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Abstract
Purpose Percutaneous vertebroplasty is a widely used verte-
bral augmentation technique. It is a minimally invasive and
low-risk procedure, but has some disadvantages with a rela-
tively high number of bone cement leaks and adjacent verte-
bral fractures. The aim of this cadaveric study was to deter-
mine the minimum percentage of cement fill volume in
vertebroplasty needed to restore vertebral stiffness and adja-
cent intradiscal pressure.
Methods Thirteen thoracolumbar spinemobile segments were
loaded to induce a vertebral fracture. After fracture
vertebroplasty was performed, four times in the same frac-
tured vertebra. The injected cement volume was 5 % of the
fractured vertebral volume to reach 5, 10, 15 and 20 % of
cement fill. Biomechanical testing was performed before the
fracture, after the fracture and after each cement injection.
Results After vertebral fracture compressive stiffness was
reduced to 47 % of the pre-fracture value and was partially
restored to 61 % after 10 % cement fill. With vertebroplasty
intradiscal pressure gradually increased, depending on speci-
men position, from 48 to a total of 71% at 15% of cement fill.
Conclusions Compressive stiffness and intradiscal pressure
increase with the percentage of cement fill. Fifteen per cent
of cement fill was the limit beyond which no substantial
increase in compressive stiffness or intradiscal pressure could

be detected and is the minimum volume of cement we recom-
mend for vertebroplasty. In the average thoracolumbar verte-
bra this means 4–6 ml of cement.
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Introduction

Percutaneous vertebroplasty is the simplest of all vertebral
augmentation techniques. It can be performed under local
anaesthesia on an outpatient basis inflicting little intraopera-
tive trauma to the patient with significant pain relief [1–6].
The exact reason for pain in osteoporotic vertebral compres-
sion fractures (OVCF) remains elusive with proposed mech-
anisms being lowering of the intradiscal pressure (IDP) pro-
ducing pain from the posterior annulus [7] and the
micromovement of fractured trabeculae. Vertebral augmenta-
tion with bone cement stabilises the fractured vertebral body
and at least partially restores IDP, thus acting on both pro-
posed pain sources [8].

The most important problems associated with
vertebroplasty are cement leakage and adjacent vertebral frac-
tures. Clinical trials have reported a relatively high number of
bone cement leaks with vertebroplasty, ranging from 22 to
82 % [9, 10]. Clinical consequences, however, occur only
rarely, despite these high rates of cement leaks [11]. The most
important factor affecting the leak frequency is the correlation
of injected volume and vertebral size: with higher percentages
of injected cement leading to increased rates of cement leaks
[12]. Another concern with vertebroplasty is the incidence of
subsequent adjacent vertebral fractures [13–15]. Reasons for
adjacent fractures are thought to be due to either the abnormal
loading of the non-augmented vertebral bodies causing
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elevated IDP generated by increased stiffness of the augment-
ed vertebra [13–16] or simply systemic bone weakening in the
osteoporotic spine not related to vertebroplasty [17]. Stiffness
of the augmented vertebra is influenced by the volume of bone
cement injected into the vertebra [18, 19], the position of the
injected cement and the biomechanical characteristics of the
cement [20, 21].

Biomechanical [8, 18] and clinical studies [22, 23] suggest
that too high a volume of bone cement and consequently high
IDP and elevated vertebral stiffness are the reasons for com-
plications and even failure of vertebroplasty. To avoid both the
aforementioned complications, smaller volumes of cement
have been recommended; however, studies done on single
vertebral bodies have shown that very small volumes cannot
restore strength and stiffness of the fractured vertebra to a
sufficient level leading to procedure failure with persisting
pain [18, 24].

The aim of our biomechanical cadaveric study was to
determine the minimum amount of cement required in
vertebroplasty, measuring vertebral stiffness and adjacent
IDP in a functional spine unit. It was hoped that our biome-
chanical study would enable us to provide a clinical guideline
outlining the minimum cement fill for successful
vertebroplasty.

Methods

Cadaveric specimens

Eight thoracolumbar spines were removed from cadavers aged
72–83 years (average 77 years) (Table 1). In the selected
spines there was no history of malignant disease, traumatic
vertebral fractures or evidence of previous surgical proce-
dures. Each spine was dissected to provide one or whenever
possible two functional spinal units (FSU), and each FSU
consisted of two adjacent vertebrae with intervening interver-
tebral disc and ligaments. Specimens with large osteophytes,
which could interfere with disc stress measurements, were
discarded. A total of 13 FSU, nine male and four female,
between T9 and L4 were obtained (Table 1). Each FSU was
sealed in a plastic bag and stored at −20 °C until testing. FSU
were thawed at 4 °C before testing.

Vertebral volume and bone mineral density (BMD)

Each FSU was submitted to a computed tomography (CT)
scan before and after vertebral fracture. To obtain the volume
of vertebral bodies, a dedicated three-dimensional (3D) model
was aligned with the vertebral body in the CT image [25].
BMD was measured with dual-energy X-ray absorptiometry.
Osteoporosis was defined as 2.5 standard deviations below the

mean of a young healthy reference population of the same
gender and corresponded to a BMD <0.75 g/m2.

Vertebral fracture and vertebroplasty

Each FSU was secured in two cups of dental plaster (type IV
super hard, Heraeus) and loaded in a computer-controlled
hydraulic testing machine (Zwick Roell). Each FSU was
positioned in 2° of flexion to simulate a forward stooped
posture. The FSU was then compressed at a speed of 200 N/
s until one of the vertebral bodies fractured. The yield point
was identified by the first nonlinear deformation in a real-time
load-deformation graph and the load at yield point was indi-
cated as the yield strength. The fracture was confirmed by a
CT scan.

After fracture, vertebroplasty was done using Jamshidi
needles (11G) introduced bipedicularly taking special care
not to injure the pedicle wall. High-viscosity bone cement
polymethylmethacrylate (PMMA, Confidence Spinal Cement
System®, DePuy Spine, Raynham, MA, USA) was used to
provide better control of cement expansion. Bone cement was
injected in increments of 5 % of predetermined fractured
vertebral volume to a final injected volume of 20 % of frac-
tured vertebral body volume. The fractured vertebrae were
filled in the following way: first bone cement of 5 % of
fractured vertebral body volume was injected through one
pedicle and the second 5 % (combined 10 %) via the other
pedicle. The manoeuvre was repeated for the third (combined
15 %) and fourth (combined 20 % of fractured vertebral
volume) injections. Placement of needles and injection of
bone cement was monitored closely using alternatively sagit-
tal, frontal and axial plane radiography to show that the needle
tips were in the anterolateral part (for the first and second
injections) and posterolateral part of the vertebral body (third
and fourth injections) as far as possible from lateral borders of
vertebrae and vertebral endplates (Fig. 1). Leakage was quan-
tified by collecting the fragments of cement that had leaked
and measuring their volume by immersing them in a preset
volume of water.

Mechanical testing

Biomechanical testing was performed before and after the
fracture and one hour after each cement injection. Compres-
sive stiffness and IDPweremeasured. Before eachmechanical
testing, a preliminary creep test (0.5 kN compression applied
for one hour) was performed to stimulate the diurnal change in
vertebral disc content and height that occurs in vivo [26]. Each
FSU was positioned in the testing machine and compressed at
a speed of 600 N/s up to a maximum load of 1.3 kN. Com-
pressive stiffness was defined as a slope of the load-
deformation curve at 1 kN.
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A miniature fibre-optic pressure transducer (Samba Sen-
sors AB, Västra Frölunda, Sweden) 0.36 mm in diameter was
used to measure pressure in the nucleus. A plastic cannula was
introduced first to the annulus/nucleus border followed by a
transducer advanced into the nucleus. Afterwards, an FSU
was subjected to a compressive force of 1 kN and IDP was

measured as the average pressure in the time span of one
minute after 1 kN compressive force was reached. Measure-
ments were done consecutively in a neutral position, 2° of
extension (to simulate an erect standing posture) and in 6° of
flexion to stimulate slightly stooped posture.

Statistical analysis

Repeated measures analysis of variance (ANOVA) was used
to compare measurements across six consecutive time points
(pre- and post-fracture, after 5, 10, 15 and 20 %
vertebroplasty). Where a significant main effect was found,
the paired t test was used to identify where the differences
arose. In all tests P<0.05 was considered significant.

Results

Vertebral volume

The average vertebral body volume before vertebral fracture,
measured by the CTmethod, was 39±5.7 ml and was reduced
after fracture to 36.6±5.6 ml. The volume loss was 1.9±
1.7 ml (4.7 % on average).

Table 1 Details of the specimens tested

Gender Age
(years)

Spinal
level

VB volume
before
fracture (ml)

VB volume
after
fracture (ml)

BMD
(g/cm3)

Height
loss
(mm)

Yield
strength
(kN)

Cement
leak
(cm3)

Cement fill (actual)

1st inj.
5 %
(ml)

2nd inj.
10 %
(ml)

3rd inj.
15 %
(ml)

4th inj.
20 %
(ml)

M 81 T12–L1 33.56 31.60 0.46 0.32 3.4 1.6 3.2 4.8 6.4

M 73 T11–12 31.01 29.96 0.55 0.54 3.7 0.1 ml 1st inj. 1.4 2.9 4.4 5.9

M 81 L2–3 42.63 37.31 0.46 0.90 2.6 1.9 3.8 5.7 7.6

M 73 L1–2 41.36 39.32 0.68 0.80 4.2 2.0 4.0 6.0 8.0

M 83 T12–L1 42.63 39.02 0.52 1.00 3.6 2.0 4.0 6.0 8.0

M 82 L2–3 44.06 43.16 0.71 1.15 5.4 2.1 4.2 6.3 8.4

M 79 T8–9 43.12 42.03 0.47 0.40 2 2.1 4.2 6.3 8.4

F 73 L1–2 33.25 32.63 0.53 0.41 3.8 1.6 3.2 4.8 6.4

F 73 L3–4 37.23 36.19 0.51 0.40 4 1.8 3.6 5.4 7.2

M 79 L3–4 43.95 42.00 0.42 0.75 10.1 2.1 4.2 6.3 8.4

M 79 L1–2 47.76 43.70 0.45 0.70 8.7 2.1 4.2 6.3 8.4

F 72 T11–12 31.44 27.16 0.48 1.60 1.6 0.1 1st inj., 0.1
3rd inj.

1.3 2.7 4.0 5.4

F 72 L1–2 34.47 31.01 0.46 1.00 2.1 0.1 1st inj., 0.1
4th inj.

1.5 3.2 4.9 6.4

Mean 76.9 38.96 36.55 0.51 0.77 4.25 1.81 3.65 5.48 7.30

SD 4.3 5.65 5.56 0.09 0.37 2.52 0.29 0.54 0.81 1.08

VB vertebral body, BMD bone mineral density

Fig. 1 Axial view after four injections
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Vertebral fracture and vertebroplasty

In 6/13 FSU CT images showed vertebral fracture in the upper
endplate of the lower vertebra and in the other 7/13 FSU in the
lower endplate of the upper vertebra. The average force to
produce a vertebral fracture was 4.2±2.5 kN. The height loss
was 0.77±0.37 mm.

Cement leakage was detected in 5/52 injections (three times
during the first injection, once in the third and once in the
fourth injection) in three vertebrae on an average of 0.07±
0.03 ml per fill. X-ray images showed cement placement
adjacent to the vertebral endplate in 10/52 injections (four
after the first and two after the second, third and fourth
injections). There was no significant difference in compressive
stiffness P=0.96 and IDP P=0.23 between the group with
cement placement adjacent to endplates compared to the group
where cement was nonadjacent to the vertebral endplate.

Compressive stiffness

Compressive stiffness was reduced after vertebral fracture to
47 % compared to the pre-fracture level. After vertebroplasty,
compressive stiffness increased statistically significantly after
the first injection to 55% (P<0.01) and after the second injection
to 61 % (P<0.001), while there was no statistically significant
increase after the third and fourth injections (Table 2, Fig. 2).

Intradiscal pressure

After vertebral fracture IDP in the neutral position was re-
duced to 56 % (P<0.001) of the pre-fracture level, to 58 % in
flexion (P<0.001) and to 48 % in extension (P<0.001). IDP
increased after the first injection in the neutral position to 64%
(P<0.05), remained the same after the second injection and
again increased to 71 % (P<0.001) after the third. After the
fourth injection there was no statistically significant increase
of IDP. The results were similar in the flexion position: after
the first injection IDP increased to 65 % (P<0.05), remained
the same after the second injection and increased to 69 %
(P<0.001) after the third. After the fourth injection IDP

increased to 71 %; this increase was not statistically signifi-
cant. In extension, there was significant increase in IDP only
after the forth injection of cement, with IDP reaching 58 % of
the pre-fracture level (P<0.05) (Table 2, Fig. 3).

Discussion

The main aim of vertebroplasty is to stabilise the fracture and
alleviate pain with minimal risk of complications. Although
widely used, there are still no clear clinical guidelines for the
quantity of cement to be used. Early clinical trials proposed
that filling of the vertebral body should be stopped only when
half or all of the vertebral body was filled or when extravasa-
tion occurs. In current clinical practice, however, the risk of
extravasation [12, 19, 27] precluded use of bigger filling
volumes [23]. It is also our clinical practice to inject no more
than 5 ml of bone cement per vertebra, except for the three
lowermost lumbar levels. The aim of this study was to find out
the minimum cement volume needed for successful
vertebroplasty. A biomechanical study was performed on an
FSU model, since this goal cannot be reached easily in an
in vivo study.

The biomechanical properties of the FSU in our study were
only partially restored after vertebroplasty which is in accor-
dance with the biomechanical study in which inability to
completely restore vertebral body stiffness and IDP by
vertebroplasty was reported [8]. The failure to restore IDP to
pre-fracture level could be explained by disc space anatomy,
which presumably remains affected even after vertebroplasty
[8]. On the other hand, inability to restore FSU compressive
stiffness to pre-fracture level after vertebroplasty does not
accord with observations of complete restoration of compres-
sive stiffness reported in biomechanical studies performed on
a single vertebral body [18, 19, 24]. Intuitively the difference
between the single vertebral body model and the FSU model
is not surprising as the stiffness of the FSU depends on factors
other than vertebral body stiffness alone [28].

It has been suggested from biomechanical studies of
vertebral body strength and stiffness that the amount of

Table 2 Average (SD) results

Before fracture After fracture After VP1 5 % After VP2 10 % After VP3 15 % After VP4 20 % P

Compressive stiffness (kN/mm) 2.77 (0.49) 1.32 (0.42)a 1.55 (0.38)c 1.69 (0.43)d 1.71 (0.42)d 1.72 (0.38)c <0.001

IDP neutral (MPa) 0.85 (0.24) 0.48 (0.27)a 0.54 (0.27) 0.54 (0.21)b 0.60 (0.25)c 0.59 (0.23)c <0.05

IDP flexion (MPa) 0.83 (0.29) 0.48 (0.26)a 0.55 (0.27) 0.54 (0.24)b 0.57 (0.28)c 0.59 (0.25)c <0.05

IDP extension (MPa) 0.85 (0.33) 0.41 (0.28)a 0.43 (0.27) 0.45 (0.25) 0.47 (0.26) 0.49 (0.25)b <0.001

Significance in the last column indicates main effects demonstrated by repeated measures ANOVA. Paired t test indicates differences from pre-fracture
(P<0.001)a and post-fracture (P<0.05)b ; (P<0.01) c ; (P<0.001) d values

VP vertebroplasty
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cement needed to relieve pain clinically may approximate
the amount of cement needed to restore the vertebral
body’s pre-fracture mechanical properties [18, 19]. On
the other hand, this in vitro finding was not proven clini-
cally [23]. Fracture stabilisation with associated clinical
improvement can occur without complete restoration of
the pre-fracture biomechanical properties, i.e. of the
strength and stiffness of the vertebral body. In the same
study, it was suggested that once a certain amount of
cement fill has been reached, little or no further gain in
terms of pain and medication use reduction resulted from
any additional amount of cement used [23]. The results of
our study indicate that no further change in biomechanical
properties of FSU is observed with volume fills beyond
15 % of fractured vertebral body volume, which corre-
sponds to 4–6 ml of bone cement. This is the same amount
of cement fill volume needed to restore biomechanical
properties in a finite element study on a single vertebral
body [18]. Our result is also in accordance with other
clinical studies where the relationship between pain relief

after vertebroplasty and volume of the injected bone ce-
ment expressed in percentage of fractured vertebral body
volume was assessed [22, 29]. The suggested optimal
cement fill volume varies from 11 % of fractured vertebral
body volume in a study by Jin et al. [22] to 24 % in the
study by Nieuwenhuijse et al. [29].

In previous studies, the same volume of cement was used
irrespective of vertebral body size. Consequently, percentage
of fill in the same group was diverse [8, 24]. The advantage of
our study is that the size of the vertebral body was taken into
account and that an FSU model was used. Individual cement
volumes calculated on percentage of fractured vertebral body
volume determined by a CT-based mathematical model [25]
were applied. Our study characteristic might be important in
order to provide a useful clinical guide regarding the need to
know the minimum amount of cement volume needed for
successful vertebroplasty in an individual case.

There are weak points to our study. Frozen cadaveric
material was used which could to some extent alter biome-
chanical properties of the FSU. The data presented were
collected using a single FSU which is obviously different
when compared to an in vivo whole spine situation. We were
forced to accept all the negative consequences of this differ-
ence, since we were unable to perform an adequate clinical
study. Vertebroplasty was done consecutively four times and
four small plugs of cement were placed, which differs from
clinical practice where one or two bigger plugs are made. This
could also have had a potential effect on the results; however,
the study of Rohlmann et al. has shown that the number and
symmetry of cement plugs have virtually no effect on the
maximum stresses of the augmented vertebral body [27].
Biomechanical properties of the vertebral body also depend
on the location of bone cement [20], i.e. whether it is placed
adjacent or nonadjacent to the vertebral body endplate. De-
spite a meticulous technique and the high-viscosity PMMA
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cement used, ten of 52 injections resulted in cement being
placed adjacent to the vertebral body endplate, which was not
our intention. In contrast to biomechanical studies [20], where
effects of vertebroplasty were dependent on the cement loca-
tionwithin the vertebral body, no differences in biomechanical
properties of the ten vertebroplasties with cement adjacent to
the vertebral body endplate compared to the other 42 fills with
cement nonadjacent to the endplate were noted in our study.
Since our two compared groups, i.e. adjacent and nonadjacent,
are not homogeneous with respect to filled cement volume,
the direct clinical application of the fact that no difference was
noted seems limited. In future this issue could be a matter for a
separate study.

Conclusions

According to our study model, vertebroplasty with PMMA
cement fill cannot restore IDP and compressive stiffness of an
FSU to pre-fracture level with cement fills up to 20 % of the
vertebral body volume. Fifteen per cent of cement fill was the
limit beyond which no substantial increase in compressive
stiffness and IDP was detected. We recommend that cement
fill for vertebroplasty should be 15 % of fractured vertebral
body volume which in concordance with average
thoracolumbar vertebral body volumes for men and women
[30] corresponds to 4–6 ml of cement fill depending on the
vertebral level. In spite of the fact that our study was purely
in vitro, we suggest that this rule can be applied clinically.
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