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C H A P T E R  1

General introduction



The subject of this thesis is an uncemented hip prosthesis coated
with hydroxyapatite: its clinical performance and survival, its radi-
ographic histological and histomorphometric features; in particular its
relationship to infection, investigated in an experimental human post-
mortem study and in a clinical study of revision arthroplasties for septic
loosening.
The author’s interest in the subject was raised when the ABG hydroxya-
patite-coated hip prosthesis was introduced in 1990 in Atrium Medisch
Centrum, Heerlen, the Netherlands. The co-promoter of this thesis, A.J.
Tonino, initiated a prospective study on this hip prosthesis. One of the
most striking features, apart from the pain relief, was the fact that most
patients regained a large range of motion very rapidly after surgery.
Moreover, there were two patients, in the course of the study, with a
deep prosthetic infection who recovered without their implants being
removed. The hip prostheses remained stable during subsequent follow-
up and showed similar radiographic signs of bone remodelling as com-
pared to patients who had not been infected. Six years after successful
treatment of his prosthesis infection, one of the patients deceased. His
implant was retrieved and showed excellent osseointegration without
any trace of the infection. This made us hypothesize that a hydroxy-
apatite coating might have a mitigating or perhaps even protective
effect in case of joint prosthesis related infection and led to the studies
that are presented in this thesis.
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Introduction
Replacement of degenerated joints has become one of the most suc-

cessful surgical procedures in orthopaedics, in particular total hip
arthroplasty. This treatment modality not only reduces the pain of an
osteoarthritic hip, but also causes patients to be more active, both physical
and social, and stimulates an overall feeling of well-being [Laupacis
����]. The first replacement of a femoral head was performed in ����

by the German surgeon Gluck [Gluck ����]. The implant was made of
ivory and a glue-like substance was used as fixation material. In the first
decades of the twentieth century, other replacement prostheses were
developed for the treatment of osteoarthritis, but interposition arthro-
plasties, using fascia lata grafts tended to be more successful. Then, in
����, Smith-Petersen resurfaced the proximal femur with glass with the
intention that this would “mould” the femoral head and acetabulum
into a better congruity. Because the glass broke within a few months, he
later used Pyrex (in ����) and Bakelite (in ����). From ���� on, Vitalli-
um was used as the implant material and this proved to be a more
durable material. Several other prosthetic designs were developed
(Judet, Thompson, Moore, McKee-Farrar, Ring), all uncemented, that
were moderately successful [Warren ����, Harkess ����]. In ��	�,
Haboush used methylmethacrylate (known from dental surgery) to cre-
ate a longer lasting fixation of a hip prosthesis to bone [Haboush 1953].
After ��
�, this bone cement, now polymethylmethacrylate, was strong-
ly advocated by Sir John Charnley. This, and his concept of low friction
arthroplasty (a �� mm steel femoral head against a polyethylene aceta-
bular cup) using his surgical technique, with his design of femoral pros-
thesis is one of the main reasons for the success of total hip replacement
in the ��
�’s and ����’s. To this day Charnley’s cemented total hip
arthroplasty remains the golden standard [Schulte ����, Britton ���
]
with the best survival rate, ranging from ��% after a mean follow-up
period of �� years in a population of patients of less than �� years old at
the time of surgery [Wroblewski ����], to almost ��% after �� years in
a population of patients who were 	� years or younger at the time of
surgery [Keener ����]. However, when considering not only revision as
the endpoint, but also radiographic loosening (definitive or probable),
the probability of survival is considerably lower: �
% for the acetabular
component and 66% for the femoral component after �� years [Keener
����]. This viewpoint is actually more appropriate to judge the durability
of an implant because many people refuse revision surgery at an older
age, even though there is evidence of loosening of one or both of the
components.
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Fixation of hip implants
The issue of method of fixation, and the problem of wear of the

components, is still of clinical importance in joint replacement surgery.
The problem that may arise at some point in time after total joint
replacement is loosening of the prosthesis without an infection being
present (aseptic loosening). Cementing techniques have evolved from
mixing the bone cement with a spatula in a bowl and putting it in place
by hand, to the use of pulse lavage of the medullary canal, vacuum mix-
ing of the bone cement, insertion with a cement gun and pressurizing
(with a plug in the medullary canal distally), and this has increased the
longevity of cemented total hip arthroplasty [Mulroy Jr ����]. Never-
theless, a substantial amount of resorption of bone is still observed in
the elderly patient, in particular after longer follow-up periods in the
proximal femur [Schmalzried ����, Schulte ����], which can make revi-
sion surgery more difficult. The phenomenon of gradual and genera-
lized bone resorption in the proximal femur around the stem is caused by
stress shielding and is a bone remodeling process, dictated by the new
loading patterns that arise after a total hip arthroplasty. Another form of
bone resorption is that of a granuloma induced by wear particles. This is
described as osteolysis; it is a histologically and histomorphometrically
totally different process from the stress shielding bone resroption. Both
processes play an important role in aseptic loosening of a hip implant
and are easily mixed up with each other. Furthermore, in cemented total
hip arthroplasty there are two interfaces that may fail: the interface
between the implant and the bone cement, and the interface between
the cement and the host bone. All this has led to renewed interest in
cementless fixation of implants, with only one contact area: implant-
bone. Non-cemented fixation potentially leads to a close and permanent
contact between prosthesis and bone [Engh ����, Geesink ����, Geesink
����, Søballe ����, Hardy ����, Søballe ����, Ang ����, Overgaard
����a, Dhert ����, Tonino ����]. One of the most widely used materials
for noncemented joint prostheses is titanium, a biocompatible material
that permits bone to grow in close proximity to the implant surface
(contact osteogenesis) [Engh ����, Mulliken ���
]. To promote
implant-bone contact even more, bioactive materials such as hydroxy-
apatite, a calcium phosphate ceramic, have been applied to implant sur-
faces as a coating. Several prosthetic designs using hydroxyapatite-coated
titanium have proven to be successful after medium term follow-up and
are subject of constant evaluation [D'Antonio ����, Geesink ���	,
Vedantam ���
, Tonino ����, Oosterbos ����]. Long lasting fixation of
these implants is achieved by functional integration of the prosthesis
with the surrounding bone. For this process of bony integration, the
early healing phase (days to weeks after implantation) is particularly
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important, and is characterised by a cascade of various cellular events at
the implant surface. In an experimental study Dhert observed that
implants which were rigidly fixed in the surrounding bone directly fol-
lowing implantation, in the course of two weeks showed a significant
decrease in contact between bone and implant as a result of bone
resorption [Dhert ����]. After that, remodelling took place which led to
an increase of the implant-bone contact after � weeks, when the contact
parameters reached the direct postoperative level [Dhert ����]. However,
the contact area remained osseous during this process, without the for-
mation of a fibrous interface.

Peri-implant infection
Infections related to implants (Figure ���) have always posed a serious

clinical problem leading to an increase in complicated and costly revision
arthroplasties with a high morbidity [Walenkamp 1990, Sanderson ����].

In the early days of joint replacement surgery, infection was the most
common cause of failure of the arthroplasty. In his first series, Charnley
reported an infection rate of almost �� percent [Charnley ��
�]. Since
then, the infection rate has decreased to less than � percent for a total
hip arthroplasty at present [Garvin ���	, Malchau ����], even in a
multi-surgeon study [Blom ����]. The use of systemic antiobiotics pre-
and postoperatively combined with antibiotic-impregnated bone cement
is considered to be most effective in preventing septic loosening
[Malchau ���
a, Espehaug ����], in combination with better handling
of the air flow in the operating room. Factors that contribute to a greater
risk of infection following a total joint arthroplasty include rheumatoid
arthritis, diabetes mellitus, the presence of skin ulcers, poor nutrition,
obesity, revision surgery, recurrent urinary tract infection, prolonged
hospital stay prior to the joint replacement, and immunosuppressive

CHAPTER 1 General introduction

�

Figure ���

Radiograph of infected

total hip arthroplasty.

Note the substantial

osteolysis in the femur.



therapy [Charnley ����, Wilson ����, Smith ����, Papagelopoulos ���
,
Hanssen ����]. A peri-prosthetic infection may result from direct con-
tamination at the time of surgery, from penetration of a superficial infec-
tion, or from hematogenous spread of bacteria from a more distant
infection. Direct contamination usually leads to infection during the first
months after the operation. The presentation is mostly that of an acute
fulminating infection. A superficial wound infection may result in a
deep infection within a year after surgery as a chronic low-grade infec-
tion. An infection by hematogenous spread of bacteria is thought to
originate in a distant focus and appears years after the joint replace-
ment. This classification was proposed by Coventry and later modified
by himself and Fitzgerald [Coventry ���	, Fitzgerald ����]. Another clas-
sification was devised by Estrada [Estrada ����]. They described four
categories that comprise essentially the same categories as in the Fitzge-
rald classification: early postoperative infection, late chronic infection,
hematogenous infection (the latter classified as having an acute onset),
and added a category of unexpected positive intra-operative cultures.

Because of the presence of a foreign body, the implant, the treatment
of a peri-implant infection is very difficult. It is not just a case of adminis-
tering antibiotics, but surgical debridement is essential and very often
the implant needs to be removed. This removal and the uncertainty that
a new prosthesis can be implanted have a tremendous impact on the
patient. Hospital stay is lengthened and mobility will decrease. For the
surgeon, the treatment of a peri-implant infection is strenuous and time
consuming, while the financial burden of an infected joint prosthesis is
high [Sculco ����]. With increasing numbers of patients receiving an
arthroplasty [Okhuijsen ����] it is obvious that the problem of implant
related infections will also increase in the future in terms of absolute figures.

The most frequently cultured organisms causing such a peri-implant
infection are Staphylococcus aureus and Staphylococcus epidermidis
[Ostendorf ����]. Other frequently seen micro-organisms are the gram-
negative bacilli, such as Escherichia coli, Proteus, Pseudomonas and Kleb-
siella [Maderazo ����]. The development of micro-organisms that are
resistant to antibiotics is a cause of great concern that necessitates
research into the development of new antibiotics and other antimicro-
bial therapies on the one hand, but, on the other hand, also improve-
ment of means to prevent these infections [James ����]. Several
authors have suggested that the use of antibiotic-loaded bone cement
may contribute to the induction of antibiotic-resistance in micro-orga-
nisms [Hope ����, van de Belt ����], but hard evidence for this theory
has not yet been presented. Another problem in an implant related
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infection is the accuracy of the diagnosis. Very often the identification of
the etiological pathogen is difficult, which is the reason that a certain
number of loosenings is diagnosed as aseptic, while in fact these loose-
nings may have been caused by a low-grade infection. This may explain
why the postoperative rate of infection after revision total hip arthro-
plasty (for aseptic loosening) is higher than after primary arthroplasty
[Berbari ����], and is further supported by the observation that the rate
of aseptic loosening was decreased by measures directed at preventing
infection [Charnley ��
�, Josefsson ����]. Better detection methods,
such as ultrasonication of an implant that has been revised for aseptic
loosening and subsequent culturing of the sonication medium, result in
the identification of bacteria in patients that were not suspected of ha-
ving infection [Tunney ����]. Another new method of detection is iden-
tification of bacterial DNA by molecular methods rather than by cultures
[Mariani ���
, Tunney ����, Trampuz ����]. Assays based on a poly-
merase chain reaction (PCR) to amplify nucelic acid are able to detect
one copy of bacterial DNA. More research is needed however, before
routine application of these methods become available, mainly to rule
out false-positive and false-negative results.

An important feature that provides for an explanation for the diffi-
culty of diagnosing and treating a peri-implant infection is the presence
of a biofilm on the implant surface [Gristina ���	]. Bacteria may be
introduced to the peri-implant area by direct contamination during sur-
gery, or by a (transient) bacteremia. Once bacteria have reached the sur-
face of an implant, they adhere to it, where they can multiply and pro-
duce a slime layer of exopolysaccharides (glycocalyx) (Figure ���).

The adhesion can be explained by the fact that bacteria, as well as tissue
cells, prefer to grow on a surface rather than in its liquid surroundings.
The bacteria are directed to the surface of a material by physical forces,
such as Brownian motion, van der Waals attraction forces, gravitational
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forces, the electrostatic charge of the surface and hydrophobic interac-
tions. This first physicochemical phase of bacterial adhesion is
reversible, but is followed within 24 to 48 hours by an irreversible phase
of molecular and cellular reactions (Figure 1.3) [Gristina 1987].




Figure ���

Schematic presentation of the sequence of events taking place as a bacterial cell (B) approaches a surface; from

attachment and adhesion to aggregation in colonies with molecular bonding to the surface; later on groups of

adherent cells may become detached and spread, which can result in distant abscess formation. (From Gristina

1990, reprinted with permission)

Figure ���

Schematic presentation of the relationship of a bacterial or tissue cell with the surface of an implant.

The defect in the oxide coating allows the cell to form covalent bonds with the deeper metal layers. Even the most

inert metals and polymers have active sites like this. (From Gristina 1990, reprinted with permission)



Direct chemical reactions may occur between bacteria and surface
atoms or between bacteria and the oxides that are present on the outer
layer of the surface. In particular, defects in the oxide layer represent
sites of ionic and protein adsorption and catalysis which will allow for
bacterial adhesion (Figure ���).
Bacterial capsules, fimbriae and fibrillae (polymeric structures of the
bacterial surface) make the bacteria adhere more firmly to a surface [An
����]. Stuck to a surface in this way, the bacteria can resist very strong
shear forces from, for example, the flow of liquids [Gristina ����]. The
most well-known slime producing bacteria are coagulase-negative
staphylococci. Microcolonies of bacteria encased in glycocalyx form a
thick structure, a biofilm. In the biofilm the behaviour of bacteria is
diverse: near the surface bacteria are metabolically active, probably
because they have access to nutrients that diffuse through the upper
surface of the biofilm. The micro-organisms deeper in the biofilm show
less metabolic activity and seem to be “asleep” [Costerton ����]. These
bacteria are protected from host defence mechanisms, but also from
detection by many routine culturing methods and from antimicrobial
therapy. Within a week after the biofilm has been formed, the sensitivity
to antibiotic therapy of bacteria in it decreases logarithmically [Golden-
berg ����]. The polyanionic glycocalyx may act as an ion-exchange
resin and bind charged antibiotic molecules and thus limit the access of
the antibiotic to targets within the bacterial cells and cell envelopes
[Costerton ����].
Tissue cells have a similar relationship to the surface of implants as do
bacteria. Although tissue cells are less developed in their capacity to do
so, they can also form strong chemical bonds with the surface and create
their own protective glycocalyx that is resistant to infection [Gristina
����]. But, if bacteria are the first to colonize the surface of an implant,
they have won “the race for the surface” and an infection is the result.
The presence of biofilms can explain why infection of a total joint pros-
thesis is very difficult to diagnose, and also very difficult to treat with
just the use of antibiotics. Antibiotic therapy may suppress the infection,
but the infection will often recur after the therapy has ended. Removal
of the implant is usally more successful in eradicating the infection,
since the biofilm is then removed as well.
Apart from the strain of bacteria, adhesion to a biomaterial depends on
the characteristics of the biomaterial itself. Several studies have shown
that polymethylmethacrylate (PMMA) is more susceptible to infection
than metals [Petty ���	, Oga ����]. Staphylococcus epidermidis and
Escherichia coli have the highest preference for adhesion to PMMA,
while Staphylococcus aureus preferentially colonizes titanium alloy
[Barth ����]. Cordero observed, in an experimental study, that titanium
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alloy cylinders require more bacteria to become infected than cobalt-
chrome cylinders [Cordero ����]. Both implants in this study had po-
lished surfaces. The same observations were made by Hauke when he
studied infection of intramedullary nails of stainless steel and titanium
in a rabbit model: the infection rate was higher for stainless steel than
for titanium after contamination with Staphylococcus aureus [Hauke
����]. Gracia, however, found in an in vitro study higher adherence of
Staphylococcus aureus to stainless steel and titanium, as compared to
PMMA and bone [Gracia ����]. Surface roughness is also a determining
factor in bacterial colonization of an implant: increased surface roughness
seems to promote bacterial adhesion [McAllister ����, Quirynen ����,
Verheyen ����, Cordero ����]. In an in vitro study Verheyen showed
that Staphylococcus aureus had a preference to adhere to stainless steel
and to a composite hydroxyapatite/poly(L-lactide) as compared to poly-
mer poly(L-lactide) [Verheyen ����]. Staphylococcus epidermidis (Figure
��	) showed no preference to either one of the materials.

The porosity of a material is of influence as well: infection rates are
higher for porous materials as compared to dense materials [Merritt
����]. This may be explained by the larger surface area of rougher and
porous biomaterials, that makes bacteria prefer to adhere to these materi-
als. Also, host defence systems may have less access to a porous surface.
Furthermore, bacterial adhesion to implant surfaces is affected by envi-
ronmental factors such as temperature, duration of exposure, bacterial
load and antibiotic treatment. These factors form the rationale for such
preventive measures as a low temperature in the operating room, a short
time of surgery, aseptic measures and the administration of antibiotics
peroperatively. The presence of serum proteins such as albumin also
inhibits bacterial adhesion, by binding to bacterial cells [Brokke ����].
This has already led to an investigation of an albumin-coated titanium
implant that reduced the peri-implant infection rate in rabbits [An ����].
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Problems
Having established that the number of uncemented total hip arthro-

plasties and the use of bioactive materials, particularly hydroxyapatite, are
increasing, and that peri-implant infection is still a serious problem in total
joint replacement, we must also establish that the relationship between
implant bioactivity and peri-implant infection has not yet been clarified.

Therefore we formulated the following questions:
1. If we are to debate on the relationship between hydroxyapatite-coated

joint prostheses and infection, we must first establish the long-term
results of such implants. Can they be compared to the best cemented
prostheses in terms of clinical performance and survival? Is the
infection rate the same as in cemented hip replacement?

2. What are the characteristics of the area of contact between a
hydroxyapatite-coated hip implant and human bone under normal
(non-infectious) circumstances? Is the contact between implant and
bone as extensive as in experimental studies?

3. What are the characteristics of the area of contact between a
hydroxyapatite-coated hip implant and human bone if a postopera-
tive infection has occurred?

4. Will the use of noncemented hydroxyapatite-coated titanium
implants influence the rate of postoperative infection?

5. Will the use of noncemented hydroxyapatite-coated titanium
implants also influence the way an infection develops, should it
occur? Furthermore, does an infection influence the behaviour of
the bone that surrounds the implant, i.e. does an infection influence
osseointegration?

6. Is the use of a hydroxyapatite-coated hip prosthesis of any benefit
when used in revision surgery for septic loosening?

Approach
The studies presented here focus on a hydroxyapatite-coated hip

prosthesis.
In Chapter 2, the first question is dealt with: a prospective study is

described that was performed to evaluate the results of the ABG hydroxy-
apatite-coated hip prosthesis used since ���� in Atrium Medisch Cen-
trum, Heerlen, the Netherlands. Two clinical series are presented: two
hundred and fifty hips were followed for five years; the first one hun-
dred of these hips could be evaluated after a ten-year period. Clinical
performance was rated at regular intervals. Radiographic analysis
focused on the changes that were seen in the bone surrounding the
implants. The numbers of septic and aseptic loosenings were registered
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and survival curves were calculated. Since patients of all ages were
included in the study (not only young patients) the results can be com-
pared to long-term studies of many cemented total hip arthroplasties.

In Chapter 3, a histological and histomorphometrical study is pre-
sented which evaluates the normal tissue reactions around the same
hydroxyapatite-coated hip implant as described in Chapter �, in non-
infected total hip arthroplasties, and thus answers question �. From the
series of hip arthroplasties in Chapter �, six hips were examined post-
mortem after having performed successfully for several years until the
patients’ deaths. The implants were analysed histologically and histo-
morphometrically. The extent and pattern of bone apposition close to
the hydroxyapatite-coated acetabular components of the ABG prosthesis
was studied as well as tissue reactions to titanium, polyethylene and
hydroxyapatite particles.

Chapter 4 deals with question �: another histological study is pre-
sented, describing the tissue reactions around an ABG hip prosthesis in a
patient who had sustained a postoperative deep infection. The infection
was eradicated without removal of the hip implant. The hip subsequent-
ly performed successfully for six years. After the patient’s death the hip
was retrieved and was analysed histologically and histomorphometrical-
ly to detect signs of the infection and to evaluate osseointegration.

Chapter 5 describes an experimental study that was designed to
provide answers to questions � and 	. It investigates the infection sus-
ceptibility and osseointegration (in the presence of local infection) of
two commonly used surfaces for noncemented fixation of orthopaedic
implants: grit-blasted Ti
Al�V as a biocompatible surface, and hydroxy-
apatite plasma sprayed Ti
Al�V (similar to the ABG prosthesis) as a
bioactive surface. We hypothesised that the microbiological and histo-
logical behaviour of these two surfaces would be different in the pre-
sence of bacteria. The study used a rabbit model and a well-known
strain of Staphylococcus Aureus. We performed microbiological studies to
eva-luate the rate of infection for the two implants and what dose of
Staphylococcus Aureus was necessary to create an infection. The infections
were studied histopathologically as well. Furthermore the implant-bone
contact was studied using histomorphometry.

In Chapter 6, the beneficial use of a hydroxyapatite coating in revision
hip surgery for septic loosening (question 
) is illustrated. A prospective
clinical and radiographical follow-up study is presented regarding five
patients with a septic loosening of their total hip arthroplasty in whom
revision surgery was performed using the hydroxyapatite-coated ABG
prosthesis.

Finally, in Chapter 7, the results of all studies are discussed and con-
clusions are drawn.
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C H A P T E R  2

The ABG hydroxyapatite-coated hip
prosthesis followed up for five to ten
years

Investigations performed at the department of
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Introduction
Total hip replacement as the treatment of choice for a painful and

disabling arthritic hip has become common practice since the introduc-
tion of polymethylmethacrylate some �� years ago. This was a major
step forward in achieving a long-lasting fixation of the prosthetic com-
ponents. John Charnley’s cemented total hip arthroplasty is still the
golden standard [Schulte ����, Britton ����], but as time progressed
aseptic loosening became the factor that limited longevity of the
implant most. This made orthopaedic surgeons very cautious to implant
joint prostheses in younger patients, since revision of a cemented hip
prosthesis was invariably associated with substantial bone loss. Many
uncemented prostheses have been developed in order to obtain a direct
and permanent bond between implant and bone [Engh ����, Tonino
����, Mulliken ����, McLaughlin ����, Mont ����, Eingartner 	


].
The ultimate goal is to increase the lifespan of the implant, but also to
limit bone loss to facilitate revision if loosening does occur. To achieve
fixation, the surface of uncemented implants is textured, such as with a
metal porous coating or a hydroxyapatite coating [Engh ����, D’Antonio
���	, Geesink ����, Oosterbos 	

�, Meding 	

�].
Animal and postmortem studies indicate that hydroxyapatite-coated
implants have osteoconductive properties by enhancing direct bone for-
mation at the interface without the formation of an intermediate layer
of fibrous tissue [Geesink ����, Bauer ����, Hardy ����, Søballe ����,
Frayssinet ����, Søballe ����, Tonino ����], thus forming a secure,
strong bond with living bone over a relatively short period of time. Clini-
cal studies show good and reliable fixation of hydroxyapatite-coated
implants even under loaded conditions and over a longer period of time
[Geesink ����, Overgaard ����, D’Antonio ����, Donnely ����, McNally
	


, Tonino 	


].
Porous coated uncemented implants also have good results with biologic
fixation [Engh ����, Mont ����]. These extensively coated stems, how-
ever, presented the problem of thigh pain and its relationship to the
development of proximal bone atrophy as a result of stress shielding
[Campbell ���	, Bourne ����, Delaunay 	

�]. As it is certain that the
occurrence and severity of thigh pain are not related to patient factors,
or even to the presence or abcense of osseointegration, it was thought
that proximal load transfer in the femoral metaphysis would perhaps
decrease the incidence of thigh pain and also preserve bone stock in this
area. New stems were designed for proximal load transfer through proxi-
mal osseointegration only. And indeed early and medium term clinical
results of proximally hydroxyapatite-coated prostheses have shown ne-
gligible midthigh pain [Geesink ����, Oosterbos 	

�]. A mismatch
between the elastic modulus of these uncemented stems and the

��



femoral diaphysis must therefore be one of the decisive factors in the
origin of thigh pain. The proximal stress shielding can induce bone
resorption in the long term and this can theoretically induce an implant
failure scenario [Geesink ����]. Therefore the long-term success of most
prostheses is directly influenced by the distribution of stress transfer,
which mainly depends on prosthetic design and bonding characteristics
[Hardy ����, Mulliken ����, Vedantam ����, Engh ����]. Extensively
porous coated uncemented stems are designed for total stem osseointe-
gration and therefore will produce more stress shielding [Vedantam
����, McAuley ����a, McAuley ����b]. The femoral component of the
hip prosthesis described here is designed for proximal osseointegration
and therefore proximal load transfer. To enhance further proximal load
transfer and to prevent stress transfer, the stem has an anatomic shape.
This prospective one-center study presents the clinical and radiographical
results of 	�
 consecutive primary total hip arthroplasties with the ABG
hip prosthesis after a follow-up of � years, and of the first �

 of these
hips after a follow-up of �
 years. Our first goal was to radiographically
evaluate whether or not the stem did function as intended. Our second
goal was to study if the appearance of implant/bone interface was com-
patible with circumferential bony fixation and if this prevented femoral
diaphyseal osteolysis.

Patients and methods

Patients
Between May ���
 and August ����, 	�
 consecutive primary total

hip arthroplasties were performed in 		� patients in our teaching hospi-
tal, using an uncemented hydroxyapatite-coated prosthesis. There was
no specific patient selection, except for the exclusion of � patients with
malignancy at the implant site. Therefore, the study group represents a
heterogeneous group of people with an arthritic hip necessitating total
hip arthroplasty as in studies describing the results of cemented hip
replacements. To assess bone quality, the modified Singh trabecular
index [Engh ����] was used. The average age of the patients at the time
of surgery was �� years (range 	� - �� years); �� patients were �
 years
or younger, while �� were �
 years or older. Sixty-four hips were
implanted in men and ��� in women; their mean body weight was �	 kg
(range �� - ��
 kg), their mean length ��� cm (range ��
 - ��� cm). The
left hip was replaced in ��	 cases, the right hip in ���. Primary
osteoarthritis was the most common diagnosis (	�
 cases), next to
rheumatoid arthritis (�� cases) (Table 	��). Seventeen hips had been
operated on previously: �	 internal fixations of a proximal femoral fracture,
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� proximal femoral osteotomies, one arthrodesis and one osteonecrosis
of the femoral head treated with a vascularized fibular graft. Results
after a follow-up of �
 years were available for the first �

 hips (in ��

patients). Their demographic data were similar to the group of 	�
 hips
(Table 	��).

The prosthesis
The Anatomique Benoist Girard (ABG®, Stryker, Newbury, England)

hip prosthesis (Figure 	��) was used in all cases [Tonino ����].

The femoral stem is available in � sizes; the sizes that were used ranged
from � to �. The stem is made of a titanium alloy (Ti�Al�V). The proxi-
mal third is coated with hydroxyapatite and has a macrorelief scaled
surface. The scales on the anterior, posterior and medial surfaces were
designed to transform any shear forces into compression forces. There is
an area of transition between the coated metaphysis and the non-coated
diaphysis of the stem, to avoid chipping of the hydroxyapatite during
insertion. To accommodate the proximal anatomic press-fit, there is a �º
bending starting � cm distal of this transition point, whereas the neck has
a further �º antetorsion resulting in a total of �	º anteversion to the coro-
nal plane. This accommodation is important to obtain proximal rota-
tional stability regardless of diaphyseal fill. The stem is polished distally

��

n = 250 n = 100 %
Osteoarthritis 210 88 84 - 88
Rheumatoid arthritis 18 5 5 - 7
Osteonecrosis 10 2 2 - 4
Miscellaneous 12 5 5 - 5

Table ���

Preoperative diagnosis.

Figure ���

The Anatomique Benoist

Gérard type I hydroxya-

patite coated hip pros-

thesis.



but has a grit-blasted surface texture (roughness 	��� µm) and tapers
only slightly towards the distal end. The acetabular component is a
hemispherical, totally hydroxyapatite-coated press-fit cup (of the same
titanium alloy) available in �� sizes; we used sizes between �� and �


mm. The shell has �	 uniform holes to be used for screws and/or spikes.
In � cases one or two screws were used to augment fixation. We routinely
used two spikes in all other cases for initial rotational stability. The insert is
made of an ultra-high-molecular weight polyethylene with a rim (hood) to
help prevent dislocation. We used 	� mm cobalt-chrome heads in all cases,
regardless of the size of the cup that was inserted, i.e. also when the dia-
meter of the cup was less than �
 mm. Several neck lengths are available.

Hydroxyapatite coating
The hydroxyapatite coating was applied with a vacuum plasma-

spray torch onto a sublayer of pure titanium, to improve the tensile
adhesion of the hydroxyapatite to the implant. This vacuum treatment
maximized the quality and homogeneity of the coating. The coating had
the following characteristics: a chemical purity of �

% crystallinity
before the coating process, as determined by X-ray diffraction at low
speed, and more than ��% crystallinity after the coating process was
completed. The grain size was 	
 to �
 µm; porosity was less than �
%.
The calcium-to-phosphate ratio was �
� The tensile bond strength was
�	 to �� MPa, and the thickness of the coating was �
 µm (± 	
). The
roughness of the hydroxyapatite-coated parts was �-� µm. Each batch
was tested to ensure that the specifications were achieved.

Surgery
Surgery was performed in a standard operating theatre by (or under

the supervision of) three different surgeons (senior consultants). Sys-
temic prophylactic antibiotics (amoxycillin/clavulan 	


/	

) and oral
anticoagulation (acenocoumarol) were administered routinely. The
approach was straight lateral (Hardinge approach) [Hardinge ���	] in
��� cases and anterolateral (Watson-Jones) in ��; no trochanteric
osteotomies were made. The distal femur was reamed to a diameter
slightly greater (� - ��� mm) than the diameter of the prosthesis that was
to be inserted. Weight bearing was allowed as tolerated immediately
postoperatively using crutches for � to � weeks.

Follow-up
All patients were included in a prospective follow-up study using the

Merle d’Aubigné functional scoring system [Merle d’Aubigné ����], as
modified by Charnley [Charnley ���	]. They were reviewed at �, � and
�	 months after surgery and yearly thereafter. The data of the group of
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	�
 hips are all from the �-year evaluation; for the first �

 hips data of
�
 years postoperatively were available as well. At every follow-up visit,
a standing anteroposterior radiograph of the lower pelvis was made and
a lateral view of the index hip. These were evaluated for signs of bone
resorption, subsidence of the stem, osteolysis, cyst formation, radiolu-
cencies, reactive bone line formation around the stem, cancellous densi-
fications (radiopaque lines seen around the prosthesis in the endos-
teum), cortical hypertrophy (as an increase in the outside diameter of
the femoral cortex) and tip sclerosis around the stem as well as periar-
ticular ossifications. All changes were described using the Gruen zones
[Gruen ����] for the proximal femur and the De Lee and Charnley
zones [DeLee ����] for the acetabulum. Osteolysis was defined as a
scalloped erosion of greater than 	 mm in diameter at the bone-prosthesis
interface. Decreasing or increasing bone density (resorption or densifica-
tion) was not quantified but graded as present or absent on the AP and
lateral radiographs as compared with the previous set of radiographs.
The position of the stem was considered to be in varus or valgus when it
showed a deviation of ≥ �º from the neutral. Likewise, using a radio-
graphic template, both cranial and medial migration of the socket and
the head were measured on standing AP radiographs. Polyethylene wear
of the insert of the acetabular component was measured using the tech-
nique of Livermore [���
]. Increased wear was defined as a linear wear
rate of more than 
��� mm per year [Mont ����]. The stem was qualified
as completely filling the medullary canal when less than � mm was
measured on both sides between the stem and the cortex on the first
postoperative AP radiograph. The components were defined as being
stable when there was no subsidence or migration (> � mm) and no for-
mation of any radiolucent or radiodense lines along the hydroxyapatite-
coated portions of the prosthesis.

Statistics
For statistical analysis of the results ANOVA was used. The influ-

ences of clinical and radiographic variables were also studied using the
Chi-Square tests and the two-tailed student T-test. Statistical signifi-
cance was set at p < 
�
�. Kaplan-Meier survival curves were calculated
using revision or pending revision due to aseptic loosening or osteolysis
as the definition of failure.

Results
Of the 		� patients, �� (�� hips) died during the first � years after

operation. Thus, 	�� hips were available for evaluation � years post-
operatively; 	�� original stems and 	�� cups were still in situ.

�	



Of the �� patients with a follow-up of �
 years 	� (�	 hips) had died.
This left �� of the �

 hips available for evaluation, with �� original
stems and �� cups still in situ. None of the deceased patients had had a
revision of their total hip arthroplasty. The clinical scores at their last
annual assessment were similar to those recorded in the living patients.
None of the surviving patients were lost to follow-up.

Complications
General complications included one fatal myocardial infarction and

several urinary tract infections. Peroperatively, in four patients fissures
of the proximal femur occurred and in two patients fractures of the
greater trochanter. Treatment consisted of prolonged bedrest. One
trochanteric fracture was treated with internal fixation because of dis-
placement of the loose fragment. There were eight patients with wound
hematomas and four with superficial infections, of which three deve-
loped into deep infections (��	%). The deep infections were all treated
by extensive debridement and administration of local and systemic
antibiotics. Twice this treatment was successful, once the prosthesis was
removed in the end (and not replaced) in a patient who had previously
had an infected but healed internal fxation of a femoral neck fracture.
The failure rate because of deep infection in this series is therefore 
��%.
Two lesions of the femoral nerve were seen that both proved to be tran-
sient in the end, while one sciaticic lesion only partially recovered [vd
Linde ����]. This last patient was re-operated elsewhere two years later
to shorten the leg. Both components were found to be well fixed to bone
at revision. There were three early dislocations (��	%). None developed
into recurrent dislocations.

Clinical results
The clinical results had improved after � months and showed no signs

of deterioration at � and �
 years. The mean total Merle d’Aubigné score
improved from ��� to ���� after � years (Figure 	�	a) and was still ���� after
�
 years (Figure 	�	b). Most of the improvement occurred in the first �
months postoperatively; the score did not deteriorate thereafter. The abili-
ty to walk improved further during the course of the follow-up.

Pre-operatively, only ����% of patients could manage outdoor activi-
ties of daily living independently; this improved to ���	% after � years.
There were four late stem revisions; two after a traumatic periprosthetic
fracture, the patient with the sciatic nerve lesion and one for unex-
plained thigh pain. The incidence of thigh pain was low: �
% in the
early phase and �% (� hips) after �
 years.
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Radiographic results
Acetabulum
In the first �

 hips, the inclination of the metal acetabular component

as measured on the postoperative standing AP radiographs was between
�
º and ��º in �� hips. In �� the angle was ��º or more. In the 	�
 hips
series the inclination of the cup was measured between �
º and ��º on
the postoperative standing AP radiograph in 	
� hips (�	��%); in 	�

(���	%) the angle was ≥ ��º and in �� (���%) it was < �
º.
None of the acetabular components showed migration or radiolucent
lines. At � years there were virtually no changes noted in the bone
around the acetabular prostheses except for � hips (out of 	��) where

��
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densification appeared in De Lee and Charnley zones 	 and � from the
second year after surgery onwards.
After � years, signs of increased polyethylene (PE) wear of the insert
were recorded in �� of 	�� patients (����%). After �
 years this was
noted in �� of �� living patients of whom good radiographs were avai-
lable (	
%), including the cases in whom the cup had been revised.
Three cases could not be evaluated. Four of �� cases with increased PE
wear and 	 of �	 with normal wear had osteolytic cysts. The areas of
osteolysis appeared in all Charnley-DeLee zones. Three of the �� cups
with increased PE wear had been revised between � and �
 years
because of this acetabular osteolysis and one cup revision was pending
at the latest follow-up. These � cups had a postoperative inclination
between ��º and ��º. At revision the osteolytic cysts were more exten-
sive than was expected. We found a difference between the number of
cases with radiographically detected acetabular cysts in the group with
increased PE wear (� of ��) and the number of cases with cysts in the
group with normal wear (	 of �	) (p = 
�

�). There was also a diffe-
rence between the number of cases with increased PE wear in the group
with a cup inclination of > ��º (� of ��) and the number of cases with
increased wear in the group with normal inclination (� of ��) (p= 
�
�).

Femur
The position of the femoral stem was normal in 	�� hips on the first

postoperative radiograph (���
%), �� were inserted in varus (�	��%)
and � in valgus (���%). In the first �

 hips, these figures were similar:
�	 stems in varus (�	%) and � in valgus (�%). The positions of these
stems did not change significantly in later years. Slight distal migration
of the stem (< � mm) was observed in � patients at � months, but had
stopped at six months. Late subsidence only occurred in the two
patients who sustained a traumatic peri-prosthetic fracture of the proxi-
mal femur.
Structural changes of the femoral bone became apparent between � and
� months after total hip arthroplasty. Densifications of cancellous bone
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were seen along the femoral stem at the point of transition between the
coated and non-coated parts of the stem in Gruen zones 	 and �, from �

months onwards. These endosteal bone densifications were progressive
in frequency, and, from � year onwards, these areas of bone apposition
slowly expanded distally into the upper parts of Gruen zones � and �

(Figure 	�� and Figure 	��a).

Endosteal reactive (radiopaque) lines became visible on radiographs in
Gruen zone �, between the first and second year postoperatively. Their
incidence increased strongly from ��% after � year to �	% after � years
whereafter its incidence decreased to ��% after �
 years (Figure 	��b).
Decreased bone density (resorption) was mainly observed in Gruen
zone �A and especially after the second year it was observed with pro-
gressive frequency (present in more than �
% of the hips after �
 years).
Later it also became prominent in Gruen zone � (to almost ��% after �

years) (Figure 	��c).
Densification of cortical bone was observed in Gruen zones 	, �� � and �
from � years onwards. At the �-year visit the frequency was low. After �

years there was only progression in the Gruen zones � and � (Figure 	���).
The pattern of peripheral thickening of the femoral cortex was similar to
that of cortical bone densification, but after �
 years it was observed less
frequent than cortical densification (Figure 	��e).
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The mostly symmetrical bone reactions of the cortex were mainly
seen in hips in which there was, despite the reaming, a tight fit of the
stem in the femoral canal. When a relatively smaller size stem was used,
cortical thickening was hardly seen, as is demonstrated by several
patients with a bilateral hip replacement in whom one femoral prosthe-
sis was large, filling the medullary canal entirely, and the contralateral
prosthesis was smaller (Figure 	��).

The correlation between the stem filling the medullary canal completely
in the AP radiograph and the presence of symmetrical cortical thicke-
ning was statistically significant (p < 
�

� Chi-Square test). Patients in
whom the stem was placed in a varus position of more than �o mostly
showed a very circumscript (< ��� cm) thickening of the lateral cortex at
the point where the tip of the prosthesis touched the cortex, sometimes
with formation of a so-called pedestal. Half of these patients com-
plained of thigh pain during the first 	 years postoperatively, but only a
few at the � years follow-up.
Formation of small cysts (< � mm in diameter) (as a sign of polyethy-
lene-wear induced osteolysis) was observed in Gruen zone �A in � cases
after �
 years and in Gruen zone � in � cases. However, no radiolucent
lines around the hydroxyapatite-coated parts of any femoral component
was noted and there were no signs of impending failure of any stem. We
therefore assumed all stems to be firmly fixed to bone.

The pre-operative quality of bone stock was considered good in
����%, fair in ����% and poor in ���% of the patients according to the
modified Singh index. No correlation was found between quality of
bone stock and the presence of any of the radiographic changes
described above, nor was there a correlation found between quality of
bone stock and loosening.

Periarticular ossifications were recorded using the Brooker grading
system [Brooker ����]. At the �
-year visit �
% of the hips had grade I
ossifications, �% grade II, �% grade III and none grade IV.

Survival
The cumulative survival at �
 years was ����� for the acetabular

component (��% confidence interval between 
���� and 
����) and �



for the femoral stem (��% confidence interval between 
���� and
��


) using revision or pending revision due to aseptic loosening or
osteolysis as an endpoint (Figure 	��).

��



Discussion
With a follow-up period of �
 years, the clinical results of this pros-

thesis may now be compared with the �
-year results of several other
uncemented prostheses [Malchau ����, Engh ����, McLaughlin ����,
Hellman ����, Eingartner 	


, McNally 	


, Delaunay 	

�, Meding
	

�]. Since the patients were considerably older than patients in most
other studies with uncemented hips, one might assume that the present
study contained more patients with poorer quality of bone stock.
Although less than �
% scored a good bone stock by using the modified
Singh index this did not compromise clinical success and osseointegra-
tion. According to our radiographic evaluation bony fixation seemed to
be consistently achieved with the ABG stem. This means that the con-
cept of bone ongrowth to this proximal hydroxyapatite-coated stem is
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valid for long-term fixation which is also supported by histology and his-
tomorphometry from autopsy retrieved specimens after years of success-
ful hip function [Tonino ����, Tonino 	

�]. These studies also revealed
that the hydroxyapatite layer was nearly resorbed after � to � years of
implantation and that ongoing fixation of the components in the long
term was more determined by the quality and roughness of the under-
laying surface texture of the substrate.
Survival rates of cemented stems have increased since the seventies,
together with improvement of cementing techniques [Mulroy Jr ���
,
Malchau ����, Schulte ����, Britton ����� Kale 	


]. The same can
now be observed with uncemented stems, where improvements of the
coating have resulted in better long-term survival rates, with figures for
aseptic loosening less than �% after �
 years of follow-up [McNally
	


, Delaunay 	

�, Meding 	

�] while others reported revision rates
for aseptic loosening of ��� – 	��% after �
 years, but also reported a ��%
reoperation rate without component revision, because of large osteolytic
lesions in the proximal femur [Hellman ����].
While survival rates for cemented stems are mainly determined by
cement properties and cementing techniques rather than prosthetic
design, the large differences of survival rates for different uncemented
stems are more a reflection of the large differences in design and surface
structure rather than surgical technique.
As in many other studies the survival rate of the acetabular component
was less than the survival rate of the stem. The poor performance of
press-fit cups in these studies has been the success limiting factor of the
procedure. Other cup designs, however, like the Harris-Galante
(screwed) cup also showed 	�% osteolysis after a mean of � years fol-
low-up [Soto 	


]. We found a clear relationship between increased
polyethylene wear and aseptic cup loosening. Although from the
patients’ point of view it is irrelevant to separate the survival of the
acetabular and femoral component, from the investigator’s point of
view and for further research it is vital.
A recent study on the ABG prosthesis reported � revisions and �� pen-
ding revisions for acetabular wear and/or osteolysis in a series of �� hips
with a mean follow-up of �� months [Duffy 	

�]. Giannikas reported
good clinical results at � years, but noticed eccentric polyethylene wear
in �� of �� hips [Giannikas 	

	]. Both these studies described a young,
more active population (average age �� and �� years, respectively). This
may influence the wear rate, since wear is more related to use of the
implant than to time [Schmalzried 	

�]. Although the number of
patients with acetabular osteolysis in our study is less than half the
number in Duffy’s report, there is a place for concern about the relative
high incidence of polyethylene induced acetabular osteolysis in hemi-
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spherical press-fit metal-backed cups with open screw holes. From our
series we can indicate three reasons for this high rate of polyethylene
wear. Firstly, our decision to use heads with a diameter of 	� mm
instead of 		 mm in cups with a diameter smaller than �
 mm. This
decision had direct negative consequences for the thickness of the poly-
ethylene liner, although a 	� mm head is associated with less contact
stresses and therefore less polyethylene wear than a 		 mm head [Bartel
����, Devane ����]. A too thin layer of polyethylene leads to higher
wear rates (especially in total knee prostheses) [Livermore ���
,
Schmalzried ����]. Secondly, the steep positioning of the acetabular
component (> ��º). We found a relationship between an inclination of
the cup of > ��º and increased PE wear. All cases with both an inclina-
tion of > ��º and increased PE wear were revised. Although technical
faults of surgical technique are a rather constant factor in hip surgery
[Ritter ����], this factor should and could be minimized by continuous
attention for surgical detail. We suggest more attention be paid to surgi-
cal technique in education programs, apart from the further develop-
ment of navigation techniques which possibly will become a standard
adjuvant in the future.
Last but not least, we think that those holes of the ABG cup which were
not used for a spike or screw also form an important risk factor for
allowing ingress of polyethylene wear particles into the open reamed
acetabular bone. While it has been shown that short periods of oscilla-
ting fluid pressure directed at an osseintegrated titanium-bone interface
may lead to osteolysis [Aspenberg ����, Van der Vis ����a, Van der Vis
����b] and debonding, it is also obvious that the pressure gradient
through a large hole is much less than through a small hole. Manley
observed the highest frequency (�-��%) of osteolysis in DeLee-Charnley
zone I for cups with small holes, while the threaded cup with only one
larger central hole showed only 	% osteolysis in zone II [Manley ����].
Also, our radiographic observations and experiences during revision sur-
gery of the acetabular component confirm that the noted osteolysis origi-
nates from the empty screw holes, predominantly in DeLee-Charnley
zone I. So we do believe that the fluid pressure theory is one of the most
important causes for the fast spreading of polyethylene wear particles
debris into the acetabular bone. Therefore, we think that there should
be no open holes in the cup. In a later design of the cup (ABG II), the
spikes have been attached to the outer surface of the shell.
In contrast to the observed acetabular osteolysis, no distal or linear oste-
olysis around the stem was observed in any case after �
 years of follow-
up. Even in the cases with acetabular osteolysis, associated with
increased polyethylene wear, only very moderate local cystic osteolysis
in the proximal femur was noted in � cases (of ��). This can only be
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explained by a complete proximal sealing of the medullary cavity by cir-
cumferential bone ongrowth. Histology of retrieved autopsy specimen
and animal studies have confirmed this sealing effect of a proximally
osseointegrated stem [Tonino ����].
The radiographic bone remodelling was characterized by a specific pat-
tern of bony features in the proximal femur. During the first � years
there was endosteal bone apposition (positive bone remodelling) in
Gruen zones 	 and �, which suggests that the load transfer from stem to
femoral bone occurs mainly in these areas and that the prosthesis is
securely bonded there. Somewhat later during the follow-up, between
the third and fifth year, areas of decreased bone density (negative bone
remodelling) were seen in the region of the lesser and greater trochanter.
We think the concomitant formation of a reactive line around the distal
part of the stem in Gruen zones �� � and � is consistent with the pre-
sence of a local fibrous interface as a result of micromotion in this area
without any substantial stress transfer to the endocortex (Figure 	��).

These three characteristic radiographic features confirmed the primary
goal of the design of the femoral stem: that osseointegration should
occur mainly proximally. However, after � years, most of the bone appo-
sition occurred adjacent to that part of the femoral stem, where the
hydroxyapatite coating ends, the so-called transitional zone. We would
have expected the apposition to occur more proximally since the coating
was present only on the proximal one third of the stem. Instead, we
found that the region in which the most prominent cancellous and corti-
cal densifications were observed gradually shifted from proximally in
Gruen zones 	 and � to more distally in these same zones or even more
distally into Gruen zones � and �. Formation of new bone in the area
near the lower edge of hydroxyapatite coatings was predicted by
Huiskes [����] using finite element analysis. The explanation was that
particularly in this area endosteal stress concentrations are caused by

�	

Figure ���

Reactive lines around the

tip of the femoral stem.

Note that the line which

is visible on the medial

side after 2 years (left)

has been fully reverted to

dense bone after 10

years (right).



the abrupt transition from a bonded to a loose interface.
Concomitant with the decreasing incidence of the reactive line after the
�-year follow-up (the line dissappeared in almost half of the cases), the
incidence of cortical thickening and especially of cortical densification
clearly increased, especially in Gruen zones � and �. This also indicates a
shift from proximal to distal loading. Other authors observed more corti-
cal thickening around hydroxyapatite-coated stems in a much earlier
stage. D’Antonio [����] observed ��% cortical thickening in Gruen zone
� along with ��% calcar resorption already after � years with a proxi-
mally coated stem. Geesink [����], using the same design of prosthesis,
reported similar figures. Vedantam [����], inserting a completely
hydroxyapatite-coated stem, reported 	�-��% cortical hypertrophy in
Gruen zones � and � after only 	 years with femoral neck resorption in
more than ��% of cases.
The phenomenon of cortical hypertrophy was also noted with unce-
mented, non-hydroxyapatite-coated stems: Mulliken reported this corti-
cal hypertrophy in ��% of his patients, especially in Gruen zones � and �
[Mulliken ����]. In uncemented porous coated hips, it was observed
that poorly fitting stems were less likely to become fixed by ingrowth.
The authors advised to implant the stem with a tight fit at the isthmus
and fill the medullary canal completely to achieve predictable fixation.
They also recommended insertion of the largest possible stem. The pre-
sent study indicates that the concept of transitional load transfer from
proximal to distal is morphologically determined by the way the stem
fills the medullary canal: the tighter the fit of the stem in the medullary
canal, the more thickening of the cortical bone was observed. In a study
of ��� non-cemented total hip arthroplasties, Mulliken could not explain
this finding [Mulliken ����], whereas Whiteside observed that 	� of ��

patients with a tight distal stem showed distal cortical hypertrophy and
none of �� patients with a loose distal fit did [Whiteside ����]. There-
fore, diaphyseal fill is not pursued with the ABG prosthesis and this may
be the explanation for the less than �
% distal cortical thickening we
observed in Gruen zone � after �
 years of follow-up and the low inci-
dence of activity-bound thigh pain, which is thought to be associated
with a different modulus of elasticity between the bone and the distal
stem. Nevertheless, anatomical shape, slight distal overreaming and a
proximal coating could not prevent that most stems achieved distal fixa-
tion with time.

In conclusion, the results of the present study confirm that enduring
fixation by means of bone ongrowth of this proximally hydroxyapatite-
coated hip prosthesis is reliable, irrespective of factors such as age, sex,
weight, activity or quality of bone stock and diagnosis. Radiographic fol-
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low-up showed that bone remodelling around the stem was an ongoing
process with early proximal bone formation (positive bone remodelling)
followed by proximal resorption (negative bone remodelling), distal cor-
tical densifications and thickening between � and �
 years. This pattern
of distal stress transfer challenges the original concept of this prosthesis.
In reconsideration therefore, of the original concept of this proximal
hydroxyapatite-coated stem intended for only proximal loading, the
ABG II stem was developed. This stem is shorter and polished distally to
prevent distal bone ongrowth in order to prevent distal loading. Because
of the observed acetabular osteolysis behind the empty screw holes
induced by polyethylene wear, a non-hole metal-backed cup was deve-
loped together with the development of other bearings like cross linked
stabilized polyethylene and ceramic bearings.
The sealing effect of fast proximal fixation of the stem, provided by the
hydroxyapatite coating seems to prevent distal osteolysis within the �

years perspective.
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C H A P T E R  3

Histology and histomorphometry
around six hydroxyapatite-coated
acetabular components retrieved at
autopsy between three and seven
years after successful implantation

Investigation performed at the department of
Orthopaedics and Traumatology,
Atrium Medisch Centrum, Heerlen, The Netherlands



Introduction
The primary fixation mode of cementless acetabular components is

mechanical and is dependent on physical interlock between cup and the
reamed acetabulum. Secondary fixation is biological and is achieved
with osseointegration at the implant-bone interface by means of bone
growth onto or into the substrate. The fixation surface of uncemented
metal-backed sockets typically consists of either a porous coating of
beads or fiber metal, a titanium plasma-sprayed surface, various sin-
tered surface textures, or of a bioactive ceramic coating such as hydroxy-
apatite or tricalcium phosphate. When hydroxyapatite is used as an
intermediary, bone apposition occurs without the formation of a fibrous
interface [Geesink ����, Søballe ����, Hardy ����, Bauer ����, Maistrelli
����, Bloebaum �����]. For long-term stability, it is essential that this
direct bond between the implant and the bone be maintained, even
after complete resorption of the hydroxyapatite. The results of recent
clinical studies have suggested that hydroxyapatite-coated implants can
provide long-term stability [Geesink ���	, Capello ����, Garcia ����,
Tonino ����]. Histomorphometric analysis of hydroxyapatite-coated
stems has shown that the percentage of bone ongrowth was almost con-
stant, regardless of the amount of hydroxyapatite residue [Tonino ����].
Experimental studies in dogs and human autopsy retrievals showed that
hydroxyapatite coating resorption is accelerated by loading the implants
[Overgaard ���
, Tonino ����]. However, as radiographic and clinical
findings are unreliable in predicting exact ongrowth of bone, only histo-
logical and histomorphometrical studies of human autopsy retrievals
after a longer time of successful implantation can clarify the relations
between resorption of the hydroxyapatite and persistence of implant fix-
ation or the incidence of osteolysis that is induced by polyethylene wear.

The purpose of the present study was to document the extent and
pattern of bone apposition associated with six clinically succesful hydroxy-
apatite-coated acetabular cups that were retrieved at autopsy between
three and seven years after insertion. In addition the tissue reactions to
titanium, polyethylene and hydroxyapatite particles were studied.

Patients and Methods
Six total hip arthroplasties were performed through a Hardinge

approach by the same surgeon (A.Tonino). The hip prosthesis that was
used (ABG®, Stryker, Newbury, England) was described in Chapter ��

Cup sizes ranged from �
 to 	� mm. Two spikes were used for initial
rotational stability (Figure ���); no screws were used to augment fixa-
tion. All patients had an uneventful total hip arthroplasty, and all died
of causes unrelated to the procedure.
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Specimen preparation
All six patients had given written consent for prosthetic retrieval at

autopsy. The prostheses and the surrounding bone were collected post
mortem and were immersed in buffered formalin for seven days and
then in �% ethanol for twenty-four hours. Photographs and radi-
ographs of the samples were made. Three ��mm-thick gross segments
were cut, corresponding to the three zones delineated by DeLee and
Charnley [DeLee ��
] (Figure ���). Each segment was embedded en
bloc in a polymethylmethacrylate resin and five ��µm sections were cut
from each zone with the technique of Donath and Breuner [Donath
����]. The sections were stained for qualitative histological examination
(paragon staining, a combination of basic fuchsin and toluidine blue)
and quantitative histomorphometric analysis. A biopsy specimen of the
joint pseudocapsule was taken, embedded in paraffin and prepared for
light microscopy with use of Masson trichrome staining.

CHAPTER 3 Histology and histomorphometry around 6 HA-coated acetabular components

��

Figure ���
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to cup insertion.
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Specimen analysis
We used a Polyvar microscope (Reichert-Jung, Vienna, Austria) for

qualitative analysis and an Axioskop microscope (Carl Zeiss, Munch,
Germany) equipped with a colour-image-analysing system (Samba;
Samba Technologies, Grenoble, France) for quantitative analysis. The
quantitative histomorphometric evaluation of the surrounding bone tis-
sue (bone-implant contact and bone area) was performed on four areas
for each section of the cup (Figure ���). The surfaces of these areas va-
ried from 10 to �� mm2 ; they were scanned, reduced and stored before
reconstruction of the image.

Sixteen microscopic fields were necessary to scan the entire surface of
each area. Each pixel of the reduced image represented 
� µm2 of the
section. The implant, bone and lacunae, including all soft tissues, were
successively identified and their respective surfaces and contacts with
the implant were measured. For each of the �
� areas, the extent of
bone apposition to the implant, and the extent of residual hydroxya-
patite were measured linearly and were expressed as a percentage of the
total linear implant surface as visualized in the microscopic fields. Like-
wise, the relative bone area was expressed as a percentage of the total
area of the section. Also, the thickness of the remaining coating was
measured and was expressed in micrometers. Bone-implant contact, or
the extent of bone apposition, was defined as direct growth of bone
onto the hydroxyapatite coating or onto the titanium surface without
hydroxyapatite and was identical to the amount of osseointegration
[Tonino ����]. Bone area was defined as the percentage of the surface
of the measured field that was covered by bone.
The means and standard deviations were calculated for each section.
Because of partial polyethylene-induced debonding, the values for one
cup (Case �) were excluded from the calculation of correlations. We per-
formed statistical analysis with the Spearman rank-order test, the Mann-
Whitney rank-sum tests, and paired t test. A p value of less than ����
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was considered significant. The pathologist (M.Thèrin) was blinded to
the clinical results. The area of adjacent bone and the linear extents of
bone apposition and residual hydroxyapatite coating for the femoral com-
ponents from the first five patients were reported previously [Tonino ����].
The data on all six patients are included for comparison in Table ���.

Results
The data on the patients and the results of the analyses are shown in

Tables ��� through ��
. All of the cups were stably fixed in the acetabu-
lum at the time of the autopsy. A thick white-yellow pseudocapsule con-
nected the rim of the acetabulum with the proximal aspect of the femur.

Radiographic Findings
All six cups had had radiographic evidence of stable fixation

throughout the follow-up period. The inclination of the metal compo-
nent was between �	° and 		° on the immediate postoperative radi-
ograph, without any subsequent migration or change in the position of
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Table ���

Clinical and radiographic data on the six cases.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Sex, age (yrs) f, 63 m, 65 f, 81 m, 58 f, 66 f, 86
Diagnosis OA OA OA OA OA OA
Duration of implantation (yrs) 3.3 5.2 5.4 5.7 6.2 6.6
Weight (kg) 85 65 52 50 75 65
Height (m) 1.39 1.69 1.60 1.52 1.63 1.60
Merle d’Aubigné score (points) 18 18 18 15 18 18
Harris hip score (points) 100 100 97 90 100 95
Cause of death cardiac cerebral cardiac cardiac aortic pancreatitis

arrest hemorrhage arrest arrest aneurism
Previous surgery none femoral none contralateral none none

osteotomy tha
Clinical notes not active active active not active, active active

Down syndrome
Alignement of cup 45º 49º 45º 55º 45º 45º
Alignement of stem neutral neutral 4º valgus neutral 2º varus neutral
Femoral fill complete almost poor complete poor poor

complete
OA = osteoarthritis
Radiographic features as observed on a-p radiographs



the cup. No radiolucent lines, osteolysis, or other bone reactions had
been detected during the follow-up period. However, the postmortem
radiograph of the acetabulum and cup that were retrieved from one
cadaver (Case �) showed some osteolysis at the rim of the cup, especially
in zone � of DeLee and Charnley. This patient had showed increased
polyethylene wear on the five-year follow-up radiograph as well as
debonding of the most proximal part of the femoral stem, induced by
polyethylene particles [Tonino ����].

Histological Findings
The pseudocapsule was mostly composed of a thick and dense fibrous

tissue; it was focally infiltrated by an inflammatory component, contai-
ning macrophages, lymphocytes, and a few giant cells and was covered
by a pluri-stratified synovial-like layer. Metallic debris could only be
detected in the specimen from one patient (Case �); this debris was
found both close to the surface and more deeply within the membrane.
A modest number of polyethylene particles, with an associated inflam-
matory reaction that was predominated by mononuclear infiltrates, was
detected in the specimens from two patients (Cases � and 
). However,
in the specimen from another patient (Case �), abundant polyethylene
particles were detected in association with an inflammatory reaction.

Bone ongrowth
All acetabular implants were surrounded by numerous bridges of

lamellar trabecular bone, mostly directed perpendicular  to the implant
(Figures ���-A and ���-B). The hydroxyapatite coating appeared thin,
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Charnley.
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Case 4. Zone II of DeLee and Charnley.



irregular and almost completely resorbed in areas where bone marrow
reached the interface. Even after total or nearly total resorption of the
hydroxyapatite (Cases 	 and 
), bone tissue and bone-marrow cells could
be focally noted directly on the surface of the metal substrate, without
interposition of any connective tissue (Figure ��	). The surrounding mar-
row was histologically normal in all of the sections. Macroscopically, the
highest percentages of bone-implant contact and bone area were
observed at the rim of the cups and on the top of the spikes.

Particles (Table 3.2)
Three types of particles were observed: metal, hydroxyapatite and

polyethylene. Metal particles were rarely seen and were only noted near

the outer surface of the cup in two of the ninety sections, both from the
same patient (Case �). The tissue reaction to metal was very moderate,
with small amounts of macrophages sometimes observed in the bone-
marrow tissue. Hydroxyapatite granules were sporadically observed in
the bone marrow, but they were only found close to the coated surface
and were not associated with any inflammatory reaction. When bone
ongrowth onto the coating had occurred, no loose hydroxyapatite particles
were noted. In one of the �
� measured areas, actual degradation of the
hydroxyapatite coating by osteoclasts (Figure ��
) and phagocytosis by
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Figure ���

Case 5. Zone II of DeLee

and Charnley. Even after

nearly total resorption of

the hydroxyapatite, bone

tissue (b) is focally noted

directly on the surface of

the metal substrate (s).

The bone marrow (bm),

which appears normal, is

also seen directly on the

substrate (x 28).

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
PE - / - + / + +++ / +++ - / + - / + + / +
Metal - / - ++ / + - / - - / - - / - - / -
HA - / - - / - - / - - / - - / - - / -
PE = polyethylene, HA = hydroxyapatite

- = none, + = few particles, ++ = many particles, +++ = abundant particles

Table ���

Presence of particles in

the capsule (left) and in

the sections (right).



macrophages were seen. No signs of dissolution of the hydroxyapatite
coating, abrasion, or delamination could be detected in any section.
In most screw-holes, numerous birefringent polyethylene particles were
seen under polarised light. However, in approximately half of the holes
a dense collagenous membrane or an osseous bridge closed the screw-hole
and seemed to contain the particles (Figure ���). The other holes were
associated with more or less pronounced bone-resorption activity, with
signs of early debonding and even early cystic osteolysis (Figure ��).
In the specimen from one patient (Case �), abundant polyethylene parti-
cles with an associated inflammatory tissue reaction were present, espe-
cially in zone I of DeLee and Charnley (Figure ���), where osteolysis
with very deminished bone area and bone-implant contact was most
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Case 3. Zone I of DeLee and Charnley. The granulation

tissue (G) is induced by polyethylene particles. The large

areas of bone resorption are slowly producing debon-

ding of the metal shell.

Figure ���

Case 4. Zone I of DeLee and Charnley. The proximal

screw-hole (a) shows cystic osteolysis, while the distal

screw-hole (b) is closed by an osseous bridge containing

polyethylene particles.

Figure ���

Case 2. Zone I of DeLee and Charnley. Actual degrada-

tion of the hydroxyapatite coating (ha) by osteoclasts

(arrows) is visible. The hydroxyapatite coating is thick

and regular where it is in contact with bone (b). The

bone marrow (bm) appears normal (x 45).



prominent. The other two zones had far less debonding, with normal
values for bone area.

Histomorphometric Findings (Tables 3.3, 3.4 and 3.5)
The mean percentage of bone-implant contact was �
�	% ± ���	%.

No significant difference was noted among the bone-implant contact
ratios for the three zones of DeLee and Charnley. The predominant areas
of bone-implant contact were near the rim of the acetabular cup and
around the spikes (Figure ���). With the limited numbers available, the
mean bone-implant contact for the acetabulum did not differ signifi-
cantly from that for the metaphyseal part of the femur in any patient.
However, the value for the femur was higher in all patients but two
(Cases � and 
). Also, the bone area value for the acetabulum was similar
to that for the metaphyseal part of the femur in every patient (p = ��		��,
alpha = ���	�). The two oldest patients (Cases � and 
) had the lowest
values for the bone-implant contact in both the acetabulum and the
femur as well as the lowest values for bone area in the acetabulum.

Hydroxyapatite coating (Table 3.6)
No significant differences were noted with regard to the extent of

hydroxyapatite residue in the three zones of DeLee and Charnley. The
two cups with the longest duration of implantation (Cases 	 and 
)
showed little or no hydroxyapatite residue. Overall, the extent of the
residual hydroxyapatite coating on the cup was always less than that in
the metaphyseal part of the femur. This points to a higher rate of bone
remodeling on the acetabular side. The appearance of the coating was
not uniform. In the specimens from the first four patients (Case �

through �), the coating was thick and regular in the areas covered by
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Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Zone I 47 / 27 36 / 26 9 /  6 60 / 20 41 / 22 40 / 18
Zone II 25 / 13 32 / 17 23 / 17 50 / 11 35 / 14 39 / 12
Zone III 59 / 29 38 / 16 27 / 15 38 / 17 40 / 28 14 / 11
Mean 44 / 23 35 / 20 21 / 13 49 / 16 39 / 21 31 / 14

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Bone – implant
contact (%) 44 / 44 56 / 35 31 / 21 51 / 49 46 / 39 22 / 31
Bone area (%) 26 / 23 12 / 20 14 / 13 20 / 16 11 / 21 14 / 14
Extent of residual
HA coating (%) 56 / 26 21 / 20 5 / 4 65 / 13 8 / 3 3 / 0

Table ���

Bone ongrowth:

bone – implant contact

(%)/ bone area (%).

Table ���

Histomorphometric data

in femur (left) and

acetabulum (right).



bone (Figures ���-A and ���-B) and it was thin or irregular or partly or
fully absorbed in the areas covered by bone marrow. However, such fea-
tures were not observed in the specimens from the last two patients
(Cases 	 and 
), in which hardly any hydroxyapatite could be detected
even in the areas of normal bone-implant contact (Figure ��	). Neverthe-
less, in these last two specimens the percentage of bone–implant contact
measured ��% and ��% of the cup surface (Table ���).
The measured bone and coating parameters were matched according to
age at death and duration of implantation. A possible relationship
between the bone apposition percentages and the bone area according
to age was noted. A slow but progressive resorption of the hydroxya-
patite coating according to the duration of implantation was obvious.

Discussion
To our knowledge, the present study is the first to examine the long-

term histological and histomorphometric results associated with hydroxy-
apatite-coated acetabular cups that were implanted in humans by the
same surgeon at the same institution and that were reviewed by the
same pathologist. The weakness of the study is the small number of
specimens, which limited our ability to draw definite conclusions about
possible correlations between measured bone and coating parameters.
The results of the histological and histomorphometric analysis of the
femoral stems of the first five patients have already been published
[Tonino ����]. 
Five of the six specimens showed the complete lack of a fibrous mem-
brane, suggesting that the implant was mechanically stable. Even in the
remaining patient (Case �), in whom a polyethylene-laden granulation-
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DeLee and Charnley zones I II III
Bone- implant contact (%) 38.8 ± 16.8 34.0 ± 9.9 36.0 ± 14.9
Bone area (%) 19.8 ± 7.6 14.0 ± 2.5 19.3  ± 7.3
Extent of HA residue (%) 11.5 ± 10.5 9.8 ± 9.5 11.1  ±11.9
Thickness of HA residue (µm) 22.3 ± 12.6 22.3 ±13.7 20.6 ± 12.9

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Zone I 28 / 34 19 / 27 3 / 16 12 / 32 7 / 25 0 / 0
Zone II 24 / 40 17 / 28 5 / 17 12 / 30 1 / 19 0 / 0
Zone III 26 / 31 24 / 25 3 / 15 14 / 36 0 / 17 0 / 0
Mean 26 / 35 20 / 27 4 / 16 13 / 33 3 / 20 0 / 0

Table ���

Means and standard

deviations of the

measured bone and

hydroxyapatite para-

meters.

Table ���

Residual HA coating:

extent (%)/ thickness

(µm).



tissue reaction had caused partial debonding, the cup was clinically suc-
cessful and presumably was still mechanically stable. The amount of
bone growth associated with these hydroxyapatite-coated cups was
comparable with that associated with retrieved porous coated acetabular
components, which sometimes have no bone growth into the porous
coating at all [Collier ����, Cook �����, Pidhorz ����, Summer ����].
The mean amount of bone-implant contact in the present study was
�
�	% ± ���	%; this is somewhat higher than that noted by Pidhorz,
who reported a mean value of bone of ���% in a study of eleven porous
coated acetabular cups retrieved at autopsy at a mean of forty-one
months after implantation [Pidhorz ����]. But extent of bone at the
outer layer of a porous coating is not synonymous with growth of bone
into the porous coating, which is believed to be mainly responsible for
the fixation of the component. Pidhorz reports ����% ± ���% of ingrowth
of bone into the porous coating of the retrieved acetabular cups [Pid-
horz ����]; the same figure was reported by Bloebaum: ��% ± 
%
[Bloebaum ���].
In the two specimens from patients in whom the hydroxyapatite coating
had nearly or completely disappeared (Cases 	 and Case 
), the percen-
tage of bone ongrowth still measured ��% and ��% of the cup surface.
Both of these patients had been active and had had the implant in situ
for more than six years. These findings agree with those of Overgaard
[Overgaard ����]. In a canine cortical-bone model involving weight-
bearing hydroxyapatite-coated implants, those authors found that �
%
± 
��% of a completely resorbed hydroxyapatite coating was replaced
by bone in direct contact with the implant. Conversely, in a canine tra-
becular-bone model involving non-weight-bearing implants, Overgaard
observed that only one-fifth of the surface with complete resorption of
the hydroxyapatite coating was replaced by newly formed bone [Over-
gaard ����]. The amount of bone ongrowth seems to be related to
weight-bearing, surface finish, and various other factors.
In the present study, the mean amount of bone ongrowth in the proxi-
mal aspect of the femur occurred over a somewhat broader range (��%
to 	
%). This result is in agreement with the range of ��% to 
%
reported bij Carlsson in association with hydroxyapatite-coated and grit-
blasted titanium implants with a mean roughness of ��� µm that were
inserted for three months in the proximal aspect of arthritic human tibi-
ae [Carlsson ����]. However, those authors also reported that smooth
titanium implants with a mean roughness of ��� µm that were inserted
in the same location for the same duration were mostly encapsulated by
fibrous tissue. Therefore, not only loading but also the roughness of
both the hydroxyapatite coating and the substrate can have a profound
impact on the amount of bone ongrowth. Furthermore, animal experi-
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ments have shown that stability of surgical fit, implantation site, bone
type, and duration of implantation can also play a role in the quality
and percentage of bone ongrowth [Cook �����, Dhert ����].
Only the duration of implantation and the age, weight, level of activity,
and bone stock differed among our patients. Nevertheless, it was still
surprising to find that the amount of bone-implant contact was in a nar-
row range, regardless of the age of the patient or the duration of
implantation. Moreover, where implant fixation is surely maintained by
the metal surface once the hydroxyapatite coating is completely
resorbed, it is clear from our study that a minimum of ��% of bone
ongrowth is still sufficient to maintain reliable fixation of an implant. 
In contrast with the findings of other studies [Bloebaum �����, Bloe-
baum ����, Morscher ����], in which hydroxyapatite debris was associ-
ated with an inflammatory response or loose hydroxyapatite granules
were found to have generated third-body wear, we did not detect loose
hydroxyapatite granules away from the coating or in the retrieved poly-
ethylene inserts [Overgaard ����]. Direct degradation of the hydroxya-
patite layer by osteoclasts and subsequent resorption by macrophages
was seen once.
These observations suggest that both the quality of the hydroxyapatite
coating and the process of applying it to the substrate are of paramount
importance. Morscher reported poor results in association with cups
that had coatings as thick as ��� µm [Morscher ����]. Hot-pressing of
hydroxyapatite granules with grain sizes of ��	 to �	� µm is not a reli-
able coating method. Furthermore, previous experiments have demon-
strated that thicker hydroxyapatite coatings have considerable poorer
mechanical properties and an increased risk of hydroxyapatite abrasion
or delamination [Wang ����, Dávid ���	]. The application of a thin
(approximately 
� µm thick) hydroxyapatite coating with a plasma
spray torch under a vacuum results in the most reliable adhesion to the
substrate and the smallest chance of delaminiation.
The analysis of the specimens from our first four patients confirmed our
previous findings [Tonino ����] and those of Overgaard [Overgaard
����] that less resorption of the coating was seen when bone was pre-
sent at the coating surface. In contrast, when bone marrow was present
at the interface nearly all of the hydroxyapatite was found to have been
resorbed. Two theories have been suggested to explain this phenome-
non [Bauer ����, Overgaard ����]: (�) direct disintegration of the
hydroxyapatite into the extracellular fluid (a non-cell-mediated process)
and (�) cell-mediated hydroxyapatite resorption (a process in which
hydroxyapatite is disintegrated, by osteoclastic enzymes, into smaller
granules that are then phagocytosed and broken down by diverse types
of cells) [Overgaard ����]. We believe that there are more convincing
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arguments for the theory of cell-mediated hydroxyapatite resorption
through bone-remodelling. Our oldest patients (Case �, 	 and 
), with
presumably the highest rates of bone resorption, showed the lowest
amounts of hydroxyapatite residue. Also, we observed less residue of
hydroxyapatite coating at the acetabular side in each patient. It is
known that bone turnover is higher in the acetabulum than in the femur
irrespective of loading [Dempster ���	]. But most persuasive is the his-
tological observation of actual degradation of the hydroxyapatite layer
by osteoclasts.
The fate of the hydroxyapatite coating in the intermediate and long
term and its relation to long-term implant fixation, continue to be of
great interest. In an experimental study involving human trabecular
bone, Overgaard estimated the hydroxyapatite resorption rate to be
approximately ��% of the coating thickness per year [Overgaard ����].
They suggested that, in the clinical situation, resorption may be accelle-
rated because of weight-bearing, micromotion and eventual access of
joint fluid into the extended joint space. We are aware of only one study
[Tonino ����], involving an analysis of femoral components retrieved
from humans at autopsy, in which the percentage of implant fixation by
bone was found to be independent of the amount of hydroxyapatite
residue. This observation is consistent with the results of the current
study. On the one hand, these findings confirm the view of many
authors that a hydroxyapatite coating offers early, reliable and augmen-
ted bone ongrowth with improved fixation [Geesink ����, Søballe ����,
Hardy ����, Bauer ����, Cook �����, Maistrelli ����, Bauer ����, Bloebaum
�����, Dhert ����, Hofmann ����, Wang ����, Carlsson ����, Dávid
���	, Geesink ���	, Overgaard ���
, Yang ���
, Overgaard ����, Over-
gaard ����, Capello ����, Dorr ����, Garcia Araujo ����, Tonino ����,
Tonino ����]. On the other hand, we believe that it is the geometric
design and the substrate texture that mainly determine the longevity of
the prosthesis when all of the hydroxyapatite is resorbed.
In Chapter � the fluid pressure theory was discussed: short periods of
oscillating fluid pressure directed at an osseointegrated titanium-bone
interface may lead to osteolysis [Aspenberg ����, van der Vis �����,
van der Vis �����], and the pressure gradient through a large hole is
much less than through a small hole, leading to a higher frequency of
osteolysis around cups with multiple small holes than around cups with
one larger central hole [Manley ����]. This theory may be the explana-
tion for the location of the osteolysis that was observed in our Case �
(mainly zone I of DeLee and Charnley). As in five of our cups there was
no polyethylene-laden bone resorbing membrane at the articular mar-
gins of the metal shell, it must be assumed that the polyethylene wear
particles found around the empty screw holes could not have migrated
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from the periphery of the cup, but must have been generated directly
from the liner. Bauer, in a short-term histologic analysis of retrieved
hydroxyapatite-coated acetabular cups, observed that empty screw holes
were incompletely covered with bone [Bauer ����]. Thus, the fluid pres-
sure theory can explain the potential for spreading polyethylene wear
debris through the empty screw holes of the cup into the acetabular
bone and this seems to confirm the theory of the extended joint space as
formulated by Schmalzried [Schmalzried ����].
In conclusion, we believe that a plasma-sprayed hydroxyapatite coating
with high cristallinity and a thickness of approximately 
� µm enhances
the rapid biological fixation of the implant by means of bone ongrowth
while allowing only slow resorption. Resorption depends on the rate of
bone remodelling, which is mainly related to patient characteristics such
as activity, age, and duration of implantation time. Higher bone
turnover in the acetabulum than in the proximal aspect of the femur
might explain why there was less hydroxyapatite residue in the acetabu-
lum. An important finding of the present study was the absence of fo-
reign-body reaction, inflammatory response, and delamination in associ-
ation with this ceramic coating. Despite total hydroxyapatite resorption,
the percentage of bone-implant contact remained stable and within a
range that seems sufficient for long-term stability. The important role of
the texture of the substrate in this respect cannot be overemphasized.
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Introduction
Infection of a total joint arthroplasty remains a clinically important

issue, not only because of the treatment modalities, but also because of
the insecure outcome for the patient and the cost (which can be many
times the cost of a primary joint replacement) for the community [Scul-
co ����]. With modern preventive measures the rate of infection after
total hip replacement has declined to less than �% [Garvin ����]. The
problem of aseptic loosening has been addressed by the development of
uncemented prostheses. This has led to a variety of fixation surfaces:
porous coating (beads or wires), titanium grit-blasted surface and bioac-
tive ceramic coatings (such as hydroxyapatite and tricalcium phos-
phate). Several uncemented prostheses have proven to give reliable and
lasting fixation to bone in medium-term follow-up studies and this
encourages further investigation in this field [Engh ����, Bauer ����,
D’Antonio ����, Frayssinet ����, Tonino ����]. Post-mortem studies
have described the histological behaviour of the bone around uncemented
hip prostheses [Hardy ����, Frayssinet ����, Lintner ���	, Overgaard
���
, Tonino ����, Tonino ����]. Less is known however, of the beha-
viour of uncemented prostheses in case of infection. Experimental studies
in rabbits have shown that with the use of hydroxyapatite-coated titanium
there is an increased risk of clinical, microbiological and histological
manifest infection in case of direct contamination with Staphylococcus
Aureus, as compared with non-coated titanium [Vogely ����]. However, it
is always difficult to extrapolate experimental findings to clinical practice.
This study presents a case of postoperative infection in a patient who
received a total hip replacement with a hydroxyapatite-coated prosthesis.
The infection was successfully treated without removal of the prosthesis
and when the patient eventually died (of unrelated causes) six years
later, the hip prosthesis, together with the surrounding bone, was
retrieved and examined histologically and histomorphometrically.

Material and methods

Case history
A primary total hip replacement was performed of the right hip of a

��-year old male (Caucasian) because of osteoarthritis. He had no history
of sepsis or surgical treatment of the hip. He was included in a prospec-
tive study of the ABG total hip prosthesis (Anatomique Benoist Gérard,
Stryker, Newbury, England). The implant was described in Chapter �.
Surgery was performed by a senior staff member via a Hardinge
approach and was uneventful. The patient received a single dose of pro-
phylactic antibiotics (a second generation cephalosporin), just prior to
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induction of analgesia. Thrombosis prophylaxis consisted of administra-
tion of subcutaneous heparin from the day before surgery and aceno-
coumarol which was started on the day of surgery. There were no pro-
blems during the first postoperative days. After � days of bedrest, the
patient was mobilized; he was walking with two crutches, when a seri-
ous hematoma developed. During the following days the wound became
swollen, warm and painful and his temperature rose to 	�ºC. The ESR
was �� mm and C-reactive protein (CRP) > ���� On day �� postopera-
tively, the hip joint was re-opened: a deep infection was found, exten-
ding to the implants. An extensive debridement of the joint and its sur-
roundings was performed and local antibiotics (gentamycin beads) were
left behind in the joint space. Microbiology showed growth of an Ente-
robacter cloacae and a Streptococcus hemolyticus group C. The infection
was treated with vancomycin intravenously. On day �� postoperatively,
we made a second debridement of the wound and implanted a new set
of gentamycin beads in the joint space. These beads were removed �

weeks later; thereafter the wound healed. Antibiotic therapy was conti-
nued intravenously until � months after the hip replacement, followed
by another � months of oral antibiotics (ofloxacin and feneticillin).
Infection parameters had been normal for more than 	 weeks at the
time the therapy was discontinued (ESR less than ��, CRP less than �).
The restoration of hip movement was not different than in patients in
whom there had been no infection; also, there was no pain in the hip; at
3 months the Merle d’Aubigne score was ��, the maximal score. This
score remained constant during the entire follow-up period and the hip
performed well until the patients’ death, 
 years later. The radiographs
showed no signs of loosening, notwithstanding it was in �º varus (Figure
	��). From the second year onwards cancellous densities were noted in
Gruen zones � and 
 of the proximal femur and later also in zones � and
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Postoperative radiograph.

����

Radiograph after 3 years

showing cancellous

densification in Gruen

zones 2 and 6, as well as

in zones 3 and 5. At the

tip of the femoral pros-

thesis an area of sclerosis

is seen.

���	

After 6 years no

migration or subsidence

is noted.

� � 	



�. In Gruen zone 	 (at the tip of the femoral prosthesis) an area of scle-
rosis was seen from the second postoperative year onwards as a sign of
distal fixation of the stem. Bone resorption was first noted in Gruen
zone � at the �-year follow-up visit. The bone around the acetabular
prosthesis showed a reactive line in DeLee and Charnley zone � at the 

months follow-up visit, which slowly spread to zone � at � years, but
never reached zone �. No other bone changes were observed in the
acetabular region.
Technetium scintigraphy was performed at 
 and �� months after the hip
replacement and yearly thereafter. After 
 months the �-phase scintigraphy
already showed normal bloodflow and bloodpool values suggesting that
the infection was cured. The bone scan showed slightly elevated uptake,
as in most of the uneventful ABG hip replacements. At the �-year follow-
up the scintigraphic pattern was normal.
The patient sustained an intracerebral hemorrage and died, 
 years and

 weeks after the total hip replacement. At the time of the hip opera-
tion, written consent was given to remove the hip prosthesis after death.
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Figure ���

Explanted acetabular

component, loosened

because of fracture in

pelvis.

Figure ���

Explanted femoral com-

ponent, anterior (a) and

posterior (b) view.
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Specimen acquisition and preparation
The prosthetic components were collected en bloc with the sur-

rounding bone. On removal, the acetabular bone fractured, causing the
cup to loosen (Figure 	��).
Bone and implant were immersed in buffered formalin for � days and
subsequently in ��% ethanol for �	 hours. Photographs (Figure 	��) and
radiographs of the specimens were taken which were then embedded in
a PMMA resin. With a diamond microtome sections were sawn �� µm
thick. The sections corresponded to the DeLee and Charnley zones on the
acetabular side and the Gruen zones on the femoral side (Figure 	�	).

They were stained for qualitative histology (paragon staining, a combi-
nation of basic fuchsin and toluidine blue) and quantitative histomor-
phometry. For qualitative analysis a Polyvar microscope (Reichert-Jung,
Vienna, Austria) was used; for the quantitative measurements an
Axioskop microscope (Carl Zeiss, Munich, Germany) was used which was
equipped with a colour-image-analysing system (SAMBA; TITN Alcatel,
France). Bone contact was measured as the percentage of the circumfe-
rence of the implant that was in direct, close contact with bone. Bone
density was measured in several preselected areas around the compo-
nents. This was expressed as a percentage of the area covered with bone.
Residual hydroxyapatite coating was measured as a percentage of the cir-
cumference of the implant that was still covered with hydroxyapatite. It
must be understood that only fragments of coating of sufficient thick-
ness, i.e. > � to �� µm, could be observed. Thus, the presented values do
not take into account very small particles or a thin film of hydroxyapatite
coating.
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Radiograph of the proxi-

mal femur after explan-
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osseointegration of the

femoral component and

delineating the sections

for histology.



Results

Qualitative histological findings
Acetabulum
Due to the fracturing of the pelvis and the subsequent loosening of the

acetabular prosthesis, a reliable assessment of the bone-prosthesis contact
could not be made. In DeLee and Charnley zone � several small areas were
observed where direct contact between bone and prosthesis may have been
present. A substantial part of the acetabular cavity that contained the cup
was covered by a membrane with signs of an acute and active inflammato-
ry response (Figure 	��), morphologically similar to the tissue surrounding
the granuloma in the proximal femur which is described below. Focal accu-
mulation of metallic particles was seen in it, along with a multitude of
polyethylene debris, especially in DeLee and Charnley zone �. Sporadically,
the membrane infiltrated the surrounding trabecular bone. The residual
hydroxyapatite coating on the cup was thin and irregular.

Femur
Macroscopic examination of the specimen revealed a substantial

fibronecrotic reaction surrounding the posteromedial half of the proxi-
mal part of the femoral prosthesis. Microscopy confirmed the presence
of a chronic granuloma (�� x �� mm).
The sections through Gruen zones � and � showed a large central necro-
tic cavity which extended up to the interface between prosthesis and
surrounding tissue, with an acute and active inflammatory response
directly adjacent to it (Figure 	�
). The cells that were present were
mainly lymphocytes, macrophages and giant cells; there were few plas-
macells and polymorphonuclear cells. Numerous particles from both
metallic and polymeric origin were seen in the granuloma. The metallic
particles were mainly found close to the implant and the polyethylene
debris in the central necrotic cavity. On the medial side, there was a
high ratio of direct contact between bone and implant with trabecular

��

Figure ���

Membrane with acute

and inflammatory

response (arrow) in

acetabular cavity.



bone apposition. On the lateral and posterolateral side, there was also
apposition of bone, but here it did not extend beyond the grooves in the
femoral component (Figure 	��). The cellularity of the bone marrow was
normal without signs of fibroinflammatory infiltrate. Bone density in the
medial and anterior areas appeared normal, and was low in the posteri-
or and posterolateral areas (Figure 	�
). The hydroxyapatite coating was
relatively unaffected in the area close to the granuloma, but there was
evidence of residual coating all around the prosthesis.

In Gruen zones � and 
, the stem was surrounded by a thick fibrous
membrane medially and laterally, with a discrete inflammatory reaction
(Figure 	��). Here, there were no signs of granuloma. On the anterior
side, there was direct contact between bone and implant, while on the
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Histologic detail of

posterolateral aspect in

Gruen zone 1C-7B; bone

contact in groove of

femoral component.

Figure ��


Histologic section

through Gruen zones 2

and 6.

Figure ���

Histologic section of the

proximal femur (Gruen

zone 1C-7B) showing

the granuloma on the

posteromedial side of the

implant.



posterior aspect, there was a thin fibrous layer (Figure 	��). The bone
was normal cancellous bone with a low remodelling activity. No more
polyethylene or metallic particles were found in this section.

More distally, in Gruen zones � and �, there was only a thin fibrous mem-
brane on the anteromedial side. It showed no inflammation. The antero-
lateral, lateral and posterior sides showed numerous areas of close con-
tact between bone and implant. Bone density appeared normal.

Histomorphometry
Acetabulum
Bone contact data were found unreliable due to the fact that cup

was loosened during preparation. Bone density was highest in DeLee
and Charnley zone � less (Table 	��). Only very little hydroxyapatite
coating remained on the cup (�%) and this residual coating was very
thin (�� µm).

��

Section level Area 1 Area 2 Area 3 Area 4 Mean value
(DeLee-Charnley zone)
1 18 46 * 47 37, n = 4
2 44 0 52 22 29, n = 4
3 31 0 0 9 10, n = 4

*area not measured (area of fracture)

Table ���

Bone density in aceta-

bulum (%)

Figure ��� and ���

Detail of the section

through Gruen zones 2-6

showing direct contact

between bone and

implant on the anterior

side (a) and a fibrous

layer on the posterior

side (b).

�
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Femur
In the sections through the proximal Gruen zones, the bone contact

values were similar regardless of the level of the section (Figure 	���).
Here, the highest values were seen on the medial side due to bone appo-
sition in the medial grooves of the stem. In the area in which the granu-
loma was located (posteriorly), the bone contact was not different from
the bone contact in other areas. The highest percentages of bone contact
were measured in the sections through Gruen zones � and �. The bone
density gradually increased from proximal to distal (Figure 	���). The
difference between metaphysis and diaphysis was statistically significant
(p ≤ ����). The bone density was less on the posterior side in the sec-
tions through Gruen zones � and �; this was the location of the granulo-
ma. Hardly any residual coating (Figure 	���) was seen on all sections,
except on the posterior side where about ��% of the coating remained.
The mean thickness of the observed coating was �� µm. There was no
statistical correlation between bone-implant contact areas and residual
hydroxyapatite coating.
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Bone-implant contact in
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Section level Anterior Posterior Lateral Medial Mean value
(Gruen zones)
1A – 7A 22 28 47 67 37, n = 7
1B – 7B 45 29 12 75 35, n = 7
1C – 7B 25 51 33 41 37, n = 7
Metaphysis 1 - 7 31 36 31 61 37, n = 21
Diaphysis 2 – 6 92 1 0 0 23, n = 4
Diaphysis 3 - 5 50 73 45 47 54, n = 4
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Bone density

in femur (%)

Section level Anterior Posterior Lateral Medial Mean value
(Gruen zones)
1A - 7A 16 1 21 5 12, n = 7
1B – 7B 19 1 4 24 10, n = 7
1C – 7B 26 7 4 69 20, n = 7
Metaphysis 1 – 7 20 3 10 32 14, n = 21
Diaphysis 2 – 6 39 11 18 50 29, n = 4
Diaphysis 3 – 5 25 61 76 33 49, n = 4

Section level Anterior Posterior Lateral Medial Mean value
(Gruen zones)
1A – 7A 4  [20] 31  [28] 5 [24] 4 [34] 11  [27]
1B – 7B 5  [14] 38  [22] 15 [22] 13 [22] 18  [20]
1C – 7B 8  [19] 35  [31] 3 [19] 10 [20] 14  [22]
Metaphysis 1 - 7 6  [18] 35  [27] 8 [22] 9 [25] 14  [23]



Discussion
The patient’s hip prosthesis performed well clinically for more than

six years and the consecutive radiographs of the pelvis taken on the
annual follow-up visits showed no change in the position, migration or
subsidence of the components. The stem was well fixed in the femoral
shaft. We found an overall bone-implant contact of ��% which is consis-
tent with earlier findings in non-infected total hip arthroplasties with
hydroxyapatite-coated hip implants [Tonino ����]. One case report
describes 
� - ��% proximal bone-implant contact �� months after ini-
tial hip replacement [Lintner ���	].
In our case, a large cystic granuloma containing a considerable amount
of polyethylene and metallic particles along with lymphocytes,
macrophages and giant cells was present in the metaphysis of the femur.
The clinical history of early infection of the hip arthroplasty in our
patient may lead to the conclusion that this granuloma was caused by
the infection and was a feature of persisting low grade infection. Only a
few plasma cells and neutrophils could be identified and no bacterial
debris. We therefore assume that the granuloma formation was mainly
due to a foreign body reaction to wear debris. Since no polyethylene
particles were observed distally to the proximal Gruen zones, we con-
clude that the osseointegration was circumferential and complete, sea-
ling off the proximal the femur and limiting the joint space. This is also
consistent with earlier findings [Tonino ����] and confirms that bone
ongrowth to the stem followed a normal pattern in this patient (in all
regions), notwithstanding the infection. Experimental studies in minia-
ture pigs also have shown good osseous ingrowth of bone with hydroxy-
apatite-coated implants despite a local infection [Wilke ����]. Rabbit
studies have shown that local infection can affect histomorphometric
parameters: in severe infections, the bone-implant contact ratio has
been found to be smaller in hydroxyapatite-coated implants than in
uninfected hydroxyapatite-coated implants and uncoated implants
[Oosterbos ����].
The fibrous membrane in the acetabulum had the same characteristics
as the outer rim of the granuloma in the proximal femur and is believed
to be a sign of aseptic loosening of the cup. This loosening was induced
by the polyethylene debris that entered the acetabular bone through the
holes in the metallic cup. As described in Chapter �, this phenomenon
was also observed in our earlier postmortem studies.
The presence of the granuloma in the proximal femur presented another
interesting phenomenon. The location of the granuloma corresponded
exactly to the area of low bone density and a higher amount (> ��%) of
residual coating, while all other proximal surfaces of the stem were co-
vered with less than ��% hydroxyapatite. This cannot be explained by
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higher dissolution of the coating at lower pH levels, as may occur in an
infection, nor can it be explained by higher phagocytic activity, like that
present in the formation of a polyehtylene wear-induced granuloma. It
can, however, be explained by the lack of bone remodelling activity at
the site of the granuloma: in normal bone remodelling, osteoclastic-like
cells would phagocytize the hydroxyapatite coating, desintegrating the
coating with time [Dhert ����, Frayssinet ����], whereas the phagocytic
activity we observed in the granuloma was directed primarily against
the polyethylene and metallic particles. In a recent study using
radiostereometry analysis, 	 of �� uncemented stems showed posterior
migration indicating decreased bone density in the posterior aspect of
the proximal femur [Ström ����]. Therefore the decreased bone density
we observed, may not even be related to the granuloma. Our observa-
tion supports the theory that resorption of the hydroxyapatite coating
depends mainly on the rate of bone remodelling [Tonino ����, Aebli
����]. The high ratio of bone contact, together with the low ratio of
residual hydroxyapatite-coating is also in accordance with other obser-
vations [Aebli ����].
This case report indicates that it is possible to eradicate an infection
after total hip replacement without removing the prosthesis. Despite a
deep infection, our hydroxyapatite-coated prosthesis showed a normal
pattern of osseointegration. 
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Introduction
The clinical application of uncemented joint implants has increased

during the last decade. Various studies reported advantages of unce-
mented prostheses, in particular with respect to the treatment of
younger patients with severe osteoarthritis [Engh ����, D’Antonio ����,
Malchau ����, Geesink ����, Tonino ����]. Cementless fixation poten-
tially leads to a close contact between prosthesis and bone [Engh ����,
Geesink ����, Geesink ����, Søballe ����, Hardy ����, Søballe ����,
Ang ����, Overgaard ����, Dhert ����, Tonino ����]. One of the most
widely used materials for uncemented joint prostheses is titanium, a
biocompatible material that permits bone to grow in close proximity to
the implant surface (contact osteogenesis) [Engh ����, Mulliken ���	].
Although direct bone formation has been reported incidentally on titani-
um, bioactive materials such as hydroxyapatite, a calcium phosphate
ceramic, have been added to implants as a coating to increase bone for-
mation directly onto an implant surface. Several prosthetic designs
using hydroxyapatite-coated titanium have proven to be successful after
medium-term follow-up and are subject of constant evaluation [D’Anto-
nio ����, Geesink ����, Vedantam ���	, Tonino ����, Oosterbos ����].
Infection of orthopaedic implants is a serious clinical problem [Walen-
kamp ����, Sanderson ����]. Because the number of patients receiving
a total joint replacement is still increasing [Okhuijsen ����], it is obvi-
ous that the problem of implant related infections will increase as well
in the future in terms of absolute figures, even though the rate of infec-
tion has decreased to less than � per cent for a total hip arthroplasty at
present [Garvin ����]. This, in turn, will lead to an increase in compli-
cated and costly revision arthroplasties, with a high morbidity and rela-
tively high mortality.
However, the relationship between implant bioactivity and infection sus-
ceptibility has not yet been clarified. Questions that arise regarding the
use of uncemented titanium implants are whether their use will influ-
ence the rate of postoperative infection or the way in which an infection
develops if it does occur and whether this is further influenced by the
use of a ceramic coating. Clincal observations of two of the authors,
Oosterbos and Tonino, as described in Chapter 
, suggested a mild
course of the clinical outcome of infected hydroxyapatite-coated hip
prostheses, without implant loosening or the necessity for revision.
A study was performed to investigate the infection susceptibility and
osseointegration related to peri-implant infection, of two commonly
used surfaces for uncemented fixation of orthopaedic implants: grit
blasted Ti	Al
V as a biocompatible surface and hydroxyapatite plasma-
sprayed Ti	Al
V as a bioactive surface.
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Material and methods

Design
The study was approved by the institutional review board (Animal

Care and Use Committee, Faculty of Medicine, University of Utrecht).
Titanium alloy (Ti	Al
V) cylinders were implanted into the left and
right proximal tibiae of �� rabbits; in �	 animals these cylinders were
coated with hydroxyapatite, and in the other �	 animals these cylinders
were uncoated. In the left tibia, different concentrations of bacterial ino-
culi of Staphylococcus aureus were introduced together with the cylinder.
We used four different concentrations, so there were � subgroups of 

animals each. In the right tibiae no bacteria were introduced; these tibiae
served as the controls. All animals were monitored postoperatively using
clinical and laboratory parameters (activity, eating, wound healing,
body weight, body temperature, erythrocyte sedimentation rate, white
blood cell count).
Four weeks after implantation of the cylinders, the rabbits were termi-
nated and the proximal tibiae containing the implants were subsequent-
ly removed in an aseptic setting. Half of the bone surrounding the
implant was cultured and bacteria were counted. The remaining bone
with the implant was prepared for qualitative and semi-quantitative his-
tological analysis. In Figure ��� the various steps in the experiment are
summarized.
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Animals
We used �� young adult female New Zealand White rabbits that

were obtained from a professional stock breeder (Ico:NZW, Broekman
Instituut BV, Someren, the Netherlands). In earlier studies this animal
has proven to be suitable for the investigation of arthritis and
osteomyelitis [Marks ����, Blomgren ����, Eerenberg ���
, Belmatough
���	, Cordero ���	�, Vogely ���	, Nijhof ����]. The animals weighed
between ���� g and �	�� g (mean ���� g), were housed in individual
cages and fed with daily amounts of ��-��� g rabbit diet (Hope Farms
Standard Laboratory Diet LKK-��, Hope Farms BV, Woerden, The
Netherlands). Water was given ad libitum. After introduction and con-
tamination of the implants, the animals were cared for under the same
conditions, but now in a barrier-separated unit of the animal laboratory.

Implants
A grit blasted titanium cylinder (titanium with 	% aluminum and


% vanadium, Howmedica, Lyon, France) was implanted into both
proximal tibiae (Figure ���). All cylinders had a final diameter of ��� mm
and a length of �� mm. In �	 animals the cylinders had been coated
with hydroxyapatite (HA). This coating was applied onto the surface by
a vacuum plasma-spray technique, and had the same characteristics as
the coating of clinically used hip implants, i.e. a chemical purity of ��-
��%, a crystallinity of ��% and a porosity of less than ��% [Tonino
����]. The thickness of the hydroxyapatite coating was approximately
	� microns. The surface roughness, as established by an UBM laser pro-
filometer (UBM, Etlingen, Germany) was Ra ���	 for the noncoated (Ti)
implants, and Ra ���
 for the HA-coated implants (Figure ���). Scanning
electron micrographs (Philips ���M, Philips, Eindhoven, the Nether-
lands) demonstrated an actual difference in surface morphology
between the two implants: the HA-coated implants had a more roun-
ded/smooth surface as a result of the plasma-spraying, whereas sharp
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Figure ���

The Ti6Al4V implants;

the implant on the right

is coated with hydroxya-

patite.



edges, resulting from the grit-blasting procedure, were clearly visible on
the surface of the noncoated implants (Figure ��
). With respect to clini-
cal relevance, we used implant surfaces as they are used clinically, there-
fore we deliberately did not standardise these implant surfaces with
respect to for instance roughness, porosity and morphology.
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Bacteria 
The micro-organism used was Staphylococcus aureus, strain Wood 
	

(�����; American Type Culture Collection, Rockville, MD, U.S.A.), a
strain commonly used in our institution because of its stable qualities
[Zimmerli ����, Delmi ���
, Nijhof ����]. To prepare the stock, a colony
was grown overnight in tryptic soy broth at ��ºC. Cultures were cen-
trifuged and resuspended in sterile saline solution overnight. Standar-
dized suspensions were frozen with liquid N2 and stored at minus ��ºC
until the inoculum was used. Some ��� vials were prepared, each con-
taining a suspension of ���� x ��8 micro-organisms in ��� microliters. At
regular intervals a vial was thawed, opened and cultured; the bacteria
were counted to verify that the vial still contained the same amount of
bacteria as at the time the original suspension was prepared. Each day
surgery was scheduled to take place, a new vial was thawed, opened
and concentrations of ��3, ��4, ��5 or ��6 colony forming units per milli-
litre (CFU/ml) were prepared by dilution with sterile saline. During sur-
gery the rabbits received ��� ml of bacteria suspension, resulting in
inoculum sizes of ��2, ��3, ��4 and ��5 CFU. We operated on two rabbits
each day, one receiving hydroxyapatite-coated titanium cylinders, the
other receiving noncoated titanium; we used one single suspension that
day.

Surgery
The implants were inserted under general inhalation anaesthesia.

The rabbits were premedicated by intramuscular injection of 
 mg ace-
promazinemaleate (Vetranquil®, Sanofi Sante BV, Maassluis, The
Netherlands) and 
 mg methadon (methadoneHCl). Anaesthesia was
induced by intravenous injection of �-�� mg etomidate (Hypnomidate®,
Janssen Pharmaceutica BV, Tilburg, The Netherlands). After intubation,
anaesthesia was maintained by a continuous flow of a mixture of O2 and
N2O (in a ratio of ��) and halothane �% (Albic BV, Maassluis, The
Netherlands).
After induction of anaesthesia, both hindlimbs of the rabbit were shaved
and the animal was placed in a supine position on the operating table.
The legs were disinfected with a ��% povidone-iodine solution (Beta-
dine®, Dagra, Diemen, The Netherlands) and covered with sterile
drapes. Through a parapatellar � cm long incision the right knee joint
was opened; the patella was kept laterally. The tibia was opened with a
small awl just anterior to the insertion of the anterior cruciate ligament.
The opening was widened with hand drills to a diameter of ��� mm and
a depth of approximately �� mm. Into the canal that was thus prepared,
��� ml of saline (without bacteria) was injected with a small pipette.
Subsequently, an implant was press-fit inserted and the wound was
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closed in layers; the joint capsule with vicryl �-� (Vicryl®, Ethicon
GmbH & Co, Norderstedt, Germany), the skin with a 
-� metal suture
wire (Ethicon GmbH & Co, Norderstedt, Germany). After closure of the
wound of the right knee, the same procedure was performed on the left
knee, but now an inoculum of ��� ml of saline containing ��2, ��3, ��4 or
��5 colony-forming units of Staphylococcus aureus was introduced into
the canal before inserting the cylinder.
Postoperative pain was relieved with intramuscular injections of � mg
nalbufine (Nubain®, Lamepro BV, Raamsdonkveer, The Netherlands)
and ��� mg buprenorphine (Temgesic®, Reckitt and Colman Products,
Kingston-upon-Hull, United Kingdom) i.m. if necessary.
Radiographs were made directly postoperatively, to check the position of
the implants and to be able to record any changes in the surrounding
bone after four weeks. The animals were examined daily for activity,
eating and wound healing. Weight and body temperature were meas-
ured. Blood samples for erythrocyte sedimentation rate (ESR) and white
blood cell counts (WBC) were taken postoperatively and �, �, � and 

weeks postoperatively.

Post mortem sample acquisition
Four weeks after surgery the animals were terminated with � cc pen-

tobarbital N2 (��� mg/ml) (Euthesate®, Apharmo BV, Arnhem, The
Netherlands) intravenously.
Radiographs were made which were blindly examined by two investiga-
tors (Vogely and Oosterbos) and compared with the postoperative radi-
ographs. Gross signs of infection of the tibiae, such as periosteal reac-
tion and osteolysis around the implant were recorded.
The proximal tibiae were removed under the same aseptic conditions as
when the implantation surgery was performed. First the right tibia was
excised and prepared for microbiological and histological examination.
The same procedure then followed for the left tibia. In this way conta-
mination of one leg to the other was prevented. The bone was denuded
of all soft tissue and then the anterior part of the proximal tibia was
removed with use of a high-speed dental drill with a circular metal saw
(Minitech Electronic, Zeist, the Netherlands), exposing the titanium
cylinder. This bone and marrow was crumbled into small pieces in a
sterile metal mortar and weighed. The bone chips were homogenised in
���� ml phosphate buffered saline (PBS, pH ��
) using a sterile Polytron
PT ���� tissue grinder (Kinetica Benelux BV, Best, the Netherlands), �
minutes at ���� rpm and � minutes at 	��� rpm. Serial ��-fold dilutions
from these homogenates were plated onto blood agar plates that were
stored at ��°C. The next day the colonies were counted and the number
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of viable bacteria per gram of bone was calculated (colony forming
units per gram of bone, CFU/g).
The part of the proximal tibia that still contained the implant was fixed
in a 
% buffered formaldehyde solution to be evaluated histologically. It
was subsequently washed in PBS and dehydrated by graded series of
ethanol. The sample was then embedded in a mixture of methyl-
methacrylate and dibuthylphthalate (Merck-Schuchardt, Hohenbrunn,
Germany) at a ratio of 
�. A suspension of bis(
-tertiairbutylcyclo-
hexyl)peroxydicarbonate (Perkadox �	®, AKZO Nobel, Arnhem, The
Netherlands) was added as a catalyst. After polymerisation, nondecalci-
fied sections were sawn perpendicular to the length axis of the implant
using a sawing microtome [van der Lubbe ����, Klein ���
]. The sec-
tions were approximately �� µm thick, and were stained with basic
fuchsin and methylene blue.
For the histological evaluation, proximal and distal sections of each tibia
with the implant were examined with a light microscope for signs of

�


Medullary canal
leukocytes no less moderate many

0 0 2 4
microabscesses no less moderate many

0 2 4 6
granulation tissue no light moderate much

0 2 4 6
fibrosis no slight moderate much

0 0 2 4
Cortex
destruction cortex no slight moderate much

0 2 4 6
enlarged Haversian canals no slight moderate much

0 0 2 4
leukocytes no less moderate many

0 0 2 4
microabscesses no less moderate many

0 2 4 6
granulation tissue no slight moderate much

0 2 4 6
fibrosis no slight moderate much

0 0 2 4
Periosteal reaction
quantity no slight moderate much

0 2 4 6

Table ���

Semiquantitative

grading system used for

histological scoring of

infection.



infection. Semiquantitative scoring of �� items was performed blindly
with the assistance of a pathologist according to the scoring system
described in Table ���. This system was derived from Petty [Petty ����]
and adapted to the current situation of infection around a noncemented
implant. Each sign of histological abnormality was scored to severity as
none, slight, moderate, or much. A value was assigned to the items
according to the severity of damage. The sum of values of the proximal
and distal sections of each tibia was calculated and averaged for each
infected and noninfected implant subgroup.

The percentage of bone-implant contact and bone area next to the
implants was measured using histomorphometry. Evaluations were per-
formed blindly, using a light microscope or a macroscope coupled to an
IBAS image analysis system (Carl Zeiss, Eching, Germany). Images of
the sections were digitised in a resolution of �	� x ��� pixels. From the
proximal and distal sections of each tibia, the percentage of bone appo-
sition at the implant surface was measured (Figure ���). This was
defined as the percentage of implant length with direct bone-implant
contact (microscope with objective ��� x Optovar ��	 resulting in a pixel
size of 	�� x 	�� microns). From the proximal sections only (distal sec-
tions were not used for bone area measurements), the percentage of
bone area within a radius of 1 mm next to the implant was measured
(Figure ��	). Bone area measurements were performed using a macro-
scope equipped with a Carl Zeiss Luminar 
� mm objective (Carl Zeiss,
Germany) resulting in a pixel size of ���� x ���	 microns.
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Statistical analysis
The study consisted of two treatment groups (hydroxyapatite and

titanium), with �	 rabbits in each group, receiving ��2, ��3, ��4, or ��5

colony forming units. In general, statistics was performed using an
analysis of variance (ANOVA) comparing the two groups (Statview ���

for Macintosh, SAS Institute Inc., Cary, U.S.A.), with various dependent
and independent variables (p ≤ ����). We investigated the effect of
implant type (HA versus Ti) and dosage group upon the bacteriological
cultures, the histopathological scores, and the bone contact or bone area
measurement, for the left and right tibiae separately. In addition, to
obtain further insight into the relationship between actual infection 
(= positive culture) and bone response, we performed an analysis of
variance on the effect of the presence or absence of infection at sacrifice
upon the bone contact and bone area data. Furthermore, we calculated
the correlation between log(CFU) with the bone contact and bone area
measurements. Statistical calculations were performed using Statview
for Macintosh and SPSS/PC.

Results

General
Two animals died several days after the implantation surgery due to

septicaemia. They were replaced with new rabbits. All rabbits showed a
decrease in appetite during the first few days postoperatively. This was
more prominent in the animals which had received a higher dose of bac-
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teria. At termination, body weight measurements indicated that rabbits
that had received a higher inoculum dose lost more in body weight. In
general, mean weight loss for the rabbits with HA and Ti implants was
in the same range (����% and ����% for the rabbits with the HA and Ti
implants, respectively).
One week postoperatively, an increase in the erythrocyte sedimentation
rate followed the same pattern: the rate was more elevated in rabbits
that had received a HA implant. After 
 weeks, there was no difference
in the ESR in relation to the implant or inoculum (Table ���). With
respect to white blood cell count, after one week only a slight difference
was seen between the two implants receiving ��� CFU of Staphylococcus
Aureus: rabbits with a HA implant had a higher WBC than those with a
Ti implant. There was no difference in WBC between the groups of rab-
bits receiving a lower inoculum. After 
 weeks, the difference between
WBC in the two implant groups decreased (Table ���).
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Table ���

Erythrocyte sedimentation rate (ESR, mm/hr) (mean ± standard error) 

before surgery, and after 1, 2, 3 and 4 weeks.

Wk 0 Wk 1 Wk 2 Wk 3 Wk 4
HA Ti HA Ti HA Ti HA Ti HA Ti

102 1.5 ± 0.5 1.3 ± 0.3 5.5 ± 2.9 1.5 ± 0.3 1.0 ± 0.0 1.3 ± 0.3 1.3 ± 0.3 1.0 ± 0.0 1.0 ± 0.0 1.8 ± 0.8
103 2.0 ± 0.6 2.0 ± 0.7 11.8 ± 9.4 2. 0 ± 0.4 1.3 ± 0.3 4.3 ± 3.3 1.5 ± 0.3 1.8 ± 0.5 1.0 ± 0.0 1.0 ± 0.0
104 1.3 ± 0.3 1.0 ± 0.0 24.8 ± 8.8 13.3 ± 9.6 5.3 ± 2.8 4.3 ± 2.6 2.3 ± 0.9 1.5 ± 0.3 2.3 ± 0.6 1.5 ± 0.3
105 1.0 ± 0.0 1.3 ± 0.3 34.5 ± 5.7 29.0 ± 10.0 5.0 ± 3.3 4.5 ± 1.0 2.3 ± 1.3 2.0 ± 0.7 1.5 ± 0.3 2.0 ± 0.0
all 1.4 ± 0.2 1.4 ± 0.2 19.1 ± 4.3 11.4 ± 4.2 3.3 ± 1.2 3.6 ± 1.0 1.8 ± 0.4 1.6 ± 0.2 1.4 ± 0.2 1.6 ± 0.2

Wk 0 Wk 1 Wk 2 Wk 3 Wk 4
HA Ti HA Ti HA Ti HA Ti HA Ti

102 4.3 ± 1.3 4.3 ± 0.6 9.2 ± 2.5 7.0 ± 1.3 5.1 ± 1.2 4.8 ± 0.4 3.9 ± 1.3 4.2 ± 0.7 4.4 ± 1.0 4.3 ± 0.9
103 5.0 ± 0.6 4.9 ± 0.6 6.8 ± 0.8 9.0 ± 3.0 5.8 ± 1.4 6.1 ± 1.7 4.7 ± 0.9 6.1 ± 0.8 4.2 ± 0.7 4.7 ± 1.3
104 4.3 ± 0.9 4.3 ± 1.1 8.5 ± 0.7 9.0 ± 0.7 7.6 ± 0.4 7.5 ± 1.6 6.3 ± 0.7 7.4 ± 2.1 5.3 ± 0.3 6.9 ± 0.8
105 3.5 ± 0.6 4.0 ± 0.6 12.5 ± 3.9 8.0 ± 1.3 10.4 ± 1.6 7.5 ± 0.6 8.0 ± 0.6 6.4 ± 0.5 6.8 ± 0.8 5.3 ± 0.3
all 4.3 ± 0.4 4.4 ± 0.4 9.3 ± 1.2 8.2 ± 0.8 7.4 ± 0.8 6.5 ± 0.6 5.7 ± 0.6 6.0 ± 0.6 5.2 ± 0.4 5.3 ± 0.5

Table ��	

White blood cell counts (WBC, x 109/l) (mean ± standard error) before surgery, and after 1, 2, 3 and 4 weeks.

��



For technical reasons, radiographs of � rabbits could not be made after
�� days. Radiographic signs of infection, such as periosteal reaction,
were seen in the left tibia of � of �� rabbits: 6 with a HA implant and �
with a Ti implant. Figure ��� illustrates a case of pronounced periprosthetic
reaction. Six of these � rabbits had received ��4 or ��5 CFU of St. Aureus.
No radiographic signs of infection were seen in the right tibiae. All ani-
mals with radiographic changes had a positive culture after �� days.

Bacteriology
The results from the bacteriological studies are summarized in Fi-

gure ���� In � out of �	 rabbits with HA implants and 	 out of �	 rabbits

��

Figure ���

Results from the bacterio-
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Figure ���
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nounced periosteal reac-

tion was visible

(arrows).
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with Ti implants, bacteriological cultures from samples of the left, con-
taminated tibia were positive. The number of colony forming units per
gram of bone (CFU/g) increased with higher inoculum doses; the inocu-
lum dosage had a significant effect on bacterial counts (p ≤ �����).
From the left tibiae with a Ti implant contaminated with an inoculum of
���, ���, ��
 or ��� CFU, on average none, ��� (±���), ��� (±���) and ���

(±���) log CFU/g (mean ±SEM) St. Aureus were retrieved, respectively.
From the left tibiae with a contaminated HA implant, on average ��	

(±��	), ��� (±���), ��	 (±���) and 	�� (±���) log CFU/g (mean ±SEM)
were retrieved, respectively. The ANOVA revealed significantly more bac-
teria in the HA group than in the Ti group (p ≤ ����). In two rabbits, we
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also found positive cultures in the right, control tibia; one with a Ti
implant and one with a HA implant.

Histology
Histological evaluation of sections of implants not contaminated

with bacteria (right tibiae) showed a normal cortex without periosteal
reaction and small Haversian canals. Microabscesses, granulation tissue
or fibrosis were not seen and only occasionally a few leukocytes were
observed in the medullary canal. The bone response to the implants
could be characterized by a process of bone formation on and next to
the implant surface. Especially in sections from left tibiae, which were
contaminated with a high inoculum dosage, we observed severe loss of
cortical bone (Figure ���). The remaining cortex showed enlarged
Haversian canals and an extensive periosteal reaction. Around the
implant many leukocytes were found in the medulla and the cortex,
sometimes accompanied by the formation of microabscesses and granu-
lation tissue. In some tibiae, extensive fibrosis was observed.
The results from the histopathological semiquantitative scoring are sum-
marized in Figure ����� From the left tibiae with the HA implants, con-
taminated with ���, ���, ��
 or ��� CFU, the scores ranged from 
�� to

���� In the left tibiae with the contaminated Ti implants, the scores
ranged from 
�� to �
��. For the right, noncontaminated tibiae with a Ti
or HA implant, the scores were less than ��� in all dosage groups. With
increasing inoculum dosage, both the infected left tibiae with HA and

��
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with Ti showed increased scores, as compared to their contralateral con-
trol, and for the left, contaminated tibiae, there was a significant effect
of inoculum dosage on the histopathological scores (p ≤ ������). In
addition, with increasing inoculum dosage, there was an increasing dif-
ference between the HA and Ti implants, resulting in higher scores for
the HA implants (p ≤ ����). This indicates that with increasing inocu-
lum concentration, HA implants developed a more severe infection as
compared to the Ti implants.

Histomorphometry
In Figures ���� and ����, the results of the bone contact measure-

ments for the proximal and distal sections are presented for the separate
inoculum concentrations. The overall mean percentage of bone contact
with the proximal part of the implants in the right tibiae was 	���% for
the HA implants and 		��% for the Ti implants. In the left, contamina-
ted tibiae, these data were 	��	% for HA and 	���% for Ti. In the distal
sections the overall mean percentage of bone contact in the right tibiae
was ���	% for the HA implants and ���� for the Ti implants. In the left,
contaminated tibiae these data were ���
% and 
��
% respectively.
In Figure ���� the results of the bone area measurements for the proxi-
mal sections are presented. The overall mean percentage of bone area in
the right, i.e. not contaminated tibiae was ����% for the HA implants
and ���	% for the Ti implants. For the left, contaminated tibiae, these
data were 
�.6% and ���
%, respectively.
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Statistical analysis of the contaminated limbs revealed for the HA
implants a significant effect of the inoculum concentration (dosage
group) on the bone contact in the distal sections, and the two highest
inoculum concentrations resulted in significantly lower percentages
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Figure �����
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(p ≤ ����), indicating a decrease as a result of increasing inoculum con-
centration. In addition, there was a significant effect for the HA
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implants of the inoculum concentration (dosage group) on the bone
area next to the proximal part of the implant (p ≤ ����), but subsequent
post hoc testing showed only a difference between the ��� and ��
 inocu-
lum concentrations. For both the left and right sides separately, there
were no significant differences in bone contact or bone area between the
two implant types.

In order to obtain further insight into the relationship between actu-
al infection and bone response, we present in Figures ���
 and ���� the
bone contact and bone area data as a function of the presence or
absence of infection (i.e. positive or negative culture at sacrifice). In the
proximal sections (Figure ���
A), the mean percentage of bone-implant
contact was 	��� for the HA implants and ���� for the Ti implants when
cultures were positive, and 	��� and 	
��, respectively, when cultures
were negative (no significant differences). For the distal sections (Figure
���
B), the mean percentage of bone-implant contact was ���� for the
HA implants and ���	 for the Ti implants in positive cultures and �	�	

and 
���, respectively, in negative cultures. This difference in bone con-
tact between positive and negative cultures was significant for the HA
implants (p ≤ ������), but not for the Ti implants, although the effect
of infection approached significance (p = �����
). With respect to the
bone area (Figure ����), we measured, in case of an infection, mean per-
centages of 
��� around the HA implants and ���� around the Ti
implants. When the cultures were negative, these data were 
��� and
�	��, respectively (no significant differences). With respect to the corre-
lation between log(CFU) and the bone contact and bone area measure-
ments, we found a negative relationship between log(CFU) and the
bone contact in the distal sections (correlation coefficient –��	�; p ≤
������). No significant correlations were found for the bone contact and
the bone area data in the proximal sections.

Discussion
The rather uncomplicated postinfectious clinical course of the patient

described in Chapter 
 raised questions regarding the influence of the
ceramic coating on the infection that occurred and the influence of the
infection on the osseointegration of the implant. This was in fact the rea-
son to design and conduct the animal study. We hypothesized that post-
operative infection was less likely to occur when a hydroxyapatite-coated
implant was used and that, should an infection develop, this would not
hinder osseointegration of the implant.
In the present study, we demonstrated that infections of biocompatible,
uncemented implants can develop after direct contamination of the local
implant bed, and that these infections are related to the dose of the origi-
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nal inoculum. Surprisingly, we also found that bacteria were more likely
to grow onto or next to the hydroxyapatite-coated implants than on non-
coated Ti implants, and that the infections that occurred with HA
implants were histopathologically more severe. This contrasts with our
expectations and is of special interest, since the outcomes of clinical stu-
dies on hydroxyapatite-coated implants are quite successful and do not
report a higher infection rate [Geesink ����, Tonino ����, Oosterbos
����]. The histomorphometrical results show, in particular for the HA
implants, a statistically significant effect of the inoculum concentration
and/or the presence or absence of infection on the bone contact at the
distal implant site. These data on bone contact and bone area can be con-
sidered as a representation of implant fixation [Dhert ����]. In combina-
tion with the negative correlation between the number of colony forming
units at sacrifice with the amount of distal bone contact, they confirm a
clear relationship between peri-implant infection and decreased fixation.
In other words: peri-implant infection can lead to diminished bone
ongrowth, which in turn, can lead to implant loosening. Wilke demon-
strated for hydroxyapatite-coated implants good osseous ingrowth
behaviour in spite of local infection [Wilke ����]. We speculate that the
diminished bone ongrowth we observed, was probably not directly rela-
ted to the implant type, but more to the severity of infection, because the
tibiae with HA implants showed more severe infections, as we demon-
strated with the semiquantitative scores. It should also be noted that
despite the clear differences in histopathological appeareance of infec-
tion, the histomorphometry did not respond in a similar manner. Infec-
tions may have been more severe around the distal part of the implants
because that was the location where the bacterial inoculum was
“dropped” at the time of surgery. Bacteriological cultures could not be
differentiated between proximal and distal side, however. Another expla-
nation can be that osseointegration of implants is less in infected non-
cancellous bone. Direct contact of cells to the ceramic surfaces should
enhance the possibilities of cellular defence and can prevent infection in
case of contamination. In ����, Gristina described the “race for the sur-
face” theory [Gristina ����]: “The competition between host tissue cells
and bacteria to adhere onto an implanted surface is “won” by the organ-
isms that arrive first at the implant surface”. So a fast tissue integration
of a bioactive material (hydroxyapatite coating) could result in less bac-
teriological colonisation as compared to a slower tissue integration of a
biocompatible surface (Ti	Al
V). Hydroxyapatite coatings are bioactive
and well known for their favourable bone-bonding properties, as com-
pared to noncoated Ti	Al
V [Geesink ����, Geesink ����, Søballe ����,
Dhert ����, Dhert ����]. Biocompatibility could therefore be a determi-
ning factor in infection susceptibility or in the development of an infec-
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tion after contamination of different materials. On the other hand, physi-
cal parameters such as surface morphology, porosity, electrical charge, or
total surface area could also influence bacterial colonisation.
Various other authors have studied implant-related infections. Cordero
demonstrated that the presence of polymethylmethacrylate (PMMA)
bone cement required less bacteria to produce an infection in rabbit
femora compared to femora without an implant [Cordero ���	�]. In
another study, he found that PMMA usually appears to be more prone to
cause an infection in relation to titanium and cobalt-chromium [Cordero
���	�]. Hauke described in a rabbit tibial model for titanium, a lower
susceptibility to Staphylococcus aureus infection as compared with stain-
less steel [Hauke ����]. Petty demonstrated in a dog model an early
infection of stainless steel and cobalt-chromium alloys, high-density poly-
ethylene, prepolymerised PMMA, and PMMA polymerised in vivo [Petty
����]. The implants were inserted in the femoral canal after a suspension
of bacteria had been injected. Microbiological and histological evaluation
demonstrated that all implants were more likely to be associated with
infection with Staphylococcus aureus than when surgery was performed
without an implant. He concluded that efforts leading to reduction of
bacterial contamination in implant surgery are justified. However, we
have to bear in mind that in these, as well as in our studies, bacteriologi-
cal results were applied by counting the direct culture of bone
homogenate obtained by grinding. This method has a minimal detectable
level of bacteria of approximately ���� CFU/g. This means that a nega-
tive culture does not necessarily mean that no bacteria were present. This
problem is dealt with in most studies by counting the number of infected
implants (= positive culture) for each treatment. In our study, we quanti-
fied the number of bacteria that were cultured from the tibiae, as a func-
tion of inoculum dose and implant type (“dose-response curve”). There-
fore, for our statistical calculations, we assigned an absolute value of �
CFU/g to each negative culture, which increased the variation of the data
and reduced the possibility of demonstrating significant differences.
Despite this, we still found significant differences between HA and Ti. To
increase the readability of the graph that demonstrates this dose-
response curve (Figure ��	), we, however, assigned the absolute value of
���� CFU/g (= the minimal detectable level) to each negative culture.
The reader should realise that in reality, this value will be somewhere in-
between � and ���� CFU/g. Since we also studied the peri-implant
regions histologically, we could correlate negative cultures with
histopathological signs of infection. In case of a negative culture, in the
majority of cases, the histopathological scores did not indicate a local
inflammatory reaction.
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In our histomorphometrical analysis, we differentiated between proximal
and distal sections. We considered this to be relevant, since the proximal
part of the implant was surrounded by trabecular bone and the distal
part by the diaphyseal cortical bone. Because interface kinetics differ
between these two bone types [Dhert ����], bone contact data should be
investigated separately. We however did not measure bone area at the
distal side of the implant, since there the implant was inserted in the
fatty bone marrow, and measurements of bone tissue at a distance from
the implant surface were considered by us not to be feasible.
Although the present study demonstrates effects of inoculum concentra-
tions on histomorphometrical parameters, we did not find statistical sig-
nificant differences in bone contact or bone area between the two
implant types, for the left (bacteria) and right (no bacteria) tibiae. While
for infected implants very limited data are available from literature,
numerous articles have been published on potential advantages of calci-
um phosphate coatings. In a previous study in rabbits with a follow-up
until 
 weeks after implantation, it was suggested that in the relative
ideal circumstances of careful surgery, and close fit, the local biological
processes predominantly determine the histomorphometrical outcome
[Dhert ����], and our data correspond to these findings. On the other
hand, it should also be realised that when a study is designed to demon-
strate differences between groups, the absence of significant differences
does not necessarily mean that groups are equal, but that the power of a
study is too low for such conclusions.
Because our aim was to use the materials as they are applied in the clini-
cal situation, the implant surfaces were not standardised with respect to
surface area and porosity. Surface roughness may influence bacterial
adhesion [McAllister ����, Quirynen ����]. In addition, according to
Naylor, the effect of implant surface roughness on infection is also related
to differences in colonisation velocity [Naylor ����]. In our experiments
the hydroxyapatite coating had a porosity of less then ��% and there
were actual differences in surface architecture between the two implant
types. The presence of pores can increase the absolute surface area,
despite comparable roughness. It can also be hypothesised that bacteria
(in a liquid milieu) can more easily migrate into the pores than the tissue
cells, and that once the bacteria adhere to the coating surface in the
pores, they may be difficult to seize by the host defence system [Cordero
���
]. These factors should also be taken into consideration when inter-
preting the differences that were found between the HA and Ti implants
in the present study.
We used concentrations of Staphylococcus aureus, ranging from very low
(���) until relatively high (���). These unphysiological inoculi were
brought in direct contact with the implant. It should be realised that
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especially the higher concentrations are most likely not to occur perio-
peratively under uncomplicated, standard circumstances and that, in a
clinical situation, contamination will occur in the human tissues rather
than on the implant. However, the results from the study do indicate that
hydroxyapatite-coated implants can, in the presence of bacteria (e.g.
perioperative contamination) more easily develop a more severe infec-
tion than noncoated titanium implants, and that local infection will influ-
ence histomorphometrical parameters (bone-implant contact) that deter-
mine implant fixation. This suggests that precautions to prevent
contamination (asepsis) or infection (perioperative antibiotics) are even
more important for the highly biocompatible hydroxyapatite-coated
implant. This is in particular the case for patients with a higher suscepti-
bility to infection. With the current knowledge, based upon clinically rele-
vant surfaces, no definite conclusions can be drawn with respect to the
role of the actual biocompatibility of the materials used, since other sur-
face characteristics are expected to play a role as well. In particular with
respect to the biocompatible hydroxyapatite-coated implants, it remains
to be investigated how the bone around an infected prosthesis will react
after a longer follow-up, or when the infection becomes chronic.
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C H A P T E R  6

Revision total hip arthroplasty for
septic loosening with an uncemented
hydroxyapatite-coated prosthesis

Five hips followed for two to eleven

years

Investigations performed at the department of
Orthopaedics and Traumatology,
Atrium Medisch Centrum, Heerlen, the Netherlands



Introduction
Treatment of an infected joint prosthesis is considered successful if

the end result is a painfree, well functioning artificial joint and no recur-
rence of infection [Garvin ����]. Debridement and antibiotics alone are
mainly successful for acute infections that occur within several weeks
after the initial joint replacement [Hanssen ����, McPherson ����] and
in some cases of late, hematogenous infections if treatment is begun
soon after the onset of symptoms [Garvin ����]. All other infections
very often necessitate removal of the prosthetic components in order to
be able to eradicate the infection completely [Gristina ����, McDonald
����, Garvin ����]. In case of bad general health of the patient, or
refusal to revision surgery, long-term suppression of the infection with
antibiotics is an alternative [Goulet ����, Rao ����].
When surgery is indicated, two issues are important. Firstly, we must
ask ourselves: do we revise the hip in one stage or do we plan a two-
stage operation? Up until recently, a two-stage revision has been widely
accepted as the most safe and successful procedure [McPherson ����].
However, as patients are becoming older and infirm and do not tolerate
prolonged bedrest or a second major operation, one-stage reimplanta-
tions have become more prominent and can have results that are com-
parable with two-stage procedures [Ure ����, Callaghan ����]. Second-
ly, there is the issue of the fixation of the new implant: with or without
bone cement. Cemented hip replacement offers the possibility of local
administration of antibiotics by means of antibiotic loaded bone cement.
However, the PMMA also acts as an extra foreign body; the bone-cement
interface may serve as a matrix for bacteria. Gristina suggested that, if
the surfaces of a biomaterial could be designed to be receptive to tissue
cells, then the implant would be protected against microbial adhesion
and infection by integration of healthy tissue cells and membranes with
these surfaces [Gristina ���	]. So, when bone stock is sufficient, we pre-
fer an uncemented implant with a bioactive coating to ensure a rapid
ongrowth of healthy bone to the prosthesis and thus minimize the risk
of a new infection. This study represents our experience with a hydro-
xyapatite-coated prosthesis as the implant of choice in revision surgery
for septic loosening of a total hip replacement. The study focuses on the
issue of fixation; it includes one-stage as well as two-stage procedures.

Patients and methods
Between ���� and ���� 	� revision total hip arthoplasties were per-

formed using a hydroxyapatite-coated prosthesis. Five of the revisions
(in � patients) were done because of deep infection of a total hip arthro-
plasty. The patient characteristics are shown in Table 
��.
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One of the hips (Case �) had been revised earlier beause of aseptic loose-
ning. The time between the last prosthetic implantation and infection
varied from 	 months to �� years.

All patients had an elevated erythrocyte sedimentation rate (ESR)
and/or C-reactive protein (CRP); four complained of pain in the hip
region, while one patient had a fistula. Only two patients presented with
a fever; in one there was a urinary tract infection (Case �), in the other
no focus could be found. From all hips joint fluid was asprirated; twice a
Staphylococcus Aureus was cultured, once a Hemophilus influenzae and
two cultures were negative (of which one had a positive Gram-staining).
The patients with a negative culture of the aspirate were further exa-
mined with nuclear imaging using Indium-labeled leucocytes. One of
these was positive for infection. So there was one patient (Case �) who
was diagnosed as having a deep infection based only on clinical signs: a
painful, swollen hip area with red skin, a fever and an elevated ESR
with a urinary tract infection as the focus. In this patient infection was
ultimately demonstrated at surgery �� months after the first symproms:
a Staphylococcus hominis was cultured.
The patients were staged according to the staging system proposed by
McPherson. This system grades three aspects of the infection: the type
(acute, hematogenous-subacute or late-chronic), the systemic host
grade (uncompromised, compromised or significantly compromised)
and the local extremity grade (uncompromised, compromised or signifi-
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Table ���

Patient characteristics.

A B C D E F G H I J
1 70 f Spotorno-Lord 25 9 36 St. Hominis negative II  - B - 2
2 69 m Spotorno-Lord 29 17 35 negative positive III - A - 1
3 75 f Spotorno-Weil 82 0 39 St. Aureus not performed III - B - 2
4 81 f Geradschaft-Lord 132 0 88 St. Aureus not performed III - C - 1
5 66 m Spotorno-Muller 84 0 52 H. Influenzae not performed III - B - 1

remarks case 1: delay first symptoms - TH removal 18 months
cases 4 and 5: revision of acetabular component only
case 4: revision of femoral component 3 months later

A/ case.   B/ age (years).   C/ sex.   D/ original THA (femur-acetabulum).   E/ interval between THA and removal (months).
F/ interval between removal and reimplantation.   G/ ESR pre-operatively (mm in 1st hour).   H/ culture of aspirate/tissue. 

I/ Indium scintigraphy.   J/ classification (see text).



cantly compromised) [McPherson ����]. Thus, an objective evaluation
of the severity of the infection can be made.
In the first two patients the hip was revised in two stages: first removal
of the hip prosthesis, followed by local and systemic antibiotic treatment
until all infection parameters were normalised and implantation of a
new prosthesis after � and �	 months respectively. In two patients
(Cases � and �) the acetabular component was exchanged in a one-stage
operation and the cemented femoral stem was left in situ because of
solid fixation at the time of surgery. However, in Case � the stem needed
to be revised as well several months later because of recurrent infection.
One patient (Case �) was treated with one-stage revision surgery of both
components.
In all patients an uncemented prosthesis was implanted: the hydroxya-
patite-coated ABG (Anatomique Benoist Girard, Stryker-Howmedica,
Staines, England). This prosthesis was described in Chapter �.
In all cases a standard acetabular component was used; three of these
were large cups (diameter ≥ 
� mm); once the cup was stabilised with
� screws. Of the stems that were used one was a special revision pros-
thesis with a bulkier proximal part and a longer distal part. Surgery was
performed with the patients in the supine position using a straight late-
ral approach [Hardinge ����]. Once a trochanteric osteotomy was per-
formed and once a bone graft was used (in the acetabulum). In the one-
stage reimplantations we used local (gentamycin beads) as well as
systemic antibiotics.
All patients were followed-up prospectively at �, 
 and �� months post-
operatively and yearly thereafter. Clinical performance was graded
using the Merle d’Aubigné scoring system (as modified by Charnley). At
all visits, radiographs of the hip were taken and ESR and CRP were
determined.

Results
The results are summarized in Table 
��. Patient no. � sustained a

fracture of the femur during removal of the infected hip prosthesis; this
was treated with plate fixation. At implantation of the new prosthesis,
nearly a year later, a fissure in the proximal femur occurred, which was
treated with cerclage bands. In patient no. � dislocation of the hip pros-
thesis occurred twice in the first postoperative weeks; the hip was
revised: a new head with longer neck length was inserted and an anti-
dislocation ring was placed on the acetabular insert. Patient no. � was
initially treated with revision of the acetabular component only (in a
one-stage operation); pain recurred and the ESR rose again soon after
surgery, which led to a one stage revision of the femoral component as
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well, � months later. No other problems occurred and all hips performed
well without recurrence of infection.

All hips were still in situ at the last follow-up visit. The follow-up
periods were ��, ��, �, � and � years. The clinical performance was excel-
lent: the Merle d’Aubigné scores were ��, ��, �	, �
 and �� at the last fol-
low-up visit. All patients had a good range of motion and no significant
pain. Radiographically, the hips showed a pattern of osseointegration
that was similar to primary total hip arthroplasties with the ABG prosthe-
sis: there was cancellous bone formation in Gruen zones � and 
 from the
first postoperative year onwards, and in zones � and � as well after seve-
ral years (in the patients with longer follow-up), in two patients a reac-
tive line was seen at the tip of the femoral stem (Gruen zone �) and in
one thickening of the femoral cortex in Gruen zones � and � occurred.
Resorption of bone was noted in three patients in Gruen zones �C and
	A/B. Twice a radiolucent “gap” behind the acetabular component was
present on the postoperative radiograph. In one patient the gap disap-
peared after 
 months, in the other it was still present after �� years.
To date, none of the patients has had a recurring infection of the opera-
ted hip since the last surgery. In all but one patient, ESR and CRP
became normal within two weeks and this remained so until the last fol-
low-up visit. Patient no. � had normal ESR and CRP values after the se-
cond revision and has had no recurrence of infection since then. In
patient no. � an Indium scintigraphic examination was performed two
years postoperatively; no signs of infection were noted.
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Table ���

Results.

A B C D E F G H I
1 femur fracture (internal fixation) 132 12 18 0-130 35-0-25 25-0-35 yes
2 dislocation (revised) 121 10 18 0-100 30-0-20 20-0-30 yes
3 none 27 41 17 0-30-120 15-0-10 0-20 yes
4 recurrent infection (revised) 41 11 16 0-120 35-0-25 25-0-45 yes
5 none 42 4 18 0-130 25-0-15 25-0-45 yes

remarks case 1: fracture of femur at removal of THA; fissure at index operation
case 3: Indium scan at 2 yrs normal; death at 27 mths (cardiac failure)
case 4: cup replaced: recurrent infection after 3 mths -> stem replaced

A/ case.   B/ complications.   C/ follow-up after index operation (months).   D/ ESR at follow-up.   E/ Merle D’Aubigné score.
F/ ROM extension-flexion.   G/ ROM abduction-adduction.   H/ ROM endo-exorotation.   I/ radiographic stable fixation.



Discussion
This study reports only a small number of patients. Nevertheless all

important issues concerning infected total hip arthroplasties are addressed.
In the past, infection of a hip prosthesis almost invariably led to removal
of the prosthesis with a resection arthroplasty as an end result which is
generally considered to have a poor prognosis, especially in young
patients [Marchetti ���	]. In later years, revision procedures were
undertaken with long intervals between removal of the infected prosthe-
sis and implantation of a new one. In the interval, sometimes a spacer
was used, made of antibiotic-loaded bone cement, in order to prevent
shortening of the limb and to provide local antibiotics [Haddad ����].
Antibiotic-loaded bone cement was also used for fixation of the revision
implant [McDonald ����, Ivarsson ����]. Although two-stage revisions
show a slightly lower recurrence rate of the infection [Garvin ����], the
advantages of a one-stage revision are prominent: better patient tole-
rance with less morbidity, shorter hospital stay and a six-fold reduction
of the costs [de Nies ����]. To date, there are only a few studies with
long-term follow-up of the direct-exchange technique for deep infection.
Buchholz reported 		% succes in ��� patients [Buchholz ����]. Several
other authors also reported high rates of succes after one-stage revision
procedures [Miley ����, Wroblewski ���
, Mulcahy ���
]. Raut repor-
ted �� of �	 patients with a discharging sinus free of infection after more
than 	 years [Raut ����] and ��� of ��� patients free of infection in a
second series [Raut ����]. Callaghan reported on �� patients with a fol-
low-up of �� years; �� of them were free of infection [Callaghan ����].
Ure even claimed ���% succes in �� patients more than � years after
revision [Ure ����]. In a recent review of the literature, Jackson and
Schmalzried, however, considered the role for one-stage procedures to
be limited [Jackson ����]. One of the reasons is the increasing inci-
dence in the number of deep periprosthetic infections caused by orga-
nisms that are resistant to antibiotics [Kilgus ����]. Our small series
also showed the common problems: a high complication rate of the two-
stage procedures and recurrence of infection in one of the one-stage
interventions.
As the use of hydroxyapatite-coated implants show excellent results in
primary arthroplasties [Geesink ����, Tonino ����, George ����,
Vidalain ����], there became an urge to use them in revision surgery
also, for aseptic as well as for septic loosening. Lecuire found the use of
an hydroxyapatite-coated hip prosthesis in revision surgery for infected
total hip arthroplasties to be reliable [Lecuire ����]. In Chapter � we
demonstrated that hydroxyapatite-coated implants are possibly more
susceptible to develop an infection than noncoated titanium implants in
case of direct contamination and that these infections tend to be more
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severe. However, osseointegration of the implants was not inhibited by
the infection. In Chapter � we described a study, using histological and
histomorphometric analysis, and found that the hydroxyapatite-coated
hip implant was well fixed to bone, despite a deep infection that the
patient sustained several years earlier. 
The cases presented in this study show that the use of a hydroxyapatite-
coated prosthesis in revision surgery of septic loosening of a total hip
arthroplasty can lead to excellent clinical and radiographic results, com-
parable to primary total hip arthroplasty, with no recurrence of infection
after � - �� years of follow-up. Regarding the issue of one- or two-staged
procedures, our series is too small to make a valid statement. But as fur-
ther implant stability by bone ongrowth is not inhibited by local infec-
tion and adjuvant antibiotic treatment can master the local infection, a
sound theoretical basis is given to further explore the benefits of a one-
stage exchange.

CHAPTER 6 Revision of infected THA with a HA-coated prosthesis
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C H A P T E R  7

Summary and conclusions



This thesis comprises studies on a total hip prosthesis that is coated with
hydroxyapatite and focuses not only on the clinical results, but in parti-
cular on the relationship between hydroxyapatite-coated implants and
peri-implant infection.

In Chapter 1 a short history on total hip arthroplasty is presented,
and the methods of fixation of hip implants into human bone are dis-
cussed. There is increasing interest for cementless fixation, in particular
by using bioactive materials. One of the major complications of joint
replacement surgery is a peri-implant infection. The difficulties in diag-
nosing and treating these infections are discussed. Special attention is
given to the role of biofilms, in which the causative micro-organisms can
“hide” from diagnostic tools and treatment regimens. Also, the charac-
teristics of the implant material influence bacterial adhesion.
Several questions are formulated that should elucidate the relationship
between implant bio-activity and peri-implant infection, and the
approaches that lead to answering these questions are outlined.

In Chapter 2 a clinically used hydroxyapatite-coated hip prosthesis
is described, and its medium- and long-term clinical and radiographic
results. Two hundred and fifty consecutive primary total hip arthroplas-
ties with an uncemented hip prosthesis of which the acetabular compo-
nent was totally coated (by plasma-spray technique) with hydroxyapatite
and a femoral component that was coated proximally, were prospective-
ly studied. The follow-up period was � years for all hips and �� years for
the first ��� hips. For the clinical evaluation, the Merle d’Aubigné score
was used. Radiographic evaluation comprised a meticulous description
of all changes in the bone around the implant and changes in the position
of the implants. After � years, ��� out of ��� hips could be evaluated;
after �� years �� out of ��� hips were available for evaluation. The clini-
cal scores were excellent after both follow-up periods. Radiographically,
all components were stable except for one case of deep infection. The
morphology of bone remodelling with either endosteal bone formation
or periosteal bone formation was dependant on the way the stem filled
the medullary canal. When there was more fill of the canal, i.e. when
the largest possible stem was inserted, with a tight fit, there was more
thickening of the cortical bone. The radiographic pattern of stress trans-
fer showed that during the years the proximal stress transfer slowly
migra-ted to mainly distal stress transfer. Seventy-five percent of the
stems showed radiographic signs of osseointegration distally as well as
proximally after �� years. No linear or distal osteolysis around the stems
was observed. In the ��-year follow-up series there was one stem revi-
sion for thigh pain and three cup revisions for osteolysis in the acetabu-
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lar region. There was a relationship between increased wear of the poly-
ethylene liner of the acetabular cup and the presence of osteolytic cysts
in the acetabular region. Increased wear was associated with a cup incli-
nation of > ��º. The survival rate after �� years for aseptic loosening of
the femoral component was ���% and �	% for the acetabular compo-
nent. These results compare favourably to the long-term results of other
uncemented hip implants and cemented hip prostheses. The failure rate
due to infection (�
�%) also compares favourably to other hip implants,
although the rate of infection itself (�
�%) was rather high.

In Chapter 3, a histological and histomorphometrical study is pre-
sented which evaluates the normal tissue reactions around the same
hydroxyapatite-coated hip implant as described in Chapter �, in non-
infected total hip arthroplasties. From the series of hip arthroplasties in
Chapter �, six acetabular components were examined after retrieval at
autopsy �
� to �
� years after implantation, after having performed suc-
cessfully until the patients’ deaths. The prostheses and surrounding
bone were prepared for qualitative histological and quantitative histo-
morphometric analysis. The percentage of bone growth onto the
implant (bone-implant contact), the relative bone area around the
implant, the extent of residual hydroxyapatite coating, and the thickness
of the coating were measured.
All of the cups showed bone ongrowth, with a mean bone-implant con-
tact of ��
�% of the measured circumference (standard deviation ±
��
�%). The contact area was the same in all three zones delineated by
DeLee and Charnley. Degradation of the hydroxyapatite coating by
osteoclasts was observed. No loose hydroxyapatite granules were
observed far from the coating, nor was there any adverse tissue reaction
to these granules. In contrast, polyethylene debris was noted in approxi-
mately half of the empty screw-holes.
Cell-mediated hydroxyapatite resorption seemed to be the main reason
for loss of hydroxyapatite coating and depended on the rate of bone
remodelling, which is mainly related to patient characteristics such as
activity, age, and duration of implantation time. The area of bone
ongrowth was within a certain range (��% to ��%) of the measured sur-
faces, and it was independent from the amount of hydroxyapatite
residue. We concluded that a plasma-sprayed hydroxyapatite coating
with high cristallinity and a thickness of approximately �� µm
enhanced rapid biological fixation of the implant by means of bone
ongrowth while allowing only slow resorption.

In Chapter 4 a case report is presented of a patient with a hydroxya-
patite-coated hip prosthesis who developed a deep infection postopera-

CHAPTER 7 Summary and conclusions
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tively and was treated with debridement and antibiotics. Six years after
the hip replacement the patient died and the hip prosthesis was
retrieved and examined histologically and histomorphometrically. Eva-
luation of the acetabular component was thought to be unreliable due
to a fracture that occurred during retrieval. On the posteromedial side in
the proximal femur there was a large granuloma. Histologically, this
granuloma contained mainly polyethylene particles and only few plas-
macells and polymorphonuclear cells, and therefore it seemed unlikely
that the granuloma was caused by the infection. The ratio of bone-
implant contact (mean �	%) was consistent with earlier findings in non-
infected patients as was the loss of hydroxyapatite coating (more than
��%). In the area of the granuloma, on the posterior aspect of the
femoral prosthesis, the loss of hydroxyapatite coating was only ��%.
The explanation for this was thought to be the lack of bone remodelling
in this area; the phagocytic activity of osteoclastic-like cells was directed
mainly against the polyethylene and metallic particles in the granuloma,
and less focused on the hydroxyapatite coating.
The case report illustrates that it is possible to eradicate an infection
after total hip replacement without removing the prosthesis. Osseointe-
gration of the femoral component was normal despite the deep infection
that the patient sustained.

In Chapter 5, a study is described that was designed to investigate
the effect of implant type on the susceptiblity to infection after direct
contamination, and the effect of implant type on the osseointegration of
implants into rabbit tibiae in the presence of local infection as compared
to osseointegration in the absence of local infection. Hydroxyapatite-
coated (HA) and noncoated (Ti) Ti�Al�V cylinders were implanted into
both tibiae of �� rabbits (New Zealand Whites) (�� rabbits received HA-
Ti and �� rabbits noncoated Ti). Prior to implantation, the left tibia was
contaminated with different quantities of Staphylococcus aureus (��� –
��� CFU). Four weeks after surgery the tibiae were explanted and pre-
pared for microbiological, histological and histomorphometrical exami-
nation. Bacterial counts were quantified by plating serial dilutions of
part of the peri-implant tibial bone and calculated as CFU per gram of
bone. For the histological evaluation, sections of the implant with the
remaining tibia were examined by semiquantitative scoring of infection
parameters. Histomorphometrical data, as a representation of implant
fixation, were obtained by measuring the percentage of bone around the
implants (within a radius of � mm from the outer diameter of the
implants) and the percentage of the circumference of the implant that
was in direct contact with bone.
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The bacteriological data showed the inoculum dose and implant type to
have a significant effect on the culture outcome: more bacteria were
retrieved from the HA implants than from the Ti implants. Histological
evaluation showed for the HA implants an increased score for the infec-
ted left tibiae compared with their contralateral control; the scores for
the HA implants were higher than for the noncoated implants, indica-
ting that the infection was more severe. This difference between the two
types of implant increased with increasing inoculum dosage. 
Histomorphometry revealed, in particular for the HA implants, a rela-
tionship between the inoculum concentration and/or the presence or
absence of infection with the bone contact at the distal implant side: in
the presence of infection, the bone contact at the distal implant side was
less than in the absence of infection and this observation was more out-
spoken with higher inoculum dosages. This confirms a relationship
between peri-implant infection and bone contact or remodelling. Bacte-
ria were more likely to grow onto or next to the HA implants than on
the Ti implants and this resulted in a more severe histopathological
characterization of infection. Also, local infection will influence histo-
morphometrical parameters (bone-implant contact) that determine
implant fixation.
We demonstrated that infections of biocompatible, uncemented
implants may occur and are related to the dose of the original inoculum.
In this study the, more biocompatible, HA implant showed more severe
infections as compared with the Ti implants, which suggests that precau-
tions to prevent contamination (asepsis) and/or infection (perioperative
antibiotics) are even more important for hydroxyapatite-coated implants.

In Chapter 6, five patients are described in whom a deep infection
of their total hip replacement was treated by revision surgery using an
uncemented hydroxyapatite-coated prosthesis. They were followed-up
for � to �� years. In one patient there was recurrence of infection after
exchange of only one of the components. After exchange of the other
component as well, no signs of infection were noted to date. All hips per-
formed clinically well and the observed radiographic changes were similar
to the changes we observed after primary total hip replacements with a
hydroxyapatite-coated prosthesis, as described in Chapter �.

Answers to the questions formulated in Chapter 1:
1. Are the clinical performance and survival of hydroxyapatite-coated

hip prostheses comparable with the best cemented prostheses, and
is the infection rate the same as in cemented hip replacement?

The studies described in Chapter � show that the hydroxyapatite-coated
hip implant that was used has excellent clinical and radiographic results

CHAPTER 7 Summary and conclusions
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and a high survival rate after a follow-up of �� years. The infection rate
is within the range that is found in the literature for many cemented
and uncemented prostheses, but the failure rate due to infection is low.
2. What are the characteristics of the area of contact between a

hydroxyapatite-coated hip implant and human bone under normal
(non-infectious) circumstances and is the contact between implant
and bone as extensive as in experimental studies?

The study described in Chapter � shows an amount of bone-implant
contact that matches results of other human retrieval studies and experi-
mental studies. The hydroxapatite coating is slowly resorbed, depending
on the rate of bone remodelling.
�. What are the characteristics of the area of contact between a

hydroxyapatite-coated hip implant and human bone in case a post-
operative infection has occurred?

Chapter � illustrates that the histological characteristics of the tissue
surrounding a previously infected hydroxyapatite-coated hip
prosthesis can be compared with uncomplicated (non-infected) post
mortal retrievals of the same type of implant.
�. Will the use of uncemented hydroxyapatite-coated titanium

implants influence the rate of postoperative infection?
The experimental studies as described in Chapter � show that the strain
of Staphylococcus Aureus we used was more likely to grow onto or next to
hydroxyapatite-coated implants as compared with noncoated implants.
�. Will the use of uncemented hydroxyapatite-coated titanium implants

also influence the way in which an infection develops, if it does
occur? Furthermore, does an infection influence the behaviour of
the bone that surrounds the implant, i.e. does an infection influence
osseointegration?

The experimental studies as described in Chapter � show that the infec-
tions that resulted after contamination with Staphylococcus Aureus were
more severe for the hydroxyapatite-coated implants. Infection also
resulted in poorer osseointegration (bone contact and bone area para-
meters) of parts of the hydroxyapatite-coated implants as compared
with noncoated titanium implants.
�. Is the use of a hydroxyapatite-coated hip prosthesis of any advantage

when used in revision surgery for septic loosening?
The cases described in Chapter � illustrate that the use of a hydroxy-
apatite-coated prosthesis in revision surgery for peri-implant infection of a
total hip arthroplasty can give good clinical and radiographic results,
matching primary total hip replacement.

The total hip implant type used in the studies of this thesis shows
excellent clinical performance, has a high survival rate after �� years of
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follow-up, is radiographically stable in the course of the follow-up, and
shows good osseointegration histologically. The radiographic features of
the bone next to the prosthesis have led to some changes in the design
of the implant. The failure due to infection is low, and, in case infection
does occur and the implant survives, osseointegration is normal. The
experimental studies have thusfar not confirmed the alleged benefits of
the hydroxyapatite coating. In view of the clinical experiences this is not
thought to be discouraging. Reseach will continue!

CHAPTER 7 Summary and conclusions
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Samenvatting en conclusies



Dit proefschrift bevat een aantal studies over een totale heup-
prothese die is gecoat met hydroxyapatiet. Er is niet alleen gekeken naar
de klinische resultaten, maar vooral naar de relatie tussen hydroxyapa-
tiet gecoate implantaten en infectie rond het implantaat.

In Hoofdstuk 1 wordt een overzicht gegeven van de geschiedenis
van de totale heupprothese, en worden de fixatiemethoden van heupim-
plantaten in menselijk bot besproken. Vooral de laatste tien jaar zien we
een toenemende interesse voor cementloze fixatie, waarbij het gebruik
van bioactieve materialen een grote rol speelt. Eén van de meest desas-
treuze complicaties van gewrichtsvervangende operaties is infectie rond
het implantaat. De moeilijkheden met betrekking tot diagnostiek en
behandeling worden besproken. Speciale aandacht wordt geschonken
aan de rol van biofilms, waarin de micro-organismen die de infecties
veroorzaken, onbereikbaar kunnen zijn voor diagnostische en therapeuti-
sche modaliteiten. Ook de materiaaleigenschappen, met name het soort
oppervlak, beïnvloeden de adhesie van bacteriën aan een implantaat.
Er worden enkele vragen geformuleerd die de relatie tussen de bioac-
tiviteit van implantaten en infectie rond een implantaat betreffen, en de
studieopzet die tot beantwoording van de vragen moet leiden wordt
uiteengezet.

In Hoofdstuk 2 wordt een met hydroxyapatiet gecoate totale heup-
prothese beschreven, en worden de klinische en radiologische resultaten
na � en �� jaar besproken. De studie is prospectief opgezet; ��� opeen-
volgende primaire totale heup-operaties werden geïncludeerd, waarbij
een ongecementeerde titanium (Ti�Al�V) prothese werd geplaatst. De
acetabulum component was geheel gecoat met hydroxyapatiet, met de
plasma-spray methode, en had een verwisselbare binnencup van poly-
ethyleen. Van de femorale component was het proximale gedeelte van
dezelfde coating voorzien. De follow-up periode was � jaar voor alle
prothesen en �� jaar voor de eerste ��� prothesen. Voor de klinische
evaluatie werd de scoringsmethode van Merle d’Aubigné gebruikt. Van
de jaarlijks gemaakte röntgenfoto’s werden alle veranderingen in het
bot rond de prothesedelen en alle veranderingen in de stand van de
prothese nauwkeurig beschreven. Na � jaar konden ��� van de ���

prothesen geëvalueerd worden; na �� jaar waren nog �� van de ���

prothesen beschikbaar voor onderzoek. Van alle patiënten was het resul-
taat bekend, tot aan hun eventuele dood. De klinische scores waren uit-
stekend na beide follow-up perioden. Radiologisch waren alle
prothesecomponenten stabiel, op één na, vanwege een infectie. Het
remodelleringsproces van het bot, via endostale en periostale botvor-
ming, werd bepaald door de manier waarop de femurcomponent het
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medullaire kanaal vulde. Het plaatsen van de grootst mogelijke
prothese, strak in het kanaal, leidde tot meer hypertrofie van het corti-
cale bot dan wanneer een kleinere steel werd gebruikt. Radiologisch
was zichtbaar dat er in het femur in de loop van de tijd een verschuiving
optrad van proximale krachtsoverdracht naar meer distale krachtsover-
dracht. Na �� jaar waren er bij 	�% van de femurcomponenten zowel
distale als proximale tekenen van osseoïntegratie. Er werd geen osteo-
lyse rond de stelen gezien. In de ��-jaars serie werd één femurcompo-
nent gereviseerd vanwege pijn in het bovenbeen, en werden drie cups
vervangen vanwege osteolyse in de acetabulaire regio. Er was een
relatie tussen uitgesproken slijtage van het polyethyleen gedeelte van de
cup en de aanwezigheid van osteolytische cysten in de acetabulaire
regio. Er was ook een relatie tussen het steil geplaatst zijn van de cup
(> ��º) en het optreden van uitgesproken slijtage van het polyethyleen.
De overleving van de prothese na �� jaar, met aseptische loslating als
eindpunt, was ���% voor de steel en �	% voor de cup. Deze resultaten
zijn vergelijkbaar met - of beter dan - de resultaten op lange termijn van
andere ongecementeerde heupprothesen en gecementeerde heupprothe-
sen. Ook het falen vanwege infectie (�
�%) komt goed overeen met
andere heupimplantaten, al is het infectiepercentage (�
�%) aan de hoge
kant.

In Hoofdstuk 3 worden de histologische en histomorfometrische
kenmerken beschreven van het weefsel rond de eerder beschreven
heuprothese. Uit de serie heuparthroplastieken van hoofdstuk � werden
zes acetabulaire componenten onderzocht tussen �
� en �
� jaar na
implantatie. Alle implantaten hadden probleemloos gefunctioneerd tot
aan het overlijden van de patiënten. De prothesen en het omliggende
bot werden geprepareerd voor qualitatieve histologische en quanti-
tatieve histomorfometrische analyse. Het percentage botaangroei op het
implantaat (bot-implantaat contact), het botoppervlak rond het implan-
taat, de overgebleven hoeveelheid hydroxyapatiet, en de dikte van de
coating werden gemeten. Alle cups toonden goede botaangroei, met een
gemiddeld contactpercentage van ��
�% van de gemeten omtrek (stan-
daarddeviatie ± ��
�%). Er was geen verschil in contactgebied in de drie
zones van DeLee en Charnley. Losse hydroxyapatiet korrels werden
alleen in de nabijheid van de oorspronkelijke coating gezien, niet op af-
stand ervan, en er was geen weefselreactie rond deze korrels. Wel wer-
den polyethyleenpartikels waargenomen, met name in de lege schroef-
gaten van de cups. Het verlies van hydroxyapatiet coating leek vooral te
worden veroorzaakt door resorptie door osteoclasten en af te hangen
van de mate van botremodellering, die weer bepaald wordt door
aktiviteit en leeftijd van de patiënt en de tijd die verstreken is sinds de
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implantatie. Het botoppervlak bedroeg �� - ��% van het gemeten
oppervlak, en was onafhankelijk van de hoeveelheid hydroxyapatiet die
nog aanwezig was. Wij concludeerden dat een dunne laag hydroxyapa-
tiet (�� µm) die met plasma-spray is aangebracht en een hoge
cristalliniteit heeft, de biologische fixatie van een implantaat bevordert
door botaangroei, terwijl er slechts een geringe resorptie van het bot
wordt gezien.

In Hoofdstuk 4 wordt een casus beschreven van een patiënt met een
hydroxyapatiet gecoate heupprothese die postoperatief een diepe infec-
tie doormaakte, welke werd behandeld met debridement en antibiotica.
Zes jaar na de oorspronkelijke heupoperatie overleed deze patiënt en
kon de prothese histologisch en histomorfometrisch worden onderzocht.
Vanwege een fractuur in het bekken die bij de verwijdering van de
prothese ontstond, was onderzoek van de acetabulumcomponent niet
betrouwbaar. In het femur werd aan de posteromediale zijde een groot
granuloom gezien. Histologie liet zien dat dit granuloom vooral poly-
ethyleenpartikels bevatte en slechts weinig plasmacellen en polymor-
fonucleaire cellen, zodat het onwaarschijnlijk werd geacht dat het gra-
nuloom door de infectie was veroorzaakt. Het percentage bot-implantaat
contact (gemiddeld �	%) was consistent met de eerdere bevindingen bij
patiënten die geen infectie hadden doorgemaakt, evenals de mate van
verlies van de hydroxyapatiet coating (meer dan ��%). In het gebied
van het granuloom, aan de posterieure zijde van de femurprothese, was
het verlies van de coating slechts ��%. De verklaring hiervoor werd
gezocht in de verminderde botremodellering in dit gebied: de fagocy-
taire activiteit van osteoclastachtige cellen was vooral gericht tegen de
polyethyleen- en metaalpartikels in het granuloom, in plaats van tegen
het hydroxyapatiet. Deze casus illustreert dat het mogelijk is een diepe
infectie rond een totale heupprothese te behandelen zonder dat verwijde-
ring van de prothese noodzakelijk is, en dat de osseoïntegratie van de
prothese in zo’n geval normaal verloopt.

In Hoofdstuk 5 wordt een studie beschreven waarin werd gezocht
naar een verschil van invloed van een tweetal implantaten op de gevoe-
ligheid voor infectie na directe contaminatie, en het effect van het soort
implantaat op de osseoïntegratie van deze implantaten in de tibiae van
konijnen in geval van lokale infectie, vergeleken met de osseoïntegratie
zonder infectie. Titanium (Ti�Al�V) cylinders werden geïmplanteerd in
de tibiae van �� New Zealand White konijnen; �� konijnen ontvingen
een implantaat dat was gecoat met hydroxyapatiet, de overige �� een
niet-gecoat implantaat. Voorafgaand aan de implantatie was de linker
tibiaschacht gecontamineerd met verschillende hoeveelheden Staphylo-
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coccus Aureus (��� – ��� CFU, CFU = kolonievormende eenheid). Vier
weken na operatie werden beide tibiae geëxplanteerd en bewerkt voor
micribiologisch, histologisch en histomorfometrisch onderzoek. Een deel
van het tibiale bot rond het implantaat werd, onder steriele omstandig-
heden, gehomogeniseerd, gewogen en vervolgens in gestandaardiseerde
verdunningen op kweekplaten aangebracht. Na �� uur werden de
kolonies geteld en berekend naar CFU per gram bot. Voor de histologische
evaluatie werden secties van het implantaat met het resterende bot
onderzocht op infectieparameters; dit werd uitgedrukt in een score. His-
tomorfometrische gegevens, die een maat vormen voor de fixatie van
implantaten in bot, werden verkregen door het meten van het percentage
bot rond de implantaten (binnen een straal van � mm van de buiten-
diameter van de implantaten) en het percentage van de implantaat-
omtrek dat direct contact had met bot.
Het bacteriologisch onderzoek liet zien dat het type implantaat en de
inoculum dosis een significant effect hadden op de kweekuitslag: bij de
hydroxyapatiet implantaten werden meer bacteriën gevonden dan bij de
niet-gecoate implantaten. Het histologisch onderzoek liet een hogere
score zien voor de linker (gecontamineerde) dan voor de rechter tibiae;
de score voor de hydroxyapatiet implantaten was hoger dan voor de
niet-gecoate implantaten, wijzend op een ernstigere infectie bij de
hydroxyapatiet implantaten. Het verschil tussen de twee implantaten
nam toe met toenemende inoculumconcentratie waarmee was geconta-
mineerd.
Met name voor de hydroxyapatiet implantaten toonde histomor-
fometrisch onderzoek een relatie aan tussen de inoculumconcentratie
(en ook de daaropvolgende infectie) en het botcontact aan de distale
zijde van het implantaat. In geval van infectie was er minder botcontact
aan de distale zijde in vergelijking met wanneer zich geen infectie had
ontwikkeld. Deze bevinding was meer uitgesproken bij hogere inocu-
lumconcentraties. Dit bevestigt een relatie tussen een implantaat-gerela-
teerde infectie en botcontact of botremodellering. Bacteriën groeiden
gemakkelijker op of rond de hydroxyapatiet implantaten dan rond de
niet-gecoate implantaten, en de infecties waren histopathologisch ern-
stiger gekarakteriseerd. Tevens beïnvloedde lokale infectie de histomor-
fometrische parameters (bot-implantaat contact) die de fixatie van een
implantaat bepalen.
De studie toonde aan dat infecties van biocompatibele, ongece-
menteerde implantaten op kunnen treden en afhankelijk zijn de dosis
waarmee wordt contamineerd. In deze studie ontwikkelden hydroxya-
patiet implantaten gemakkelijker een ernstige infectie na contaminatie
dan niet-gecoate implantaten. Dit suggereert dat maatregelen om conta-
minatie en infectie te voorkomen (asepsis en perioperatieve antibiotica)
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nog belangrijker zijn bij hydroxyapatiet gecoate implantaten dan bij
andere implantaten.

In Hoofdstuk 6 worden zes patiënten beschreven bij wie een
revisieoperatie was verricht na diepe infectie van hun totale heup-
prothese, waarbij een hydroxyapatiet-gecoate prothese werd geïm-
planteerd. De follow-up periode bedroeg � – �� jaar. Bij één patiënt werd
een recidief infectie gezien, nadat slechts één van de componenten was
vervangen. Nadat de andere component ook was vervangen werden
geen tekenen van infectie meer gezien. Alle prothesen functioneerden
klinisch goed en de radiologische veranderingen die in het bot rond de
prothese werden gezien, waren hetzelfde als na een primaire
heuparthroplastiek met een hydroxyapatiet-gecoate prothese, zoals in
hoofdstuk � werd beschreven.

Antwoorden op de vragen uit Hoofdstuk 1:
1. Zijn de klinische resultaten en de overleving van hydroxyapatiet

gecoate heupprothesen vergelijkbaar met de beste gecementeerde
prothesen, en is het infectiepercentage hetzelfde?

De studies in Hoofdstuk � tonen aan dat de beschreven totale heup-
prothese, gecoat met hydroxyapatiet, uitstekende klinische en radiolo-
gische resultaten heeft en een hoge overleving na �� jaar. Het infectie-
percentage is vergelijkbaar met de in de literatuur beschreven
percentages voor de meeste gecementeerde en ongecementeerde
prothesen, maar het faalpercentage vanwege infectie is laag.
2. Hoe ziet het contactgebied tussen een hydroxyapatiet gecoate heup-

prothese en menselijk bot er uit onder normale (niet-infectieuze)
omstandigheden en is het contact tussen implantaat en bot hetzelfde
als in experimentele studies?

De studie die in Hoofdstuk � wordt beschreven laat zien dat de mate van
contact tussen bot en implantaat vergelijkbaar is met de resultaten van
andere postmortem studies bij mensen en experimentele studies. De
hydroxyapatiet coating wordt langzaam geresorbeerd, afhankelijk van
de mate van botremodellering.
3. Hoe ziet het contactgebied tussen een hydroxyapatiet gecoate heup-

prothese en menselijk bot er uit na het doormaken van een postopera-
tieve diepe infectie rond het implantaat?

Hoofdstuk � illustreert dat de histologische kenmerken van het weefsel
rond een eerder geïnfecteerde hydroxyapatiet-gecoate heupprothese
vergelijkbaar zijn met ongecompliceerde (niet-geïnfecteerde) post-
mortem onderzoeken van hetzelfde implantaat.
4. Wordt het postoperatieve infectiepercentage beïnvloedt door het

gebruik van ongecementeerde hydroxyapatiet gecoate implantaten?

���



De experimentele studies die in Hoofdstuk � worden beschreven laten
zien dat de Staphylococcus Aureus die werd gebruikt gemakkelijker
groeide op of rond hydroxyapatiet gecoate implantaten in vergelijking
met niet-gecoate implantaten.
5. Als een infectie optreedt, worden de aard en het beloop van de infectie

dan beïnvloed door het gebruik van ongecementeerde hydroxyapatiet
gecoate implantaten? En heeft de infectie invloed op de botverander-
ingen rond het implantaat, d.w.z. beïnvloedt de infectie de osseoïnte-
gratie?

De experimentele studies die in Hoofdstuk � worden beschreven laten
zien dat de infecties die optraden als gevolg van de contaminatie met
Staphylococcus Aureus, ernstiger waren bij de hydroxyapatiet gecoate
implantaten dan bij de niet-gecoate implantaten. In geval van infectie
toonden delen van de hydroxyapatiet gecoate implantaten minder
osseoïntegratie dan de niet-gecoate implantaten.
6. Is het gebruik van hydroxyapatiet gecoate heupprothesen nuttig bij

revisie-operaties vanwege septische loslating?
In Hoofdstuk � wordt geïllustreerd dat het plaatsen van een hydroxy-
apatiet gecoate prothese bij revisie vanwege diepe infectie van een totale
heuparthroplastiek kan leiden tot goede klinische en radiologische
resultaten, vergelijkbaar met resultaten na primaire vervanging met een
hydroxyapatiet gecoate prothese.

De totale heupprothese die in dit proefschrift wordt beschreven heeft
uitstekende klinische resultaten en een hoge overleving na een periode
van �� jaar. De prothese blijft in de loop van de tijd radiologisch stabiel,
en toont histologisch goede osseoïntegratie. De radiologische veran-
deringen in het bot rond de prothesecomponenten hebben geleid tot
enige aanpassingen in het ontwerp van het implantaat. Het faalpercen-
tage vanwege infectie is laag, en als een infectie wordt doorgemaakt,
wordt de osseoïntegratie niet belemmerd. De experimentele studies
hebben de voordelen van een coating van hydroxyapatiet in relatie tot
infectie tot dusverre niet bevestigd, maar vanwege de klinische ervarin-
gen, wordt dit niet als ontmoedigend ervaren. Het onderzoek gaat door!

Samenvatting en conclusies
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