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Osseointegration of bone implants
A review of an alternative mode of fixation

Tomas Albrektsson and Bjérn Albrektsson?

The body’s way of reacting to a nontolerated
foreign material is to shield off the alien substance
from the tissue through the formation of an
enveloping fibrous layer, which is generally
poorly vascularized. In fact, in soft tissue, it has
been suggested (Laing et al. 1967) that the thick-
ness of this fibrous coat is inversely related to the
degree of tissue acceptance of the implanted
material. In bone tissue, also, a soft tissue encap-
sulation of a foreign material is an indication that
itis regarded as nonself rather than self (Albrekts-
son 1986), assuming that other implantation fac-
tors that may result in fibrous tissue formation are
being controlled. Thus, the ideal biomaterial
would be the one that is truly integrated into the
body where all types of shielding-off reactions are
absent.

It is not surprising that cement-anchored bone
implants will become largely or totally anchored
in fibrous tissue, some of the reasons for this tissue
reaction being the exothermic and monomer
releasing reactions during curing of the cement
(Linder 1976), as well as long-term adverse reac-
tions of tissue to the hardened fixative (Albrekts-
son 1984, Pedersen et al, 1983, Lintner 1983).
However, also around currently used cementless
joint components, there is, generally, evidence of
an interfacial soft-tissue reaction, even if a bio-
material of a presumed excellent biocompatibility
is being used. In such cases the soft-tissue encap-
sulation may be related, for instance, to the
surgical trauma or the loading pattern of the
implant - two parameters each which, if inade-
quately controlled, may prevent the desired bone
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healing and instead stimulate the formation of low
differentiated scar tissue around the foreign de-
vice. Once such a soft-tissue reaction has become
manifest, the situation is similar to that of a case
of pseudarthrosis: spontaneously occurring later
bone repair is unlikely.

The osseointegration concept

Branemark et al. (1969) were first to report of
bone tissue growing in what appeared to be direct
contact with a metallicimplant. Later, Brinemark
et al. (1977) coined the term osseointegration to
describe this phenomenon. However, osseointe-
gration was more a concept than a precisely
defined biological term. The idea of any type of
direct bone-metal contact without intervening
soft-tissue layers was not at all accepted in the
1970s; on the contrary, it was regarded as inevit-
able with some type of fibrous encapsulation of
metallic materials (Southam and Selwyn 1970).
However, Branemark, did not only present his-
tologic evidence of a direct bone anchorage of
titanium implants, he also developed an oral
implant that gave excellent clinical results in sharp
contrast to previously used fibrous tissue-
anchored dental devices. To date, the Branemark
oral implant is the only dental implant that has
received recognition by the American Dental
Association, and osseointegration has become a
well-known concept among those working in the
field of dental materials. Branemark (1985) sug-
gested the following definition of osseointe-
gration: A direct structural and functional connec-
tion between ordered, living bone and the surface
of a load-carrying implant.

From a practical viewpoint, this definition of
osseointegration, unfortunately, results in more
questions than answers where a given implant is
concerned. For example, Draenert and Ruediger
(1978) and Linder and Hansson (1983) have
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convincingly shown that cemented joint implants
may have zones in direct contact with bone, free
of fibrous tissue. At least from a structural view-
point, this would fulfill the definition of osseoin-
tegration. Nevertheless, it seems obvious that to
call the implant osseointegrated must signify that
a considerable proportion of that same implant is
in direct contact with bone, and cemented im-
plants have only been demonstrated as being
spottily associated with bone. Until recently,
however, no attempts have been made to define
what minimal proportion of an implant must be
in a direct contact with bone for the term osseoin-
tegration to be justified. Further, on what resol-
ution level is the direct structural connection
measured and how is it possible to measure if a
true functional connection exists or not? Steine-
mann et al. (1986) have suggested a mechanical
definition of osseointegration that may be said to
include a functional parameter: Osseointegration
is an implant anchorage with resistance to shear
forces, as well as to tensile forces (Figure 1).
Robert Baier (personal communication) has gone
a step further and suggested that the true osseoin-
tegrated implantis the one that is so well anchored
in the bone that attempts to implant removal will
result in bone fracture rather than in fractures
through the interface. There is, to date, no studies
known to us that indicate that any current clini-
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Figure 1. Shear and tensile stresses that act over the implant-

cally used oral or orthopedic implant may become
osseointegrated based on this strict definition,
even if Galante (1985) has claimed that strength
of fixation of the bone-implant bond in their
experimental titanium implants may approach the
strength of the surrounding bone.

Osseointegration from a structural and
biomechanical viewpoint

Johansson and Albrektsson (1987) studied the
interrelationship between the degree of contact
with bone and necessary removal forces for un-
screwing threaded titanium implants that earlier
had been inserted in the rabbit tibial metaphysis
(Figure 2). Irrespective of a gentle surgical tech-
nique, the interface during the first month con-
sisted of soft tissue and low removal torques of the
order of 10-15 Ncm were found (Figure 3). With
increasing times of implantation, the implant-
surrounding bone became gradually more mature
and dense, and greater removal torques were
required to unscrew the implants. One year after
implantation, the average removal torque was 88
Ncm and 90 to 95 per cent of the intracortically
localized implant part was found to have a direct
metal-bone contact, whereas the remaining intra-
medullary part of the implant only showed a bony

Figure 2. A solid, square-headed c.p. titanium screw used for
investigations of removal force and for histomorphologic inves-
tigations of metalic implants.

bone interface. Resistance to both of these stress types is found
with the osseointegrated implant according to Steinemann.
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Figure 3. The torque necessary to remove tibial and femoral
implants is about 15-25 Ncm at 20 days and 85-90 Ncm 1 year
after surgery.

contact in about 50 per cent of the surface area.
As previously demonstrated by Strid (1985), there
is a tendency to bone condensation around an
inserted titanium implant, and a fairly dense bone
structure may often develop around loaded tita-
nium devices at sites where only sparse bone
trabeculae were observed prior to surgery. Based
on these and.previous findings (Albrektsson
1985), it seems reasonable to relate the structural
definition of osseointegration to the loaded im-
plant that has an average surface contact with
bone of minimally 50 per cent and at the cortical
passage of the order of 90 per cent. This figure is
close to that observed by Harris et al. (1983), who
found bony ingrowth in half of the porous surface
of metallic acetabular cups in dogs. The resolution
level required to judge if direct bone-implant
contact exists is on the micron scale, and thus the
analyses should be based on light-microscopic
investigations. Radiographs with a maximum res-
olution capacity of 0.1 mm are not sufficient for
diagnosis of osseointegration.

As shown in the study by Johansson and
Albrektsson (1987), there is an obvious quantita-
tive interfacial alteration with more bone directly
bordering the implant with increasing implan-
tation time (Figure 4). In theory, this gradual
increase of interfacial bone would be sufficient to
explain the gradually higher removal torques
observed. However, an additional effect of a
simultaneous qualitative interfacial reaction can-
not be overlooked. Kasemo (1983), Parsegian
(1983), and Albrektsson et al. (1983) have discus-
sed the possibility of a gradually developing
physico-chemical interaction between living bone
tissue and the titanium oxide that inevitably

covers a titanium implant. Van der Waals forces,
as well as true chemical ionic bindings, have been
suggested as acting upon the osseointegrated
interface. Steinemann et al. (1986) investigated
the capacity of the osseointegrated interface to
withstand pure shear and tensile forces. They
postulated that any resistance to pure tensile
forces would indicate some sort of chemical bond
acting over the interface, whereas resistance to
shear forces could be biomechanically explained,
i.e., mere bone ingrowth in a rough titanium
surface could carry shear stresses even in the
absence of any bonding mechanism. Interestingly
enough, Steinemann et al. (1986) did find
evidence of resistance to pure tensile stresses,
which in their experimental model were found to
develop initially 100 days or more after implan-
tation. The resistance of tensile stress was of the
magnitude of 4 N/mm? which is equivalent to the
strength of trabecular bone. This is the first
experimental indication known to us that some
kind of chemical interaction may become estab-
lished over the titanium-bone interface. Investi-
gations of the matenal side of the interface have
revealed that the oxide layer on implanted tita-
nium devices does not seem to be static: There was
a continuous growth of the oxide layer up to a
thickness of 1,000-2,000 A, observed after 7 years
of clinical implantations, in contrast to nonim-
planted titanium devices that retained an oxide
layer of roughly 60 A (McQueen et al. 1982). This
interesting topic of possible interactions over the
titanium-tissue interface is further discussed in a
recently published excellent overview (Kasemo
and Lausmaa 1986).

Factors that influence the interfacial

reaction to an implant

There are several factors determining the inter-
facial response to a foreign material including the
1) biocompatibility, 2) design and 3) surface of the
implant, 4) the status of the host bed, 5) the
surgical technique used at insertion, and 6) the
loading conditions applied afterwards (Albrekts-
son et al. 1981) (Figure 5).

1. Material biocompatibility. In a series of experi-
ments, Albrektsson et al. (1982, 1985, 1986, 1987)
have demonstrated that it is possible to osseoin-



570 Tomas Albrektsson and Bjorn Albrekisson

Figure 4. Integration of titanium screws in the rabbit metaphysis.

A. One month after implant insertion, there is very little bone in the interfacial region.

B. There is a variable amount of interfacial bone present in the interface 3 months after surgery; in some cases most of the threads
at the cortical passage were filled out with bone; whereas in the case demonstrated in this figure, there was mostly soft tissue
in the threads.

C. Six months after surgery, there is, with a relatively small interindividual variability, good bone filling in the threads at the cortical
passage.

D. One year after surgery, there is, on an average, a bone-implant interfacial contact at the cortical passage of 90-95 per cent
in tibial and femoral implants.
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Figure 5. Whether an implant will become osseointegrated or not is dependent on the more or less simultaneous control of several
parameters, such as material biocompatibility, implant design and surface, status of the implant bed, the surgical technique, and

the loading conditions.

tegrate c.p. titanium, zirconium, and niobium
metals, whereas it was not possible to establish
soft-tissue/cellular-free interfaces around gold or
stainless steel. However, Linder and Lundskog
(1975) did show experimental indications of an
established direct bone-metal interface of stain-
less steel experimental implants. These different
results may be attributed to either the fact that
there was no sectioning technique permitting
investigations of intact bone-metal specimens in
1975 and that, thereby, hypothetically, a possible
thin soft-tissue layer may have become lost in the
sectioning procedure in the experiment by Linder
and Lundskog (1975) or to the use of slightly
different grades of stainless steels. Nevertheless,
because of corrosion (Oron and Alter 1984 ). it
is today generally agreed that stainless steel is not

an ideal biomaterial, and even if it would be
initially possible to establish a primary direct
bone-stainless steel interface, it seems unlikely
that this osseointegration will last indefinitely.
Titanium-6aluminum-4vanadium alloy was
found by Albrektsson and Jacobsson (1987) to
cause adverse tissue reactions in the interface in
contrast to c.p. titanium, i.e., the metal that has
been found to cause the most natural tissue
reaction of those metals tested so far (Albrektsson
1986). Woodman et al. (1984) investigated the
leakage of titanium and aluminum from implants
inserted for up to 8 years in the baboon femur.
Titanium levels became elevated in the lungs of
the animal, but reached a plateau phase after 3
years. There was no evidence of titanium toxicity
(Figure 6). Aluminum leaked out continuously
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Figure 6. The excellent tissue biocompatibiiity of c.p. titanium
is indicated by this osteoblast with numerous processes attach-
ing to the irregular implant surface.

without a tendency to reach any plateau level that
may be regarded alarming, especially relevant
since it has been demonstrated that increased
levels of aluminum are associated with Alz-
heimer’s disease (King et al. 1981). However,
whether leaking aluminum from implants actually
will ever reach hazardous levels is not known.

Hydroxiapatites and tetracalcium phosphates
have a great degree of tissue acceptance (Jarcho
1986), and some evidence has been presented that
may indicate that these materials are more rapidly
incorporated in bone than is c.p. titanium (Gerner
et al. 1987). However, examinations of interfacial
tissue reactions at the ultrastructural level have
revealed very similar tissue reactions to hydrox-
iapatites and c.p. titanium (Albrektsson and Al-
brektsson 1987). Moreover, hydroxiapatite is brit-
tle, and its use in orthopedic surgery seems limited
to coatings on metal stems that may suffer the
“side-effect” of subsequent loosening of the co-
ating from the stem.

2. Implant design. Threaded implants have a
good initial resistance to shear stress if inserted
with a proper technique. However, in implants
that were loaded early, it has recently been
demonstrated that porous, slightly conical im-
plants became more rapidly invaded by bone than
did screw-shaped implants (Mariatopoulos et al.
1986). Probably both designs may become os-
seointegrated, even if, as summarized by Carlsson
and Linder (1986), several reports on porous
implant have demonstrated only a partial bony

ingrowth or a fibrous tissue lining of the bone
within the pores. Other designs, such as T-plates
and irregular cylindrical implants, were found by
Carlsson et al. (1986) to become less well an-
chored in bone than screws.

3. The implant surface. The implant surface is
important for osseointegration from various
aspects. Implants with minor surface irregularities
become better anchored to bone than identical
smooth implants (Skalak 1983, Réstlund et al.
1987). Surface energy has been defined (Hench
and Ethridge 1982) as a measure of the extent to
which bonds are unsatisfied at the surface of a
metal. A high surface energy is preferable when
compared with a low surface energy because the
former state would result in an improved cellular
attachment (Baier et al. 1984). The surface energy
of any implant depends on the technique of
manufacturing, as well as on the cleaning and
handling of the implant afterwards. The surface
state of the implant seems to be most important
for its later take in the tissue, although this
important topic has been insufficiently investi-
gated. The interested reader is referred to the
works of Baier et al. (1984, 1986) and to the
review by Kasemo and Lausmaa (1986).

4. State of the host bed. A noninfected bone bed
seems to be imperative for proper osseointe-
gration. Previous irradiation is not an absolute
contraindication. Clinical reports of craniofacial
implants inserted in previously irradiated beds
seem to point to 1-5 year success rates, 5-10 per
cent poorer than those achieved with similar
implants, but inserted in nonirradiated beds (Ja-
cobsson et al. 1987, Albrektsson et al. 1987).
Where osteoporosis is concerned, this state is no
contraindication for insertion of osseointegrated
implants provided there is enough bone stock
available for anchorage.

5. Surgical technique. Conventional surgery,
even if cooling is applied, may result in interfacial
temperatures of 89° C (Eriksson et al. 1984). Such
a high temperature will result in a permanent
destruction that will not heal as bone, but as low
differentiated scar tissue (Eriksson 1984). By
avoiding high drill speeds, using sharp drills
combined with cooling and a gradually increased
drill size (instead of penetrating the bone in one
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surgical sequence), Eriksson and Adell (1986)
demonstrated that it is possible to cut through
bone without inducing an interfacial temperature
that exceeded the body temperature. The import-
ance of another surgical parameter, the fit be-
tween implant and implant bed, has been pointed
out by Harris et al. (1982) and Carlsson et al.
(1987). The latter authors found that an implant-
bone gap of 0.35 mm or more was not bridged by
cortical bone in a stable rabbit implant model.

6. Loading conditions. Several authors have
demonstrated that premature loading will stimu-
late the formation of fibrous tissue instead of the
desired interfacial bone formation (Uhthoff 1973,
Schatzker et al. 1975, Cameron et al. 1973).
Brénemark et al. (1977) used a two-stage surgical
technique as one way to ensure primary stability
that seems necessary to avoid soft-tissue for-
mation (Galante 1985).

Experimental and clinical ways to deter-
mine osseointegration

To date, there is only one way to show that
osseointegration of a given implant has occurred:
To study histologic sections of that same implant
and demonstrate a cortical bone-implant contact
of minimally 90 per cent. It is also important that
the intact bone-foreign material interface is ana-
lyzed: viz., light microscopy of sections where the
implant has been removed before analysis is not
adequate, because it is uncertain what tissue layer
may have been removed together with the im-
plant. The technique of cutting metallic implants
in situ in bone tissue permitting studies at the
resolution level of 10 microns or better has been
developed only during the last decade. This means
that most evidence of osseointegration published
as late as in the 1970s suffers from some uncer-
tainty because a proper technique for analysis of
intact bone/metal specimens was not generally
available at the time.

Various types of push/pull-out tests would, at
least theoretically, be used for identification of
osseointegration, based on the assumption that
the interface would be at least as strong as the
surrounding bone tissue. Again, evidence is lack-
ing that such strong bonds exist over the interface.
Surely, the experimental design of ‘“‘osseointe-

gration tests” must take the implant design into
consideration: it is, for instance, not sufficient to
pull out a screw, because the design of the screw
may result in bone breakage irrespective of the
fact that there may be no bonds acting over the
interface.

Techniques that permit examinations of the
material-bone interface at the ultrastructural level
are of a specific interest. Such different techniques
in which the true interfacial structures can be
studied with the electron microscope have been
presented by Albrektsson et al. (1982), Linder
(1985), and Thomsen and Ericson (1985). Pre-
sumably, it may be possible to relate different
interfacial phenomena to tissue integration when
the tissue reactions are studied at the ultrastruc-
tural level instead of with low-power light micro-
scopy. An initially osseointegrated implant may
later, at least theoretically, lose its bone-implant
contact because of the effects of corrosion. Such
an event may be preceded by an adverse tissue
reaction detectable only on the electron-micro-
scopic level. TEM observations of the interfacial
reaction around bone implants have been re-
ported by Albrektsson et al. (1982) and Linder et
al. (1983). C.p. titanium has been demonstrated
to be directly bordered by hydroxiapatite crystals
at the resolution level of the electron microscope,
i.e., 30-50 A (Hansson et al. 1983). Collagen
filaments have been regularly observed at a dis-
tance of only 200400 A from the titanium, and
collagen threads a few thousand A away from the
interface (Albrektsson 1986). This is the most
natural tissue behavior described with any me-
tallic implant material (Figure 7).

Figure 7. In expetimental studies, collagen filaments (fil) are
observed in close proximity (200-400 A) to the titanium (Ti)
surface, again an indication of an excellent biocompatibility of
c.p. titanium.
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It is clear from the above discussion that it is
impossible to state with certainty that a clinical
implant is osseointegrated. However, the state of
nonintegration may sometimes be clearly identifi-
able, for instance, with radiography, revealing
radiolucent zones around the implanted device.
Strid (1985) has described a radiographic techni-
que including computer-assisted density analyses
of the interfacial tissues. This technique has been
used to analyze oral implants, as well as metacar-
pophalangeal joint implants; and it does increase
the quality of the interfacial diagnosis, although
not to the point that the osseointegrated state can
be unequivocally proven. Where certain implants,
such as oral ones, are concerned, a clinical
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Figure 8. When loaded, an impiant shieided off from the bone

by a connective tissue layer will move relative to the tissue,

whereas the osseointegrated implant moves with the bone
- leading to improved capacity for load bearing.

stability test may be used. Implant instability
evoked with a manual test is a definite indication
of the same implant being nonintegrated (Figure
8), but unfortunately stability with this type of
testing does not provide evidence that proper
osseointegration has occurred. *‘Sound tests” in-
volving striking the implant with a metallic instru-
ment and listening to the emitted sound waves
have been clinically used as another indication of
osseointegration, although there is no published
evidence of typical sound diagrams for osseointe-
grated implants in contrast to nonintegrated ones.

Clinical experience of osseointegrated
implants

The best known clinical example of the successful
use of osseointegrated implants is the oral implant
developed by Branemark. To date, more than
50,000 c.p. titanium screws have been inserted
worldwide, with mandibular clinical success rates
of 95 per cent or more during a follow-up period
of 5 years (Adell et al. 1987, Albrektsson et al.
1987). The long-term clinical material of the
outcome of the same implant (Adell et al. 1981,
1987) seems to indicate that nearly all mandibular
implant failures occur within the first year of
implantation and that failures occurring later are
unlikely. This is a most interesting observation
and is in contrast to the finding with currently used
joint arthroplasties, which generally show an
increased failure rate with time. There is histolo-
gic evidence available that these oral implants are
verily osseointegrated. The same is true for cra-
niofacial implants used for anchorage of facial
epistheses or external hearing aids with the same
technique (Tjellstrom et al. 1981). The S-year
clinical success rates with these titanium implants
have also been in the range of 95-99 per cent
(Albrektsson et al. 1987). Other bone sites where
osseointegration has been experimentally and
clinically verified include the tibia (Carlsson et al.
1986) and the iliac crest (Lindstrom et al. 1981).
In the case of metacarpophalangeal joint arthro-
plasties, one paper presenting 3-5 year data of
reconstructions aimed at osseointegration has
recently been published (Hagert et al. 1986), but
it is uncertain whether the described implants
actually achieved integration as defined here.
Attempts to use the osseointegration technique to
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repair the distal radioulnar joint seem to have
failed, and osseointegrated reconstruction of the
ankle joint is still in a very preliminary clinical trial
stage. There is experimental evidence of osseoin-
tegration in the case of canine knee joint arthro-
plasty (Carlsson et al. 1986), but it is still uncertain
whether it will be possible to use such implants in
human reconstructions.

Concluding remarks

The osseointegration principle is based on tissue
cooperation (Branemark 1985) in contrast to most
currently used techniques for implantation. It is
our conviction that a cemented joint arthroplasty,
irrespective of the type of cement used or the
cementation technique can never become ideal.

References

Adell R, Lekholm U, Rockler B, Branemark PI. A 15
year study of osseointegrated implants in the treat-
ment of the edentulous jaw. Int J Oral Surg
1981;10(6):387-416.

Adell R, Eriksson B, Lekholm U, Jemt T, Lindgvist J,
Brinemark P I. A 20 year study of osseointegrated
implants in the treatment of the totally edentulous
jaw. Int J Oral Surg 1987. Submitted.

Albrektsson T. Osseous penetration rate into implants
pretreated with bone cement. Arch Orthop Trauma
Surg 1984;102(3):141-7.

Albrektsson T. The response of bone to titanium
implants. Crit Rev Biocompat 1985;1(1):53-84.

Albrektsson T. Response of bone tissue to surgical
preparation and non biological material. In: Oral
Interfacial Reactions (Ed. Glantz P O, Leach S A,
Ericson T.) IRL Press, Oxford 1986:115-130.

Albrektsson B, Albrektsson T, Brinemark P I, Carlsson
L, Rostlund T. Inldkning av titaniumimplantat i
hundkniled. Sv Likarsallskapets Handlingar Hygiea
1984;93:231.

Albrektsson T, Albrektsson B. Implant fixation by
direct bone anchorage. In: Non cemented Total Hip
Arthroplasty: The bone interface. American Ortho-
paedic Association. In press.

Albrektsson T, Hansson H A. An ultrastructural cha-
racterization of the interface between bone and
sputtered titanium or stainless steel surfaces. Bioma-
terials 1986;7(3):201-5.

The cemented implant works not because of the
tissue compatibility of the fixative, but because of
the restricted loading of the devices - true for the
senior patient from whom we have the best clinical
experience of this type of anchorage. However,
in the case of arthroplasties, we have to date little
evidence of the possibility to base reconstructions
on any type of osseointegrated technique, for
currently used cementless joint replacements are
generally anchored in fibrous tissue, not in bone
(Lord et al. 1979, Albrektsson and Albrektsson
1987). In fact, some authors (Walker et al. 1984)
have even advocated that such a zone of fibrous
tissue is beneficial because it may play a role in
rendering stresses of the trabeculae tolerable.
Instead, we concur with Hedley et al. (1982) who
saw this fibrous tissue layer as potentially pro-
gressing if subjected to movement, thereby lead-
ing to clinical loosening and prosthetic failures.

Albrektsson T, Jacobsson M. Bone metal interface in
osseointegration. J Prosthet Dent 1987;57(5):597-
607.

Albrektsson T, Branemark P I, Hansson H A, Ivarsson
B, Jonsson U. Ultrastructural analysis of the interface
zone of titanium and gold implants. In: Clinical
Applications of Biomaterials. Advances in Biomate-
rials (Ed. Lee A J C, Albrektsson T, Branemark P
I.) John Wiley & Sons Ltd, Chichester, New York
1982:167-177.

Albrektsson T, Branemark P I, Hansson H A, Kasemo
B, Larsson K, Lundstrém I, McQueen D, Skalak R.
The interface zone of inorganic implants in vivo:
Titanium implants in bone. Ann Biomed Eng
1983;11:1-27.

Albrektsson T, Hansson H A, Ivarsson B. Interface
analysis of titanium and zirconium bone implants.
Biomaterials 1985;6(2):97-101.

Albrektsson T, Dahl E, Enbom L, Engevall S, Engquist
B, Eriksson R A, Feldmann G, Freiberg N, Glantz
P O, Kjellman P, Kristersson L, Kvint S, Koéndell P
A, Palmquist J, Werndahl L, Astrand P. Osseointe-
grated oral implants. A Swedish multicenter study of
8139 consecutively inserted Nobelpharma implants.
J Periodontol 1987. Accepted.

Baier R E, Meyer A E, Natiella ] R, Natiella R R,
Carter J M. Surface properties determine bioadhesive
outcomes: methods and results. ] Biomed Mater Res
1984;18(4):327-55.



576 Tomas Alpbrekisson and Bjérn Albrektsson

Baier R E, Natiella J R, Meyer A E, Carter J] M.
Importance of implant surface preparation for bio-
materials with different intrinsic properties. In: Tis-
sue Integration in Oral & Maxillofacial Reconstruc-
tion (Eds. van Steenberghe D, Albrektsson T, Brane-
mark P I, Henry P, Holt R, Lidén G.) Excerpta
Medica Current Clin Pract Ser. 29, Elsevier Co,
Amsterdam 1986:13-40.

Branemark P I. Introduction to osseointegration. In:
Tissue integrated Prostheses. Osseointegration in
Clinical Dentistry (Eds. Branemark P I, Zarb G,
Albrektsson T.) Quintessence, Berlin, Chicago, To-
kyo 1985:1-76.

Branemark P I, Adell R, Breine U, Hansson B O,
Lindstrom J, Ohlsson A, Intra-osseous anchorage of
dental prostheses. I. Experimental studies. Scand J
Plast Reconstr Surg 1969;3(2):81-100.

Branemark P I, Hansson B O, Adell R, Breine U,
Lindstrom J, Hallén O, Ohman A. Osseointegrated
implants in the treatment of the edentulous jaw.
Experience from a 10 year period. Scand J Plast
Reconstr Surg 1977(16):1-132.

Cameron H U, Pilliar R M, MacNab I. The effect of
movement on the bonding of porous metal to bone.
J Biomed Mater Res 1973;7(4):301-11.

Carlsson L, Réstlund T, Albrektsson B, Albrektsson T,
Branemark P I. Osseointegration of titanium im-
plants. Acta Orthop Scand 1986;57(4):285-9.

Carlsson L, Rostlund T, Albrektsson B, Albrektsson T.
The effect of surgical fit on implant fixation by
appositional bone growth. Acta Orthop Scand 1987.
Submitted.

Carlsson A, Linder L. Cementerade eller ocementerade
ledproteser? En 6versikt av principer f6r protesfs-
rankring. Lékartidningen 1986;83(26-27):2381-4.

Draenert K, Ruediger J. Histomorphologie des Kno-
chen-Zement Kontaktes. Eine tierexperimentelle
Phénomenologie der knochernen Umbauvorgange.
Chirurg 1978;49(5):276-85.

Eriksson R A, Albrektsson T. The effect of heat on bone
regeneration: an experimental study in the rabbit
using the bone growth chamber. J Oral Maxillofac
Surg 1984;42(11):705-11.

Eriksson R A. Heat induced bone tissue injury. An in
vivo investigation of heat tolerance of bone tissue and
temperature rise in the drilling of cortical bone.
Thesis, University of Gothenburg, Géteborg, Swe-
den 1984.

Eriksson R A, Adell R. Temperatures during drilling
for the placement of implants using the osseointe-
gration technique. J Oral Maxillofac Surg
1986;44(1):4-7.

Galante J. Bone ingrowth in porous materials. In: The
Bone implant interface, workshop report (Eds. Lewis
J L, Galante J O.) American Academy of Orthopae-
dic Surgeons, Park Ridge,1985:172-83.

Gerner B, Barth E, Albrektsson T, Ronningen H, Wie
H. Mechanical and histological comparison of TCP
coated and titanium dental root implants in the canine
iliac crest. Scand J Dent Res 1987. Submitted.

Hagert C G, Branemark P I, Albrektsson T, Strid K G,
Irstam L. Metacarpophalangeal joint replacement
with osseointegrated endoprostheses. Scand J Plast
Reconstr Surg 1986;20(2):207-18.

Hansson H A, Albrektsson T, Branemark P I. Structu-
ral aspects of the interface between tissue and tita-
nium implants. J Prosthet Dent 1983;50(1):108-13.

Harris W H, White R E Jr, McCarthy J C, Walker P §,
Weinberg E H. Bony ingrowth fixation of the aceta-
bular component in canine hip joint arthroplasty. Clin
Orthop 1983;(176):7-11. -

Hedley A K, Clarke I C, Kozinn S C, Coster I, Gruen
T, Amstutz H C. Porous ingrowth fixation of the
femoral component in a canine surface replacement
of the hip. Clin Orthop 1982;(163):300-11.

Hench L L, Ethridge E C. Biomaterials - An interfacial
approach. Academic Press, New York 1982.

Jacobsson M, Tijellstrom A, Thomsen P, Albrektsson
T, Turesson 1. Integration of titanium implants in
irradiated bone. A histological and clinical study.
Ann Otol Rhinol Laryngol 1987. Accepted.

Jarcho M. Biomaterial aspects of calcium phosphates.
Properties and applications. Dent Clin North Am

- 1986;30(1):25-47.

Johansson C, Albrektsson T. Integration of screw
implants in the rabbit. A 1 year follow-up of removal
torque of titanium implants. Int J Oral Max Fac
Implants 1987;2:69-75.

Johansson C, Albrektsson T, Hansson H A. Interface
analysis of niobium and tantalum. Int J Oral Max Fac
Implants. To be submitted.

Kasemo B. Biocompatibility of titanium implants: sur-
face  science aspects. J  Prosthet Dent
1983;49(6):832-7.

Kasemo B, Lausmaa J. Surface science aspects on
inorganic biomaterials. CRC Crit Rev Clin Neurobiol
1986;2(4):335-80.

King S W, Savory J, Wills M R. The clinical biochem-
istry of aluminum. CRC Crit Rev Clin Lab Sci
1981;14(1):1-20.

Laing P G, Ferguson A B Jr, Hodge E S. Tissue reaction
in rabbit muscle exposed to metallic implants. J
Biomed Mater Res 1967;1(1):135-49.

Linder L. Bone Cement Monomer. Thesis, University
of Gothenburg, Géteborg, Sweden 1976.

Linder L. High resolution microscopy of the implant
tissue interface. Acta Orthop Scand 1985;56(3):26%9- -
72.

Linder L, Lundskog J. Incorporation of stainless steel,
titanium and vitaltium in bone. Injury 1975;6(4):277-
8s.



Osseointegration of bone implants 577

Linder L. Ultrastructural aspects of the interface be-
tween bone and cement in man. Report of three cases.
J Bone Jaint Surg (Br) 1983;65(5):646-9.

Linder L, Albrektsson T, Branemark P I, Hansson H
A, Ivarsson B, Jonsson U, Lundstrém I. Electron
microscopic analysis of the bone titanium interface.
Acta Orthop Scand 1983;54(1):45-52.

Lintner F. Die Ossifikationsstdrung an der Knochenze-
ment-Knochengrenze. Histologische und chemische
Untersuchung — Experiment und Klinik. Acta Chir
Austriaca 1983;15(Suppl 48):1-17.

Lindstrém J, Brinemark TI, Albrektsson T. Mandibu-
lar reconstruction using the preformed autologuos
bone graft. Scand J Plast Reconstr Surg 1981;15:29~
38.

Lord G A, Hardy J R, Kummer F J. An uncemented
total hip replacement: experimental study and review
of 300 madreporique arthroplasties. Clin Orthop
1979:(141):2-16.

Maniatopoulos C, Pilliar R M, Smith D C. Threaded
versus porous surfaced designs for implant stabili-
zation in bone endodontic implant model. J Biomed
Mater Res 1986;20(9):1309-33.

McQueen D, Sundgren J E, Ivarsson B, Lundstrém I,
af Ekenstam B, Svensson A, Branemark P I, Al-
brektsson T. Auger electron spectroscopic studies of
titanium implants. In: Clinical Applications of Bio-
materials (Eds. Lee A J C, Albrektsson T, Brane-
mark P I.) John Wiley & Sons Ltd, Chichester, New
York 1982.

Oron U, Alter A. Corrosion in metal implants embed-
ded in various locations of the body in rats. Clin
Orthop 1984;(185):295-300.

Parsegian V A. Molecular forces governing tight contact
between cellular surfaces and substrates. J Prosthet
Dent 1983;49(6):838-42.

Pedersen J G, Lund B, Reimann I. Depressive effects
of acrylic cement components on bone metabolism.
Isotope release and phosphatase production studied
in vitro. Acta Orthop Scand 1983;54(6):796-801.

Réstlund T, Carlsson L, Albrektsson B, Albrektsson T.
Removal forces for polished and rough titanium
implants. 1987. In preparation.

Schatzker J, Horne J G, Sumner Smith G. The effect
of movement on the holding power of screws in bone.
Clin Orthop 1975;(111):257-62.

Skalak R. Biomechanical considerations in osseointe-
grated prostheses. J Prosthet Dent 1983;49(6):843-8.

Southam J C, Selwyn P. Structural changes around
screws used in the treatment of fractured human
mandibles. Br J Oral Surg 1971;8(3):211-21.

Steinemann S G, Eulenberger J, Maeusli P A, Schroe-
der A. Adhesion of bone to titanium. In: Biological
and Biomechanical Performance of Biomaterials
(Eds. Christel P, Meunier A, Lee A J C.) Elsevier
Publ Co, Amsterdam 1986:409-14.

Strid K G. Radiographic results. In: Tissue integrated
Prostheses. Osseointegration in Clinical Dentistry.
(Eds. Branemark P I, Zarb G, Albrektsson T.)
Quintessence, Berlin, Chicago, Tokyo 1985:187-198.

Thomsen P, Ericson L E. Light and transmission
electron microscopy used to study the tissue morph-
ology close to implants. Biomaterials 1985;6(6):
421-4.

Tijellstrom A, Lindstréom J, Hallén O, Albrektsson T,
Branemark P I. Osseointegrated titanium implants in
the temporal bone. A clinical study on bone anchored
hearing aids. Am J Otol 1981;2(4):304-10.

Uhthoff H K. Mechanical factors influencing the hold-
ing power of screws in compact bone. J Bone Joint
Surg (Br) 1973;55(3):633-9.

Walker P S, Onchi K, Kurosawa H, Rodger R F.
Approaches to the interface problem in total joint
arthroplasty. Clin Orthop 1984;(182):99-108.

Woodman J L, Jacobs J I, Galante J O, Urban R M.
Metal-ion release from titanium based prosthetic
segmental replacements of long bones in baboons: a
long term study. J Orthop Res 1984;1(4):421-30.



