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Statement of Purpose: The application of bone cements 
for the treatment of vertebral compression fracture 
requires radiopaque materials for adequate visualization 
of the flow under image fluoroscopy. Besides high 
radiopacity, it is desirable for the cement to have low 
viscosity, high compressive strength and appropriate 
curing parameters1,2. The goal of this study is to evaluate 
the effects of the addition of elevated radiopacifier 
concentrations (ZrO2) on the curing and mechanical 
properties of modified two-solution bone cements 
containing cross-linked microspheres and nanospheres in 
comparison to the standard two-solution formulation 
(STSBC) and commercial KyphX. We have already 
demonstrated the ability to optimize the viscosity and 
setting characteristics of the STSBC cement at higher 
polymer-to-monomer ratios (P:M) by the addition of 
cross-linked PMMA nanospheres and microspheres in the 
powder phase of the mixture3. In this work, the 
exothermal characteristics, viscosity and the compressive 
properties of these cements prepared at elevated 
concentrations of ZrO2 will be discussed.  
Methods: Methods of preparation of the standard two-
solution cement have been described by Hasenwinkel et 
al.4. This cement was prepared at a P:M of 0.9:1. For the 
modified two-solution cements, first the desired ratio of 
cross-linked nanospheres or microspheres (Pb) to linear 
PMMA (Pl) was determined. These two components were 
mixed together forming the polymer phase (P) of the 
cement mixture. A fixed P:M ratio of 1:1 with Pb:Pl of 
1.5:1 was selected based on handling and injectability 
properties. ZrO2 was mixed at concentrations of 5, 20 and 
30% (g/100 mL MMA). KyphX containing 30% BaSO4 
was prepared according to manufacturer instructions. 
Cements of all three compositions (STSBC, microspheres, 
nanospheres) were prepared at 0, 5, 20 and 30% ZrO2 and 
injected into a Teflon mold consisting of cylindrical 
holes, each 6 mm in diameter and 12 mm in height, for 
the casting of compression samples, as per ASTM 
standard F451-99a. Compression tests were performed at 
room temperature at a displacement rate of 0.05 mm/s. 
The change in viscosity with the addition of ZrO2 in the 
three cements was evaluated with a Brookfield viscometer 
(DV-E) at a fixed shear rate of 4s-1. Maximum 
polymerization temperatures and setting times of cements 
containing 0% and 20% ZrO2 were recorded according to 
ASTM standard F451. 
Results: The addition of radiopacifier significantly 
affected the properties of two-solution cements. Cements 
prepared with cross-linked beads exhibited significantly 
higher compressive strength (p<0.05) than STSBC at 
increasing radiopacifier concentrations and significantly 
higher compressive strength (p<0.05) than KyphX, as 
illustrated in Figure 1. The strength of these cement 
formulations increased with increasing ZrO2 content.  

Modulus of elasticity and strain to failure were not 
significantly affected by increasing ZrO2 concentrations. 
In contrast, the addition of higher quantities of the 
radiopacifier in the STSBC formulation had a detrimental 
effect on the measured properties, in which compressive 
strength fell below the 70 MPa minimum requirement. 
Radiopaque cements containing cross-linked particles 
exhibited reduced porosity in comparison to KyphX and 
STSBC. Furthermore, the viscosity of modified two-
solution cements was increased by the addition of 
increasing concentrations of ZrO2. These viscosity results 
give a range of compositions suitable for injection 
through the small needles required for this application. 
Cements containing microspheres can be prepared with 
high radiopacifier concentrations (up to 30%), while 
cements containing nanospheres can be prepared with 
concentrations as high as 20%. The maximum 
polymerization temperatures and setting times of cements 
containing cross-linked PMMA particles were 
significantly reduced by the addition of radiopacifier.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1- Cements prepared with increasing concentration of ZrO2. 
Ultimate compressive stress (a), compressive modulus (b) and strain to 
failure (c).  
 

Conclusions: The results confirmed the viability of 
preparing modified two-solution cements containing 
microspheres and nanospheres with an increased 
concentration of radiopacifier tuned for visualization 
under fluoroscopy. The addition of the radiopacifier did 
not degrade the mechanical properties of the material. 
These cements presented matrices without significant 
evidence of macroporosity and clumping of the contrast 
agent, which led to an increase in compressive strength 
with increasing ZrO2 concentration. The viscosity of these 
cements was shown to be appropriate as well as the 
maximum polymerization temperatures and setting times.  
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