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We must not forget that when radium was discovered
no one knew that it would prove useful in hospitals. The
work was one of pure science. And this is a proof that
scientific work must not be considered from the point of
view of the direct usefulness of it. It must be done for
itself, for the beauty of science, and then there is always
the chance that a scientific discovery may become like the
radium a benefit for humanity.

Marie Curie (1867-1934), Lecture at Vassar College, May 14, 1921
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Abbreviations and definitions

Aging

ASTM
BaSO,
BPO
Creep

DMPT

EtO

Process that occurs in a polymeric material
during a specified period of time, and that usu-
ally results in changes in physical and/or chemi-
cal structure and the properties of the material.

American Society of Testing and Materials.
Barium sulphate (radiopacifier).
Benzoyl peroxide.

Time-dependent increase in strain in a material
under constant or cyclic stress.

N,N-dimethyl-p-toluidine.
Elastic modulus (in GPa), Young’s modulus.

Ethylene oxide.

ISO

Max. Strain
MMA
PMMA
Quasistatic
Strength

Tg

THA

UCS

7r0,

International Organization for Standardization.
Maximum strain (in %).

Methyl methacrylate.

Poly(methyl methacrylate).

A static test but with adaptation to strain.

In this work, used for the ultimate compressive
strength.

Glass transition temperature (in °C)
Total hip arthroplasty
Ultimate compressive strength (in MPa)

Zirconium dioxide (radioopacifier)
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Abstract

Acrylic bone cements are in extensive use in joint replace-
ment surgery. They are weight bearing and load transferring in
the bone-cement-prosthesis complex and therefore, inter alia,
their mechanical properties are deemed to be crucial for the
overall outcome. In spite of adequate preclinical test results
according to the current specifications (ISO, ASTM), cements
with inferior clinical results have appeared on the market. The
aim of this study was to investigate whether it is possible to
predict the long term clinical performance of acrylic bone
cement on the basis of mechanical in vitro testing.

We performed in vitro quasistatic testing of cement after
aging in different media and at different temperatures for up to
5 years. Dynamic creep testing and testing of retrieved cement
were also performed.

Testing under dry conditions, as required in current stand-
ards, always gave higher values for mechanical properties than
did storage and testing under more physiological conditions.
We could demonstrate a continuous increase in mechanical
properties when testing in air, while testing in water resulted
in a slight decrease in mechanical properties after 1 week and

then levelled out. Palacos bone cement showed a higher creep
than CMW3G and the retrieved Boneloc specimens showed a
higher creep than retrieved Palacos.

The strength of a bone cement develops more slowly than
the apparent high initial setting rate indicates and there are
changes in mechanical properties over a period of five years.
The effect of water absorption is important for the physical
properties but the mechanical changes caused by physical
aging are still present after immersion in water. The estab-
lished standards are in need of more clinically relevant test
methods and their associated requirements need better defini-
tion. We recommend that testing of bone cements should be
performed after extended aging under simulated physiological
conditions.

Simple quasistatic and dynamic creep tests seem unable to
predict clinical performance of acrylic bone cements when
the products under test are chemically very similar. However,
such testing might be clinically relevant if the cements exhibit
substantial differences.
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Introduction

As the global population ages, the incidence of osteoarthrosis
grows and the need for arthroplasty devices increases.
Arthroplasties replace non-functional joints with artifi-
cial components. The most common type is the total hip
arthroplasty (THA), followed by knee, shoulder, elbow and
ankle arthroplasties.

Hospital costs for each primary THA are about $11,000
(Iorio et al. 1999, Malchau et al. 2005, Yates et al. 2006, Healy
and Jorio 2007). Thus, arthroplasties will pose an economic
challenge for the health services. Due to the increased morbid-
ity and the high costs of revision procedures, it is mandatory to
use high-quality implant components. In this manner, revision
procedures can be limited, to the advantage of the patient and
to keep costs as low as possible.

To ensure the best arthroplasty outcome, procedures and all
materials must be standardized and controlled (Ramsey et al.
1998). The present study highlights the role and properties of
bone cement, one element in an arthroplasty.

About hip arthroplasties

In the 1890s, the German surgeon Gluck reported an attempt
to replace the hip joint with ivory components using a cement
made of plaster of Paris, but with unknown results (Gluck
1890, Gluck 1891). In the early 20™ century, an attempt was
made to place a material between acetabulum and the femo-
ral head (interpositional membrane hip surgery), in order to
restore mobility to painful hip joints (Smith-Petersen 1978,
Hallab et al. 2004). Initially bladder or fascia was used, then
a glass material and later a cobalt-chromium alloy (Venable et
al. 1937, 1952). None of these methods were successful.

In the 1950s, a short stemmed femoral head replacement
prosthesis made from an acrylic material (Judet and Judet
1950) was introduced. The initial results were good but there
were implant fractures and excessive wear debris. Later in the
1950s, long-stem prostheses were introduced. These prosthe-
ses were metallic monoblock long-stem hemiarthroplasties
that performed well provided that the acetabulum was not
damaged. The need for acetabular repair led to the devel-
opment of the metal-on-metal THA (Jacobsson et al. 1996,
Brown et al. 2002). Initially, the prostheses suffered from the
same problems as earlier prostheses: high frictional forces
leading to liberation of debris that promoted early loosening.

Charnley recognised the problem (Charnley 1960) and
developed a low friction arthroplasty in the 1960s, using a
small femoral head, high-density polyethylene for the ace-
tabulum and bone cement consisting of a cold curing acrylic
material (bone cement) as fixation for the prosthesis (Charnley

1961). Further improvements of this type of prosthesis led to
the most popular type of THA currently in use (Figure 1).

Today, approximately 7600 THAs are performed in Norway
each year (Furnes et al. 2008), 14000 in Sweden (Kérrholm et
al. 2007), 150000 in the US, and between 350000 and 1 mil-
lion worldwide (Malchau et al. 1993, Metz and Freiberg 1998).
Knee arthroplasties account for about half the number of
THAs and additionally a large number of other arthroplasties,
e.g. in the shoulder or in the ankle, are performed, showing the
extensive use of different types of arthroplasties worldwide.

Taking THAs as example, fixation methods are cemented,
cementless or hybrid. Hybrid means that either the femoral
stem or the acetabular component is cementless while the
other component is cemented. Cemented THAs were consid-
ered the “gold standard” for many years all over the world,
but in recent years there has been a trend towards cementless
hip arthroplasties, especially in the US and also in younger
patients in Scandinavia (Karrholm et al. 2007, Furnes et al.
2008). In Scandinavia, in about 90% of all THAs cement is
used to fix one or both parts of the arthroplasty. However, in
the USA all components are cemented in only 2% of cases and
in 57%, hybrid implants (mainly with a cemented stem) are
used (Johnston 2005).

An estimation based on the above mentioned data indicates
that at least 2000 kg of bone cement is used in Norway alone
per year.

ABC
/ Acetabular

cup
P / Femoral

f / head

| | Cement
M—- restrictor

Figure 1. Schematic drawing of a cemented femoral component of a
hip arthroplasty. ABC: Antibiotic loaded bone cement.
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Figure 2. Chemical structure of methyl methacrylate (MMA) and
poly(methyl methacrylate) (PMMA).

History of bone cements

In 1901, Otto Rohm wrote his dissertation about “Poly-
merisationsprodukte der Akrylsdure” that formed the basis
for the development of the transparent methyl methacrylate
polymer named Plexiglas that was introduced in 1933. In the
following years, several products based on methyl metac-
rylate (MMA) were developed in his company, R6hm and
Haas; these included denture base and prosthetic materials.
In 1941, Kleinschmidt (Kleinschmidt 1941) reported clos-
ing cranial defects in humans with a heat curing polymer
(Kiihn 2000). This polymer had been developed earlier by
the Kulzer company by mixing poly(methyl methacrylate)
(PMMA) powder and a liquid monomer that hardened after
addition of benzoyl peroxide (BPO) and heating to 100°C
(Kiihn 2000). Further research led to the discovery that this
reaction could also be achieved at room temperature when
adding a co-initiator (activator). This so-called cold-curing
process made the production of PMMA as a bone cement
commercially possible.

PMMA was primarily used in dentistry for dentures because
of its transparency, strength, and biocompatibility (Henrichsen
et al. 1952, Hulliger 1962). The materials soon attracted the
interest of orthopaedic surgeons, as a material for the whole
prosthesis (Judet and Judet 1950). Other prosthesis designs
were developed where PMMA was used not as the implant
itself but as a filler between bone and prosthesis for anchoring.
That was most successfully done by Charnley in the 1960s
after he was introduced to dental PMMA at the Dental School
at the University of Manchester (Smith 2005).

Modern acrylic bone cement

Bone cements are routinely used for fixation of a variety of
implant designs (Havelin et al. 1993, Malchau et al. 2002,
Malchau et al. 2005). The cured cements are weight-bearing
and load-transferring and therefore their mechanical behav-
iour plays a critical role in implant performance.

The Norwegian Arthroplasty Register has recorded the use
of about 15 different brands of cement in recent years (Furnes
et al. 2008) and Kiihn mentions 67 different cement brands
(Kiihn 2000).

Figure 3. Scanning electron microscopy of the powder of Palacos cum
Gentamicin bone cement, 1: Prepolymer bead with diameter about
60pm; 2: “Cauliflower like” zirconium dioxide.

Composition and setting properties

Polymeric materials are usually based on methylmetacry-
late (MMA) monomer and a prepolymer powder, mainly
poly(methyl methacrylate) (PMMA) (Figure 2).

To start the polymerisation process, an initiation system is
needed. Usually, it consists of a benzoyl peroxide (BPO) in the
prepolymer powder that reacts with an amine dimethyl-p-tolu-
idine (DMPT) in the liquid (Kuehn et al. 2005a). Hydroqui-
none is added to the liquid as stabilizer and reaction retarder.
When liquid and powder are mixed, radicals are formed that
break up the C-C double bond of MMA and start the free radi-
cal addition polymerisation (Ege et al. 1998). The polymerisa-
tion is exothermic and forms predominantly linear polymer
chains. The reaction continues until termination reactions
occur (Breusch and Kuhn 2003, Kiihn 2005).

The prepolymer powder is made by beads of varying sizes,
containing also the radioopacifier (Figure 3).

Usually, the cement is prepared by mixing its components
to a dough that is injected into the medullary cavity before
the prosthesis is inserted and then the cement polymerises
in situ. This process is divided into several phases. In the
mixing phase, the cement powder is wetted and mixed homo-
geneously. The cement is relatively liquid (low viscosity).
This phase lasts for about 1 minute. In the waiting phase, the
cement achieves a suitable viscosity by physical swelling and
doughing but remains a sticky dough. The next phase is the
working phase. The cement and the implant can be introduced.
The cement must not be sticky, and its viscosity should be
suitable for application. Viscosity increases because of contin-
ued chain propagation and reduced movability. Heat genera-
tion commences. The last phase is the setting phase. Primary
chain growth is finished and the cement has hardened. Maxi-
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mum temperature is reached. (Kiihn 2005, Kuehn et al. 2005a)

Bone cements are traditionally classified as low-, medium-
or high viscosity cements (Kiihn 2000). These are differ-
entiated by some properties during the different phases of
cement setting. The classification of bone cement viscosity
is in transition and could be affected by market terminol-
ogy (Watkins 2003). Generally, a low viscosity cement has a
long-lasting waiting phase, up to three minutes, then viscos-
ity increases quickly in the working phase, whereas a high
viscosity cement has a short waiting phase and a long work-
ing phase during which the cement changes slowly before
setting (Kiihn 2000).

Cementing technique

Mixing procedures have a significant influence on bone
cement quality (Lidgren et al. 1987, Linden 1989, Norman
et al. 1995, Lewis et al. 1997, Lewis 1999b, Dunne and Orr
2001, Dunne et al. 2005). Traditionally, bone cement was
prepared by open bowl mixing whereby liquid and powder
were mixed with a spatula in a bowl. The result could have
high porosity because of air entrapment or heterogeneous
mixing of the components and exposure of the operation thea-
tre staff to high levels of MMA vapour could occur. In this
so-called first generation cementing technique, the cement
dough was anterograde poured into the medullary canal. In
the second generation cementing technique, several improve-
ments of mixing technique, bone preparation and insertion of
the cement were proposed (Mulroy et al. 1995). A modified
mixing bowl allowed vacuum mixing or centrifugation of the
cement (Davies et al. 1989a). An intramedullary plug was used
and the femoral medullary canal was prepared with rasping,
curettage, irrigation and drying. The cement was then applied
by retrograde filling of the canal with a cement gun. The third
generation cementing technique refined these improvements
and is seen today as the modern cementing technique. The
cement is chilled and its preparation is performed in a cement
gun that allows mixing and collection under vacuum (Lidgren

et al. 1987) and pressurisation of the cement dough while fill-
ing the medullary canal (Oates et al. 1995). Vacuum mixing
has been shown to reduce the cement’s porosity (Alkire et al.
1987, Wang et al. 1996) and increase its mechanical strength
(Lidgren et al. 1984, Jasty et al. 1990).

Product standards and preclinical testing

Standards are documents that, among other aspects, ensure the
conformity, quality, safety and reliability of products (Interna-
tional Organization for Standardization 2008).

In 1976 the ASTM (American Society for Testing and Mate-
rials) standard F451-76 (Standard Specifications for Acrylic
Bone Cements) was the first standard for bone cement. That
was the basis for the ISO standard 5833/1 that was published
three years later (Kiihn 2000).

Today, the specifications for bone cements are ISO 5833:
2002 and ASTM F451-99a (Demian and McDermott 1998,
American Society for Testing and Materials 1999, ISO 2002).
The standards for acrylic bone cements contain requirements
and test methods, related to compressive strength, after 24
hours. Compressive strength should be at least 70 MPa. Also
bending modulus (= 1800 MPa) and bending strength (= 50
MPa) must be determined. Additionally, the standards define
doughing time, setting time, maximum curing temperature,
packaging and labelling of the cement.

Preclinical testing is intended to predict the clinical behav-
iour of bone cements. Fulfilment of a standard’s requirements
may not be sufficient to ensure clinical success. The past has
shown that bone cements that fulfilled requirements in con-
temporary standards performed poorly clinically (Havelin et
al. 1995, Herberts and Malchau 2000). A well known example
is a methylmethacrylate/n-decylmethacrylate/isobornylmeth-
acrylate (MMA/DMA/ IBMA) bone cement (Boneloc) which
was introduced on the market in the early 1990s. It performed
poorly in spite of preclinical test results that were deemed
adequate (Thanner et al. 1995, Nilsen and Wiig 1996, Furnes
et al. 1997, Carlsson 1998).
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Aims of the study

The overall aim of this study was to investigate the possibil-
ity of predicting the long term clinical performance of acrylic
bone cements based on preclinical in vitro physical testing.

The specific aims were:

1.To address changes in mechanical properties and micro-
structure of one bone cement aged in vitro under simulated
physiological conditions for up to 1 year.

2.To discriminate between test results under “physiological”
conditions compared with “standard” conditions.

3.To study the effects of physical aging and water uptake on
the mechanical properties of a PMMA-based bone cement.

4.To assess whether a dynamic creep testing protocol as well
as quasistatic testing can reveal properties relevant to the
long term clinical performance of different cement brands.
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Summary of Papers |-V

Paper | - Time dependent mechanical properties
of bone cement. An in vitro study over one year

Background: Changes in mechanical properties of bone cements
over time are of clinical importance, but not well documented.
Specifications for testing do not address the time factor.

Methods: This study recorded changes in compressive prop-
erties and microstructure of one bone cement stored under
simulated physiological conditions (water at 37°C) from 20
minutes up to 1 year and in dry air at 37°C for comparison.

Results: Compressive strength increased within the first
week (p<0.001), decreased at 1 month (p<0.001), and
remained at that level at 1 year. Elastic modulus showed a
similar development. Maximum strain values, indicating plas-
tic deformability, increased continuously over 1 year. Micros-
copy revealed microcracks between the pre-polymer beads
and the matrix in specimens tested after 20 minutes, whereas
there were fewer cracks in 1 year specimens.

Interpretation: Increase in strength during the first week
is due to polymerisation and formation of interpenetrating
molecular networks. The subsequent decrease could be due to
the plasticizing effect of water uptake, as supported by higher
values for dry specimens. It can be speculated that microcracks
which could be initiated while reducing an arthroplasty at 15
min, acting as initiators for fatigue fractures in the cement
mantle, contribute to cement failure. It is recommended that
testing of bone cements should be performed after extended
aging at simulated physiological conditions, for the present
cement at least 5 weeks. Results obtained at less than one
week could be influenced by ongoing polymerisation, as well
as microcracks and lower coherence between the prepolymer
beads and the matrix.

Paper Il - Performance of bone cements: are
current preclinical specifications adequate?

Background: Current specifications (standards) for preclinical
testing of bone cements (ISO 5833: 2002, ASTM F451-99a)
require simple mechanical testing after aging for 24 hours
under dry conditions at 23°C. Some bone cements have ful-
filled the requirements in the specifications, and yet had infe-
rior clinical results. Clinically, bone cements are subjected to
complex loading patterns in a moist or wet environment at
37°C. Thus the validity as well as the robustness of current
standard testing protocols can be questioned.

Methods: The influence of temperature and storage medium on
the properties of bone cement was examined. We compared the
results of storing and testing under standard conditions of 23°C
in dry air, with the results obtained at 37°C in water or plasma.

Results: The dry specimens showed an increase in strength
and elastic modulus with time, while the values for wet speci-
mens decreased. There was no difference between specimens
stored in water or in plasma. Ultimate compressive strength
of dry specimens after 24h was 1.16 times higher than that of
those stored wet, increasing to 1.34 times after 1 month, and
1.46 times after 6 months (p<0.001 for all comparisons).

Interpretation: Testing under dry conditions as required in
current standards always gave higher values for mechanical
properties than did storage and testing under more physi-
ological conditions. The sensitivity of test values to differ-
ent environments implies that testing conditions for bone
cements should be scrutinized in order to develop more rel-
evant testing protocols that more closely replicate the in vivo
environment.

Paper Ill - Physical aging and the effect of
water on mechanical properties of a poly(methyl
methacrylate)-based bone cement

Background: The aim of this study was to describe the effects
of physical aging and the effect of water on the mechanical
properties of a PMMA-based bone cement. Such cements are
auto-curing PMMA powder/MMA monomer products that
polymerise in situ.

Methods: After mixing and curing, the cement had been
stored unloaded for 5 years in air at 23°C. Three groups of
specimens were tested in compression at 23°C: One group
was tested in the dry state (Group Al), another group was
stored in water at 37°C for 3 weeks before testing (Group A2),
and a third group that had been stored in water, was re-dried
for 3 weeks at 23°C before testing (Group A3). A group of
freshly made specimens, tested after 24 hours, 5 weeks, and 6
months (Groups B1-B3), was included for comparison.

Results: There was a continuous increase in ultimate com-
pressive strength (UCS) and E-modulus (E) from 24 hours up
to 5 years. Group Al and A3 had similar values for both UCS
and E (p>0.05), while group A2 had statistically significantly
lower values (p<0.001).

Interpretation: The increase in mechanical properties during
five years is interpreted as an effect of physical aging. The
plasticizing effect of water decreased the mechanical proper-
ties to approximately the same level as the newly set material.
Re-drying for another three weeks gave values similar to those
of the 5-year old dry specimens. Thus it is demonstrated that
the effect of water absorption is reversible. Moreover, it is sug-
gested that the mechanical effects of physical aging remain
after immersion in water.
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Paper IV - Dynamic creep and quasistatic
properties of bone cements: Data from
laboratory-made and retrieved specimens

Background: Data from the Norwegian arthroplasty regis-
try have revealed that femoral stems cemented with a low/
medium viscous bone cement (CMW3G) had poorer clinical
outcomes than those cemented with a high viscosity cement
(Palacos). Data for specimens made from a cement with an
unconventional composition (Boneloc) that had performed
poorly and been taken off the market about 14 years earlier,
were also included.

Methods: In vitro quasistatic compression as well as
dynamic creep testing (50 MPa @ 1 Hz) was performed on
both laboratory-made specimens and on specimens from
retrieved cement obtained during revision surgery.

Results: Generally, the low/medium viscosity cement had
higher values for compressive strength and E-modulus than
the high viscosity product, whereas the creep was lower. The

historic cement had distinctly lower strength and modulus of
elasticity than a high viscosity cement. Values for specimens
from the retrieved historic cement were at least three times
higher than those from the conventional cements, and they
failed before reaching 20,000 cycles of dynamic testing. The
conventional cements withstood more than 500,000 cycles.
Interpretation: The present results did not reveal major dif-
ferences in quasistatic properties or creep behaviour of the
conventional cements, demonstrating the similarity of these
products. The historic Boneloc cement, on the other hand,
represented a product with distinctly different properties, par-
ticularly with regard to creep behaviour, from the traditional
PMMA-based products. The difference in long-term clinical
performance between the two modern cements is not directly
reflected by the present short-term laboratory tests. The higher
creep of the cement with reported good clinical performance
(Palacos) may indicate that some creep could be advanta-
geous. Creep as high as that observed in the Boneloc cement
appears to be detrimental with respect to clinical outcome.
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Materials and methods

Quality control

All equipment used in the studies was calibrated or controlled
for accuracy before use and the test results were reproducible,
as we could show by repeating some tests at the same time
points and under identical conditions. Data files were proof-
read once in all studies by different co-workers.

The test methods used in the different studies were well
established and are modifications to existing standard testing
procedures.

Storing conditions were the same for all cement packages.
Cement mixing and preparation of specimens was undertaken
by the same investigators in all studies.

Cements and preparation
The cements for in vitro tests

The three bone cements used in this study were Palacos R-40
cum Gentamicin (Schering Plough), Boneloc (Polymers
Reconstructive A/S) and CMW 3G (De Puy). Table 1 shows
the chemical composition of these bone cements.

Preparation of in vitro specimens

The cements were precooled to 4°C prior to mixing and pre-
pared according to the manufacturers’ instructions at 23°C
and 40-60% relative humidity. Cement preparation was per-
formed in a sterile cartridge (Optivac S, ScandiMed Implant
AB, Sjobo, Sweden). The Optivac S system allowed mixing
and collection under vacuum in a closed system (Dunne and
Orr 2001) (Figure 4).

The components in the cartridge were mixed at vacuum
levels below 0.15 bar for about 40 seconds, then the cartridge
was transferred to a cement gun (ScandiMed Implant AB,
Sjobo, Sweden). At approximately dough time, usually after
3.5 minutes, the cement was injected into polytetrafluoroeth-
ylene moulds (NIOM, Haslum, Norway) to produce cylin-
drical 6x12 mm test specimens according to ISO 5833 (ISO
2002) (Figure 5).

The cement was allowed to cure for 15 minutes. The speci-
mens (Figure 6) were removed from the moulds and wet-
ground (DAP-V, Struers, Copenhagen, Denmark) to ensure
that the end surfaces of the specimens were perpendicular to
the long axis. Length, diameter and mass were recorded.

Table 1. Composition of the bone cements used in this work (information from the manufacturers)

Powder Palacos R-40 CMW 3G Boneloc
Sachet (Palacos and CMW3G) cum Gentamicin (De Puy) (Polymers
Boneloc in Vacuum Pack (Schering-Plough) Lot no.: Y138B40 Reconstructive A/S)
Lot no.: 1-NFBA-20/9430 40.09 Lot no.: 503171
40.8 g 55.6 9

Methylmethacrylate /

methylacrylate copolymer 82.84% 83.8% 90.0%
Benzoyl peroxide 0.49% 1.9% 0.9%
Zirconium dioxide 14.71% = 10.0%
Barium sulphate - 10.0% =
Chlorophyll 0.002% = =
FD & C Blue No. 2 Al. Lake - - 0.1%
Gentamicin 1.96% 4.2% =
Liquid Palacos R-40 CMW 3G Boneloc
In glass cartridge cum Gentamicin (De Puy) (Polymers
(Palacos and CMW3G) (Schering-Plough) 1799 Reconstructive A/S)
Boneloc in Vacuum Pack Lot no.: 0-RDCA-67/3264 Lot no.: 503171

18.8 9 2449

Methylmethacrylate (MMA) 97.87% 97.50% 50.0%
Decyl methacrylate - — 30.0%
Isobornylmethacrylate = = 20.0%
N,N-dimethyl-p-toluidine 2.13% 2.5% 0.5%
Dihydroxypropyl-p-toluidine = = 0.9%
Chlorophyll 0.002% — -
Hydroquinone 60 ppm 25 ppm =
Hydroquinone + Hydroquinone-

monomethyl ether = = 100 ppm
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Figure 4. Vacuum mixing system with cartridge, nozzle, stopwatch,
thermometer and cement gun.

Figure 5. Moulds according to 1ISO 5833 to produce cylindrical 6x12
mm test specimens.

Figure 6. Test specimen before testing (A), barrel-shaped test speci-
men after testing (B).

All samples were stored unloaded. Test specimens were
obtained from different mixing procedures and were randomly
assigned to the testing groups. All test specimens were from
the same lot (batch) of the respective cement type (Table 1).
The coherent design of the experiments allowed use of data
across different studies.

Table 2. Retrieved bone cement

Pat # Type of bone cement Years in use Reason for revision

1 Palacos with Gentamicin 10.25 Aseptic loosening
4 Palacos with Gentamicin 11.17 Aseptic loosening
6 Palacos with Gentamicin 9 Aseptic loosening
7 Palacos with Gentamicin 8.88 Aseptic loosening
8 Palacos with Gentamicin 6.88 Aseptic loosening
10 Palacos 19.25 Aseptic loosening
14 Palacos with Gentamicin 9.83 Aseptic loosening
16 Palacos with Gentamicin 5.7 Aseptic loosening
B7 Boneloc 2.83 Aseptic loosening
B8 Boneloc 3 Aseptic loosening
B9 Boneloc 2.5 Aseptic loosening
B10 Boneloc 2.83 Aseptic loosening
B11 Boneloc 3.17 Aseptic loosening
B15 Boneloc 3 Aseptic loosening
B16 Boneloc 3 Aseptic loosening
B27 Boneloc 4 Aseptic loosening

In Study II, the two values from testing in plasma were
compared with values from the same respective time points in
Study I. In Study III, the increase in values over up to 5 years
was demonstrated by comparison with the values from Study
IT in air at 23°C for 24 hours, 1 month, and 6 months. In Study
IV, the two values of CMW3G were compared with results
from the corresponding time points of Study II.

Test specimens for creep testing were primarily prepared as
described above but, after the cement had set, were milled to
a size of 3x6 mm using the same method that was used for
retrieved bone cement fragments; it was not technically pos-
sible to test bone cement specimens of the size 6x12 mm in
the actuators.

Collection and preparation of retrieved bone cement

Bone cement was retrieved from patients who had undergone
hip revision surgery for aseptic implant loosening. Surgery
was performed in two different hospitals in the Bergen area
by different orthopaedic surgeons. Permission to collect the
cement and some patient data was given both by the local ethi-
cal committee (REK III nr. 025.02, 04.03.2002) and the Nor-
wegian Social Science Data Service (Ref.: 200200235 GHA/
RH, 06.03.2002, Project: 9026).

We obtained sufficient usable bone cement pieces from
eight patients with Palacos but unfortunately no patient had
received CMW3G cement. We also had access to test speci-
mens of Boneloc cement, prepared in 1995 and recovered
from eight patients. These bone cement fragments were pre-
pared and tested under the same conditions as the retrieved
Palacos specimens.

Retrieved bone cement was postoperatively stored in water
at 37°C until specimen preparation was finished, then the
specimens immediately underwent compression and creep
tests in water at 37°C. The age of the retrieved bone cement
ranged from 5.75 years to 19.25 years for Palacos cement and
from 2.5 to 4 years for the Boneloc cement (Table 2).
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Figure 7. Retrieved bone cement. In this special case the whole cement
mantle was debonded from the bone and could be removed with the
prosthesis, without fragmenting the cement.

Fragment of
bone cement

Lathe Specimen cylinder

Round dental bur

Figure 8. Schematic of preparing test specimens from the retrieved
bone cement. The same method was used for preparing test speci-
mens for dynamic creep testing.

Cylindrical specimens (3 mm diameter x 6 mm height) were
prepared from the retrieved cement (Figure 7) by milling.

Specimen preparation was performed in a lathe, using a
ball-shaped dental bur (Komet, ISO 500, HI 023) as the cut-
ting tool. The bur was constantly flushed with water during the
shaping process (Figure 8). The end surfaces of the specimens
were wet-ground as described above.

Quasistatic testing

The cement specimens were mechanically tested in compres-
sion with a servo-hydraulic testing machine (Material Test
System 810, Model No. 318.10, MTS Systems Corp., Min-
neapolis, USA) with a compression jig equipped with a strain
transducer (NIOM, Haslum, Norway) located close to the
specimen under testing (Figure 9).

The testing took place in 23°C air or in water maintained at
37 +/- 0.5°C. After the specimen was placed in the test cham-
ber, a constant cross-head speed of 24 mm/min (ISO 2002)
was applied until the stress value fell to a minimum and the
test specimen fractured (Figure 10). Deformation and load
were sampled continuously. Ultimate compressive strength,
UCS (in MPa), maximum strain (in %), and E-modulus, E (in
GPa), were calculated from the resulting stress-strain curve
(Figure 10).

Figure 9. Schematic drawing of the experimental configuration, a)
water 37°C, b) strain transducer, c) test specimen.
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Figure 10. How the mechanical variables were deduced from the
stress/strain curve.

Time protocol, aging conditions, testing conditions
and sample size for quasistatic in vitro testing

The start of mixing of powder and liquid was always taken as
the zero point in time.

After preparation, the specimens were aged in: Air at 37°C
(Study 1), air at 23°C (Study II, III), water at 37°C (Study I
- IV), and plasma at 37°C (Study II). Testing of the respec-
tive samples was performed in an identical environment as for
aging, except for the plasma group that was tested in water at
37°C for reasons of hygiene.

Mechanical tests were performed after 20 minutes (min), 1
hour (h), 6 h, 24 h, 1 week, 3 months, and 12 months (Study
D). In Study 11, tests were performed after 24h, 1 month, and 6
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Figure 11. Schematic drawing of a pneumatic actuator for dynamic
creep testing.

months. In Study II1, tests were performed after five years, five
years + 3 weeks and five years + 6 weeks. In Study IV, tests
were performed after 24 h, 48 h and 6 months. An adequate
sample size was tested at each time-point.

Dynamic creep testing (Study IV)

Dynamic creep testing was performed using pneumatic actua-
tors (FESTO AG & Co, Esslingen, Germany) placed in a
water bath at 37°C to apply dynamic forces (Figure 11). A
displacement transducer (Hottinger Baldwin Messtechnik
GmbH, Darmstadt, Germany) was used to record deformation
continuously. The dynamic forces were actuated by a pneu-
matic system of valves, pressure regulators and a counter (all
FESTO AG & Co, Esslingen, Germany).

A force of 50 MPa was applied with a frequency of 1 Hz up
to 600,000 cycles. The load of the pneumatic actuators was
controlled (Force transducer, Type: C9B, HBM, Darmstadt,
Germany) intermittently to ensure that there had been no drift
in load.

Time protocol, aging conditions, testing conditions
and sample size for dynamic creep testing

In vitro specimens for dynamic creep testing were stored for 6
months in water at 37°C and then tested in water at 37°C for at
least 600,000 cycles or until failure of the specimen occurred.

Twelve in vitro specimens of CMW3G and 9 in vitro speci-
mens of Palacos cum Gentamicin were tested.

Optical examination (Studies | and Ill)

Untested and mechanically tested specimens were embed-
ded parallel with the long axis in a cold-setting epoxy resin
(EpoFix™, Struers, Copenhagen, Denmark) about one year
after preparation. After curing, the specimens were wet-
ground (TergaForce -1, Struers, Copenhagen, Denmark) with
different grinding discs using a force of 10 N and finally pol-
ished with polishing cloths and an alumina water-based pol-
ishing liquid (DiaPro Dac, MD Mol and MD Nap, Struers,
Copenhagen, Denmark). The polished blocks were placed in
25% tetrahydrofurane (THF) for 10 minutes to etch the surface
(Puska et al. 2004). The middle area of the specimens, which
corresponded to the most deformed part, was examined in an
incident light microscope (Leica DMIRM, Leica Microscopy
Systems, Wetzlar GmbH, Germany).

Statistics

The statistical analysis was performed using MINITAB
Release 14.12.0 (Minitab Inc., State College, PA, USA) and
SPSS version 13.0 and 15.0 for MS-windows (SPSS Inc. Chi-
cago USA).

In Studies I and III, we used an ANOVA for testing differ-
ences between mean values for the different time-points. To
determine for which time-points the means differed, post hoc
analyses were done, adjusting for multiple comparisons. All
p-values less than 5% were considered statistically significant.

In Study II, a generalized linear model (GLM) was used to
model an ANOVA to determine differences between the dif-
ferent groups as well as for the different time-points in the
specific group. The group differences were tested at each time
point in the GLM using a categorical variable defined with an
interaction of time. All p-values less than 5% were considered
statistically significant.

In Study IV, statistical differences in the simple compres-
sion tests between the different cement types were assessed
using standard t-tests. The average creep value for each of the
cement types was based on the predicted values from a mixed
linear regression model. In this model, the test specimen was
entered as a random coefficient while the natural log transfor-
mation of time (the number of cycles) was entered as a linear
continuous variable. The covariance structure for the random
coefficient was set as autoregressive (1st order, AR(1)). Fur-
thermore, to distinguish between the different creep rates for
the cement types, an interaction term between the log trans-
formed age and the cement types was entered. Calculation of
pointwise 95 % confidence intervals was done using the esti-
mated standard errors.
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Summary of results

In the following, the results for Studies I-IV are cumulated. A
more detailed description can be found in Papers [-IV of this
thesis. Specimens of the individual cement types are all from
batches with identical lot numbers and they were therefore
comparable with each other even though produced at different
time points.

Quasistatic properties

Palacos cum Gentamicin specimens tested in water displayed
increased ultimate compressive strength (UCS) until a maxi-
mum was reached after 1 week. Thereafter, UCS decreased
5.5% during 3 months, then levelled off (Figure 12).

The results for UCS from specimens tested in air (at 23°C
and 37°C) showed higher values for all testing time points
compared with specimens tested in water, and there was a con-
tinuous increase in strength over time. However, there was no
difference between testing at 23°C or 37°C in air (Figure 12).

CMW3G always had higher values for UCS than Palacos
cum Gentamicin but showed a performance similar to that of
Palacos cum Gentamicin, with increasing values in air and
decreasing values in water (Study IV).

Laboratory specimens of the historic Boneloc cement, that
had been tested about 14 years earlier, revealed that the UCS
and E-modulus were significantly lower than those of the Pal-
acos cement (p=0.005 for UCS; p=0.028 for E).

The elastic modulus for Palacos cum Gentamicin at 20 min
was 78% of maximum, which was reached at 24 hours and
was followed by a decrease of 7.4% at 1 year (Figure 13).

UCS [MPa]
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Figure 12. Mean ultimate compressive strength (UCS) with 95% con-
fidence intervals (Cl) for Palacos cum Gentamicin, logarithmic time
scale.
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Figure 13. Mean E-modulus with 95% CI for Palacos cum Gentamicin,
logarithmic time scale.

The E-modulus for CMW3G, tested in water at 37°C, was
higher compared with Palacos cum Gentamicin except for
the 6 months value. E-modulus increased between 24 hours
and 6 months for both cements when tested in 23°C air but
decreased when tested in water at 37°C.

Storage of Palacos cum Gentamicin specimens in plasma
or in water gave approximately identical values for UCS and
E-modulus (Study II).

Dynamic creep properties

Palacos cum Gentamicin showed a statistically significant
(p<0.001) higher creep value than CMW3G when testing the
in vitro specimens in 37°C water (Figure 14). Both cements
could be tested 600,000 cycles without fracturing.

Retrieval properties

Boneloc showed a statistically significant (p<0.001) higher
creep value than Palacos when testing retrieved specimens
in dynamic creep at 37°C in water (Figure 15). Most of the
Boneloc specimens were destroyed after 20,000 cycles of test-
ing while Palacos specimens survived the whole testing line
of 600,000 cycles.

The UCS of the retrieved Palacos specimens was not signifi-
cantly different (p=0.81) from the in vitro 6 month values in
37°C water while E-modulus showed statistically significantly
(p=0.008) lower values.
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Figure 14. Estimate of dynamic creep for CMW3G and Palacos with
95% CI.
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Figure 15. Estimate of dynamic creep with 95% Cl for retrieved Boneloc
and Palacos

Figure 16. Optical micrograph of etched surfaces of bone cement spec-
imen which had been mechanically tested at 20 minutes after prepa-
ration. The application of force was in the vertical direction. Arrows:
Microcracks (gaps) between pre-polymer beads and polymer matrix.
Horizontal bar: 50 pm

Optical findings

Examination of the central area of the tested specimens,
which had been subjected to high strains, showed that the pre-
polymer beads had been distinctively deformed as a result of
the compression. Specimens tested 20 minutes after mixing
were characterised by separation of the pre-polymer (PMMA)
beads from the newly formed polymer matrix, forming micro-
cracks at the interfaces (Figure 16). Dispersed particles of the
radioopacifier were clearly visible (Figure 16).
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General discussion

New devices, components, and techniques are chosen because
they may offer improvements. Preclinical, in vitro investiga-
tions of cemented arthroplasties are essential to quantify such
improvements and to assess prognostic issues for the opera-
tion. In this way, material safety will be improved and users’
and patients’ confidence in the new product increases. Nev-
ertheless, this in vitro testing has proven difficult because of
the complexity of the bone-cement-prosthesis system in vivo.
Factors that influence the validity of these investigations will
be discussed in the following pages.

A randomised clinical trial would provide an opportu-
nity to assess the quality of materials. The drawback is that
such a trial would involve a very long follow-up and a large
number of participants would be required to detect differ-
ences. By the time the results are available, the materials or
techniques in question could already be outdated (Grossman
and Mackenzie 2005) and new ones might have appeared on
the market. This is also a problem for registries of implant
survival. While they provide good information about avail-
able materials that were used previously, and, due to large
numbers and long follow-up, they detect even small differ-
ences, they cannot predict the potential success of new mate-
rials. On the other hand, by continuous registration, they can
identify a trend towards poorer outcomes at an early stage.
This happened in the case of Boneloc cement after only three
years (Nilsen and Wiig 1996, Furnes et al. 1997). In the case
of CMW3QG, it required 6 — 10 years to reveal the material’s
shortcomings (Havelin et al. 1995, Espehaug et al. 2002).
The ideal, of course, would be to prevent the appearance of
such products on the market.

Materials tested

The validity of the results reported here is limited to the mate-
rials tested, but materials with similar composition and fabri-
cation are probably quite comparable with those in the present
studies.

In all studies (I-IV), one brand of bone cement (Palacos
R cum Gentamicin, Schering Plough) with well documented
good long-term clinical results was used (Havelin et al. 1995),
and this material is considered representative for other cements
which have similar composition.

In Study IV, we tested in addition two other cement brands
(CMW3G and Boneloc) that had shown inferior results in
registries of implant survival, compared with Palacos cement
(Havelin et al. 1995, Riegels-Nielsen et al. 1995, Nilsen and
Wiig 1996, Furnes et al. 1997, Espehaug et al. 2002). These
two cements were chosen for comparison because of their

proven poorer clinical results and our desire to quantify their
clinical differences in short term in vitro testing.

We tested three different types of bone cement with differ-
ent viscosity. Palacos R cum Gentamicin is classified as high
viscosity bone cement while Boneloc is classified as low vis-
cosity cement, and CMW3G as medium viscosity cement.
CMW3G was originally marked and classified as a low vis-
cosity cement (Havelin et al. 1995, Kiihn 2000, Espehaug et
al. 2002) but is currently classified and marked as medium
viscosity cement (Watkins 2003, Race et al. 2005).

Manufacturing variables

The results of our studies are influenced by manufacturing
variables like sterilization method, chemical composition and
additives. These variables are constant factors for the commer-
cial product and are independent of the user.

Increasing molecular weight increases the strength of a
polymer (Ruyter and Svendsen 1980, Lewis 2000). Sterilizing
the cement powder by y- or B-irradiation degrades the frac-
ture toughness of the set material by lowering the molecular
weight, unlike ethylene oxide (EtO) gas sterilization (Harper
et al. 1997, Lewis and Mladsi 1998, Lewis 1999a, Kuehn et
al. 2005a). The cements tested in this study were sterilized
by different methods and have accordingly different molecular
weights. The higher molecular weight of Palacos bone cement
compared with CMW3G (Kiihn 2000) could probably influ-
ence the mechanical properties of the cements but the clinical
relevance of such changes due to sterilisation has to be further
investigated (Ries et al. 20006).

The most commonly used radioopacifiers in commercial
bone cements are BaSO, and ZrO,. In case of the cements
studied here, Palacos R cum Gentamicin and Boneloc contain
ZrO, and CMW3G contains BaSO,. BaSO, has been claimed
to be a stress raiser, a crack initiator and a pore creator in the
interbead matrix (Lewis 2000, Kurtz et al. 2005) but biologi-
cal factors, influencing cell differentiation around the cement
bone interface, with possible effects on aseptic loosening,
have also been reported (Jasty et al. 1992, Jasty and Smith
1992, Shardlow et al. 2003, Breusch and Kuhn 2003, Lewis
et al. 2005b, Bader et al. 2005). These mechanisms were not
addressed in this study but could influence the clinical per-
formance of these bone cements.

Bone cement with premixed antibiotic powder is widely
used in Scandinavia (Dunbar 2009). The Norwegian Arthro-
plasty Register reports the use of 96% antibiotic laced bone
cements in primary THAs (Furnes et al. 2008), in contrast
to the USA (Heck et al. 1995). The mechanical properties of
acrylic bone cement are not significantly affected by adding
an antibiotic powder (Saha and Pal 1984, Davies et al. 1989b,
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Lewis et al. 2005a, Brock et al. 2009). In the present work,
both Palacos and CMW3 contained Gentamicin, added by the
manufacturer.

Operator variables

Ambient conditions in the operating theatre have a strong
impact on the final properties of a bone cement. The cements
used in studies I-IV were chilled to 4°C prior to mixing and
vacuum mixed at 23°C, conditions that imitate typical clinical
use (Carlsson et al. 1993, Smeds et al. 1997).

It has been shown that prechilling of the cement lowers the
viscosity (Lidgren et al. 1987) and increases the setting time
(Pearson et al. 1975, Lewis 1999b). However, fatigue prop-
erties are not significantly influenced by temperature alone
(Lidgren et al. 1987, Lewis 1999b) but when chilling is com-
bined with vacuum mixing, fatigue life improves. Thus, chill-
ing and vacuum mixing should be considered in combination;
prechilling is a precondition for vacuum mixing by elimi-
nating the risk of the monomer boiling (Lidgren et al. 1987,
Wixson 1992) and it prolongs the cement’s working time and
maintains a lower viscosity, making it injectable. The porosity
of a bone cement is claimed to be one of the most important
factors in its mechanical behaviour during in vivo use (Jasty
et al. 1991, Boss et al. 1994, Murphy and Prendergast 2002,
Ries et al. 2006). It has been hypothesized that initial damage
to the cement is caused by shrinkage stress due to polymerisa-
tion contraction (Gilbert et al. 2000, Orr et al. 2003, Race et al.
2005) causing voids and porosity in the cement, but voids can
also occur through air entrapment during mixing, inclusion
of fluids and monomer boiling (Kuehn et al. 2005a). Pores
may act as sites of crack initiation and stress raisers but may
also stop crack propagation (Topoleski et al. 1993). Porosity
was not measured in this study and samples with macroscopic
defects on the surface (big voids) were discarded. This may
have introduced a selection bias towards better mechanical
results.

Vacuum mixing has been proven to reduce porosity and
improve the fatigue performance of bone cements (Lidgren et
al. 1987, Linden 1989, Norman et al. 1995, Lewis 1999b) as
well as increasing their strength (Lidgren et al. 1984, Alkire et
al. 1987, Lewis et al. 1998). The low viscosity bone cements
are exceptions and seem not to be improved by vacuum mixing
(Hansen and Jensen 1992, Lewis et al. 1998). The mixing
system itself influences the cement properties. Hence, in all
our studies, the system that had resulted in the best mechanical
properties was used (Wang et al. 1996, Dunne and Orr 2001,
Mau et al. 2004).

Langdown et al. have demonstrated that ambient theatre
temperatures influence the mechanical properties of cements
(Langdown et al. 2006). Cement setting time was reduced by
higher temperatures. Even more important was the finding that
setting time varied widely within a given temperature range.
This could have a crucial impact on the success of an arthro-
plasty: cement mechanical properties, together with the sur-

face preparation of the implant (Howell et al. 2004, Perez et
al. 2006, Smailys et al. 2007), are known to influence the lon-
gevity of arthroplasties (Gruen et al. 1979). Cements are tech-
nique-sensitive materials and require standardized handling in
order to produce reproducible results (Lewis and Austin 1994,
Lewis et al. 2005a). We took these factors into consideration
and performed our mixing, aging and testing as closely as pos-
sible to actual clinical conditions.

Clinically, the mixing result is often characterised by a high
degree of variability despite a mostly standardized procedure
(Dunne et al. 2005). Thus, it is somewhat surprising that the
overall results of cemented THAs are good; a post mortem
study of the cement mantle in THAs has shown that about
80% of analysed stems have some defects (Janssen 2008,
Bishop et al. 2009). While the cement mantle may be partly
inadequate, these implants maintained good function, sug-
gesting either that the patient adapts to a lower activity level
or the material forgives these quality failures. On the other
hand, this is consistent with the theory that wear debris is the
most important cause of aseptic implant loosening (Jasty et al.
1986, Hirakawa et al. 2004, Bader et al. 2005).

Blood entrapment has been shown to weaken cement prop-
erties (Bannister et al. 1990, Majkowski et al. 1994, Gravius
et al. 2007) but this effect was not studied in our experiments
under optimal laboratory conditions.

Test procedures

Bone cements have been evaluated mechanically using differ-
ent test methods and under different conditions (Harper and
Bonfield 2000, Lewis and Nyman 2000, Lewis 2003).

Testing in compression, as in Studies -1V, is considered
clinically relevant (Huiskes and Verdonschot 1997). The com-
pressive strength of bone cements is higher than that obtained
from testing in bending or tension (Kuehn et al. 2005b). More-
over, in the relevant standards (American Society for Testing
and Materials 1999, ISO 2002), compression testing is seen as
the preferred method.

Advanced preclinical in vitro testing in the form of fatigue
testing has been described (Lewis 2003) as a method for
assessing the long term survival of bone cements but there are
still many areas of disagreement, so there is a need to stan-
dardize methods and conditions for these tests.

Creep testing under dynamic loads simulates more closely
the clinical situation than does conventional static testing. The
cyclically loaded specimens are allowed to recover once in
every loading cycle, leading to less creep compared with stati-
cally loaded specimens (Chwirut 1984). By walking, a patient
subjects a well-functioning THA about 2 million cycles per
year on average (Silva et al. 2002, Breusch and Kuhn 2003),
so the 600,000 test cycles in Study IV represent a rather
short time. The test frequency of 1 Hz mimics loading during
normal gait (Morlock et al. 2001) but the test conditions in our
study do not include the effects of rest periods.
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Retrievals (Study IV)

The National Institutes of Health stated that “implant retrieval
and analysis may provide the best opportunity to understand
the long-term consequences of implantation and provide input
to the evolutionary development of future implant technol-
ogy.” (National Institutes of Health 2000). This highlights the
importance of implant retrieval studies, which have opened up
important insights into failure mechanisms of arthroplasties
(Hirakawa et al. 2004).

However, access to bone cement specimens for mechanical
testing is often limited as the cement frequently fragments during
its removal from the femoral medullary cavity. The degree of
stress to which the cements were exposed and the in vivo local-
ization of the cement fragment is often unknown, as was the case
in Study IV. Furthermore, the retrieved bone cement specimens
came from arthroplasties that had been revised because of loos-
ening for different reasons. In particular, Boneloc cement was
often fragmented and disintegrated easily (Riegels-Nielsen et
al. 1995), indicating a major cement damage which could cause
inferior quasistatic and creep properties. These results should
therefore be interpreted on a qualitative basis.

Additionally, the retrieved specimens were subjected to
selection. Specimens with macroscopic defects were dis-
carded, leading to selection bias, as only the macroscopically
intact specimens were used for testing.

Storage medium and water uptake

Multiphasic PMMA-based polymers absorb some water on
storage (Schmitt et al. 2004). The increase in mass, interpreted
as due to water uptake, of the specimens stored in water (Stud-
ies [-IV) and plasma (Study II) of about 1.8% is in line with
expectations in the standard for dental acrylic resins, which
are comparable with bone cements (ISO 1999). Other authors
have also reported water uptake of around 2% in polymeric
materials (Ortengren et al. 2001, Schmitt et al. 2004, Kuehn
et al. 2005b)

The water uptake in polymers is a diffusion controlled
process (Deb et al. 1995). Two mechanisms for this process
are discussed in the literature. One is the “Free volumetric
theory” in which water diffuses through micro-voids without
any relationship to the polar molecules in the material. The
other is that water sorption characteristics are governed by
specific molecular interactions (Bellenger and Verdu 1989)
where water diffuses through the material by binding to the
hydrophilic bonds. This theory is favoured by Unemori et al.
and Bellenger et al. (Bellenger and Verdu 1989, Unemori et al.
2003) while Akashi et al. (Akashi et al. 1999) tends to the free
volumetric theory. However, any water uptake at all is impor-
tant for the mechanical and chemical properties of PMMA-
based bone cements and, in this context, the mechanism is of
subordinate importance.

Lipid solutions have been claimed to be preferable as a
storage medium because of the very fatty conditions in the
bone marrow. There was supposed to be better liquid dif-
fusion into the cement, or easier leaching of low molecular
mass species out of the cement, due to the hydrophobic nature
of methyl methacrylate (Hailey et al. 1994, Lee et al. 2002).
Even if the differences in mechanical properties compared
with storing in water were small, one study demonstrated an
increased creep rate and a lower energy needed for fracturing
(work of fracture — WOF) when specimens had been stored
in a lipid-containing solution as compared with storage in
water (Hailey et al. 1994). Physiological salts have no effect
on the post-curing chemical changes in bone cements (Hailey
et al. 1994). However, the composition of the storing fluid is
of minor importance as we have shown in Study II. Storage
in plasma and storage in water gave approximately identical
test values.

It has been shown that the elastic modulus of homogeneous
cast PMMA is lowered when exposed to humidity (Ishiyama
and Higo 2002). After approximately 3 months, the cement
seems to be saturated with water (Studies I-III) (Schmitt et al.
2004, Kuehn et al. 2005b) as there are only smaller changes in
properties thereafter. Water acts as a plasticizer, but also as a
crazing initiator (Qysad and Ruyter 1987, Akashi et al. 1999).
The plasticizing effect of water (Ruyter and Svendsen 1980,
Deb et al. 1995, Akashi et al. 1999, Unemori et al. 2003, Sch-
mitt et al. 2004) is the dominant factor when testing acrylic
bone cements, as we have shown in Study III. All competing
changes in the cement are overshadowed by this effect.

Optical findings

The optical microstructural differences between specimens
tested after short and long term storage revealed different pat-
terns of mechanical failure. It appears that the bond between
the pre-polymer beads and the polymer formed in situ is more
coherent in the later stages of cement life, probably due to a
stronger molecular semi-interpenetrating network (semi-IPN)
(Puska et al. 2004). It has been shown earlier that crazes are
formed at the interface between the matrix and polymer beads
in auto-polymerised PMMA-based materials (@ysad and
Ruyter 1987).

Quasistatic properties

We have shown, in Studies I-III, that the mechanical proper-
ties of self-curing bone cement change during a storage period
of five years. The evolution of mechanical properties of a bone
cement differed between storage in air and storage in water,
whereas there were no differences between storage in water
and in plasma (Study II). Moreover, we found that testing in
accordance with the specifications (air 23°C) always gave
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higher values than storage and testing under more physiologi-
cal conditions (water 37°C).

The evolution of the mechanical properties of a cement can
be considered to be the result of different processes going on
simultaneously in the material. Firstly, the increase in strength
and modulus observed within the first week can be looked on
as a result of rapid polymerisation by the free radical polymer-
isation process, which implies an increase in molecular weight
(Basker et al. 1989) and the onset of physical aging (Struik
1978, Cizmecioglu et al. 1981, Hay 1995). Aging is a basic
feature of the glassy state of PMMA and of all other poly-
mer glasses. It is defined as a process that occurs in a poly-
meric material during a specified period of time, and it usually
results in changes in physical structure (Hatada et al. 1996,
Hughes et al. 2003). Incomplete curing results in a residual
monomer content of about 2% - 6% (Hailey et al. 1994, Algers
et al. 2003, Vallo et al. 2004, Kiihn 2005, Kuehn et al. 2005a),
decreasing within the following three weeks to approximately
0.5% (Kiihn 2000). Residual monomer has a plasticizing
effect and influences the mechanical and thermal properties of
bone cement by reducing its mechanical strength, glass transi-
tion temperature (Tg), and thermal stability. Incomplete curing
and increased monomer content, which decreases within three
weeks, increases impact strength (Hailey et al. 1994, Algers
et al. 2003, Vallo et al. 2004). This effect influenced our early
test results, especially in Studies I and II. We cannot quantify
this effect, as the residual monomer content was not measured.

Secondly, water uptake has a plasticizing effect (Ruyter and
Svendsen 1980, Schmitt et al. 2004) which leads to weakening
of the cement(Deb et al. 1995, Akashi et al. 1999, Unemori et
al. 2003, Kjellson et al. 2004).

The effects of the polymerisation process dominate in the
first week, whereas the plasticizing effect of water dominates
thereafter, resulting in lowering of strength and modulus. On
the other hand, increase in maximum strain might have an
effect by lowering the brittleness, and it possibly affects the
fatigue properties of the cement. The maximum strain is inter-
preted as an indicator of strain at failure and thus serves as a
measure of the ductility (plastic deformability) of the cement.
This value increases continuously over the first year, a finding
that also can be explained by the effect of water uptake. The
distinct differences in the evolution of mechanical properties
between specimens stored and tested under wet vs. dry condi-
tions reveal this effect.

Taking into account the results of Study III, the plasticizing
effect of water is reversible, while the effect of physical aging
continues even in the presence of water.

It is noteworthy that, after 20 minutes, the strength of Pala-
cos cum Gentamicin is only 66% and its elastic modulus only
78% of the peak values for the material. Together with the low
maximum strain values, this reveals that the cement is frag-
ile at this early stage yet clinically it could be subjected to
heavy forces, e.g. by joint reduction during arthroplasty, usu-
ally performed after 10—15 minutes. At this time, microcracks

could be produced, which could increase the risk of fatigue
fractures in the cement mantle (Langdown et al. 2006), and
possibly influence the long term clinical outcomes (Jasty et
al. 1991). This assumption is consistent with a reported high
rate of aseptic loosening in cemented implants with operating
times lower than 51 minutes (Smabrekke et al. 2004), suggest-
ing that the cement may have been loaded at a very early stage.
This assumption is further supported by our optical findings,
which showed poor coherence between the prepolymer beads
and the matrix in the early stage after mixing.

The effect of temperature in the range between 23°C and
37°C on a bone cement in air seems to be less important
(Baleani et al. 2001), as judged by a comparison of the results
of Studies I and II and as mentioned by Ogawa et al. (Ogawa
and Hasegawa 2005). Recalling that Tg for Palacos R after 4
weeks storage in dry 37°C air is 86°C, and after storage in
37°C water it is 67°C (Kiihn 2000), the effect of a 14°C dif-
ference in testing temperature could be ignored in air as the
cement is in the glassy state, far from T, but such an effect
could be enhanced in the presence of water (Hailey et al. 1994,
Arnold and Venditti 2001) as Tg is not far from the testing
temperature and the cement becomes more rubbery (Breusch
and Kuhn 2003). This effect is even more important for the
Boneloc cement, which has a T, of only 79°C (Thanner et al.
1995) in 23°C air; this could explain the results from Study I'V.

Creep properties

Creep is defined as time-dependent increase in strain in a
material under constant or cyclic stress (Chao and Aro 1997).
Creep is a very sensitive variable. It is influenced by the
chemical composition and micro-structural properties as well
as operator controlled variables like vacuum mixing or injec-
tion time.

It has been shown that creep strain of PMMA increases
with delayed injection time (Norman et al. 1997), stress level
(Chwirut 1984, Norman et al. 1995, Verdonschot and Huiskes
1995), temperature (Ruyter and Espevik 1980, Chwirut 1984)
and water sorption (Kildal and Ruyter 1997) and decreases
with vacuum mixing (Norman et al. 1995). Frequency has not
been shown to influence creep behaviour (Lewis et al. 2003)
but differences in chemical composition like molecular weight
(Liu et al. 2002) and additives like radioopacifier are known
to affect creep (Verdonschot and Huiskes 2000, Harper and
Bonfield 2000, Liu et al. 2002).

The strain recorded during cyclic creep testing in Study IV
includes the elastic strain that is about 2% at 50 MPa at an
elastic modulus of about 2.5 GPa. The accelerating deforma-
tion recorded towards the end of testing in Study IV indicated
an effect of damage accumulation (Jeffers et al. 2005).

Creep is very sensitive to the ambient temperature (Liu et
al. 2002, Liu et al. 2005). Thus, implant heating under stress
(Bergmann et al. 2007) could lead to higher creep rates than
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those measured in our study. Additionally, we measured creep
under optimal uni-directional loading conditions in vitro and
have not taken account of elements affecting creep in the in
vivo situation; these could include multidirectional loading
patterns, cement mantle thickness, porosity, prosthetic shape,
prosthetic surface, prosthesis-cement and the cement-bone
interface.

Bone cement creeps faster under tension than under com-
pression (Verdonschot and Huiskes 1995) but compressive
loading of the cement is most likely to be the dominant mode
of loading of the cement mantle (Huiskes and Verdonschot
1997).

Creep may be a property that is not just detrimental. Some
creep may be beneficial, as it allows adaptation between the
stem and the cement (Verdonschot and Huiskes 1997, Huiskes
et al. 1998, Norman et al. 2001). The somewhat better out-
come of Boneloc cement with the Exeter prosthesis is consist-
ent with this (Furnes et al. 1997, Thomsen et al. 2000, Bader
et al. 2005).

Our finding that the medium viscosity cement CMW3G
showed less creep than the high viscosity type (Palacos) could
be explained by slight differences in chemical composition. It
had been shown earlier that Palacos R-40 cement creeps more
than CMW1 cement (Liu et al. 2002), suggesting that Palacos
is more “ductile” and able to absorb impact energy better.

The cement with the anticipated best clinical performance
showed a higher creep rate, compared with the medium vis-
cosity cement. This observation suggests that some creep may
be advantageous. Excessively high creep rates, as observed in
the Boneloc cement, are detrimental with respect to clinical
behaviour.

Creep could be an important input parameter for simulating
stress distribution, damage development and cement mantle
life time (Kuzmychov et al. 2009). However, it was shown that
physical aging has a significant influence on the creep compli-
ance and therefore creep tests should be performed at different
aging times in order to demonstrate the short term and long
term effects of aging (Kuzmychov et al. 2009).
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Conclusions

 The strength of bone cements develops more slowly than the
apparently high initial setting rate indicates.

e There are changes in the mechanical properties of bone
cements over a time frame of five years.

e Testing bone cements as recommended by the ISO and
ASTM specifications always resulted in higher values than
testing at simulated physiological conditions. There is a
need for more clinically relevant test methods and associ-
ated conditions in test standards. Testing of bone cements
should be performed after extended aging under simulated
physiological conditions.

e The effect of water absorption on bone cements on the
physical properties is important but the mechanical changes
caused by physical aging remain after immersion in water.

e Simple quasistatic and dynamic creep tests seem unable to
predict the clinical performance of an acrylic bone cement
when the products are chemically very similar. However,
such testing may be clinically relevant for cements which
exhibit substantial differences
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Future research

The increasing demand for joint replacement surgery will lead
to the appearance of new bone cement products on the market
and the release of reformulations of established bone cement
brands by the manufacturers. It is therefore of importance that
orthopaedic surgeons know the properties of these products
before taking them in use. Generally, cementless fixation of
joint prostheses has hitherto not been consistently superior to
cemented fixation and one might expect continued use of bone
cements. Further research on bone cements is therefore war-
ranted. New products and reformulations of established brands
will require study. The properties of new products should be
critically evaluated by independent research laboratories to
avoid bias by commercial interests.

Since clinical data are always necessary for the final evalu-
ation of any new product, laboratory studies should be linked
to registries of implant survival. Cement samples could be
systematically collected intraoperatively when performing a
replacement THA and the samples linked to each patient’s
data in the register of implant survival. Mechanical in vitro
tests could be performed on these cement samples and com-
bined with register data. In revisions, retrieved bone cement
should be collected and examined. A centralised database for
retrieved joint prostheses should be established; this could
contribute new knowledge on cement problems as well as
other factors in prosthesis failure.

This work demonstrated that too high and too low creep
properties of a bone cement are associated with clinically
inferior results. While some creep seems to be beneficial, too
much creep appears to be disadvantageous. Defining an upper
and lower creep limit for new bone cement formulations under
relevant conditions should be a goal of new research efforts
and could become part of standard requirements. Considera-
tion should be given to defining an upper limit for the quasi-
static properties.

Subjecting cement samples to dynamic load testing, fol-
lowed by quasistatic testing, may mimic the clinical condi-

tions more closely and should be compared with results from
retrievals.

Further research is needed on the technique sensitivity of
acrylic bone cements. While researchers are able to reproduce
good and consistent results under optimised laboratory condi-
tions, the clinical workday is affected by stresses, urgencies
and lack of time and routine procedural mistakes, such as
mixing cement wrongly, are not uncommon. As Dunne et al.
(Dunne et al. 2005) reported, cement mixing procedures can
give highly variable results even when well trained staff per-
form the mixing. It would be possible to collect cement sam-
ples in the operating theatre, and to note ambient conditions
(temperature, relative humidity), with a view to establishing a
quality control of the procedure.

Viscosity characteristics and the effect of manipulation
during cement setting should be examined. Optical analyses
could possibly reveal differences between cements at different
points in time and after manipulations mimicking the proce-
dures in the operating theatre.

Another avenue for improving the results of a THA would
be better coherence between bone, cement and prosthesis. On
the one hand, to improve bone—cement coherence, the formu-
lation could be changed to reduce inflammatory reactions that
may lead to aseptic loosening. Radioopacifiers like BaSO, and
ZrO, could be changed (O’Brien et al. 2009). On the other
hand, cement—prosthesis coherence could be improved by
modifying the surface of the implant, possibly by making the
surface characteristics of the materials more similar, perhaps
by monomer coating the stem or wetting a porous stem with
monomer fluid.

Nevertheless, it is not easy to improve a material that is
already associated with such good results as present-day
THASs. Over 90% survive more than 15 years, implying that
most patients treated with a THA will keep their first prosthe-
sis for the rest of their days.
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