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Abstract Polymethlylmethacrylate (PMMA) is the most
frequently used cement for percutaneous vertebroplasty and
kyphoplasty. To aid visualisation during surgery cements
are doped with radiopacifying agents such as Barium sul-
phate (Ba,SO,4) or Zirconium Dioxide (ZiO,). Mounting
research suggests that these agents may impair the bio-
compatibility of the cements. However, incorporating an
alternative radiopacifier agent with excellent biocompati-
bility would be a significant step forward. Bioactive radi-
opaque glasses incorporating elements such as strontium
(Sr) and zinc (Zn), known to have beneficial and therapeutic
effects on bone, are of great interest in this respect. In this
study, the Ba,SO, of the commercially available Spine-
plex® was incrementally replaced with a radiopaque ther-
apeutic glass composition. The resulting effects on cement
setting time, peak isotherm, ultimate compressive strength,
Young’s modulus (up to 30 days cement maturation) and
radiopacity were evaluated. The substitution lead to an
increase in cement setting time from 13.1 mins for Spine-
plex® to 16.6-18.3 mins for the glass substituted cements.
The peak exotherm during curing was reduced from 74°C
for Spineplex® to a minimum of 51°C for the fully substi-
tuted cement, indicating that reduced thermal necrosis in the
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in vivo setting is likely with these materials. Ultimate
compressive strength and Young’s modulus of each for-
mulation showed no significant deterioration due to the
substitution. Finally, the radiopacity of the substituted
cements were reduced by up to a maximum of 18% in
comparison to the control. However, the experimental for-
mulations still maintained radiopacity equivalent to several
millimetres of aluminium. As such the substituted cements
had substantial equivalence to the Spineplex® control. In
order to assess the clinical relevance of these findings fur-
ther investigation is warranted.

1 Introduction

Percutaneous vertebroplasty (PVP) and kyphoplasty (KP)
are surgical interventions designed to treat the pain asso-
ciated with acute vertebral body compression fractures
(VCFs) [1-4], such as those which are secondary to trauma
due to osteoporosis of the spine, or insufficiency fractures
secondary to osteoporosis or other lytic conditions. Both
techniques require the percutaneous injection of a bone
cement into the cancellous bone of the vertebral body via
cannulas inserted through the pedicles of the specified
vertebrae [5, 6]. Presently, acrylic bone cements (typically
polymethylmethacrylate (PMMA)) are most frequently
employed to stabilize such fractures [7].

Amongst the PMMA acrylic bone cements (ABCs) used,
all include pre-polymerized poly (methyl methacrylate)
(PMMA) beads, and either BaSO4 or ZrO, particles as a
radiopacifier, and most of them contain the accelerator is
N,N dimethyl-p-toluidine (DMPT) [8, 9]. Whilst the side-
effects associated with some of the cement constituents
(monomer, activator, etc.) are debated in the literature [10]
there is an ongoing concern regarding the suitability of the
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radiopacifying agents BaSO,4 and ZrO, [11]. Certain reports
have highlighted the deleterious effects, such as bone res-
orbtion [12], and degradation of mechanical properties [13]
associated with standard radiopacifiers. Moreover, in the
current paradigm where emphasis is placed on therapeutic
and regenerative medicine in the context of biomaterials, it
is clear that such radiopacifiers are contrary to preference.
Thus, there is ongoing research on modifying the compat-
ibility of commercially-available ABCs by altering
compositions with potentially therapeutic radiopacifiers
[14, 15].

Glasses have an extensive clinical history as hard tis-
sue biomaterials, due in particular to their ability to
facilitate a direct bond with bone and tooth mineral via
controlled surface modification in vivo [16], and their
ability to upregulate specific genes associated with
osteoneogenesis [17]. However, glass materials also form
the basis for such implants as glass polyalkenoate cements
and resin-modified polyalkenoate cements in dentistry
where the glass composition is designed to impart bio-
activity, whilst conferring inherent radiopacity of the
implant [18-20]. Consequently, bioactive glass fillers
have been used in BIS-GMA materials for implantation
in the spine where such inclusion have been associated
with the formation of a direct bond between bone and
cement [21].

The authors have been engaged in the development
and evaluation of novel bioactive glass compositions [22]
which are capable of releasing therapeutic ions at clini-
cally beneficial levels under physiological conditions
[23]. The ions in question are strontium (Sr*™) and zinc
(Zn*"); both of which are known to have potent bene-
ficial effects on the metabolic activity of osteoporosis
and as antibacterial agents respectively. Zn*" has been
shown to stimulate fracture healing by enhancing
osteoblast differentiation [24] and increasing osteoblast
DNA content [25]. Zn** ion release from biomaterials
has also been shown to have antibacterial efficacy killing
many bacterial strains commonly associated with infec-
tion after orthopaedic surgery [26]. Synergistically, Sr*"
has been shown to have a dual mode of action increasing
bone formation by osteoblasts while simultaneously
decreasing bone resorption by osteoclasts [27] and is
currently in use as an osteoporosis treatment in the form
of Strontium Ranelate [28].

Thus, the objective of this work is to incrementally
replace the radiopacifying agent (Ba,SOy, of a commercial
ABC (Spineplex®) with a radiopaque glass composition
associated with excellent biocompatibility [22] and an
ability to deliver clinically beneficial amounts of thera-
peutic ions into its local environment [23]. The effects of
these substitutions on the physical properties, and radio-
pacity of the resultant ABCs is reported.
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2 Materials and methods
2.1 Materials
2.1.1 Glass synthesis

A strontium—calcium-zinc-silicate glass formulation (Table 1)
was synthesized. The glass was prepared by weighing out
appropriate amounts of analytical grade reagents (Sigma-
Aldrich, Dublin, Ireland) and ball milling for 1 h. The mixes
were then dried in an oven (100°C, 1 h), then fired (1480°C,
1 h) in a Pt crucible and shock quenched into water. The
resulting frit was dried, ground and sieved to retrieve a glass
powder with a maximum particle size of 45 pum.

2.1.2 Acrylic bone cements (ABCs)

The compositions of the commercially-available cement
(Surgical Spineplex®; Stryker, Limerick, Ireland) and three
variant formulations are given in Table 2. For each variant
formulation the powder was prepared by using a pestle to
thoroughly mix all the constituents in a ceramic mortar and
then passing the mixture three times through a fine sieve
(180 m) to obtain a homogeneous powder, which was then
stored in a vacuum-wrapped plastic package; and 2) the liquid
monomer (methylmethacrylate: 19.5 mls/N,N-dimethylpar-
atoulidine: 0.5mls/Hydroquinone: 1.5 mg) was prepared by
mixing all the reagents in a screw-top glass jar, which was
then sealed tightly.

2.2 Methods
2.2.1 Scanning electron microscop (SEM)

A Hitatchi TM-1000 SEM was used to examine the mor-
phology and size of the BT112 glass and the Ba,SO,

Table 1 Glass composition (mol. fraction)

Glass SiO, ZnO CaO SrO NaO

BT112 0.40 0 0.10 0.20 0.30

Table 2 Compositions of cement powders (g)

Cement designation PMMA MMA BaSO4 BT112
(® (& (® (®
ABC (commercial spineplex®) 4.7 233 12 0
ABC 1 4.7 23.3 8 4
ABC2 4.7 233 4 8
ABC 3 2.7 23.3 0 12
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radiopacifiers. Powders were adhered to double sided car-
bon tabs and images were generated using back scattered
electrons at an accelerating voltage of 15 kV.

2.2.2 Cement mixing method

For the determination of all the properties of the cured
cement, the respective powders (Table 2) were mixed with
20 ml of liquid monomer were mixed, in a polyethylene
bowl, using an open-bowl technique (hand/manual mixing)
in the ambient laboratory (temperature and relative
humidity was recorded as 22 £ 1°C and 60 £ 20%,
respectively).

2.2.3 Determination of setting time and peak exotherm

Setting time and maximum exotherm temperature were
determined, in ambient laboratory air (22 4 1°C), with all
experimental steps and data treatment methods being as
specified in ISO 5833 [38]. The thermocouple was con-
nected to a temperature-time recorder (Eurotherm Chessel
Recorder, Model #4102c; Eurotherm, Dublin, Ireland). For
each of the 24 cements, the test was run in duplicate.

2.2.4 Determination of time dependant compressive
strength and Young’s modulus

The ultimate compressive strength (UCS) of cement com-
positions was determined according to ISO 5833 [38],
whilst the modulus of was recorded (molded solid cylin-
drical test specimens of nominal diameter and height = 6
and 12 mm, respectively). Specimens (n = 5) of each
compositions were incubated in tissue culture water at 37°C
for 1, 7 and 30 days then tested using a universal materials
testing machine (Model 5833, Instron, Inc., High Wy-
combe, Bucks, UK) at a cross-head speed of 20 mm min~!
which was equipped with a 5 kN load cell.

Fig. 1 SEM images of a
Ba,SO,4 at x8000 and b BT112
at x2000 powders used in this
study

2.2.5 Statistical analysis

Compression and Young’s modulus results were analyzed
using Graphpad prism 4 software (Graphpad software Inc).
Results are expressed as mean = standard error of the
mean. Analysis of the results was carried out using Stu-
dent’s r-test, with a significance level of P < 0.05.

2.2.6 Determination of radiopacity

Cement discs were produced in a similar fashion to the
biaxial flexural strength discs. Once removed from their
moulds the specimens were ground using 1200 grit silicon
carbide paper until they were 1 mm thick (15 + 0.2 mm
diameter). The radiopacity of each material was deter-
mined by irradiating specimens alongside an aluminium
step wedge (12 steps, 1 mm per step) at a distance of
400 mm under 60 kV and 2.5 mA. Specimens were
exposed on an AGFA CR 85x/MD4.0 plate. The radio-
pacity of each specimen was determined by plotting a
standard curve of SAL? versus thickness of aluminium.
The corresponding SAL? value for each specimen was
superimposed on the standard curve and the equivalent
thickness of Aluminium was recorded.

3 Results

Figure 1 shows the morphology and approximate size
differential between the radiopacifiers examined in this
work. The particles of BT112 are typically in the range
0-45 pm and are of random morphology. Conversely the
Ba,SO, are demonstrable smaller particles (2—4 pm) which
are present in agglomerated form in the powder.

The setting time (S, for surgical Spineplex® was
recorded as 13.1 min, and its peak exotherm was 74°C.
However, total replacement of Ba,SO, with BT112 resul-
ted in a 26% increase in S; to 16.6 min and a 31% decrease
in peak exotherm to 51°C.
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The UCS of the ABCs was not significantly altered as a
result of the substitution, with the mean UCS of each group
remaining above the threshold of 70 MPa as required for a
load bearing orthopaedic cement [29]. Additionally the
results confirm UCS of each ABC is not significantly
altered up to 30 days.

The E values of the ABCs examined illustrate that no
significant changes occur as a result of the substitution of
Ba,SO, for BT112, and as observed with the compressive
strength the mean E of each is not significantly altered as a
function of incubation time up to 30 days.

The radiopacity (as a function of equivalent thickness
of aluminum) of surgical Spineplex® was recorded as
7.32 mm. The complete replacement of Ba,SO4 with BT112
resulted in a 13% decrease in radiopacity to 6.34 mm.

4 Discussion

The results associated with the S; and peak exotherm indicate
a beneficial effect associated with the substitution Ba,SOy4
with BT112. Firstly, the increased setting times associated
with the substitution can be deemed advantageous in the
context of current surgical procedures where delivery of
cement under fluoroscopy is a function of the S; of the
cement. Presently, procedures must be performed as quickly
as possible to prevent the premature hardening of the cement
within the delivery system which can lead to suboptimal
placement/underfilling of vertebrae [30]. The optimal S, for
such cements is regarded to be 15 min. approx. [31], such
that incidences of extravasation and errant deposition of the
cement in the vertebral body can be avoided. Indeed, it
should be pointed out that working times of up to 18 min are
preferable given current surgical practices. From this per-
spective the results (Table 3) presented herein demonstrate
an improvement in the working time of surgical Spineplex®
from 13.1 min, which seems to be suboptimal based on
current opinion [31], to between 16.6 and 18.3 min when
BT112 is substituted into the formulation.

Further to the improvements in S, the formulations
ABCI1, ABC2 and ABC3 have peak exotherms consider-
ably lower than that of the control material ABC, in fact a
reduction from 74 to 51°C is reported for ABC3 (Table 3).
The literature pertaining to the effect of the exotherm is

Table 3 Setting times (S,) and peak exotherm values for cements

conflicted. Some authors report that the high curing exo-
therm associated with PMMA has palliative effects as a
result of damage to intraosseous neural tissue [32], whilst
others have demonstrated (in a baboon model) only a few
segments of necrotic bone present in augmented vertebrae
[33]. Nevertheless, the general consensus in the literature is
that achieving the lowest possible exotherm is an important
feature in the development of novel cements [31, 34]. As
such the reduction in peak exotherm associated with
ABCI1, ABC2, and ABC3 is a positive finding and indicates
that reduced thermal necrosis is likely to be associated with
the experimental materials in vivo.

From a mechanical standpoint the literature pays sig-
nificant attention to compressive strength and modulus of
the material [31]. Injectable bone cements must allow for
immediate reinforcement of the augmented vertebrae, with
concomitantly sustained strengths for the life of the
implant; the preferred UCS for such materials is in the range
70-100 MPa [21]. Figure 2 illustrates that bone cement
compositions examined in this work are all of the order
required for successful performance of vertebral cements.
Furthermore, the substitutions had no significant effect on
the performance of the materials as compared with the
commercial control indicating substantial equivalence
between the materials. Some statistically significant results
were obtained for UCS (Table 4) when BT112 doped
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Fig. 2 UCS as a function of composition and maturation time

Table 4 Radiopacity of each composition (expressed as equivalent
thickness of aluminum)

Cement designation Equivalent thickness

Cement designation S, (min) Peak exotherm (°C) of aluminiumm (mm))
ABC (commercial spineplex®) 13.1 74 ABC (commercial spineplex®) 7.32
ABC 1 17.9 63 ABCI1 6.52
ABC2 18.3 64 ABC2 6.00
ABC 3 16.6 51 ABC3 6.34
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Fig. 3 Young’s modulus as a function of composition and maturation
time

Table 5 Statistically significant differences within the UCS results

Compression P value Comment

Day 30 ABC1 V Day 30 ABC3  0.0133
Day 7 ABCI V Day 7 ABC2 00263

ABC3 has greater UCS
ABC?2 has greater UCS

cements are compared. The explanation for such differences
however remains unclear. In respect of the stiffness of the
cements examined the results (Fig. 3 and Table 5) show
that no significant change in modulus occurs between the
commercial control and experimental formulations. How-
ever as with UCS data some significant differences in E
were recorded between experimental groups. Nevertheless
the data clearly illustrates biomechanical equivalence
between the experimental materials and the commercial
control. The effect of cements on vertebral stiffness post
augmentation has induced considerable debate in the liter-
ature. Data available in the literature point toward vertebral
augmentation resulting in increases in overall stiffness of
the vertebral body [35-38], others report decreases in
overall stiffness [39], whilst other literature indicates no
change in stiffness of the vertebral body post-augmentation
[40]. The variations reported are likely due to a number of
factors including variation in method (prophylactic or
fracture stabilization), region of the spine, percentage fill,
and natural variations in bone quality. Irrespective of this
data however, and on the basis of the performance of the
experimental bone cements versus the commercial control it
can be inferred that the compositions ABC1, ABC2 and
ABC3, comprising a therapeutic filler, will demonstrate a
level of performance comparable to the commercial control.

Aside from the properties already discussed however, it
is important to state that the pre-requisite property for
injectable bone cements is high radiopacity. This is

Table 6 Statistically significant differences between moduli

Young’s modulus P value Comment

Day 7 ABC2 vs. Day 7 ABC3 0.0022  ABC2 has greater E
Day 30 ABC vs. Day 30 ABC2 0.0006  ABC2 has greater E
Day 30 ABC vs. Day 30 ABC3 0.0202  ABCS3 has greater E
Day 30 ABCI vs. Day 30 ABC2 0.0012  ABC2 has greater E
Day 1 vs. Day 7 ABC2 0.0128  Day 7 has greater E
Day 1 vs. Day 30 ABC2 0.0157  Day 30 has greater E

required such that the surgeon can clearly monitor cement
flow and prevent extravasation during surgery. In this work
the standard radiopacifier Ba,SO, was incrementally
replaced with BT112 bioactive glass and the radiopacity of
each formulation was recorded. It was found (Table 6) that
such substitutions did negatively impact on the radiopacity
of the cement, and in the most extreme case (ABC2)
reduced the radiopacity of the cement by 18% versus the
commercial control. However, it should be pointed out that
the radiopacity of the experimental cement had a radio-
pacity equivalent to several millimeters of aluminum and
as such have sufficient radiopacity for successful roent-
genographic guided placement of the cement.

Additionally it should be pointed out that during exper-
imentation it was noticed that the substitutions of Ba,SOy4
for BT112 resulted in a striking transient colour transfor-
mation (from white (ABC) to bright blue (ABC1-3)) during
the dough time of the cement. The colour change also
became more striking as more glass was incorporated at the
expenses of Ba,SO,. The reason for this change is unclear at
present but will be evaluated in future work.

5 Conclusions

The collection of results indicate that it is possible to
substitute the conventional radiopacifier Ba,SO, from
surgical Spineplex® and replace it with a glass known to
therapeutic capabilities and that such substitutions will:

1. increase the S, of the cement.

2. reduce the peak exotherm associated with cement
curing.

3. not significantly alter the biomechanical properties
(UCS and E) of the cement.

4. reduce radiopacity, though still leaves the cement
highly radiopaque.

However, further research will be necessary to evaluate
the fracture toughness of the experimental cement com-
positions, as well as their biocompatibility particularly the
ion release profiles (Sr** and Zn*") from the experimental
cement compositions.
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