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Abstract
Purpose Cement augmentation of pedicle screws is able to improve screw anchorage in osteoporotic vertebrae but is associ-
ated with a high complication rate. The goal of this study was to evaluate the impact of different cement volumes on pedicle 
screw fatigue strength.
Methods Twenty-five human vertebral bodies (T12–L4) were collected from donors between 73 and 97 years of age. Bone 
density (BMD) was determined by quantitative computed tomography. Vertebral bodies were instrumented by conventional 
pedicle screws, and unilateral cement augmentation was performed. Thirteen vertebrae were augmented with a volume of 
1 ml and twelve with a volume of 3 ml bone cement. A fatigue test was performed using a cranial–caudal sinusoidal, cyclic 
load (0.5 Hz) with increasing compression force (100 N + 0.1 N/cycles).
Results The load to failure was 183.8 N for the non-augmented screws and was increased significantly to 268.1 N (p < 0.001) 
by cement augmentation. Augmentation with 1 ml bone cement increased the fatigue load by 41% while augmentation with 
3 ml increased the failure load by 51% compared to the non-augmented screws, but there was no significant difference in 
fatigue loads between the specimens with screws augmented with 1 ml and screws augmented with 3 ml of bone cement 
(p = 0.504).
Conclusion Cement augmentation significantly increases pedicle screw stability. The benefit of augmentation on screw 
anchorage was not significantly affected by reducing the applied volume of cement from 3 ml to 1 ml. Considering the high 
risk of cement leakage during augmentation, we recommend the usage of a reduced volume of 1 ml bone cement for each 
pedicle screw.
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Key points

1. Cement augmentation of pedicle screws is able to improve screw 
anchorage in osteoporotic vertebrae but is associated with a high 
complication rate. 

2. This biomechanical study shows, that cement augmentation 
significantly increases pedicle screw stability. The benefit of 
augmentation on screw anchorage was not significantly affected by 
reducing the applied volume of cement from 3 ml to 1 ml (p = 0.504). 
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Take Home Messages

1. Cement augmentation significantly increases pedicle screw 
stability in osteoporotic vertebrae.

2. Reducing the cement volume for pedicle screw augmentation from 
3 ml to 1 ml did not show a significant effect on screw stability in 
our biomechanical study.

3. Considering the high risk of cement leakage during augmentation 
we recommend the usage of a reduced volume of 1 ml bone cement 
for each pedicle screw.
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Introduction

Osteoporosis commonly causes vertebral fractures, and 
posterior spinal stabilization using pedicle screw fixation 
may be required [1–4]. However, various biomechanical 
studies have shown that pedicle screw fatigue load as well 
as pull-out force are significantly decreased in bone with 
reduced density and accordingly loosening of pedicle 
screws and progressive kyphotic deformity due to poor 
bone mineral density are frequently encountered in osteo-
porotic patients [5–11].

Cement augmentation of pedicle screws is increasingly 
used in order to improve fixation strength in osteoporotic 
patients [12–15]. Biomechanical studies have shown an 
approximately twofold increase in pull-out force and an 
increase in load to failure in cyclic testing by 52% for aug-
mented pedicle screws [16–19]. However, cement augmenta-
tion of pedicle screws is associated with relevant complica-
tions such as leakage and embolism [20, 21]. Symptomatic 
complications are reported in 5.5%, asymptomatic cement 
leakage in 66.7% and anaphylactic reactions in 1.2% of 
patients treated with augmented pedicle screws [21]. It has 
been shown that reducing the cement volume during aug-
mentation is able to significantly reduce the risk of cement 
leakage [20]. Nevertheless, there is still controversy regard-
ing the sufficient cement volume for screw augmentation.

The aim of this in vitro study was to evaluate the impact 
of different cement volumes on pedicle screw fatigue 
strength in osteoporotic/osteopenic vertebrae.

Materials and methods

Eight thoracolumbar spines (T12–L4) from human donors 
aged 73 years and above (3 female, 5 male) were col-
lected. They were sealed in plastic bags and stored below 
− 20 °C. While frozen, the specimens underwent com-
puter tomography (CT) using a 16 row scanner (Brilliance 
16 CT; Philips Healthcare, Hamburg, Germany). A solid 
calibration phantom (Bone Density Calibration Phantom; 
QRM, Moehrendorf, Germany) was included to determine 
the apparent volumetric bone mineral density (vBMD) of 
the vertebral bodies by linearly converting the Hounsfield 
unit (HU) from a defined voxel cube from the centre of the 
vertebral body to the phantom’s reference densities (Avizo 
5.1, VSG Inc., Burlington, MA). A total of 25 vertebral 
bodies with osteopenic/osteoporotic bone mineral density 
(BMD; below 100 mg/cm3) in which no bone changes such 
as fractures, osteolysis, implants or very unevenly distrib-
uted bone density, shown in the CT scan, were identified 
and included into the study (Table 1).

The specimens were thawed overnight and prepared 
for mechanical testing. Hence, dissection of the vertebrae 
and removal of the tissues care were taken to moisture the 
specimens with Ringer solution to prevent trying out of the 
tissue. Self-tapping, cannulated, augmentable, polyaxial 
screws (6.0 mm × 45 mm, CFX, DePuy Synthes Inc., West 
Chester, PA) were inserted under fluoroscopic guidance into 
both pedicles. Screws were positioned parallel to the ver-
tebral end plate. After screw implantation, one screw was 
cement-augmented (VertaPlex HV, Stryker Inc., Kalamazoo, 
MI)—12 vertebral bodies augmented with a volume of 3 ml 
and 13 with 1 ml of bone cement. Radiological assessment 
confirmed that the cement did not cross the midline (Fig. 1). 
The specimens were then embedded in the centre of a metal 
fixture with spherical shell. The inner concavity of the fix-
ture enabled an embedding of the specimen in a way that 
the vertebral body may be surrounded by polyurethane resin 

Table 1  Specimens given with age, gender, vertebral body level and 
corresponding BMD for the groups 1 ml and 3 ml cement augmenta-
tion

Cement volume Specimen Age Gender Level BMD

1 ml 1 86 f L1 50.0
1 ml 2 78 m L1 79.7
1 ml 5 83 m L1 81.3
1 ml 2 78 m L2 89.2
1 ml 4 97 m L2 79.9
1 ml 3 83 f L3 74.1
1 ml 6 93 m L3 47.4
1 ml 7 83 f L3 76.1
1 ml 8 73 m L3 99.2
1 ml 1 86 f L4 59.7
1 ml 3 83 f L4 89.2
1 ml 4 97 m L4 70.3
1 ml 7 83 f L4 80.7
Mean 84.8 75.1
SD 7.2 15.1
3 ml 2 78 m T12 84.5
3 ml 4 97 m L1 74.1
3 ml 6 93 m L1 43.3
3 ml 1 86 f L2 56.1
3 ml 3 83 f L2 87.9
3 ml 5 83 m L2 85.1
3 ml 7 83 f L2 82.9
3 ml 1 86 f L3 53.9
3 ml 4 97 m L3 83.8
3 ml 2 78 m L4 84.5
3 ml 6 93 m L4 52.7
3 ml 8 73 m L4 96.6
Mean 86.5 72.8
SD 7.8 17.4
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(RenCast FC 52/53, Huntsman Inc., Salt Lake City, UT), 
while the posterior arch and pedicle remained completely 
free (Fig. 2).

Mechanical set‑up

The spherical fixture with the enclosed specimen was posi-
tioned on top of a x–y table. The fixture enabled an exactly 
horizontal orientation of the pedicle screw, perpendicular 
to the actuator of the servo-hydraulic testing machine (MTS 
858.2, MTS Systems, Eden Prairie, MN) and a perfect align-
ment of the loading direction between specimen and test 
machine. A frame structure connected the actuator and the 

pedicle screw using a short rod of 20 mm length (Expedium 
titanium 5.5 mm, DePuy Synthes Inc., West Chester, PA) 
and a blocker screw (Expedium Single Innie, DePuy Syn-
thes Inc., West Chester, PA). A rotational joint in the con-
nector was positioned orthogonal to the screw axis with its 
axis in the centre of the screw head—allowing movement 
with one degree of freedom (Fig. 2). The screw was not 
exhibited to reactive moments since the rotational axis of 
the test set-up was positioned in line with the sphere of the 
screw head. Thus, the head did not tilt with respect to the 
screw. Cyclic pulsating fatigue testing (0.5 Hz) was applied. 
Initially, load ranged from 50 N to 100 N, which represents 
physiological walking [22]. To care for the trade-off between 
physiological loading and changed material properties due 
to degradation during testing, the time to provoke fatigue 
failure was accelerated by stepwise increasing the maximum 
compressive force by 0.1 N every cycle [23], e.g. after 1000 
cycles the load ranged from 50 N to 200 N. Cyclic loading 
was terminated after the displacement of the screw heads 
exceeded 5.4 mm (approximately 20° rotation). Testing was 
consecutively performed for the non-augmented and aug-
mented side, minimizing the risk of cross-effects due to a 
moving cement seal.

Parameters

The failure load at the end of the testing, the construct’s stiff-
ness at the beginning, at 50%, 75% and those at the end of 
testing were determined (MATLAB, The MathWorks Inc., 
Natick, MA). Loosening was evaluated based on post-test 
CT scans, but no scoring system or quantification has been 
done.

Statistical analysis with a type I error probabil-
ity of α = 0.05 was performed (SPSS, version 21, IBM, 
Armonk, NY). Nonparametric Mann–Whitney U test and 
Kruskal–Wallis test were used to compare the stiffness of 
the different groups—especially with regard to the changes 
with time. A repeated measurement analysis with the inner-
subject factors non-augmented/augmented was performed to 
test the in-between subjects effect of the different volumes 
used for the augmentation. A linear regression analysis was 
performed to investigate the influence of BMD on the fatigue 
load. If not stated differently, summary data are given as 
mean value ± standard deviation.

Results

Donors’ age was above 73 years (85 ± 7 years) and BMD 
below 100 mg/cm3 (74.5 ± 15.9 mg/cm3) in each vertebral 
body. Consequently, each specimen may be considered to be 
osteopenic or osteoporotic [24]. Both groups (1 ml and 3 ml) 
included vertebrae from various spinal levels, but neither the 

Fig. 1  Radiographs (transversal) showing vertebral body after instru-
mentation and cement augmentation of one side with 1 ml (a) or 3 ml 
(b)

Fig. 2  Biomechanical test set-up. Specimens were embedded in a 
custom-made, spherical fixture which was fixed to a x–y table. The 
fixture was aligned so that the pedicle screw was positioned exactly 
horizontal. The screw was linked to a frame by a rod and a blocker 
screw. A joint in the frame which was positioned exactly parallel to 
the screw head allowed movement with one degree of freedom. Load 
was applied from the cephalad direction
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age nor the bone density differed significantly between these 
groups (age p = 0.769; BMD p = 0.810) (Table 1).

Post-fatigue testing CT scans exhibited a caudal displace-
ment of the screw head and a cranial displacement of the 
screw tip. The centre of rotation was located in the area of 
the pedicle. All screws showed signs of loosening but no 
tilting of the screw heads.

Initially the stiffness of the augmented and non-aug-
mented screws did not differ (p = 0.487), but at the end of 
testing the augmented screws exhibited a significantly lower 
stiffness compared to the non-augmented screws (p = 0.044; 
165 ± 43 N/mm vs. 190 ± 39 N/mm). In the three groups 
(augmented 1 ml, augmented 3 ml and non-augmented), 
the stiffness decreased significantly with ongoing loading 
(augmented 1 ml p = 0.008; augmented 3 ml p < 0.001; and 
non-augmented p = 0.002) (Table 2). 

The load to failure for the non-augmented side in the 
two groups (1 ml/3 ml) hardly differed (181 N ± 74 N vs 
187 ± 54  N), but the corresponding cement-augmented 
screws (1 ml vs 3 ml) withstand a 40 to 50% higher load 
(255 ± 84 N and 282 ± 100 N). The repeated measure gen-
eral linear model exhibited that this increase due to cement 

augmentation was significant (p < 0.001, power 0.999), but 
neither a significant interaction between cement augmen-
tation and cement volume (p = 0.504, power 0.100) nor a 
difference between the two groups of specimens (p = 0.553, 
power 0.089) could have been observed—although the 
power was low due to restricted sample size and the small 
10% differences between augmentations with 1 ml and 3 ml 
(Table 3, Fig. 3).

There was a significant correlation between the BMD 
and fatigue load in the non-augmented as well as in the 
augmented screws (Fig. 4). The highest coefficient of deter-
mination was found for the non-augmented screws and the 
lowest for the screws augmented with 3 ml cement (non-aug-
mented: r2 = 0.602, p < 0.001; augmented 1 ml: r2 = 0.462, 
p = 0.011; augmented 3 ml: r2 = 0.379, p = 0.033).

Discussion

Due to demographic changes with a growing elderly popu-
lation, spine surgeons face more and more osteoporotic 
patients. Since BMD is crucial for pedicle screw stability, 

Table 2  Stiffness of augmented 
(1 ml/3 ml) and non-augmented 
screws at the beginning, at 50%, 
75% and at the end of testing 
(mean and SD)

Bold indicates significant p values (< 0.05)
The p values were given for the comparison between the stiffness at the start and the end of testing and for 
the comparison between augmented and non-augmented screws

Stiffness Start (N/
mm)

50% (N/mm) 75% (N/mm) End (N/mm) p value start vs. end

Mean SD Mean SD Mean SD Mean SD

Augmented 1 ml 247.0 75.9 235.1 63.3 216.3 53 177.1 51.1 0.008
Augmented 3 ml 237.3 71.9 217.8 52.7 198.5 42.4 152.8 29.4 < 0.001
Augmented 1 ml + 3 ml 242.4 72.6 226.8 57.8 207.83 48 165.4 43.1 < 0.001
Non-augmented 242.4 61.6 235.4 52.6 217.4 41 189.6 39.4 0.002
p value 0.487 0.318 0.387 0.044

Table 3  Results of repeated measurement analyses with analysis of inter-subject effects treatment (augmentation) and fatigue load for augmented 
and non-augmented screws (mean and SD)

P values for the comparison of augmented and non-augmented screws

Group (ml) Mean (N) SD (N) N

Non-augmented
 1 180.8 74.0 13
 3 187.1 54.1 12
 Total 183.8 63.9 25

Augmented
 1 255.0 84.3 13
 3 282.3 99.6 12
 Total 268.1 91.1 25

Analyses of intra-subject effects Significance Power

Non-augmented vs. augmented side < 0.001 0.999
Treatment (1 ml vs. 3 ml) 0.504 0.1
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screw loosening is a relevant complication, especially in 
these patients [6, 11, 16]. There are different techniques 
to improve screw anchorage, e.g. expandable screws, 
lengthening of the construct or cement augmentation of 
the pedicle screws [25–27]. Clinical and biomechanical 
studies exhibited the benefits of augmentation in terms of 
higher pull-out forces, increasing fatigue loads in cyclic 
testing and reduced loosening rates in clinical studies [12, 
14, 23, 25]. Hence, this has received growing attention. 

With increasing usage, concerns regarding the potential 
complication associated with these procedures rise.

Janssen et al. showed the extremely high rate of 66.7% 
asymptomatic cement leakage in patients with augmented 
pedicle screws [21] and a rate of pulmonary cement embo-
lism in 7.9% of patients of whom 3% were symptomatic. 
Overall, they described symptomatic complications in 5.5% 
of cases and a 30-day mortality rate of 1.8% [21]. Guo et al. 
performed a retrospective analysis of 202 patients with 950 
augmented pedicle screws and observed a cement leakage in 
81.7% of patients [20]. They further investigated the factors 
influencing the occurrence of cement leakage and found a 
significant relation to the cement volume with an odds ratio 
of 0.75 (p = 0.013). Additionally, the high rate of observed 
cement leakage in kyphoplasty illustrates the potential dan-
ger of using cement on the spine [28].

There is only minor evidence regarding the opti-
mal cement volume for pedicle screw augmentation yet. 
Pishnamaz et al. performed a biomechanical study regard-
ing screw stability after augmentation with a cement volume 
of 4 ml and 1.5 ml [29]. They showed no significant benefit 
of an increased cement volume in pull-out testing and con-
clude that the pedicle screw stability of high-volume aug-
mented screws is disadvantageous compared to moderately 
augmented screws. However, they were not able to draw this 
conclusion based on a cyclic fatigue test, which is a more 
physiological testing method for screw failure testing [23, 
30]. especially since withdrawing of the screws posteriorly 
through the pedicle has clinically rarely been reported [12, 
23, 27, 31].

The used test design with a repeated, stepwise increasing 
force within the physiological range [22] exhibited a con-
tinuously decreasing stiffness which most probably indicates 
slight damages of the trabecular bone [32]. This results in 
an in vivo-like failure pattern expressed in a cranio–caudal 

Fig. 3  Load to fatigue failure of non-augmented and augmented 
screws with two different cement volumes of 1 ml and 3 ml

Fig. 4  Correlation between the 
achieved fatigue load and ver-
tebrae’s BMD for the non-aug-
mented (black), 1 ml augmented 
(green) and 3 ml augmented 
(red) screws
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loosening of the pedicle screws. A significantly lesser stiff-
ness of the augmented screws compared to the non-augmented 
screws at the end of testing was observed. However, it has to 
be kept in mind that the augmented screws bore a reasonable 
higher load at the end of the testing. It is suggested that the 
pivot point of screw toggling moved further into the vertebral 
body with augmentation. This would result in an increased 
lever arm and consequently the loss of fatigue stiffness.

Alike to other biomechanical studies, a significant bet-
ter screw anchorage in augmented screws compared with 
non-augmented screws was found. Regarding the cement 
volume, an increase of 41% of fatigue load using only 
1 ml bone cement was observed. A lager amount of bone 
cement of 3 ml showed a fatigue load which was increased 
by 51% compared to non-augmented which differed non-
significantly from the augmentation with 1 ml. Although 
the load to failure of 282 N for 3 ml cement was a bit higher 
compared to 255 N for 1 ml, we could not find a statistical 
significance. However, for such a small difference in mean a 
higher power could only be received with an ethically unjus-
tifiable number of specimens.

Keeping the high complication rate of pedicle screw aug-
mentation in mind and considering that a reduced cement 
volume is able to reduce the risk of cement leakage signifi-
cantly, these results have a high impact.

As exhibited by others using a similar testing set-up [11, 
19], there was a significant correlation between the BMD 
and the failure load. It has been shown that cement augmen-
tation should only be used if the bone density of the cor-
responding vertebral body is reduced [19]. For this reason, 
only vertebral bodies with significantly reduced BMD were 
included into this study. Despite this small range of bone 
density, we were able to show a significant correlation, even 
if the coefficient of determination is lower compared to the 
studies focusing on the influence of bone density.

Common limitations of in vitro studies have to be regarded, 
especially restricted sample size and normal variations due to 
the use of human vertebrae from varying spinal levels. Verte-
bral bodies from the levels T12–L4 are mostly affected from 
osteoporotic fractures, but differ in volume and anatomy. Nev-
ertheless, the cement volume and the screw diameter were not 
adapted to the specimens. This was done to prevent artificial 
bias of the study and is in accordance with clinical routines 
anyway. Inconsistencies with regard to the screw insertion, 
e.g. the angle, direction and entry point of the pedicle screws, 
may also have a minor influence on the results, but not dif-
ferently to the situation in vivo. Factors associated with the 
testing set-up such as subsidence of the specimen fixation or 
deformation of the setting could also influence the results. 
To reduce specimen degradation, a set-up with continuous 
increasing load was used. Therefore, the measured failure 
loads are on the upper range or above the loads that probably 
occur in patients during physiological activities [22].

Conclusion

Despite that a biomechanical cadaver model is not able to 
perfectly simulate in vivo conditions, it could be concluded 
that cement augmentation significantly increases pedicle 
screw stability, but no significant differences between the 
applied cement volumes of 1 ml and 3 ml could be seen. 
Considering the high risk of cement leakage during aug-
mentation, a spare usage of bone cement (around 1 ml) for 
each pedicle screw appears to be recommendable—at least 
if a mechanical integer construct can be realized.
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