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Abstract
Vertebroplasty is a new technique in orthopedic surgery for stabilizing fractured
vertebra. In this technique acrylic bone cement as a biocompatible material is injected through
a cannula inside of vertebra. There are several concerns in this technique that the most serious
one is cement leakage out of vertebra. The main reasons are improper viscosity and lack of
visibility. Clinicians who practice vertebroplasty use commercial highly concentrated
radiopaque acrylic bone cement (more than 25%BaS04 or ZrC^) or a cement with manually
added radiopaque agents. High density materials with attenuation under
X-ray are good
alternatives compared to conventional radiopaque agents (BaSC>4 or Zr02) in acrylic bone
cement for application in vertebroplasty.
In the first part of this study, thermal and rheological properties of modified acrylic
bone cement with conventional radiopaque agent (Barium Sulfate, BaS04) are studied.
Additions of barium sulfate are in the form of substitute or excess. In substitute formulation,
barium sulfate is replaced with the same weight of powder and liquid to powder ratio kept
constant. In the excess formulation, barium sulfate added as excess and liquid to powder ratio
decreased.
In the second part of this study, high density radiopaque agents are used as alternative
radiopacifier. Experimental design technique is used to study the effect of X-ray conditions,
concentration, type, and size of radiopaque agents on the visibility of bone cement. The
visibility of bone cement was quantified by the measurement of contrast index.
In the first project, it was found that the setting time increased with the increase of
concentration of radiopacifier in substitute formulation of barium sulfate bone cement. With
increase of barium sulfate concentration, excess formulations showed higher residual
monomer but for substitute cement, we had a decreasing trend. Acrylic bone cements with
excess formulation had higher initial viscosity compared to reference or substitute but the
variation of viscosity with time was lower for substitute formulation and cements had higher
working time.
In the second project, contrast index was the same for barium sulfate, tungsten, and
zirconium in the lower voltage but in higher voltage of X-ray lamp, tungsten and zirconium
gave higher contrast index. Variation of current in X-ray lamp changed the contrast index of
cement slightly compared to the effect of voltage. Bone cement with nano tungsten had higher
contrast index compared to the cement with micro size tungsten although micro size zirconium
as radiopacifier gave higher contrast index than nano size zirconium.
Key words: acrylic bone cement, radiopaque agents, thermal properties, rheological
properties, visibility properties, nano tungsten
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Resume
La vertebroplasties est une nouvelle technique dans le domaine de la chirurgie
orthopedique qui permet de stabiliser des vertebres fracturees. Cette technique consiste a
injecter un ciment a base d'acrylique a l'interieur de la vertebre par l'entremise d'une canule.
Cette methode comporte plusieurs risques, mais la plus serieuse est le debordement du ciment
hors de la vertebre. Cette situation se produit, en majeure partie, lorsque le ciment n ' a pas la
bonne viscosite ou lorsque le site n'est pas clairement visible pour le chirurgien. Les
orthopedistes qui pratiquent la vertebroplastie utilisent soit un ciment commercial qui contient
deja une forte concentration d'agent opacifiant (c'est-a-dire plus de 25% B a S 0 4 ou Zr02),
soit un ciment ou l'agent opacifiant doit etre ajoute. Les materiaux a forte densite avec
attenuation sous les rayons X sont une bonne alternative aux agents opacifiants conventionnels
(BaS04 ou Z r 0 2 ) retrouves dans les ciments utilises lors d'une vertebroplastie.
La premiere partie de cette these etudiera les proprietes thermiques et rheologiques du
ciment acrylique modifie avec un agent opacifiant conventionnel, soit le sulfate de baryum
(BaS04). Deux scenarios ont ete etudies; le premier ou le sulfate de baryum est substitue et le
deuxieme ou il est ajoute a la preparation. Dans la formulation substitute, la poudre du ciment
acrylique a ete remplacee par le meme poids de sulfate de baryum en gardant le ratio poudreliquide constant. Dans la deuxieme formulation, le sulfate de baryum a ete additionne au
ciment, done le ratio poudre-liquide a ete diminue.
Dans la seconde partie de cette these, des agents opacifiants de forte densite seront
utilises comme alternative aux agents conventionnels. Les effets de divers elements sur la
visibility du ciment ont ete etudies experimentalement; ce sont la concentration, le type et la
taille des agents opacifiants et les conditions d'operation des lampes a rayons X. La visibility
du ciment a ete quantifiee en mesurant le contraste sur l'image.
Dans le premier projet, il a ete trouve que le temps d'attente augmentait lorsque la
concentration en sulfate de baryum augmentait dans les formulations de substitution. Pour
celles-ci, le taux de monomere residuel etait a la baisse, contrairement aux formulations en
exces qui demontraient un taux plus eleve. Les formulations en exces demontraient une plus
grande viscosite initiale comparees a la reference ou aux formulations de substitution. Par
contre, la variation de la viscosite dans le temps etait plus faible pour les formulations en
substitution et elles offraient une plage de travail plus grande.
Dans le second projet, il a ete observe que le contraste etait identique pour le sulfate de
baryum, le tungstene et le zircon sous une lampe a rayons X a faible voltage. En augmentant le
voltage, un contraste plus eleve etait obtenu pour le tungstene et le zircon. II a ete demontre
que la variation du courant dans la lampe a rayons X avait peu d'effets comparee a celle du
voltage. De plus, il a ete trouve que les ciments avec du nano-tungstene avaient un plus grand
contraste que ceux avec du micro-tungstene. Par contre, le micro-zircon donnait un plus grand
contraste que le nano-zircon.
Mots cles: ciment acrylique osseux, proprietes thermiques, proprietes rheologiques,
visibilite du ciment, nano-tungstene
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RM'

Radical

1. Introduction
Since

the

mid-1960s

polymethylmethacrylate

(PMMA)

bone

cement

has

been

increasingly used for orthopedic applications. All the acrylic bone cements currently in the
market are chemically based on methylmethacrylate (MMA) monomer. Acrylic bone cements
usually have two parts: Solid and Liquid. In the solid part, initiator (BPO), radiopacifier
(BaSC>4 or Z n 0 2 ) , and polymer powder (PMMA or copolymer of PMMA) are together and
monomer (MMA), activator (DMTA), and inhibitor (HQ) are present in the liquid part.
Acrylic bone cement is produced through the reaction between solid (activator) and liquid
(monomer and initiator). Polymerization of M M A is an exothermic process and the rise in the
temperature accelerates the reaction. In traditional application, acrylic bone cement is used for
the fixation of artificial joints and filling the free space between the prosthesis and bone (hip
arthroplasty). In this way some difficulties are reported in using these materials such as
maximum temperature (burning bone and tissue), loosening prosthesis during time (weak
connection, residual stress, breaking of cement etc), and toxicity (residual monomer in cement,
dissolution and diffusion of chemicals inside of body).
Percutaneous vertebroplasty (PVP) and kyphoplasty (KP) are two surgical procedures to
manage vertebral compression fractures. In 1984, in France for the first time, percutaneous
vertebroplasty was introduced by Galibert and Deramond. This technique involves the
injection of a polymethylmethacrylate bone cement or more recently calcium phosphate
cement (CPC) and radiopacifier into the vertebral bodies using fluoroscopic imaging or
computed tomography. The mechanism of pain relief in these procedures is uncertain and may
be related to cement stabilization of the fractured vertebra body or burning of nerve endings as
the cement cures [1].
The limitations of the vertebroplasty technique can be classified in different main
groups:
1-The extra-vertebral P M M A leakage during injection causing
and paralysis
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nerve-root compression

2-The embolization of cement, unreacted monomer, dissolved radiopacifier (BaSC>4 or
ZnCh) and bone morrow displaced to the lungs
3-The cytotoxity of leached unreacted monomer and dissolved radiopacifier (BaS04 or
Zn02)
4-The thermal damage of tissue (nerves) due to exothermic polymerization reaction [2, 3]
5-The fractures at adjacent vertebral bodies (residual stress, higher stiffness of vertebral
body) [4, 5]
6-The weak biocompatibility and bioactivity (slowly or not resorbable cement) [6]
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2. Literature review
Today, significant efforts are running to enhance properties of conventional bone
cement (acrylic bone cement) or to develop of new cement (Calcium phosphate cement) for
application in vertebroplasty. The orthopedics community is using the benefits of more than
forty years experience in the application of P M M A bone cements and with this knowledge and
in this light the transition f r o m arthroplasty to vertebroplasty or kyphoplasty appears almost
normal.
In vertebroplasty, some constrains imposed on the materials, such as injection of
cement through small bore needles and the requirement for clear visualization small volume of
cement. These constraints and limitations directed researchers to modify and redesign new
formulation for bone cement.
Variables

Cement properties

Problems in vertebroplasty
^ —

Powder

/ m<0
<D
CTJ
\ 5/

Initiator
Activator
Monomer

Filler

>PSD
>Type
>MW
>Volume fraction (UP)
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C o n c e n t r a t i o n (L/P)

<*"

ij, G\ G", tar. S
Injectability

-

Residual monomer

'Type
^Concentration
>PSD

Optical density
Image processing

Temperature]
Fatigue
Tensile

properties
properties

Compressive properties

Mixing

Figure 2.1 Schematic of variables and cement properties and their interrelation
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^

Formulation design of acrylic bone cement is a multifunctional job and properties of
cement directly or indirectly change with variation in chemical (concentration, chemical
structure) or physical ( size distribution, viscosity) characteristics of ingredients.
In this research review, it is tried to classify variable parameters and get familiar with
their interaction on properties (thermal, rheological, mechanical, and visibility). Figure 2.1
schematically shows interrelation variables and properties.

2.1. Polymer powder
2.1.1.

Rheological properties

Polymer powder forms one of the main components of the solid part of all acrylic bone
cement. Study of physico-chemical variables of polymer powder which effect on properties of
bone cement followed by different researchers. When the polymer powder mixes with liquid
part (monomer) swelling and dissolution will happen simultaneously. Diffusion of monomer
molecules inside of polymer particles helps the particles to increase their volume (swelling
phenomena) and the rate of swelling can be changed according to the type of polymer, size
distribution, and molecular weight of polymer and on the other hand type and molecular
weight of monomer.

At the same time, dissolution of polymer in liquid part will happen and

viscosity of suspension (initial viscosity) depends to the rate of swelling and dissolution
phenomena. Relation between size distribution of polymer particles and rheological properties
of acrylic bone cement settled in the general subject of suspension rheology. At very low
volume fraction (®<0.03) the shear viscosity r\ of a suspension of hard spheres can be
predicted by the Einstein formula
77

= ^ ( 1 + 2.50)

(2-1)

Where, rjs is the viscosity of the suspending fluid and <D is volume fraction of solid. In
this case the suspension is dilute enough that the flow field around one sphere is not
appreciably influenced by the presence of neighbouring spheres. Batchelor modified the
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Einstein formula for suspension with high volume fraction (®<0.10)and supposed the effect of
two body interaction and presented the formula as
?] = rj s (l + 2 . 5 0 + 6 . 2 0 2 )

(2-2)

In the case of highly concentrated suspension, an empirical equation relating the
concentration of solids to the viscosity of suspensions is represented by Krieger and
Dougherty in 1959.
77 = 7 7 J ( l - 0 / 0 J - [ " l a > »

(2-3)

Where, <Dm is the maximum volume fraction and [77] is intrinsic viscosity. For ideal
rigid sphere, the intrinsic viscosity is 2.5. Generally, as the particle aspect ratio increases, [77]
increases and O m decreases, while the product of [77]® m usually remains in the range 1.4 to 3
[7, 8],
In the formula (3), the viscosity is a function of t]s a n d O / O m . For the acrylic bone
cement system, T]s (viscosity of liquid medium) is not constant because of dissolution of
polymer particles in the monomer and it behaves like a time dependent shear thinning fluid. It
means that zero shear viscosity of medium increases during time and under shear stress shows
shear thinning behavior. Term O / O m

is the ratio of volume fraction of particles over

maximum volume fraction and w h e n ® — » ® m , this ratio shifts to one and77 —»oo.
powder,

O

and<Dm

depend

on size distribution, particle-particle

and

For a

particle-liquid

interactions. While in the simplified case (dependent to the size distribution), analytical
calculation of

for multimodal size distribution can be quite difficult [9],

We have to consider that acrylic bone cement system is more complicated because of
swelling, dissolution, interaction between particles-particles, interactions between particlesmonomer, and polymerization.
By the way, effect of particle size distribution on rheological behavior of suspension is
studied experimentally by different researcher [10,11, 12],
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Gulmus and Yilmazer studied effect of particle size and particle volume fraction on the
wall slip and rheological properties of concentrated polymeric suspensions. They made
different suspension with powders with different size distribution and maximum packing
fraction. Usually bimodal systems show higher maximum packing volume fraction compare to
mono disperse system with larger size particles. Suspensions of PMMA powder with
maximum packing fraction of 62%, shows a Newtonian behaviour for volume fractions lower
than 75% of maximum packing fraction. For volume fraction between 75-90 % shear thinning
behaviour and for more than 90% shear thickening behaviour are observed. This behaviour
can be

seen

for different powder

with

different maximum

packing

fraction

(size

distribution) [10].
Olhero and his colleague mentioned that particle size ratio has direct relation with
particle packing and finally affects the viscosity. Bimodal systems with two independent size
distributions were studied. For bimodal systems contain large particles (19(j,m) and fumed
silica (small size particles -70nm), with increase of shear rate, viscosity increases and
suspension shows shear thinning behaviour. For the system with fine particles (2.5|im) and
fumed silica (70nm), the behaviour is shear thickening and for suspension between them
(6.5|am and 70nm) combination of this behaviour can be seen. It means that in low shear rate
shear thinning and in high shear rate, shear thickening behaviour observed [11].
Generally for a bimodal system of fine particles (2.2|im) containing different volume
fraction of fumed silica (70|am) viscosity will increase with increase in volume fraction of
fumed silica and minimum viscosity in a constant shear rate is for lower volume fraction of
fumed silica. In this system shear thickening behaviour shifted to lower shear rate with
increase in compositions of fumed silica (small particles).
Particle size ratio was studied more precisely by Greenwood and his co-workers. They
found that maximum packing fraction has direct relation with free volume between bigger
particles that allow small particles to move. In constant volume fraction(O), if maximum
packing ( & m ) increases-due to shift to multimodal- then free volume for moving of particles
increases and viscosity will drop. In opposite case, with reduction in free volume, viscosity
will increase [12].
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Effect of particle size distribution on rheological properties of bone cement

was

studied by Hernandez and her colleagues. They found that cement with smaller size
distribution (Average diameter 69.7(im) showed higher viscosity and short setting time
compare to higher size distribution. They believed that behaviour of the slop in tan8 can be a
good criterion to optimize properties of bone cement for injectability. Rapid decrease in slop
of tan8 showed that elastic behaviour of cement is increased. According to their studies , a
cement with 90% high particle size distribution and 10% small particle size distribution have a
minimum decrease in slop of tan8 curve between 6-12 min after mixing[13],
Lewis and Carroll defined four parameters related to different acrylic bone cement
which are a, p, tom, and CCR (critical curing rate), a is defined as population percent of small
particles(<40|_im) and P is this population for large particles (>75 (im). tom Related to the time
that viscosity rapidly increases and critical cure rate (CCR) is the viscosity at tom divided
by tons. They found that cement with high small size particles (higher a) has higher critical
curing rate (CCR) and^ o n s . It means that cement with lower size distribution shows higher
viscosity and setting time. Increase in setting time with increase in composition of small
particles is compromise with finding by Hernandez and their groups. Cement with dual
population that have approximately two independent populations may show this behaviour and
with increase in volume fraction of small size particles, viscosity and setting time increase
together. This phenomenon can help us to design and control rheological properties of bone
cement with different particle size distribution powders [14].
Nzihou and his associates studied rheological, thermal and mechanical properties of
bone cement. They used cement with mean size around 60(am in rheological studies. They
observed thickening behaviour of cement with variation of shear stress with shear rate.
Depend to the volume of solid particles ( O ) inside mixture different behaviour observed. In
constant shear rate, with lower volume fraction of solid, cement shows smaller shear stress
(viscosity) and with higher volume fraction higher viscosity. Usually, at lower shear rate,
liquid plays as lubricant and viscosity doesn't change significantly, but at higher shear rate,
structures of solid phase destroy and distance between solid particles increases and finally
volume of suspensions and apparent viscosity sharply increases. For low volume fraction of
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particles inside mixture, this transition zone is more recognizable. Nature of solid particles
effect on this phenomena and depend to density of solid particles. Particles with higher density
show higher viscosity and higher yield stress [15].
In commercial bone cements such as Palacos R, Simplex P, or Zimmer, the polymer
powder in solid part has different type of polymer. Pure polymer (PMMA), copolymers
(MA/MMA,

EA/MMA,

MMA/Styrene,

and

BuMA/MMA)

or

even

terpolymer

(MMA/EMA/Styrene) could be the ingredients of polymer powder [16]. Each polymer
particles shows specific behavior when dispersed in the liquid part. Swelling and dissolution
which are effective on the viscosity of liquid and volume fraction ( O ) and maximum volume
fraction ( O r a ) of powder in liquid, are different from one polymer to another polymer.
Molecular weight of polymer powder is another parameter can be effect on swelling and
dissolution and finally effect on viscosity of cement.

2.1.2.

Thermal properties

Polymer powder has an important role in control of the temperature in acrylic bone
cement. Polymerization of acrylic bone cement is an exothermic reaction and higher
temperature has destructive effect on tissue (bone or nerves). Polymer particles in this process
can play as a source for heat absorption and control the temperature and affect thermal
properties such as maximum temperature (T max ), onset time (tnm),

and setting time

(tscl).

Pascual and his colleague investigated effects of size distribution and morphology of
P M M A particles on properties of acrylic bone cement. During mixing of the polymer powder
with the monomer, particles with small size distribution (smaller than 20|im) dissolved
completely in the presence of M M A and only largest particles (>50-60 |im) could provide a
system for adsorption the heat released and control the temperature during curing process. In
their studies maximum temperature decreased with increase in the particle size distribution of
polymer particles and in comparison with DMT and BPO, change in particle size distribution
of P M M A is more effective than the their concentrations (see Figure 2.2 and Table 2.1)[17,
18].

C.jwm
Figure 2.2 Relationship between average size of P M M A beads-D(|im)- and maximum
temperature-T max (°C)- in acrylic bone cement. • ,CMW 21.24 (im; <\ ,Rostal 30.50 (am; •
,P-I 33.10 \im; <$> ,P-II 41.60 [am; • P-III 55.20 |am; © P-IV 65.10 ^ m [17].

In the work of Lewis and Carroll, increase in the particle size distribution cause the
increase of onset time and setting time and Hernandez and her colleagues also verified this
idea[13, 14],

2.1.3.

Mechanical properties

In the case of acrylic bone cement, dissolving of PMMA powders at the beginning of
mixing is not a complete process and PMMA particles remain in the systems with unique
structure. During polymerization reaction polymer chains were started to grow from the
surface of the polymer particles and the mechanical properties of cured cement were near to
PMMA powders that are used in the cement and based on the experimental results, the
mechanical properties were weakly affected by the size of P M M A particles [13, 17, 18].
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Table 2.1 Setting time and maximum temperature for cements with different size distribution
and different concentration of activator and initiator [18]
DMT (%)
1

0.5
Cement

2

2.75

BPO (%)

Tmax

tset

Tmax

tset

Tmax

tset

Tmax

tset

0.75

83.3

7'10"

85.4

7'00"

87.7

5' 15"

92.4

6'05"

Cement A

1.25

83

6'50"

89.3

6'40"

94.2

5'25"

94.8

4'50"

D =33.1|4,m

2

84

5'50"

91

4'45"

95.3

4'24"

95.2

4'10"

0.75

60

13'00"

61.6

11'45"

62.8

10'10"

62.9

9'30"

1.25

60.4

12

63.9.

10'30"

64.4

9' 15"

66.3

8'30"

2

61.1

11'15"

68.9

9'25"

68.6

8'40"

68.1

8'00"

W

Cement B
D=69A\im

2.2. Initiator and activator
Initiator, activator, and monomer are the necessary parts in acrylic bone cement.
Polymerization reaction of bone cement is a free radical polymerization reaction. When
powder and liquid mixed together, interaction between initiator and activator produces radicals
that have high tendency to start polymerization reaction (see Figure 2.3). Inhibitor
(hydroquinone) in the liquid retarded interaction between monomer and radicals and when
inhibitor gets ineffective, polymerization reaction will be started and continued. Concentration
of inhibitor, type and concentration of initiator and activator play interesting role on thermal,
rheological, and mechanical properties.

CM
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CH 3 -

CHJ

• - Q
ion pair

Figure 2.3 Reaction of BPO with DMT [19]
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During exothermic polymerization reaction parameters such as heat production,
maximum temperature, and percent of reaction are important and useful.

2.2.1.

Kinetics of polymerization

In reality, polymerization reaction for bone cement happens in pseudo adiabatic
because of high exothermic reaction. For analyzing thermal properties, usually differential
scanning calorimetry applies. There are two options for studying curing process and kinetics:
1-

Isothermal process

2-

Non-isothermal process

In the isothermal curing and measurement induction time (7, ) shows initiator inhibitor reaction and can be calculated from Arrhenius type equation:
^=l/[^0exp(-^0/i?r)]
Where, Kt0

(2-4)

is the pre-exponential factor, Et0 is the activation energy, R is the gas constant,

and T is the absolute temperature.
Free radical polymerization takes place in three distinct steps:
1-Initiation
In this step the activator benzoyl peroxide decomposes to free radicals which, in turn,
react with monomer and produce active centers
I +
and

(2-5)
Rd=2flcd[I][Ac]

(2-6)

Although it is known and regularly reported, that the benzoyl radical initiates the
polymerization of methyl methacrylate, there is some evidence that radical of activators also
participate in this process [19].
R°

+

M

—

(

2-Propagation
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7

)

In propagation step, active centers attract monomer and produce radical dimmers and
trimmers and this process continues to have long chain molecules
RM„' + M

RMn+1

(2-8)

Rp=kp{fkd[I][AcVkt)in[M]

and

"

(2-9)

3-Termination
Termination process can happen throughout the process and increase in viscosity
hinders the termination progress. Termination step can happen in two ways:
a) Termination by coupling or disproportionation
RMn' + RMm' —polymer

(2-10)

b) Termination by trapping of polymer radicals
RM' —-—> Polymer trapped

(2-11)

Polymerization reaction kinetics for steady state with regard to initiation, propagation,
and termination could be written as:
- d[M] /dt = kp {fkd [I] [Ac]/kt}vl[M]

(2-12)

Where [M\ is the methyl methacrylate concentration, kp is methyl methacrylate propagation
rate constant, kd is the rate constant for the reaction of BPO and DMT to produce the
initiating radicals, kt is the rate constant for termination from combination of two growing
chains, and

/

represents the fraction of radicals formed that is successful in initiating

polymerization. In the case of bone cement this formula changes to:
-d[M]/dt

= kp{fkd[BPO][DMT]/

k,}l/2[M]

(2-13)

Before finishing effect of hydroquinone (acceleration point), concentration of BPO and
DMT suggest to be constant and integration of equation (2-13) yields equation (2-14):
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i n ( ^ ) = k k~05 ( f k d )°5 [BPO~^5 [DMT]051
[M\

(2-14)

[M]o is the concentration of methyl methacrylate at time 0 and is constant during
experiments. If t is chosen as the setting time (tset), the concentration of monomer at setting
time, [M\ se , can define as the critical concentration before polymerization reaction stops. This
concentration may be constant for a particular formulation. With these suggestions, equation
(2-14) can change to measure setting time:

1 _
tsel

kpkt °'5(Jkd)°'s

0.5rp.,^-,0.5
[BPrDDrn
Of [DMT
J

ln([M]0)-ln([MU

(2-15)

— = K[BPO]05[DMT]05

(2-16)

^set

Which

K =

^ —
ln([M]0)-ln([MU

(2-17)

Equation (2-16) can be used for calculation setting time of bone cement but before we
have to be sure its applicability. For this mean, specific exponent, 0.5, replaced with
generalized exponents a and b. thus in equation (2-16):

— = K[BPO]a [DMTf

(2-18)

K-et

Now, this equation can be use for testing applicability. According experimental data
for different bone cement it is possible to measure exponents a and b. In fact, exponents a and
b shows the dependency of setting time to activator or initiator.
Milner determined these constants for set of experiments and claimed that greater
value (0.72) for a compare to theoretical value (0.5) related to inaccessible benzoyl peroxide
in the polymer powder [19]. Independency of doughing time to the concentration of BPO and
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DMT is proved but before starting polymerization, swelling and dissolution are two dominant
phenomena which governed the polymerization process. They are temperature dependence
phenomena and can be correlated to temperature by a simple Arrhenius expression:
ks=AzxV{-EAdJRTam)

(2-19)

Where EAdo is the swelling activation energy, ks is the swelling rate constant, R is the
gas constant, and A is a pre-exponential factor. There is a hypothesis that swelling rate doesn't
have to change over a specific temperature range. Then equation (2-19) related to doughing
time by equation (2-20):

— oc ks
ho

(2-20)

Combination of equations (2-19) and (2-20) gives the equation (2-21):

±

= A'Qxp(-EAd0/RTam)

(2-21)

do

Where, A' is new pre-exponential factor. According to experimental results, equation
(2-21) can be used to calculate activation energy for swelling phenomena. For polymerization
reaction also Arrhenius equation can be used for relation between constant of reaction and
activation energy and temperature:
K = A"o,x$(-EAp

/RTam)

(2-22)

Where A" is pre-exponential factor and EAp the activation energy for polymerization
of MMA. A similar relationship can be found for setting time and temperature. The only
difference is that two processes affect setting time (swelling and polymerization). The final
equation for setting time as a function of temperature and activation energy is:

j- = C exp p - {{EAp + EAdo)/ RTam}

(2-23)

Where C = A'.A"
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Comparison between activation energy calculated according to experimental data for
doughing time and activation energy calculated base on experimental data for setting time
illustrated that, the setting time in acrylic bone cement was very sensitive to activation energy
of swelling process than activation energy of polymerization reaction. According to this
conclusion Milner proposed that polymer composition, molecular weight, particle size, and
particle shape of polymer powder are effective on swelling and finally on setting time [19].

2.2.2.

Properties

For studying kinetics

of polymerization reaction in acrylic bone cement

and

investigation of thermal properties, researchers tried isothermal and non-isothermal DSC
scanning in their experiments. Although, in practical situation, the bone cements are normally
applied to a patient under isothermal condition and DSC scans in isothermal conditions looks
to be more realistic than the dynamic scan experiment but different polymerization kinetics
parameters can be extracted only in non-isothermal situation.
In compositions of commercial bone cements, B P O (Benzoyl Peroxide) as Initiator and
D M T (N, N-dimethyl-4-toluidine), D M A P E (dimethylamino phenyl ethanol) as activators and
finally, M M A (methyl methacrylate), B U M A (butyl methacrylate) are monomers. Addition of
cross linking agent to composition of bone cement is one of the solutions for decrease residual
monomer in the cement and enhancing physico-mechanical properties.
Deb and his colleagues tried to realize effects of different crosslinking agents on
thermal and mechanical properties. With increasing degree of crosslinking in a network, the
polymer became brittle and showed low resistance to impact forces. Since of this effect, a
reduction in the cross linking density is achievable by increasing the number of flexible bonds.
Crosslinking agents have structures that helps to achieve this goal (see Figure 2.4) [20].
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Figure 2.4 Chemical structure of cross linking agents [20]
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Furthermore, addition of crosslinking agents changed the kinetics parameters such as
heat of the polymerization reaction ( A H t ) , initial polymerization time (7,), peak time (t p),
final time ( t f ) , and polymerization time (At = t f - t

j

). Increase of crosslinking agents

increased reasonably heat of polymerization reaction and decreased other kinetics parameters
such as induction time, peak time, and polymerization time for compositions with higher
concentration of initiator (BPO). Dough time increased with increasing crosslinking agents
and residual monomer contents decreased [20, 21].
Increase of BPO or D M T concentration had a straight effect on maximum temperature
and setting time. The influence of D M T concentration on

Tmail

is more than BPO

concentration but tset is more sensitive to concentration of BPO. The addition of temperature
usually increases the rate of reaction and finally decreases residual monomer inside of
polymer. Because of this conclusion, each cement with higher temperature we expected to
have less residual monomer

[17, 18]. Vazquez and his colleagues tried to optimize

concentration of benzyl peroxide and they found that 1.5% by weight of benzoyl peroxide
gave the suitable handling characteristics and good mechanical properties [22].
One of the compositions that it affects on thermal properties of acrylic bone cement is
amine activator. Type and concentration of activator seems to be important. Improving
biocompatibility and higher efficiency of activators are one of interesting subjects for
researchers. Reduction of concentration of initiator or activator in cement prohibit final side
effect of these materials due to diffusion inside of body like residual monomer. N, A^-dimethyl4-toluidine (DMT) is the most common initiator and with methylated benzene ring might have
carcinogenic potential in humans.
Different activators are used for investigation properties of bone cement by many
researchers. Three types of activator with different structure N,
(DMT),

N,

iV-dimethylaminobenzyl

alcohol

(DMOH),

and

vV-dimethyl-4-toluidine
A^iV-dimethylbenzyl

methacrylate(DMMO) were used and DMT with smaller structure and higher activity showed
lower setting time and higher peak temperature compare to D M O H and D M M O [23].

31

There are some disadvantages of using excess DMT in the cement. The only small
amount of D M T will used in polymerization process and remain was released inside of the
body in the first seven days after polymerization [24], Madigan and his colleagues also
mentioned that it is important to keep the starting amount of BPO and DMT as high and as
low, respectively. They found that the optimum concentration of DMT for widely used
commercial cement - Surgical Simplex® P- was around 1.4%v/v but commercially available
formulation of this cement had 2.5%v/v D M T [25]. Changing the type of polymer powder
from P M M A to copolymer (PMMA-styrene) and activators N,N-dimethyl-4-toluidine (DMT),
-/V,7V-dimethylamino-4-benzyl
(DMAO)

were

interesting

laurate

(DMAL),

for them.

and N, A^-dimethylamino-4-benzyl

Separate analysis

separately

showed that

oleate
each

compositional change had a significant influence on the estimate of reaction constant (k ).
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Figure 2.5 Relation between doughing time on DMT and BPO concentrations at ambient
temperature of 23 °C [19]
But when these parameters studied together with statistical analysis, it was found that
type of polymer powder and variation of initiator concentration separately or their interaction
didn't have significant effect on reaction constant [25, 26, 27].

Miller in his work also

reported that the doughing time is the reflection of the physical process of the polymer powder
swelling and dissolving in the methyl methacrylate rather than the consumption of the methyl
methacrylate in the polymerization process. Using different concentration of DMT has not big
impact on doughing time compare to setting time [19]. (see Figure 2.5)
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2.3. Fillers
In Acrylic bone cement for achieving to some special properties usually some additives
will added to liquid or solid part that are radiopaque, antibiotics, and bioactive materials.
Radiopaque materials can be essential part of fillers that usually added in composition. In
traditional application of bone cements, radiopaque materials such as barium sulfate or
zirconium dioxide added to system to visualize position and complete filling of implant in the
bone (arthroplasty) or tooth filing in dentistry. Nowadays, new application of bone cements
and importance of the organ which is under operation (vertebrae in vertebroplasty and
kyphoplasty) increased attention of researchers in this field to better visualization and decrease
the risk of extravasation.

2.3.1.

Radiopaque materials

Addition of radiopacifier to bone cements increase radiopacity of bone cement and
helps to control bone cement extravasations and leakage during injection in vertebroplasty and
finding fracture in long term observation of treated vertebrae or attached joint prostheses.
Nowadays different type of radio pacifiers are using in acrylic bone cement such as Barium
Sulfate, Zirconium oxide, Iodixanol(visipaque), Iohexol (Omnipaque), IPMA, TIBMA,
DISMA, ICP(Iodine containing copolymer ), Triphenyl Bismuth(TPB), Tantalum Oxide ,
Tantalum Powder, Tungsten Powder.
Usually in clinical work, it is desirable to have low radiation' dose and high image
contrast. The chosen voltage for X-ray is a compromise, because with higher voltage, image
contrast and radiation dose decrease together. From the other side with constant voltage, high
image contrast depends to the concentration and type of radiopacifier that use for bone
cement. In different voltage, different visualization exists for one radio pacifier. For example
Zirconium oxide in lower voltage had very good contrast but in higher voltage didn't, in
comparison to barium sulfate and Iodixanol (visipaque) (see Figure 2.6) [28],
For simulation of clinical situation of X-ray radiography of bone cement, water
phantom is used and investigated that image contrast decrease compare to the air. Regularly
comparison between visualization of bone cements with radio pacifier take place visually by
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eye. Two methods that measure quantitatively visualization of the radiograph pictures are
reported in the literatures.

Photon Energy (keV)

Figure 2.6 The relationship between attenuation and monochromatic photon energy for
the K border transition for zirconium, barium, and iodine [28]
In first one, quality of the pictures is measured by contrast value [28] and second method used
optical density for comparing X-ray pictures of bone cements [29],
Normally with increasing the concentration of radiopacifier intensity of image contrast
increase but there is a limitation for concentration of radiopacifier due to negative impact on
properties. Conventional radiopacifiers such as barium sulfate and zirconium oxide are ionic
materials and when they mixed with nonpolar materials (bone cement) there are some
problems to have a homogenous and compatible system.
Mechanical properties of conventional radiopacifiers (zirconium dioxide and barium
sulfate) studied and zirconium oxide showed higher strain at failure compare with barium
sulfate cement in 10 different commercial bone cement [30], Addition of excess radiopacifier
was a solution for better visibility in commercial bone cements for application in
vertebroplasty and kyphoplasty [29] and Kurts and his co-workers showed that mechanical
properties didn't compromise and slightly change in tensile strength and fatigue life in
simplex® cement with excess radiopacifier was due to barium sulfate agglomeration [31].
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One of the big disadvantages of barium sulfate and zirconium oxide related to their
effect on increase of bone resorption. Sabokbar and her colleagues mentioned that the bone
resorption for barium sulfate is 50% more than zirconium oxide radiopacifiers (see Figure 2.7)
[32].

Figure 2.7 Bone resorption comparison for
cement with different radiopacifier [32]
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Some research works are conducted to design new compatible radiopacifier which
could be reacted such as methyl methacrylate monomer (MMA) .Ginebra and his associates
investigated synthesis of new type of radiopacifier monomer. Three type of liquid monomer
with iodine structure are synthesized. Thermal and mechanical properties of produced cement
with different concentration studied and compared with bone cement without radiopacifier and
conventional radio pacifier (10% barium sulfate). Maximum temperature for room and body
temperature didn't change significantly and were around 41°C and 58 °C respectively.
According to this method, Maximum temperature peaks shifted to the left side and showed a
shorter setting time with using new radiopaque monomer (see Figure 2.8) [33].
Biocompatibility of cement was investigated by measuring hydrophilic properties and
based on measurement of contact angle and for cement was not very good and the values for
different concentration of new radiopacifier was in the same range and equal with pure
cement.

35

60
55
A

50

—

45

0

500

1000

1500

2000

5% IPMA

—

K»IFMA

O

15% IPMA

«

2 0 ® FFMA

2500

3000

time (s)
Figure 2.8 Exothermic polymerization with different compositions of new
radiopaque monomer [33]
Glass transition temperature for wet

samples showed lower temperature than dry

samples due to plasticizing effect of adsorbed water in polymer structure which increased
segmental motion and decreased softening point and rigidity of samples. Fatigue crack
propagation was higher with cement without radio pacifier but for barium sulfate cement and
new type of radiopacifier and radiopacifier monomer there was no significant difference [34],
In second method researcher proposed using copolymer of radiopacifier as part of
powder in acrylic bone cement. For example, Iodine containing copolymer is used as polymer
powder for cement(ICP).Thermal and mechanical properties and water absorption of new
cement compared with conventional cement (acrylic bone cements with barium sulfate).
Iodine containing copolymer cement (ICP) showed lower rate of reaction compare to barium
sulfate (higher setting time) and for mechanical properties there is no important difference
between results [35].
Third group are radiopacifiers which structurally modified and can be solved in
monomer or dispersed very well in polymer matrix. In this way some researchers chemically
or physically modified radiopacifier particles which can be solved in monomer or compatibly
dispersed in polymer matrix.
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Chan and his co-workers studied chemically modification of tantalum oxide powder as
radio pacifier. They used phosphate methacrylate for functionalizing surface of particles and
finally copolymerization and coupling with the matrix monomer (see Figure 2.9) [36].

CH3

Figure 2.9 Schematic diagram of surface -grafted particle material [36]
Encapsulation of Bismuth salicylate radio pacifier with polyethylene glycol (physical
modification) investigated by Hernandez and his colleagues. They used encapsulated radio
pacifier for preparation bone cements simultaneously bismuth salicylate as radiopacifier had
an ionic structure and polarity of polymer matrix conducted some research efforts to dissolve
directly radiopacifier in monomer. Polymerization of dissolved monomer with polymer
particles completely disperse radio pacifier in polymer matrix. In this effort, comparisons
between modified radiopacifier bone cement and dissolved radiopacifier have done with
conventional one (barium sulfate). Results showed that the new bone cements had higher
water absorption and thermal properties such as maximum temperature and setting time didn't
change significantly but residual monomer was less than the others. X-ray pictures of cement
demonstrated better visibility than barium sulfate cement in same composition but dissolved
bismuth salicylate radiopacifier in monomer shows better quality. Visualization of X-ray
pictures improved due to completely dispersion of radiopacifier inside of polymer matrix. For
mechanical tests (compressive and tensile), elastic strength changed a little but elastic modulus
in tensile test and strain
decreased

for bone cement with encapsulated bismuth salicylate with PEG

significantly compare to bone cement with barium

sulfate radio pacifier.

Encapsulated and dissolved particles (10%) had an approximately constant viscosity for an
extended time compare to others (see Figure 2.10) [37, 38].
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Figure 2.10 Viscosity for 10% Bismuth Salicylate in different shape and comparison with 10%
barium sulfate and pure cement [38]
Triphenyl bismuth is an organic radiopacifier which can solve in monomer and
disperse in bone cement and improve visualization of bone cement [39, 40, 41].
Two methods are proposed for preparation of bone cement. Blending of Triphenyl
bismuth with polymer powders and following cement formation or dissolving Triphenyl
bismuth in monomer and preparation of bone cement. Obviously with dissolving method
better visualization of X-ray pictures of bone cement can be achieved but other properties can
be affected. With dissolved system, setting time and maximum temperature decreased.
Comparison between Acrylic Bone Cement with different concentration showed that with
increase in radiopacifier concentration, glass transition has decreased in both dissolution and
blending system due to the effect of softening point of radiopacifier on structure of bone
cement. Mechanical properties such as ultimate tensile strength, young modulus, and strain to
failure for wet situation was better than dry because of adsorption of water and lower glass
transition temperature [39, 41] and these observation had consistency with study of Ginebra
and his co-workers [33, 34]. Residual monomer in the cement with dissolving method, for
25% concentration of radio pacifier, was three times more than barium sulfate cement (10%)
or cement with blending method in same concentration, but for lower concentration there was
no significant difference for residual monomer [41].
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The last group of radiopacifiers are materials with non-ionic structures and not soluble
or little soluble in monomer such as Iohexol (Omnipaque) and Iodixanol (Visipaque) [28, 42,
43]. They are usually used as radiopacifier in acrylic bone cement for better visualization and
had less bone resorption in comparison to conventional one (zirconium oxide or barium
sulfate). Maximum temperature for cement with liquid radiopacifier that mixed in monomer
was lower than commercial cement Corinnplast™ [43]. Compared to Palacos® cement,
mechanical properties didn't improve significantly. Size distribution of radiopacifiers had
effect on mechanical properties. Radiopacifier with smaller size distribution had higher
surface energy than large particles and due high attraction force easily stick to the surface of
polymer powder and made a resistance layer between polymer and polymerizing monomer
during cement formation.
Mechanical
Strength

Figure 2.11 Schematic of the interaction between the surface energy and stress concentration
effects and the particle size distribution on mechanical strength [42]

This weak interconnection between polymer beads and matrix decreased mechanical
properties such as ultimate stress and strain to failure but there was not very significant effect
on young's modulus. In the other side, bigger size distribution of radiopacifier had stress
concentration effect and could affect on mechanical properties (see Figure 2.11) [42],
From visualization point of view, this type of radiopacifier showed X-ray pictures as
the same quality as for zirconium oxide radiopacifier and better contrast than barium sulfate in
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same compositions. Important point is effect of X-ray voltage on contrast of bone cement with
different type of radiopacifier. They mentioned in their studies that in lower voltage,
zirconium oxide showed better contrast for 10% composition but in higher voltage quality of
pictures for zirconium oxide and Omnipaque were the same [28],
Utilization of pure and high density metal powders as radiopacifier, have been
attracted for visualization in medical applications and acrylic bone cements by physicians in
vertebroplasty and biomaterial experts [29, 44, 45, 46, 47]. Tungsten or tantalum nanopowder
with high radiopacity, purity, high surface for attenuation, good dispersion and distribution
during mixing can provide homogenous cement which can be traced very well by radiography
during injection and decrease risk of leakage in vertebroplasty.

2.3.2.

Plasma technique for preparation material

Application of nano-size radiopaque materials in acrylic bone cement is another new idea
in this project. High density radiopaque materials, such as (Tungsten, tantalum, zirconium ...)
can show better visibility (based on K-border transition criteria) and due to their purity have
less side effect and they are more compatible with body. Application of fillers in bone cement
with particle size distribution in the range of nano-scale helps to improve Rheological and
mechanical properties because of ability to have bimodal size distribution of powder and very
good dispersion and distribution and better visibility in radiography due to high surface area.
In order to have a very fine size distribution (in the range of nano-scale), plasma technology is
used. By this way we can also change the shape of the particle into spherical shape which in
turn will enhance the injectability. Plasma, often called a forth state of matter, is an ionized
gas comprised of molecules, atoms, ions, electrons, and photons. Once the ionized gases
conduct electricity, the electrical energy is transferred to heat energy by the resistance offered
by the gases. The temperature at which the plasma is achieved lies between 5000 K and 10000
K; thus, it is commonly called thermal plasma. Among the advantages of thermal plasma
processing are a clean reaction atmosphere that is required to produce high purity materials,
high enthalpy to enhance the reaction kinetics by several order of magnitude, and a steep
temperature gradient that enables rapid quenching and generation of fine powder [58].
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Figure 2.12 Scheme of the plasma torch and water-cooled powder chamber
Atomization, spheroidization and quenching are three phenomena that will happened
simultaneously when the metal melt pass through the reactor (see Figure 2.12).

2.3.3.

Bioactive materials

Other fillers that are used in acrylic bone cements usually changed mechanical
properties and/or increased compatibility of bone cements. Although the effect on other
properties (thermal, rheological), couldn't be disregarded. Tricalcium phosphate (TCP),
encapsulated TCP, hydroxyapatite (HA), titanium fiber, and bioactive powders (apatitewollastonite glass ceramic) are in this group. Addition of TCP retarded reaction kinetics and
increased setting time. Rate of heat release reduced due to high polymerization range of AH of
polymerization reaction and this effect could control the thermal necrosis of bone due to high
heat release rate [21, 48]. Encapsulating TCP with polyethylene glycol improved the
polymer/filler interface cement [49], Vallo and his co-workers mentioned that workability
(viscosity) of cement with filler was lower than pure cement .(higher viscosity) and residual
monomer was not depending on amount of the filler [50],
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Figure 2.13 Fracture toughness of the reinforced cement [51]
Increasing fracture toughness of bone cement was the goal of Kotha and his colleague
and they used titanium fiber. Fracture toughness is a property which describes the ability of a
material containing a crack to resist fracture, and is one of the most important properties of
any material for virtually all design applications. It is denoted KIc and has the units of
MPayfrn . Normal and heat treated fiber had different behavior for reinforcing bone cement
(see Figure 2.13) [51].
Antibiotic powders such as gentamicin sulfate, clindamicin HCL, erythromycin
glucoheptonate, and colistin methan sufonate sodium usually employ in commercial bone
cements in order to prohibit infection from bacterial contamination. Obviously addition of
these powders changes the properties of bone cement. Finding the optimum weight of
antibiotics has challenges and it is important to recognize them. The challenges arise
principally due to a number of approaches that may used, each with its unique set of
attractions and difficulties. From physiologically point of view addition of antibiotic is
necessary but control of rheological, thermal, and mechanical properties and injectability is
essential too. Mechanical properties investigated in antibiotic added cement by Lewis and
Janna. They found that optimum weight of antibiotic was between two limits depending on
methodology used. With mathematical method the estimate ranged from 4.35 to 8.35 w/w%,
while with an empirical method it was 4.78 w/w% [52],
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2.4. Bubbles and voids
Beside all the information which directly related to bone cement and classified
according to components and interaction with properties, there are some problems which are
studied separately. For example creation of voids and bubbles in the cement during
polymerization increase the risk of loosening of implant and fatigue fractures always occurred
at the largest voids. Hypothetically, the void volume in the cured cement may be related to
different parameters such as:
1. Viscosity of cement
2. Higher temperature
3. Mixing procedure
Cement during mixing captured the bubbles of the air and because of viscosity, release
of bubbles happened with difficulty and cured cement has higher porosity. Mixing systems in
this way play an important role.
In non-vacuum system there is no clear interrelation between viscosity of cement and
porosity but for vacuum system, higher viscosity shows higher porosity for cured cement and
between two systems, macro porosity significantly decreased. In another work different
vacuum systems are examined and effect of vacuum pressure on porosity of bone cement is
studied. Obviously in higher vacuum the number of porosity decreased but there is no
significant effect on large macro porosity and large voids [53, 54].

2.5. Effect of temperature
Temperature is one of the important parameters that always affect reproducibility of
results. Dependency of the temperature to properties comes back to Arrhenius equation and
relation between

setting time, doughing time and temperature

(equations (63, 65)).

Relationship between temperature and thermal and rheological properties are presented in the
work of Milner [19] and Sullivan and Topoleski [55],
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Figure 2.14 Apparent viscosity in different temperature for Palacos cement [55]

f -14
£

%
e

I&
J

.5 1
-2,8
-2.9
0-003JS

0.00) .1*

0.00M?

0,003>g

0,00339

0.0034

0 00*41

0,00342

0.00343

Reciprocal anbint Icmpcinturt {l/r.J (K"'»
Figure 2.15 Relationship between setting time and temperature [19]
Figures 2.14 and 2.15 present variation of apparent viscosity and setting time of
Palacos® cement in different temperature.

In conclusion, we are able to summarize our understanding from literature review as:
>

Main limitations in vertebroplasty technique may classify to:
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- Extra-vertebrae cement leakage
- Thermal damage of tissue (nerves or bone)
- Fracture of adjacent vertebrae
>

The efforts to solve these limitations lead to modification and redesign of acrylic bone
cement formulation. Although this multifunctional job needs to understand chemical
and physical characteristics of ingredients and interrelations with properties (thermal,
rheological, mechanical, and physiological)

>

For highly concentrated suspension, empirical equation of Kreiger-Doughery governs
on rheological properties. In this equation, viscosity of the suspending fluid ( t j s ) ,
volume fraction ( O ) , maximum volume fraction ( O m ), and particle size ratio are
important parameters and they are depend on swelling and dissolution phenomena.

>

With increase in particle size distribution, maximum temperature reduces and this
phenomenon affects on polymerization rate and thermal properties such as setting time.
In equal conditions, effect of particle size distribution on thermal properties (maximum
temperature, setting time) is more effective than concentration of initiator or activator.

>

Before

starting

polymerization

reaction

(doughing

time),

reaction

kinetic

is

independent of concentration of initiator or activator and only swelling and dissolution
are predominant phenomena.
>

.

Activation energy of swelling phenomena is greater than polymerization reaction, and
due to this, setting time is more sensitive to parameters which control swelling process.

>

Lack

of radiopacity

increases the risk of cement leakage and using

higher

concentration of conventional radiopaque materials has some difficulties like, bone
resorption, injectability, and weak mechanical properties.
>

Pure high density metals such as tungsten, tantalum in the form of fine powder (nano
scale) with high radiopacity can be a good alternative for conventional radiopaque
agents in cement with application in vertebroplasty.

Based on the research review, the main difficulty in vertebroplasty is the cement leakage
and the leakage could be controlled by the viscosity of cement and the increase of the visibility
of acrylic bone cement. The main goal of this project was the improvement of the properties of

acrylic bone cement for application in vertebroplasty. In vertebroplasty, the leakage of acrylic
bone cement may cause serious complications and prevent vertebroplasty from becoming a
routine procedure. Lack of proper viscosity and radiopacity are the main reasons. While the
high viscosity cement helps to have safe and uniform filling [56], The application of
radiopacifiers with high attenuation could be an alternative solution to overcome difficulties in
visibility during vertebroplasty. Change in acrylic bone cement composition influences on
thermal properties. Doughing time and setting time directly change by change in concentration
of initiator and activator. Rheological properties of cement and working time change with
variation in acrylic bone cement composition and it is necessary to be studied directly.
Based on the research review, the main difficulty in vertebroplasty was leakage during
injection and the leakage could be controlled by the viscosity of cement and the increase the
visibility of acrylic bone cement. The main objective in this research study was proposed as
"Enhancement of acrylic bone cement in vertebroplasty" and the sub-objectives were:
•

Understanding the effect of added radiopacifier on thermo-rheological properties of
acrylic bone cement

•

Understanding the effect of added new radiopacifier and x-ray conditions on the
visibility of acrylic bone cement

In the first part of this project, we reported the preparation of bone cement by adding
barium sulfate to a cement formulation based on P M M A in the form of substitute and excess
formulations. In substitute formulation, barium sulfate was replaced with the same weight of
powder and liquid to powder (L/P) ratio was kept constant and in the excess formulation,
barium sulfate was added as excess and liquid to powder ratio was decreased. The
characteristics of the curing and physical properties were evaluated for application of such
formulations vertebroplasty.
In the second part of this project, new radiopacifiers with higher attenuation under x-ray
were proposed to improve visibility of bone cement. Concentration, type, and size of
radiopacifier and x-ray conditions (voltage and current) were five factors which were selected
to study their effects on the visibility of bone cement. Our goal was to understand the effect of

46

these parameters on the visibility of acrylic bone cement. This project was based on three
main hypotheses which were:
•

Decrease in initiator concentration extends the working time for acrylic bone cement

•

Optical density of acrylic bone cement linearly changes with the concentration of
radiopacifier

•

Radiopaque agents with high attenuation under x-ray give higher visibility in high
voltage

The results of this study were reported as two chapters.
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3. Chapter 1

Enhancing acrylic bone cement in vertebroplasty:
Thermal and rheological properties
Ali Ahmari a , Gamal Baroud a , Francois Gitzhofer b
A

Laboratoire de Biomecanique,

Departement de Genie Mecanique, Faculte de Genie,

Universite de Sherbrooke, Sherbrooke, QC, Canada
b

Centre de Recherche en Energie, Plasma et Electrochimie
Sherbrooke, Sherbrooke,

J1K2R1

(CREPE), Universite de

QC, Canada JIK 2R1

To be submitted in
Journal of Biomedical Materials Research Part B: Applied Biomaterials

3.1

Introduction
In traditional application, acrylic bone cement uses for the fixation of artificial joints

and filling the free space between the prosthesis and bone (hip arthroplasty). Percutaneous
vertebroplasty (PVP) and kyphoplasty (KP) are two surgical procedures to manage vertebral
compression fractures. In these techniques, polymethylmethacrylate bone cement or calcium
phosphate cement (CPC) injects into the vertebral bodies under fluoroscopic imaging or
computed tomography. The mechanism of pain relief in these procedures is uncertain and may
be related to cement stabilization of the fractured vertebral body or burning of nerve endings
as the cement cures [1]. In vertebroplasty, some constrains are imposed on the materials, such
as injection of cement through small bore needles, residual monomer, higher heat of reaction
and the requirement for clear visualization of small volume of cement. Extra- vertebral
leakage is still a challenge in the, vertebroplasty and recent work by Baroud and his colleagues
[56] proved that using cement with higher viscosity reduces the risk of leakage. In
vertebroplasty, cement with higher initial viscosity and retarded polymerization reaction rate
has higher working time and proper viscosity to control cement leakage. These constraints and
limitations directed researchers to modify and redesign new formulation for bone cement.
Therefore, physicians added more radiopacifier and changed liquid to powder ratio (L/P) [29]
to have cement with suitable radiopacity and proper viscosity for injection. Formulation
design of acrylic bone cement is a multifunctional job and properties of cement directly or
indirectly change with variation in chemical (concentration, chemical structure) or physical
(size distribution, viscosity) characteristics of ingredients. Rheological properties of acrylic
bone cement are studied by different research groups [13, 14,15,37,55,59,60,61, 62] (Table
3.1). Rheometers with different geometries were used to measure viscoelastic properties of
cement and the effect of particle size distribution of polymer powder (PSD), L/P ratio, type of
radiopacifier, and temperature were studied. Increase in temperature enhanced swelling and
dissolution rate of polymer powder and simultaneously raised the initial viscosity of cement.
The rate of increase of viscosity increased at higher temperature and cement with bimodal size
distribution or large particle size distribution demonstrated low viscosity behavior [14, 13].
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High density inorganic radiopacifiers increased the viscosity but chemically or
physically modified radiopaque materials such as bismuth salicylate or encapsulated bismuth
salicylate by polyethylene oxide decreased the viscosity [15, 37]. Mechanical properties were
affected by residual monomer in the acrylic bone cement [18] and adsorption of residual
monomer by vascular systems increased the risk of fall in blood pressure [44], Maximum
temperature for tissue was depend on the time exposed but it was reported that temperature 50
°C for 1 min make thermal necrosis and lower temperature with higher exposure time had the
same effect[2].
Based on ISO 5833[63], the maximum permitted temperature was 90°C and the cement
with low heat of reaction and lower temperature was more acceptable. Particle size of polymer
powder [17], concentration of initiator or activator [19], and the types of activators [23] were
the factors which could control heat of reaction and maximum temperature. Higher visibility
of bone cement gives this ability to the clinicians during vertebroplasty to stop injection when
the leakage observes. Using highly concentrated acrylic bone cement with barium sulfate or
zirconium oxide or new radiopaque agents' such as tantalum and tungsten were proposed by
clinicians [29] but chemical and physical properties of these cements were still unknown.
Addition of more radiopacifier to cement can be done in two ways. In first one,
radiopacifier replaces with the same weight of powder and liquid to powder ratio (L/P) keeps
constant. This type of cement defines as substitute formulation. In the second one,
radiopacifier adds to the powder as excess and liquid to powder ratio (L/P) decreases. This
cement defines as excess formulation cement.
Therefore, the purpose of this study was to investigate thermal and rheological
properties of PMMA-based bone cements with increased barium sulphate (BaS04) in the form
of excess or substitute formulations. We also evaluated residual monomer for cement with
using modulated differential scanning calorimetry (MDSC) to determine whether increased
barium sulphate for better visibility compromise safety and compatibility of cement with
body.
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3.2

Background to thermal and rheological characterization

3.2.1 Thermal characterization
Polymerization reaction of acrylic bone cement is an exothermic reaction which
interaction between initiator and activator and produced radicals starts the reaction. This
reaction is classified as a free radical polymerization reaction. The presence of prepolymerized polymer powder in acrylic bone cement complicates polymerization system.
Combinations of isothermal and non isothermal behaviors in polymerization system are used
for characterization of thermo kinetics of systems.
Free radical polymerization takes place in three distinct steps:
1-Initiation
In this step the activator benzoyl peroxide decomposes to free radicals and radicals
react with monomers and produce active centers
I +Ac—^2R*

(3-1)

and

(3-2)

Rd =2Jkd[I][Ac]

which Rd is decomposition rate, kj is decomposition constant, f is initiator efficiency, [7] is
initiator concentration,[Ac] is activator concentration,
Although it is known and regularly reported that the benzoyl radical initiates the
polymerization of methyl methacrylate, there is some evidence that radicals of activator also
participate in this process [19,23].
R' +M—>lj-^>RM'

(3-3)

2-Propagation
In propagation step, active centers attack to monomers and produce radical dimmers
and trimmers and this process continues to have long chain molecules
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RM„' + M —RMn+]

(3-4)

3-Termination
Termination process occurs during of the reaction and the raise of viscosity reduces
termination rate.
Polymerization reaction kinetics for steady state with regard to initiation, propagation,
and termination is written as:
-d[M]/dt

-kp{fkd[/][Ac]/kt}V2[M]

>

(3-5)

which kp is propagation constant, kt is termination constant , / is initiator efficiency,
[M] is monomer concentration.
DSC thermogram of isothermal polymerization reaction was shown schematically in the
Figure 3.1

Figure 3.1 Typical thermograms for isothermal reaction of acrylic bone cement
Analysis of this thermogram enables the determination of parameters: ambient (isothermal)
temperature (T am b) or maximum temperature (T max ) or initiation (induction) time for
polymerization reaction (tj) or ending time for polymerization reaction (tf in ), and maximum
enthalpy of reaction (H max ). Based on the standard ISO 5833 [63], setting time defines as the
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time that in the pseudo adiabatic situation the temperature of cement receives to setting
temperature based on the following formula:

(3-6)

We were proposed the same definition but for isothermal polymerization thermogram.
There are different techniques for measuring residual monomer such as spectrophotometery,
FTIR, and NMR. Modulated temperature differential scanning calorimetry (MTDSC) is new
technique which helps us to distinct between reverse and non-reverse phenomena in
polymerization reactions of bone cement. Reverse heat flow relates to the physical phenomena
such as melting, crystallization, glass transition and non-reverse heat flow relates to permanent
variation like chemical reactions and curing. Based on this definition and schematic curve
(Figure 3.2), area under two curves shows a residual monomer after pseudo adiabatic curing of
acrylic bone cement.

> T=*
First Heating Ramp
Second Heating Ramp

Temperature

>

Figure.3.2 Schematic Modulated DSC heat flow for measuring residual monomer

3.2.2 Rheological characterization
Newton's law of viscosity in simple shear flow relates shear stress, z , to the velocity
gradient or shear rate, y , through the following equation:
(3-7)

z = jjy
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For Newtonian fluid the viscosity is constant and non-Newtonian fluid has the
viscosity as a function of shear rate and/or the time of shearing.. Generally, materials behave
between two limits, viscous and elastic. Acrylic bone cement has combinations of viscous and
elastic behavior. In studying flow behavior of materials different techniques are used such as
stress relaxation, creep, steady state flow, and oscillation. In the oscillation procedure, stress or
strain are imposed to materials with constant amplitude and frequency. When the small strain
or stress imposes to the system and the stress to strain ratio is constant (linear dependency
between strain and stress), linear viscoelastic behavior exists. For an oscillatory stress and
strain we have:
r(t) = r 0 sin(fttf + 5)

(3-8)

H O = y0 sinatf

(3-9)

where t is shear stress, co is frequency, and 5 is phase angle. Complex shear modulus
defines as the ratio of stress to strain.

(f

=

= G ' + zG" = ^ L ( c o s £ + / s i n £ )
r(0
r0

(3-10)

where G' is storage (elastic) modulus and G" is loss(viscous) modulus.
For acrylic bone cement, if there is no polymerization reaction, the rheological
properties are near to the behavior of highly concentrated suspension. With polymerization
reaction, viscosity increase with time. In mixing of the bone cement, dissolution and swelling
of pre-polymerized powder happens immediately and polymerization reaction follows with
less significance. The important factors which control viscosity at the beginning are physical
and chemical properties of liquid and powder instead of polymerization phenomena. Particle
size distribution (PSD), molecular weight, molecular structure of polymer in powder part and
molecular weight and molecular structure of monomer in liquid part and finally liquid to
powder ratio are controlling parameters in initial viscosity of paste. In schematic curve (Figure
3.3) this trend was named as zone I. When, the effect of inhibitor in cement mixture finishes
by produced radicals, the polymerization of cement starts and it is an important factor for
altering viscosity. Although the temperature affects swelling and dissolution rate but its effect
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on polymerization rate is more significant and the polymerization reaction slightly increases
viscosity (zone II). Small polymer chains produce and movement of polymer chains exist until
long chains and entanglements of polymer molecules constraint movability of polymer
molecules (zone III and IV). In this step, viscosity of paste changes sharply and some
molecules of monomer entraps in the structure of polymer and remains as residual monomer.
There is a transition region (zone III) between slightly increase of viscosity-first
plateau (zone II) - and shapely increase of viscosity-second plateau (zone IV). After second
plateau, the viscosity of cement receives to maximum amount and polymer paste changes to
solid state

Figure 3.3 Typical viscosity versus time and rheological parameters
(zone V). Based on the standards for medical acrylic bone cements, first zone and part of
second zone are coincident with doughing time which starts from mixing powder and liquid
until the time that cement materials no longer sticks to a surgical glove. Working time that is
defined by difference between setting time and doughing time starts from the middle of
zone II until near the end of zone IV. Based on the study that is done by [19] variation of
initiator and activator doesn't have any interaction on doughing time and this matter can be
seen in initial zone and the viscosity is a function of physico-chemical properties of liquid and
powder. For studying rheological properties we were suggested a method which is based on
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the work of Lewis and Carroll [14]. From intersection between tangential lines to the first and
second plateau in viscosity-time curve (zones II and IV), tons as time that there is a significant
variation in viscosity, n\ms as viscosity at tom, and CCR, curing rate at tom can be calculated
(Figure 3.3).
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3.3

Materials and methods

3.3.1 Materials
DP-Pour acrylic bone cement (DP pour-DenPlus Inc., Longueuil, Canada) was
included solid and liquid parts. The solid powder was PMMA beads with benzoyl peroxide
(BPO) as initiator and the liquid part was methyl methacrylate as monomer, N, N ' , dimethyl 4-toluidine (DMT) as activator, and hydroquinone (HQ) as stabilizer. Barium sulfate
(ULTRA-E-Z-EM Canada Inc., Montreal, Canada) as radiopaque agent was added to
formulation based on the procedure.

3.3.2 Methods
3.3.2.1 Specimen preparation
The bone cements were prepared based on the substitute or excess formulations. In the
substitute formulation, barium sulfate was replaced with the same weight of polymer powder
and liquid to powder ratio was kept constant. In the excess formulation, barium sulfate was
added as excess and liquid to powder ratio was decreased. Specimens with 10, 20, 30, and
40%barium sulfate in the form of excess and substitute formulation were prepared. Cement
without radiopacifier was used as a reference (Table 3.2).
Table 3.2: Compositions of substitute and excess cements studied.
%(w/w)BPO in
solid part

%(v/v)DMT in
liquid part

BPO/DMT(g/g)

Exc.

Sub.

Exc.

Sub.

Exc.

Sub

Exc.

0.54

0.54

1.25

1.25

1

1

2.78

2.78

10

0.54

0.49

1.125

1.1363

1

2.50

2.78

20

0.54

0.45

1

1.0416

1

1

2.22

2.78

30

0.54

0.415

0.875

0.9615

1

1

1.95

2.78

40

0.54

0.385

0. 75

0.8928

1

1

1.67

2.78

Composition

LPR

BS (%)

Sub.

0

Sub.: Substitute cement; Exc.: Excess cement; DMT: N, N ' , dimethyl-4-toluidine
BPO: Benzoyl peroxide; BS: Barium Sulfate
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The components of bone cement were mixed in a plastic beaker by hand for 30 second
and then were placed in an oscillatory mixer (Big Bill Digital, Barnstead International,
Dubuque, IA) for 90 seconds at 400 rpm. The advantages of oscillatory mixing were reported
by Baroud et al [64] .All the cement preparation was done at laboratory temperature and
humidity (22±1°C and 50±10%). The preparation of acrylic bone cement samples for
determination of residual monomer was performed by cutting cylindrical cured cement to thin
disc (1mm thickness).
3.3.2.2 Rheology
Rheometer AR 2000 (TA Instrument Company) with coquette geometry used to
measure rheological properties. Outer diameter of rotor and inter diameter cylinder were 14
and 16mm respectively. Distance between rotor and cylinder was 2mm near to the radius of
cannula which was used for injection of acrylic bone cement in vertebroplasty. The protocol
for measurement was time sweep test with constant strain 1% and frequency 1 Hz. 4min was
elapsed from the onset of mixing cement, until the first rheometer reading.
3.3.2.3 DSC
Thermal properties were measured by modulated temperature differential scanning
calorimetry equipped by refrigerated cooling systems (Q100-TA Instruments, New Castle,
DE). After mixing bone cement components in laboratory temperature and humidity (22±1°C
and 50±10%), 5±1 mg of mixtures were transferred quickly (to avoid curing before the
calorimetry test) from the plastic beaker to aluminum sample pan and later to MTDSC
machine. Test was operated under 50ml/sec nitrogen purge. 4min was elapsed from the onset
of mixing cement, until the first calorimetry reading. Procedure for calorimetry test was
isothermal at 37 °C for 30min followed by non-isothermal with two heating ramp 10 °C/min
from 37-180 °C.
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3.3.2.4 Residual monomer
The residual monomer content was measured by modulated temperature differential
scanning calorimetry (MTDSC). 10±2mg of cured bone cement was put in standard aluminum
sample pan. Non-Isothermal measurements with heating ramp 5 °C/min between 25-180 °C
were performed two times with using modulation amplitude of ±1 °C in combination with a
period of 60s. In non-reverse heat flow curve versus temperature (Figure 3.2), the area
between first and second heating ramp illustrated the heat of reaction of residual monomer.
3.3.2.5 Statistical analysis
The results were statistically compared using one-way analysis of variance (ANOVA) and
they were presented as mean ± standard deviation. In all analyses, P<0.05 was considered
statistically significant. P and F values represent the probability and the ratio of betweengroups variations versus within-group

variations.
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3.4

Results

For acrylic bone cement without radiopacifier, setting time at T=37 °C was around 7 min.
With addition of barium sulfate as radiopacifier, two different behaviors were observed
(Figure 3.4).

Barium sulfate composition (%)
Figure 3.4 Setting time versus barium sulfate composition based on the isothermal heat flow
curve
In acrylic bone cement with excess formulation, setting time did not change
significantly (F value=2.17; p=0.1221) but for substitute cement setting time increases with
increase in the barium sulfate concentration (F value=13.86; p<0.0001). Figure 3.5 presented
heat produced by polymerization reaction. For substitute and excess formulations, heat of
reaction decreased compare to the reference acrylic bone cement (F value=6.49; p=0.0031 and
F value=27.9; p<0.0001).
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Figure 3.5 Heat of polymerization reaction.
Figure 3.6 compared the residual monomer of bone cements with two type of
formulations and different concentrations of barium sulfate. Residual monomer of cement
increased with augmentation in barium sulfate in excess formulation (F value=6.39; p=0.0033)
but for substitute formulation residual monomer in bone cement was decreased (F value=45.3;
p<0.0001). Figure 3.7 represented the time to reach the maximum heat of reaction in heat flow
curve.
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Barium sulfate concentration

Figure 3.6 Residual monomer evolution as a function of composition

Barium sulfate composition (%)

Figure 3.7 Time to reach the maximum heat of reaction in heat flow curve
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For substitute formulation, this time significantly increased with increase in the barium
sulfate concentration (F value= 17.37; p<0.0001) but for excess formulation there was slightly
difference between cements with different barium sulfate concentration (F value=3.37;
p=0.0373). Evolution of the viscosity for acrylic bone cement with 30% barium sulfate in the
form of substitute and excess formulations was shown in Figure 3.8. Acrylic bone cement with
excess formulation gives higher initial viscosity compare to the cement with substitute
formulation or reference cement. The initial viscosity of cement with substitute formulation
was bigger than reference cement. Rise in the viscosity for reference cement and cement with
excess formulation were faster than the cement with substitute formulation. t ons as a time
criterion for significant increase in viscosity, showed a little variation for substitute
formulation (F value=12.17; p=0.0007) but for excess formulation, reduction of t ons with
addition of barium sulfate was remarkable (F value=41.34; p<0.0001) and in higher
concentration, a lower

tons

was achievable (Figure 3.9).

Elapsed Time From Mixing (min)
Figure 3.8 Viscosity variation of 30% barium sulfate cement in the form substitute and excess
formulation
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Barium sulfate composition (%)

Figure 3.9 Evolution of t ons with composition of radiopacifier
Figure 3.10 presented evolution of critical cure rate (CCR) at t o n s , for different formulation
of acrylic bone cements. In the case of excess formulation, a little decrease of CCR observed
for 10% barium sulfate cement and for higher concentration, critical cure rate changed
significantly (F value=5.7; p=0.0118). In contradiction of excess formulation, substitute
cement showed a diminishing trend for critical cure rate (F value=7.3; p=0.0049). Table 3.3
showed viscosity of excess and substitute formulations at 6 min after mixing (initial viscosity)
and tons • Initial viscosity for both formulations increases with increase of barium sulfate
concentration but this augmentation for excess formulation is more. For the time of onset, with
increase of radiopacifier concentration in excess formulation, viscosities at t ons changes
significantly compare to substitute formulation bone cement.

3.5

Discussion and conclusion

The goal in this project was improvement the properties of acrylic bone cement in the
application for vertebroplasty (VP) or kyphoplasty (KP).
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Figure 3.10 Rate of increase in viscosity at tons
Based on the limitations of acrylic bone cements, our efforts were concentrated on
different subjects such as, thermal, rheological, and mechanical properties, injectability, and
visibility. Cement leakage out of vertebra is the most important back draw of vertebroplasty
technique. The main reasons are improper viscosity and lower visibility. Here, our focus was
to study the thermal and rheological properties and the enhancement of acrylic bone cement
for vertebroplasty applications.
Physicians manually used to change the compositions by adding radio pacifiers to
improve viscosity and visibility. Addition of radio pacifiers are in the form of excess and
substitute formulations. Setting time versus barium sulfate composition, based on the
isothermal behavior of acrylic bone cement, is shown in the Figure 3.4. With respect to the
concentration of initiator in substitute cement (Table 3.2), number of radicals for starting
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polymerization reaction was less than excess formulation due to lower concentration of BPO.
In this circumstance, rate of reaction decreased and setting time was higher compare to excess
cement. In the Figure 3.5, heat of polymerization reaction for both formulations were lower
than reference cement which had higher concentration of radicals for starting polymerization
reaction. Excess formulation acrylic bone cement had lower liquid to powder ratio and lower
possibility for radicals to have enough monomer for polymerization reaction(dilution effect)
and we observed that the heat of
Table 3.3 Viscosity of cement at 6 min after mixing (initial viscosity) and t,
Composition

Viscosity at 6 min after mixing
(initial viscosity)(Pa.s)

Viscosity at t ons (Pa.s)

BS(%)

Sub.

SD

Exc.

SD

Sub.

0
10
20
30
40

32.8
28.17
82.3
155

10
11.4
23.4
23.4

32.8
44.9
78.4
284.7

10
33
22
52

611.8
449
515.2
600.5

F value & p

163.4
34
F value =49.91
p<0.0001

531
237
F value =18.93
p<0.0001

SD

82.39
41.48
4.59
114.8
42.34
,738.5
F value=16.84
p<0.0001

Exc.

SD

611.83
628.94
660
720.75

82.39
53.44
96.36
41.49

895.78 96.05
F value=5.41
p=0.0067

reaction for excess formulation was less than substitute one but their difference was not very
significant.
Figure 3.6 explained the evolutions of residual monomer as a function of barium
sulfate concentration. With increase of barium sulfate concentration, bone cement with excess
formulation had higher residual monomer but for substitute cement, we had a decreasing
trend. Excess formulation acrylic bone cement had higher concentration of radicals compare to
substitute formulation to start polymerization reaction. As much as the number of radicals
increased in the media, the numbers of growing polymer chains were increased. The
possibility of entanglement and crosslinking between polymer chains increased. During
polymerization reaction, part of monomers entrapped in polymer structure and released after
implanting in vertebra.
The time to reach maximum heat of reaction in heat flow curve for isothermal
procedure shifted to longer times in the substitute formulation cement compare to excess
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formulation (Figure 3.7). Lower concentration of produced radicals in substitute formulations
limited the rate of reactions compare to excess formulation and subsequently in heat flow
curve we observed that the time to reach maximum temperature and maximum heat of reaction
moved to the right side. For excess formulation, rate of reaction was like reference cement and
there was no difference between setting time and time to reach maximum heat of reaction.
Understanding flow behavior of bone cement is important part of improvement acrylic
bone cement formulation for Vertebroplasty. Acrylic bone cement has to be injected through
cannula inside of porous structure of vertebra and non-Newtonian property of paste mixture
complicates prediction of flow behavior.
In table 3.2, liquid to powder ratio for excess formulation cement decreased
continuously and this was the main reason for higher initial viscosity for excess formulation
cement compared to the reference or substitute cement. In figure 3.8 variations of viscosity
for 30% barium sulfate cement in substitute and excess formulations were compared to the
reference cement. At the beginning, the highest initial viscosity was for excess formulation
and substitute formulation had moderate initial viscosity and reference cement was minimum
value. In

table 3.3, the initial viscosity was shown for all compositions of barium sulfates in

excess and substitute formulations. Although the liquid to powder ratio for substitute
formulation and reference cement were the same but the reason for higher initial viscosity in
substitute formulation, was lower polymer volume part in substitute cement. Dissolving
polymer powder in monomer provided a medium with slightly higher initial viscosity but with
replacing some part of polymer powder with non dissolvable radio pacifier in substitute
formulation cement, we considerably increased initial viscosity compare to reference cement.
Figure 3.8 explained variation of viscosity for bone cements with 30% barium sulfate
substitute and excess formulation compare to reference cement. In higher elapsed time from
mixing, substitute formulation cement showed moderate increase of viscosity compare to
excess or reference cements. This behavior was consistence with thermal behavior that we saw
in the Figures 3.4 and 3.7. For quantitative study of this behavior and based on studies of
Lewis and Carroll [14], t ons and CCR were defined and calculated for our cements. Figure 3.9
showed the evolution of t ons based on the composition of barium sulfate. For substitute
formulation there was slight increase in the t ons but for excess formulation there was
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significant variation compare to reference cement.

In Figure 3.10 rate of viscosity at tons

versus barium sulfate composition was shown. For excess formulation cement, there was
slight decrease in the rate of viscosity but for higher concentration of barium sulfate (20, 30,
and 40% barium sulfate) we had considerable increase in viscosity rate. Furthermore, as much
as the concentration of barium sulfate increased the rate of viscosity was higher and we had
shorter working time for cement to inject in vertebra. This trend was opposite for substitute
formulation cement.
In substitute formulation cement due to lower rate of reaction, rate of viscosity at t ons
reduced

with

increase

in

barium

sulfate concentration.

In the

excess

formulation,

polymerization rate did not change significantly compare to reference cement, but higher
viscosity due to lower liquid to powder ratio, accelerated rate of viscosity. In Table 3.3 initial
viscosity (6 min after mixing) and viscosity at t ons are presented. Comparison between these
data clarified that for excess formulations, although we had a cement with higher initial
viscosity but t ons was small too and there was not enough time for injection and viscosity
increased quickly (higher curing rate). In the other side, substitute cement provided cement
with higher initial viscosity that the rate of viscosity was slow due to lower rate of
polymerization reaction. This helped to have more consistence cement with proper time for
injection.
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4.1

Introduction

Vertebroplasty is a minimally invasive percutaneous procedure consisting of injecting
cement into the vertebral body of a fragilized vertebra to reduce the pain by stabilizing the
vertebral body. In this technique and under fluoroscopic and/or CT guidance, a 11-13 gauge
needle is placed into the vertebral body lesion and the cement is injected inside of vertebra
[46]. The cement paste flow must be visualized in order to make sure no cement leaks out of
vertebral body. Live visualization of paste flow is ensured by radiologic control (X-ray
fluoroscopy or computed tomography), so that the physician can stop the injection at any time
if leakage starts occurring. Having adequate radiopacity in the cement and using a high-quality
fluoroscopic unit help to minimize the risk of cement leakage [47]. There is no standard for
minimum
commercial

radiopacity

of acrylic

bone

cement

in vertebroplasty.

For

acrylic bone cements in the market have more than 25%

vertebroplasty,
conventional

radiopacifiers ( B a S 0 4 and Z r 0 2 ) in their compositions (Table 4.1) or each group practicing
vertebroplasty used its own recipe [29, 44]. One of the concerns related to vertebroplasty and
kyphoplasty is the radiation exposure on patient and medical staff. Entrance Skin Dose (ESD)
as a criterion for fluoroscopic radiation exposure depends on the distance between the focal
spot and the skin, tube voltage, tube current, and exposure time [65]. ESD varies inversely
with the cubic of tube voltage, (kVp) 3 . The drawback of using a high-energy beam is the loss
of image contrast. It was shown that the loss in the image contrast resulting from increasing
peak voltage from 60 to 70 was not significant, although the ESD decreased significantly
(about 30%) [66],
It is important to restrict the dose to the patient and medical staff and at the same time
producing an image that is satisfactory for the clinical proposes. This requires a compromise
between dose and image quality, because in general lower dose gives the image with poor
quality. Increase in the tube current (mA) or tube current multiplied exposure time (mAs)
produces a darker film and higher ESD but increase in the kV reduces the ESD and the
contrast of the picture. In fluoroscopy to get a proper image, an automatic brightness control
(ABC) system is used. In this system, input voltage and current are controlled automatically
based on the light intensity (brightness) of the output screen. X-ray tube potential and current
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Table 4.1 Available commercial acrylic bone cements in the market for Vertebroplasty

Company.

Commercial name

Type of
radiopacifier

Arthrocare

Parallax with TRACERS

BaS04

30

Parallax withTRACERS-Ta

BaS0 4 ,Ta

26.5,3.5

Cardinal Health

Ava-Tex®

BaS04

30

Cook Medical

Osteo-Firm®

BaS04

35

Vertefix™

BaS04

30

Vertebroplastic™

BaS04

30

Confidence™

BaS04

30

Kyphon-medtronic

KyphX® HV-R™

BaS04

30

Optimed Company

CementoFixx

BaS04

30

Stryker

VertaPlex™

BaS04

30

Spineplex™

BaS04

30

Simplex® P

BaS04

30

Vertecem new formulation

BaS04

30

Vertecem classic

BaS04

25

Mendec Spine

BaS04

30

Systems

CONCERT® Spine VR

BaS04

28

BIOMET

OSTEOPAL® V

Zr02

45

Biomet Bone Cement V

Zr02

60

Opacity+®

Zr02

50

Spine-Fix®

BaS04

25

Synicem VTP®

BaS04

40

Depuy Spine

Synthes

TECRES

%wt in
powder

Advanced Biomaterial

TEKNIMED

Synimed S.A.R.L

in all fluoroscopic procedures under automatic brightness control (ABC) were in the range of
60-120 kV and 0.8-8 mAs [67,68,69,70],
Acrylic bone cement consists of a polymer powder, usually polymethyl methacrylate
(PMMA) or a P M M A copolymer, which is polymerized in the operating room with a liquid
monomer. Pure P M M A which consists only of carbon, hydrogen and oxygen atoms has a
relatively low radiopacity. For application in vertebroplasty, it is essential to add enough
radiopacifier to cement for having proper visibility under fluoroscopy. The most frequently
used radiopacifiers are barium sulfate (BaS04) and zirconium dioxide (ZrCh). Using high
concentration of these radiopacifiers in bone cement was a solution to improve properties for
vertebroplasty but from the biological point of view it was proved that B a S 0 4 and Z r 0 2
significantly accelerate bone resorption [32]. Considering all these, some alternatives to the
traditional inorganic radiopacifiers have been put forward and different research groups were
tried

to

design

a

cement

proper

for

vertebroplasty

and

kyphoplasty

[33,71,72,73,38,74,75,76,77]. A first approach was to modify bone cement formulation by
incorporating a radiopaque monomer [33,71,72,73]. There were two different methods for
incorporating radiopaque monomer in the bone cement. The first one was to use radiopaque
monomer like 4-iodophenol methacrylate (IPMA) [33] or 2-(2-bromopropioyloxy) ethyl
methacrylate (BPEM) [71] in the liquid phase. In this condition I-copolymer or B-copolymer
were formed during self curing. When the self curing of the cement was incomplete, free
monomer released in-situ and there was the risk of toxic effects. In the second one, radiopaque
monomer like 2-(2\3\5"-tri-iodobenzoyle) oxo-ethylmethacrylate (TIBOM) [72]

or 2-(4-

iodobenzoyl) oxo-ethylmethacrylate (4-IEMA) [73] were used in separate process to produce
copolymer which was added to the powder component. Second approach was to use new
inorganic radiopacifiers such as bismuth salicylate (C7H5Bi04) [38,74] , barium and
strontium titanate ( B a T i 0 3 , SrTi0 3 ) [75], strontia (SrO) [76], and triphenyl bismuth (TPB)
[77] or application of pure high density metal powder such as Tantalum[78,29], Tungsten[29],
Titanium, or Zirconium. There was no comprehensive study about using high density metal
powders as radiopacifier and their effects on the properties of bone cement except tantalum
[78], In this work only radiopacity property of this metal powder was studied compared to the
barium sulfate although they didn't cover all the range of X-ray voltage applicable for
vertebroplasty. Approximately in all radiopacity studies, evaluation of radiopacity was
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qualitative than quantitative and in quantitative one, X-ray absorbance, optical density,
contrast, contrast index, and equivalent radiopacity (mm of Al)

were the calculated

parameters.
The aim of this work was to investigate the effect of inclusion barium sulfate, tungsten,
zirconium and tantalum on visibility properties of acrylic bone cement for vertebroplasty. A
design of experiment (DOE) approach was developed to analyze the visibility property of
bone cements. Experimental conditions were selected based on the real clinical conditions. In
this way, size, type and the concentration of radiopacifier and X-ray photography conditions
were selected as studying factors. Range of variation of X-ray photography factors (voltage
and current) were chosen based on the real clinical conditions.
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4.2

Materials and Methods

4.2.1 Materials
Acrylic bone cement (DP pour-DenPlus Inc., Longueil, Canada) has two parts. Solid
part is a powder which contains pre-polymerized polymer (PMMA), and initiator (BPO) and
liquid part which contains monomer (MMA), activator (DMA), and stabilizer (HQ). Barium
sulfate (ULTRA-E-Z-EM Canada Inc., Montreal, Canada), Tungsten (Osram Sylvania Inc.,
Towanda, PA 18848), Tantalum (AEE Inc. Bergenfield, NJ 07621), and zirconium (SigmaAldrich Canada Ltd., Ontario, Canada) were used as radiopacifier in this study. Nano size
radiopacifiers are produced by using induction plasma technique in plasma laboratory. The
average diameter for radiopacifier particles (BaS04,W, Ta, and Zr) ,in the form of micro size,
are in the range of 1-5 |_im and nanosize particles (W,Ta, and Zr) after plasma process has the
average diameter 100-200 nm (Figure 4.1).

4.2.2 Methods
4.2.2.1 Design of experiments
Design of experiment (DOE) as a powerful technique was adopted to determine the
effect of experimental conditions and radiopacifier at visibility properties of bone cement.
Five factors with different levels (details of the factors and factor levels used are given in
Table 4.2) were selected for this study. For simplicity of experiments and clarity of results,
three protocols

Figure 4.1 SEM microphotographs of tungsten powder before (left) and after (right) plasma
treatment.
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Table 4.2 Details of factors and factor levels used in DOE
Level
Factor

A, Concentration
B, Radiopacifier

Units

%wt
-

Type

Numerical

Low

Medium

High

10

20

30

Categorical BaS04,

W,

Zr,

Ta

C, Voltage

kV

Numerical

70

90

110

D, Current

raA

Numerical

100

160

300

E, Size

-

Categorical Micro

Nano

were defined and design of experiment procedures were structured based on these protocols
(Table 4.3). These studies were designed to determine suitable factor levels and detect any
interactions that may occur. Design-Expert Software, Version 7 was used to analyze the
resultant visibility properties.
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3, 100, 160,300

D, Current (mA)

3, 7 0 , 9 0 , 1 1 0

C, Voltage (kV)

4, Ta

BaS0 4 , W, Zr,

level

2, 10,30

A, Radiopacifier

Factor

B, Concentration (%)

4, Zr, Ta

BaS0 4 , W,

Level

(2)- Constant 70kV and micro size

B, Concentration (%) 2, 10,30

A, Radiopacifier

Factor

(l)-Constant 100mA and micro size

Table 4.3 Factors and levels for DOE projects

E, Size

B, Concentration (%)

A, Radiopacifier

Factor

2, nano, micro

2, 10,20

3, W, Zr, Ta

level

(3)- Constant 1 lOkV and 100mA

The

non-variable

factors

in the

DOE

were

humidity,

temperature,

impurities

and

contamination within the cement and the consistency of mixing technique. The constant
factors were the base components of the polymer powder (except radiopacifier) and liquid
monomer, bone cement consistency, mixing system, duration of mixing, the thickness of
cylindrical specimen, distance of x-ray lamp from specimen, thickness of water layer to
simulate in vivo conditions. The measurable response was contrast index.
4.2.2.2 Cement Mixing
DP-Pour acrylic cement was mixed in accordance to the liquid-to powder ratio
recommended by the manufacturer. Therefore, 5.544 g of liquid and 10.267 g of powder (with
substituted radiopacifier based on protocols-Table 4.4) were measured, using an analytical
balance. The powder particles were added to the liquid in a plastic beaker and mixed by
spatula for 30 seconds. The mixture was then placed in an oscillatory mixer (Big Bill Digital,
Barnstead International, and Dubuque, IA) for 90 seconds at 400 rpm. Oscillatory mixing has
shown the decrease in the variability of cement viscosity and expected greater dispersive
mixing of the cement components [79],
4.2.2.3 Specimen preparation
Samples for each run were prepared according to the appropriate factor levels. For
example in the DOE project with constant current (100mA) and micro size particles, in run 1,
10.267 g cement powder contains 10% of barium sulfate (by weight of cement powder) was
added to 5.554 g M M A monomer. They were mixed based on the mixing protocol at 22±1 and
at the humidity between 40 and 60 percent. Mixed cement was poured inside of 5cc syringe
and after curing, cylindrical specimens with 6mm thickness and 10mm diameter were
produced. The specimens were ground through sandpaper to create a flat surface. For each
formulation, three samples are produced to increase the accuracy of experiment. Mixing
conditions are the same for all batches.
Aluminum wedge (thickness between 0.2-10mm) and cement without radiopacifier
were used as control to compare the results. Samples are attached on the polymer plate and
used for X-ray photography under different conditions and 10ms exposure time (Figure 4.2).
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Figure 4.2 X-ray photographies of specimens at 90kV and 100mA of bone cements modified
with different percentages of B a S 0 4 , W.Ta, and Zr, radiolucent cement, and aluminum wedge
as references
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10

10

10

10

0

10

10

10

10

0

10

10

10

10

0

2

3

4

Cont.

5

6

7

8

Cont.

9

10

11

12

Cont.

(%wt)

Cone.

1

Run

-

Ta

Zr

W

BaSO,

-

Ta

Zr

W

BaS0 4

-

Ta

Zr

W

BS

Radioopacifier

110

110

110

110

110

90

90

90

90

90

70

70

70

70

70

(kV)

Volt.

(1)- DOE at 100mA and micro size, n=3

30

0.01 15

0
30
30

0.01 1'ont
0.03 17
0.03 18

0.12
0.37

30

0.03 20
0.02 ^ont.

0.32
0.12

30

0.03 23
0.05 24
0.02 2ont.

0.28
0.23
0.02

0

30

30

0.04 22

0.26

30

0.03 21

0.23

0

30

0.00 19

0.39

0.37

30

0.02 16

0.33

0.45

30

0.02 14

0.40

30

Cone.
(%wt)

0.03 13

SD

Run

0.42

X

CI

"

Ta

Zr

W

BaSO,

•

Ta

Zr

W

BaSO,

-

Ta

Zr

W

BaSO,

Radioopacifier

110

110

110

110

110

90

90

90

90

90

70

70

70

70

70

(kV)

Volt.

0,10 12

0.57
Cont.

0.02 11

0.04 10

0.05 9

Cont.

0.08 B

0,02 7

0.04 6

0.06 5

Cont.

0.07 4

0.00 3

0.00 2

0.00 1

SD

Run

0.59

0.68

0.57

0.62

0.80

0 86

0.80

0.65

0,80

0.80

0.80

X

CI

0

10

10

10

10

0

10

10

10

10

0

10

10

10

10

Cone.
(%»t)

"

Ta

Zr

W

80

BaSO,

-

Ta

Zr

W

BaSO,

-

Ta

Zr

W

BaSO,

Radioopacifier

0.35
0.14

300
300

0.47

0.44

300
300

0.48

0.13

160
300

0.34

0.46

160
160

0.41

0.46

0.12

0.33

0.45

0.40

0.42

X

CI

160

160

100

100

100

100

100

(mA)

Curr

(2)- DOE at 70kV and micro size, n=3

0.02 Cont.

0.03 24

0.01 23

0.02 22

0.02 21

0.02 Cont.

0.02 20

0.01 19

0.03 18

0.03 17

0.01 Cont.

0.02 16

0.01 15

0.02 14

0,03 13

SD

Run

0

"

Ta

Zr

30
30

W

BaSO,

30
30

"

0

Ta

30

W

30

Zr

BaSO,

30

30

"

0

Ta

30

W

30
Zr

BaSO,

30

30

Radioopacifier

Cone.
(%wt)

Table 4.4 Run order for DOE projects and summary of mean contrast index (CI) results (with SD) for DOE protocols (n=3)

300

300

300

300

300

160

160

160

160

160

100

100

100

100

100

(mA)

Curr.

0.69

0.88

0.88

0.88

0.69

0.89

0.89

0.89

0.65

0.80

0.80

0.80

X

CI

0.09

0.00 Cont,

0.00 12

0.00 11

10

0.08 9

0.00 8

0.00 7

000 6

5

0

20

20

20

20

20

20

10

10

10

10

o.oo 3
0.07 4

10

10

Cone,
(%wt)

0,00 2

0.00 1

SD

Run

nano

nano

nano

micro

micro

micro

nano

nano

nano

micro

micro

micro

Size

"

Ta

Zr

W

Ta

Zr

W

Ta

Zr

W

Ta

Zr

W

Radioopacifier

(3> DOE at 1 lOkV and 100mA, n=3

0.01

0,01

0 04

0.03

0.03

0 05

0.03

0.04

SD

0.02

0.35

0.25

0.45

0.02

0.01

0.02

0.00

0.35 •0.02

0.36

0.40

0.24

0.11

0.30

0.23

0.28

0.26

X

CI

4.2.2.4 Statistical analysis
The results were statistically compared using one-way analysis of variance
(ANOVA) and they were presented as mean ± standard deviation. In all analyses, P<0.05
was considered statistically significant. P and F values represent the probability and the
ratio of between-groups variations versus within-group variations.
4.2.2.5 Evaluation of radiopacity
4.2.2.5.1

Radiography

The samples are imaged in air with a thin walled polypropylene box containing
30cm water placed above them to model the absorption of the human body. The working
distance was fixed at 100 cm. X-ray photographs were taken using a standard clinical
General Electric X-ray instrument with possibility to use digital X-ray cassette. This
cassette was used to develop pictures as X-ray films or to give the X-ray images as digital
pictures.
For digital pictures, a FUJI FCR 9000 system was used for reading the X-ray
cassettes. The files were transferred in DICOM from the workstation and later imported
into MATLAB and saved as BMP images. MATLAB was used to measure the gray scale
of the specimens and adjacent background.
On the X-ray films, optical densities of the specimens were measured by using a
digital optical densitometer, characterized by a detectable density range of 0-4.50.
Optical density was defined by the following formula:
OD=logio (Amount of light received/Amount of the light transmitted)
4.2.2.5.2

Quantitative evaluation

This section involved determining the radiopacity of specimens. There are three
quantitative ways for evaluating radiopacity of bone cements which were referred in
different references.
In the first one, a parameter was described as contrast, which was based on the
transmitted X-ray intensity (or brightness of digital image) through specimen and
background, Imin and Imax, respectively. For digital pictures, brightness was determined as
A= 255-grey level. The contrast was defined as:
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Contrast = AI / I max = 1 -

(Imin

/

Imax)

In the second way, contrast index (CI) was defined through difference between
optical density of specimen and background. In this method the optical density (OD) was
measured on the X-ray films in accordance with the standard test method ASTM

F-640-

07.
Contrast Index (CI) = OD s p ecimen-OD b a c k g r o u n d
In the last way, optical density (OD) of specimen (X-ray film) or transmitted X-ray
intensity (digital image) compared with a reference sample. This reference sample could be
translucent cement, bone, specified cement with known concentration of radiopacifier, or
metallic wedge like aluminum (Al) or stainless steel (Fe).
In this study, contrast index was measured as measurable response.
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4.3 Results
The X-ray images were obtained in air and 30cm layer of water under different
protocol conditions. Figure 4.2 shows the X-ray photography for specimens in 90kV,
100mA, and 10ms exposure time. The visibility of specimens were measured based on the
definition for contrast index. Table 4 shows the mean value and standard deviation of
contrast index as measurable response for design of experiment (DOE). In the first protocol
(using constant current 100mA and micro size particles), type of radiopaque agents
concentration, and voltage have significant impact on contrast index (P-value<0.0001 Table 4.5).
Figure 4.3 shows the variation of contrast index for radiopaque agents in two
concentrations (10 and 30%wt) and different X-ray lamp voltages. Concentration of
radiopacifiers has higher contribution on contrast index compare to other factors.
1
St 0,8
0
X
m 0,6

1
•fart

V5

|

0,4

e
U
0,2

0

OHfcontiol)

lOHBaSCM

10WV

lOHZr

10»-.Ta

JOHBaSO-l

30WV

30HZr

XrtVTa

Figure 4.3 Contrast index of acrylic bone cement with 10 and 30wt% micro size
radiopaque agents in 100 mA

It means with three time increase of radiopacifier concentration, contrast index is
not tripled. It seems that in higher voltage, the effect of concentration on radiopacity is
more important. For example when the concentration of radiopacifier increase from 10% to
30%, contrast index improve 100% in 70kV voltage and this improvement is 130 and
165% for 90 and 11 OkV respectively.

83

Table 4.5 ANOVA for the selected Factorial design according the DOE projects.
Protocol

1

2

3

Factor

F-value

P-value

Contribution (%)

A - Radiopacifier

24.3

<0.0001

4.0

B - Concentration

1437.9

<0.0001

79.4

C - Voltage

100.8

<0.0001

11.1

A - Radiopacifier

86.9

<0.0001

8.7

B - Concentration

2611.8

<0.0001

87.1

D - Current

19.74

<0.0001

1.3

A - Radiopacifier

42.4

<0.0001

21.6

B - Concentration

187.9

<0.0001
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E - Size

9.1

0.0059

2.3

Figure 4.4 Increase of contrast index with increase of concentration of radiopaque agents
from 10 to 30%wt in different voltage and constant current (100mA)
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This means in higher voltage increase of radiopacifier is more effective than lower
voltage. Second important factor on contrast index is voltage with 11% contribution and
radiopacifier has 4% contribution on changing contrast index values. In lower voltage
(70kV) and in 30%wt concentration of radiopaque agent, contrast index decrease 18.4%
for tantalum but it does not change considerably for barium sulfate and tungsten. Working
in 90 and HOkV voltages show higher contrast index for tungsten compare to other
radiopacifiers. Tungsten gives 7.5 and 20% improvement for contrast index compare to
barium sulfate in 90 and llOkV respectively. Between different radiopaque agents, in
70kV there is no big difference between barium sulfate, tungsten, and zirconium. But with
increase in the voltage (90 and 110 kV) tungsten give better contrast index compare to
barium sulfate and zirconium.
For the second protocol, constant voltage (70kV) and using micro size particles,
mean values and standard deviations of contrast index are presented in table 4. Figure 4.5
shows schematically the effect of variation of current on contrast index of bone cement
with different radiopaque agents in 10 and 30%wt concentration. Table 4.5 shows that
factors A, B, and D (radiopacifier, concentration, and current) are significantly effective on
contrast index (p-value <0.0001). Factors A and B (radiopacifier and concentration) show
the same behavior like first protocol. Factor E (current) with 1.32% contribution, shows a
mild effect on contrast index.
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Figure 4.5 Contrast index of acrylic bone cement with 10 and 30wt% micro size
radiopaque agents in 70kV

85

In higher concentration (30%wt), difference between contrast index of cement in
160 and 300 mA current is not important but there is a shift (10%) between contrast index
when current changes 100 to 160 mA for BaSC>4, W, and Zr.
As it is shown in table 3, in last protocol voltage and current are constant in 100mA
and 110 kV. Mean value and standard deviation of contrast index in this protocol are
presented in table 4.4. Figure 4.6 explains the variation of concentration, type, and size of
radiopaque agents on contrast index. In this figure, contrast index of cement with nano size
tungsten has higher value compare to micro size tungsten and barium sulfate with the same
concentration (20%wt). This means that using nano size tungsten gives better visibility
compared to the same concentration of micro tungsten or barium sulfate. For zirconium
this behavior is different and micro size radiopaque agent gives higher contrast index
although it is lower than tungsten. Statistical results related to this protocol presented in
the table 4.5. P-values for these factors, represent a significant effect of size, concentration,
and radiopaque agent on contrast index and contribution percent of factor E (size) is lower
compare to the factor A and B. Table 4.6 represents percentage difference of contrast index
of cement with 20%wt of tungsten, zirconium, and tantalum radiopaque agent when
compared with barium sulfate in 90 and 110 kV.
This means, in high voltage of X-ray lamp, high density radiopaque agents (W, Zr,
and Ta) give better visibility compared to barium sulfate as conventional radiopacifier.
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Figure 4.6 Contrast index of acrylic bone cement with 10 and 20wt% micro and nano size
radiopaque agents in 110 kV and 100mA
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Table 4.6 Percentage difference for contrast index of bone cement prepared as per
protocol 3 when compared with 20%wt barium sulfate bone cement
Percentage comparison with 20%wt BaS0 4
90kV- 100mA

llOkV--100mA

micro (%)

nano (%)

micro

w - Tungsten

+ 13,1

+ 22,3

+ 26,7

+ 43,6

Z r - Zirconium

+ 9,8

- 14,3

+ 15,6

-20,1

T a - Tantalium

+ 1,8

+ 0,2

+ 9,9

+ 12,7

(%)

nano (%)

In this table maximum value belongs to nano tungsten with 43.6% compare at llOkV. In
90kV, this difference decrease to 22.3%.

Furthermore, nano tungsten has better visibility compare to micro size tungsten but
zirconium shows inverse behavior. Zirconium has higher contrast index when it is used as
micro size particles.
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4.4

Discussion and conclusion

In vertebroplasty, the X-ray generator of fluoroscopic or computed tomography
machine projects a uniform field of X-ray photons onto a patient. Because of interaction
between the atoms of the body and photons, the original uniform field becomes nonuniform as it is transmitted through the patient. Based on the vertebral under operation,
physical structure of patient, and lateral or anteroposterior X-ray projection, different
thickness of patient body is under transmission of X-ray spectrum. Image receptor in
fluoroscopic machine needs to receive appropriate number of photons to give a clear
picture. These photons should be enough strong to pass through this thickness without
scattering. As much as the thickness of patient increases the number of photons receive to
image receptor decreases and the picture doesn't have a good quality (contrast). On the
other hand, Entrance Skin Dose (ESD) as a criterion for fluoroscopic radiation exposure
depends on tube voltage and tube current. With increase the voltage of X-ray lamp,
photons has higher energy and scattering of the photons are less and ESD decreases
although the contrast of the picture decreases too. There are compromising factors (voltage
and current) which simultaneously affect on contrast of picture and dose to the patient
(ESD).
The ability of an element to attenuate an array of X-ray photons depend on the atom
cross section and the energy of the photons. The attenuation coefficient, representative of
this behavior, varies with both the mass of the atom and the energy of the incident X-ray
photons. Radiopaque agents show different attenuation at different energy of the incident
X-ray photons and create contrast in an image receptor. When the photon energy increases
mass attenuation coefficient decreases until the electron shells which the photons have
enough energy to lift innermost electron (the K-electron) of an atom from its low energy
position. The photon energy necessary to lift a K-electron is often called the K-border and
is specific for each atomic species. X-ray tubes can not produce monochromatic photon
energies and the effective (average) energy of an X-ray spectrum from a typical diagnostic
X-ray tube is one-third to one-half the maximal value [28]. Figure 4.7 shows mass
attenuation coefficient of radiopaque agents applied in this study and X-ray spectrum
related to different X-ray lamp voltage.
The K-borders for barium sulfate, zirconium, tungsten, and tantalum are 37.5, 18
,69.5, and 67.5 kV and maximum effective energy for X-ray spectrums of 70, 90, andllO
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kV will be around 35,45, and 55 kV. With increase of the voltage, radiopaque agents with
high K-borders (W, Ta) expected to give higher visibility compared to BaSCU and Zr. In
lower voltage (70kV), trend of variation of mass attenuation coefficient of BaS04, W, Zr,
and Ta are the same and contrast index for them should be in the same range. In the case of
variation of X-ray tube current, the overall intensity (area under X-ray spectrum) increases
and the visibility slightly changes but its effect is not as same as the effect of change in the
voltage.
f

BaS04

Bone

W

Ta

70 kV

9<)kV

Zr

110kV

Photon Energy (kY)

Figure 4.7 Mass attenuation coefficients of radiopaque agents (BaS04,W, Zr, and Ta) and
X-ray spectrum from tungsten in 70, 90, and 110 kV
Using the nano size radiopaque agents, improve dispersion and distribution of particles
inside of matrix. Because of high surface area, the probability of interaction of X-ray
photons with radiopaque agent atoms will increase and mass attenuation coefficient
improves and cement with nano radiopaque agents expected to give better visibility.

In

conclusion, this study is in the proximity of the vertebroplasty application. The visibility of
radiopaque agents are investigated at X-ray tube voltage and current used in vertebrolasty
and 30 cm layer of water is used to imitate the effects of the patient soft tissue. Contrast
index of BaSC>4 and Zr decrease with improvement in X-ray tube voltage because of
decrease in mass attenuation coefficient. Tungsten gives higher visibility in higher range of
X-ray voltage which k-border appears. In lower voltage, all radiopaque agents give the
same visibility. Increase in the current of X-ray lamp can slightly improve visibility but the
effect of this factor is not comparable with the effect of voltage or concentration of
radiopaque agents. This study shows that BaS0 4 is a good radiopacifier especially in lower
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range of X-ray voltage and tungsten, zirconium, and tantalum are good alternatives if the
side effects of BaS0 4 are not negligible.
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5 Conclusion
In vertebroplasty, cement leakage out of vertebra is an important concern and it can be
controlled through improvement in cement properties. Designing new cement or modifying
conventional cement in order to have a predictable viscoelastic behavior, is one way to
control leakage during vertebroplasty. Based on the previous studies, cement with high
viscosity has lower leakage. On the other hand, working time which is the time for
injection of cement by physician should be longer as much as possible. It means that ideal
cement for vertebroplasty should have a proper viscosity and also this viscosity does not
change significantly during injection time (working time). The detection of cement leakage
out of vertebra happens by using fluoroscopy guidance and radiopaque agents in the
cement makes it easy for physicians to be aware cement leakage and to stop injection.
Therefore, cement contains radiopaque agent with high attenuation under fluoroscopy or
high concentration of radiopaque agent, has higher safety for vertebroplasty. Variation of
viscosity and rheological properties of cement depend on physical and chemical
characteristics of cement ingredients and environmental conditions. Variation of liquid to
powder ratio, type of pre-polymerized polymer powder, molecular weight of polymer,
concentration and type of initiator and activator in powder and liquid, concentration of
fillers (radiopaque agents, hydroxyapatite), particle size distribution of polymer powder
and other fillers ( radiopaque agents), and the density of radiopaque agents in the cement
affect the rheological properties. For example variations in initiator and activator
concentration change the kinetic of polymerization reaction and the viscosity of cement.
Based on this concept, studying the effect of addition of radiopaque agent to cement in the
form of excess and substitute formulation was the goal of first part of this project.
Thermal and rheological properties of modified acrylic bone cement with conventional
radiopaque agents shows improvement in setting time when the concentration of
radiopaque agents increase in the substitute formulation. This gives lower viscosity and in
the following more time for injection. Residual monomer decreases for substitute
formulation. With increase of barium sulfate concentration, excess formulations shows
higher residual monomer but for substitute cement, we have a decreasing trend. Acrylic
bone cements with excess formulation have higher initial viscosity compared to reference
or substitute but the variation of viscosity with time is lower for substitute formulation and
cements have higher working time.
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In order to improve the safety of vertebroplasty technique, using pure and high
concentration of radiopaque agents in bone cement is proposed by some physicians.
Enhancement of the visibility of cement under fluoroscopy guidance helps to the
physicians to recognize cement leakage and to stop injection of cement. There are several
elements with high density and attenuation under fluoroscopy but only some of them or
their compositions have medical applications. On the other hand, fluoroscopy conditions
have direct effect on the visibility and need to be studied precisely.
In order to investigate new radiopaque agents for bone cement, tungsten, tantalum,
and zirconium are studied as alternative radiopaque agents and barium sulfate as reference
in the second part of project. This study is in the proximity of the vertebroplasty
application. Visibility parameter, Contrast Index, is the same for barium sulfate, tungsten,
and zirconium in the lower voltage but in higher voltage of X-ray lamp, tungsten and
zirconium give better visibility. Variation of current in X-ray lamp, change the visibility of
cement slightly compared to the effect of voltage. Nano tungsten gives higher visibility
compared to micro size particles but for zirconium more visibility is observed for micro
size particles.
Finally, the efforts to control cement leakage out of vertebra direct us to modify
and redesign formulation of acrylic bone cement but this multifunctional job needs to take
into consideration the chemical and physical characteristics of cement ingredients and their
interactions with cement properties (thermal and rheological). Acrylic bone cement as a
highly concentrated suspension follows an empirical equation- Kreiger-Doughery - to
explain rheological properties. In this equation, viscosity of the suspending fluid, volume
fraction, maximum volume fraction, and particle size ratio are important parameters and
they depend on swelling and dissolution phenomena.
Furthermore, with increase in particle size distribution of particles (polymer and
fillers), maximum temperature reduces and this phenomenon affects polymerization rate
and thermal properties such as setting time. In equal situation, effect of particle size
distribution on thermal properties (maximum temperature, setting time) is more effective
than concentration of initiator or activator.
Before starting polymerization reaction (doughing time), reaction kinetic is
independent to concentration of initiator or activator and only swelling and dissolution are
predominant phenomena. Activation energy of swelling is bigger than polymerization
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reaction and due to this setting time is more sensitive to parameters which control swelling
process. Moreover, swelling and dissolution phenomena affect on viscosity.
In addition, lack of sufficient radiopacity increases the risk of cement leakage and
although using higher concentration of conventional radiopaque agents improves
radiopacity but there are some difficulties like bone resorption, mal injectability, and weak
mechanical properties. Using new radiopaque agents with high attenuation under
fluoroscopy

is an alternative solution to enhance visibility of bone cement for

vertebroplasty application. In this way, effect of new radiopaque agents on physicochemical properties of cement is unknown.
i

Using experimental design technique and statistical analysis to study effect of
different factors on the viscoelastic properties and visibility of cement are essential and
useful.

5.1

Future works
Indeed, we are able to classify and to propose the following projects to investigate

the effect of different parameters on the viscosity of bone cement.
a) PSD of polymer powder and fillers
Cement powder with small mean size diameter of particles has higher viscosity
compare to the cement powder with large mean size diameter of particles because of higher
dissolution rate and more viscose media. For powder with bimodal size distribution, flow
ability of cement improves and leakage will decrease. In addition, polymer powder with
large mean particle size adsorbs heat of polymerization reaction and reduces rate of
polymerization reaction. Setting time increases and it is possible to control cement leakage.
b) MW of polymer powder
With low molecular weight of polymer, swelling process and dissolution will
happen faster and doughing time will start faster than before and viscosity of cement is
higher and working time interval is larger and control of leakage is more possible.
c) Polymer powder type (Homopolymer or copolymer)

93

Setting time depends on the activation energy of swelling phenomena than the
activation energy of polymerization reaction and it controls by polymer powder properties
(MW and Type). Viscosity of cement with higher setting time increase slowly and risk of
leakage will be reduced.
d) Concentration of radiopaque in powder
Radiopaque materials in cement powder are not able to dissolve and act as filler
which increase the viscosity of cement and injection of cement with high viscosity reduces
the risk of leakage.
e) Type of radiopaque materials in powder
Radiopaque agents with higher density give higher viscosity and decrease the risk
of leakage.
f) Liquid to powder ratio
In particular, the gel effect occurs at lower values of degree of reaction when a non-.
reactive polymer is added to the monomer. For a reactive system containing a high fraction
of non-reactive polymer, as in the case of bone cement, auto acceleration happens virtually
at the beginning of reaction. Small liquid to powder ratio increases time interval between
gel point and vitrification point (doughing time and setting time) and gives this opportunity
to control risk of leakage.
g) Initiator or activator concentration
Decrease of the concentration of initiator or activator, increase setting time and
leakage will reduce.
h) Type of activator in liquid
Incorporating amines with bulkier substitutes extends setting time compare to
amines with only n-methyl substitutes and leakage will change too.
i) Hydroquinone concentration
Although inhibitor level has an effect on setting time, critical chain length and
viscosity are more important in determining setting time. With increase of HQ
concentration, setting time will extend and leakage will be reduced.
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j) Cross linking agents in liquid part
With addition of cross linking agents, doughing time increases and working time
interval is less but viscosity of cement is higher.
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6 Conclusion (en fran^ais)
En vertebroplastie, les fuites de ciment hors de la vertebre sont une preoccupation
importante, mais qui peuvent etre controlees grace a Amelioration des proprietes du
ciment. La conception d'un nouveau ciment ou la modification d'un ciment existant afin
d'obtenir un comportement viscoelastique previsible, est une fafon de controler les fuites
lors de la vertebroplastie. En se basant sur des etudes precedentes, il s'est avere que le
ciment a viscosite elevee a moins de fuites. D'autre part, le temps de travail -qui est le
temps pour l'injection du ciment par le medecin- devrait etre plus long, autant que possible.
Cela signifie que le ciment ideal pour la vertebroplastie devrait avoir une viscosite
appropriee qui ne change pas de fa?on significative au cours du temps d'injection (temps de
travail). A l'aide de la radioscopie et des agents radio-opaques melanges dans le ciment il
est facile pour les medecins de detecter les fuites de ciment hors de la vertebre et ainsi de
cesser l'injection. Par consequent, un ciment contenant un agent radio-opaque avec une
grande attenuation sous fluoroscopie est plus securisant pour le praticien. La variation de la
viscosite et des proprietes rheologiques du ciment dependent des caracteristiques physiques
et chimiques de ses ingredients et des conditions environnementales. Les proprietes
rheologiques sont affectees par plusieurs parametres, comme la variation du ratio poudre
liquide, le type de polymere pre-polymerise en poudre, le poids moleculaire du polymere,
la concentration et le genre d'initiateur et d'activateur dans la poudre et le liquide, la
concentration des produits de comblement (agents radio-opaques, hydroxyapatite), la
distribution de la taille des particules du polymere poudre et d'autres agents de remplissage
(agents de radio-opaques), et la densite des agents radio-opaques dans le ciment. Par
exemple la variation de la concentration de l'initiateur et de l'activateur modifie la
cinetique de la reaction de polymerisation et la viscosite du ciment. Partant de ce concept,
le but de la premiere partie de ce travail est l'etude des effets de l'ajout de l'agent radioopaque au ciment sous forme d'additif (formulation en addition) ou en utilisant une
formulation substitute.
Les proprietes thermiques et rheologiques du ciment osseux acrylique modifie avec les
agents conventionnels radio-opaques, montrent une amelioration du temps de prise lorsque
la concentration des agents radio-opaques augmente dans une formulation substitute.. Ceci
resulte en une faible viscosite, et done en plus de temps pour l'injection. Le monomere
residuel diminue en formulation substitute. En augmentant la concentration du sulfate de
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barium, les formulations en addition montrent un fort monometre residuel mais pour le
ciment substitue, il a tendance a diminuer. Le ciment osseux acrylique avec formulation en
addition possede une grande viscosite initiale comparativement a la reference ou a la
formulation en substitution, mais la variation temporelle de la viscosite est plus faible pour
la formulation substitute et le ciment a un plus grand temps de travail.
Afin d'ameliorer la securite de la technique de la vertebroplastie, quelques medecins
suggerent 1'utilisation d'une haute concentration des agents radiopaques dans le ciment
osseux. L'amelioration de la visibilite du ciment sous fluoroscopic guidee, aide les
medecins a reperer les fuites et ainsi de stopper l'injection du ciment. Plusieurs elements
possedent une grande densite et attenuation sous fluoroscopic, mais quelques uns
seulement sont utilises medicalement. En effet, les conditions de fluoroscopic ont un effet
direct sur la visibilite et necessitent une etude plus precise.
Afin d'etudier de nouveaux agents radio-opaques pour le ciment osseux, les metaux
suivants ont ete etudies : le tungstene, le tantale et le zirconium. Ceux-ci sont consideres
comme des agents radio-opaques alternatifs et le sulfate de baryum comme reference, dans
la deuxieme partie du projet. Cette etude est en lien avec les applications de la
vertebroplastie. L'indice de contraste, utilise comme parametre de visibilite, est le meme
pour le sulfate de baryum, du tungstene, du zirconium en basse tension mais a haute
tension de la lampe a rayons-X, le tungstene et le zirconium donnent une meilleure
visibilite. La variation du courant dans la lampe a rayons X, change legerement la visibilite
du ciment comparativement a l'effet de la tension. Le Nano tungstene donne une plus
grande visibilite par rapport a la taille des micros particules, mais pour le zirconium, une
meilleure visibilite est observee pour les micro particules.
Finalement le controle des fuites de ciment en dehors de la vertebre nous a conduit a
modifier et remanier la formulation du ciment osseux acrylique, cependant ce travail
multifonctionnel necessite la prise en compte des caracteristiques chimiques et physiques
des ingredients du ciment et leur interaction avec ses proprietes (thermiques et
rheologiques). Le ciment osseux acrylique comme suspension tres concentree obeit a une
equation empirique - Kreiger-Doughery - pour expliquer ses proprietes rheologiques. Dans
cette equation, la viscosite du fluide suspendu, la fraction volumique, le maximum de la
fraction volumique et le rapport taille des particules, sont des parametres importants et
dependent de l'enflure et des phenomenes de dissolution.
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En outre, en augmentant la distribution granulometrique des particules (polymere et
charges), la temperature maximale diminue et ce phenomene affecte la vitesse de
polymerisation et les proprietes thermiques telles que la « definition du temps ». L'effet de
la repartition granulometrique est plus important sur les proprietes thermiques (temperature
maximale, l'etablissement du temps) que la concentration de l'initiateur ou de l'activateur.
Avant de commencer la reaction de polymerisation, la cinetique de reaction est
independante de la concentration de l'initiateur ou de l'activateur et seulement le
gonflement et la dissolution sont predominants. L'energie d'activation du gonflement est
plus grande que la reaction de polymerisation et par consequent le temps de prise est plus
sensible aux parametres de controle de processus de gonflement. En outre, le gonflement et
la dissolution affecte la viscosite. De plus, 1'absence de radio-opacite suffisante augmente
le risque de fuite du ciment et bien que l'utilisation d'une concentration plus elevee
d'agents conventionnels radiopaques ameliore la radio-opacite il reste certaines difficultes
comme la resorption osseuse, la mal injectabilite

et de faibles proprietes mecaniques.

L'utilisation de nouveaux agents radio-opaques avec une grande attenuation sous
fluoroscopic est une solution alternative pour renforcer la visibilite de ciments osseux pour
leurs applications en vertebroplastie. Cependant, l'effet des nouveaux agents radio-opaques
sur les proprietes physico-chimiques du ciment reste inconnu. II est done indispensable et
utile d'utiliser une technique de conception experimentale accompagnee d'une analyse
statistique pour etudier l'effet de differents facteurs sur les proprietes viscoelastiques et la
visibilite de ciment.
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