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Background: Studies on the effects of cement augmentation or vertebroplasty on multi-level spine
after vertebral compression fractures are lacking. This paper seeks to establish a 3-vertebrae ovine model
to determine the impact of compression fracture on spine biomechanics, and to discover if cement
augmentation can restore mechanical stability to fractured spine.

Methods: Five lumbar spine segments (L1-L3) were obtained from 5-year-old female Merino sheep.
Standardized wedge-compression fractures were generated in each L2 vertebra, and then augmented with
polymethyl methacrylate (PMMA) cement mixed with 30% barium sulphate powder. Biomechanical pure
moment testing in axial rotation (AR), flexion/extension (FE) and lateral bending (LB) was carried out in
the intact, fractured and repaired states. Range of motion (ROM) and neutral zone (NZ) parameters were
compared, and plain radiographs taken at every stage.

Results: Except for a significant increase in ROM between the intact and fractured states in AR between
L1 and L2 (P<0.05), there were no other significant differences in ROM or NZ between the other groups.
There was a trend towards an increase in ROM and NZ in all directions after fracture, but this did not reach
significance. Normal biomechanics was only minimally restored after augmentation.

Conclusions: Results suggest that cement augmentation could not restore mechanical stability of fractured
spine. Model-specific factors may have had a role in these findings. Caution should be exercised when

applying these results to humans.

Keywords: Compression fractures; vertebroplasty; polymethyl methacrylate; articular range of motion (ROM);

spine

Submitted May 21, 2016. Accepted for publication Jun 06, 2016.

doi: 10.21037/jss.2016.06.05

View this article at: http://dx.doi.org/10.21037/jss.2016.06.05

Introduction

Osteoporosis is the leading cause of non-traumatic
vertebral compression fractures (1), and is responsible for
approximately 750,000 vertebral fractures per annum in the
United States alone (2). Conservative management involving
bed rest, analgesia, external fixation and rehabilitation is
effective for the majority of patients (3); however, about
one-third will remain refractory, suffering from chronic
pain (4), immobility, kyphotic deformity, decline in
respiratory function and deterioration in quality of life (5).
Cement augmentation, or percutaneous vertebroplasty,
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is a minimally invasive treatment option that is reported
to achieve pain relief (6-9) and stabilization of the
fracture site (10). The procedure involves fluoroscopic-
or CT-guided injection of acrylic cement, usually
polymethylmethacrylate (PMMA) into the fractured
vertebral body via a transpedicular or extrapedicular
approach (11). As the incidence of vertebral compression
fractures continues to rise as our population ages (12),
cement augmentation will no doubt be performed more
extensively, and more information is needed about this
relatively new procedure.

Biomechanical studies of vertebroplasty have largely
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focused on the effects of cement augmentation on the
strength and stiffness of single vertebrae, where the overall
trend shows increased or maintained vertebral strength
(13-26), and decreased or maintained stiffness (14-26)
except when a large volume of cement was injected (13).
In contrast, multi-level spine models that more closely
approximate physiological conditions are limited and more
heterogeneous. Across these studies, methods were less
standardized, more varied parameters were examined, and
results were less conclusive.

For instance, fracture generation has not been uniform:
Hitchon et al. and Wilson ez al. created wedge-compression
fractures (27,28). Lu et al. created burst fractures (29),
and Kanjaya et a/. merely created a defect in the vertebral
body to be filled by cement (30). Results also varied: Using
S-vertebrae spinal segments, Hitchon er 4/. found that
range of motion (ROM) increased in all directions from
the intact to the fractured state and was only restored in
some directions after augmentation (27). Using 3-vertebrae
segments, Lu er /. only examined flexion/extension (29)
and reported increased stiffness post-augmentation. Wilson
et al. only examined flexion/extension and lateral bending
and reported reduced compliance (28) which also equates
to increased stiffness as compliance is the reciprocal of
stiffness (31). Contrastingly, Kanjaya er a/. reported
that stiffness and strength of 3-vertebrae segments were
unaffected by augmentation and were dependent on
mean vertebral bone mineral density (BMD) instead (30).
Other multilevel studies explored adjacent vertebral
failure attributable to vertebroplasty and did not examine
kinematics of the spinal segment (32,33).

Further studies involving multi-vertebrae models are
required to clarify the biomechanical effects of augmentation
on spine kinematics. In this iz vitro biomechanical study,
we had 3 aims:

(I) To establish a 3-vertebrae ovine vertebral

compression fracture model;

(II) To use the model to determine the effects of

fracture on spine biomechanics;

(III) To discover whether cement augmentation can

restore mechanical stability of the fractured spine.

Methods
Specimens

Five L1 to L3 lumbar spine segments were harvested from
S-year-old sheep, sealed and stored in a freezer at -20 °C.
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Figure 1 Experimental setup for pure moment biomechanical

testing.

On the day of testing, the spines were thawed to room
temperature and X-rayed using a high resolution X-ray
(MX-20; Faxitron, Tucson, Arizona, USA) to exclude
any major malformations. Excess soft tissue was excised,
with care taken to ensure that no damage was done to the
intervertebral discs or facet joint capsules. The interspinal
ligaments, posterior longitudinal ligaments, and posterior
elements of the vertebrae were retained, whereas portions
of the transverse processes were excised to facilitate potting.

The cranial and caudal ends of each specimen were then
embedded in aluminum boxes specific to the pure moment
testing jig using casting resin (Smooth-Cast® 300 Series
Bright White Liquid Plastic, Easton, Philadelphia, USA),
with the L2 vertebral body and its 2 adjacent intervertebral
discs left exposed, and positioned in such a way that the
vertical axis of the spinal segment was vertically aligned
with the loading axis. Retro-reflective markers were then
attached to each corner of the metal boxes and one L2
transverse process (Figure I).

Throughout the experiment, specimens were sprayed
with phosphate buffer solution regularly.

Biomechanical testing

Each specimen was then mounted into a servo-hydraulic
testing machine rig (MTS 858 Mini Bionix® machine
or MTS 858 Bionix® machine, MTS System Inc., Eden
Prairie, Minneapolis, USA), and tested using a validated
pure moment testing system (34,35) (Figure I). Pure
moments of +7.5 Nm were applied to each motion segment
in axial rotation (AR), flexion/extension (FE) and lateral
bending (LB) at +0.25 Nm/s for 1 pre-conditioning cycle
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Figure 2 Standardized drill hole placement to weaken the vertebral

cortex for fracture generation in anterior (A) and transverse (B)
views, with 3D illustration (C).

and 3 testing cycles in the testing machine with a 25kN
axial-torsional load transducer (model number: 662.20D-05,
MTS System Inc., Eden Prairie, Minneapolis, USA).
Torque and angular motion were recorded at 20 Hz during
testing. The last 3 cycles were used for data processing.
In total, each specimen underwent the testing procedure
3 times: once intact, after fracture generation, and after
cement augmentation.

A near infrared 3D motion tracking system (Cortex
4.0, Motion Analysis Corp., Santa Rosa, California,
USA) employing the retro-reflective markers attached
to the specimen was used to record motion of the spinal
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Figure 3 Standardized setup for fracture generation via

compression to failure.

segment. Pretest calibration showed that the system was
accurate to 0.1 mm in linear displacement and 0.1 in
angular rotation. Post-processing was done with MATLAB
(MathWorks, Natick, Massachusetts, USA) using an in-
house written script to generate the torque-angle curves
and corresponding range of motion (ROM) and neutral
zone (NZ) values for the relative motions between levels
L1 and L2 (L12), L1 and L3 (L13), and L2 and L3 (L23).
ROM was defined as the deflection difference between the
maximum applied loads in each direction (31), and NZ was
defined as the angulation difference at zero load between
the two directions of motion (36).

Fracture generation

To create uniform defects in all specimens, a handheld
drill with a 3 mm drill bit was used to create a single row
of 6 holes to weaken the cortical bone in the L2 vertebral
body. The holes were placed 5 mm below the superior
intervertebral disc, drilled to a depth of 5 mm, and each hole
was spaced 2 mm apart (Figure 2). A plastic wedge with an
angle of 10° was then secured to the superior surface of the
potted specimen and the specimen was compressed using the
same servo-hydraulic testing machine under displacement
control at 30 mm/min to simulate a non-traumatic wedge-
compression fracture (Figure 3). Compression was stopped
once failure was achieved, and failure was defined as a drop
in load with increasing displacement.

Cement augmentation

PMMA cement (Vertex Self-Curing, Vertex-Dental B.V.,
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Figure 4 Three-centreline method for measuring intervertebral
disc space. On plain lateral radiographs, 2 straight lines were drawn
using 4 landmarks (A-D). Three additional lines evenly divided
the distance between the first two lines. Lengths at sites 1, 2 and 3

were averaged and scaled to obtain the intervertebral disc height.

The Netherlands) mixed with 30% weight by weight
barium sulphate powder, which conferred radiopacity to
the cement without significant compromise in compressive
strength, (37) was injected unipedicularly using an 11-gauge
piercing needle connected to a 3-mL syringe into the
vertebral centrum while the specimen was held in the pre-
fracture neutral position. Each injection was started at
1 minute and 30 seconds after the monomer was added to
the powder and was stopped when visible extrusion from
the fracture site occurred. The cement was then allowed to
set for at least an hour before undergoing testing.

Morphological analysis

Plain radiographs were taken when each specimen was
intact, fractured and augmented. Fracture type was assessed
according to the AOSpine thoracolumbar fractures
classification system (38). Heights of the L1-2 intervertebral
disc space were measured on lateral plain radiographs
using the three-centerline method (39) with Image]
computer software (National Institutes of Health, Bethesda,
Maryland, USA) (Figure 4). To measure the disc space, 2
straight lines were drawn from 4 landmarks, A-D, chosen
as the lowermost corners of the vertebral bodies adjacent to
the disc space being measured (Figure 4). Three additional
lines dividing the first two lines equally were drawn.
Disc space was measured at sites 1, 2 and 3 using Image]
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(Figure 4), and the 3 lengths were averaged and scaled to
obtain an approximation of the intervertebral disc space
height.

A transverse cut was made at the level of the augmentation
after all testing has been completed to visualise cement
distribution.

Statistical analysis

Using IBM SPSS Statistics Software (IBM, Armonk, New
York, USA), one-way analysis of variance (ANOVA) was
used to compare the data from the cyclic tests. The level of
statistical significance was set at P<0.05 (CI: 95%).

Results
Biomechanical testing

Apart from a statistically significant increase in ROM of the
fractured spine compared to the intact spine in AR between
L12 (P=0.024), no significant difference in ROM or NZ was
found between any of the other groups. The mean ROM
and NZ values are listed in Tubles 1,2 respectively.

Despite the lack of statistically significant changes, there
was still an appreciable trend showing increases in both ROM
and NZ after fracture in all directions of motion. There was
minimal return to normal biomechanics after augmentation.
For ROM, augmentation resulted in small reductions in
AR and LB, and almost no change for FE; whereas for
NZ, augmentation resulted in a reduction in AR, and small
increases in FE and LB. These results are represented in
Figure 5, where the ROM and NZ for L12, which had similar
trends to those of L13, were graphed. L23 did not share the
same trends as this level was largely unaffected by the fracture
and augmentation processes, as expected.

Morphologic analysis

Radiography revealed an anterior wedge-compression
fracture involving the superior endplate only in the L2
vertebral body of all specimens (Figure 6). This type of fracture
is classified as an Al wedge-compression fracture according
to the AO Spine Injury Classification System (38) and is the
most common type of vertebral fractures, especially in
osteoporotic elderly people (12,40). All gaps in the vertebral
body were filled with cement with augmentation. No
appreciable trend was observed for change in intervertebral
disc height between the 3 states (Tuble 3). However, an
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Table 1 Mean range of motion (ROM) values of intact, fractured and augmented spines in axial rotation (AR), flexion/extension (FE), and lateral

bending (LB)
ROM (°) L12 L13 L23
AR
Intact 4.294+1.870 7.591+2.864 4.178+1.145
Fractured 12.447+1.870" 18.026+2.864 6.370+1.281
Augmented 10.595+1.870 13.587+2.864 4.032+1.145
FE
Intact 12.495+3.551 24.467+4.895 13.521+1.760
Fractured 23.414+3.551 34.687+4.895 12.380+1.760
Augmented 23.698+3.551 34.661+4.895 14.173+1.760
LB
Intact 16.771+£2.104 32.028+2.952 16.520+1.372
Fractured 23.092+2.104 38.930+2.952 17.931+1.372
Augmented 21.730+2.352 37.431+3.300 16.324+1.534

*P<0.05 when compared to intact state.

Table 2 Mean neutral zone (NZ) values of intact, fractured and augmented spines in axial rotation (AR), flexion/extension (FE) and lateral

bending (LB)
NZ (°) L12 L13 L23
AR
Intact 0.828+0.885 1.237+1.613 1.112+0.682
Fractured 3.617+0.885 4.990+1.613 1.627+0.763
Augmented 1.807+0.885 2.785+1.613 1.051+0.682
FE
Intact 1.995+1.448 5.378+2.453 3.671+1.348
Fractured 5.543+1.448 7.124+2.453 3.220+1.348
Augmented 5.858+1.448 8.708+2.453 4.605+1.348
LB
Intact 3.527+1.920 6.884+2.999 2.997+1.319
Fractured 6.160+1.920 11.030+2.999 3.836+1.319
Augmented 7.622+2.146 10.590+3.354 3.830+1.474

increase in disc height after fracture, as evidenced in
samples 1, 2 and 4, was associated with failure of bone
adjacent to the disc space (Figure 7).

Transverse cut sections at the level of augmentation
(Figure 8) revealed good cement dispersion into the fracture
site; however, there was limited penetration into the
cancellous bone.

Discussion

This was the first study to use sheep spine to establish

© OSS Press Ltd. All rights reserved.

a model to explore the effects of vertebral compression
fracture and cement augmentation on spine biomechanics.
The experimental results show that both ROM and NZ
increased in all directions of motion after fracture, and
remained increased after augmentation. These trends were
not statistically significant. Only the increase in ROM in
AR after fracture between 1.12 was found to be of statistical
significance (P=0.024) when compared to the intact state.
As mentioned in the introduction, similar studies have
reported the effects of augmentation on multilevel spine
by examining ROM (27), stiffness (29,30), compliance (28)
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Figure 5 Bar graphs showing mean range of motion (ROM) (left) and neutral zones (NZ) (right) of intact, fractured and augmented spines
in axial rotation (AR), flexion/extension (FE) and lateral bending (LB) between levels L1-2. A statistically significant difference (*) in ROM

was found between the intact and fractured states in AR.

and strength (8) The only previous study that examined
ROM is Hitchon et al. using 5-vertebrae human spine
(T9-L3) with the creation of a T'11 compression fracture
achieved via partial coring of the vertebral body and the
weight-drop technique (27). While we did not differentiate
between right and left AR, flexion, extension, and right and

© OSS Press Ltd. All rights reserved.
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left LB, Hitchon ez al. performed isolated analyses of these
6 modes of angular motion. Both studies report increased
ROM in all directions of motion after fracture, but these
increases reached statistical significance in Hitchon ez al.’s
study (27). That same study also reported that augmentation
with both hydroxyapatite and PMMA reduced ROM in
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Figure 6 Lateral plain radiographs of a typical specimen showing its intact (left), fractured (center) and augmented (right) states. A wedge-

compression fracture was created in all specimens (centre). All gaps in the fractured state was filled with cement mixed with 30% BaSO4

(right).

Table 3 L1-2 intervertebral disc heights

Sample State Disc height (mm)
1 Intact 2.24
Fractured 2.89
Augmented 2.52
2 Intact 2.16
Fractured 2.38
Augmented 2.53
3 Intact 2.39
Fractured 1.50
Augmented 1.96
4 Intact 2.02
Fractured 2.30
Augmented 2.09
5 Intact 2.51
Fractured 2.21
Augmented 2.30

© OSS Press Ltd. All rights reserved.

all directions (27), a finding which was not repeated in
our study. In addition, Hitchon ez #/. included fatigue
testing which was associated with increased rotation in all
directions except extension (27).

To date, no other study has examined the effects of
fracture and augmentation on NZ. In comparison to
ROM, NZ has been considered a more direct estimation
of spinal instability (41) and more sensitive in quantifying
spinal destabilization such as that caused by sponylolisthesis
(41,42), which we extended to quantifying destabilization
caused by fracture. Despite these ostensible advantages,
NZ is more difficult to interpret when multiple sites
exhibit motion, and quantifying NZ is problematic (31) as
several methods, each of which gives different values, can
be employed to achieve this (31,35,36,43-45). This study
utilized Wilke er al.’s method (36).

When interpreting this study, several considerations
should be borne in mind. BMD measurements were not

jss.osspress.com 7 Spine Surg 2016;2(2):111-121
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Figure 7 Lateral plain radiographs showing an increase in intervertebral disc space height associated with failure of adjacent bone (arrow).

Figure 8 Transverse cut showing morphology of bone-cement

bonding in a typical augmented vertebral body.

taken, and thus could not be factored in during fracture
generation or statistical analysis. Also, all sheep used in
this study were assumed to be healthy with normal BMD,
whereas non-traumatic compression fractures in humans
usually occur on pathological spine, most commonly in
osteoporotic or metastatic vertebrae (1). Additionally,
the augmentation procedure was not ideal. There was
no fluoroscopic guidance, the cement injection was not
pressurized and dental cement was used instead of bone
cement. The use of unipedicular injection technique has
also been found to produce significantly weaker vertebral
bodies than bipedicular injections (23). Cement was also
prone to anterior leakage out of the fracture site. As such,
the volume injected was not recorded, but it was noted

© OSS Press Ltd. All rights reserved.
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to be considerably less than the average 7 mL used in
humans (46), which was expected as sheep have smaller
vertebral bodies (47). Moreover, augmentation only
achieved fracture repair; possible disc injury and other
soft tissue injury were not treated or assessed, apart from
measurements taken of the intervertebral disc height.
Furthermore, the biomechanical test protocol may not have
been ideal. Currently, the established load for testing sheep
vertebrae is 7.5 Nm (48,49), but this load was applied to
intact spine, as opposed to fractured spine and may have
been too large as 2 fractured specimens in the pilot study
broke during testing. The vertebral body also split open at
the fracture site in some specimens when moments were
applied in extension and lateral bending, leading to possible
overestimations of ROM and NZ in FE and LB.
Limitations of this study include the small sample
size and the fact that an animal model was used.
Biomechanical differences exist between human and
sheep vertebrae, and BMD of sheep vertebra is about
twice as high as in humans (50), however animal spines
have less variation, and ROM of sheep spine in all load
directions are qualitatively similar to human spine (49),
hence sheep spines are well-accepted as suitable models
for pre-clinical in vitro biomechanical tests (48). Another
limitation was the high standard deviation in ROM and
NZ of the fractured specimens despite efforts to generate a
standardized wedge-compression fracture. Other limitations
include the augmentation procedure and testing protocol as
mentioned above. The spine used in this study was also from
healthy sheep, as opposed to those with osteoporosis, which
more closely mimic the human condition predisposing to
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vertebral compression fractures.

Future multivertebrae studies can consider incorporating
follower load, an internal compressive load that markedly
increases the load-carrying capacity of the iz vitro spine and
simulates the stabilizing role of axial muscles in vivo. (51).
Follower load can be applied using a series of cables and
dead weights to minimize internal shear forces and bending
moments on the spine so that the resultant internal force
becomes compressive and the load path approximates the
tangent to the lumbar spine curvature (51). Follower load
may also prevent splitting of the fractured vertebral body
during cyclic testing. Future studies may also consider
exploring the behavior of spinal fractures divided according
to type, severity and/or mechanism, and effects of cement
augmentation on each group.

Although cement augmentation was unable to restore
normal biomechanics to the fractured spine in our study,
model-specific factors, such as challenges faced during
augmentation and cyclic testing, may have contributed this.
Soft tissue damage was also identified as a likely contributor.
Caution should therefore be used when applying these
results to clinical scenarios. Regardless, ovine vertebrae
are well accepted as models for pre-clinical biomechanical
tests (48), and can be extended to study vertebral
compression fractures that were successfully generated
when well controlled for. In conclusion, this model should
still be regarded as useful for evaluating fractured spine
biomechanics.
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