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The polymerization behaviour of bone cements during total hip replacements is
characterized by a fast and highly non-isothermal bulk reaction. In the first part of this paper
the reaction kinetics are analysed by calorimetric analysis in order to determine the rates of
polymerization in isothermal and non-isothermal conditions. A phenomenological kinetic
model, accounting for the effects of autoacceleration and vitrification, is presented. This
model, integrated with an energy balance, is capable of predicting the temperature across
the prosthesis, the cement and the bone and the degree of reaction in the cement, during in
situ polymerization. The temperature and the degree of reaction profiles are calculated, as
a function of the setting time, taking into account the system geometry, the thermal
diffusivity of bone, prosthesis and cement, and the heat rate generated by the reaction
according to the kinetic model. Material properties, boundary and initial conditions are the
input data of the heat transfer model. Kinetic and heat transfer models are coupled

and a numerical solution method is used. The model is applied in order to study the effects
of different application procedures on temperature and degree of reaction profiles across the

bone-cement—prosthesis system.

1. Introduction

The polymerization conditions of methyl methac-
rylate (MMA)-based bone cements significantly affect
their properties and performances. During chain poly-
merization of MMA a series of complex independent
reactions occurs, involving free radicals, monomers
and long chain molecules [1]. Furthermore, during
the polymerization of bone cements, dramatic
rheological changes of the materials, involving the
transformation of the viscous cement into a solid glass
(vitrification), occurs. The growth of the polymeric
chains is due to a monomer addition reaction that
follows a first-order kinetic until a critical viscosity of
the reactive mixture, corresponding to a given value
of the degree of reaction, is attained. This point marks
the onset of the so-called gel effect [ 1-7] during which
a sudden increase of the reaction rate is observed. The
effect of diffusion during polymerization is also re-
sponsible for the reaction end [4, 8-10] when the glass
transition temperature, continuously increasing dur-
ing polymerization, approaches isothermal polymeriz-
ation causing a transition of the growing polymer in
the glassy state (vitrification). In these conditions,
the molecular mobility is strongly reduced and the
reaction becomes diffusion controlled. Therefore, vit-
rification is responsible for a termination step in poly-
merization governed by this strong reduction in the
molecular mobility before all the monomer is con-
sumed.
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During application of bone cement in total hip re-
placement, the bone and the prosthesis act as the
boundaries of a true batch chemical reactor. As a con-
sequence of the significant development of heat due to
the exothermic nature of the polymerization reaction,
a fast and highly non-isothermal bulk polymerization
occurs. In particular, the cement/bone interface may be
considered as a weak point, often responsible for the
failure of total joint replacements [11, 12]. Improve-
ments of the strength of this interface may be obtained,
not only with good osseous penetration of the cement
but also avoiding the tissue necrosis that may originate
either from thermal or from chemical causes. The ther-
mal effects of the polymerization are reflected in a sig-
nificant peak temperature ranging between 80 °C and
124°C in the cements [13] and between 48 °C and
105°C at the bone/cement interface [14]. Poly methyl
methacrylate (PMMA) and/or other fillers are usually
added in order to reduce the heat evolved per unit mass
of cement, and also if the filler weight fraction is limited
by the viscosity of the cement. However, the peak
temperature cannot be considered an exhaustive para-
meter for the determination of thermal damage to tis-
sues. The time during which the tissues are exposed to
a temperature higher than a threshold value must also
be taken into account. As reported by Brauer et al.
[14], between 48 °C and 60 °C, cell necrosis may occur
depending on the exposure time, which at 50 °C ranges
between 30 s and 400 s.
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Toxic chemicals may arise from incomplete poly-
merization occurring in normal operative conditions
determining high levels of unreacted monomer in the
cement. The residual MMA, slowly released from
the cement, may be responsible for tissue damage. The
maximum degree of advancement of the polymeriz-
ation reaction represents a measure of the amount of
residual monomer in the bone cement.

A quantitative correlation between the temperature
profiles and the degree of reaction across the bone—
cement—prosthesis system and the polymerization
conditions is not available in the literature. The final
properties of the cement are significantly dependent
on process variables, such as the mixing procedure
and temperature and the geometry of the prosthesis
and of the cavity. Accurate control of these variables
may be considered a necessary step in order to obtain
constant properties for the same cement used by dif-
ferent surgeons, and in order to perform laboratory
tests that are representative of in situ polymerization
conditions. Only optimization of the processing para-
meters in surgical practice can lead to the definition of
the true limits of the existing cements. Improvement in
biocompatibility or mechanical or processing charac-
teristics of existing cements may not be achieved with-
out considering the correlation among properties
structure and processing. In particular, polymer-
ization kinetics play a fundamental role in the de-
termination of temperature and degree of reaction
profiles during application.

In this paper, the isothermal and non-isothermal
polymerization behaviour of a commercial bone ce-
ment is described. In the first part the reaction kinetic
is analysed by differential scanning calorimetry (DSC).
DSC data are used for the quantitative determination
of the rates of polymerization in isothermal and
non-isothermal conditions. A phenomenological kin-
etic model, already applied to thermosetting systems,
is presented. The experimental DSC data are processed
to calculate the parameters of the kinetic model.

This model is integrated with an energy balance in
order to predict the temperature across the prosthesis,
the cement and the bone, and the degree of reaction
in the cement during non-isothermal polymerization.
Temperature and degree of reaction profiles are cal-
culated as a function of the setting time, taking into
account the system geometry, the thermal diffusivity
of bone, prosthesis and cement, and the heat rate
generated by the polymerization reaction according to
the kinetic model. Material properties, boundary and
initial conditions and kinetic behaviour are the input
data of the heat transfer model. Kinetic and heat
transfer models are coupled and a numerical solution
method is used. The model is applied to the study of
the effects of different thicknesses and initial temper-
ature of the cement on temperature and degree of
reaction profiles across the bone-cement—prosthesis
system.

2. Experimental procedure
A commercial radiopaque bone cement, Surgical
Simplex P, kindly supplied by Howmedica, was
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TABLE I Composition of the material studied

Powder Composition
by weight (%)

Polymethyl methacrylate 15

Methyl methacrylate-styrene copolymer 75

Barium sulphate U.S.P. 10

Unknown initiator

(probably benzoyle peroxide) ?

Liquid monomer Composition

by volume (%)

Methyl methacrylate 97.4
N,N-dimethyl para toluidine 2.6
Hydroquinone 75 + 15 ppm

analysed. The powder and liquid monomer, whose
composition is reported in Table I, were mixed ac-
cording to the instructions of the supplier (1/3 by
volume of monomer and 2/3 by weight of powder).

Calorimetric analysis was carried out with a differ-
ential scanning calorimeter (DSC), Mettler DSC 30,
operating with constant nitrogen flow of 100 cm?/min.
Sample preparation (6—10 mg) was performed at 20 °C
using a constant mixing time of 1.5 min. The overall
time, from contact of the monomer with the powder
(i.e. with the initiator) to the beginning of the DSC test
was 2.5 min. The samples, weighed after each experi-
ment, showed negligible evaporation of monomer
(less than 0.2 mg).

3. Polymerization kinetics

3.1. General behaviour

A typical DSC thermogram obtained at 30°C is re-
ported in Fig. 1. The delay in the DSC signal repres-
ents an induction time, a relevant parameter from a
processing point of view, associated with the reaction
between initiator and inhibitor (hydroquinone) [8].
Hydroquinone is present in the cement in order to
prevent incipient polymerization during storage and
to delay the onset of polymerization reaction for the
time required for the insertion of the cement and
positioning of the prosthesis. However, only a small
amount of hydroquinone may be added as a conse-
quence of its toxicity [14]. The induction time (t;)
(Fig. 1), which may be considered as the only detec-
table macroscopic parameter representative of the
inhibitor—initiator reaction, shows the following tem-
perature dependence:

t; = 1/[Kexp(— E/RT)] (1)

The induction times, measured in different isothermal
DSC experiments and corrected for the sample prep-
aration time, are used to compute the parameters of
Equation 1 by linear regression (Table IT). Good agree-
ment between experimental data and model results is
observed in Fig. 2.

DSC measurements may be used for determination
of the advancement of polymerization by assuming
that the heat evolved during the polymerization
reaction is proportional to the overall extent of the
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Figure 1 Isothermal DSC thermogram obtained during polymer-
ization at 30 °C.
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Figure 2 Temperature dependence of the isothermal induction
times.

reaction, given by the fraction of reactive groups con-
sumed. Following this approach the degree of reac-
tion, o, is defined as:

o = Q(t)/Quat )

where Q(t) is the partial heat of reaction developed
during a DSC experiment and Q,, represents the max-
imum heat of reaction measured in a non-isothermal
experiment, taken as a reference value. The reaction
rate, doy/dt, is thus obtained from the heat flow dQ/dt
as:

doy/dt = 1/Q.,(dQ/d1) )

A value of Q,, = 125 J/g is assumed as an average
of the heats of reaction measured in non-isothermal
experiments. It must be noted that this value, if refer-
red to the weight of MMA, is lower (375 J/g) than the
theoretical heat of polymerization of MMA (550 J/g).
This can be explained assuming that the liquid mono-
mer is an oligomer rather than pure MMA, or that
limited increase of the average molecular weight dur-
ing storage has occurred.

The heat developed during isothermal DSC experi-
ments (Q;) is lower than Q,,,, indicating that unreac-
ted monomer is still present. Then a maximum degree
of reaction, a,,, may be introduced:

Uy = Qis/Qtot (4)
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Figure 3 Temperature dependence of the maximum degree of reac-
tion obtained from isothermal DSC polymerization experiments.

TABLE II Parameters of the kinetic model

Parameter Value Parameter Value
n 0.7 a —0.1336
m 0.86 b(K™Y 0.00307
In(Ky) (s~ 1) 18.8 In(K,,)(s) — 2571
E./R(K) 6600 E,/R(K) 9223
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Figure 4 DSC thermograms obtained at 10°C/min on a sample
previously cured at 30 °C (trace (a)), on the powder sample (trace (b))
and on a fully cured cement sample (trace (c)) (traces (b) and (c) are
vertically shifted).

The temperature dependence of o,,, shown in Fig. 3,
can be well represented by a linear relationship
[8-10]:

O =0a+bT for T < Tymax;

Oy =1 for T > Ty (5)

When the temperature approaches the glass
transition temperature (T,) of the fully polymerized
system (T gmax), om = 1. The fitting parameters a and
b are reported in Table II. The presence of unreacted
monomer may be revealed by heating a sample after
isothermal polymerization. The thermogram of Fig. 4
(trace (a)) was obtained at 10°C/min on a sample
polymerized at 30°C. A typical residual reactivity
peak, located at a temperature of 10-15 °C higher than
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the polymerization temperature, is observed, indicat-
ing that the material is not fully polymerized. As
shown in Fig. 4 (trace (a)), the reaction may restart in
conditions of enhanced molecular mobility by simply
heating the sample at a temperature higher than the
T, developed during the former isothermal polymeriz-
ation. Since the rate of reaction is very high compared
with the structural volume relaxation occurring dur-
ing the glass transition, vitrification is not able to
instantaneously arrest the reaction, as observed for
thermosetting resins [8-10, 15], and the T, may reach
a temperature of 10-15 °C higher than the polymeriz-
ation temperature. For these reasons the onset of
residual reactivity may be considered as a measure of
the T, of a blend of three components:

(1) the isothermally polymerised PMMA,;
(2) the polymeric fraction of the powder;
(3) the unreacted monomer (MMA).

If vitrification occurs when the T, of the blend
PMMA /powder/MMA (T;,) reaches the test temper-
ature, the T, of the growing PMMA could be cal-
culated from the weight fraction (WW;) of the three
components using the Fox equation [16]:

(©)

1 "ow;
Tgb B igl Tgi

The glass transition temperature of the powder
(T, = 386 K) is calculated by the thermogram re-
ported in trace (b) of Fig. 4. A T, of the blend unreac-
ted MMA /powder of 225 K is measured by DSC and,
applying Equation 6, a glass transition temperature of
MMA, Tauma = 129K, is calculated. The T, of
PMMA (T gpmma) polymerized at 30 °C may be evalu-
ated, with some approximation, from Equation 6 us-
ing Tg,, Touma and T,,. The onset of the residual
reactivity peak reported in trace (a) of Fig. 4 is as-
sumed to be the closest value of T, that can be
measured. A Tgpyma = 385 K, in accordance with the
values (378-386 K) reported in the literature [17], is
obtained. Although the calculated value of T ppma iS
practically equal to that of the powder (T, = 386 K),
the unreacted monomer still present, acting as a plas-
ticizer, lowers the glass transition temperature of the
cement experimentally observed by DSC to T,

The thermogram obtained when heating at
10°C/min a sample polymerized in non-isothermal
conditions to 150 °C, is reported in Fig. 4 (trace (c)). In
this case the residual reactivity peak is not detected,
while a glass transition temperature of the cement
T, = 376 K, 10°C lower than the T, of the powder,
is clearly shown. This value represents the T, of the
blend of PMMA just polymerized and of the polymer
fraction of the powder. Ty is lower than T',, probably
because of the presence of unreacted MMA. It must be
noted that, when applying Equation 6 to a blend of
powder and MMA, a very small weight fraction of
MMA (about 1%) lowers the T,, by 10 K!

3.2. Kinetic modelling
The chain polymerization reactions, as mentioned
above, are dominated by the effect of diffusion at the
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beginning (gel effect) and at the end of polymerization
(vitrification). For this reason, the rather simple ex-
pression obtained at constant temperature in steady
state conditions [1], accurately represents the kinetic
behaviour only for low values of the degree of reaction
(a0 < 0.2)

do (2fk\**
a—kp< k{) (1—a) ()

In Equation 7, k,, k;, and k, represent the kinetic
constants of propagation, initiation and termination
reaction, and f the initiator efficiency. In particular,
the gel effect occurs at lower values of the degree of
reaction when a non-reactive polymer is added to the
monomer [7]. For a reactive system containing a high
fraction of non-reactive polymer, as in the case of bone
cements, autoacceleration virtually occurs at the be-
ginning of reaction.

Although many complex models have been re-
ported in the literature for the polymerization of
MMA [2-6], this shift of the onset of gel effect
at the reaction start may lead to a simpler kinetic
model. Since a decrease of k, is responsible for the
gel effect, and a decrease of k, is responsible for
termination when vitrification occurs, these constants
may be considered dependent on the degree of reac-
tion as follows:

ky = k{o= ™ k, =k, (o, — )" (8)

Therefore the two diffusion effects that are respon-
sible for the deviation of kinetic behaviour from
Equation 7 may be taken into account using a simple
pseudo-autocatalytic expression, obtained by modi-
fying a kinetic equation previously proposed for un-

saturated polyester and acrylic thermosetting resins
[8, 207:

do/dt = Ko™ (o, — )" (1 — o) 9)

where m and n are fitting parameters not dependent on
temperature and K = k;,(2fk;/k))®" is a single temper-
ature-dependent rate constant given by an Arrhenius-
type equation:

K = K,exp( — E,/RT) (10)

where K, is the pre-exponential factor, R is the gas
constant, E, the activation energy and T the absolute
temperature. The temperature dependence of a,, in
Equation 9 is given by Equation 5.

The full model, given by Equations 1, 5, 9 and 10,
predicts that the rate of reaction during an isothermal
polymerization approaches zero when o = a,,. This
condition represents the effect on the kinetic behav-
iour of a dramatic decrease of the molecular mobility
due to the transition to a glassy state.

The values of the kinetic parameters of the model,
evaluated by regression analysis, are listed in Table II.
A comparison between the experimental DSC data
and the model (Equations 1, 5, 9 and 10) predictions in
isothermal conditions is reported in Figs 5 and 6.
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Figure 5 Comparison between kinetic model predictions and ex-
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Figure 6 Comparison between kinetic model predictions and ex-
perimental degree of reaction data in isothermal conditions:
O 30°C; O35°C.

In order to verify the model in non-isothermal
conditions, a non-isothermal induction time, t,;, cal-
culated as the sum of the contributions at each iso-
thermal temperature step must be introduced:

0= f nr (11)

o kL

where t; is the isothermal induction time given
by Equation 1 and Q is a dimensionless parameter
ranging from 0 to 1. Numerical integration of Equa-
tion 11 is performed taking t=0 at the initial
temperature of the DSC experiment. The value t = t,;
at which Q = 1, represents the non-isothermal induc-
tion time. Equation 11, representing the reaction
between inhibitor and initiator for every thermal
condition, must be integrated before propagation
reaction starts (Equation 9). The comparison between
experimental data and model predictions in non-iso-
thermal conditions is shown in Fig. 7. The good agree-
ment observed in Figs 5-7 indicates that a simple
model can be used to represent the complex kinetic
behaviour.
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Figure 7 Comparison between kinetic model predictions and ex-
perimental degree of reaction data in non-isothermal conditions:
0 3°C/min; 0.5 °C/min; < 10 °C/min.

4. Simulation of in situ polymerization

4.1. Energy balance

During polymerization, heat is generated in the mater-

ial due to the exothermic nature of the reaction. The

rates of reaction are usually very high at typical poly-
merization temperatures and not all the heat can be
dissipated fast enough to maintain isothermal con-
ditions. The temperature inside the bone—cement—
prosthesis system can be calculated by solving an
energy balance coupled with an appropriate expres-

sion for the polymerization kinetics [9, 10].
Simulation of the non-isothermal polymerization

behaviour of the studied bone cement during hip re-

placement procedures, is performed introducing the
following assumptions:

1. Heat is dissipated only in the radial direction
(r axis) according to the axial section sketched in
Fig. 8.

2. The value of density, p, specific heat, C,,, and ther-
mal conductivity, k,, are taken as the literature
values for bone [18], cement [10, 13] and a steel
prosthesis [19], and are reported in Table III.

With these assumptions the law of conservation of
energy in the bone and the prosthesis takes the form:
p; Cpi 0T /0t = k(0*T/0r* + (1/r)0T /Or) i=b,p
(12)

indicating the properties of bone and prosthesis with
the subscripts b and p, respectively. The energy bal-
ance in the cement must take into account the rate of
heat generated by the chemical reactions (dQ/dr):

po Cpe OT /01 = k(@2 T/0r? + (1/r)0T/or) + p. dQ/dt
(13)

dQ/dt is given by Equation 4 but in this case the rate
of reaction do/dt is calculated from the kinetic model
(Equations 5 and 9-11). Dimensionless numbers may
be introduced in order to better understand the rela-
tive weight of the different terms of Equations 12 and
13 and to facilitate the numerical solution [8, 20]. The
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Figure 8 Sketch of the geometry used for the simulation of in situ
polymerization of the bone cement.

dimensionless variables of the model are defined as:
dimensionless temperature 0 = (T — T)/(Tier — To)
dimensionless time t* = t/t;,

r* = r/Ar; i=p,cb

(14)

dimensionless position

where Ar; represents the radius of the prosthesis or the
thickness of the cement or the bone (Fig. 8), T, is the
initial temperature of the cement, T'..; = 37 °C is taken
as reference temperature for evident reasons, and
t1)2 is defined as the time needed to reach a value of
o = 0.5. t1), is obtained by numerical integration of
the kinetic model given by Equations 5 and 9-11 at
T=T

—_

ref*

etic constant given by:
K*=1,,K, (18)

In Equations 15 and 16, De; is a dimensionless
diffusion Deborah number [8, 207]:

De; = kiity)o/piCpiAr; - i=b,p,c (19)

The Deborah number represents the relationship
between the heat transferred by conduction and the
accumulation of heat in the material. Furthermore, in
Equation 16 the Stefan number, St, is introduced:

St = Qtot/[(Tref - To) Cpc] (20)

St may be considered as the relationship between
the latent heat associated with the chemical reaction
and the accumulation of heat in the material. Isother-
mal polymerization conditions are verified if, in the
energy balance, the contribution of the thermal diffus-
ivity (measured by the Deborah number) is much
higher than the contribution of heat generation due to
the polymerization reaction (measured by the Stefan
number). On the other hand, adiabatic conditions are
approached if De is one order of magnitude lower than
1. The Deborah numbers of the bone, of the prosthesis
and of the cements are a measure of their ability to
dissipate the heat generated in the cement by poly-
merization. For a given material characterized by con-
stant values of t,, ky, p and C,, the value of De is
determined by its thickness.

In Equations 15-17 the initial conditions are:

prosthesis: t*=0 0=20,
cement: t*=0 0=0, oa=0
bone: t*=0 0=1 (21)

where 0, and 6, are given by Equation 14 calculated
at the initial temperature of the prosthesis and cement,
respectively. The dimensionless boundary conditions
are:

prosthesis: r*=0 o8/or* =0 (22)
r*=1  (06/0r*),, = K},(06/0r*),.0,(1) = 6.(0) (23)
cement: r¥=0 (06/0r*),, = K},.(00/0r*),, 0,(1) = 6.(0) (24)
r*=1  (06/0r*), = K%(00/0r*),,0.(1) = 8,(0) (25)
bone: r¥=0 (08/0r*),, = K},(00/0r*),, 0,(1) = 6.(0) (26)
rf=1 0=1 (27)

The final equations then become for the bone and

the prosthesis:
00/0t = De;(0%0/0r*? + (1/r*)0T /Or*) i=b,p

(15)

and for the cement:
00/0t = De (020/0r** + (1/r*)0T/or*) + St do/dt*
(16)
do/dt* = K*exp(— E,/RT)a™(1 — o) (o, — )"
(17)

Equation 17 is the dimensionless form of the kinetic
model (Equation 9) where K* is a dimensionless kin-
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Equations 23-27 state that the equivalence of
the heat flow and of the temperatures at the interface
between prosthesis and cement and between cement
and bone is imposed. The dimensionless groups

TABLE 111 Properties of bone, prosthesis and cement

Parameter Prosthesis Cement Bone
k. (W/mK) 10.3 0.17 0.43
C,(J/gK) 0.5 1.7 1.25
p(g/cm?) 7.8 1.1 1.7
QiJ/8) 125




K}, and K}, are defined as:
K;kpc = (kc rp)/(kprc) (28)
Koo = (ko ro)/(kery) (29)

A numerical solution of the mathematical model
presented (Equations 15-17) is performed using im-
plicit finite differences.

4.2. Model results

Simulation of the polymerization process is performed
according to the geometry sketched in Fig. 8. The
thickness of the parts and the initial and boundary
conditions are listed in Tables IV and V. In the pro-
posed case studies, the effect of the cement thickness
and of the insertion temperature are considered.

For simulations A and B (Table V) a preparation
time of 4.3 min at 18 °C is assumed, in accordance with
the data collected by Noble [10] from 21 total hip
replacement procedures. The temperature and the
degree of reaction as a function of time at the
bone/cement interface, are reported in Figs 9 and 10
(simulations 1A, 2A and 3A). The Deborah numbers
of the bone (De, = 0.29) and of the cement, listed in
Table VI, are one order of magnitude lower than the
Stefan number for cement thickness of 5 and 7 mm,
indicating that adiabatic conditions are approached.
As shown in Fig. 10, the reaction simultaneously starts
in every point across the cement thickness, determin-
ing a peak temperature at the bone/cement interface
of about 50 °C and, inside the thicker cement layers,
higher than 120°C. The 3 mm thick cement layer
presents a much lower peak temperature inside the
cement, as shown in Table VI, but at the bone/cement
interface the maximum temperature is very close
(1°C lower) to that calculated for the thicker layers.
As reported by Brauer et al. [14], the threshold level
for thermal tissue damage ranges from 48 °C to 60 °C,
depending on the exposure time. At 50 °C, cell necrosis
occurs with exposure between 30s and 400s. The
exposure times at a temperature higher than 50 °C,

TABLE 1V Radial dimensions of prosthesis, bone and cement
adopted for simulations of the in situ polymerization process

Simulation Prosthesis Cement Bone

number radius thickness thickness
(mm) (mm) (mm)

1A, 1B, 1C 10 3 8

2A, 2B, 2C 8 5 8

3A, 3B, 3C 6 7 8

TABLE V Initial and boundary conditions adopted for simula-
tions of the in situ polymerization process

Simulation Prosthesis Cement Bone
number temp. (°C) temp. (°C) temp. (°C)
1A, 2A, 3A 18 18 37

1B, 2B, 3B 18 5 37

1C, 2C, 3C 18 30 37

calculated from the different simulations, are reported
in Table VI. As shown in Fig. 9 and Table VI, the
effect of a thicker cement layer is reflected in a longer
exposure time at high temperature rather than in
a higher peak temperature.
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Figure 9 Results of the numerical simulation: temperature versus
polymerization time at the bone/cement interface for three different
thicknesses (simulations 1A, 2A, 3A): — 3 mm; ——— Smm,.......
7 mm.
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Figure 10 Results of the numerical simulation: degree of reaction
versus polymerization time at the bone/cement interface for three
different thicknesses (simulations 1A, 2A, 3A): —— 3 mm; ———
Smm; ————— 7 mm.

TABLE VI Results of the simulations

Simulation PTC PTBCI T150 Dec St
number (°O) °O) (s)

1A 97.8 49.0 0 0.77 39
2A 121.4 50.1 72 0.28 39
3A 123.7 50.1 84 0.14 39
1B 85.2 475 0 0.77 23
2B 120.7 48.1 0 0.28 2.3
3B 123.7 47.2 0 0.14 23
1C 102.3 52.0 70 0.77 39
2C 116.6 54.4 158 0.28 39
3C 116.7 54.4 213 0.14 39

PTC = maximum peak of temperature in the cement.

PTBCI = maximum peak of temperature at the bone/cement inter-
face.

TI50 = exposure time to a temperature higher than 50 °C.
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Fig. 10 indicates that unreacted monomer at the
bone cement interface is still present in the cement at
the end of polymerization. As a consequence of vitrifi-
cation, the maximum temperature reached in the
cement represents the limiting constraint for the max-
imum degree of reaction. So, if a temperature increase
is detrimental for the tissues, it is beneficial for the
maximum value of the degree of reaction that can be
attained in the cement. If the temperature does not
approach the onset of T, (about 97°C for the
studied cement), the degree of reaction will remain
lower than one and the unreacted monomer will be
released at a rate dependent on its concentration in
the cement and on the diffusion coefficient of MMA in
the glassy cement. Analysis with dimensionless num-
bers suggests that isothermal polymerization can be
achieved using a cement thickness of less than 0.5 mm.
This value, too low to be used in surgical practice,
corresponds to a value of De =27.7, one order of
magnitude higher than the Stefan number.

The results reported in Figs 11 and 12 are obtained
when setting the cement temperature at 5°C during
the mixing and insertion time (simulations 1B, 2B, and
3B). In this case, if the De and St numbers are not
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Figure 11 Results of the numerical simulation: temperature versus
polymerization time at the bone/cement interface for three different
thicknesses (simulations 1B, 2B, 3B): —— 3 mm; ——— 5 mm;
————— 7 mm.
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Figure 12 Results of the numerical simulation: degree of reaction
versus polymerization time at the bone/cement interface for three
different thicknesses (simulations 1B, 2B, 3B): — 3 mm; ——— 5 mm;
---- 7Tmm.
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significantly changed (Table VI), a lower temperature
is calculated at the bone/cement interface. This result
can be explained by considering that the heat is re-
leased in 2 min (Fig. 12), while in the former case
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Figure 13 Temperature profiles across the prosthesis, cement and
bone resulting from the numerical simulation, at different time
intervals (simulation 2B): @ 52min; B 57 min; O 6.2 min;
0 6.7 min.

60 T T

[$2)
o

Temperature (°C)
N
o

W
o

Time (min)

Figure 14 Results of the numerical simulation: temperature versus
polymerization time at the bone/cement interface for three dif-
ferent thicknesses (simulations 1C, 2C, 3C): —— 3 mm; —— 5 mm;
----7mm.

1.0 T T T

o o o
B o (o]
! T T

~
>
1 1 L

Degree of reaction

o

N
T
N
|

0.0 - ! ! !
1.0 1.5 2.0 2.5 3.0

Time (min)

Figure 15 Results of the numerical simulation: degree of reaction

versus polymerization time at the bone/cement interface for three
different thicknesses (simulations 1C, 2C, 3C): — 3 mm; ——— 5 mm;



(Fig. 10) it is released in 1.5 min. This effect is simply
obtained by lowering the cement initial temperature.
In this way, the steeper temperature gradient induced
is responsible for a corresponding significant gradient
of induction time that delays the onset of the reaction
across the cement thickness. As shown in Fig. 13,
where the temperature profiles across the thickness at
different times are reported for the simulation 2B, a
thermal wave propagates across the cement starting
from the bone/cement interface. Once the reaction is
started, the gel effect is responsible for the fast and
uncontrolled heat generation.

The results reported in Figs 14 and 15 are obtained
by considering a mixing phase of 1.5 min at 18 °C and
a subsequent handling time of 1 min, that brings the
cement in the bone cavity to a temperature of 30 °C
(simulations 1C, 2C and 3C). Although the induction
time is simultaneously consumed across the cement as
in the case of Figs 9 and 10, the reaction starts when
the average cement temperature is higher, determining
a higher rate of reaction. In this case, as shown in
Fig. 15, the heat is released in about 1 min and a max-
imum value of temperature of about 55°C is cal-
culated at the bone/cement interface, for the thicker
layers. It must be noted that the high temperature
reached inside the cement (Table VI) leads to a final
degree of reaction oo = 1. For this reason the average
value of o at the end of polymerization is higher than
that shown in Figs 10,12 and 15.

In summary, an increase of cement thickness affects
the exposure time at the highest temperature rather
than the maximum value of temperature at the
bone/cement interface. According to the polymeriz-
ation mechanism reported above (Equation 5 and
Fig. 3), minimizing the peak temperature and maxi-
mizing the degree of reaction are two objectives that
cannot be achieved simultaneously. However, the
slope of the straight line shown in Fig. 3 is very low
and therefore the change of 10°C observed between
the peak temperatures reported in Figs 11 and 14 is
responsible for a moderate decrease, about 0.04, in the
final degree of reaction, as shown in Figs 12 and 15.
This last consideration suggests that the advantage of
a temperature reduction may overcome the disadvan-
tage of a higher content of unreacted MMA.

5. Conclusions

In this study, the isothermal and non-isothermal
polymerization behaviour of a commercial bone ce-
ment has been described. A kinetic model accounting
for the effects of induction time, autoacceleration and
vitrification has been presented. This original model
has been integrated with an energy balance in order to
predict the temperature and the degree of reaction
during the simulation of in situ polymerization of bone
cement. The correct representation of polymerization

kinetics is a key point for the calculation of temper-
ature and degree of reaction profiles in order to
properly take into account the heating rate generated
by the polymerization reaction. The model has been
applied to the study of the effects of different thick-
nesses and initial temperatures of the cement on tem-
perature and degree of reaction profiles across the
bone, cement and prosthesis.

It has been demonstrated that a low temperature
and a high degree of reaction cannot be obtained
simultaneously as a consequence of the diffusion ef-
fects dominating the polymerization reaction. Fur-
thermore, wide differences of temperature have been
calculated between the bone/cement interface and the
central part of the cement. Reduction of the temper-
ature at the bone/cement interface has been observed
by reducing the cement temperature during mixing
insertion operations.
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