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Abstract 

Osteoporotic vertebral compression fractures can be successfully stabilized through vertebroplasty, a 

percutaneous injection of bone cement directly into the cancellous bone found in the vertebral body. 

Severe complications of this procedure can occur if bone cement leaks out of the targeted vertebra 

and enters the vascular system or spinal canal. Fractures of adjacent level vertebras may also be a 

consequence of the procedure since it leads to increased stiffness in the bone. In this work, a range 

of custom made polymethylmethacrylate (PMMA) bone cements for use in vertebroplasty were 

prepared in order to study the impact on handling characteristics, rheological and mechanical 

properties of three variables: the liquid to powder ratio, the concentration of crosslinker (ethylene 

glycol dimethacrylate) and the concentration of initiator (benzoyl peroxide). Bone cement containing 

the mean of these variables was used to study the spreading characteristics when injected at 

different viscosities in an artificial vertebral model made of rigid polyurethane foam. The spreading 

patterns were scanned using computed tomography and quantitatively described using the 

indicators circularity and mean cement spreading distance. Stiffness of the resulting foam/cement 

construct was also evaluated. In order to tailor PMMA bone cement for use in bone weakened by 

osteoporosis, an attempt was made to produce porous cement with lower Young’s modulus by 

adding various amounts of Castor oil. An evaluation of the particle release during curing of the 

porous cement was also made, as an excessive release of particles would limit its clinical use. Results 

show an increase in setting and dough times when increasing the liquid to powder ratio. A decrease 

in setting and dough times was noted when increasing the amounts of crosslinker and initiator. Peak 

polymerization temperature was found to increase with increased liquid to powder ratio, as well as 

when increasing the amounts of crosslinker and initiator. Addition of crosslinker was found to have 

the largest positive effect on cement strength. A higher liquid to powder ratio led to a decrease in 

Young’s modulus. Quantification of cement spreading showed a slight increase in circularity with 

increased viscosity, while no clear trend could be seen in measuring the mean cement spreading 

distance. A 10-fold increase in Young’s modulus was found when comparing PMMA filled samples of 

polyurethane foam with pure foam samples. Adding Castor oil to the cement led to significant 

lowering of both Young’s modulus and strength. The Young’s modulus was reduced from 1355 MPa 

for regular cement to on average 566 MPa when 30 vol% oil was added. The ultimate compressive 

strength decreased from 98 MPa for regular cement to on average 27 MPa with an addition of 30 

vol% oil. No significant difference in particle release during curing was found when comparing regular 

cement with cement mixed with Castor oil. Careful consideration should to be taken when designing 

any new formulation of PMMA bone cement. Rheological and mechanical properties are key factors 

for a successful intervention and for the integrity of the treated and adjacent level vertebras. Rigid 

polyurethane foam was found to provide a realistic and simple model for simulating cement flow in 

cancellous bone, as well as a base for evaluating the mechanical effects of vertebroplasty. It was also 

found that generating pores in the cement by adding Castor oil is an effective way of lowering the 

modulus, making it more compliant with osteoporotic bone. 

  



Erik Unosson 

3 
 

Acknowledgements 

The author would like to thank all colleagues within the research group Materials in Medicine, 

Department of Engineering Sciences at Uppsala University. A special thank you to my supervisor 

Cecilia Persson for guiding me throughout the course of the project and keeping me occupied. Thank 

you also Alejandro López for all sorts of assistance in the lab and positive feedback, Professor Håkan 

Engqvist for your contagious energy and dedication and for allowing me to join the group and 

carrying out my Master’s Thesis in Uppsala. Thank you also Åke Dahlberg and Jocke Andersson for all 

the help in the tool shop making customized devices. Thank you Gry Hulsart at Uppsala University 

Hospital for aiding me in doing CT scans. Thank you also Lennart Wallström for supervising the 

project from Luleå.  

 

Erik Unosson 

  



Erik Unosson 

4 
 

Contents 
1. Introduction ..................................................................................................................................... 5 

1.1. Spine Biomechanics and Vertebral Body Augmentation ............................................................ 6 

1.1.1. The Vertebral Body .................................................................................................................. 7 

1.1.2. Osteoporotic Vertebral Compression Fractures ..................................................................... 8 

1.1.3. Treatments and Complications ............................................................................................... 8 

1.1.4. Materials Requirements ........................................................................................................ 10 

1.2. PMMA as Filler Material ............................................................................................................ 11 

1.3. Summary & Scope of Work ....................................................................................................... 13 

2. Materials and Methods ................................................................................................................. 15 

2.1. Formulations ............................................................................................................................. 15 

2.1.2. PMMA Bone Cement Preparation ......................................................................................... 16 

2.2. Rheological Properties and Handling Characteristics ................................................................ 16 

2.3. Compressive Strength ............................................................................................................... 17 

2.4. Spreading of PMMA Bone Cement ............................................................................................ 18 

2.4.2. Polyurethane Foam as Model for Cancellous Bone .............................................................. 19 

2.4.3. PMMA Injections ................................................................................................................... 20 

2.4.4. Quantification of Spreading .................................................................................................. 20 

2.4.5. PMMA Filled Polyurethane Foam .......................................................................................... 20 

2.5. Particle Release Study ............................................................................................................... 21 

3. Results and Discussion .................................................................................................................. 23 

3.1. Bone Cement Candidates .......................................................................................................... 23 

3.1.1. Handling Characteristics ........................................................................................................ 23 

3.1.2. Rheological Properties........................................................................................................... 24 

3.1.3. Mechanical Properties ........................................................................................................... 25 

3.2. Spreading ................................................................................................................................... 26 

3.2.1. Circularity .............................................................................................................................. 28 

3.2.2. Mean Cement Spreading Distance ........................................................................................ 28 

3.2.3. Mechanical Properties of PMMA Filled Polyurethane Foam ................................................ 29 

3.3. Characterization of PMMA and Addition of Castor Oil ............................................................. 30 

3.3.1. Mechanical properties ........................................................................................................... 30 

3.3.2. Particle Release Study ........................................................................................................... 32 

4. Summary and Conclusions ............................................................................................................ 34 

5. Future Work .................................................................................................................................. 35 

6. References ..................................................................................................................................... 36 

 



Erik Unosson 

5 
 

1. Introduction 
Low back pain is one of the most common reasons to why people take out sick leave and it has been 

suggested that at any given time, about 15 % of the adult population suffer from some sort of it [1]. 

Apart from the significant personal and professional burden it has on the individual, it poses an 

economical burden to society in terms of direct costs related to treatment and indirect costs related 

to decreased productivity and lost work days [1, 2]. Most of the cases of low back pain are non-

specific, but it can in some cases be directly related to trauma, sciatica, degeneration of an 

intervertebral disc or an osteoporotic vertebral compression fracture. Osteoporosis is the most 

common metabolic disorder of bone, affecting an estimated 100 million people worldwide [3-5]. 

Osteoporotic compression fractures are commonly suffered by the elderly and especially among 

females, who are more prone to lose bone mineral density. It has been reported that over 700,000 

osteoporotic compression fractures occur in the United States alone each year, which is double the 

amount of hip fractures [5-7]. The number of vertebral compression fractures occurring each year in 

Sweden has been estimated to 15,000, osteoporosis being the major cause [8]. Besides from severe 

pain and immobility, compression fractures may lead to a reduction in height, kyphosis and an 

increased risk of hospitalization and mortality [4, 9]. 

At present, there are two principal medical intervention techniques used in order to restore vertebral 

height and alleviate pain after vertebral compression fractures; vertebroplasty and kyphoplasty [7]. 

Even though minimally invasive and considered as successful, these techniques should be preceded 

by non-operative treatments and active fracture prevention, primarily in the form of physical 

exercise and medication to improve bone mineral density [4].  

Vertebroplasty, which was first developed in France in 1984 [7], is a procedure where synthetic bone 

cement is injected directly into the fractured vertebrae for stabilization. The method is also used to 

treat osteolytic metastasis and multiple myeloma [7, 8, 10]. In the more recently developed 

kyphoplasty, an inflatable tamp is introduced into the compressed vertebrae, creating a cavity and 

expanding the vertebrae back to its original height. This cavity is then filled with bone cement. Both 

procedures are minimally invasive and have been reported successful in pain relief, with 

vertebroplasty still being the most widely used and efficient in 70 – 90 % of cases [7, 11, 12]. 

However, complications can arise and are principally due to leakage of the bone cement into 

surrounding tissues, which may lead to infections or even paraplegia or pulmonary embolisms [11].  

In order for the interventional radiologist to be able to track and control the spread of the bone 

cement during injection, the procedure is carried out under fluoroscopy and the filler material is 

prepared with additives which make it radiopaque. The bone cement most frequently used as filler 

material in vertebral compression fractures, as well as in joint replacement procedures, is 

polymethylmethacrylate (PMMA), a polymer more known under its trade name “Plexiglas”. It is 

prepared for injection by mixing a powder phase of mainly pre-polymerized PMMA with liquid MMA 

monomer. The mixture gradually sets by way of polymerization of the MMA, which is initiated by the 

creation of free radicals from additives in the liquid and powder phases. When it comes to the 

injection of the cement, it needs to be liquid enough to allow an even flow, but also viscous enough 

to prevent any extravertebral leakage which could lead to complications. The procedure normally 

takes 40-60 minutes in total for treatment of one vertebra, but treatment of multiple vertebras on 

the same occasion is common [8]. Figure 1 show a lateral fluoroscopic image of needle placement in 

the vertebra, as well as a previously treated vertebra with fairly even bone cement spread. 
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Figure 1. Fluoroscopic image of cement spread and needle placement in vertebroplasty [8]. 

 

Once the cement has set, it has to support the complex and dynamic loading patterns experienced in 

the spine. These requirements demand a specific set of properties that needs to be well determined 

for each new formulation of acrylic bone cement. Improving the properties and gaining further 

knowledge of the material is essential in moving towards a safer and more successful intervention 

technique. 

 

1.1. Spine Biomechanics and Vertebral Body Augmentation 
As represented in Figure 2, the spinal column consists of hard and soft tissues that combine to 

provide structural support for the trunk of the body while protecting the spinal cord. The hard 

elements are represented by the vertebrae, optimized for sustaining compressive loads and to offer 

mobility through sites of attachment for muscles. The soft tissue is found around and in between the 

vertebrae. The intervertebral discs are viscoelastic cushions that serve to distribute forces and impart 

mobility and flexibility to the spine. They consist of the nucleus pulpous, a semi-solid structure of 

randomized collagen fibrils in a hydrated extrafibrillar matrix. Surrounding the nucleus pulpous is the 

annulus fibrosus, a highly organized ring of fibrocartilage. Between the intervertebral discs and the 

vertebral bodies are the end plates, made up of a calcified layer covered by hyaline cartilage. They 

help to transfer loads evenly and serve as the primary path for fluids flowing to and from the 

intervertebral discs. Other soft tissues include the spinal cord and ligaments tying the vertebral 

bodies together.  
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 Figure 2. A section of the spinal column showing its main constituents [6]. 

 

1.1.1. The Vertebral Body 
The spine is divided into four regions according to their function and position. The seven cervical 

vertebrae are located in the neck and serve principally as support for movement of the head. Below 

the cervical vertebrae is the thoracic region. Its 12 vertebrae provide support for the ribcage and its 

enclosed organs. The five lumbar vertebrae, found in the lower back, are the largest and strongest 

vertebral bodies due to the high forces they support. The fourth region is the sacrum, which attaches 

the spine to the iliac bones of the pelvis.  

The vertebral body is the largest and anterior part of the vertebrae. Posterior of the vertebral body is 

the spinal canal, encapsulated by the pedicles and lamina. The vertebral body consists of the superior 

and inferior endplates, the cortical shell and the trabecular centrum, which is the principal load 

bearing component of the structure [6]. Thickness of the cortical endplates differs along the spinal 

column to compensate for loading conditions, thus being thicker in the lumbar region. According to 

direct computed tomography measurements, the thickness of the endplates and cortical shell is less 

than 1 mm [6], while clinical digitized CT images suggest a thicker cortical shell, on average 2.57 mm 

[13]. The trabecular (or cancellous) bone found in the centre of each vertebra is a 3D interconnected 

open porous solid material, consisting of hydroxiapatite, collagen, water and trace amounts of 

proteins. The pore size is in the order of 1 mm and the trabecular thickness about one order of 

magnitude smaller. In vivo, these pores are filled with bone marrow and cells. From an engineering 

materials point of view, it is an anisotropic composite with its higher values of modulus and strength 

in the superior-inferior direction. Furthermore, variations in bone volume fraction (ratio of actual 

tissue volume to bulk volume) contribute to substantial heterogeneity in the material. The elastic 

modulus range from 50 to 700 MPa and strength (characterized by ultimate compressive stress) from 

around 0.5 to 50 MPa [6]. The mechanical properties of vertebral trabecular bone are largely 

affected by age and sex, generally being stronger and stiffer in young males than in aged females. It is 

also one of the weaker and less dense bones in the human body, 5 to 10 times weaker than the 

femoral neck region [6].  



Erik Unosson 

8 
 

1.1.2. Osteoporotic Vertebral Compression Fractures 
The prevalence of vertebral compression fractures among postmenopausal women has been 

reported to exceed 25 % [5, 8, 14] and the most common cause is osteoporosis [4]. Osteoporosis is a 

skeletal disorder leading to decreased bone mass or increased porosity of the trabecular bone, which 

in turn increases the risk of fracture. Bone formation and bone loss is governed on a cellular level by 

osteoblasts and osteoclasts, respectively serving to create new bone and remove the old [4]. A shift 

towards bone resorption in primarily postmenopausal women leads to a diminished structural 

support and an increased risk for compression fractures under what could be characterized as 

normal loads [4]. Furthermore, the risk of developing subsequent fractures increases with a factor of 

five after being diagnosed with a first one [5]. Vertebral fractures may sometimes be difficult to 

diagnose since they are often initially asymptomatic [5, 6]. Underdiagnosis of vertebral fractures is a 

widespread problem and the proportion that goes unrecognized is reported as high as 45 % [15]. The 

most common type of vertebral fracture shows a loss of anterior vertebral body height and is known 

as wedge fracture (as seen in Figure 3), which may lead to a decrease in height and kyphosis. The 

most frequently fractured vertebrae are the T8, T9 and L1 [6]. 

 

 

Figure 3. Classification of vertebral deformities and fractures [6] 

 

1.1.3. Treatments and Complications 
As previously mentioned, two main techniques exist to alleviate pain and restore vertebral height 

after osteoporotic compression fractures. In this work, focus lies mainly on percutaneous 

vertebroplasty, which is a forced injection of low viscosity acrylic bone cement directly into the 

fractured or compressed vertebra. Since its clinical introduction in the late 1980s, it has been 

developed into an effective method with immediate results in form of pain relief [7, 10, 12, 14]. 
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The injection of liquid PMMA is made through a 10- to 15-gauge needle (1.4 – 2.5 mm inner 

diameter) normally introduced via the pedicle to reach the interior part of the vertebral body. Both 

needle placement and the subsequent injection is aided by fluoroscopy. The amount of PMMA 

injected varies and biomechanical studies have suggested that a 2 mL injection is needed to restore 

prefracture strength of the vertebra [16], while 4 to 8 mL is required to regain prefracture stiffness 

[5]. There is however no established consensus on optimal volume for a successful outcome. 

Precaution should on the other hand be taken not to inject excessive amounts, since it may increase 

the risk of cement leakage and adjacent level fractures due to increased stiffness [5, 16].  

Although vertebroplasty has high success rates, a number of complications may occur. Most of them 

are rare or asymptomatic, but some cases have catastrophic outcomes [10]. The most commonly 

reported complications are caused by cement extravasation and vary depending on site of leakage. 

Neurological complications such as paraplegia can occur if cement leaks into the epidural space 

where it can cause compression of nerve roots and/or the spinal cord [17]. If the cement leaks into 

the venous system it can cause cardiac abnormalities or lead to pulmonary embolism [17]. Incidence 

of cement leakage has been reported at as high rates as 81 %, but only 10 % of these proved to be 

symptomatic [11]. The leading cause for extravasations is low viscosity of the cement during 

injection, but bone quality also play an important role. Highly osteoporotic bone with large pore size 

promotes an irregular flow pattern and the risk of leakage is increased [11]. Viscosity of the cement 

should therefore ideally be customized for each patient according to the degree of osteoporosis, but 

variations in curing time due to mixing technique, operation room temperature and other factors 

make this task difficult. Injecting the cement after a higher viscosity has been reached is also 

problematic, since a greater force is required and the trabecular structure could get damaged. There 

is also a risk of inadvertently cementing the injection needle into the vertebral body due to the rapid 

increase in viscosity at the final stages of the polymerization process [7].  

Due to the exothermicity of the polymerization reaction of PMMA, it has been reported that it can 

cause damage to surrounding tissues and nerve ends in the vertebral body, [7, 16, 18]. This thermal 

necrosis of the intravertebral neural tissue has been suggested to play a part in the pain relief 

experienced after vertebroplasty, but its effect is still unclear [5, 7, 18].  

Adjacent level vertebral compression fractures may occur as a consequence of cement leaking into 

intervertebral spaces. Cured PMMA above or below the target vertebral body alters the 

biomechanics of the spine and modifies force transmission and distribution through the 

intervertebral discs, causing high local pressures which may induce an additional fracture. Also 

vertebroplasty performed without any reported leakage leads to an increased risk of adjacent level 

fractures [10]. The high stiffness of cured PMMA reduces joint flexibility in the spine and induces 

stress concentration fields in the vertebral body which may transfer to adjacent vertebras [16]. It also 

affects bone regeneration, which is a load dependent process, i.e. less bone will regenerate adjacent 

to cured PMMA since most of the load will be absorbed by the more rigid PMMA. In their 2004 study 

on biomechanical impact of vertebroplasty, Baroud and Bohner found that pressures in adjacent 

vertebras after vertebroplasty increased by up to 18 %, most likely due to a measured 12-fold 

stiffness increase of the cancellous bone in the treated vertebra [16]. A 2 year follow-up on 177 

patients treated with percutaneous vertebroplasty reported by Uppin et al. in 2003 showed that 22 

patients (12.4 %) developed a total of 36 new fractures. Out of these 36 fractures, 24 involved 

adjacent level vertebrae, showing the increased risk of adjacent level fractures after treatment. In 
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addition, 24 of the new fractures occurred within a month from treatment [19]. In spite of the clinical 

evidence pointing towards an increased risk of fracture adjacent to treated vertebrae, there is little 

proof that vertebroplasty is the actual cause. It has been suggested that the higher stiffness of the 

treated vertebrae, which leads to increased loads, combined with osteoporosis progression and 

greater physical activity due to pain relief lead to an increased occurrence of fractures [16].  

Cardiovascular complications has also been attributed to residual MMA monomer entering the blood 

circulation in the past, but even though regarded a toxin, the trace amounts of MMA released during 

and after vertebroplasty are considered to have minor effect. Most of the residual monomer stay in 

the cement matrix and post-polymerize, while a minor part escape into the blood circulation and 

eventually leave the body through respiration or metabolism [20]. 

 

1.1.4. Materials Requirements 
Any material being used in biomedical applications and introduced in the human body needs to be 

biocompatible, a concept defined as: 

The ability of a material to perform with an appropriate host response in a specific situation [21].  

This very general definition of biocompatibility reflects the variety of applications of biomaterials and 

the diversity of their biological interactions. As for choosing a material that can perform with an 

appropriate host response in stabilizing fractured vertebrae, a number of requirements are needed. 

Its biomechanical and biological properties need to match and support the load and environment in 

the spinal column. Compressive fatigue strength of the material is essential to withstand complex 

loading patterns. Material handling characteristics are also of importance due to the percutaneous 

surgical technique used when applied. It has to be easily prepared, radiopaque, have appropriate 

flow properties and a suitable setting time to avoid complications due to leakage. It also needs to be 

non toxic as to not cause infections or be rejected by the body. It would also preferably promote 

bone regeneration and produce a stable bone/cement construct.  

Regarding flow properties and viscosity levels at the time of injection, it has been suggested that an 

ideal PMMA bone cement for vertebroplasty would be one that cures rapidly to 100 Pas but remains 

under 200 Pas for an extended period before setting permanently [11]. As mentioned earlier, the 

high stiffness of cured PMMA can give rise to complications and additional fractures at adjacent 

levels. It is therefore of interest to produce a cement with mechanical properties closer to those of 

cancellous bone. As a response to this, efforts have been made by Boger et al. to reduce the bulk 

modulus of PMMA by introducing pores by way of adding an aqueous sodium hyaluronate solution 

to the mix [22].  A significant decrease in stiffness and strength, as well as lower polymerization 

temperature and setting time was reported for various amounts of aqueous solution added, but 

more recent studies have shown that this type of porous cement give rise to significant particle 

release during curing, making it unsuitable for clinical applications [22, 23]. Successful attempts have 

also been made by Ahn et al. to increase porosity and reduce the stiffness of PMMA by adding blood 

as filler, which also reduced setting time and polymerization temperature of the cement [24]. They 

further concluded that plasma in the blood acted as a lubricant, making it possible to inject the 

cement at higher viscosity, thus reducing the risk of cement leakage.   
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1.2. PMMA as Filler Material 
Polymethylmethacrylate (PMMA) was first conceived as a biomaterial during the Second World War 

when fighter pilots got subjected to eye splinters from shattered side windows in their aircraft. The 

PMMA from the windows did not seem to cause any rejection and it became the material of choice 

for hard contact lenses and later in the fabrication of intraocular lenses [25]. The dawn of PMMA 

bone cements came soon after when chemists discovered that adding a co-initiator made the 

polymerization of MMA possible at room temperature [20]. PMMA continues to be the most widely 

used filler material for joint surgery and vertebral fracture therapy, chiefly due to its availability, low 

cost and proven track record of safety and efficacy [26]. The primary alternative to PMMA is calcium 

phosphate (CaP) cements, which is a bioactive ceramic that offers potential for cement resorption 

and bone regeneration due to its osteoconductive properties [7]. It also avoids the thermal effects of 

PMMA since the reaction to form hydroxyapatite from tetracalcium phosphate, dicalcium phosphate 

and water occurs at body temperature [26]. However, several drawbacks limit the use of CaP in 

vertebral augmentation procedures. The rapid resorption may lead to insufficient support and 

additional failure if bone remodeling is slow. They are also weaker and more brittle than PMMA 

cements which make them inappropriate as filler material in certain load bearing applications [26].  

Its low viscosity, thixotropic properties and handling characteristics different from those of PMMA 

also make them difficult to inject [7]. Furthermore, it has been shown that the osteoconductive 

properties of CaP can lead to heterotopic ossification, an unwanted regeneration of bone outside of 

the skeleton [27]. There is however much ongoing research on improving the properties of calcium 

phosphate cements for use in vertebroplasty as well as for other biomedical applications [28].  

PMMA bone cements are prepared by mixing a powder phase containing pre-polymerized PMMA 

beads, initiator benzoyl peroxide (BPO) and a radiopacifying agent, normally barium sulfate (BaSO4) 

or zirconium dioxide (ZrO2) with a liquid phase containing MMA monomer, the chemical activator/ 

peroxide decomposer N,N-dimethyl-p-toluidine (DMPT) and possibly ethylenedimethacrylate (EDMA) 

acting as a crosslinker. Chlorophyll based colorants may also be added to the liquid phase, as may the 

easily oxidized molecule hydroquinone in order to prevent spontaneous polymerization during 

storage. The polymerization reaction of MMA is initiated by the phenyl radical formed in the 

following reaction between DMPT and BPO: 

 



Erik Unosson 

12 
 

 

Figure 4. DMPT (activator) and BPO (initiator) react to form two free radicals and a phenyl radical. 

 

The PMMA chains grow by way of addition and encapsulate the pre-polymerized PMMA beads within 

a solid matrix. Further polymerization and chain outgrowth from the PMMA beads is also occurring 

to a certain extent. The activated initiator sparks the reaction by attacking the double bond found in 

the MMA monomer, as seen in figure 5. 

 

 

Figure 5. Addition polymerization of PMMA initiated by a phenyl radical. 
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The radical polymerization of PMMA is exothermic and releases 57 kJ of heat per mol MMA [20]. As 

the polymerization process proceeds, viscosity and temperature increases and the mixture gradually 

sets. Pre-polymerized beads of PMMA play a structural role in the cement matrix, but its presence 

also greatly reduces polymerization time, heat produced and the amount of shrinkage, which is 

approximated to 21 % for pure MMA polymerizing to PMMA. The shrinkage is reduced to 6-7 % and 

in reality even more due to porosities introduced during mixing [20]. The PMMA beads act as a heat 

sink that dissipates the energy released by the polymerizing MMA [26]. Altering the composition 

and/or the formulation of the mixture affects key cement properties such as setting time, 

polymerization temperature and final strength. Increasing the liquid-to-powder ratio has been shown 

to produce both higher peak temperatures and longer setting times [26], which could be explained 

by an increased amount of MMA to react exothermically but at a slower pace due to the lower 

relative concentration of initiator. The rate of radical formation can be adjusted by altering the 

initiator and activator concentrations. A faster radical formation increases the number of nucleation 

sites for polymer chain outgrowth, speeding up the polymerization process and decreasing the 

setting time. It also affects the mechanical properties since more individual chains will form 

simultaneously, reducing the average molecular weight of the polymer. Adding cross-linker aids in 

creating a 3D network of PMMA chains, increasing the strength by limiting chain movement. Addition 

of radiopacifiers such as BaSO4 or ZrO2 to the cement is essential for fluoroscopic visibility during the 

injection, but the presence of these additives has been suggested to increase its porosity and 

diminish important mechanical properties such as strength and elastic modulus [26]. Their effect is 

however somewhat uncertain and depend on the type and amount added. Ginebra et al. studied the 

effects of radiopacifiers in cements aimed for use in implant fixation, where a lesser amount than for 

vertebroplasty is used. They reported that addition of ZrO2 (9-15%) significantly improved tensile 

strength, fracture toughness and fatigue crack propagation resistance, while addition of BaSO4 (8-

13%) reduced tensile strength, had no effect on fracture toughness but improved crack propagation 

resistance [29].  

 

1.3. Summary & Scope of Work 
Osteoporosis is a metabolic bone disorder affecting approximately 100 million people worldwide. 

The primary group at risk is postmenopausal women, out of which an estimated 25% will develop at 

least one osteoporotic vertebral compression fracture in their lifetime. Besides from severe pain and 

immobility, compression fractures can lead to height reduction, kyphosis and increased risk of 

hospitalization and mortality. 

Primary treatment for osteoporosis includes exercise and medication to improve bone regeneration, 

but solutions exist to alleviate pain and stabilize vertebras after a fracture has occurred. 

Percutaneous vertebroplasty is a technique in which low viscosity bone cement (normally PMMA) is 

injected in the fractured vertebra and gradually sets to provide structural support and ease pain. 

Even though reported successful in most cases, complications do occur, chiefly due to cement leaking 

out of the intended target area. Leakage of bone cement can lead to severe consequences, such as 



Erik Unosson 

14 
 

pulmonary embolisms or paraplegia. In addition, the high stiffness of commonly used PMMA bone 

cements increases the risk of adjacent level fractures after treatment. 

The work presented here addresses the primary risk factors associated with vertebroplasty, namely 

spreading of PMMA bone cement as a function of viscosity during injection and the mechanical 

properties of the cement after curing. The study is limited to rheological and mechanical 

characterization of nine different acrylic bone cement formulations and an in vitro analysis of 

spreading and mechanical performance under compressive load using one of the formulations and 

rigid polyurethane foam as a mimicking material of the trabecular bone found in the vertebras. An 

additional study was conducted on the effects of adding 10 – 30 % Castor oil to one of the cement 

formulations. The aim of this was to create pores in order to lower the stiffness of PMMA and 

possibly improve injectability. 
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2. Materials and Methods 
Prior to the current study, a range of custom PMMA bone cements has been designed by the 

research group within the department. Reverse engineering was used on the commercial product 

VertebroplasticTM (DePuy AcroMed Inc., Rayham, MA, USA) to produce a series of cements with 

ingredients commercially available from the chemical products supplier Sigma. Different 

compositions were designed in order to study the influence of several formulation variables on 

cement properties, such as liquid-to-powder ratio, amount of cross-linker, radical initiator and 

peroxide decomposer (activator). These cements were produced and tested in the current study.  

The materials used to produce the powder phases of the cements were poly(methyl methacrylate) 

beads with an average Mw of 350 kDa by GPC and a mean particle size distribution between 76 and 

248 µm (Aldrich), benzoyl peroxide (Aldrich) and barium sulfate (Sigma-Aldrich). The liquid phases 

were produced using methyl methacrylate (Aldrich), N,N-dimethyl-p-toluidine (Aldrich) and ethylene 

glycol dimethacrylate (Aldrich). 

Based on results from mechanical tests, viscosity measurements and handling properties of these 

cements, a formulation was selected as primary candidate for the study of in vitro spreading 

characteristics and mechanical properties. A formulation was also selected as base for investigating 

the possibility of tailoring mechanical properties of the cement by adding an oil phase (Castor oil, 

Sigma-Aldrich). This was made in an effort to reduce the bulk modulus of the cement, thus reducing 

the risk of adjacent level fractures due to the steep difference in stiffness between cancellous bone 

and the injected material.  

 

2.1. Formulations 
The nine different formulations considered here have previously been designed in accordance with a 

full factorial for three variables in order to produce a statistically sound study on the effect of each 

component. The concerned variables were liquid-to-powder ratio (L/P), concentration of cross-linker 

(EDMA) and concentration of radical initiator (BPO). The concentration of the activator DMPT was 

kept equimolar with that of BPO regardless of the liquid-to-powder ratio since this has been shown 

to yield the highest cement strength [26]. Concentration of radiopacifier (BaSO4) was held at 30 wt% 

for all formulations as it was considered an appropriate maximum amount for cements tailored for 

use in vertebroplasty [30]. Table 1 shows the variables and their respective amount in each 

formulation. Formulations N9 through N11, from here on called the standard formulation, have the 

same composition, which is the mean of all three variables and in accordance with the full factorial 

study.  
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Table 1. Formulations studied and the respective amount of each variable component. Note that 

formulations N9 through N11 have the same composition, which is the mean of each variable and a 

requisite for the full-factorial study.  

Batch # L/P (mL/g) EDMA (vol%) BPO (wt%) 

N1 0.6 0 1 

N2 0.8 0 1 

N3 0.6 10 1 

N4 0.8 10 1 

N5 0.6 0 3 

N6 0.8 0 3 

N7 0.6 10 3 

N8 0.8 10 3 

N9 0.7 5 2 

N10 0.7 5 2 

N11 0.7 5 2 

 

2.1.2.  PMMA Bone Cement Preparation 
The same base method was used to prepare and mix the bone cements throughout the study, only 

the final amount of cement differed depending on the experiment performed. The powder phases, 

containing pre-polymerized PMMA beads, benzoyl peroxide and barium sulfate were weighed using 

an electronic balance with an accuracy of 0.1 mg (ABS 120-4, KERN & Sohn GmbH). Liquid phases 

containing MMA, DMPT and EDMA were prepared using a micropipette. The powder phase was 

crushed and homogenized using a glass mortar and pestle, in which mixing later took place by adding 

the liquid phase. A timer was started at the time for adding the liquid phase and mixing at an 

approximate rate of 2 beats per second was carried out for one minute, using a stainless steel 

spatula. A 30 second pause was then followed by additional mixing at the same rate for ten seconds. 

After this first preparation step, rheological measurements, fabrication of samples for mechanical 

testing or injections were made.  

 

2.2. Rheological Properties and Handling Characteristics 
As part of bone cement characterization, measurements of dynamic viscosity as a function of time 

from mixing were made using an AR 2000 oscillating parallel plate rheometer (TA Instruments, USA). 

A time sweep step mode running at a frequency of 5 Hz and a controlled displacement of 5x10-4 rad 

was adopted from Farrar and Rose [31] and used to characterize each composition. The 

measurements were halted when the viscosity reached an upper limit of approximately 1600 Pas so 

as to avoid cement setting in the rheometer. The upper titanium plate of the rheometer measured 

19 mm in diameter and was held 2 mm above the lower plate, which had a set temperature of 23°C. 

Approximately 0.8 mL of cement mixture was used for each test.  
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Using the same batches as for rheological measurements, handling characteristics of the cements 

were analyzed by determining the dough time and setting time, as defined in the ASTM standard 

[32]. Dough time is defined as the time from mixing at which a non-powdered latex glove separates 

cleanly from the mixture when probed. This measuring method has been suggested relatively 

subjective and “unscientific” and is normally better suited for cements used in its “doughy” state, i.e. 

for implant fixations etc, which is why efforts have been made to find a more suitable measurement 

that relate dough time to rheological characteristics [31].  

After the dough time was reached, the cement was transferred to a custom made PTFE mould, 

equipped with a thermocouple at its centre to measure the core temperature of the cement during 

curing. The setting time is defined as the time since mixing it takes to reach the midpoint between 

the ambient temperature and the maximum temperature caused by the exothermic polymerization 

reaction:  

 

𝑇𝑠𝑒𝑡 =
𝑇𝑚𝑎𝑥 + 𝑇𝑎𝑚𝑏

2
 

 

For practical purposes, viscosity measurements of the cements were also conducted using the 

injection device designed at the department and the Hagen-Poiseuille law, which relates fluid 

viscosity η with needle length (L) and inner diameter (D), volumetric flow rate (Q) and injection 

pressure (P): 

 

𝜂 =
𝑃𝜋𝐷4

128𝑄𝐿
 

 

This relationship is valid for laminar flow of Newtonian fluids, i.e. when viscosity is independent of 

shear rate. In this case, the flow is laminar but the fluid is non-Newtonian. However, it gives a good 

estimation and will be considered as valid for all practical purposes [11, 33]. The injection pressure 

was taken as the force registered by the compression machine while pressing on an 8.0 mm diameter 

solid stainless steel plunger used in the 3 mL syringes. In order to get data points, a small amount of 

PMMA was extruded every 15 or 30 seconds, depending on the rate of increase in viscosity. The 

force required for each small extrusion was then translated to a viscosity value. Measurements in the 

oscillating parallel plate rheometer and injection device were verified using a Newtonian standard 

viscosity silicon oil of 102.08 Pas (Brookfield engineering laboratories, MA, USA).  

 

2.3. Compressive Strength 
All formulations mentioned in table 1 were prepared and submitted to compression tests in 

accordance with the ASTM standard specification for acrylic bone cements [32]. Custom made PTFE 



Erik Unosson 

18 
 

moulds were used to fabricate cylindrical samples, measuring 12 ± 0.5 mm in height and 6 mm in 

diameter. The cements were mixed as previously described and then transferred to the moulds while 

still in liquid phase using a polypropylene syringe. The moulds were always overfilled in order to 

compensate for shrinkage. The samples were allowed to cure for 24 hours before being ejected from 

the moulds and submitted to compression tests.   

For the study of the effects of adding an oil phase to the cement, two variables were considered; 

amount of oil and time at point of adding. Three different volumetric amounts, 10 %, 20 % and 30 % 

with respect to the liquid phase were first added at the start of mixture. To investigate the influence 

of time and mixing, samples were also prepared by ad-mixing the oil at one and two minutes from 

start of mixing. Additional stirring for 30 seconds was then conducted to homogenize the mixture. 

Castor oil (Sigma-Aldrich) was used for all samples.     

The specimens were tested until failure occurred in a Shimadzu AGS-H (Kyoto, Japan) compression 

machine equipped with a 5 kN load cell, at a displacement rate of 25.4 mm/min. The mean value of 

Young’s modulus and ultimate compressive strength was taken for at least five specimens from each 

batch. The number of specimens tested for each formulation varied as the cement shrinks during 

polymerization. Porosities are also formed as a result of cement mixing and gas formation in the 

reaction between activator and initiator. These pores and voids made some samples unsuitable for 

testing.  

 

2.4. Spreading of PMMA Bone Cement 
In order to study the spreading characteristics of PMMA bone cement in trabecular bone, an artificial 

vertebral model and a customized injection device was designed and used. The vertebral body was 

replicated by cutting circular samples measuring 34 ± 1 mm in diameter and 22 ± 1 mm in height of 

open porosity rigid polyurethane foam with a density of 7.5 pcf (delivered by Sawbones). Bone 

marrow was simulated by filling the porous spaces with liquid margarine, a technique adopted from 

Bohner et al. [33] and Loeffel et al [11].  According to the manufacturer, the cell structure of the rigid 

PU foam was over 95 % open and with a cell size ranging from 1.5 to 2.5 mm, which resembles the 

porosity of osteoporotic human cancellous bone. Mechanical properties however, are reported as 

lower than those for healthy cancellous bone. Compressive strength and compressive modulus for 

the foam was given from the manufacturer as 0.11 MPa and 6.2 MPa respectively, which may well 

correspond to the actual strength and modulus of severely osteoporotic bone. The foam blocks were 

enclosed in a custom made PTFE container with outer dimensions of 51 x 35 x 29 mm prior to 

injection. The purpose of this enclosure was to stabilize the foam during injection and to replicate the 

cortical shell of the vertebra. Holes were drilled in the sides of the enclosure to allow for ventilation 

and needle insertion.  

The injection device employed was designed for use in a compression machine where repeatable 

tests can be performed with regards to flow rate or injection pressure. It consists of a metal support 

structure in which a standard 3 mL syringe is fitted. The set up can be seen in figure 6. Injections are 

then conducted through a needle of chosen size which is attached to the syringe via a female luer 

lock connector. In this work, custom made 112 mm long 11-gauge needles (2.2 mm inner diameter) 

were used to deliver the PMMA, which is comparable to most equipment used in clinical settings.  
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Figure 6. The injection device was designed for use in a compression machine where injections of 

PMMA in a porous material could be performed at a constant flow rate.   

 

Spreading of PMMA bone cement was analyzed as function of time at the start of each injection 

since start of mixing, which was correlated to a viscosity value measured in a rheometer and also 

using the injection device and compression machine.  

 

2.4.2.  Polyurethane Foam as Model for Cancellous Bone 
Due to the complexity and limitations of performing ex vivo tests on human or animal vertebrae, 

solid polyurethane foam was used as a model for human cancellous bone. Its structure and porosity 

can be seen in figure 7. Several earlier studies has shown that this type of material provide a realistic 

structure for simulating cement flow in cancellous bone and is a promising alternative for both static 

compression and fatigue studies of human vertebrae [11, 34, 35].  

 

Figure 7. Structure of the rigid polyurethane foam used as model for human cancellous bone.  
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2.4.3.  PMMA Injections 
Preparation of the bone cement used for injections was carried out as previously described. For the 

injections of PMMA containing the additional oil phase as filler, the powder and liquid phases were 

prepared and initially mixed for one minute, the oil was then added to the mixture by a syringe and 

stirred for an additional 30 seconds.  

After mixing, the cement was always left to react in the mortar for as long as possible so as to let the 

PMMA beads get encapsulated in the matrix and avoid filter pressing during the injection. The 

cement mix was added to a 3 mL syringe while still in the liquid state and a 112 mm long, 11 gauge 

needle was attached to the syringe via a female luer lock connector. The syringe and needle was then 

introduced in the injection device, allowing the needle to penetrate the rigid PU foam to place the tip 

of the needle at its centre. The injection device was placed in the compression machine and the 

subsequent injection was started at a designated time since start of mixing. The displacement rate of 

the compression machine was set to 25 mm/min for all injections, resulting in a cement flow rate in 

the needle of 1.26 ml/min.  

 

2.4.4.  Quantification of Spreading 
Quantification of the PMMA spreading pattern was made possible by running computed tomography 

(CT) scans of the samples (XCT Research SA+, Stratec) at the Department of Surgical Sciences at 

Uppsala University Hospital. Three scans were made of each sample, all parallel to the plane of the 

injection needle and distanced 3 mm from each other. The resulting images were analyzed using a 

public domain image processing program (ImageJ 1.42q, National Institutes of Health, USA). The two 

indicators circularity and mean cement spreading distance (MCSD) were adopted from Loeffel et al. 

[11] and used to quantify spreading of the cement. Circularity is a compactness measure of a shape, 

applicable to all geometrical shapes and independent of scale and orientation. It is calculated by 

comparing the area and the perimeter of a shape with the perimeter of a circle having the same area.  

 

𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 =
𝐶𝑖𝑟𝑐𝑙𝑒 𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟

𝑆ℎ𝑎𝑝𝑒 𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟
=

2 𝜋 ∙ 𝐴

𝑃
 

 

The circularity of a shape is always confined between 0 and 1, being lower for elongated shapes and 

1 for a perfect circle. Since circularity is a size invariant measure, the mean cement spreading 

distance from the site of injection was also taken into account.  

 

2.4.5.  PMMA Filled Polyurethane Foam 
Mechanical characterization was also made on the rigid, open cell polyurethane foam that was used 

as model for osteoporotic cancellous bone. Compression tests in order to determine Young’s 

modulus and strength was first performed on polyurethane foam alone, followed by tests on foam 
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with injected PMMA bone cement. The samples tested were the same as used in the study for 

spreading characteristics, thus being cylindrical with a diameter of 34 ± 1 mm and a height of 22 ± 1 

mm. In order to reinforce the damaged (cut), load bearing surfaces and to stabilize the samples 

during tests as well as to get stable boundary conditions, endplates of PMMA were attached to the 

top and bottom of each sample. This method was adopted from Rapillard et al. [36] and Johnson and 

Keller [34]. The PMMA endplates also served as a representation of the cortical bone endplates 

present in vertebrae. An image of filled polyurethane foam after attachment of PMMA endplates is 

shown in figure 8. 

 

 

Figure 8. Rigid polyurethane foam after injection of PMMA bone cement. The sample has also been 

prepared for mechanical testing by attaching PMMA endplates on load bearing surfaces.   

 

The displacement rate for the tests was set to 5 mm/min, using a Shimadzu AGS-H (Kyoto, Japan) 

compression machine equipped with a 5 kN load cell. Load was applied until an upper load limit of 4 

kN was reached or when fracture of the endplates and/or bone cement was visually observed. 

 

2.5. Particle Release Study 
As previously mentioned, a study by Beck and Boger showed results of significant particle release for 

porous cements produced with addition of an aqueous phase compared to commercial bone cement, 

rendering the porous cement unsuitable for clinical applications [23]. As part of property 

characterization of PMMA bone cements with an added oil phase, a particle release study during 

curing was attempted by using a method inspired by the one used by Beck and Boger [23]. It 

consisted of injecting approximately 2.5 mL of bone cement using a polypropylene syringe into a flask 

containing distilled water, allowing the cement to cure permanently before removing it and 

determining the weight of the particles released. Distilled water was used instead of a phosphate 
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buffered solution to avoid salts from interfering with the results. The water bath was continuously 

stirred and held at 37°C to simulate body temperature. A polypropylene mesh with 1 mm2 holes was 

placed in the flask to separate the magnetic stirrer from the bone cement, which was always injected 

once a viscosity was reached which permitted the cement to be placed as a furled rod in order to 

achieve the highest surface area possible. The bone cement was then allowed to cure in the water 

bath for 30 minutes before removing it along with the mesh and magnetic stirrer, rinsing off all 

objects thoroughly to include any particles still attached to them in the measurement. The water was 

then partly evaporated and the remains were poured over a grade 597 cellulose filter paper 

(Whatman) to separate the particles from the solution. The filter paper was then allowed to dry over 

night in a laboratory environment before being weighed and compared to its previously determined 

weight, using a scale with an accuracy of 0.1 mg (ABS 120-4, KERN & Sohn GmbH) and at least 3 

separate measurements. The difference in weight of the filter paper was then assumed to be the 

amount of particles released. A series of four experiments was conducted, comparing the particle 

release of regular cement (formulation N9) with no addition of oil with the same cement having an 

addition of 10, 20 and 30 vol% Castor oil with regards to the liquid phase. The preparation and mixing 

of the cement was made as previously described, but with the oil phase added at the start of mixing. 

The method used for determining the particle release was validated by performing the same type of 

measurement using a known amount of PMMA beads (Aldrich).   
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3. Results and Discussion 

3.1. Bone Cement Candidates 

3.1.1.  Handling Characteristics 
Comprehensive results of the handling characteristics for the 11 batches of PMMA bone cement 

formulations are presented in table 2, which display the ambient temperature (T0) at the time for 

each measurement, the maximum temperature (Tmax) registered at the peak of the exothermic 

polymerization reaction, as well as the dough time (tdough) and setting time (tset).   

 

Table 2. Ambient temperature T0, maximum temperature Tmax, setting temperature Tset, dough time 

tdough and setting time tset for the investigated formulations.  

Batch # To (°C) Tmax (°C) Tset (°C) tdough (s) tset (s) 

N1 19.9 25.2 22.6 1920 3738 
N2 23.0 39.1 31.1 1980 4080 
N3 22.1 60.4 41.3 840 1398 
N4 22.5 68.3 45.4 1020 1626 
N5 21.9 51.9 36.9 420 828 
N6 21.3 38.8 30.1 840 1290 
N7 22.1 42.4 32.3 300 462 
N8 20.7 69.8 45.3 420 528 
N9 20.9 49.9 35.4 780 1170 
N10 21.1 51.9 36.5 780 1098 
N11 21.2 45.4 33.3 780 1164 

 

From these results it can be seen that the setting time decreases when either the amount of 

crosslinker (EDMA) or initiator (BPO) is increased. Looking at table 1 and 2, comparing formulations 

N1 and N2, which has the lowest amounts of crosslinker and initiator, with formulations N7 and N8, 

having the highest amounts, the setting time drops from around 65 minutes to around 8, depending 

on the liquid to powder ratio. The same pattern can be seen for the dough times. The faster setting 

and dough times with an increased amount of initiator and activator could be explained by a faster 

radical formation, which activates more monomers acting as nucleation sites for polymer growth. 

Furthermore, it is found that increasing the liquid to powder ratio from 0.6 to 0.8 consistently 

increases both the dough and setting times. A higher liquid to powder ratio decreases the relative 

amount of initiator, which is part of the powder phase. This decreases the monomer activation rate, 

resulting in slower setting of the cement. The highest peak temperature is noted for formulation N8, 

which has the higher concentrations of EDMA and BPO and also the higher liquid to powder ratio. 

The lowest peak temperature is found for formulation N1, having no crosslinker, only 1 wt% initiator 

and a liquid to powder ratio of 0.6. For cements having a high liquid to powder ratio, there is an 

abundance of monomers, the main component of the liquid phase. These will react exothermically 

and produce a higher peak temperature, something seen in all cases above save when comparing 

formulations N5 and N6.     
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3.1.2. Rheological Properties 
Results from the oscillating parallel plate rheometer for all investigated formulations are presented 

in figure 9. Again, looking at table 1 and comparing the formulations having lower amounts of 

crosslinker and initiator (N1, N2) with formulations having higher amounts (N7, N8), it can be seen 

that the latter are more fast setting, which is in accordance with the results for handling properties 

discussed above. However, only one test for each formulation (except the standard formulation) had 

been performed using the rheometer at this time, which is why the margin of error is possibly large 

for these results. It can be seen by comparing the curves for N9 and N11, which are almost identical, 

with N10, having the same composition but experiencing rapid increase in viscosity around 200 

seconds sooner. There can be several reasons for this, including powder and liquid phase 

preparation, mixing conditions and laboratory temperature [31]. All of which are carefully controlled 

but not always perfectly identical. 

 

 

Figure 9. Dynamic viscosity as a function of time for all investigated formulations. Data recorded 

using an oscillating parallel plate rheometer.  

 

As mentioned in an earlier section, Loeffel et al. [11] suggested that with regards to rheological 

properties, a bone cement suitable for vertebroplasty is one that quickly reaches a viscosity of 100 

Pas, then remains under 200 Pas for an extended period of time. Taking this into account and looking 

at the results from the rheometer, formulations N1, N2, N3 and N5 stand out as possible candidates. 

However, formulations N1 and N2 have to high dough and setting times to be effective and 

formulation N3 has a high peak polymerization temperature (60.4 °C), which should generally be 

avoided. The standard formulation, showing intermediate handling and rheological properties, also 

stand out as a possible candidate. The standard formulation was given special attention and its 
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rheological properties were also investigated using the Hagen-Poiseuille relationship and the 

injection device designed at the department. A comparison of the results from both the rheometer 

and injection device is given in figure 10, where it can be seen that there is a shift in results 

depending on which method is used. The injection device tends to underestimate the viscosity, but 

the results are still comparable and serve as a guide to estimate the viscosity and flow properties for 

cement injections at a designated time since the start of mixing.   

 

 

Figure 10. Comparison of results for the standard formulation from the oscillating parallel plate 

rheometer and viscosity measurements using the Hagen-Poiseuille relationship.  

 

3.1.3. Mechanical Properties 
Mechanical properties of the different formulations are given in table 3. Strength, taken as the 

ultimate stress recorded in compression and Young’s modulus, are presented along with the 

standard deviation for each batch. The size of each batch varied as pore formation and shrinkage 

during curing sometimes lead to poor specimen quality.    
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Table 3. Mechanical properties of the tested formulations (strength, characterized by ultimate 

compressive stress and Young’s modulus). Values presented as mean ± standard deviation.   

Batch # Batch size Strength (MPa) Young’s Modulus (MPa) 

N1 7 90.93 ± 3.63 1378.24 ± 81.16 
N2 9 70.95 ± 8.90 918.05 ± 128.25 
N3 9 99.97 ± 2.65 1283.66 ± 197.51 
N4 7 89.55 ± 5.81 1187.75 ± 110.07 
N5 9 70.51 ± 8.76 1318.59 ± 72.18 
N6 9 76.36 ± 14.11 1070.25 ± 373.02 
N7 6 98.85 ± 4.72 1298.61 ± 72.53 
N8 7 101.99 ± 6.60 1049.97 ± 297.32 
N9 5 85.95 ± 7.01 1133.18 ± 106.11 
N10 9 98.19 ± 3.80 1260.83 ± 166.03 
N11 7 98.10 ± 4.28 1280.17 ± 197.87 

 

It can be seen from these results that an increase in crosslinker concentration increases the 

compressive strength of the cement. This is expected since the crosslinker aids in creating a 3D 

structural network, limiting polymer chain movement. The effect of crosslinker concentration on the 

Young’s modulus on the other hand is not as profound. Increasing the liquid to powder ratio was 

found to have varying effects on cement strength, depending on the amount of initiator added. It 

was found that for low concentrations of initiator, strength decreased with an increased liquid to 

powder ratio. The opposite was observed for higher initiator concentration. Increasing the liquid to 

powder ratio did on the other hand decrease stiffness on all occasions. The standard formulation is 

again found to have intermediate values.  

 

3.2. Spreading 
Computed Tomography (CT) scans of PMMA bone cement injected in rigid polyurethane foam at 

different times since mixing is presented in figure 11. Three images of each injection are given, one 

central view close to or at the site of injection and two additional views, distanced 3 mm to the sides 

of the centre. This was made in order to get a better average when quantifying the results. Since 

being the best characterized and having intermediate properties overall, the standard formulation 

was chosen as candidate for injections and the study of spreading characteristics. Since knowing the 

exact viscosity of the cement at any given time was difficult and would require real time 

measurements prior to the injections, the study was based on performing injections of the same 

formulation at different times since the start of mixing. These times were correlated to the data 

acquired from the viscosity measurements performed both in the rheometer and injection device. 

Aiming at performing injections at viscosity levels ranging from around 100 to 300 Pas and using the 

mean of all viscosity measurements presented in figure 9, injections were made between 8 and 13 

minutes since start of mixing.     

 



Erik Unosson 

27 
 

  
Scan 1. 3 mL injected at 9 min. 
 

Scan 2. 3 mL injected at 10 min. 
 

  
Scan 3. 3 mL injected at 11 min. 
 

Scan 4. 3 mL injected at 12 min. 
 

  
Scan 5. 3 mL injected at 13 min. 
 

Scan 6. 3 mL injected at 11 min. Addition of 10 % 
Castor oil. 

  
Scan 7. 1 mL injected at 8 min. 
 

Scan 8. 1 mL injected at 8 min. 
 

Figure 11. Computed Tomography (CT) scans of PMMA bone cement injections. 

 

As can be seen in the CT scans, all injections where 3 mL was successfully injected, there is a fairly 

even spread of bone cement and no significant leakage can be reported.  However, scans 7 and 8 

which can be categorized as unsuccessful injections are also presented. In these attempts to inject 

cement at a lower viscosity, cases of significant leakage are noted, which may have several 

explanations. First of which is the low cement viscosity, but the primary cause is the occurrence of 

filter pressing. It makes the liquid phase of the mixture pass through the syringe first, leaving PMMA 

beads that are not yet encapsulated in the cement matrix behind. Complete injection of the cement 

then becomes impossible and the result is a small injection of very low viscosity PMMA. The reason 

for filter pressing may be related to an incomplete reaction prior to injection, but also due to 

obstacles encountered by the cement during the injection. Pieces of the polyurethane foam might be 

stuck in the tip of the syringe, which would be hindering even passage of the cement. Finer particle 

size of the pre-polymerized PMMA beads could also prevent filter pressing and aid in producing a 

more even flow. 
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3.2.1.  Circularity 
Figure 12 shows a quantification of the spreading pattern related to time since start of mixing. It can 

be seen that an increase in viscosity also yields an increase in circularity, which is expected and in 

accordance with previous results [11]. However, a greater number of injections would be necessary 

to give the results statistical significance. As already noted and seen in results from the rheological 

characterization, different batches of the same cement may present varying viscosity at a given time 

since start of mixing due to small variations in temperature and/or composition. Real time 

determination of viscosity prior to injections rather than performing the injections at a designated 

time since start of mixing would therefore be an improvement of the method used. Quantification of 

the spreading pattern is also limited by the 2D CT scans. The path of least resistance for cement flow 

might be situated perpendicular to the plane of the scan, which would give a different end result. A 

clearer trend than already seen in figure 12 could also be confirmed if injections were possible at 

lower and higher viscosities. 

 

 

Figure 12. Circularity as a function of time since mixing. An increase in circularity can be seen as a 

result of increased viscosity at the time of injection.   

 

3.2.2. Mean Cement Spreading Distance 
The results from measuring the mean cement spreading distance are presented in figure 13. No clear 

trend can be seen, but the tendency and expected outcome is a slight increase in mean cement 

spreading distance for lower viscosity cements. Again, repeated injections would be necessary to 

draw any definite conclusions. However, variation in spreading distance is not as dependent on 

viscosity as is circularity, which may explain the lack of a trend. Spreading distance is more 

dependent on volume injected, which was the same (3 mL) for all results presented. It is therefore 

reasonable to believe that positioning of the CT scans have an effect on the result.  
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Figure 13. Mean Cement Spreading Distance (MCSD) as a function of time since mixing. No clear 

trend can be seen on the effects of viscosity on spreading distance. 

 

3.2.3.  Mechanical Properties of PMMA Filled Polyurethane Foam 
After injections of PMMA in rigid polyurethane foam were made and analyzed, the specimens were 

prepared for compression testing in order to determine the mechanical properties of the combined 

materials. The results are presented in figure 14. It can be concluded that time of injection since 

mixing only have a minor effect on the stiffness, but it should be noted that the sample containing 10 

vol.% Castor oil has the lowest Young’s modulus. Grouping the results from samples where pure 

PMMA was injected, the mean Young’s modulus is 34.58 ± 2.63 MPa. An approximate 10-fold 

increase in stiffness was found when comparing the reference samples of pure polyurethane foam 

with the augmented samples, a relative increase comparable to results presented by Baroud and 

Bohner for osteoporotic bone completely filled with cement [16]. Improved mechanical stability is 

one of the major reasons for pain relief after treatment and a certain increase in stiffness is desired 

when performing vertebroplasty as it prevents micromotion within the vertebra. However, a more 

than 10-fold increase in Young’s modulus normally leads to redistribution of mechanical loads which 

can result in additional fractures [16].   
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Figure 14. Stiffness of rigid polyurethane foam with and without injected PMMA. A steep increase in 

the Young’s modulus can be seen after injection of PMMA. 

 

3.3. Characterization of PMMA and Addition of Castor Oil 

3.3.1. Mechanical properties 
As seen in figure 15, adding an oil phase to the cement lowers the Young’s modulus significantly, 

from 1355 MPa recorded for regular cement to 516 MPa for the cement with an addition of 30 vol% 

at 2 minutes from start of mixing. Although far from the properties of osteoporotic cancellous bone, 

presumably positioned in the lower ranges of the reported 50 – 700 MPa [6], the elastic modulus of 

this cement approaches values more suited for load bearing applications in damaged vertebras. 

There is no clear trend to be seen on the effect of ad-mixing the oil phase at different times from 

start of mixing, which makes for more options while preparing and mixing the cement and oil. 

Previous attempts to produce porous cements by way of adding an aqueous sodium hyaluronate 

solution or blood have been made by Boger et al. [22] and Ahn et al. [24] respectively. Comparing the 

reduction in Young’s modulus for similar additions of pore forming phases with the results presented 

here, adding an oil phase to the cement reduces the stiffness by a similar percentage (aqueous 

phase) and by a greater percentage (blood). This makes porous bone cement produced by adding an 

oil phase a possible alternative to regular, stiff PMMA cement.    
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Figure 15. Young’s modulus for PMMA with varying amounts of Castor oil, recorded in compression. It 

can be seen that adding an oil phase has a significant effect on the stiffness of the material.  

 

Figure 16 shows results of ultimate compressive strength for PMMA containing 10 – 30 vol% Castor 

oil. There is a clear relationship between strength and amount of oil added, ranging from 98 MPa for 

regular cement to 25 MPa for the cement with 30 vol% added at 2 minutes from start of mixing. The 

time at which the oil was added to the cement does not however seem to have any effect on the end 

result. Contrary to the case of stiffness, a decrease in compressive strength of the cement is 

undesired in vertebroplasty as improving vertebral strength is one of its primary goals [16]. Strong 

cement prevents further vertebral collapse and loss of vertebral height, which is why a compromise 

between stiffness and strength needs to be made when choosing an appropriate material for clinical 

use.  
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Figure 16. Ultimate compressive strength of PMMA containing 10 – 30 vol% Castor oil added at 

different times since start of mixing. The adding of oil consistently lowers the strength of the material, 

while the time of adding does not seem to have an effect on the end result.  

 

3.3.2. Particle Release Study 
As can be seen in table 4, the measured particle release is lower for the samples containing the 

additional oil phase, which is somewhat contradictory to previous results [23] and the expected 

outcome since formation of pores normally would lead to greater particle release. However, the 

amount of particles released for all samples tested here is significantly lower than for porous 

cements containing an aqueous solution previously tested elsewhere [23]. Beck and Boger reported 

in their 2009 study on particle release of porous PMMA during curing that, depending on type of 

aqueous solution used and the time of adding, the particle release varied from 0.387 to 1.255 g [23]. 

It should be noted that the amount of PMMA injected in the study made by Beck and Boger was 5 

mL, which is double the amount of which was injected here, but the difference in particle release is 

still close to two orders of magnitude. On the other hand, the amount of particle release measured 

here for each sample is close to the lower limit of the scale to be completely accurate, which is why 

further measurements with better accuracy should be performed, perhaps using an alternative 

method. These preliminary results do however look promising and particle release of porous 

cements produced by adding an oil phase should not limit its clinical use.  
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Table 4. Results from the particle release study of PMMA bone cement containing various amounts of 

Castor oil. 

Oil Content 0 % 10 % 20 % 30 % 

Volume extruded (ml) 2.4 2.6 2.5 2.5 

Time at extrusion (min) 13 12 12 12 

Lab temp. (°C) 22.1 21.6 22.2 20.1 

Water temp. (°C) 37 ± 1 37 ± 1 37 ± 1 37 ± 1 

Particle release (g) 0.0076 0.0052 0.0061 0.0065 

 

  



Erik Unosson 

34 
 

4. Summary and Conclusions 
In order to determine the influence of different components in PMMA bone cement used in 

vertebroplasty to treat osteoporotic vertebral compression fractures, a full factorial study for the 

three variables liquid to powder ratio, crosslinker concentration and initiator concentration was 

made. Handling characteristics and mechanical properties of the resulting nine formulations were 

determined using the ASTM standard and rheological properties were determined using an 

oscillating parallel plate rheometer. It was found that increasing the amount of crosslinker and 

initiator decreases the setting time and dough time, while increasing the liquid to powder ratio 

increases setting and dough time. The highest peak polymerization temperature was found when 

combining high concentrations of crosslinker and initiator with a high liquid to powder ratio. 

Viscosity measurements of the standard formulation were also made using the Hagen-Poiseuille 

relationship and the device used for cement injections. Correlating results from the different 

methods showed that using the Hagen-Poiseuille relationship leads to an underestimation of the 

viscosity, but gives a good estimation and is useful for practical purposes. Well determined and 

appropriate handling characteristics of bone cements are important in a clinical setting in order to 

avoid complications related to extravertebral leakage or thermal tissue necrosis. It was also shown 

that adding a crosslinker to the cement improves its compressive strength, while in most cases 

lowering the stiffness slightly. Since strength is a desired property of cements aimed for 

vertebroplasty but excessive stiffness is a problem, it can be concluded that the crosslinker plays an 

important part. Increasing the liquid to powder ratio leads to a decrease in Young’s modulus but an 

increase in peak polymerization temperature, which is why a compromise needs to be made.  

From image analysis of bone cement injected in rigid polyurethane foam acting as a model for 

cancellous bone, a trend towards increased circularity was found for increased cement viscosity. 

Even cement spread in the vertebral body is essential for a successful intervention, primarily to avoid 

complications related to leakage, but also to provide stable support for an even distribution of 

forces. It is therefore advisory to inject cement at a higher viscosity, but as viscosity increases the 

injection becomes increasingly difficult and requires higher injection pressure. Cement viscosity also 

increases exponentially with time, which leaves a shorter time window to perform the injection at 

the intended viscosity. Mechanical testing of the samples with injected PMMA showed an 

approximate 10-fold increase in Young’s modulus compared to untreated samples. A certain increase 

in stiffness is desired to stabilize the vertebral body after injection, but excessive increase in stiffness 

can lead to additional fractures due to force concentration. A sample filled with bone cement 

containing a pore forming oil phase presented a lesser increase in stiffness. The results show that 

rigid polyurethane foam is a realistic model for cancellous bone, both for injection simulation and 

mechanical testing of the effects of vertebroplasty.      

Successful attempts were made to produce low modulus PMMA bone cements to better match 

loading conditions in the spine. Castor oil was added to the cement in amounts ranging from 10 to 30 

vol% at different times since start of mixing. Addition of 30 vol% oil two minutes after start of mixing 

lowered the Young’s modulus of the cement from 1355 to 516 MPa, which could make the cement 

useful in reducing the occurrence of adjacent level fractures after vertebroplasty. A particle release 

study during curing of the cements mixed with oil showed only small amounts of particle release, 

which thereby should not limit its clinical use.   
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5. Future Work 
Before any definite conclusions can be drawn on the effects of each cement constituent, repeated 

measurements of rheological properties and handling characteristics are needed in order to attain 

results with statistical significance. Further cement spreading analysis is also needed to verify the 

results, preferably with PMMA bone cement already commercially available. Due to the repeated 

and complex loading experienced in the spine and subsequently imposed on the injected cement, 

further mechanical testing on the cement/polyurethane construct would be of interest, especially an 

evaluation of its response and limitations when subjected to cyclical loading. Rheological studies and 

handling characteristics as well as mechanical testing according to the ASTM standard for acrylic 

bone cements are also needed for the low modulus cements produced by adding Castor oil. Further 

characterization of the oil containing cements also include an evaluation of its degree of porosity 

using SEM, the possibility of incorporating drugs in the cement for local delivery and a subsequent 

study of its release rate, followed or preceded by a more detailed study on unwanted particle release 

during curing. A biocompatibility study of the Castor oil is also needed before any in vivo tests can be 

conducted.  
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