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Preface
This report is the result of a one‐year research project carried out at Orthopedic Research Laboratory,
Aarhus University Hospital from October 2007 to October 2008. The report also symbolizes the conclusion
of my almost three‐year long flirt with orthopedic research, starting in May 2006. In this period I have been
involved in several different research projects, performed or assisted in numerous surgeries on dogs, sheep
and pigs and I have found out that this is only the beginning of my research career.
I wish to thank my supervisors Kjeld Søballe, Thomas Jakobsen, Stig Storgaard Jakobsen and Jørgen Baas
along with my cousin and co‐researcher Henrik Saksø. Without their help this would never have been
possible. And, more importantly, it wouldn’t have been nearly as much fun!
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Background
Implantat fixation
More than 70 % of all Total Hip Replacement (THA) revisions are due to aseptic loosening of the prosthesis
(1).
Aseptic loosening is caused by a combination of numerous different factors. There seems to be a consensus
that wear particles and micro motion of the implant play key roles, but also that endotoxin might play a
greater role than earlier thought (2).

Endotoxin
What is endotoxin?
Endotoxin is a common name for the lipopolysaccharides (LPS) that are found in the cell walls of Gram‐
negative bacteria. Endotoxin is a structural part of the outer membrane of these bacteria and should not be
confused with exotoxins, which are proteins that are produced and released by both gram‐negative and
gram‐positive bacteria (3). Minute amounts of endotoxin can be released from the membrane during cell
division, but being a structural component of the cell wall, significant amounts of endotoxin are only
released during cell lysis (4).
As the name lipopolysaccharide indicates, endotoxin is a complex consisting of a lipid part and a saccharide
component. The saccharide component consists of a long polysaccharide chain and short oligosaccharide
(figure 1).

Gram‐negative bacterial endotoxin (lipopolysaccharide, LPS)
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Figure 1

The lipid component is called Lipid A and contains the hydrophobic and membrane anchoring part of the
endotoxin complex (4). Lipid A forms the external part of the lipid bi‐layer in the outer membrane and is
thus “shielded” from the cell’s surroundings by the saccharide components (Figure 2).
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Figure 2

Lipid A is responsible for the physiological activities of the endotoxin complex. When the cell undergoes
lysis and the cell membrane disintegrates, Lipid A comes into contact with the cell’s surroundings. Via Lipid
A, the endotoxin complex binds to CD14 and Toll‐Like Receptor‐4 (TLR‐4) on the surface of macrophages.
The binding triggers a signaling cascade in the macrophage, leading to the release of several potent pro‐
inflammatory cytokines. The cytokines include Interleukin (IL)‐1α, IL‐1β, IL‐6 and Tumor Necrosis Factor
(TNF)‐α (3).
These cytokines are interesting in relation to the bone‐implant interface as they affect both osteoblasts and
osteoclasts.
TNF‐α induces differentiation of the osteoclast precursors into mature osteoclasts through a direct
pathway. In osteoblasts IL‐1 and IL‐6 induce expression of receptor activator of nuclear factor κB ligand
(RANKL) and release of macrophage colony‐stimulating factor (M‐CSF). Combined, this initiates
differentiation of osteoclast precursors into mature osteoclasts (3;5) (figure 3). The end result is an increase
in the population of mature osteoclasts.

Figure 3
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Why could endotoxin be a problem in implant surgery?
Endotoxin is known to have a strong affinity for titanium implant materials(6) and have been detected on
commercially pure titanium, handled and cleaned in the same way as orthopedic titanium implants (7).
Obviously, it is not desirable to insert an orthopedic implant covered with a substance known to induce
osteoclast proliferation and subsequently bone resorption. Traditional sterilization using wet heat
(autoclaving) lyses the cell, exposing the Lipid‐A component of endotoxin to the surrounding environment,
but fails to inactivate endotoxin.

How can endotoxin be removed?
Several methods of endotoxin removal have therefore been explored by different research groups, with
plasma sterilization turning out to be efficient and possible to implement in a commercial setting (7‐9).
Plasma is described as the fourth state of matter, being more energetic than the other three states; gas,
liquid and solid. Because of the very high energy level in plasma a certain proportion of electrons are free
rather than being bound to an atom or molecule.
Plasma sterilization does not actually include plasma, but rather a cold ionized gas. The ionized gas is less
energetic than plasma and therefore contains some uncharged particles called neutrals. Among the
neutrals are radicals, which in part are responsible for the sterilizing effect of the ionized gasses (10).
Plasma and ionized gas can be made by subjecting a gas to an electrical field. The electrical field induces
energy to the gas which ionizes the gas atoms completely or partially. Some of the induced energy results
in the release of photons and thereby both visible and ultra violet (UV) light (10).
Using oxygen (O2) as a substrate, the ionized gas contains the reactive oxygen radicals O and O2‐.
The effect of plasma sterilization is ascribed to three different mechanisms (10):
1. UV irradiation: Destructs genetic material in microorganisms.
2. Intrinsic photodesorption: UV photons break chemical bonds and thereby erode the molecules,
atom by atom.
3. Etching: Reactive species, such as oxygen radicals, undergo chemical reactions with the
microorganisms/molecules. This leads to the formation of volatile compounds and subsequently
degradation of the microorganisms/molecules by “spontaneous etching”.
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Abstract
Interaction between implant surface and surrounding bone influences implant fixation. We attempted to
augment the bone‐implant interaction by 1) adding surface micro scale topography by acid etching, and 2)
removing surface‐adherent pro‐inflammatory agents by plasma cleaning. Implant fixation was evaluated by
implant osseointegration and biomechanical fixation.
The study consisted of two paired animal sub‐studies where 10 skeletally mature Labrador dogs were used.
Grit blasted titanium alloy implants were inserted press fit in each proximal tibia. In the first study grit
blasted implants were compared with acid etched grit blasted implants. In the second study grit blasted
implants were compared with acid etched grit blasted implants that were further treated with plasma
sterilization. Implant performance was evaluated by histomorphometrical investigation (tissue‐to‐implant
contact, peri‐implant tissue density) and mechanical push‐out testing after four weeks observation time.
Neither acid etching nor plasma sterilization of the grit blasted implants statistically significant enhanced
osseointegration or mechanical fixation in this press‐fit canine implant model.
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Introduction
In the western world, more than 2% of the population over 60 years receive a total hip replacement (1) and
each year one million hip replacements are inserted worldwide. Implant failure due to aseptic loosening is a
serious, painful and potentially invalidating complication. More than 10% of all uncemented hip implants
fail within ten years of implantation (2).
Rapid initial fixation of the implant is imperative to ensure long term implant survival (3). If the implant is
not stable, micro motion between the implant and the surrounding bone will increase the risk of fibrous
encapsulation of the implant (4;5), which inhibits bone ingrowth and thus increases the risk of loosening of
the implant.
The macro‐scale porosity of the implant surface plays an important role in osseointegration of the implant
(6). Furthermore, in recent years the concept of using micro‐scale topography to stimulate bone forming
osteoblasts has been investigated by several different groups (7‐9). Applying micro‐scale topographical
changes onto clinically rough surfaces has; however, proven difficult.
Etching of titanium implants makes it possible to apply micro‐topographical changes onto macro‐scale
porosities (10). In vivo studies has shown greater osseointegration of acid etched implants compared to
non‐etched control implants (11‐13). Furthermore, etching a grit blasted surface eliminates the inherent
problem with residue of the blasting ceramic particles left on the implant, by which the particle load in the
peri‐implant space is reduced.
In addition, superior implant biocompatibility will further improve osseointegration. Endotoxins are
molecules from the cell walls of bacteria, that induce a massive inflammatory response from macrophages
leading to fibrous capsule formation (14). Implants surrounded by a fibrous capsule have an increased
probability of loosening, compared to prostheses that are directly anchored in bone (15). Endotoxins have
previously been found extensively on the surface of commercially available implants (16). Consequently,
increasing the biocompatibility and reducing the probability of implant loosening by removal or inactivation
of the endotoxins from the surface of the implants (14) by plasma sterilization appears very promising
(17;18).
We hypothesized that acid etching would improve early osseointegration and implant fixation of grit
blasted implants, as evidenced by improved biomechanical implant fixation, increased formation of new
bone, and decreased presence of fibrous tissue. Furthermore, we hypothesized that removing the bio‐
burden by plasma sterilization of the implants would improve these parameters additionally.

Animals and Methods
Design
(Figure 1)
The study consisted of two separate sub‐studies, both designed as paired animal studies. Ten skeletally
mature Labrador dogs were used. Mean body weight was 34 kg [range 25 kg: 39 kg]. Each dog had two
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implants inserted in each proximal tibia. In the upper tibia site, we investigated the effect of surface etching
on grit blasted implants. In the lower tibia site we investigated the effect of combining surface etching and
plasma sterilization on grit blasted implants. Due to denser bone quality, the upper tibia surgical site
offered a better biomechanical implant fixation compared to the lower site (p=0.0098). Hence, no cross
comparisons between the two sub‐studies was performed. The observation time was four weeks.

Animals and surgical procedure
Under general anaesthesia, using sterile technique, the proximal part of tibia was exposed through an
anteromedial extraarticular approach. Two Kirschner (K) wires were inserted perpendicular to the surface
with 15.0 mm in between. The most proximal K wire was inserted with the implant centre 15 mm from the
tibia plateau. The K‐wires guided the 5.5 mm cannulated drill creating 11.0‐mm‐deep holes. Drilling was
performed at two rotations per second to prevent thermal trauma to the bone. All bone debris and soft
tissue was removed from the drill hole before the implant was inserted. Finally, the soft tissue was closed in
layers. Pre‐and postoperatively, the dogs were given one dose of Cefuroxim, 1.5 g intravenously, as
antibiotic prophylaxis. A fentanyl transdermal patch (75 μg/h) lasting three days was given as postoperative
analgesic treatment. The dogs were allowed full weight bearing postoperatively. The dogs were bred for
scientific purposes, and the study was approved and monitored by the Danish Animal Research Committee.

The implants
(Figure 2)
The aluminum oxide (Al2O3) grit blasted implants (L = 10 mm, Ø = 6 mm) were made out of Ti‐6Al‐4V alloy
(Depuy Inc., Warsaw, IN, USA), and were prepared as follows.
Acid etching: Acid etching was done at room temperature in an acidified NaF solution for six minutes. The
implants were then rinsed with a 1% Alconox (Alconox, Inc., White Plains, NY, USA) and 2% Liquinox
(Alconox, Inc., White Plains, NY, USA) detergent at 45ºC for 30 minutes. The implants were then rinsed
three times in 15 minute cycles with RO‐H2O at 45ºC. Finally the implants were dried at 60ºC.
Plasma sterilization: The plasma sterilization with pure O2 gas was performed in a 500 Watt plasma
chamber (7200 RF Plasma Processing System; PVA TePla America, Inc.) with a gas flow rate of 250 standard
cubic centimetres per minute (sccm) and a chamber pressure of 300 mTorr (40 x 10‐5 bar). The cycle time
was 30 minutes.
After the preparation, the implants were passivated, packaged separately and sterilized using standard
DePuy manufacturing methods.

Specimen preparation
After four weeks observation the animals were sacrificed with an overdose of hyper saturated barbiturate
and the proximal part of tibia was excised and cleaned and thereafter stored at –20°C. The outermost 0.5
mm of the implant‐bone specimen was cut off and discarded. The rest of the implant with surrounding
bone was divided into two sections perpendicular to the long axis of the implant with a water‐cooled
diamond band saw (Exact Apparatebau, Nordenstedt, Germany). The outermost section was cut to a
thickness of 3.5 mm and stored at –20°C pending mechanical testing (19). The innermost part 6.0 mm was
prepared for histomorphometry. The specimens were dehydrated in graded ethanol (70‐100%) containing
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basic fucsin, and embedded in methylmetacrylate (Technovit 7200 VCL; Exact Apparatbau, Nordenstedt,
Germany). Four vertical, uniform, random sections were cut with a hard‐tissue microtome (KDG‐95;
MeProTech, Heerhugowaard, The Netherlands) around the centerpart of each implant as described by
Overgaard et al. (20). Before making the sections, each implant was rotated randomly around its axis. The
sections were cut parallel to this axis. The 40‐μm‐thick sections were counterstained with 2% light green
(BDH Laboratory Supplies, Poole, UK) and then mounted on glass (21). This preparation provides red
staining of non‐calcified tissue and green staining of calcified tissues such as woven bone and lamellar.

Histomorphometrical evaluation
(figure 3)
Blinded histomorphometric analysis was done using a stereological software program (C.A.S.T.‐grid
Olympus Denmark A/S, Ballerup, Denmark). Fields of vision from a light microscope were captured on a
computer monitor and a user‐specified grid was superimposed on the microscopic fields. Four vertical
sections representative of each implant were analyzed and cumulated (20).
With the aid of the software, we defined two zones in the sections. Zone 1 stretches from the implant
surface and 500 μm outwards into the surrounding tissue, and Zone 2 was defined starting 500 μm from
the same implant outer surface line and extending another 500 μm outwards into the surrounding tissue.
In both zone 1 and 2 tissue volume fractions were quantified by point counting (22). On the implant
surface, line intercept‐technique with sine‐weighted lines was used to estimate the bone‐implant contact
(23).
Intra‐observer variation was determined as coefficients of variation on double measurements on four
randomly selected implants. All the coefficients were well within the expected range; however, defining
small amounts of new bone on the implant surface and discriminating between new and lamellar bone
close to the implant proved troublesome (new bone in zone 1 [24%], lamellar bone on the surface [52%]).

Mechanical testing
The thawed implants were tested to failure by axial push‐out test on a MTS Bionics Test Machine (MTS,
Eden Prairie, MN, USA). The specimens were placed on a metal support jig with a 7.4 mm diameter central
opening. The implant was centralized over the opening, assuring a 0.7 mm distance between the implant
and the support jig. The direction of loading was from the cortical surface inward. A preload of 2 N was
applied to standardize contact conditions before initiating loading. We used a displacement rate of 5
mm/min with a 2,5 kN load cell. Load and deformation were registered by a personal computer. Each
specimen length and diameter was measured with a micrometer screw gauge and used to normalize push‐
out parameters (24). Ultimate shear strength (MPa) was determined from the maximal force applied until
failure of the bone‐implant interface. Apparent stiffness (MPa/mm) was obtained from the slope of the
linear section of the curve. Energy absorption (kJ/m2) was calculated from the area beneath the curve until
failure.
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Statistics
Histomorphometrical as well as mechanical data followed a normal distribution and a paired t‐test was
used to distinguish between groups. The data were presented as means with standard deviation (SD).
Differences between means were considered statistically significant for p‐values less than 0.05.

Results
Surgery
All dogs were fully weight bearing within three days of surgery. No postoperative complications were seen,
and no dogs were excluded during the observation period. No signs of infection were seen during the
harvesting of the specimens.

Histomorphometrical results
(Table 1 and 2)
There were no statistically significant differences between Grit Blasted and Grit Blasted+Acid Etched (sub‐
study 1), or Grit Blasted and Grit Blasted+Acid Etched+Plasma Sterilized (sub‐study 2) in regards to any of
the tissues compared in any of the zones measured.
All implants were well osseointegrated, with almost 50% of the implant surface in direct bone contact in
sub‐study 1 (upper site) and almost 40% implant to bone contact in sub‐study 2 (lower site). Furthermore,
there was no fibrous tissue in the bone‐implant interface in sub‐study 1, and only 5% in sub‐study 2.

Biomechanical results
(Table 3)
By gross observation, all implants were well anchored in the bone. No statistically significant differences
were found between neither Grit Blasted and Grit Blasted+Acid Etched nor Grit Blasted+Acid
Etched+Plasma Sterilized in any parameter.

Discussion
The purpose of this study was to improve implant performance by acid etching micro‐textural changes on
grit blasted implant surfaces together with the effect of removing surface‐adherent pro‐inflammatory
agents by plasma sterilization.
In this study, we showed that neither etching alone, nor etching combined with plasma sterilization
improved the osseointegration and the fixation of the grit blasted titanium implants in this press‐fit canine
implant model.
The canine implant model was chosen because canine cancellous bone closely resembles human cancellous
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bone (25). The paired design of the two sub‐studies eliminates the influence of interindividual differences
between the test animals. All implants were placed extra‐articularly and not exposed to direct loading,
which limits this model in its representation of a clinical joint replacement. The model is; however, well
established and has in numerous publications shown a good ability to detect subtle differences in
mechanical fixation and osseointegration caused by surface modifications (26‐28). Grit‐blasted implants
was chosen because they represent a well‐recognized, clinically applied surface for uncemented joint
replacement components (29;30).
Previous studies have shown positive effect of acid etching titanium implants, using a similar canine implant
model (26). However, both the baseline treatment of the implants and the etching technology were
different. Daugaard et al. used a dual etching technique on a chemically milled surface, whereas we used
single etching on a commercial available grit blasted surface. Better performing control coatings together
with a slightly increased under‐drilling (0.1 mm – 0.5 mm) in our setting may explain the increased bone‐to‐
implant contact in our study (more than 50% in both groups in sub‐study 1) compared to Daugaard et al.
(control: 18.4%, etched: 36.2%). This excellent degree of osseointegration may have been difficult to
further improve.
As previously reported, we also observed that etching reduced the amount of grit blasting debris on the
implant surface (31). We did not see any short‐term benefits of this in terms of osseointegration and early
implant fixation.
Although clearing the implant surface of endotoxin theoretically would improve osseointegration, we found
no positive effect of plasma sterilizing the etched implants. This may very well reflect the fact that there is a
dose dependent response to endotoxin. Endotoxin tends to accumulate on polyethylene, and the negative
effect of polyethylene wear particles can partly be ascribed to surface‐adherent endotoxin (32).
Furthermore, after insertion of an endotoxin free implant, endogenous endotoxins will adhere to its
surface. If an implant contaminated with exogenous endotoxin is inserted, some of the endotoxin will be
cleared from the implant. This potentially establishes a comparable steady state concentration of
endotoxin on the surface of both intervention and control implants (33).
Even though acid etching did not improve the initial osseointegration in this study, the reduction of alumina
particles on the implant surface may prove beneficial long term by reducing the amount of particulate
metal in the peri‐prosthetic tissue (34). In clinical practice, only a small portion (10% to 20%) of the un‐
cemented press‐fit implant surface is in bone contact (35). Therefore improvement of the remaining 80% ‐
90% should be investigated in a model where ‘over‐drilling’ introduces a small gap between the bone and
the implant surface. Furthermore, to test the effect of the bio burden, it would be relevant to perform a
dose‐response study.
Neither acid etching nor plasma sterilization of the grit blasted implants statistically significant enhanced
osseointegration or mechanical fixation. Two theoretically attractive ways of improving implants
performance failed to prove efficient in this press‐fit canine implant model. All implants performed
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extremely well both in regards of osseointegration and mechanical fixation presenting a likely explanation
for the lack of any proven benefits by acid etching and plasma sterilization.
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Tables
Table 1:
Sub‐study 1
Surface
GB
GB+AE

New Bone
Mean
48.8
47.4

P‐values

Zone 1
GB
GB+AE

0.786

Mean
28.9
26.9

P‐values

Zone 2
GB
GB+AE

(SD)
(8.4)
(11.3)

Lamellar Bone
Mean
(SD)
6.0
(4.2)
8.2
(8.3)
0.443

(SD)
(5.0)
(7.9)

Mean
16.7
17.3

(SD)
(6.2)
(7.9)

Mean
21.7
21.6

0.540

Mean
18.2
19.0

P‐values

(SD)
(7.2)
(9.0)
0.868

0.826

(SD)
(3.8)
(10.0)
0.972

Table 2:
Sub‐study 2
Surface
GB
GB+AE+PS

New Bone
Mean
35.4
39.6

P‐values

Lamellar Bone
Mean
(SD)
11.2
(5.8)
9.3
(3.8)

(SD)
(6.7)
(6.1)

0.502

Zone 1
GB
GB+AE+PS

Mean
18.3
17.5

P‐values

0.796

Zone 2
GB
GB+AE+PS

Mean
12.7
14.7

P‐values

0.473

(SD)
(2.1)
(1.9)

Mean
16.4
13.8

(SD)
(6.4)
(4.1)

0.281

(SD)
(4.4)
(6.5)

Mean
18.4
16.7

0.468

(SD)
(6.2)
(3.6)
0.530

Table 3:

Sub‐study 1
GB
GB+AE

STRENGTH
(MPa)
Mean
10.15
9.41

P‐values

Sub‐study 2
GB
GB+AE+PS
P‐values

(SD)
(1.61)
(0.90)

ENERGY
(kJ/m2)
Mean
1.05
1.18

0.148

Mean
7.02
6.95

0.572

(SD)
(3.21)
(1.77)
0.944

(SD)
(0.46)
(0.52)

STIFFNESS
(MPa/mm)
Mean
73.12
65.60

Mean
0.61
0.61

0.380

(SD)
(0.47)
(0.31)
0.969

(SD)
(21.14)
(13.82)

Mean
64.57
63.67

(SD)
(24.41)
(16.23)
0.925
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Legends
Figure 1:
Placement of the implant pairs in the right and left tibia.

Figure 2:
SEM pictures of the implant surfaces:
In picture d, crystals of aluminum oxide (Al2O3 particles) from the grit blasting are clearly visible. Pictures e
and f show the pits created by the etching process and the pictures indicate that the majority of the
particles has been removed by the etching process.

Figure 3:
Picture showing a histological cross section used for Histomorphometry.
The close‐up picture shows Lamellar Bone (L) and New Bone (N) in contact with the implant surface.
Marrow is marked (M).

Table 1:
Sub‐study 1 (upper site).
Tissue area and volume fractions.
Surface (0 μm): Tissue area fraction in percent.
Zone 1 (0‐500 μm): Tissue volume fraction in percent.
Zone 2 (500‐1000 μm): Tissue volume fraction in percent.

Table 2:
Sub‐study 2 (lower site).
Tissue area and volume fractions.
Surface (0 μm): Tissue area fraction in percent.
Zone 1 (0‐500 μm): Tissue volume fraction in percent.
Zone 2 (500‐1000 μm): Tissue volume fraction in percent.

Table 3:
Data of mechanical parameters.
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Perspectives
We did not find any effect of removing endotoxin from the implants in this study, but this in no way means
that endotoxin can be taken off the list of possible causes for aseptic loosening.
First of all, as stated in the background‐section, endotoxin has never been thought to be the sole cause for
aseptic loosening, but more likely a contributing factor along with wear particles, micro motion and several
other factors.
Secondly, the study was very short (only four weeks) compared to the several years it usually takes for
aseptic loosening to develop in human patients.
Finally, the study was performed in dogs, which however much their bone structure resembles human
bone, will never be completely representative of human patients.
To further investigate the effect of endotoxin in relation to aseptic loosening some changes in the study
setup seems relevant.
Our research group has previously used implant models that incorporate both wear particles and micro
motion. Using such a model would be a natural next step in the research process.
A future study should incorporate a dose‐response investigation with a different amount of endotoxin on
each implant group. This could bring us closer to understanding the levels of endotoxin that are required to
provoke a response in the bone‐implant interface. When inserting implants covered with known amounts
of endotoxin, it would be very interesting to measure the endotoxin amount on the surface of the implants
after extraction. This would shed some light on the “steady state” theory. If the implants that were
endotoxin‐free when inserted have as much endotoxin on the surface as the implants loaded with
endotoxin, it would indicate that there is no reason to clear the implants of endotoxin, and that future
research should focus on some of the other factors involved in aseptic loosening.
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