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Many current bone cements have proprietaryminor ingredients that affect the chemical kinetics and heat transfer

modeling of the exothermic reaction during bone cement polymerization. The geometry and themethod of cooling or

curing the bone cement can vary by application.Weapplied a complete numericalmodel usingfinite volumemethods

to investigate temperature history and thermal osteonecrosis analysis during and after bone cement polymerization

for a commercial femoral component used in hip arthroplasty. Using a phenomenological kinetic model for energy

generation, during bone cement exothermic reaction the effects of precooling and preheating parts of the femoral

component before implantation were simulated. Numerical evidence shows that the temperature distribution along

the bone depends upon the position of the stemwith respect to the exterior bone boundary. Additionally, by precool-

ing the stem, thermal osteonecrosis can be reduced in the bone through evidence of a thermal necrotic plane map of

bone. Preheating the stem to above body temperature produces minimal thermal damage of the bone due to limited

exposure time.

Nomenclature

Ao = constant, 1=s, Eq. (4)
Cp = specific heat, J=kgK
E = activation energy, J=mol
Ea = activation energy, J=mol, Eq. (4)
Ko = preexponential constant, 1=s
m = reaction order constant, Eq. (1)
n = reaction order constant, Eq. (1)
q = heat flux,W=m2

qR = heat of reaction,W=m2

R = universal gas constant
_Sc = source term,W=m3, Eq. (2)
T = absolute temperature, K
t = time, s
x = position along bone, m
� = degree of reaction
��T� = Arrhenius equation, Eq. (4)
� = density, kg=m3

��x� = injury–severity–thermal–damage factor

Subscripts

b = bone
c = cement
s = stem

I. Introduction

P OLYMETHYLMETHACRYLATE (PMMA) is an acrylic
material composed of a powdered bone cement copolymer

mixed with a monomer liquid methylmethacrylate [1] and is
primarily used as an implant in many surgical specialties for joint
replacement or augmentation and as a spacer; however, PMMA also
has a number of short- and long-term effects connected with its use,
one being an exothermic reaction which induces heat generation [2]
in the bone cement during the curing process. This reaction may
cause thermal osteonecrosis at the cement–bone interface, often
considered the weak point of cemented arthroplasty, as well as
polymer shrinking and void formation [3–6]. A number of
clinical studies [7] have shown that cemented prostheses fail to
function properly due to implant loosening and fatigue failure after
long-term use.

So as to improve the strength of the interface, the cement requires
deep interdigitation with the bone and low surface porosity while
simultaneously avoiding the thermal osteonecrosis created by the
heat generation source. After mixing the components of the PMMA,
heat generation reaction occurs within 5 to 15 min, depending upon
the cooling method (boundary conditions). This reaction generates
excess heat with a peak temperature nearing 393 K.When applied to
the implant, this high heat is capable of producing thermal necrosis in
the bone tissue surrounding the cement, which limits the antibiotics
that can be mixed to heat stable antibiotics, thus weakening the
strength of the arthroplasty [8]. There are few available cooling
modes for reducing peak temperature, yet one way is to reduce the
rate of polymerization [9], which allows the heat to be released
slowly; however, complete polymerization might not be fully
attained. Another way for reducing the temperature of the cement
while it polymerizes is to reduce the peak temperature.
Experimentation [8] has shown that cooling the cement or stem
leads to longer setting times and increases the risk of loosening, due
to movement among the prosthesis, the cement, and the bone during
the setting period, as well as the risk of void formation. To prevent
void formation and improve the fatigue behavior of the cement,
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consideration has been given to preheating the femoral stem before
implantation [4]; however, this might increase the chance of thermal
osteonecrosis at the cement–bone interface. Clearly, when a large
amount of heat is released due to polymerization, the temperature at
the cement–bone interface is elevated. In addition to these
temperature peaks, attention must be given to the exposure time to
these high temperatures. Previous research has found that the
temperature threshold for thermal injury is between 318 and 333 K
[10], depending of course on the exposure time. Thus, the magnitude
of the temperature and exposure time at the cement–bone interface
are extremely important for maintaining the level of quality of the
interface and the overall hip arthroplasty.

Themain benefit of the research effort presented here is that it uses
the realistic, fully three-dimensional (3-D) geometry of a femoral
component used in total hip arthroplasty (THA). This project also
expands on previous research in the use of PMMA for joint
replacement, bone augmentation, and antibiotic spacers in
orthopedic surgery. The numerical algorithm that couples the
chemical kinetic model of the bone cement with the energy equation
is also highly accurate and computationally efficient. Overall,
simulation results offer significantly more definitive answers in the
heat transfer modeling for several case scenarios used in THA. By
using realistic values for thermophysical properties along with
boundary and initial conditions throughout these numerical
simulations, we evaluated the effects of the initial temperatures
related to THA on system polymerization, temperature history,
probability of thermal osteonecrosis, and the overall success of hip
replacement. Also, in order to evaluate the probability of thermal
damage, a damage factor was selected from appropriate literature
[10] and was calculated based on transient temperature damage
threshold levels.

II. Heat Transfer Model

To determine heat transmission and transient temperature
behavior in the prosthesis–cement–bone system of a THA, a thermal
analysis using a computational fluid dynamics (CFD) package
(FLUENT) was performed. Previous thermal studies [2,4,6,8,11,12]
have focused only on the corpus femoris (diaphysis) of the femur
assuming a one-dimensional axisymmetric model. However, this
part of the femoral component is not completely cylindrical, and the
position of the stem relative to the exterior wall of the femur is of
great importance to temperature distribution and osteonecrosis
determination. Therefore, with the aim being to optimize the thermal
analysis in cemented arthroplasties, the THAconsidered in this study
was based on using (for the first time) a realistic geometric
reproduction of an Endurance Total Hip System¶ as shown in Fig. 1a
[13]. The model (Fig. 1b) consisted of a metallic prosthesis
surrounded by, on average, a 3-mm-thick mantle of cement that was
in turn embedded in the bone. Femur dimensions were modified∗∗ to
fit those of an 82-year-old female cadaver located at the Funeral
Service Department of the University of Central Oklahoma.††

During curing, exothermic polymerization reaction induces heat
generation in the bone cement, and to predict temperature
distribution along the entire assembly and the degree of conversion in
the cement as a function of the setting time during nonisothermal
polymerization, an appropriate thermochemical model must be
coupled with the heat conduction equation[2]. In this report, the cure
polymerization kinetics of the bone cement were modeled by [4,11]

@�

@t
� Koe��E=RT��m�1 � ��n (1)

whereKo is a preexponential constant,E is the activation energy,R is
the universal gas constant, T is the absolute temperature, � is the
degree of the reaction, andm and n are the reaction order constants.
The degree of the reaction during curing ranges between zero and
one. When there is no reaction, �� 0; whereas �� 1 indicates that
no residual monomer (liquid) remains in the polymer [4].

To obtain the desired temperature distribution along the assembly,
the following heat equation provides the basic tools for heat
conduction analysis. The equation is given by [14]

r � q�� @
@t
�CpT �

X
_Sc (2)

with

_S c � �cqR
@�

@t
(3)

Equation (3) is the volumetric source term representing the cure
polymerization kinetics of the bone cement with qR as the heat of
reaction. Equations (2) and (3) are solved using control volume
discretization for the prosthesis, bone, and cement.

The bone cement modeled in this study is based on the
experimental findings of Li et al. [4]. The experimental
measurements of temperature distribution presented by Sanchez
et al. [8] have good agreement with predictions using Eqs. (1–3) and
the parameters Ko � 5:206 � 109�1=s�, E� 67; 891J=mol,
m� 1:05, n� 1:10, and q� 125kJ=kg, even though the bone
cement (Simplex P, Howmedica, Inc.) is different than in [4].
Equation (3) is subjected to initial conditions at t� 0 of
�o � 1:02 � 10�4.

The initial amount of reacted monomer in the liquid component of
the cement was represented in [4]. The exterior boundary condition
of the system assumed that the bone had a constant body temperature
of 310 K at the outer wall.

Because the solution of Eq. (2) was through continuous iteration,
the calculations were performed via a step-by-step process in which
the source term was calculated using a user-defined scalar (UDS)
function inside FLUENT. Comparisons for the energy equation and
the kinetic equation between current and previous iterations were
made until convergence agreement was less than 1 � 10�6 before
moving to the next time step. For this reason, the differential equation
for the kinetic reaction Eq. (1) was solved using the Runge–Kutta–
Feldbergmethod [15]. The effectiveness of this solutionmethod was
established by using a number of test problems from which the
results were compared with those of the solver ODE15S provided by
MATLAB and those of the partial differential equation coefficient
form of COMSOL Multiphysics.

A. Threshold Level for Osteonecrosis

Bone cement has been used in orthopedic surgery (total joint
arthroplasty and neurosurgery for cranial skeleton repair [16]) and to
address various systemic or local patient complications. One of the
most clinically important complications when using PMMA is

Fig. 1 a) Rendering of the endurance femoral system [14].
b) Approximate prosthesis-cement-bone system.

¶Endurance Total Hip System made by DePuy, a Johnson & Johnson
Company. Some materials and instruments are identified in this report. In no
instance does such identification imply recommendation.

∗∗Computer-aided design (CAD) drawing of the femur was obtained from
The Gustilo Medical Education Center headquartered in Minneapolis, MN.

††Funeral Service Department, Coyner Health Sciences Building, 100
University Boulevard, Edmond, OK 73034.
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thermal osteonecrosis around the bone–cement interface [16]. A
number of reasons for thermal necrosis have been discussed in the
literature, such as a local cytotoxic effect of the cement monomer,
volumetric heat generation due to polymerization, and mechanical
irritation of bone cells [4,12,16–24].

Temperature threshold levels for heat-induced tissue injury are
time dependent [18]. Moritz and Henriques [19] report that cell
necrosis for porcine and human skin occurs at a temperature of 328K
for 30 s of exposure; they also developed a burned injury damaged
function which has been used extensively in documented literature
[20]. Similar work by Lundskog [21] reports the effects of
temperature on bone tissue and induced cellular necrosis at
temperatures close to 323 K for periods greater than 30 s. Because
exothermic reaction in the bone cement generates heat during
polymerization, Sanchez et al. [8] recorded a temperature of 393K at
the center of a 2.54 cm sphere of cement; they also report
temperatures up to 353K at the surface of the spheres when cooled at
room temperature. Obviously, this is sufficient heat to cause
osteonecrosis and the generation of radiolucent zones following a
cemented THA [22].

Numerical simulations of thermal bone necrosis have also been
previously reported. Swenson and Schurman [23] demonstrate that
the area of bone necrosiswas dependent upon thewidth of the cement
layer via using a simulation with 5- and 10-mm-width cement layers
in THA.Mazzullo et al. [26] constructed a THAmodel with a 3-mm-
wide cement layer around the stem and showed a 1.8-mm-wide bone
necrosis area. However, most simulation models are based on
outdated experimental work; thus, the criterion of thermal
osteonecrosis is based solely on these previously developed theories.

Following the work by Moritz and Henriques [19], the
corresponding thermal injury factor at any point in the tissue is
given by solving Eq. (4) using the transient temperature distribution
at a fixed point:

��x� � Ao
Z
��T� dt (4)

with Ao � 8:0103 � 1062 �1=s� and ��T� as an Arrhenius relation-
ship with an activation energy value of Ea � 4:05 � 105 �J=mol�
which is considered to be temperature independent. The parameter
��x� represents the injury severity with respect to position x
(meters), whereas��x� � 0:53 and��x� � 1:0 indicate visible burn
injury and burn osteonecrosis [4,10,20], respectively.

B. Thermal Analysis

To determine the heat transmission and transient temperature
behavior within the three-dimensional representation of the
arthroplasty, a thermal analysis using a CFD package (FLUENT)
was performed. The thermal and physical properties of the bone,
bone cement, and prosthesis (cobalt chrome alloy) were assumed to
remain constant during the entire heat transfer process. We assumed
an initial body temperature of 310 K for the bone and a cement layer
(mantle) of 3 mm for our simulation and then analyzed heat
conduction. To investigate the feasibility of controlling temperature
rise, we set different initial temperature conditions for the remaining
system components (stem and bone cement) of the arthroplasty. The
effects of precooling and preheating are similar to the ones used by Li
et al. [4], which helped to validate the numerical computations
obtained by the CFD code. Also, the effect of nonsymmetrical or
irregular boundaries were included, which was not taken into
account by Li and his fellow researchers.

III. Sensitivity Analysis and Results

To study the temperature development of the arthroplasty zone in
the control volume model, we analyzed the temperature behavior in
several horizontal planes covering the diaphysis and metaphysis
sections of the femur as shown in Fig. 2. Plane 1 is located at the
trailing edge of the stem where most of the analysis reported in the
literature has been donewhile assuming one-dimensional cylindrical
geometry. All planes (1–5) show that the stem is neither concentric

along the femoral component nor is it cylindrical. Therefore, the
geometrical position will have an influence on temperature
distribution along the bone.

Asmentioned earlier, exothermic reaction induces heat generation
in the bone cement during curing; a numerical analysis is done using
a control volume approach through FLUENT. These equations are
valid with the assumption that the mean density, heat capacity, and
thermal conductivity of bone cement are used with no variation with
respect to temperature and/or degree of reaction. It has been shown
that the heat capacity of the composite Cp is dependent upon the
temperature [6]. This property is treated as a constant, due to
overshooting in the numerical model. Cp was defined by using the
values in [8], and while reproducing the effects, it was verified that a
very high rate of generated heat, coupled with thermal conductivity,
is required to obtain a temperature increase in the cement. Thus, peak
temperature is achieved when a balance occurs between the heat of
reaction and conductivity.

In these simulations, the initial bone temperature was assumed to
be 310 K, and all precooling and preheating were done by setting
different initial temperatures for the remaining components of the
THA. Precooling was achieved by setting the initial temperatures of
the metallic stem and bone cement within a range between 278 and
296 K [4]. The same procedure was applied for the preheating
process, where initial temperatures ranged from 296 to 318 K.
Figure 3 shows the temperature–time history at one location
(cement–bone interface) for the four different planes throughout the
femur in four different cases. These histories were chosen because
each had the highest peak temperature during the PMMA
polymerization process. In case A, the temperature of the stem and
cement was set to 296 K, whereas in cases B, C, and D, initial
temperatures of the stem and cement were precooled to cement only
at 278 K, stem only at 278 K, and both stem and cement at 278 K,
respectively (see Table 1).

Fig. 2 Schematic comparing the plane areas for temperature
development and necrotic mapping analyses.

Table 1 Initial temperatures (K) for different simulation scenarios

A B C D E F

Bone 310 310 310 310 310 310
Cement 296 278 296 278 296 296
Stem 296 296 278 278 308 318
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The results in Fig. 3 indicate that cement polymerization is rapid
and delivers about 95% of its energy between 450 and 500 s for all
four cases. This is somewhat different from previous one-
dimensional simulations in which temperature delays are due to
cooling effects [4,8,10,20]. However, it is assumed that this is only
due to radial temperature distribution. In the three-dimensional case,
the femur bulk affects and constant temperature ensures faster
thermal equilibrium within all components of the THA. The peak
constituent temperature occurred at the base of the prosthesis (Fig. 3,
plane 1) with the cement–bone interface reaching 326 K, which
agreeswith the results of Swenson and Schurman [23]. Finally, Fig. 3
demonstrates that the decline in temperature after polymerization is
faster for positions where the stem is not concentric with the femur
shaft (see planes 2–4).

During the precooling procedures (cases B–D), the peak
temperature at the cement–bone interface did not decrease
substantially as expected and as reported in past literature [4,11].
As explained in the preceding paragraphs, sufficient thermal mass
from the bone provides heat to the stem and cement. There is, of
course, a small time delay linked to rapid exothermic reaction
(lumped temperature increment) for the cooling cases in comparison
to the ambient conditions reported in case A. This delay leads to a
decrease in the thermal damage factor (Fig. 4) for the different chosen
planes. Overall, these results suggest that, by cooling the stem and/or
bone cement before implantation, the likelihood of thermal necrosis
is substantially reduced [4]. These numerical predictions also
suggest a small increment in setting time while cooling to 278 K
(case D). However, there are few cooling modes to reduce the peak
temperature. One way would be to reduce the rate of polymerization
[9], thus causing the heat to be released slowly. Yet complete
polymerization might not be fully attained, due to the absence of a
peak temperature. Also, lowering the temperature of the cement
while it polymerizes is another way to reduce peak temperature.
Previous experiments [8] have shown that cooling the cement with

saline leads to longer setting times and increases the risk of
loosening, due to movement among the prosthesis, the cement, and
the bone during setting periods.

During the preheating procedure, the metallic stem possesses an
initial temperature greater than the body temperature; thus,
preheating allows for better setting time of the THA. The objective of
this numerical analysis was to obtain transient temperature
distribution and a necrotic map along the femur for two different
initial temperatures. For both initial stem temperatures (308 K–
case E and 318 K–case F), the exothermic reaction occurred faster
(85 s earlier) than case A or normal conditions (see Fig. 5). However,
the peak temperature for the different planes was statistically
identical for the cases previously studied. This time, the stem is the
heat source while the cement and femur act as large sink sources. On
the other hand, the necrotic map of Fig. 6 shows that there is visible
thermal injury at the bottom of the stem. At the same time, when the
bone thickness is larger (depending upon the side of the plane), the
behavior is similar to plane 1. Therefore, preheating the stem at a
temperature greater than the body temperature increases the
likelihood of thermal osteonecrosis 0.5–1.0mm beyond the cement–
bone interface.

IV. Discussion

PMMA is one of the most commonly used alloplastic implants in
hip arthroplasties and other orthopedic procedures and has the
advantage of being very biocompatible and malleable because it
rapidly polymerizes to become as hard as natural bone.
Unfortunately, in hip arthroplasties, this polymerization process is
also its greatest disadvantage [16] because during the hardening
process, the temperature of the cement–bone interface reaches values
up to 20� above body temperature for a period of time longer than
900 s. The temperature range needed to reach thermal cell
osteonecrosis has been established to be between 321 and 343K [24].

Fig. 3 Transient temperature distribution at the cement–bone interface for four different planes in the precooling procedure.
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Fig. 5 Transient temperature distribution at the cement–bone interface on four different planes in the preheating procedure.

Fig. 4 Thermal damage factor (femoral necrotic map) on four different planes in the precooling procedure.
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Concurrently, depending on the peak temperature reached, the time
to cause cell death also varies. The results presented in this work and
in [4,12,17,19,24] point out the temperature dependence inherent in
thermal osteonecrosis criteria. For example, the temperature of 343K
is believed to kill cells instantly, and 323Kneeds to bemaintained up
to 30 s to produce cell death [25]. For our results, cell death
temperature range could be reached in most common, self-curing
acrylic cement implants at the cement–bone interface and many cell
layers deep into the bone.

Previous numerical simulations of thermal bone necrosis by
Swenson and Schurman [23] showed that the area of bone necrosis
was due to the width of the cement layer by a simulation with 5- and
10-mm-wide cement layers in THA [23]. Huiskes [17] constructed a
necrotic map of THA which showed that the temperature of the
cement layer around a cup was more than 373 K and that there was
about a 2-mm width of bone necrosis area and about 2-mm width of
vascular damage area external to the necrosis. Mazzullo et al. [26]
constructed aTHAmodelwith a 3-mm-wide cement layer around the
stem which showed a 1.8-mm width of bone necrosis area.

Over the years, several methods have been used to lessen heat
injury to the bone during polymerization [8], such as reducing the
amount of cement thickness; precooling the implant, the cement,
and/or the bone with saline irrigation; and reducing the
polymerization rate. In this numerical simulation, we show a 1-mm
width of bone necrosis with a 3-mm-thick cement layer in the THA
model; thus, the thinner the cement layer, the smaller the bone
necrotic area. Indeed, a thinner cement layer may be better for
thermal bone necrosis, but correspondingly worse for the strength of
the cement fixation. There is a tradeoff on what is considered the best
option between preventing necrosis and compromising the strength
of the THA. In essence, it is recommended that the cement layer be
less than 3 mm in width to prevent thermal necrosis and to gain
enough strength for the THA.

Previous studies [12] have reported that as the temperature of the
bone tissue increases (due to the heat released by the exothermic
reaction), the thermal damage factor ��x� also increases. As the
bone tissue temperature reaches its physiological value, ��x�
reaches a constant value which is demonstrated for planes 2–4,
where there is not enough bone space for heat to propagate. As

such, the thermal necrosis factor is lower at that particular position.
These results indicate that the volume of the cement and the femur
itself play important roles in temperature distribution and thermal
osteonecrosis of the bone. A comparison of the results from the
three-dimensional simulations in the present work with
corresponding one-dimensional simulations demonstrates that
temperature distribution is comparable between the two
simulations. However, the magnitude of the rebound (the thermal
damage factor) predicted by one-dimensional is larger as compared
with that of the three-dimensional simulation. Our results suggest
that the one-dimensional simulation may be sufficient for the
computation of the temperature field with cemented THA design
and development so that different configurations can be analyzed
and an optimal design chosen before further prototype development
and detailed experimental evaluation is undertaken. However, for
detailed heat injury in the vicinity of the bone–cement interface, a
three-dimensional simulation is necessary.

During the preheating procedure, it was established that the
likelihood of thermal damage increases as the initial temperature of
the stem is also increased. However, the residual stress after
polymerization was shown to decrease [4] at the stem–cement
interface. Concurrently, more osteolysis is produced at the cement–
bone interface, thus increasing the fatigue failure at this interface.
However, as pointed out by Li et al., [4], early fatigue failure appears
to be less critical at the cement–bone interface, where changes occur
due to biological factors rather than dynamic factors, yet the
advantages of the preheating procedure clearly surpass the
contradictory effects in cemented THA.

These numerical predictions were based on a control volume
formulation using a very fine tetrahedral grid which increases the
computational time but allows more accurate answers at the femoral
region and others of importance; thus, the influence of thermal
contact resistance at the cement–bone interface on the thermal
damage was very low. Also, experiments performed on the 82-year-
old femur showed a similar temperature distribution at this interface,
and the results were comparable to the numerical simulations. It
should also be pointed out that the effect of the bioheat equation
might have an impact on temperature history and thermal
osteonecrosis determination.

Fig. 6 Thermal damage factor (femoral necrotic map) on four different planes in the preheating procedure.
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In vivo studies found the maximum temperatures at the bone–
cement interface range from 313 to 321 K [27] in 3-mm-thick
cement. Other in vitro studies found the maximum temperature to
range from 309 to 326 K, depending on the mixing technique.
Finally, empirical models [27] (usually one-dimensional) have
predicted amaximum temperature at the bone–cement interface in 3-
mm-thick cement region to lie between 308 to 316 K at the diaphysis
section. Hence, this realistic model agrees very well with both the in
vivo and in vitro studies.

The thermal damage factor is greater at the diaphysis section of the
femur than in the metaphysis. However, it is not comparable to the
one-dimensional simulations published in previous documents [4].
For this particular THA model, the damage factor was low at the
methaphysis section because all heat is dissipated to the stem in lieu
of the short duration of higher temperatures. However, for other
types of THA configurations where more bone surrounds the stem,
the thermal damage factor can be of great importance in the analysis
of cemented hip arthroplasties.

The temperature in bone cement also affects the use of antibiotics.
For instance, antibiotics are mixed with the bone cement during
prophylaxis in arthroplasty, the treatment of infected arthroplasty,
the treatment of oesteomyelitis, and the treatment of open fractures
[8]. It has long been a common belief within the orthopedic
community that only aminoglycosides can be mixed with bone
cement because they are heat stable [9], and it is clear that other
specific antibiotics are heat liable and, therefore, are rendered
biologically inactive by the heat emitted during the polymerization
process of bone cement. A literature review shows [28] that
chloramphenicol and tetracycline appear to be the only antibiotics
that become inactivated when mixed with bone cement, whereas
other studies [23] have investigated the bioactivity of different
antibiotics after being mixed with bone cement. It has been shown
[29,30] that gentamicin, tobramycin, and vancomycin are stable in
PMMA and diffuse from the cement in active form. Therefore, this
numerical investigation supports the idea that different antibiotics
(e.g., cephalosporins, quinolones, and penicillins) when mixed with
PMMA remain biologically active. Certainly, precooling procedures
increase the likelihood of antibiotic efficacy in THA.

Presently, bone cement consistsmainly of PMMA, but at this time,
new cements are being developed that, overall, exhibit much lower
curing temperatures than PMMA. For instance, researchers have
clinically tested bioactive bone cement in which the highest surface
temperature is around 308K [8]. Biodegradable bone cements have a
maximum crosslinking temperature between 311 and 321 K, which
ismuch lower than the crosslinking temperature of 367K for PMMA
cement [18]. It is expected that these new cements will have practical
uses in preventing thermal bone necrosis as a result of
polymerization.

The most straightforward method to avoid thermal osteonecrosis
is to refrain from using cemented implants at all, in favor of the
cementless versions. There are, however, extensive clinical data
from postoperative follow-ups indicating that the percentage of
failures is significantly lower in cases of cemented prostheses. Also,
cementless implants are avoided in the case of weaker bones, for
example in rheumatoid patients [25]. Therefore, this realistic analysis
is needed and can work as a validation tool in the continuous
development of cement-based THAs.

V. Conclusions

To investigate the feasibility of controlling temperatures and the
likelihood of thermal osteonecrosis, numerical simulations were
conducted to determine the temperature and necrotic map in a
commercial THA. Under these conditions, peak temperatures were
established and exposure time was determined with the aim to
demonstrate heat reaction progress along the femur. Results have
shown that bone cement thickness and size definitely have an effect
on peak temperature. In humans, peak temperatures could be
detrimental to any surrounding tissue; thus, maintaining low-
boundary temperatures results in an exothermic reaction that lowers
the temperature and allows less osteonecrosis and better antibiotic

mixing. However, this also holds the chance of increasing setting
time during the polymerization process. Because a higher
temperature peak is achieved due to poor heat dissipation along the
cement–bone interface, this might translate into bone necrosis,
especially in preheating procedures.

In modern operating rooms, two specific methods are used related
to know when the cement is cured. When the cement is used as an
implant, the polymerization occurs during mostly dry conditions.
Contrary to this, when cement is used as a spacer, curing occurs
during wet conditions, due to the presence of irrigation solution and
body fluids. Thus, these numerical simulations demonstrate
temperature history in THA implants and indicate that minimal
thermal damage when preheating the stem and that mechanical
behavior might improve due to less setting time.

The discrepancies between the results from one-dimensional
calculations to three-dimensional calculations are clearly due to the
three-dimensional nature of the problem. As a consequence, any
attempt to interpolate between a series of parallel one-dimensional
sections to reconstruct an equivalent three dimensional volume is
likely to produce errors in physical parameter estimates for this
particular case. Therefore, we have concluded that three-dimensional
implementation of the quantitative thermal damage factor
determination compensation provides the best necrotic map in terms
of quantitative accuracy, spatial resolution, and noise at a cost of high
computational requirements.
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