J Mater Sci: Mater Med (2011) 22:1599-1606
DOI 10.1007/s10856-011-4322-7

Direct and interactive effects of three variables on properties
of PMMA bone cement for vertebral body augmentation

Alejandro Lopez - Erik Unosson + Hakan Engqyvist -
Cecilia Persson

Received: 20 October 2010/ Accepted: 11 April 2011/ Published online: 28 April 2011

© Springer Science+Business Media, LLC 2011

Abstract PMMA bone cements are widely used for
vertebral body augmentation procedures vertebroplasty and
balloon kyphoplasty. Although there are studies in the lit-
erature on the direct effects of relevant variables on the
properties of these cements, there are none on the inter-
active effects. In the present work, such a study was per-
formed on both types of effects, with the variables being
the concentration of initiator (benzoyl peroxide), the con-
centration of crosslinker (ethylene glycol dimethacrylate),
and the liquid-to-powder ratio used in preparing the
cement; and the properties being the compressive strength,
the compressive modulus, the doughing time, the setting
time, and the maximum polymerization temperature. Two
additional properties obtained from the viscosity-versus-
time curves, namely the time at the onset of curing, and the
critical curing rate were also studied. Significant interactive
effects between the amount of crosslinker and the amount
of radical initiator were found to affect the doughing time
and the critical curing rate. These effects were explained in
terms of the reaction kinetics. It was concluded that
interactive effects may exist and should be taken into
account when designing bone cement formulations.

1 Introduction

Currently, two types of poly(methyl methacrylate)
(PMMA)-based bone cements are commercially available
for clinical use in vertebroplasty (VP) and balloon
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kyphoplasty (BKP). The first are brands approved by reg-
ulatory bodies (e.g., the US Food and Drug Administration,
FDA) for anchoring total joint replacements (TJRs) [1, 2]
(e.g., Surgical Simplex P), whose radiopacifier content is
insufficient for VP and BKP. Therefore, additional amounts
of the already present radiopacifier (e.g., BaSOy in Surgical
Simplex P), or a different radiopacifier (e.g., Ta powder) are
added by the surgeon/nurse until the radiopacifier content is
in the order of 25-30 wt%. The second type of PMMA-
based cements includes brands approved by regulatory
bodies for use in VP and BKP [3, 4], e.g., KyphX HV-R,
which contains 30 wt% BaSO, in the powder. At present,
there is a growing literature regarding the effect of intrinsic
variables (e.g., cement composition), and extrinsic variables
(e.g., liquid-to-powder ratio (L/P)) on the properties of bone
cements for VP and BKP [5-12]. Hernandez et al. [11]
compared the influence of BaSO, and bismuth salicylate
radiopacifiers on the compressive strength, Young’s mod-
ulus, doughing time, and setting time, among other prop-
erties. In general, these properties were not significantly
affected by the amount and type of radiopacifier and their
values satisfied the ISO 5833 (1992) standard. Lewis et al.
[12] studied the influence of L/P on the polymerization rate
and fatigue life of an iodine-containing bone cement, and
concluded that there was a significant decrease of the
polymerization rate when increasing L/P. Other related
investigations that are reported in the literature are the
influence of oscillatory mixing on injectability [5], and the
effect of hyaluronic acid on the cement Young’s modulus
[13]. However, these studies are focused on the direct effect
of such variables while ignoring possible interactive effects
on the final properties of the cements. Furthermore, there is
a lack of studies related to the effects of benzoyl peroxide
(radical initiator), and ethylene glycol dimethacrylate, on
the properties of PMMA bone cements for VP and BKP.
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Design-of-experiments (DOE) software packages are
widely available and are used for, among other things,
screening of process factors, process optimization and
robustness testing [14]. The aim of screening is to investigate
which factors affect the responses of interest; optimization is
to obtain information on how these factors combine to affect
the responses; robustness testing is to determine how small
fluctuations in the factors affect the responses.

The purpose of the present study was to screen the direct
and interactive effects of three variables on six properties
of a PMMA bone cement formulation that may be used for
VP and BKP. The variables were the concentration of a
radical initiator (benzoyl peroxide) (BPO) in the powder,
the concentration of a crosslinker (ethylene glycol
dimethacrylate) (EGDMA) in the liquid, and the liquid-
to-powder ratio (L/P) used to prepare the cement. The
properties of interest were the compressive strength (0,ax),
the compressive modulus (E), the doughing time (Z4ougn)s
the setting time (feing), the maximum polymerization
temperature (T,,.x), and the change of the complex viscosity
(11*) over time. The last was described in terms of the time at
the onset of cure (7,,s) and the critical cure rate (CCR).

2 Materials

Nine experimental formulations were synthesized in our
laboratory. In each of these formulations, the powder phase
was composed of PMMA beads with mean average molec-
ular weight = 350 kDa, and mean particle size = 95 pm, as
measured using laser scattering granulometer (Mastersizer
X; Malvern Instruments Ltd., Malvern, UK); benzoyl per-
oxide; and 30 wt% barium sulphate (BaSO,). The liquid
phase was composed of methyl methacrylate (MMA); a
peroxide decomposer, N,N-dimethyl-p-toluidine (DMPT);
and a crosslinker (EGDMA). The amounts are shown in
Table 1. The concentration of DMPT was maintained equi-
molar to that of BPO since this has been shown to be the

Table 1 Full factorial experimental design including three variables:
[BPO], [EGDMA] and L/P

Sample ID [BPO] (wt%) [EGDMA] (vol%) L/P (ml/g)
N1 1 0 0.6
N2 1 0 0.8
N3 1 10 0.6
N4 1 10 0.8
N5 3 0 0.6
N6 3 0 0.8
N7 3 10 0.6
N8 3 10 0.8
N9 2 5 0.7
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optimal activator-to-initiator ratio, in the case of PMMA
bone cements for anchoring TJRs [15]. All of the chemicals
were purchased from Sigma—Aldrich (St. Louis, MO, USA)
and used as received.

3 Methods
3.1 Experimental design

Experimental formulations with the three variables being
the concentration of BPO [BPO], the concentration of
EGDMA [EGDMA], and L/P (Table 1), were prepared.
Experiments were performed around the center-point
of [BPO] = 2 wt%, [EGDMA] = 5 vol%, and L/P = 0.7
ml/g. The center-point was chosen as follows: [BPO] and
L/P based on the literature [4, 16], and preliminary
experiments that indicated that [BPO] = 2 wt%, and
L/P = 0.7 ml/g gave cements with good handling charac-
teristics using the reagents specified in the materials sec-
tion; [EGMDA] = 5 vol% is similar to 4.28 vol% as used
in Vertebroplastic® (DePuy Acromed, Inc. Raynham, MA,
USA), and the effect of such amount on bone cements for
TJR has been reported in the literature [17]. A screening
step was performed using a two-level full factorial design
(Table 1) and a polynomial interaction model fitted with
partial least squares (PLS). The model thus had the fol-
lowing equation:

y = Po+ Bix1 + Boxa + Baxs + Broxixa + faxixs
+ ﬁ23x2X3 + & (1)

3.2 Preparation of the cement

The powder constituents were thoroughly mixed by hand in
a glass mortar with a glass pestle. A timer was started when
the liquid was added to the powder. A thermocouple was
used to register the ambient temperature. The liquid and the
powder were mixed with a metal spatula for 1 min and then
1 ml was extracted with a polypropylene syringe for the
rheometry. The rest of the mixture was let to sit for 30 s
and then mixed for another 10 s before the specimens for
the compressive strength test were prepared. The remainder
of the mixture was used to determine fyough, fseting> and
Tiax-

3.3 Compression tests

After approximately 100 s from the start of the mixing, the
dough was injected into Teflon® moulds using 1 ml poly-
propylene syringes to produce samples of 6 mm diameter
and 12 mm height as stipulated in ASTM F451-08 [18].
The cured specimens were conditioned for 24 h in ambient
laboratory conditions (T = 21 &+ 1°C), and then tested
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using a universal materials testing machine (AGS-H;
Shimadzu, Kyoto, Japan) at a crosshead displacement rate
of 25.4 mm/min. From the force-versus-displacement
curves, 0max, and E were obtained.

3.4 Handling and thermal properties

The t4ouen Was determined as the time at which freshly-
exposed cement separated cleanly from a powder-free
nitrile glove dipped into the dough. After fgouen Wwas
determined, approximately 25 g of the dough was placed
into a Teflon® mould, after which a plot of dough tem-
perature-versus-time during curing was obtained. Then
Isettings and T, were determined from this plot [18].

3.5 Rheometry

The evolution of the cement viscosity during cement curing
was determined in the form of complex viscosity-versus-
time (y*-t) curve from commencement of mixing using a
stress-controlled rheometer (AR2000; TA instruments,
New Castle, DE, USA), equipped with a parallel-plate
geometry, in a time-sweep step-mode, at a constant fre-
quency of 5 Hz. The upper plate was a 19 mm diameter
titanium plate and the gap was kept at 2000 um [19]. The
displacement amplitude was 5 x 10™* rad and the tem-
perature of the lower plate was maintained at 23°C [19].

3.6 Statistical analysis

A DOE software package (MODDE; Umetrics AB, Umea,
Sweden), was used to produce predictive graphs based on a
two-level full factorial (23) design with an interaction
model fitted using the PLS method. The parameters whose
contribution to a specified response (material property) was
considered statistically insignificant were those whose
confidence interval included zero. In the first step, the
coefficients for all the responses including every output
parameter were determined. The model was then refitted
excluding statistically insignificant parameters. For the
PLS, the following parameters were obtained: the goodness
of fit (Rz), the goodness of prediction (QZ), the model
validity, and the reproducibility. The model validity mea-
sures if the chosen model is appropriate in a general sense
and values above 0.25 suggest a valid model [14]. The
reproducibility represents the replicate error in relation to
the variability across the design and values above 0.5
indicate good control over the experimental procedure [14].
Analysis-of-variance (ANOVA) was also performed on the
regression using MODDE, with significance denoted at
P < 0.05.

4 Results

4.1 Compressive and curing properties

A summary of these properties is given in Tables 2, 3.
4.2 Rheometry

Typical n*—t curves are given in Fig. 1. These results were
analyzed using two parameters, namely, time at the onset
of cure (7,,s) and the critical cure rate (CCR). Lewis and
Carroll [20] defined ¢, as the time when #* increases
sharply and CCR as the slope of the #*—t curve at f,,s. In
the present work, however, 7., was defined as the time
when #* reached 250 Pa s. The reason for this is that in
formulations where [EGDMA] = 0 vol%, the curves
increased smoothly with time. For each of the other for-
mulations, it was observed that n* increased rapidly with
t when #* = 250 Pa s was achieved. Thus CCR was cal-
culated as the slope of the n*-t curve at n* = 250 Pa s. A
summary of the 7,,; and CCR results is given in Table 4.

Table 2 Summary of the compressive properties

BatchID N Omax MPa (mean &= SD)  E MPa (mean £ SD)
N1 15 771 %151 1158.1 £ 238.3

N2 15 708 +£9.0 957.6 £ 2294

N3 25 949 £8.1 1258.0 £ 175.4

N4 17 89.7x114 1253.15 £ 116.7

N5 20 76599 1231.2 £ 99.2

N6 19 728+119 1150.3 £ 311.8

N7 12 994 +49 1277.5 £ 119.2

N8 12 99777 1176.5 £ 282.8

N9 21 95270 1236.9 + 169.2

Table 3 Summary of the curing and thermal properties

BatchID N T (°C) Ldough (MiN)  feerting (Min)  Tinax (°C)
N1 3 211%x13 31.1£39 493+137 334+£7.1
N2 3 233x03 362£56 57.0+128 46.7+£8.1
N3 4 20909 153+19 241x12 535104
N4 4 22918 17726 265x55 756%x159
N5 4 209%09 106+26 183+33 39.6%85
N6 4 221%16 14032 200x47 465112
N7 3 22718 53+£04 68+09 551x126
N8 3 218%x28 7011 78+£16 89.6+24.0
N9 3 21.1x02 135£09 19107 49.1£33

# Room temperature as measured with a thermocouple just before the
dough was placed into the standard Teflon® mould
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Fig. 1 Typical n*-t curves

4.3 Statistical analysis

The regression coefficients and the results for the polyno-
mial model that was used for screening after refitting are
given in Table 5. It is realized that the scaled and centered
coefficients illustrate the importance of each parameter,
however, for practical purposes the unscaled coefficients
are also given. The predictive responses (material proper-
ties) after refitting are presented in Fig. 2. The results
(Table 5 and Fig. 2) show that (1) there were significant
direct effects, namely, [EGDMA] on 0. [BPO] and
[EGDMA] on tying; L/P and [EGDMA] on Ty,.x, and (2)

@ Springer

there were two significant interactive effects, namely,
[BPO] and [EGDMA] on both #4oyen and CCR.

5 Discussion

The increasing literature on the (direct) effects of intrinsic
and extrinsic variables on the properties of PMMA bone
cement, often disregards possible interactive effects.
Therefore, this study aimed to screen the direct as well as
the interactive effects of three variables, i.e., [BPO],
[EGDMA], and L/P on eight responses (material proper-
ties), i.€., Omax> £, fdoughs fsettings Tmax> fons» and CCR using
MODDE, a DOE software package.

Crosslinking agents such as dimethacrylates are com-
monly included in formulations for TJR, in order to form
anchoring points, and stiffer networks that shrink to a
smaller extent [2]. They have also been included in
commercial formulations for VP, namely, Vertebro-
plastic® (DePuy Acromed, Inc. Raynham, MA, USA), with
4.28 vol% EGDMA; and Cortoss”® (Orthovita, Inc.
Malvern, PA, USA), a composite containing a mixture of
different monomers (59 vol%), including triethylene glycol
dimethacrylate (TEGDMA) [4]. Previous investigations
report that (1) there is a general trend of reduced reactivity,
and a higher propensity to intramolecular cyclization, as
the number of ethylene glycol units increases for free-
radical polymerizations involving mono-, di-, and TEG-
DMA [21]; (2) increasing the number of ethylene glycol
units does not appreciably increase the tensile strength and
lowers the strain at maximum stress [17]; (3) Dimethac-
rylates generally improve the tensile strength and reduce
the brittleness of BaSO4-containing bone cements for TJR
[22]. Given the above and the fact that cements for VP or
BKP differ from those intended for TJIR mainly in their
concentration of radiopacifier, the variable [EGDMA] was
selected as a relevant variable for this study.

Some of the problems associated with VP may be due to
inadequate values of the properties herein investigated.
Standard bone cement for VP has a relatively high
E between 1.5 and 3.5 GPa [9, 23, 24] compared to the
surrounding bone, which has been hypothesized to con-
tribute to additional, adjacent fractures [25]. Thus, an
E more similar to that of the surrounding bone may be
more adequate for bone cements used in the spine
(E = 0.05-0.8 GPa in cancellous bone [23]). The 6,,,x of
the cement should at least be higher than that of cancellous
bone, which is between 1 and 15 MPa [9] (a minimum
value of 70 MPa as stipulated by ASTM F451-08 is com-
monly referred to, since there is no standard specification
for bone cements for VP). The #4,,,n can be used as an
indication of the maximum injection time since VP
cements are not used in the dough state. The #ing 1S an
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Table 4 Summary of the 7,,, and CCR results

Batch ID tons (Min) CCR (Pa s/min)
N1 11.6 54.0
6.0 106.0
N2 9.3 178.0
13.2 119.0
N3 13.9 132.5
N/A N/A
N4 16.1 151.0
18.7 340.5
N5 14.7 287.5
10.0 184.5
N6 10.9 284.5
18.0 244.0
N7 8.7 579.0
6.6 2218.0
N8 9.1 1103.0
10.5 1140.5
N9 14.5 234.0
14.7 291.0
10.9 670.0
14.7 630.0

indication of how long time it would take for the dough to
become a solid material of maximum strength, which is of
interest for the clinicians. Temperatures above 50°C for
more than 1 min may be detrimental for bone tissues
[26, 27], and therefore, the reduction of T, is desired in

order to diminish any thermal damage inside the vertebral
body or the tissues around it. Finally, knowledge of the
change of viscosity over time is important to avoid cement
leakage in VP [10, 19, 28].

The change of #* with time plays an important role
when designing bone cements for VP. A previous study
[10] has suggested that in order to avoid cement leakage,
the cement should have an initial viscosity of 100 Pa s, and
stay below 200 Pa s for a considerable period of time
before final curing, to allow enough time for the surgeon to
inject the material. All #*—t curves in Fig. 1 exhibited
similar behavior, including an initial period of low vis-
cosity, which is generally desired for cements to be used in
VP. This was followed by a period of slow increase of 7*,
which was shorter for N7 and N8, which had a high
[EGDMA], and [BPO]. This is due to a higher concentra-
tion of growing radicals, which may increase the overall
polymerization rate. Finally, when ¢,,, was reached, the
viscosity increased exponentially.

After the statistical analysis, the following trends were
found: (a) on,.x increases significantly with [EGDMAJ;
(b) tqougn decreases significantly with [EGDMA] and
[BPO], with a significant interactive effect; (C) fuing
decreases significantly with [EGDMA] and [BPO] with
insignificant interactive effect; (d) Ty,.x increases signifi-
cantly with [EGDMA] and L/P with insignificant interac-
tive effect; (e) CCR increases significantly with [EGDMA]
and [BPO], with a significant interactive effect. The
increase of 0,,x with [EGDMA] may be due to a higher
crosslinking density. Similar trends were observed for

Table 5 Responses and their corresponding regression coefficients: unscaled (above) and scaled (below), for the polynomial interaction model

y Bo B (L/IP) B, (EGDMA) B3 (BPO)  f.; (EGDMA*BPO)  R® Q? Val. Rep. P
T 76.75 2.16
- NS - NS 072 068 0897  0.622  0.001
87.56 9.67
E NS NS NS NS - - - - -
T —2727  96.00 2.69
- - - NS 085 076 0547 0957  0.000
53.38 8.59 12.03
faugn  43.33 —227 —~10.68 0.55
- NS - - 092 072 0210 0993  0.000
16.15 521 —7.09 —2.20
feet 60.28 —1.99 ~13.00
- NS - - NS 0.89  0.84 0071 0995  0.000
2435 -8.88 ~11.63
fons NS NS NS NS NS - - - - -
CCR  27.66 —39.27 67.94 46.76
- NS - - - 080 071 0914  0.660  0.000
434.75 242.87 269.87 187.03

NS not significant, Val. validity; Rep. reproducibility
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Fig. 2 Predictive charts showing the responses to correspondent
significant parameters after the models were re-fitted using MODDE:
a f4ouen depends on the interactive effect between [BPO] and

Tdough aNd Zeying, Which decreased with: (1) [EGDMA] due
to a faster network formation (EGDMA is a bifunctional
monomer); (2) [BPO] due to a higher concentration of
phenyl radicals that can attack the vinyl group in MMA or
EGDMA [16]. Importantly, an interactive effect of [EG-
DMA] and [BPO] was found to significantly affect the
faough- This is indicated by the non-linearity of the iso-
chronal curves in Fig. 2a and its regression coefficients
shown in Table 5. Since [EGDMA] and [BPO] interact, the
relation between each of these variables and t45uen
(dependant variable) will depend on the other. Accord-
ingly, it is observed that at higher [BPO], the #4401 is lower
regardless of [EGDMA] whereas at lower [BPO] the #4ougn
is more dependant on [EGDMA]. This could be explained
through the reaction kinetics. A typical free-radical poly-
merization is characterized by a rapid increase in molecular
weight, and subsequent auto-acceleration (gel effect) early
in the reaction [21, 29]. This effect is mainly enhanced by
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0 1 2 3 4 5 6 7 8 9 10
EGDMA [vol%]

[EGDMAJ; b tuing depends on [BPO] and [EGDMAJ; ¢ Tpax
depends on L/P and [EGDMA]; d CCR depends on the interactive
effect between [BPO] and [EGDMA]

(1) a higher presence of active radicals, which depends on
[BPO], and (2) a reduction in chain mobility due to the
crosslinking, which in turn, depends on [BPO] and [EG-
DMA]. Therefore, at higher [BPO] the onset of the auto-
acceleration occurs earlier and the reaction is faster due to
a higher number of initiating radicals. On the other hand, at
lower [BPO], the auto-acceleration occurs earlier due to
more restricted chain mobility when increasing [EGDMA].
Tmax Was found to increase with [EGDMA], which could
be because of a lower heat dissipation capacity [17] due to
a denser network. The same trend was observed when
increasing L/P, which might be due to the higher amount of
monomer available, resulting in more exothermic reactions
taking place [30]. Finally CCR was found to be signifi-
cantly affected by the interactive effect of [EGDMA] and
[BPO]. From the models, it was observed that CCR
increased when increasing both [BPO], and [EGDMA]
simultaneously. However, at low values of [EGDMA], low
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values of CCR were observed independently of the [BPO].
The reaction rate-versus-time curves for free-radical
crosslinking of MMA and EGDMA in the presence of
2,5-dimethyl-2,5-bis((2-ethylhexanoyl)peroxy)hexane are
reported in the literature [31]. From here, it is seen that
when [EGDMA] < 20 wt%, the reaction is initially
kinetic-controlled (i.e., indicated by a plateau), and then
followed by auto-acceleration [31]. Moreover, the plateau
becomes shorter, and the peak reaction rate increases as the
amount of EGDMA increases with respect to that of MMA
[31]. This correlates with the fact CCR increased with
[EGDMA] at constant BPO (Fig. 2e). However, the effect
of BPO on the kinetics of free-radical crosslinking of a
system containing PMMA, MMA and EGDMA remains to
be assessed. More importantly, the results indicated that
regardless of the monomer content, the curing profiles of
PMMA bone cement can be controlled by means of the
interactive effect between [EGDMA] and [BPO].

One limitation of this study is the use of ASTM F451-08
standard, as this standard is intended for bone cements to
be used in TJR. However, both ASTM F451-08 and ISO
5833 are widely referred to in the literature, regardless of
the type of the cement, as there is currently no standard
specification for acrylic cements for VP [4]. Another lim-
itation is the use of a first order polynomial model to
describe y (material property) as a function of the inde-
pendent variables [BPO], [EGDMA], and L/P. This type of
model is adequate for screening purposes, but a quadratic
model may be of interest for further optimization. Also, the
limits established here for the independent variables may
not capture all formulations of interest. These limits were
based on the literature as well as preliminary experiments
around the center-point formulation. Those experiments
showed that outside these limits, the cements had problems
with their setting characteristics.

6 Conclusions

The direct and interactive effects of [BPO], [EGDMA], and
L/P on the PMMA bone cement properties pmayx, E, faoughs
Isettings Tmax» fons>» and CCR were screened using MODDE, a
DOE software package. Contour maps, which were based
on an interaction polynomial model fitted with PLS, were
successfully generated. The unscaled and scaled regression
coefficients were also obtained. The results showed that:
(1) There were significant direct effects, namely, [EG-
DMA] on opyax. [EGDMA] and [BPO] on fging, and
[EGDMA] and L/P on Ty, (2) There were significant
interactive effects between [EGDMA] and [BPO] on both
faough and CCR; (3) E and f,,s were not affected signifi-
cantly by any of the variables studied here. The interactive
effects could be explained in terms of the reaction kinetics.

It was concluded that the concentrations of BPO and EG-
DMA have an important role in controlling the final
properties of PMMA bone cements and could be useful for
tailoring the cement curing profiles.

In conclusion, the evaluation of the interactive effects,
in addition to the direct effects, was found to be useful for
the understanding and the prediction of the behavior of
complex systems such as bone cements, in which several
intrinsic and extrinsic variables have a simultaneous
influence on the curing and the final properties.
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