitation: use of embalmed vertebra specimens.

Introduction

Osteoporosis contributes to the risk of revision instru-
mented spine surgery because of failure of pedicle screw
fixation from loosening or cutting out. Cement augmen-
tation of pedicle screws could increase the mechanical
strength of the interface between the screw and bone.
Biomechanical studies have demonstrated an increased
resistance to failure of the screw-bone interface after aug-
mentation with bone cement.’” Numerous clinical fol-
low-up studies have reported good functional outcomes
and very low revision rates with poly methyl methacrylate
(PMMA)-augmented screws.8-13

However, this technique may be complicated by
cement leakage and embolism. Cement may leak into the
spinal canal, especially with larger volumes of cement
and osteoporotic bone.*15 Low-viscosity cement may be
susceptible to cement leakage and risk of embolism.
Therefore, high-viscosity cement was developed but lim-
ited outcome data are available.

Although the increased mechanical stability of
implants augmented with cement has been sufficiently
demonstrated in terms of significantly increased axial
pull-out strength, transverse bending stiffness, and resist-
ance to toggle,3>61618 cement augmentation raises a
multitude of further questions. One major issue is the use
of solid or fenestrated screws. Fenestrated screws enable
the injection of cement after screw insertion and may
minimise operative time and placement error compared
with solid cemented screws because fenestrated screws
are not removed before cement application.? However,
previous biomechanical studies have shown controver-
sial results regarding the failure load of these screws.
Compared with conventional solid pedicle screws, the
fenestrated screws achieved either increased,* were equal
to'6 or decreased'%'? pull-out forces.

The optimal cement volume for proper screw fixation
is also controversial. A cement volume of 1 mL to 3 mL
has been suggested as optimal,’ with > 3 mL providing
no improvement in fixation strength® and greater poten-
tial for cement leakage. However, the guideline of using
1 mL to 3 mL cement is approximate because of potential
variations of volume needed for different spinal segments

(thoracic or lumbar), bony conditions (normal or osteo-
porotic), vertebral body sizes, types of pedicle screw
(fenestrated or solid cemented) and viscosity of cement
(low or high). Systematic approaches are required to
identify the minimal amount of PMMA that provides sta-
bility against screw migration and cut-out in osteoporotic
bone. However, only one study?® was found where differ-
ent volumes of bone cement were systematically com-
pared for thoracic and lumbar vertebrae in separate
groups. This study provided unexpected results, in par-
ticular for the lumbar area, where decreasing pull-out
strength was reported for increasing cement volume,
suggesting further research is required.

Another interesting issue concerning pedicle screws is
the predictive ability of the expected pull-out force from
the insertion torque, which can be measured intra-opera-
tively. While many older studies demonstrated high cor-
relations between insertion torque and pull-out force,?1-23
a study from 2003 using more modern screw designs
only found low and not significant correlations.2* More
recent studies did not calculate correlations.#>1° No pre-
vious studies have examined the relationship of pull-out
force and insertion torque to bone mineral density (BMD)
and the influence of cement augmentation.

The purpose of this biomechanical study was to sys-
tematically evaluate the effect of cement injection tech-
nique for different screw types (solid or fenestrated) on
the screw pull-out force by means of paired comparison
in individual vertebrae. We further evaluated whether
increasing the volume of high-viscosity cement from 1
mL to 3 mL was sufficient to improve the pull-out strength
from osteoporotic vertebrae in three separated regions:
upper thoracic, lower thoracic and lumbar spine. In addi-
tion, correlations of insertion torque, pull-out force and
BMD were analysed for all groups.

Materials and Methods

Specimens. After approval of the study by the local ethi-
cal committee, 54 vertebrae (38 thoracic and 16 lumbar)
were obtained from five adult human spines (two males
and three females; age at the time of death: 87.2 years,
standard deviation 4.2 ) that had been fixed in ethanol
and glycerol as previously described.?> The BMD of each
vertebra was determined with dual-energy X-ray absorp-
tiometry (DEXA) (Lunar Prodigy, GE Healthcare Medical
Systems, Miinchen, Germany), with two repeated obser-
vations by different observers (mean BMD, 0.7g/cm?).
All vertebrae were sorted into three study groups, each
having 18 vertebrae: (A) solid uncemented versus solid
cemented; (B) solid uncemented versus fenestrated
cemented; and (C) solid cemented versus fenestrated
cemented, and randomisation was done according to the
level (T6 to L5) and the BMD. This study design allowed
a paired comparison of each treatment in individual ver-
tebra to minimise bias from variations in anatomic (BMD
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Fig. 1a

Fig. 1b

Fig. 1c

CT scans after instrumentation and application of cement (3 mL); a) solid cemented screw (left), showing the far distal location of the cement cloud at the tip
of the screw; b) fenestrated cemented screw (right), showing the cement cloud full around the screw, with good anchorage of the screw; and c) two cemented

screws, showing the confluence of the cement clouds.

and bone shape) and implant (screw length and diame-
ter) factors, and the potential influence of the embalming
process. A total of six vertebrae were excluded because
of pre-existing osteoporotic damage to the endplates or
the pedicles and these vertebrae were replaced by ver-
tebrae from unused levels of the same spine, including
T4 and T5. Each study group had the same number of
left and right pedicles instrumented, with the two screw
techniques compared. In addition, the injected cement
volume was varied (1 mL and 3 mL) in an alternating
order (T7, 1 mL; T8, 3 mL; T9, 1 mL; etc.) for each spine,
resulting in an equal mean density for each cement vol-
ume group. These cement volumes were a reasonable
minimal and maximal amount as suggested from previ-
ous studies.2"

Specimen preparation. The spineswere thawed overnight
and kept moistened with saline solution during the entire
testing period. All instrumentations were performed by
the same experienced spine surgeon (CIL). Polyaxial solid
and fenestrated pedicle screws (Expedium, DePuy Spine,
Kirkel, Germany) were inserted with fluoroscopic guid-
ance to ensure correct positioning. The insertion torque
was recorded for each screw with an analogue torque
sensor (Stahlwille Torsiometer 760/30, Wille GmbH,
Wuppertal, Germany). The thread design and the pitch
were the same for the screws in the uncemented and the
cemented groups. A constant screw diameter (6.0 mm)
was chosen for all levels, but the screw length (40 mm,
45 mm, or 50 mm) was adjusted according to the indi-
vidual vertebral anatomy.

High-viscosity bone cement (Confidence System,
DePuy Spine, Kirkel, Germany) was mixed as recom-
mended by the manufacturer. The cement applicator
was placed into the fenestrated pedicle screws, or the
bone cavity for the solid cemented screws, and the pre-
determined amount of cement (1 mL or 3 mL) was
injected. Plain radiographs and CT scans were performed

to assess for correct screw position, proper cement distri-
bution and cement leakage (Fig. 1). The cement was
allowed to harden at room temperature for at least two
hours before mechanical testing.

Mechanical testing. Mechanical pull-out testing along
the longitudinal axis of the screw was performed to quan-
tify the shear stability of the screw-bone interface. Each
vertebra was separated, dissected from soft tissues and
embedded in resin (Technovit Universal Fluid and Powder
2060, Heraeus Kulzer GmbH, Wehrheim, Germany). The
embedding line of each vertebra was below the pedicle
to avoid interference with mechanical testing. During
embedding, the vertebral body was aligned with both
screw symmetry axes parallel to the transverse plane. The
angle (o) between the screw symmetry axis and the axis
vertical to the embedding (transverse) plane was mea-
sured (Fig. 2).

For mechanical testing, each screw was aligned paral-
lel to the piston of a servohydraulic testing machine (MTS
858 Mini Bionix, Eden Prairie, Minnesota). A titanium rod
attached to an adjustable cardan joint was connected to
the pedicle screw using a grub screw to avoid additional
forces or moments, and the cardan joint was locked to
maintain constant pull-out direction defined by the pre-
measured angle (o) (Fig. 3). Pull-out testing was per-
formed with the testing machine (25 kN load cell) in
displacement controlled mode (10 mm/min and 10 Hz
sample rate).

For study groups A and B, the uncemented screw was
always pulled out first to avoid damage to the vertebra
which was more likely to occur on the cemented side. For
study group C (both sides cemented), the first 25% force
drop, after the peak load, was used as the stop criterion
and then the contralateral side was tested before com-
plete screw pull-out. After pull-out testing, an additional
CT scan was performed to study the individual failure
pattern of each screw.
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Fig. 2a

Fig. 2b

Fig. 2c

Experimental arrangement for mechanical pull-out testing of pedicle screws; a) an inelastic band was wrapped around the vertebral body through the spinal
canal and fixed with a Kirschner wire; b) the specimen was embedded in resin up to two thirds of the vertebral body anteroposterior diameter; c) the angle a
(angle between the longitudinal screw axis and the vertical embedding axis) was measured in the transverse plane.

Fig. 3

Mechanical testing arrangement for an embedded vertebra: an adjustable
hinge joint was used to align the screw axis parallel to the piston of the materi-
als testing apparatus in the transverse plane at the previously measured angle
(a). At the top, a titanium bar is shown connecting to an adjustable cardan
joint that was fixed during testing.

Data analysis. During pull-out testing, the force-
displacement curve was recorded and the maximum
peak load (failure load) and the initial construct stiffness
(slope of linear part of the curve) were determined. Data
analysis was performed with statistical software (SPSS
19.0 for Windows, Armonk, New York). The normal dis-
tribution of the data was checked with the Shapiro-Wilk
test. Within the three study groups, the failure loads
were compared using the paired t-test. To examine
the effect of cement volume, the data of all cemented
screws were combined and then separated into lumbar,
lower thoracic (T9 to T12) and upper thoracic (T4 to T8)
regions. The Jonckheere-Terpstra test was performed for
the resulting three groups (0 mL, 1 mL, and 3 mL) within

the three regions (lumbar, lower and upper thoracic).
Correlations between failure load, BMD, and insertion
torque were analysed using Spearman’s rank correlation
coefficient (p).

Results

The BMD was normally distributed and the mean BMD
was similar for all study groups (Table I). The CT scans
showed lateral or ventral cement leakage in 12 of 72
cemented screws (17%, eight solid and four fenestrated
screws) and most frequently when 3 mL cement was
used (eight of the 12 screws). There was no cement
leakage into the spinal canal. Cement distribution was
better around the fenestrated screws because the solid
cemented screws showed cement clouding at the apex
(Fig. 1).

The force-displacement curves during the pull-out
experiments were usually linear at the beginning, with a
distinct peak at the failure load and subsequent decreased
force (Fig. 4). A total of three vertebrae of group B had to
be excluded because of screw misalignment in one case
and the contact of the uncemented screw to the cement
cloud of the contralateral screw in two cases. The failure
pattern of all uncemented screws was a straight axial
pull-out of the screw without any fracture at the base of
the pedicles. The cemented fenestrated screws had screw
pull-out with the cement cloud adherent to the screw in
29 of 36 fenestrated screws, and the cement-bone inter-
face was disrupted by a fracture of the pedicle. In the
remaining seven screws, failure of the screw-cement
interface was observed, with the cement cloud remaining
in situ without breakage of the pedicle. The solid
cemented screws had similar failure patterns to those of
the fenestrated screws (solid cemented screws: pedicle
fracture in 21 of 33 screws and failure of screw-cement
interface in 12 of 33 screws).
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Table I. Effect of screw type and cement on pull-out testing of pedicle screws from human thoracic and lumbar vertebrae*

Group Treatment Failure load (N) Bone mineral density Insertion torque (Ncm)  Stiffness (N/mm)
(g/cm?)

A Uncemented 444 (356) 0.70 (0.27) 71.0 (42.7) 266 (89)
Solid cemented 904 (485) 0.70 (0.27) 81.3 (47.0) 316 (128)
p< 0.001* 0.247 0.050

B Uncemented 611 (308) 0.76 (0.25) 88.7 (40.1) 379 (91)
Fenestrated cemented 1233 (546) 0.76 (0.25) 68.6 (33.5) 388 (71)
ps< 0.001* 0.016t 0.542

C Solid cemented 1145 (643) 0.68 (0.22) 74.9 (33.3) 285 (133)
Fenestrated cemented 1070 (557) 0.68 (0.22) 79.5 (35.5) 337 (122)
p= 0.509 0.165 0.276

*data reported as mean (standard deviation). Results for different anatomic regions (thoracic and lumbar) and different cement volumes (1 mL and 3 mL)

were combined
Tstatistically significant (p < 0.05) using the paired t-test within the study group

900 ~
800 +
700 -
600 ~
500 +
400 +

Force (N)

300
200 +
100

10
Displacement (mm)
Fig. 4

Typical force-displacement curve from a screw pull-out experiment.

20

Mean failure load for the different screw constructs
(data for groups combined) was greatest for fenestrated
cemented and solid cemented screws (Table I). The dif-
ferences between the paired failure loads for each verte-
bra were normally distributed. Mean failure load was
significantly greater for solid cemented screws than
uncemented screws (group A) and significantly greater
for fenestrated cemented than uncemented screws
(group B, Table I). There was no difference in mean fail-
ure load between solid cemented and fenestrated
cemented screws (group C, Table I). There were no sig-
nificant differences in mean insertion torque or stiffness
between the different screw and cement constructs
(Table I).

For the analysis of the effect of cement volume on fail-
ure load, the data were normally distributed in all sub-
groups except for the uncemented group in the lumbar
region and the T mL cement group in the thoracic region
(p < .01). In all tested regions, the upper thoracic, lower
thoracic and lumbar spine, screws cemented with 3 mL
cement had significantly greater mean failure load than
either screws cemented with T mL or uncemented screws
(Table II). In the lower thoracic region, but not in the
upper thoracic or lumbar regions, mean failure load was
significantly greater for screws cemented with 1 mL
cement than for uncemented screws (Table II).

Table Il. Effect of cement volume on failure load in pull-out testing of pedicle
screws in human thoracic and lumbar vertebrae$

Region Cement volume Failure load (N) p-value <
(mL)
Upper thoracic 0 470 (356) —
1 720 (386) 0.129%
3 1434 (398) 0.001+
Lower thoracic 0 532 (283) —
1 917 (533) 0.025%
3 1395 (502) 0.037+
Lumbar 0 604 (397) -
1 719 (487) 0.628"
3 1496 (499) 0.004+

Sdata reported as mean (standard deviation)

fcomparison between screws cemented with T mL cement and uncemented
screws;

*statistically significant (p < 0.05) using the Jonckheere-Terpstra test
fcomparison between screws cemented with 3 mL cement and 1 mL cement

Table I1I. Correlation between parameters of pull-out tests for pedicle
screws in human thoracic and lumbar vertebrae (Spearman’s rank correlation
coefficient p, all values significant, p < 0.05)

Cement volume (mL)

0 1 3
Failure load/insertion torque 0.91 0.71 0.46
Failure load/bone mineral density 0.70 0.45 0.55
Insertion torque/bone mineral density 0.71 0.58 0.41

Significant correlations were observed between failure
load, insertion torque, and BMD (Table Ill). The failure
load was highly correlated with insertion torque for unce-
mented screws, with decreasing values of the correlation
coefficient for increasing cement volume (Table Il and
Fig. 5). A stronger correlation for the dependence of fail-
ure load and insertion torque on the BMD was observed
for uncemented screws more than cemented screws
(Table II).

Discussion

The present results showed that mean failure load was
significantly greater for cemented than for uncemented
pedicle screws (Table 1), but there was no significant
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Fig. 5
Relationship between failure load and insertion torque for different cement
volumes.
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difference in mean failure load between solid cemented
and fenestrated cemented screws (Table I). The current
study design had the advantage that each injection tech-
nique (fenestrated or solid screws) was studied against
an uncemented control and in a combined paired study
group, minimising potential bias from screw design or
anatomical variations.

While the enhanced failure load of cemented com-
pared with uncemented pedicle screws is well known,
the effect of fenestration is still a topic of controversy.
Chen et al'? and Chang et al'® found a significantly higher
failure load for solid cemented pedicle screws compared
with fenestrated cemented screws in their biomechanical
studies on artificial, osteoporotic-like bone. In contrast, in
their study on human osteoporotic thoracic and lumbar
specimens, Choma et al* found significantly higher pull-
out forces for the partially fenestrated than for the solid
cemented screws. In accordance with our study, Becker
et al'é reported no significant difference between the
solid and fenestrated cemented screws. These differing
results might be partially explained by the different screw
designs. A comparative study had shown that pull-out
force increases with the number of output holes in the
fenestrated screws,2¢ which could explain the poor results
of the fenestrated screws in some studies'®'® where
screws with only one’® or two'? holes were used. In con-
trast, Choma et al* were using the same screw type as
that in our study (nine holes), and Becker et al'¢ were
testing screws with four holes. Another reason might be
the different bone conditions. While Chen et al'® and
Chang et al'® were using artificial bone, where the natu-
ral variations in BMD were missing and the comparability
with human bone is questionable in general, Choma
et al* were using highly osteoporotic bone but without
randomisation. Adaptation of the pull-out forces accord-
ing to BMD was performed by Becker et al,'¢ while in our
study the two screw types were tested in the two pedicles
of the same human vertebrae using paired comparisons.

Therefore, the two testing groups had exactly the same
mean BMD, while its natural variations were still consid-
ered. Thus, if testing was carried out on human vertebrae
and BMD was taken into account accordingly, as it was
done in our study and by Becker et al,’¢ no significant dif-
ference in pull-out force would be found between the
solid and fenestrated cemented screws.

One remaining concern of cemented screws is the risk
for cement leakage into the spinal canal which is likely to
occur with larger amounts of cement, especially in osteo-
porotic bone.’® Using high-viscosity cement as in the pre-
sent study can possibly help to decrease cement leakage,
but systematic approaches are required to identify the
minimal amount of PMMA which still provides stability
against screw migration and cut-out in osteoporotic
bone. Varied amounts of cement have been suggested
and studied.’2” A previous study® reported no significant
difference in failure of pedicle screw fixation in osteo-
porotic bone between two different larger cement vol-
umes (2.8 mL and > 5.5 mL). In other laboratory studies,
it had been proposed and confirmed that optimal cement
volume may be between 0.5 mL and 3 mL, and larger
volumes may have no beneficial effect on stability.>?
Therefore, in the present work, minimum (1 mL) and
maximum (3 mL) amounts of cement within these sug-
gested limits were used for both thoracic and lumbar
levels.

We found a significant increase of the pull-out force
with 3 mL cement compared with a smaller cement vol-
ume in all considered spine regions (Table II). As pull-out
force was very similar in the three regions using 3 mL
cement, it seems that cement is becoming the determin-
ing factor (compared with spine level or screw length, for
example) when a sufficiently large volume is used. Pedicle
screws augmented with T mL cement had significantly
greater stability compared with uncemented screws in
lower thoracic vertebrae. It was interesting to see that in
the upper thoracic spine, 1 mL cement could distinctly
increase pull-out force by 250 N, however, this increase
was not statistically significant. This might be attributed
to the overall smaller force level in this region while the
variation is still comparably high and the number of spec-
imens small, but certainly in the upper thoracic region,
the sustainable loads are also smaller as a smaller part of
the body weight has to be carried. Furthermore, from a
clinical point of view, the application of 3 mL cement in
the upper thoracic region has to be considered carefully,
taking into account the individual anatomical conditions
and the increased risk of cement leakage with higher
cement volume. With respect to these results, the usage
of at least T mL cement in the thoracic spine and 3 mL in
the lumbar spine seem to be appropriate.

Cement leakage was more commonly observed with
3 mL cement than with 1 mL cement. As we only used
high-viscosity cement, no direct comparison with
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low-viscosity cement concerning leakage could be made.
However, Bullmann et al? reported 65% of leakage (15 of
23 screws) in a similar biomechanical study using low-
viscosity cement. In contrast, the 17% of leakage (12 of
72 screws) in our study using high-viscosity cement was
relatively low, indicating possible advantages of high-
viscosity cement. This is also in accordance with other
studies, revealing that high-viscosity cement may poten-
tially reduce the problem of cement leakage?® while pro-
viding comparable stability.4

The main advantage of fenestrated screws is that the
cement can be injected directly through the screw after
instrumentation, avoiding the removal of the screw before
cement application which is commonly required with
solid screws. Therefore, fenestrated screws may minimise
operative time, especially for multiple level instrumenta-
tions and it may be possible to stop the cement applica-
tion immediately after detection of cement leakage. The
analysis of the post-operative CT scans showed that the
fenestrated screws used in this study, with nine holes near
the screw tip (three rows separated by 120°), provided an
even distribution of the cement circumferentially around
the screw and not predominantly at the screw tip in the
anterior part of the vertebral body, as observed with some
solid screws (Fig. 1).

The pull-out strength of the solid screws was greater
when both sides of a vertebra were cemented (Table ).
This effect appeared predominantly for vertebrae with
cement volumes of 3 mL in which the cement clouds
from both pedicle screws were merged into one cloud
(Fig. 1¢). As this could only occur in Group C, where the
solid and fenestrated cemented screws were compared,
itoccurred just as often for both types of screws. However,
it was interesting to see that for the fenestrated screws,
the pull-out strength was similar with one side or both
sides of the vertebra cemented (Table I). This could be
attributed to the better cement distribution with fenes-
trated than with solid screws. Due to these results of
either similar or increased pull-out forces, for clinical
application, cement cloud merging is considered to be
advantageous, as long as it is not connected to increased
leakage, which was not the case in the current study.

In the current study, a particularly high correlation
(r = 0.91) was found between failure load and insertion
torque for the uncemented screws. This result is in accord-
ance with many previous studies.?’-2> However, Inceoglu,
Ferrara and Mclain?* reported contrary results. Perhaps
this could be attributed to the fact that, in that study, the
screw holes were tapped before screw insertion. Another
possible reason might be the different screw designs,
which have been shown to have a large influence.?° The
screws used in our study have a design which is frequently
used (Expedium, DePuy). With this design, the insertion
torque gives a good prediction for the pull-out force and
therefore the stability of the pedicle screw. Although this
good correlation decreased with the amount of cement

used for augmentation, there remained considerable
correlation (r = 0.46) even when 3 mL of cement was
injected. We could also demonstrate high correlation
between insertion torque and BMD, as well as pull-out
force and BMD (r = 0.7), which might partly explain the
high correlation between insertion torque and pull-out
force, as both are strongly influenced by BMD. Therefore,
according to our study, BMD and insertion torque may be
good predictors of screw stability.

The limitations of the present study include the use of
bone specimens that were embalmed which could have
changed the mechanical properties of bone, e.g. abso-
lute pull-out strength. However, this would not be
expected to affect the relative comparison of the two
implantation techniques during paired comparison in
individual vertebrae. Furthermore, as the fixation of
human tissue using ethanol and glycerol is a technique
designed only to conserve tissue and does not influence
the morphology and macroscopic anatomy of the bone,
the impact on cement distribution should be marginal.
This was also proved by the post-operational CT scans
(Fig. 1) which showed similar cement distributions to
those in the patients. The present results are in agree-
ment with the results of other laboratory studies, so the
present bone model may be comparable with fresh fro-
zen bone in mechanical behaviour. Another limitation
might be the use of a constant screw diameter because
the screw diameter might have a larger effect on the
uncemented than the cemented screws, introducing an
unwanted bias. This was done to reduce the number of
differing variables, as has been done in many similar
studies.3*7.16 To clarify the specific influence of the screw
diameter and the potential bias regarding cementation,
further studies are needed.

In conclusion, the present study demonstrated that
conventional, solid pedicle screws augmented with high-
viscosity cement provided results comparable to those
using sophisticated and considerably more expensive
fenestrated screws with respect to stability in pull-out
tests in osteoporotic bone. The data suggest that T mL
cement may provide adequate stability for thoracic verte-
brae, especially in the lower thoracic spine, while 3 mL
leads to further significant improvement in all considered
spine regions. Therefore, we recommend the use of at
least 1 mL in the thoracic and 3 mL in the lumbar spine.
Furthermore, the results of our biomechanical in vitro
study propose that pre-operatively determined BMD and
intra-operatively measured insertion torque might be
good predictors of screw stability, particularly in
uncemented screws.
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