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Abstract

Purpose Normal progression of osteoporosis or the rigid

reinforcement of the fractured vertebral body with poly-

methyl methacrylate (PMMA) cement is being discussed

as a cause for adjacent-level fractures after vertebroplasty.

The purpose of this study was to investigate whether

augmentation with low stiffness cement can decrease the

risk of adjacent-level fractures in low-quality bone.

Methods Eighteen female osteoporotic lumbar speci-

mens (L1–L5) were harvested and divided into three

groups according to bone mineral density: (I) native; (II)

PMMA; (III) modified PMMA (lower stiffness). For the

PMMA and modified PMMA groups, a compression

fracture was first mechanically induced in L3, and then

the fracture received vertebroplasty treatment. The

cement stiffness reduction of the modified PMMA group

was achieved via an addition of 8 mL of serum to the

typical PMMA base. All specimens were exposed to

cyclic loading (4 Hz) and a stepwise increasing applied

peak force. Cement stiffness was tested according to ISO

5833.

Results A 51 % decrease in cement stiffness was

achieved in the modified PMMA group (954 ± 141 vs.

1,937 ± 478 MPa, p \ 0.001). Fatigue fracture force (the

force level during cyclic loading at which the deformation

experienced a sudden increase; FFF) was significantly

affected by bone quality (r2 = 0.39, p = 0.006) and by the

initial fracture force (the force necessary to create the

initial fracture in L3 prior to augmentation; r2 = 0.82,

p \ 0.001). Using initial fracture force as a covariate, the

FFF of the modified PMMA group (1,764 ± 49 N) was

significantly higher than in the PMMA group (1,544 ±

55 N; p = 0.03).

Conclusions A possible method to reduce adjacent-level

fractures after vertebroplasty in patients with reduced bone

quality could be the use of a lower modulus cement. There-

fore, mixing cement with biocompatible fluids could prove

useful to tailor cement properties in the operating theater.

Keywords Vertebroplasty � Osteoporosis � Adjacent-

level fracture � Bone cement � Cement stiffness
J. P. Kolb and R. A. Kueny contributed equally and therefore share

the first authorship.

J. P. Kolb � J. M. Rueger � W. Lehmann (&)

Department of Trauma-, Hand- and Reconstructive Surgery,

University Medical Center Hamburg-Eppendorf, Martinistraße

52, 20246 Hamburg, Germany

e-mail: wlehmann@uke.de

J. P. Kolb

e-mail: j.kolb@uke.de

J. M. Rueger

e-mail: rueger@uke.de

R. A. Kueny � M. M. Morlock � G. Huber

Institute for Biomechanics, TUHH Hamburg University of

Technology, Denickestrasse 15, 21073 Hamburg, Germany

e-mail: rebecca.kueny@tuhh.de

M. M. Morlock

e-mail: morlock@tuhh.de

G. Huber

e-mail: g.huber@tu-harburg.de

K. Püschel
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Introduction

Vertebral fractures are recognized as an indicator of oste-

oporosis and represent a significant burden to the individ-

ual and public health system worldwide [1–3]. A

conservative therapy leads to loss of fitness and therefore to

objectionable side effects [4]. A successful and established

way of treating vertebral compression fracture is percuta-

neous vertebral augmentation [5–9].

Even with the success of vertebroplasty, there is one

looming negative side effect that has been shown: ver-

tebral body fractures adjacent to augmented vertebrae

appear sooner than non-adjacent fractures [10–12]. There

are two prevalent theories: they could either be due to

normal progression of osteoporosis [10] or they could be

provoked by the rigid reinforcement of the fractured

vertebral body with PMMA [13, 14]. PMMA is known

to have a seven to ten times higher elastic modulus than

cancellous bone [13]. This might be a reason for a

change of the biomechanical properties in the augmented

spinal segment, which then leads to an increasing risk of

adjacent fractures, especially in osteoporotic patients

[15].

If the stiffness increase caused by PMMA was provok-

ing the onset of adjacent-level fracture, then one strategy to

reduce the incidence of adjacent segment fractures could be

to modify the cement used in vertebroplasty.

Several groups have undertaken different approaches in

an attempt to decrease the stiffness of bone cement. Ahn

et al. [16] mixed PMMA with human blood and were able

to show a stepwise decrease of the Young‘s modulus from

915.5 to 545.6 MPa. Boger et al. [13] created a low-

modulus cement (470 ± 30 MPa) by mixing commercially

available PMMA with an aqueous fraction of 35 % sodium

hyaluronate. They then tested the modified cement in non-

fractured, single functional spine units (FSU) and com-

pared the failure strength to both a group treated with

normal PMMA and a native group. They did not show any

significant difference in failure strength of the prophylac-

tically treated single FSUs. This study leads to a belief that

a reduction in the cement stiffness to this degree (74 %)

will not significantly reduce the stability achieved by a

vertebroplasty [13].

The aim of this study was to investigate whether aug-

mentation with low-modulus cement in a multi-segmental

osteoporotic spine using a reproducible fracture model can

decrease the risk of adjacent-level fractures without early

re-failure of the fractured vertebra by the evaluation of

fatigue fracture force (FFF). For the first time, commer-

cially available PMMA was mixed with fetal bovine serum

as a biocompatible, pore-forming fluid to decrease the

Young’s modulus near to that of cancellous bone

(50–800 MPa) [17].

Materials and methods

Specimens and preparation

Eighteen osteoporotic (t score -3.3 ± 0.67) lumbar (L1-

L5) specimens were harvested from female donors after

informed consent. All donors were over 60 years of age

(78.3 ± 9.96 years). Directly after harvesting, specimens

were sealed in plastic bags and stored at -22 �C until

testing. Specimens were assessed via X-ray and manual

inspection prior to testing, and those with pathologic

changes (i.e., prior fractures or metastasis) were excluded.

Spines were allocated to three groups on the basis of

achieving a similar average BMD in each group: (I) native;

(II) PMMA; (III) modified PMMA (lower stiffness).

The geometry of the specimens and their BMD were

recorded by pQCT (XCT-2000; Stratec Medizintechnik,

Pforzheim, Germany). The pQCT machine was calibrated

using a standard phantom and a cone phantom provided by

the manufacturer. A 2-mm-thick single tomographic slice

(pixel size 0.59 9 0.59 mm) of L3 was captured in the

transverse plane which passed through the midpoint of the

vertebral body. Image processing and BMD calculation

(T score and total bone mineral density) were completed

using the manufacturer’s software package CXCT550

(version 5.50D).

Prior to testing, all specimens were defrosted overnight.

All preparations were done on the testing day. The soft

tissues including the vertebral discs on T12/L1 and L5/S1

were dissected, preserving all ligaments. L1 and L5 were

embedded using a potting frame to ensure the parallel

alignment of the cranial L3 endplate with the embedding

plates. To preserve soft tissue constitution, the specimen

was sprayed with Ringer solution throughout preparation

and testing.

Creation of compression fracture

For the PMMA and the modified PMMA groups, a method

introduced by Huber et al. [18] was used to create a defined

compression fracture in L3 within a multi-segmental spinal

specimen (L1–L5). Three holes (Ø 2.7 mm) were drilled

into the anterior shell of the L3 vertebra. The functional

spinal units L1/L2 and L4/L5 were supported by plaster

casts to ensure fracture only at L3 (Fig. 1a). The entire

construct was then exposed to a ramp loading using a

servo-hydraulic testing machine (858 Bionix�, MTS, Eden

Prairie, MN, USA) which induced unrestricted, coupled

flexion–compression forces on the specimen via two rota-

tional axes located on the cranial and caudal ends of the

specimen until failure (Fig. 1b). The effective compressive

load vector passed through the center of the anterior col-

umn of L3. After fracture, the specimen was exposed to
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1,000 cycles with 100 N axial load at 4 Hz to create a

wedge-shaped fracture. The plaster casts were removed

after procedure completion.

Cement augmentation

Cement used for the PMMA group was a commercially

available cement (Vertecem V?, Synthes GmbH, Ober-

dorf, Switzerland; Young’s modulus approximately

1,800 MPa; 26 g powder and 10 mL liquid). For the

modified PMMA group, 8 mL fetal bovine serum

(Invitrogen GmbH, Karlsruhe, Germany) was added

when mixing the powder and the liquid to achieve the

desired stiffness reduction which would be closer to that

of the natural bone. The stiffness of both the standard

and the modified cements were determined using ISO

5833.

The fractured vertebral body (L3) was augmented via

vertebroplasty for the PMMA and modified PMMA groups

(Fig. 1c). Cements were mixed according to the manufac-

turer’s instructions. Cement was injected into the vertebral

body until a sufficient filling from endplate to endplate

could be observed to achieve the biomechanically adequate

volume of 6.0 ± 2.3 mL for the lumbar spine [19].

Therefore, the amount of cement injected depended on the

vertebral volume. The augmentation was done under

fluoroscopy guidance (Fig. 1c) by an experienced spine

surgeon.

Biomechanical testing

Specimens were mounted in the same test rig used for

fracture creation. Fatigue experiments were started

120 min after cement application. All specimens were

exposed to force-controlled, cyclic loading (4 Hz) which

induced coupled flexion–compression forces. The increas-

ing load forced the specimens to a greater height loss

(creep) as well as an increase in kyphosis of the specimen.

The applied peak force was increased stepwise using a

Locati [20] test design by 100 N every 1,000 cycles start-

ing from 100 N. The Locati method was chosen because it

induces fatigue failure sooner than the typical fatigue test

which uses a constant peak load. This was desirable to

stimulate specimen failure prior to tissue degradation.

Testing was stopped at a displacement of 30 mm. Speci-

mens were tested at room temperature, soaked in Ringer

solution and wrapped in plastic wrap to keep tissue mois-

ture during testing.

Data analysis

For the two vertebroplasty groups (PMMA and modified

PMMA) which underwent the initial fracture of L3, both

the initial fracture force (IFF) and the initial specimen

stiffness were determined from data gathered during frac-

ture creation. The IFF was defined as the peak force, which

was followed by a drop in force of greater than 5 % during

Fig. 1 a Specimen wrapped in a plaster cast with L3 exposed before

undergoing compressive loading to produce the initial fracture.

b Schematic of mechanical test setup for fracture initiation and

fatigue loading. c Representative radiograph of a specimen after

vertebroplasty augmentation of the induced fracture of L3
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fracture creation. The initial specimen stiffness was

determined from the slope of the force–displacement

curve within the linear region (omitted first 20 % and last

15 % of data points before the IFF). For all specimens,

the FFF was defined as the force level during cyclic

loading at which the deformation experienced a sudden

increase in the seating of the specimen (exhibited as a

distinct increase in the displacement versus time graph,

Fig. 2). This sudden increase in displacement has been

shown previously to indicate bony fracture [21, 22].

After fatigue loading was completed, the fracture levels

were determined by physical examination of the

specimens.

Statistical analysis was performed using a one-way

ANOVA with testing group being the between samples

factor with three levels (native, PMMA, modified PMMA).

All r2 values presented are adjusted r2 determined via a

linear regression analysis. A type I error probability of 5 %

was used for all analysis (PASW Statistics 18, Chicago, IL,

USA). A one-way analysis of covariance (ANCOVA) was

used to determine the effects of testing group on FFF while

adjusting for the presence of the covariate IFF. The inde-

pendent variable, testing group, included only two levels,

PMMA and modified PMMA, because the native group did

not undergo an initial fracture. All assumptions were met,

particularly homogeneity of the regression slopes was

present for the covariate (IFF) and the covariate was line-

arly related to FFF.

Results

For each group, the specimen characteristics are given in

Table 1. Two spines had to be excluded—due to a previ-

ously existing fracture in L3 and to a posterior ligament

rupture during fracture creation. The specimens were

equally divided into three groups (native, PMMA, modified

PMMA) according to BMD (p = 0.99).

A defined initial fracture in L3 was achieved in all

specimens in both fracture groups [PMMA (n = 5) and

modified PMMA (n = 6)]. The IFF (the force necessary to

create the initial fracture in L3 prior to augmentation)

showed a biasing tendency toward a 31 % higher fracture

force for the PMMA group (2,854 ± 648 N) compared to

the modified PMMA group (1,980 ± 786 N, p = 0.08,

Table 2). IFF significantly depended on both specimen

stiffness (r2 = 0.34, p = 0.04) and age (r2 = 0.40,

p = 0.02, Table 2), but not on the BMD 9 endplate area

(r2 = 0.20, p = 0.09). Specimen characteristics of age and

BMD 9 endplate area were not significantly different

between groups (p [ 0.66).

The cement modulus for the commercial PMMA was

1,937 ± 78 MPa and the modified PMMA cement was
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Fig. 2 A representative displacement versus time curve highlighting

the point of fatigue fracture of the specimen. The fatigue fracture

force was defined as the force level during cyclic loading at which the

deformation experienced a sudden increase in the seating of the

specimen

Table 1 Specimen characteristics classified by experimental group with averages and standard deviations

Group N Age (years) T-score BMD (mg/cm2) BMD 9 endplate area (mg)

Native 5 82.8 ± 7.7 -3.34 ± 0.87 185.8 ± 51.2 2,651 ± 759

PMMA 5 72.4 ± 10.2 -3.28 ± 0.73 189.7 ± 41.9 2,762 ± 484

Modified PMMA 6 79.5 ± 10.5 -3.35 ± 0.70 185.5 ± 40.9 2,537 ± 623

Table 2 Tabular overview of the averages and standard deviations of the results of mechanical testing without adjustment for covariates after

both the initial fracture creation (PMMA and Modified PMMA groups only) and after fatigue testing broken down by experimental group

Group N Initial fracture force (N) Initial specimen stiffness (N/mm) Fatigue fracture force (N) Cement stiffness (MPa)

Native 5 NA NA 1,440 ± 590 NA

PMMA 5 2,854 ± 648 502 ± 129 1,760 ± 251 1,937 ± 478

Modified PMMA 6 1,980 ± 786 336 ± 125 1,583 ± 407 955 ± 141
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955 ± 141 MPa (p \ 0.001, Table 2). Therefore, a

reduction of 51 % in cement modulus was obtained for the

modified PMMA in comparison to the unmodified cement.

No differences were seen in the incidence of cement

leakage with the addition of the serum. After hardening, a

macroscopic, closed porous structure with the serum

completely enclosed in the PMMA was seen in the modi-

fied PMMA group.

The total mean volume of the cement used was

7.1 ± 1.5 mL. There was no significant difference in the

amount of cement that was used when comparing the

PMMA (6.7 ± 1.7 mL) and the modified PMMA groups

(7.6 ± 1.2 mL, p = 0.50).

After treating the fracture in L3 with vertebroplasty and

performing cyclic testing, the PMMA group showed the

highest average FFF (1,760 ± 251 N, n = 5) compared to

the native (1,440 ± 590 N, n = 5) and the modified

PMMA (1,583 ± 407 N, n = 6) groups (Table 2). How-

ever, there was no overall significant difference between

the groups (p [ 0.50). The FFF was significantly affected

by the bone quality (BMD, r2 = 0.39, p = 0.006, Fig. 3),

BMD 9 endplate area (r2 = 0.27, p = 0.02) and most by

IFF (r2 = 0.82, p \ 0.001, Fig. 4). Using the IFF as a

covariate in an ANCOVA, the difference in adjusted FFF

between groups was significant with modified PMMA

(1,764 ± 49 N, n = 6) now having a larger FFF than

PMMA (1,544 ± 55 N, n = 5; F(1,8) = 7.57, g2 = 0.49,

p = 0.03, Fig. 5).

The fatigue failure pattern of the vertebrae is given in

Table 3. After completion of fatigue testing, a total of six

re-fractures in L3 occurred, as well as ten adjacent frac-

tures in L2, and only two in L4. L4 exhibited only one

sole fracture, whereas L2 exhibited seven. A combination

of fractures occurred in L2 ? L3 two times and in

L3 ? L4 once. Eighty percent of the tested specimens in

the PMMA group had an adjacent-level fracture, while the

modified PMMA group had adjacent-level fractures in

67 %.

Discussion

The aim of this study was to test the common theory that

increased stiffness from augmentation leads to adjacent-

level fractures. This raises the question of whether the

Fig. 3 Fatigue fracture force versus bone mineral density (BMD);

fatigue fracture force depends significantly on the bone quality of the

specimens (r2 = 0.39, p = 0.006, PMMA n = 5, modified PMMA

n = 6, native n = 5)

Fig. 4 Fatigue fracture force versus initial fracture force; fatigue

fracture force depends significantly on the initial fracture force of the

specimens (r2 = 0.82, p \ 0.001, PMMA n = 5, modified PMMA

n = 6)

Fig. 5 Average fatigue fracture force adjusted for initial fracture

force; the difference in fatigue fracture force between groups is

significant (p = 0.03) with modified PMMA (1,764 ± 49 N) having

a larger fatigue fracture force than PMMA (1,544 ± 55 N). Gray

dashed lines represent unadjusted average fatigue fracture force

Table 3 Fracture pattern exhibited by the specimens after fatigue

loading of the spine. After testing there was a total of seven re-

fractures in L3 as well as ten adjacent fractures in L2. A combination

of fractures occurred in L2 ? L3 two times and in L3 ? L4 once.

Fractures of L4 were rare with only two fractures occurring

Group L2 L2 ? 3 L3 L3 ? 4 L4

Native 2 2 1 0 0

PMMA 3 0 1 0 1

Modified PMMA 3 0 2 1 0
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properties of the cements that are used in vertebroplasty are

optimum for their purpose. Due to the aging population

and, therefore, the growing number of people suffering

from osteoporosis, therapy particularly in osteoporotic

related fractures needs to be adapted.

Luo et al. [23] showed that adjacent fractures were

provoked due to low BMD causing greater stiffness

changes and an increase in load sharing. They postulate

that cement type has little influence in patients of normal

bone quality and only plays a role in low BMD. The

osteoporotic spines used in this present study also showed

the influence of bone quality on the FFF after

augmentation.

One possible explanation for the mechanical origin of

adjacent-level fractures is given by Kayanja et al. [24].

They showed that augmentation of experimental osteo-

porotic compression fractures led to a reduced stiffness of

the fractured spinal segment, while the adjacent vertebra

exhibited an increase in superior and inferior cortical

strain. They concluded that there was an increased central

deformation of the adjacent-level endplates after aug-

mentation, and that this deformation leads to fracture.

Here, cement is postulated to be a load transfer device

[24]. Reducing the stiffness of the cement, therefore,

might lead to a decreased load transfer and reduce the

central deformation in the adjacent vertebra as well as

providing stability and some elasticity to the endplate

area.

The hypothesis that a reduction in cement stiffness

could reduce re-fracture rate of adjacent vertebra is not

new. Boger et al. [13] tested a low-modulus PMMA, in

which PMMA was mixed with a aqueous fraction of 35 %

to achieve reduced stiffness. They did not see any benefit

in using modified cement. Here, the modified cement was

only tested in a single FSU without a fracture model.

Nouda et al. [25] tested a bioresorbable calcium phosphate

cement against PMMA in a similar setting to the current

method. They showed that the incidence of vertebral body

fractures following vertebroplasty was lower with calcium

phosphate than with PMMA. On the other hand, they do

see a big disadvantage that vertebrae augmented with

calcium phosphate are subject to collapse. This was not the

case in this study; the results showed that even after an

initial fracture both cement types were able to stabilize the

initial fracture back to levels at least as high as the intact

spine. The comparison of FFF between the three test

groups showed that the PMMA and modified PMMA

groups had a higher average FFF than the native group

(Table 2), but this difference was not significant

(p [ 0.50).

Our hypothesis was supported by the fact that the mean

of the modified PMMA fatigue fracture force adjusted for

IFF was significantly higher than that of the unmodified

PMMA (p = 0.03, Fig. 5).1 However, this result was not

seen in the unadjusted mean (p [ 0.50, Table 2). In hind-

sight, dividing experimental groups by their IFF instead of

BMD would have been ideal due to the fact that this

covariate masked the effects of the low stiffness cement.

Mixing of 8 mL of serum with PMMA easily and

reproducibly achieved the desired reduction in cement

stiffness (51 %) close to that of cancellous bone

(50–800 MPa) [17]. Similar to the results of Boger et al.

[13], the reduction of cement stiffness still provided sta-

bility. In support of the current study, they did not see any

differences in failure strength after reducing the cement

stiffness by about 74 % [13]. Therefore, it is hypothesized

that the biomechanical stability in the FSU is changed as

little as possible.

In the framework of this in vitro study, fetal bovine

serum as a liquid, which is easily accessible in laboratories,

was used to reduce cement stiffness. For clinical studies,

the use of bovine serum is clearly not an option due to

unevaluated potential risks. However, after suitable inves-

tigations into their safety, any biocompatible, incompress-

ible fluid could be investigated for their use in tailoring

cement stiffness. The appropriate method to tailor cement

stiffness will have to be provided by the cement producers.

The IFF (r2 = 0.82) was a significantly better predictor

of FFF than overall BMD (p = 0.01, Figs. 3, 4). The overall

bone quality (BMD, r2 = 0.39) could only partially predict

the FFF. Introducing the stabilizing PMMA reduced the

magnitude of the effect that BMD has on the FFF. This is

shown by the augmented samples of the PMMA and

modified PMMA groups having higher intercepts and

lower slopes than the unaugmented samples (native group)

in the FFF versus BMD regression equations (Fig. 3).

When only considering the native group, the variance

explained (r2 = 0.70) is comparable with the previously

reported data on the correlations of fracture force and BMD

[26].

The limitations of the study include the use of a small

sample size due to the limitation of specimen availability

and a large natural variability between specimens. This

limited sample size may have ultimately reduced the power

of the tests.

1 FFF for the modified PMMA group was also significantly higher than

the PMMA group when the FFF was normalized with the initial

fracture force (FFF/IFF) rather than using the IFF as a covariate

(p = 0.03). To account for differences of individual specimen

geometry, an ANCOVA analysis comparing the change in apparent

fatigue strength (FFF/endplate area) adjusted for apparent initial

strength (IFF/endplate area) was performed. In accordance with the

FFF analysis, the modified PMMA fatigue strength (1.30 ± 0.041

MPa, n = 6) was also significantly higher than in the PMMA group

(1.07 ± 0.045 MPa, n = 5, F(1,8) = 11.99, g2 = 0.60, p = 0.009,

Fig. 5).
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In conclusion, a possible method of reducing adjacent-

level fractures after vertebroplasty in patients with reduced

bone quality could be the use of a lower modulus cement.

The idea of mixing cement with readily available non-

toxic, biocompatible fluids could prove useful in the tai-

loring of cement properties.
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