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*Structured Abstract (300 words)

ABSTRACT

Study Design. Biomechanical study of vertebroplasty in cadaver motion segments.

Objectives. To determine how the volume of injected cement influences: a) stress
distributions on fractured and adjacent vertebral bodies, b) load-sharing between the

vertebral bodies and neural arch, and ¢) cement leakage.

Summary of Background Data. Vertebroplasty is increasingly used to treat
vertebral fractures, but there are problems concerning adjacent level fracture and

cement leakage, both of which may depend on the volume of injected cement.

Methods: Nineteen thoracolumbar motion segments from 13 cadavers (42-91 yrs)
were loaded to induce fracture. Fractured vertebrae received two sequential injections
(VP1 and VP2) of 3.5cm’ of polymethylmethacrylate cement. Before and after each
intervention, motion segment stiffness was measured in compression and in bending,
and “stress profilometry” was used to quantify the distribution of compressive stress
in the intervertebral disc (which presses equally on fractured and adjacent vertebrae).
Stress profiles were obtained by pulling a pressure transducer through the disc while
the motion segment was compressed in flexed and extended postures. Stress profiles
yielded the intradiscal pressure (IDP), the magnitude of stress peaks in the anterior
(SP,) and posterior (SPp) annulus, and the % of the applied compressive force

resisted by the neural arch (Fy). Cement leakage and vertebral body volume were

quantified using water-immersion, and % cement fill was estimated.

Results: Bending and compressive stiffness fell by 37% and 50% respectively
following fracture, and were restored only after VP2. Depending on posture, IDP fell
by 59%-85% after fracture whereas SPp increased by 107%-362%. VP1 restored IDP

and SPp to prefracture values, and VP2 produced no further changes. Fracture



increased Fy from 11% to 39% in flexion, and from 33% to 59% in extension. Fy was
restored towards pre-fracture values only after VP2. Cement leakage increased after

VP2 and was negatively correlated to vertebral body volume. Following VP2,

increases in IDP and compressive stiffhess were proportional to % fill.

Conclusions: 3.5cm’ of PMMA largely restored normal stress distributions to
fractured and adjacent vertebral bodies, but 7cm® were required to restore motion
segment stiffness and load-sharing between the vertebral bodies and neural arch.

Cement leakage, IDP and compressive stiffness all increased with % fill.

Key words: Vertebroplasty, cement volume, load-sharing, intradiscal pressure,

vertebral fracture.



* Mini Abstract (50 words)

Mini abstract

Cadaver motion segments were fractured and treated with two 3.5ml injections of
PMMA cement. The first injection largely restored distributions of compressive
stress acting on the fractured and adjacent vertebral bodies. However the second
injection was required to restore motion segment stiffness, and load-sharing between

the vertebral body and neural arch.



*Key Points (3-5 main points of the article)

Key points:

Clinical studies suggest that large cement volumes during vertebroplasty

can increase the risk of adjacent level fracture, and of cement leakage.

In cadaveric motion segments, a single injection of 3.5cm’ of PMMA

cement (which gave a mean volumetric fill of approx 13%) largely

restored the distribution of compressive stress acting on the fractured and

adjacent vertebral bodies.

Injection of a further 3.5 cm® of PMMA (which resulted in a mean

volumetric fill of approx 25%) had no further effect on these stress

distributions, but it increased motion segment stiffness in bending and in
. nd .- . . .
compression. The 2" injection was also required to restore compressive

load-sharing between the vertebral body and neural arch.

The incidence and average volume of cement leakage more than doubled

following the second injection, and were greater in small vertebral bodies.

Small cement volumes can restore normal stress distributions on the
vertebral bodies, and minimise cement leakage, but larger volumes are
required to restore spinal stiffness and to normalise load-sharing between

the vertebral body and neural arch.



*Manuscript Text (must include page numbers)

o J oy Ul W -

OO UG UG UTOTOUTOTOT R B BB BB DDA DNWWWWWWWWWWNNNNNNNNNNR R e e
GRWONRFRPFOOVWO I EWNROWOW®®JdAANUTAWNROWOW®O®JdNTEWNROW®O-JAURWNROWW-L0U S WNR O W

Introduction

Vertebroplasty is a minimally-invasive technique that involves the percutaneous injection of
bone cement into unstable or fractured vertebrae in order to strengthen and stabilise them .
In recent years, it has been used increasingly in the treatment of osteoporotic vertebral
fracture where it has proved effective in alleviating pain % and improving functional
mobility 7. However, despite the clinical success of the procedure, several potential problems

remain, including cement leakage and increased risk of adjacent vertebral fracture.

Clinical studies report highly variable incidence rates for cement leakage, from 22%
to 88% of treated levels . A survey of 159 vertebroplasty patients suggests that cement

leakage is largely determined by vertebral size and injection volume '°, although factors such

11-13 10,13, 14

as cement viscosity and delivery mechanism may also contribute. Cement
leakage does not usually cause overt clinical problems, and patients remain asymptomatic 6
but in a small percentage of patients it can cause serious complications such as paraplegia °,

. 16,1
or pulmonary embolism '® .

Adjacent level fracture following vertebroplasty has been reported in many studies '*
*2 and may indicate abnormal loading of the non-augmented vertebral body. However,
adjacent-level fracture can also reflect systemic weakening of bone in an osteoporotic spine,
and the direct influence of cement augmentation remains uncertain. Studies on cadaveric
motion segments suggest that vertebral body fracture has a profound effect on the internal
mechanical functioning of the adjacent intervertebral disc, and this has consequences for both
the fractured and adjacent vertebral bodies because they are both loaded by the disc that lies
between them. Vertebral body fracture decompresses the nucleus of the adjacent disc, and
generates high concentrations of compressive stress in the posterior annulus, and on the

neural arch > %%, Vertebroplasty helps to reverse these effects and largely restores normal
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compressive load-sharing between the anterior column (vertebral bodies and discs) and the

25,26 . .
2. Too much cement, however, could elevate intradiscal

posterior column (neural arches)
pressure and increase end-plate deformation in the adjacent vertebral body to such an extent
that the risk of adjacent level fracture is increased. *”** Cement leakage into the disc space
could further increase loading on the opposing endplate, which may explain why this appears

to increase the risk of adjacent level fracture in patients > *°.

It appears therefore that large volumes of injected cement increase the risk of cement
leakage, whereas its mechanical effects are equivocal: large cement volumes could threaten
the adjacent vertebral body, but too little cement could fail to produce the beneficial
restoration of load-sharing. Tests on isolated vertebral bodies have shown that improvements
in strength and stiffness following vertebroplasty are influenced by the percentage cement fill
3138 50 smaller injection volumes may not adequately stabilise and strengthen the fractured
vertebra. Evidently, the volume of injected cement is likely to have important mechanical
consequences for the spine, and optimum volumes have yet to be specified. Some clinical
studies report no significant association between injection volume and post-procedure pain

and medication use ****' but it remains likely that injection volume will have a profound

effect on spinal mechanics, and therefore on long-term clinical outcome.

The aim of the present study was to investigate how cement volume influences the
three important parameters discussed above: cement leakage, distributions of compressive
stress on the fractured and adjacent vertebral bodies, and load-sharing between the fractured
vertebral body and its neural arch. Spinal stiffness in bending and compression were also
measured to provide comparisons with previous studies. We hypothesise that high cement
volumes can have both adverse and beneficial mechanical consequences, so that optimum

cement volume may have to be decided separately for each individual spine.
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Materials and methods

Cadaveric specimens Thirteen thoracolumbar spines were obtained from cadavers donated
for medical research. There were 6 male and 7 female spines, aged 42-91 years (mean 73
years) which were stored at -20 °C in sealed bags until required for testing. Spines were
subsequently thawed at 3 °C, and each was dissected to provide one or more “motion
segments” consisting of two adjacent vertebrae with the intervening intervertebral disc and
ligaments intact. Nineteen motion segments between T7 and L4 were obtained for the
present study. The choice of level was determined by the need to avoid large osteophytes
(which interfere with disc stress measurement) and the need to maximise use of scarce human
tissue. Each motion segment was radiographed in the sagittal plane and bone mineral content
(BMC) and density (BMD) of the vertebrae were measured using dual energy x-ray
absorptiomety (DEXA) as described previously 2. Further radiographs were taken after
fracture to identify the fractured vertebra that was to receive vertebroplasty. At the end of the
experiment, discs were sectioned in the transverse plane and the grade of disc degeneration
determined by visual inspection, using points 1 (non-degenerated) to 4 (severely degenerated)

on the scale defined by Adams et al. *. Specimen details are shown in Table 1.

Overview of experiments Each motion segment was compressed until one of the vertebral
bodies fractured, and then vertebroplasty was performed twice, using 3.5cm® of PMMA each
time. (1 cm’ = 1ml.) Before and after each intervention, the following mechanical properties
were evaluated: compressive and bending stiffness of the motion segment, the distribution of
compressive stress within the adjacent intervertebral disc, and compressive loading on the
neural arch. Measurements were repeated a final time following a period of creep loading
designed to encourage cement consolidation and to simulate loading in life. Throughout the
testing protocol, angles of flexion and extension for each specimen were measured relative to

its initial neutral (unloaded) position.
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Mechanical testing apparatus Each motion segment was secured in two cups of dental
plaster (Ultrahard Die Stone Iso-Type IV, Kerr S.p.A, Italy) and loaded on a computer-
controlled, hydraulic materials testing machine (Dartec-Zwick-Roell, Leominster, UK). The
testing rig (Figure 1) allowed complex loading to be applied in bending and compression by
means of one or two low-friction rollers. Two rollers were used to compress the specimen
while positioned at a constant angle of flexion or extension. One roller, offset to the centre of
rotation, was used to apply a physiologically-reasonable combination of bending and

compression in order to simulate spinal bending movements in-vivo *.

Preliminary creep test An initial “creep” test (1.0 kN compression applied for 1 hr) was
performed to simulate the diurnal change in intervertebral disc water content and height that
occurs in life **, and to ensure that disc hydration was brought within the physiological

43
range .

Compressive and bending stiffness Each motion segment was positioned in 2° of flexion (to
simulate a slightly stooped posture that disengages the neural arches) and compressed at 600
N/s up to a maximum compressive load of 1.2 kN or 1.5 kN (depending on specimen size and
BMD). Compressive stiffness was defined as the slope of the load-deformation curve at 1 kN.
To determine bending stiffness, an off-centre compressive force was applied to a single low-
friction roller (Figure 1) as described previously **. Rotation of the upper vertebra was
measured by attaching 5 mm diameter reflective markers to the apparatus and to pins inserted
into the vertebral bodies. The position of each marker was tracked at 50 Hz using a
MacReflex 2D infra-red motion analysis system (Qualisys, Goteborg, Sweden) with an in-
plane accuracy of approximately 5 pm which allows accurate measurements of vertebral
rotations™. Bending moment acting on the specimen was calculated by multiplying the
applied compressive force (measured by the Dartec load cell) by its lever arm (determined as

the perpendicular distance between the centre of the roller applying the force and the
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geometric centre of the disc). Bending moment-rotation angle graphs were then plotted, and
bending stiffness was defined as the gradient of the tangent to the linear region of the graph at

4 Nm %,

Stress profilometry and compressive load-sharing A miniature pressure transducer (Gaeltec,
Dunvegan, Scotland), side-mounted in a 1.3-mm diameter needle, was used to measure the
distribution of compressive “stress” inside the intervertebral disc. Validation tests have
shown that transducer output within disc tissues is approximately equal to the average axial
compressive stress acting perpendicular to its membrane ****’. The needle was pulled through
the mid-sagittal diameter of the disc while the motion segment was subjected to a
compressive force between 0.75 kN and 1.5 kN, depending upon specimen size and BMD
* Vertical and horizontal stresses were measured in successive tests with the transducer
membrane facing vertically and then horizontally. Profiles were obtained with the specimen
positioned in 2° of extension, to simulate the erect standing posture *, and in 2-6° of flexion
(depending on specimen mobility) to simulate a slightly stooped posture. Stress profiles
(Figure 1) indicated the intradiscal pressure (IDP), defined as the average pressure in the
nucleus (where vertical and horizontal stresses are equal), and the magnitude of any anterior
(SP,) or posterior (SPp) stress peaks, calculated by subtracting IDP from the maximum stress
in the anterior and posterior annulus, respectively *°. All data were then normalised to the 1.5
kN loading condition *"*°. “Integration” of the stress profiles allowed the compressive force
acting on the anterior (F4) and posterior halves (Fp) of the disc (and vertebral body) to be
estimated *’. Subtracting F, and Fp from the applied 1.5 kN indicated the compressive force

resisted by the neural arch, which was expressed as a % (Fx) of the applied 1.5 kN.

Vertebral fracture Each motion segment was positioned in flexion (2-10° depending on
spinal level and flexibility), to simulate a forward stooped posture. This was achieved by

reducing the height of the rear roller (Figure 1) so that the specimen would flex forwards
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about its own natural centre of rotation until the second roller made contact. The specimen
was then compressed at a rate of 3 mm/s. This testing position ensured that most of the
applied load was resisted by the disc and vertebral body, as indicated by the low level of
neural arch load-bearing in flexion (Table 2). A load-deformation graph plotted in real-time
allowed the load to be removed at the first sign of failure, when the curve became non-linear.
The yield point at which fracture occurred was identified by the first reduction in gradient
(stiffness), and the load at this point indicated the “yield strength”. Fracture was confirmed,
and the site of fracture determined, by comparing radiographs taken before and after overload.
The severity of fracture was quantified by measuring the permanent height lost by the motion
segment under a nominal load of 1kN. Subsequent mechanical loading was performed using
the same angles of flexion and extension as those used before fracture, so that direct
comparisons could be made between load-distributions before and after fracture, and after

vertebroplasty.

Vertebroplasty Two 10 G vertebroplasty needles were gently tapped into the fractured
vertebra by the transpedicular route, one needle being introduced through each pedicle.
Sagittal plane radiographs were used to indicate when the tips of the needles were in the
anterior/inferior quadrant of the vertebral body, and frontal plane radiographs indicated when
both needle tips were located in the mid-sagittal region of the vertebral body, away from the
lateral margins, as recommended in clinical practice *°. For each injection (VP1 or VP2),
PMMA cement (Spineplex®, Stryker Instruments, Howmedica International, Limerick,
Ireland) was prepared by mixing 10 g of powder with 5 cm’ of monomer liquid. In VP1,
3.5cm’ of cement was injected unipedicularly through a single needle while the other needle
remained in position to ensure that cement did not flow down the needle track in the bone.
Both needles were then removed from the vertebra and the cement was left to set for 1 h

before another radiograph was taken to confirm the placement of cement and any leakage.
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VP2 was performed in an identical manner by injecting a further 3.5¢cm’ of cement via the
other pedicle, after re-inserting the second needle. Further radiographs were taken to confirm
the final placement of cement and any additional leakage. Cement leakage was quantified
after each injection by collecting the fragments of cement that had leaked from the vertebral
body, and measuring their combined volume by immersing them in water. After VP2, the
motion segment was compressed for a further 1h at 1.0 kN to allow cement consolidation.
All mechanical tests were performed before fracture (following the initial creep test), after

fracture, after each cement injection, and after consolidation. Predicted % fill of the vertebral

body with cement following each injection was calculated by expressing the injected volume

( 3.5cm’ or 7.0cm’ ) as a percentage of the vertebral body volume. Volume was determined by

water immersion following removal of the neural arch and adjacent disc after testing. The

actual % fill following each injection was similarly determined after subtracting the volume

of any leaked cement from the injected volume.

Statistical analysis Repeated measures analysis of variance (ANOVA) was used to compare
measurements across five consecutive time points (pre-fracture, post-fracture, post-VP1,
post-VP2, and post-consolidation). Where a significant main effect was found, post-hoc
paired comparisons were employed to identify where the differences arose. Pearson’s Chi-
square test was used to compare the effects of gender and spinal level (thoracic or lumbar) on

the incidence of cement leakage. Group t-tests were used to compare vertebral body volume

and % fill in specimens with and without leakage. Linear regression and Pearson’s

correlation coefficient were used to compare leakage volume with vertebral body volume,

and to compare % fill with the mechanical parameters following vertebroplasty. In all tests,

p<0.05 was considered significant. SPSS 14.0® was used for all statistical analyses. Values

shown are the mean + standard deviation, unless stated otherwise.
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Results

Vertebral fracture Yield strengths ranged from 1.3 - 5.2 kN (Table 1) and average motion
segment height loss was 2.47 £ 0.37 mm. Radiographs showed that 14/19 specimens failed
in the lower vertebral body and five failed in the upper vertebral body. Fracture typically
involved the anterior vertebral body and the end plate adjacent to the disc, and resembled
common types of fracture seen in patients with osteoporosis >' . Greater height loss can be
observed clinically >* probably because, during a traumatic event, it would be difficult to

remove the compressive load as soon as damage was initiated.

Vertebroplasty The first and second vertebroplasty procedures (VP1 and VP2) were
successfully completed in all 19 motion segments (Figure 2). Cement leakage was observed
in 3 specimens during VP1 and in 7 during VP2 (Table 1). Leakage volume was greater

during VP2 than VP1 (averaging 1.57 cm® and 0.67 cm” respectively), and total leakage

following VP2 was inversely related to vertebral body volume (r=0.47, p=0.04). The

incidence of leakage was greater in thoracic compared to lumbar vertebrae (p=0.047) and in

female compared to male specimens (p=0.048). Furthermore, vertebral bodies that leaked

(Table 1) had smaller volumes than those that did not (20.9+7.9 cm’ vs 39.5+18.1 ¢m?®

respectively, p=0.02) and hence their predicted % fill was greater (37.7£13.6 % vs

22.4+12.3 % respectively following VP2, p=0.02).

Compressive and bending stiffness Bending stiffness was not assessed after cement
consolidation, and bending stiffness data following VP2 was lost for specimen 17 and was
not obtained for specimens 5 and 8 because of concerns about damaging these particularly
small and frail specimens. Fracture reduced bending stiffness by 37% and compressive
stiffness by 50% (Table 2). VPI increased bending and compressive stiffness by a small

amount, but significant increases were observed only after VP2. The increase in compressive
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stiffness following VP2 was related to the actual % fill of the vertebral body after taking into

account any leakage (r=0.47. p=0.044).

Stress profilometry Vertebral fracture reduced IDP by 59% in flexion and 85% in extension
(Figure 3). Stress peaks in the posterior annulus (SPp) increased by 362% in flexion and
107% in extension (Figure 4). These changes were significantly reversed following VP1, and
in all cases, parameters were restored to pre-fracture values, except for IDP (in extension)
which was only partially restored. No further changes in IDP or SPp were observed
following VP2 or creep consolidation. SP4 was not significantly affected by fracture, VP1 or

VP2. Increases in IDP following VP1 were correlated to the actual % fill of the vertebral

body in both flexion (r=0.56. p=0.01) and extension (r=0.53. p=0.02), and these correlations

were strengthened after VP2 in flexion (r=0.69, p=0.001) and extension (r=0.85, p<0.001).

“Stress integration” showed that vertebral fracture reduced the compressive load resisted by
the anterior half of the disc and vertebral body (Fa) by 59% in flexion and by 60% in
extension (data calculated from Table 2). Fracture also reduced the compressive load resisted
by the posterior half of the disc and vertebral body (Fp) by 27% in extension. Reduced load-
bearing by the disc after fracture lead to greater load-bearing by the neural arch (Fy), which
increased from 11% to 39% of the applied load in flexion, and from 33% to 59% of the
applied load in extension. VP1 partially and significantly restored Fa towards pre-fracture
values in both flexion and extension, but neither VP2 nor creep consolidation caused any
further change. In contrast, Fp was further and significantly decreased by VP1, but this was
partially reversed by VP2 which significantly increased Fp. Neural arch load-bearing (Fy)
was largely unaffected by VP1 but was reduced towards pre-fracture values (in both flexion
and extension) following VP2. Creep consolidation increased Fy slightly, as reported

previously > %,
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Discussion

Summary of findings Following vertebral fracture, motion segment stiffness in compression
and bending, intradiscal pressure (IDP) in the adjacent disc, and load-bearing by the anterior
disc and vertebral body (F,) were all reduced whereas stress peaks in the posterior annulus
(SPp), and compressive load-bearing by the neural arch (Fy), were increased. Vertebroplasty
involving 3.5cm’ of PMMA partially restored IDP, SPp, and F 5 towards pre-fracture values.
An additional 3.5 cm® of PMMA produced no further improvements in these parameters, but
it partially restored motion segment stiffness in compression and bending, and Fx, towards
pre-fracture values. Following the second cement injection, the incidence of cement leakage

more than doubled, as did the average leakage volume. Leakage incidence and volume were

greater in specimens with smaller vertebral bodies, and those specimens with the greatest %

fill of cement also showed greater increases in IDP and compressive stiffhess following

vertebroplasty.

Strengths and weaknesses of the study A major strength of the study is the use of human
spine specimens (including the neural arch and intervertebral disc) which comprise a better
model of the clinical situation than animal tissues or isolated vertebral bodies (or
mathematical models based on either of these). Also, the use of repeated interventions (VP1,
and VP2) on the same specimens enabled the influence of cement volume to be analysed
while minimising the influence of confounding variables such as BMD, disc degeneration,
age, and gender %°. Complex loading applied in the experiments reflects as closely as
possible the loads experienced in-vivo > and vertebral fractures were obtained, as in life, by
excessive mechanical loading applied to the vertebral body by its adjacent disc. The
techniques of “stress profilometry’ and “stress integration” have been extensively validated
4547

and provide a straightforward means of quantifying how load is distributed on the

vertebral body, the neural arch, and adjacent vertebrae. Weaknesses of the study include

10
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frozen storage of cadaveric tissues (which alters slightly some mechanical properties of spinal
tissues °°) and analysing vertebral movements only in the sagittal plane. The use of short
segments of spine may alter the load-bearing response compared to the in-vivo situation. In
this study, attempts were made to tailor the bending and compressive loads during testing to
accommodate differences in specimen strength and flexibility. However, the loading

conditions may still differ from those experienced by the intact spine in life.

Relationship to other studies Cement volumes used in the present study are similar, and
produced similar effects, to those used previously. Experiments on isolated cadaver vertebral
bodies showed that strength can be restored to pre-fracture values using as little as 2 cm® of
PMMA cement, *' but full restoration of vertebral body stiffness required injection volumes
of approximately 4 cm’ in thoracic vertebrae and 6-8 cm” in thoracolumbar and lumbar
vertebrae " In our own previous studies, bi-pedicular injection of 7 cm’ of PMMA was
generally insufficient to restore fully the bending and compressive stiffness of intact motion
segments, whereas intradiscal pressure, and stress peaks in the posterior annulus, were

25,26

usually restored to near their pre-fracture values . The effects of vertebral fracture on

intradiscal stresses and neural arch load-bearing also agree with previous studies from our

own 2% and other *’ laboratories, and the effects of vertebroplasty measured here agree with

the predictions of mathematical models > **.

Explanation of results The most important finding of the present study is that only a small

volume of cement (13% fill, on average) is required to equalise stress distributions acting on

the fractured and adjacent vertebral bodies, and yet larger cement volumes (25% fill, on
average) are required to restore compressive load-sharing between the anterior and posterior
columns. This can be explained with the help of Figure 5. Most types of vertebral fracture
involve damage to an endplate or its supporting trabeculae. The endplate can then bulge into

the vertebral body when the spine is compressed, increasing the space available for the disc

11



o J oy Ul W -

OO UG UG UTOTOUTOTOT R B BB BB DDA DNWWWWWWWWWWNNNNNNNNNNR R e e
GRWONRFRPFOOVWO I EWNROWOW®®JdAANUTAWNROWOW®O®JdNTEWNROW®O-JAURWNROWW-L0U S WNR O W

nucleus and therefore causing pressure within the nucleus to drop. Compressive load-bearing

is transferred to the annulus, increasing stress concentrations within it ** %

, especially
posterior to the nucleus where most thoracolumbar discs are thinnest (Figure 5B). Increased
radial bulging of the annulus reduces disc height, and allows the neural arch to become
grossly weight-bearing, especially in extended postures 2447 Injecting a small volume of
cement into the vertebral body (VP1) can prevent excessive deflection of the endplate under
load, and this is sufficient to increase IDP and restore normal stress distributions within the
disc (Figure 5C). However, damage to trabecular bone supporting the endplate is not fully
stabilised, and the vertebral body continues to deform more than normal under load, ensuring
that neural arch load-bearing remains elevated. Only when extra cement is injected (VP2) is
the stiffness of the whole vertebral body restored, so that load-sharing between body and

neural arch can return close to normal (Figure 5D). This also explains why compressive

stiffness was substantially increased only following VP2. The increase in stiffness after VP2

showed some dependence on % fill of the vertebral body. but this relationship was not

significant after VP1, and even after VP2 was weaker than that observed for IDP. Other

factors may influence the increase in compressive stiffness following vertebroplasty,

including the materials properties and placement of the injected cement, the severity of

fracture, and vertebral BMD.

Stiffness in bending is reduced by fracture because motion segment height loss creates slack
in the intervertebral ligaments **, and bending stiffness is increased only after VP2 has
restored the vertebral body’s compressive stiffness so that it does not deform excessively
when loaded. In the present study, 7em® of PMMA (VP2) did not fully restore motion
segment stiffness in compression and bending, although 7cm® is sufficient to restore

compressive stiffness to isolated lower thoracic and lumbar vertebral bodies **** This

12
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discrepancy could be due to cement leakage in the present study, and the absence of

intervertebral discs in the previous ones.

Clinical implications When treating vertebral compression fractures, the main aim of
vertebroplasty is to stabilise the fracture and alleviate pain, with minimal risk of
complications to the patient. Unfortunately, the results of the present study do not provide a
simple means of achieving this objective by choosing a particular volume (or % fill) of
cement. The main effect of increased cement volume is to remove compressive loading from
the neural arch and restore it to the anterior column of discs and vertebral bodies. This could
be an advantage if a patient’s back pain arises from high load-bearing (and consequent
osteoarthritis °* ) in the apophyseal joints. However, in a patient with severe osteoporosis, a
high cement volume could overload the anterior column when the spine is flexed, because the
anterior region of the vertebral body becomes disproportionately weak in such patients ¥OIf
a patient’s pain is suspected to be due to micromovement of fractured trabeculae, then it may
be preferable to inject a greater volume, or to better target the cement at the damaged
trabeculae. Another possibility is that the patient’s pain arises from sensitised nerves in the
outer posterior annulus, which is innervated by nociceptive nerve endings ® ', In such a

case, only 3.5 cm’ of cement (approximately 13% fill) could be sufficient to remove high

stress concentrations from the posterior annulus and alleviate the pain. In the present study,
this volume of cement was also sufficient to restore intradiscal pressure without elevating it

to such high levels that it threatened the adjacent level.

In this cadaveric study, cement leakage was greater after the second cement injection, which

increased the percentage fill to 25% on average. However, the elapsed time between the two

injections would have allowed the first bolus of cement to set before the second was
introduced, and this would not occur in clinical usage. This artefact could have obstructed or

altered the flow of cement during the second injection, contributing to increased leakage.

13
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However, the greater incidence of leakage at thoracic levels and in female spines, as well as

the greater volume of leakage observed in specimens with smaller vertebral bodies, suggest

that higher volumetric fills probably contribute to an increased risk of cement leakage in vivo.

Unanswered questions and future research The results of the present study support our
hypothesis: they show that increasing cement volume produces complex effects on spine
mechanics that could be beneficial in one spine but potentially harmful in another. Further
work is required to a) develop techniques to identify the source of pain in individual patients
with vertebral fractures, and b) relate pain relief following vertebroplasty to cement volume
(expressed as % volumetric fill) in different groups of patients. It is also worth considering
how the placement of cement (rather than its volume) can affect spine mechanics and clinical
outcome. Improved placement of cement may help to avoid transferring too much load on to
the anterior column and in doing so may prevent excessive endplate deformation and its

sequelae in the adjacent vertebra.

14
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Figure Legends

Figure 1. Apparatus used for mechanical testing of cadaver spine motion segments. The
height of the rollers was adjusted so that the specimen was compressed at the desired
flexion/extension angle. The posterior roller was removed altogether for tests of bending
stiffness. Stress profilometry was performed by pulling a pressure transducer along the mid-
sagittal diameter of the loaded disc. A typical stress profile demonstrates how IDP, SP4, and

SPp were measured. (A: anterior; P: posterior.)

Figure 2. Lateral radiograph of a specimen (Male 66, L3-4) showing the upper vertebral
body (UVB), intervertebral disc (IVD), and the filling of the lower vertebral body (LVB)
with cement (C) following the first (Fig 2A) and second (Fig 2B) injection of 3.5cm’ of

PMMA cement. Pins inserted into the vertebral body carried reflective markers that were

used to track angular movements for the assessment of bending stiffness.

Figure 3. Intradiscal pressure (IDP) at different stages of the experiment procedure. Mean
values are shown. Error bars indicate the SEM. Significant difference from pre-fracture (*)

and post-fracture (1) values are indicated.

Figure 4. Posterior stress peaks (SPp) at different stages of the experiment procedure. Mean
values are shown. Error bars indicate the SEM. Significant difference from pre-fracture (*)

and post-fracture (1) values are indicated.

Figure 5. Diagram summarising the changes in load-bearing by vertebrae: A) before fracture,
B) after fracture, C) after VP1, and D) after VP2. The length of the upward pointing arrows

represents relative load-bearing in different regions of the vertebra. See text for details.
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tables

Table 1. Details of the 19 specimens tested

Gender Age Spinal Disc VB BMD" Yield Cement leak % Fill % Fill

(M/F) (yrs) level degen VOI; (g/lem®)  strength (cm®)’ (Predicted) (Actual)
grade  (cm’) (N vpr w2 VPI VP2 VPI VP2
F 51 T12-L1 2 28.0  0.1445 2.5 05 125 25 125 232
M 82 T11-12 4 340 0.1484 2.9 05 20 103 206 88 147
F 51 T10-11 2 23.0  0.1041 2.1 152 304 152 304
M 86 L2-3 4 66.0  0.3188 2.3 53 106 53 10.6
F 91 T7-8 2 12.0  0.1321 1.3 20 292 584 292 417
F 51 T10-11 2 19.0  0.1589 2.3 0.5 184 36.8 184 342
M 82 T10-11 3 23.0 0.1181 3.0 05 152 304 152 283
F 42 T7-8 1 14.0  0.1491 1.7 1.0 25 25 50 179 32.1
M 67 T10-11 3 30.5 0.1341 1.7 1.5 23 11.5 23.0
F 76 L3-4 4 41.5 0.4366 5.2 84 168 84 169
F 81 T9-10 3 16.5 0.1208 1.8 05 30 212 424 182 242
M 82 T7-8 3 20.0  0.1721 4.1 175 35 17,5 35.0
F 85 T8-9 3 14.0  0.2207 2.7 25 50 25.0 50.0
M 89 L2-3 3 68.5 0.1611 3.9 51 102 51 10.2
M 89 T11-12 3 45.0  0.0874 2.2 7.8 156 7.8 15.6
M 66 L3-4 3 520  0.1266 1.7 6.7 134 6.7 135
M 66 L1-2 4 51.0  0.1249 2.4 69 138 69 137
M 82 T8-9 3 21.0  0.0997 2.8 16.7 334 167 333
M 66 T10-11 3 41.0  0.1099 1.7 8.5 17 85 17.1
Mean 729 32.6 0.1615 2.5 0.67 1.57 14.0 28.0 134 24.6
SD 15.2 17.5  0.0842 1.0 029 106 73 145 6.7 112

Note: + Vertebral body volume and BMD are shown for the fractured vertebra.

# Blank spaces indicate no observable leak



Table 2. Average (SD) results at different stages of the experiment

Pre- Post- Post-VP1 Post-VP2 Post- p
fracture fracture consolidation
IDP- flex (MPa)  1.34(1.29)  0.55(0.64)>  0.95(0.69)°  1.00(0.68)°  0.94(0.69)® 0.002
IDP- ext (MPa)  1.39(1.18)  0.20(0.41)°  0.65(0.69)°C 0.83(0.88)°°  0.75(0.76)°°  <0.001
SPp - flex (MPa)  0.52(0.96)  2.46(1.28)° 0.77(0.68)°  0.89(1.09)°  0.75(1.04)¢  <0.001
SPp - ext (MPa)  1.37(1.44) 2.83(1.99)° 1.52(1.18)¢ 1.67(1.65)*  1.51(1.37)® 0.004
SPA—flex (MPa) 2.31(2.03) 1.30(1.06)  1.45(1.51)  1.52(1.70) 1.73(2.05) 0.111
SPo—ext (MPa)  0.33(0.38)  0.49(0.44)  0.42(0.47)  0.42(0.79)  0.43(0.53) 0.848
Fa - flex (%) 54.6(17.1)  22.2(11.4)° 34.3(16.9)® 383(23.1)* 39.921.3)"®  <0.001
Fa - ext (%) 23.2(8.12)  9.21(5.24)° 14.8(7.49)C 18.2(13.4)*  15.9(10.1)**  <0.001
Fp - flex (%) 34.6(18.6) 38.3(152)  30.4(14.0) 33.2(17.1)  30.6(17.9) 0.333
Fp - ext (%) 43.5(15.7)  31.9(17.4)° 26.1(10.6) 33.6(15.2)°°  30.2(13.7)° <0.001
Fx - flex (%) 10.8(13.7)  39.4(18.1)° 35.3(15.5)° 28.5(14.6)®  29.4(18.5)° <0.001
Fx - ext (%) 33.4(16.5)  58.9(16.7)° 59.2(14.1)° 48.3(15.3)®  54.1(15.8)° <0.001
D

Compressive 3.04(1.23)  1.52(0.44)° 1.73(0.51)° 1.96(0.73)®®  2.08(0.75)C  <0.001
Stiffness

(kN/mm)

Bending 5.89(2.09)  3.71(1.50)°  4.35(1.58)° 4.39(1.51)** <0.001
Stiffness

(Nm/deg)

Significance (final column) indicates main effects demonstrated by repeated measures ANOVA.
Post-hoc paired comparisons indicate differences from pre-fracture (* p < 0.05; b p<0.01; “p<0.001),
post-fracture (* p < 0.05; 2 p <0.01; © p < 0.001), and post-VP1 (° p<0.05) values.
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Figures 2-4
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