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 In the 1960s and early 1970s, it was customary to see crippled women and 
men, with hip and knee joint deformities and serious restriction of movement, 
tottering very short distances using various walking aids and describing how 
agonizingly painful their arthritic joints were. In November 1962, just over 
50 years ago, the pioneer (Sir John Charnley) in hip reconstruction surgery 
made the modern breakthrough. Thanks to basic scientists, engineers, the 
industry, and dedicated orthopedic surgeons who have invested their scien-
tifi c and professional lives in adult reconstructive surgery, we can now pro-
vide arthritic patients with painless joint movement and restoration of 
function. Total joint arthroplasty has progressively become a major aspect of 
surgery in the twentieth century [ 1 ]. However, the road to success for arthro-
plasty has been neither easy nor without obstacles. Problems of surgical tech-
nique arose, low-quality implants were used, patterns of failure were 
recognized, surgeons had to learn from devastating clinical failures, and 
patients were often “fashion victims” [ 2 ]. In parallel, spinal surgery, fracture 
surgery, and sport injuries surgery evolved; the use of implants became 
increasingly common; mistakes were made; failure patterns were recognized; 
and solutions found. 

 During the early decades when arthroplasty was developing, we learned 
from expert opinions and from the studies undertaken by the designers of 
materials and were sometimes biased. Industry-infl uenced data was not fi l-
tered and thoroughly assessed. We were led to believe that the implant is to 
blame for failures, and due to the lack of strong evidence to support the prin-
ciples of our surgical techniques, we familiarized ourselves with both good 
and bad arthroplasty stratagems. Fortunately, we now have reliable educa-
tional and training programs, we critically review high-quality literature, we 
have evidence-based studies (Levels I and II RCTs, meta-analysis, and 
national registry data), and continental regulatory bodies inform and scruti-
nize industrial proposals. We also carefully record the complications that 
arise in our procedures and take preventive measures. It is now accepted that 
the long-term survival of a TJA is a multifactorial issue, since, other than the 
implant, factors related to diagnosis, the patient, the surgeon, and the surgical 
technique are also important. 

 Yet, notwithstanding the above improvements it seems that we are still 
liable to create new patterns of failure and disaster. Clear examples of this lie 
in the recent overuse of minimally invasive surgical techniques and the 
 problems which occur with metal on metal bearings of all types and, more 
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alarmingly, with the modular interfaces of the big femoral heads and the 
modular necks. Added to these problems, there is the matter of fi nance. 
Health providers question the cost-effectiveness of arthroplasty procedures 
and especially the need for the introduction of the newer, more expensive 
techniques and implants. 

 Can we reply to the questions, “What is the optimal design and fi xation of 
the implants we use for orthopedic reconstructions? What are the gold stan-
dards? and Can we do better?” In an attempt to throw light on these questions, 
the present authors critically evaluate data from basic science, experimental 
in vivo and in vitro biological and mechanical models, autopsy specimens, 
and long-term clinical studies. It is obvious that a huge effort has been put in 
both by individual research centers and the implant industry without consid-
ering the cost-effectiveness of the research. It has also become apparent that 
theoretical and laboratory studies do not always hold up in the cold morning 
light of long-term clinical studies and that there are few quality Levels I and 
II clinical outcome studies. 

 In this book we focus on the bone orthopedic implant interface in general, 
and we hope it will be useful both for the novice who seeks a quick introduc-
tion to this specifi c topic and for more experienced surgeons who seek an 
in-depth critical review of current practices. 
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           Introduction 

 Since its introduction in the 1960s, total hip 
arthroplasty (THA) has proved to be an excel-
lent and reliable mode of treatment for the end 
stages of hip pathology, with satisfactory clini-
cal outcomes at 15–20 years [ 1 – 4 ]. Following 
the initial problems which the pioneers 
accounted in the 1960s and 1970s (such as surgi-
cal technique, structural design failures, and 
infection), in the 1980s, orthopaedic surgeons 
faced problems of choice of both acetabular 
and femoral components and the selection 
of cemented or cementless implant fi xation. 
Soon afterwards, it was proved that the above 

dilemmas had been misleading since the long-
term survival of a THA is a multifactorial issue, 
since, other than the implant, factors related to 
the diagnosis, the patient, the surgeon, and sur-
gical technique are also important (Fig.  1.1 ). 
However, until now, the implant has been easy to 
blame for failures. A possible explanation is the 
fact that we do not have strong evidence sup-
porting implant design and fi xation principles. 
Instead, we have evidence of good and bad reci-
pes, surgeons having learned from devastating 
clinical failures and patients having often been 
“fashion victims” [ 5 ].

   In the modern era of THA, it seems that bear-
ing surfaces (a whole chapter by itself) are the cru-
cial issue for the long-term survival of the artifi cial 
joint, and in all international hip forums, implant 
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design and implant fi xation issues are considered 
to have been solved. Can we therefore reply to the 
question, “What is the optimal design and fi xation 
of the implant?” This question is of importance 
especially nowadays when Economic Health 
Providers are asking challenging questions. 

 In an attempt to throw light on the latter ques-
tion, data from basic science, experimental in vivo 
and in vitro biological and mechanical models, 
autopsy specimens, and long-term clinical studies 
have been critically evaluated. It is obvious that 
a huge effort has been put in both by individual 
research centers and the implant industry without 
considering the cost- effectiveness of this research. 
It has also become apparent that theoretical and 
laboratory studies do not always hold up in the 
cold morning light of long-term clinical studies 
and there are few quality level I and II clinical 
studies. In contrast, there are numerous level III 
studies in which the factors, mid-term follow-up, 
patient selection criteria, one center or one surgeon 
experience, implant modifi cations, and a high rate 
of dropout after 15 years, reveal serious defects.  

    Achieving Implant Incorporation 

 The lifetime of a THA can be divided into three 
phases: the initial months during which the 
implant must become rigidly fi xed (early stable 
phase) and the remainder of the implant’s life, 
during which fi xation may be either maintained 
(late stable phase) or lost (late unstable phase). 
An early unstable phase may also be seen, 
although infrequently these days, due mainly to 
surgical technique errors. The qualities of the 
arthroplasty that facilitate short-term fi xation 
(such as cement mantle and implant surface tex-
ture) may not be the ones most important for 
long-term fi xation (such as implant geometry and 
stiffness). Three methods are now routinely used 
to achieve initial fi xation: (1) cementing the 
implant in the bone using polymethylmethacry-
late (PMMA), (2) creating a porous or rough 
implant surface into which bone can grow, and 
(3) stimulating bone apposition by covering the 
implant surface with a bioactive substance such 
as hydroxyapatite (HA) [ 6 ] (Fig.  1.2 ).

       Bone-Cement Interface 

 PPMA that has been utilized since the early 1960s 
has stood the test of time. Cement is not glue and 
there is no adhesion between cement and bone; it 
merely forms a micromechanical interlock with 
bone (Fig.  1.3 ). If the bone surface is smooth, the 
mechanical interlock is poor. To achieve fi xation, 
therefore, the bony surfaces must be rough and 
irregular. Intimate contact between cement and 
bone can only be achieved when the bone surface is 
clean (removal of bone debris and blood clots is an 
advantage) and the trabecular space is open. Thus, 
cleaning of the bone bed with pressure lavage and 
pressurization of the cement are very important. 
The initial bone reaction can be described as an 
infarct with necrosis of the bone marrow. The dead 
marrow tissue is replaced with fi brous tissue, and 
repair of the fractured trabeculae is accomplished 
via removal by osteoclastic resorption and new 
bone formation within the fi brous tissue. Osteoid 
and later mineralized bone may fi ll the irregular 
surface of the bone. In other areas, foreign-body 
giant cells can be seen together with connective tis-
sue membrane. Bone or an intact hematopoietic 
marrow can be found beyond this membrane. Bone 
remodeling of the underlying bone occurs due to an 
alteration in the stress pattern occasioned by use of 
an implant [ 7 – 11 ]. Willert has categorized the 
response of bone to the insertion of cement into 
three phases [ 12 ]. In phase I, the fi rst 2–3 weeks 
after surgery, tissue necrosis is the dominant fi nd-
ing; in phase II, there is a reparative stage (fi brous, 
cartilaginous, and osseous tissue) which lasts up to 
2 years; and during phase III, a stable bed forms. 
Direct contact between cement and bone can occur, 
but the usual interface at the mid-term stages is a 
 fi brohistiocytic membrane [ 7 – 12 ]. With old gener-
ations of cement techniques (thumb and fi nger 
insertion), only 20 % of cement was in direct con-
tact with the bone, while with second generation 
(medullary canal plug) and third generation (plug, 
pulsative lavage, and pressure device), an estimated 
40–60 % of direct contact can be expected 
(Fig.  1.4 ). Cemented femoral components are well 
tolerated by the skeleton over a long period of use, 
and fi brous tissue is sparsely formed at the femoral 
cement-bone interface of those well fi xed and 

T. Karachalios et al.



3

 clinically successful prostheses. The cement mantle 
can be well supported by extensive medullary bone 
remodeling, and the formation of a dense shell of 
new bone that resembles a new cortex is attached to 
the outer cortex by new trabecular struts [ 13 ].

        Cement-Femoral Stem Interface 

 It has been shown that the optimal shape of a 
stem should transmit torsional as well as axial 
load to the cement and to the bone without 
creating damaging peak stresses and without 

excessive micro-movement. Mechanical fac-
tors, cement type and creep, implant type, alloy 
material, hip stem design, cross-section geome-
try, stem surface fi nish, and heat generation dur-
ing the exothermic polymerizarion of cement 
can all affect the interface (Fig.  1.5 ). The stem 
should remain mechanically stable in the long 
term despite being subjected to repetitive load-
ing. Two methods have been adopted to achieve 
these goals: “loaded-taper” or “force-closed” 
fi xation and “composite-beam” or “shaped-
closed” fi xation [ 14 ,  15 ]. In the loaded-taper 
model epitomized by the Exeter implant and its 

Metal surface Porous coating

Ha coating

Metal surface

Polished metal surface

Bone

Bone

Bone

Cement

a

c

b

  Fig. 1.2    Line drawings showing: ( a ) cemented THA, ( b ) cementless THA, and ( c ) HA-coated cementless THA       
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modern counterparts, the stem is tapered in two 
or three planes and becomes lodged as a wedge 
in the cement mantle during axial loading, reducing 

peak stresses in the proximal and distal cement 
mantle. The stem is allowed to subside at early 
stages without compromising long-term clini-
cal outcome. Polished stems with a loaded-taper 
design are preferred since they allow stepwise 
subsidence to a stable position, with the asso-
ciated micro-movement producing less metal 
and cement debris at the cement-stem interface. 
They are very sensitive to a rough surface fi n-
ish and are incompatible with the use of a col-
lar as a positioning device, an anatomical shape 
or canal- fi lling design of the stem, since these 
features prevent subsidence within the cement 
mantle. In the composite-beam concept, the 
stem needs to be rigidly bound to the cement 
since subsidence or impairment of the stem-
cement interface may result in damage to the 
cement, with the generation of PMMA and/
or metal debris, and ultimately failure of the 
implant. These implants are not intended to sub-
side at the early stages, and in order to optimize 
stability, roughening or cement pre-coating of 
the surface has been shown to increase cement-
stem bonding. Implants with a strong cement-
stem bond are more sensitive to the presence 
of incomplete and thin cement mantles with a 
poor cement-bone interface than are polished 
stems. Discussion about the behavior of the 
cement-stem interface was initiated by Harris 

  Fig. 1.3    Cement-bone 
microinterlock       

  Fig. 1.4    Third generation of cementing technique. 
Satisfactory clinical and radiological outcome at 18 years 
follow-up       
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who observed that cement failure begins at the 
stem-cement interface [ 16 ]. In his opinion, the 
cement-stem interface can be made stronger 
by fi xing the cement to the stem. Rough stems 
need a thick, continuous cement mantle of good 
quality with a strong cement-bone interface and 
should be made of wear-resistant materials, 
whereas polished stems may be more tolerant to 
suboptimal cementing and manufactured from 
less wear-resistant materials. It has been recom-
mended that a cement mantle which is subjected 
to high stresses should be between 2 and 5 mm 
thick, especially in the proximal-medial part of 
the implant and around the tip of the distal stem 
[ 17 ]. Several features of the shape of the stem 
infl uence the in vivo behavior of femoral com-
ponents, including the overall shape (straight or 
anatomical), the cross section (oval or square), 
the presence of a collar, the shape of the tip of 
the stem, the length of the stem, and whether the 
edges are rounded to a greater or lesser degree 
[ 14 ,  15 ]. A stem relying on the composite-beam 
principle can be either straight or anatomical. 
Composite beams can be achieved with the 
interposition of a thick or a thin layer of cement, 
depending on whether the implant is undersized 

compared with the broach or not. A canal-fi lling 
stem (stems related to the “French paradox” 
principle) is cemented line to line with the size 
of the last broach used, and stem cortex contact 
points as well as areas of thin cement supported 
by cortical bone help to stabilize the implant.

       The Test of Time 

 Cemented surgical techniques and the design of 
implants have evolved dramatically. Some of 
these changes have resulted in improved sur-
vival rates (good recipes) while others have not 
(bad recipes), and registry data have shown that 
not all cemented cups and stems are the same 
[ 18 ]. It should be understood that satisfactory 
cemented designs are at least 15–20 years ahead 
of cementless designs, lessons have been 
learned, and reliable long-term data exists. 
Cement has been implicated as a major cause of 
failure responsible for large lytic and foreign-
body reactions around both acetabular and fem-
oral implants [ 19 ]. Later it was understood that 
these reactions were the result of a biological 
response to wear debris.  
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  Fig. 1.5    Implant-related parameters affecting the long-term survival of cemented THA       
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    Cemented Cups 

 We have learned that cemented cups require 
exposure to cancellous bone, the bone bed must 
be clean and dry, and adequate bony coverage of 
the cup is necessary. Wear and aseptic loosening 
appear late after the 10th postoperative year and 
survival rates are inferior in younger patients. We 
are still not able to fully control radiolucent lines 
at the bone-cement interface, and cemented cups 
still produce inconsistent results [ 20 ]. Cemented 
cups have shown a 97 % survival rate at 10 years 
and 85 % at 20 years [ 21 ,  22 ]. A survival rate of 
98 % at 10 years and 90 % at 16 years (based 
mainly on the Charnley and Exeter cup) has been 
reported in the 2007 annual report of the Swedish 
Registry. However, survival rates of 78 % at 10 
years and 68 % at 20 years were reported in 
younger patients [ 23 – 25 ].  

    Cemented Stems 

 It has been reported (long-term studies and regis-
try data) that improved cementing techniques have 
resulted in improved clinical outcomes [ 26 ,  27 ]. 
However, even a small change in a satisfactory 
design can have a substantial effect on long- term 
outcome. Young age does not affect femoral long-
term survival (Swedish, Norwegian and Danish 
Registries, 2007 annual reports). Third- generation 
cementing techniques are affected by stem pre-
coating problems. Survival rates vary, at a high 
level, but satisfactory designs tend to produce a 
constant 1–1.5 % aseptic loosening rate of the 
femoral stem at 15 years. Good loaded- taper reci-
pes are the Charnley stem with survival rates of 
over 90 % at 10 years with losses of 10 % per 
decade and a fi nal 77–81 % at 20–30 years [ 25 ,  28 ,  29 ] 
and the Exeter stem with an exceptional survival 
rate of 93.5 % at 33 years [ 30 ,  31 ]. Good compos-
ite-beam recipes are the Lubinus SP II stem [ 32 –
 34 ] and the original Muller straight stem with a 
94 % survival rate at 15 years [ 35 ,  36 ]. The French 
paradox recipe (by far the most inexperienced 
user-friendly technique) including different pol-
ished rectangular canal- fi lling stems cemented 
line to line has produced excellent long-term 

results [ 37 – 40 ]. Although in vivo both concepts of 
stem fi xation have proved to be effective, they can-
not work together. It is important to understand on 
which principle a particular stem relies.  

    Bone-Implant Interface 

 Despite unsatisfactory early attempts at cement-
less fi xation, in the early 1980s, it became evi-
dent that lamellar bone can be attached to specifi c 
implant surfaces without intervening fi brous tissue, 
a phenomenon called osseointegration [ 41 ]. Since 
osseointegration was considered to be a more bio-
logical mode of implant fi xation, numerous bio-
logical, biomechanical, and human retrieval studies 
were performed in order to throw light on this bio-
logical process. We now know that this is a fracture 
healing-like process which occurs approximately 
4–12 weeks after implantation and may continue 
for up to 3 years [ 42 ,  43 ]. During the stages of this 
“interface healing” process, cartilaginous, fi brous, 
and osseous tissue are formed (primary stable 
membrane, 4–6 weeks), and at the end, the surface 
of the prosthesis is covered, to a varying degree, by 
bone (stable interface, 4 months). The initial stages 
of this process are direct contact and micromotion 
sensitive, and early stability (press-fi t technique) 
of the interface is mandatory [ 44 ,  45 ]. Several fac-
tors affect the osseointegration of implants, with 
their relative importance being unknown (Fig.  1.6 ). 
Ingrowth occurs when bone grows inside a porous 
surface, a phenomenon which depends on the sur-
face characteristics of the implant. Surfaces for 
ingrowth include sintered beads, fi ber mesh, and 
porous metals (Fig.  1.7 ). Sintered beads are micro-
spheres of either cobalt chromium or titanium alloy 
attached by the use of high temperatures (excel-
lent bond strength, high resistance to abrasion) 
[ 46 ]. Fiber mesh coatings are titanium metal pads 
attached by diffusion bonding [ 46 ]. Porous met-
als (a recent development) have a uniform three-
dimensional network, with high interconnectivity 
of the voids and high porosity (75–85 %) com-
pared with that of sintered beads and fi ber metal 
coatings (30–50 %) [ 47 ]. Ingrowth requires a pore 
size between 50 and 400 mm, and the percentage 
of voids within the coating should be between 
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30 and 40 % to maintain mechanical strength [ 48 ]. 
Ongrowth occurs when bone grows onto a rough-
ened surface. Ongrowth surfaces are created by grit 
blasting or plasma spraying (Fig.  1.7 ). Grit blast-
ing creates a textured surface by bombarding the 
implant with small abrasive particles. The surface 
roughness ranges from 3 to 5 mm [ 43 ,  49 ]. Plasma 
spraying involves mixing metal powders with an 
inert gas that is pressurized and ionized, forming a 
high-energy fl ame. The molten material is sprayed 
onto the implant, creating a textured surface 
(weaker mechanical bond, abrasion, and wear). 
There is less interconnecting porosity than with 
the ingrowth surfaces; however, 90 % of implant 
fatigue strength is retained, whereas only 50 % is 
retained after diffusion bonding and sintering [ 50 ]. 
Hydroxyapatite is a calcium phosphate compound 
that is plasma sprayed directly on the implant alone 
or over a porous coating. It is osteoconductive and 
enhances the growth of mineralized bone onto the 
implant [ 51 ,  52 ]. HA bone interface is more tol-
erant to interface gaps and micromotion. Interface 
strength, interface degradation, and HA particle 
third-body wear are of concern [ 53 ,  54 ]. The good 
“recipe” for HA-coated implants is titanium alloy 
substrate, plasma spray technique, high crystallin-
ity HA of 50–75 μm thickness, which does not com-
promise its strength or biological behavior [ 54 ,  55 ]. 
It is generally accepted that fi xation surfaces need 
to be circumferential and continuous. Metaphyseal 
osseointegration and proximal stress transfer are 

enhanced, and coating provides a seal which stops 
wear particle migration preventing interface oste-
olysis [ 56 ,  57 ]. Cobalt-chromium-molybdenum 
alloys and titanium-aluminum-vanadium alloys 
are most commonly used for cementless femoral 
stem designs. The modulus of elasticity of titanium 
alloys is closer to that of bone than is that of cobalt-
chromium alloys. Theoretically, this should pro-
duce less thigh pain and stress shielding [ 58 ]. Thigh 
pain, however, is believed to be a result of not only 
the stiffness of the metal but also the stem geom-
etry, and recent long-term clinical data have shown 
that proximal stress shielding phenomenon has 
been overestimated from the clinical point of view 
[ 59 ,  60 ]. In a modern cementless implant direct 
bone formation can be seen on 70–80 % of porous 
surfaces, fi brous tissue (with well-organized dense 
collagen network) on 20 % of porous surfaces, 
and  amorphous fi brous tissue on smooth surfaces 
(Fig.  1.8 ). Improved direct bone formation is seen 
in HA-coated prostheses. Proximal femoral mor-
phology and bone quality also seem to affect fi xa-
tion [ 61 ]. Early cementless stems were classifi ed as 
straight or curved. Current stems are referred to as 
proximally porous-coated tapered or fully coated 
cylindrical. While these simplifi cations are accept-
able in general terms, they miss important design 
characteristics and make comparisons misleading. 
A comprehensive classifi cation system is needed, 
with that proposed by Khanuja being useful for 
comparisons, although not complete [ 62 ].
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         The Test of Time 

 Cementless surgical techniques and the design of 
implants have also evolved dramatically. Some 
of these changes have also resulted in improved 
survival rates (good recipes), while others have 
not (bad recipes), and mid-term and long-term 
clinical and registry data have also shown that 
not all cementless cups and stems are the same. 
No data exist to support the idea that the use of 
super alloys and improved surfaces, as a single 
factor, affects clinical results at 15 years. Despite 
improvements in manufacturing, structural fail-
ures of implants still appear [ 63 ]. The long-term 
results of the fi rst generation of cementless cups 
are heavily affected by problems of the lock-
ing mechanism, backside wear, and osteolysis. 
Cups made of porous materials, approaching the 
10-year time interval, present promising clini-
cal data [ 64 ,  65 ]. Additionally, high failure rates 
were observed with the use of HA-coated hemi-
spherical cups [ 66 ]. There is also evidence that 
femoral stem geometry is more important than 
alloy and surface characteristics [ 59 ,  67 – 69 ]. 

 There are several good “recipes” which combine 
different alloy, geometry, and surface fi nish princi-
ples [ 62 ]. Numerous reports of the CLS Spotorno 
femoral stem, which is a grit-blasted single wedge 
for tapered proximal fi xation, show a 98.8 % sur-
vival rate at 15–20 years [ 70 ]. Taper- Lock and Tri-
Lock, two versions (plasma spray and porous 
coated) of a single wedge for proximal tapered fi xa-
tion, showed a 99 % survival rate at 22 years [ 71 ]. 
Two versions of the Omnifi t stem, a double wedge 
for metaphyseal fi lling and proximal HA fi xation, 
showed a 99 % survival rate at 17–24 years [ 66 ,  69 , 
 72 ]. Another similar design, the Corail HA-coated 
stem, showed a 97 % survival rate at 20 years [ 73 ]. 
In the same category, the HA-coated Furlong stem 
showed 97–99 % survival at 15–20 years [ 74 ]. The 
Mallory tapered round stem, for tapered proximal 
fi xation, showed a 95.5 % survival rate at 20 years 
[ 75 ]. The small Wagner stem, a tapered spline cone 
for distal fi xation, showed a 95–98 % survival rate 
at 15 years [ 76 ]. The Zweymuller grit-blasted 
tapered rectangular stem, for tapered distal fi xation, 
showed a 96–98 % survival rate at 20 years [ 77 ]. 
The anatomic cylindrical fully coated stem for  distal 

fi xation showed a 92 % survival rate at 22 years [ 78 ,  79 ]. 
Generally, all the above designs and several modern 
3° taper stems (with follow-up observation just 
above 15 years) present an average 1.5 % revision 
rate for aseptic loosening at 15 years.  

    Evidence-Based Data 

 In a systematic review and meta-analysis of 
cemented versus cementless cups, it was found that 
using contemporary techniques, both cemented 
and uncemented sockets, can yield good long-
term results, but the overall/all cause reoperation 
risk is lower for cemented fi xation. It is suggested 
until and unless cross-linked polyethylene (PE) 
liners or alternative bearings can prove to yield a 
superior outcome in the future, the cemented PE 
cup remains the gold standard, for all age groups, 
and by which every acetabular component should 
be compared [ 4 ,  80 ]. There are two systematic 
reviews comparing cemented and cementless 
femoral stems. In the fi rst one, no difference was 
found [ 3 ]. In the second, cemented stems showed 
superior clinical and functional results in the short 
term, but cemented stems showed less clear supe-
riority in the long term, and radiological results 
did not correlate with the clinical outcome [ 81 ]. 
In a RCT (level I) study with a 20-year follow-
up cemented THA showed lower survival rates 
compared to cementless; the cementless tapered 
stem was associated with a survival rate of 99 % 
[ 82 ]. Age younger than 65 years and male gender 
were predictors of revision surgery [ 82 ]. Finally, 
in a recent report from the Swedish Register, it 
was found that the survival of uncemented THA 
is inferior to that of cemented, mainly related to 
poorer performance of uncemented cups, unce-
mented stems perform better than cemented stems, 
and unrecognized intraoperative femoral fractures 
may be an important reason for early failure of 
uncemented stems [ 83 ].  

    Conclusion 

 Long-term survival of THA is multifactorial. 
The patient, diagnosis, and surgeon factors are 
perhaps more important than the implant per 
se. There are several good and bad recipes for 
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both cemented and cementless arthroplasty. It 
seems that a 1.5 % revision rate (for both 
cemented and cementless stem fi xation) for 
aseptic loosening at 15 years follow-up is a 
target for future comparisons. Financial 
investment in the development of new materi-
als and designs has not been translated in 
improved survival rates at 15 years follow- up. 
The weak link of contemporary THA remains 
bearing surfaces.     
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           Introduction 

 The mechanical stability of an orthopedic implant 
is essential for optimal function and outcome. 
Implant design and theories about fi xation have 
changed greatly over the years, but what does 
remain is a belief in the importance of achieving 
both primary stability and secondary stability.   

 The purpose of this chapter is to examine our 
current understanding of how these two stages can 
be achieved and the various infl uencing factors. 

 There are two main techniques used to achieve 
fi xation of orthopedic components: application of 
polymethylmethacrylate (PMMA) to “cement” 

the implant into the bone and “cementless” fi xa-
tion where bone ingrowth directly onto the 
implant is encouraged using bioactive implant 
coatings and a rough surface texture. Much of our 
understanding of primary and secondary stability 
stems from the early studies of these techniques; 
therefore, we will begin by discussing the history 
behind cementless fi xation. We will then exam-
ine the current theories behind the mechanism by 
which primary and secondary stability is achieved 
and fi nally we will focus on how implant design 
can affect stability.  

    Development of Cementless 
Components 

 Fixation of early components for joint replace-
ment was largely unsatisfactory; many compo-
nents were press-fi t into the bone and some 
experimented with screw fi xation [ 1 ], but loosen-
ing remained a common complication [ 2 ]. In 
1962, Sir John Charnley decided to employ 
PMMA cement for his low-friction arthroplasty 
hip [ 3 ], and following the success of the proce-
dure, PMMA cement use in orthopedics became 
common. However, some issues were associated 
with PMMA cement. One of these was the high 
temperature resulting from the exothermic 
polymerization reaction; this could lead to necro-
sis of the bone in some cases [ 4 ]. In addition to 
this, in 1976, Harris et al. published a paper 
reporting osteolysis following hip arthroplasty 
with an unusually high number of macrophages 
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and voids in the surrounding tissue [ 5 ]. The tissue 
response was deemed to be an adverse reaction to 
the PMMA cement and the term “cement dis-
ease” was coined to describe this phenomenon. 
However, it was found later that UHWMPE wear 
debris was the culprit [ 6 ]. 

 Nevertheless, as a result of these fi ndings, 
attempts to produce coatings for orthopedic 
implants that remove the requirement of PMMA 
cements began in 1968 [ 7 ]. Hirschorn and Reynolds 
developed a porous cobalt-chrome alloy material 
[ 7 ]; the foam was produced using powder metal-
lurgy techniques and demonstrated good tissue 
ingrowth into the open pores after 28 days of 
implantation in dogs. Despite these promising fi xa-
tion characteristics, the authors expressed a con-
cern regarding the mechanical strength of the 
material [ 8 ]. In 1969, Lueck et al. suggested that 
fi ber-metal composites could provide a metallic 
foam which had both the strength and porosity 
adequate for orthopedic applications [ 9 ]. The mate-
rials developed by both Hirschorn [ 10 ] and Lueck 
[ 11 ] were not used commercially as solid implants, 

but did become used as coatings on metallic com-
ponents. Throughout the 1970s, a variety of porous 
materials and coatings were produced and investi-
gated for cementless applications. These included 
sintered beads [ 12 ], plasma-sprayed coatings of 
different metallic alloys [ 13 ,  14 ], porous ceramic 
materials [ 15 ], porous polyethylene [ 16 ], and 
porous polysulfone [ 17 ], to name but a few 
(Fig.  2.1 ). The cementless coatings used today are 
largely based upon this body of work, and it has 
also aided our current understanding of the mecha-
nisms behind implant fi xation.

   For an orthopedic component to become well 
fi xed within the bone, it is necessary for there to 
be no barrier between the implant and the bone; 
this barrier may take the form of fi brous tissue. 
Whether or not fi brous tissue or a fi brocartilage 
layer develops depends upon the conditions at the 
bone-implant interface [ 18 ]. If lamellar bone is 
successfully attached to implants without inter-
vening fi brous tissue, this is often termed osseoin-
tegration [ 19 ]. The mechanism by which 
osseointegration occurs is generally split into two 

Charnley used PMMA cement for
his Low Friction Arthroplasty
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  Fig. 2.1    Timeline of signifi cant events in cementless fi xation research       
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stages: primary stability and secondary stability. 
Primary stability can be achieved without second-
ary stability; however, secondary stability cannot 
be achieved without primary stability. Both pri-
mary stability and secondary stability are neces-
sary for complete osseointegration of an implant.  

    Primary Stability 

 In this section we will examine the following 
questions:
•    How can the primary stability of a component 

be experimentally assessed?  
•   How unstable can an implant be without it 

affecting the function?  
•   What might a patient do to reduce the stability 

of their joint replacement?    
 Four main techniques have been used to 

examine the primary stability of implants: ani-
mal studies, cadaveric tests, computational mod-
elling, and in vivo measurements. The majority 
of early studies were animal based. A common 
method employed was the “pull out” method; this 
is where, after a defi ned period of implantation 

time, a tensile force is applied to the implant to 
remove it and the resistance to that force is related 
to its fi xation [ 20 – 22 ]. A different approach was 
necessary to examine the effect of instability 
on the implant region. Pilliar et al. performed a 
series of studies in dogs, where implants were 
oscillated to different distances, thus simulating 
varying degrees of motion [ 23 ,  24 ]; the implan-
tation site was then examined histologically. 
Another method for assessing the primary sta-
bility of cementless components is to implant 
them into cadaveric bones and measure the 
movement of the implant within the bone (also 
called “micromotion”) induced by physiological 
loading; retrieved bones with implants already 
in situ have also been tested [ 25 ] (Table  2.1 ). 
Experimental studies of cementless tibial com-
ponents implanted into cadaveric tibiae showed 
micromovements in the range of 200–500 μm 
[ 42 ,  43 ]. It has also been possible to study micro-
motion using computational modelling. The 
fi nite element (FE) method simulates the behav-
ior of a system based upon basic mechanical 
laws. Several studies have validated such models 
against experimental data [ 44 ]. These simulations 

   Table 2.1    Techniques for measuring micromotion at the bone/stem interface for femoral stems implanted in cadaveric 
femora [ 48 ]   

 Authors  Year  Method  Precision 

 Whiteside 
and Easley [ 26 ] 

 1989  Dial gauges touching implant through holes in femur  5 μm 

 Walker et al. [ 27 ]  1987  Noncontact eddy current displacement transducers measured 
steel rod touching implant 

 Nunn et al. [ 28 ]  1989  Cantilever attached to bone with pointer on implant surface 
 Schneider et al. [ 29 ]  1989  5 transducers on an x-y table measuring both rotation and 

micromotion 
 Burke et al. [ 30 ]  1991  Extensometer attached to a pin within a metal cylinder. The pin 

was attached to the bone. Measured variation in the position 
of the pin within the cylinder 

 1 μm 
 Callaghan et al. [ 31 ]  1992 
 Engh et al. [ 32 ]  1992 
 McKellop et al. [ 33 ]  1991  Rigid frame attached to bone. Strain gauges measured frame 

movement 
 2 μm 

 Gilbert et al. [ 34 ]  1992  LVDTs attached to aluminum cubes on implant 
 Berzins et al. [ 35 ]  1993  LVDTs attached to three steel spheres in contact with implant 
 Hua and Walker [ 36 ]  1994  LVDTs attached to plastic targets inserted into femoral component 
 Harman et al. [ 37 ]  1995  Linear extensometer measured rotational displacement 
 Monti et al. [ 38 ]  1999  Method used by Harman et al. plus four LVDTs measuring 

shear micromotion at various locations 
 2.3–5 μm 

 Baleani et al. [ 39 ]  2000 
 Viceconti et al. [ 40 ]  2001 
 Cristofolini et al. [ 41 ]  2003 

2 Early and Late Mechanical Stability of the Cementless Bone-Implant Interface in Total Joint Arthroplasty
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can provide information that is diffi cult to obtain 
experimentally. For instance, it is possible to cre-
ate a complete map of the implant micromotion 
across the whole bone interface [ 45 ,  46 ], experi-
mentally; this information is limited to where 
the gauges are positioned. Pancanti et al. used 
anatomical data from four different patients and 
simulated implant micromotion while perform-
ing nine different tasks; the position and force 
data were taken from an instrumented hip pros-
theses [ 44 ]. A recent statistical FE analysis dem-
onstrated, over a simulated population of 1,000 
cases, that a mismatch of up to 1 mm between 
the stem and the host bone at random locations 
of the interface is suffi cient to produce a grossly 
loosened stem in 2 % of the patients, while for 
another 3–5 %, the high level of predicted micro-
motion is likely to prevent any substantial osseo-
integration [ 47 ]. These combinations of both 
experimental and simulation methods can be a 
powerful tool for examining primary stability.

   In vivo assessment of implant stability is also 
possible through the use of radiostereometric 
analysis (RSA). Through taking radiographs at a 
variety of angles, the three-dimensional position 
of the implant within the bone can be determined; 
if this is performed over a period of time, the 
migration of the implant within the bone can be 
found [ 48 ]. According to Kärrholm et al. [ 49 ], 
when used in total hip arthroplasty, RSA has a 
precision of 0.15 mm in translation and 0.3° in 
rotation at the 99 % signifi cance level. The four 
main methods outlined here, which examine pri-
mary stability, can help us answer many ques-
tions. One of the questions examined early on 
was how much stability is necessary for an 
implant to be successful. Several studies have 
clearly shown that excessive motion at the bone- 
implant interface has a detrimental effect on the 
amount of bone growth [ 23 ,  24 ,  50 ]. Pilliar et al. 
were the fi rst group to suggest that there might be 
a micromotion threshold, whereby loosening 
would occur if this threshold were exceeded [ 23 ]. 
The authors performed a study that dynamically 
loaded intermedullary implants in dogs by vary-
ing degrees of oscillatory motion; when micro-
motion was beyond 150 μm, fi brous tissue was 
found surrounding the implant. This threshold 

value has been supported by several different 
studies [ 51 – 53 ]. Similar values have been found 
even on porous surfaces which (sintered beads 
[ 23 ] or plasma-sprayed titanium alloy [ 30 ,  51 , 
 54 ,  55 ]) promote bone ingrowth. 

 The micromotion value at which bone forma-
tion changes to a combination of bone and fi bro-
cartilage is less clear; but studies have shown it to 
be in the range of 20–40 μm (Fig.  2.2 ). In the situ-
ation where a fi brous membrane is formed, 
although this interface may be stable for a certain 
amount of time, factors such as relative motions 
or wear particulate can provoke infl ammatory 
reactions causing interface bone resorption and 
implant loosening [ 56 ]. Patient activity shortly 
after surgery is thought to have a detrimental 
effect on primary stability of cementless compo-
nents. In an animal study, dogs implanted with a 
smooth cementless stem that were allowed to 
walk early postsurgery showed a higher loosening 
rate than those that were protected from loading 
for some time [ 57 ]. Several papers have also 
stated the importance of rotational stability of the 
femoral stem for the osseointegration process of 
the prosthesis [ 58 – 63 ]. In vitro studies on cement-
less femoral stems have shown that the highest 
values of relative micromotion are recorded when 
the implanted femur is subjected to high torque 
components [ 59 – 62 ,  64 – 69 ] which induce shear 
forces at the bone-implant interface [ 70 ]. An anal-
ysis of 70 failed implants revealed that failure 
most commonly occurs because of high torques 
[ 71 ]. In vivo investigations based on instrumented 
hip prostheses found that stair climbing and stand 
to sit/sit to stand activities generated the highest 
torsion moments [ 72 – 74 ].

       Secondary Stability 

 In this section, we will examine the following 
questions:
•    What is osteoinduction and how does it occur?  
•   By what mechanism do cells attach to the 

implant surface?  
•   How is bone formed?    

 Once primary stability has been achieved, bio-
logical processes are stimulated which enable bone 

E.C. Pegg et al.
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growth to fi ll the gap between the bone and the 
implant surface to achieve secondary stability. This 
process can be split into three parts; osteoinduc-
tion, osteoconduction, and osteointegration [ 75 ]. 
Within bone there are four fully differentiated cell 
types: osteoblasts (bone forming), osteoclasts 
(bone resorbing), bone-lining cells, and osteocytes 
(can form or resorb bone) (Fig.  2.3 ). Osteoclasts 
are produced from the fusion of mononuclear pre-
cursors from the blood, whereas all other cells are 
differentiated from the local mesenchymal cells 
(osteoprogenitor cells) [ 76 ]. Osteoinduction is the 
process whereby the osteoprogenitor cells within 
the bone are stimulated to differentiate into osteo-
blasts. This process occurs naturally in situations 
where bone healing is required; injury to the bone 
causes the release of mediators such as growth fac-
tors which simulate osteoinduction [ 77 ]. However, 
in the case of cementless implants coated in 
hydroxyapatite, which does not release growth fac-
tors or other known osteoinductive agents, the 
mechanism is less clear.   

 Osteoinduction resulting from biomaterials has 
primarily been reported on calcium phosphate- 
based material. For this reason it has been hypoth-
esized that the induction results from the 
dissolution of calcium and phosphate ions [ 78 , 
 79 ]. However, there have been some reports of 
osteoinduction occurring on surfaces which do not 
contain calcium and phosphate; one theory is that 
the surface chemistry promotes the calcium and 
phosphate in solution surrounding the material to 
precipitate onto the surface [ 80 ,  81 ]. Another pos-
sibility is that the injury to the surrounding tissue 
as a result of the surgery stimulates osteoinduction 
[ 75 ]. Once osteoinduction has occurred and the 
population of osteoblast cells at the implantation 
site have increased suffi ciently, it is likely that one 
or more of the cells will make direct contact with 
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the implant. The osteoconductivity of the surface 
is a measure of how quickly these cells attach and 
proliferate across the surface. The interaction of 
the cells with the surface occurs through trans-
membrane proteins called “integrins.”  

 Integrins are situated within the cell mem-
brane and consist of two units (Fig.  2.4 ). A variety 
of integrins can be found within the membrane, 
and they have many different roles in cellular func-
tions, one of which is adhesion. During cell adhe-
sion, the integrins bind to a specifi c motif found 
on most extracellular matrix (ECM) proteins. 
This is the sequence arginine-glycine- aspartic 
acid (also called RGD) [ 82 ]. The bound integrins 
then cluster together into focal contacts trigger-
ing a fl ow of signalling molecules to and from the 
cell which cause, amongst other responses, cell 
adhesion. In the case of a cementless implant, the 
surface normally does not contain the RGD 
motif, unless it is artifi cially added [ 83 ], but inte-
grin binding can still occur. This is because after 
implantation of any material into the body, pro-
teins will quickly be absorbed onto the surface of 

the implant; the integrins can therefore bind to 
these absorbed proteins. It has been shown that 
the content of the protein layer varies over time; 
very mobile proteins are observed to adhere early 
on, and these are later replaced by proteins with a 
greater affi nity to the surface. This is referred to 
as the “Vroman effect” [ 84 ]. The proteins which 
will adhere to the surface and their fi nal orienta-
tion are largely dependent on the surface chemistry, 
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  Fig. 2.3    Schematic illustration of the cells within bone [ 57 ]       
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roughness, and surface energy [ 85 ]. The nature of 
the resultant layer of proteins is thought to affect 
the response of the osteoblasts to the surface [ 86 ].

   Osteointegration is the long-term attachment of 
the bone to the implant; this is the aim of the coat-
ing on a cementless implant. After the osteoblast 
progenitor cells have differentiated into osteoblast 
cells, and these have adhered to the surface of the 
implant, bone growth can begin. The osteoblasts 
proliferate on the surface of the material and the 
surface of the bone, while proliferating they also 
secrete a mixture of bone matrix proteins, known 
as osteoid. Ninety percent of osteoid is Type I col-
lagen, and this provides the structure on which 
bone mineral is deposited; also released are pro-
teoglycans, glycoproteins, and γ-carboxylated 
proteins, which regulate cell adhesion, migration, 
proliferation, and mineralization [ 87 ].  

 The events leading up to full osseointegration of 
an implant can take in some cases up to 3 years and 
often do not begin until 4–12 weeks after implanta-
tion [ 88 ,  89 ]. The processes outlined in this section 
involve many stages, and each stage is very sensi-
tive to the environment surrounding the implant-
bone interface. An understanding of these processes 
and the factors that infl uence them is vital for ensur-
ing complete fi xation of a cementless component.  

    Design Factors 

 Research into optimizing the design of cement-
less components has focussed on two main fac-
tors: the morphology of the implant and the 
surface properties of the implant. These proper-
ties affect both primary stability and secondary 
stability of the implant. 

    Implant Morphology 

 The geometrical shape of a cementless hip can 
vary widely, and there is much dispute as to the 
optimal design. Khanuja et al. categorized cur-
rent cementless hips into six different types 
based upon their design [ 90 ]; examination of 
the outcome of the different designs demon-
strated that there was little difference between 
the survival rates of the different stems 
(Table  2.2 ). Nevertheless, there is a clear phi-
losophy behind each design, and the stem type 
can be tailored for a specifi c scenario.

   Early designs of cementless hip aimed to 
fi x the stem strongly in the distal region of 
the femur; this meant that many designs had 
increased stem lengths and large diameters dis-
tally. It soon became apparent that this resulted 
in distal loosening due to stress shielding 
[ 91 ] and designs were modifi ed accordingly. 
Later designs promoted proximal fi xation, and 
 consequently, many cementless hip designs 
apply coating to just the proximal region [ 91 ]. 

Osseointegration: bone formation between 
the bone and the implant surface

    Table 2.2    Summary of clinical studies examining the survivorship of different cementless hip stem designs   

 Stem type  Description 
 Total no. 
of hips 

 Mean duration 
of follow-up (range) 
(year) 

 Mean stem 
survivorship (%)  References 

 1  Single wedge  737  14.1 (6–22.6)  95.1  [ 1 – 9 ] 
 2  Double wedge  872  11.3 (5–20)  98.7  [ 10 – 13 ] 
 3A  Tapered, round  1,942  10.1 (2–23)  97.1  [ 14 ,  15 ] 
 3B  Tapered, spline/curve  94  11.5 (10–14)  91.5  [ 16 ] 
 3C  Tapered, rectangle  196  13.4 (10–17.25)  100.0  [ 17 ,  18 ] 
 4  Cylindrical fully coated  2,557  12.2 (0–29)  97.8  [ 19 – 24 ] 
 5  Modular  1,065  9.6 (2–17)  99.5  [ 25 – 44 ] 
 6  Anatomic  714  12.9 (8–17.2)  97.0  [ 29 – 51 ] 

  Results from each study have been summed together  

2 Early and Late Mechanical Stability of the Cementless Bone-Implant Interface in Total Joint Arthroplasty
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The design of a hip stem is often based upon the 
desired loading region [ 90 ]. For instance, taper-
ing of the proximal region can be used to ensure 
proximal loading (Types 1–3 in Table  2.2 ). Type 
4 hip stems aim for even loading throughout the 
length of the stem, and thus the entire stem is 
coated. Type 6 anatomic stems aim to match the 
endosteal geometry, and thus careful prepara-
tion of the bone is required to ensure the patient 
bone shape matches that of the stem [ 92 ]. 
Reaming of the bone in preparation for implan-
tation is an important factor in both the primary 
stability of the implant and the resultant stem 
design. In order to achieve good primary stabil-
ity, it is necessary to have a close fi t between 
the bone and the implant surface. This is often 
achieved by rasping a hole in the bone which 
is slightly smaller than the implant enabling 
press- fi t fi xation. Often the distal region of the 
femur is not reamed; this minimizes the risk 
of damage to the endosteal blood supply. The 
shape of the hip stem is also limited to shapes 
that can be reamed out from above. 

 One feature of hip stem design for which 
there has been much debate is the function of a 
collar and whether the presence of a collar 
affects the outcome and stability of a cement-
less hip (Fig.  2.5 ). Collars were introduced to 
ensure the stem does not subside into the femur 
and to distribute load more evenly onto the 
medial cortex to prevent stress shielding [ 93 ]. 
Broadly speaking, collar designs were split 
into two categories: large and small. In 1990 
Kwong et al. reported bone resorption at the 
collar-calcar interface [ 94 ]; a later clinical 
study also indicated calcar resorption after 5 
years of implantation of large collared stems 
[ 95 ]. The proposed causes for bone resorption 
primarily relate to the quality of contact 
between the collar and the calcar [ 96 ]; it was 
suggested that uneven loading could result 
from poorly cut bone which does not match the 
collar angle or poor cementing. The small col-
lared stems, however, demonstrated good clini-
cal results, and several studies showed little 
difference between small collared and collar-
less stems [ 97 ,  98 ]. Both designs are still used 
in current practice.

       Coating Design 

 Cementless implants are designed to promote 
osteointegration; commercially the surfaces are 
normally roughened and coated with  hydroxyapatite 
(Table  2.3 ). Surfaces can be roughened chemically 
[ 99 ] or mechanically [ 100 ]; another approach is to 
apply a rough coating to the implant either by 
plasma-spraying metallic particles [ 101 ] (Fig.  2.6 ) 
or bonding metallic “beads” to the surface [ 100 ]; 
alternatively ,the whole implant might be a porous 
metallic mesh manufactured from tantalum or tita-
nium alloys [ 102 ]. These surface coatings are both 
rough and porous. The pore size of surfaces has 
been shown to affect osteointegration. Studies have 
shown that if the pore size is too small, the quality 
of bone ingrowth is poor [ 103 ,  104 ], whereas very 
large pores can cause fi brous tissue formation 
[ 105 ]. Good osteointegration is observed with pore 
sizes of 100–400 μm [ 106 ].    

Collar

  Fig. 2.5    Illustration of a collared hip stem       
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 The adherence of the coating to the substrate is 
crucial; factors affecting the strength of the coat-
ing are the coating thickness, the content and 
crystallinity of the coating, and parameters 
involved in the plasma-spraying process such as 
the heat and the pressure of the jet. All commercial 

coatings have to be regularly tested, in accordance 
with international standards [ 107 ] to minimize the 
risk of coating delamination. Hydroxyapatite 
(HA) has approximately the same chemical com-
position as the mineral phase of bone and can be 
synthetically produced or harvested from natural 
sources (Fig.  2.7 ). For commercial orthopedic 
components, HA tends to be plasma sprayed onto 
implants as a coating to promote osteointegration 
[ 108 ]; however, it can also be deposited electro-
chemically onto surfaces [ 109 ] or by solution pre-
cipitated onto a surface [ 110 ]. In some cases the 
entire component can be made from HA where 
biodegradation is desired [ 111 ].

   Table 2.3    Summary of the different commercial cementless fi xation products currently available   

 Manufacturer  Product  Roughening technique  HA coating method 

 Smith & Nephew  StikTite  Sintered pure titanium powder 
 RoughCoat  Sintered pure titanium beads 
 Porous Plus  Sintered pure titanium beads  Plasma sprayed 

 DePuy  Porocoat  Sintered pure titanium beads 
 Duofi x  Sintered pure titanium beads  Plasma sprayed 

 Biomet  Regenerex  Porous titanium alloy foam 
 PPS+OsteoCoat  Plasma-sprayed titanium alloy  Plasma sprayed 
 PPS+BoneMaster  Plasma-sprayed titanium alloy  Electrochemical deposition 

 Zimmer  Trabecular metal  Porous tantalum alloy foam 
 CSTi  Sintered pure titanium powder  Plasma sprayed 
 Fiber metal  Titanium fi ber mesh  Plasma sprayed 

 Stryker  Tritanium  Arc-deposited pure titanium onto 
polyurethane foam 

 PS  Plasma-sprayed pure titanium 
 PureFix  Chemically roughened  Plasma sprayed 
 Secur-Fit HA  Arc-deposited pure titanium  Plasma sprayed 
 Peri-Apatite  Plasma-sprayed pure titanium  Solution precipitated 

Plasma spraying: thermal spraying tech-
nique where the coating material is passed 
into a plasma jet at 10,000 K where it par-
tially melts and is then projected at 300 m/s 
onto the surface

High pressure
argon gas

Powder injected into
pressure stream

Gas heated at
nozzle

Molten particles “splat”
onto surface to create
a coating

Cathode
Anode

  Fig. 2.6    Schematic of the plasma-spraying process used to create porous coatings       

 

2 Early and Late Mechanical Stability of the Cementless Bone-Implant Interface in Total Joint Arthroplasty



22

   With the aim of further improving the bioac-
tivity of HA coatings, some researchers have 
included silicon into the composition [ 112 ]. 
Silicon is known to play a role in the formation of 
bone [ 113 ], and in vitro results have shown 
increased osteoblastic growth on silicon-doped 
HA coatings [ 114 ,  115 ]; some in vivo testing has 
been performed on animals [ 116 ,  117 ]. However, 
further work is required before the coatings may 
be used commercially.   

    Summary 

 Successful cementless implant fi xation is essential 
for the survivorship and good function of a joint 
replacement. Fixation is often split into two events: 
stability of the joint in the initial stages (primary 
stability) and biological growth towards the sur-
face of the implant resulting in full fi xation (sec-
ondary stability). Good primary stability of the 
joint can be achieved by ensuring a press fi t 
between the bone and the implant surface. For this 
to be possible, it is important that there is a good 
match between the shape of the implant and the 
reamed bone. The roughness of the implant 

 surface can also aid primary stability by causing a 
“scratch fi t” into the bone. Many authors support 
the theory that a certain amount of micromotion of 
the implant within the bone is acceptable but that 
if this exceeds the threshold of 150 μm, then 
fi brous tissue will surround the implant and pri-
mary stability will not be possible. The patient 
activity immediately after surgery is also of great 
importance and should be minimized to ensure the 
implant remains fi xed. As has been outlined, 
achieving primary stability is only part of the story. 
For full fi xation of an implant within the bone, 
bone growth needs to occur to fi ll the gap between 
the bone and the implant surface. This secondary 
fi xation relies upon the correct biological signals 
to be produced to stimulate the osteoblasts to pro-
duce mineralized bone. These signals can be infl u-
enced by many factors including surface chemistry 
and roughness. Most commercially available coat-
ings incorporate a rough metallic coating under-
layer and a hydroxyapatite top coating; these are 
applied to the surfaces of implants in the region 
where bone fi xation is desired. More recently, 
metallic foams manufactured from titanium and 
tantalum alloys have been introduced which pro-
vide a highly porous surface for bone ingrowth 

  Fig. 2.7    Structure 
of hydroxyapatite       
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and can be applied as coatings or used as solid 
materials. These innovations in cementless com-
ponent design have enabled current cementless 
components to be a viable alternative to cemented 
components, with comparable survivorship and 
outcome. New designs are constantly helping to 
increase our understanding of what causes an 
implant to become well fi xed and how we can 
improve the function of these components further.     
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        The bone-cement interface represents a complex 
structure of acrylic bone cement interdigitating 
with and fi lling up trabecular marrow spaces, creat-
ing in this way an interlock between cement and 
bone. This interface thus provides the fi xation of 
the whole cement mantle into the femur or the ace-
tabulum. Obviously, the stability of the cement 
mantle and the longevity of the implants are directly 
dependent on the mechanical behavior of the 
bone-cement interface. Polymethylmethacrylate 
(PMMA) or otherwise “acrylic cement” was used 
in the industry for the fi rst time in 1843. The fi rst 
report on its use in humans was in dentistry in 1941 
[ 1 ] and in orthopedic surgery in 1945 [ 2 ,  3 ]. 
However, the fi rst report of its use in hip arthro-
plasty surgery was by Habouche in 1953 [ 4 ]. 

 Although cement fi xation of implants is com-
mon in a variety of joint arthroplasties, such as total 
knee, shoulder, and elbow arthroplasty, and in spe-
cifi c cases of fracture and tumor surgery, most of 
the principles of cementation (both experimental 
and clinical data) have been studied in total hip 
arthroplasty , because of its unique biomechanical 
characteristics and patterns of load transfer on the 
implants and on the bone- cement interface. 

 The use of PMMA for the fi xation of implants 
in total hip arthroplasties was popularized by the 
pioneer work of Sir John Charnley in the early 

1960s and has lasted up to now [ 5 ] (Fig.  3.1 ). 
Charnley believed that acrylic cement was necessary 
not only for the stabilization of the implants but 
also for the smoother transmission of the loads to 
the bone. Although the use of cementless implants 
has grown signifi cantly over the years, a number 
of meta-analyses and reports of national joint 
registries [ 6 ,  7 ] have suggested that the long-term 
cemented fi xation of hip replacement compo-
nents is durable and successful.

   Charnley rightly believed that the fi xation of the 
implant to the bone by means of acrylic cement is 
obtained not through adhesion (glue) of the cement 
onto the bone but through interdigitation of the 
cement into trabecular bone. If the amount of acrylic 
cement penetration into bone is increased, the 
mechanical bond will improve, leading to a higher 
interface shear strength and fracture toughness [ 8 ]. 
Thus, successful long-term fi xation requires stabil-
ity on both interfaces, the implant-cement interface 
and the bone-cement interface. The stability of the 
one can directly affect the stability of the other [ 9 ]. 
The long-term survival of the bone-cement interface 
has been the subject of many studies. Experiments 
with specimens from the bone- cement interface 
have suggested that the interface degrades over time 
by fatigue loading [ 10 ]. 

 Many parameters can infl uence the biome-
chanical properties of bone cement and affect the 
stability of the bone-cement interface: (1) 
cementing technique, (2) thickness of the cement 
mantle, (3) surface texture of the femoral component, 
(4) shape of the femoral component, and 5. man-
ufacturing-metallurgy (Fig.  3.2 ).
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      Cementing Technique 

 Cementing technique is pivotal for the survival of 
a stable bone-cement interface. Over the years, a 
number of cementing techniques have been tried 
before universal agreement had been reached on 
the current “third-generation” technique (Fig.  3.3 ). 
In the early stages of its use, Sir John Charnley 
believed that the cement should be introduced 
by fi nger pressure. Since then the technique has 
evolved through three generations and now it is 
universally accepted that the femoral canal should 
be plugged to avoid distal migration of the cement 
and increase the interdigitation pressure and con-
sequently the interface surface area and strength. 

The bone should be meticulously prepared; washed, 
preferably with pulsating lavage; and kept dry with 
specially designed instruments. The cement should 
be inserted in the “nonsticky” phase, by means of 
a special cement gun, which in certain preparation 
sets can be used for mixing the cement also, with-
out the need for a mixing bowl. The insertion of the 
cement into the bone should start certain minutes 
after the commencement of mixing, according to 
the brand of the cement. Following the introduc-
tion of the cement, proximal seals (Fig.  3.4 ) are 
used to keep the cement under pressure and the 
implant is inserted when the cement is in a much 
less viscous state. Horne et al. studied the  histology 

  Fig. 3.2    FEA model which incorporates all variables 
infl uencing the initial mechanical behavior of the implant-
bone-cement interfaces       

  Fig. 3.1    Satisfactory radiological results at 32 years follow-
 up of a very early example of Charnley THA       
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of the  bone-cement interface in a canine total 
hip arthroplasty model after using two different 
cementing techniques [ 11 ]. He noticed a marked 
increase in the radiographic appearance of the 
amount of cement infl ux into the cancellous bone 
when canal plugging, lavage, and pressurization 
of the cement were used. Similarly the histologi-
cal examination of their specimen showed that the 
cement had reached far into the endosteal cortex 
and that the cancellous bone had remained viable 
when the above mentioned technique was used. 
The Swedish Hip Arthroplasty Register has shown 
a survivorship of 95 % at 10 years using this mod-
ern cementing technique [ 12 ,  13 ].

    Mixing the cement has been the subject of con-
siderable controversy. It seems that the mixing 
technique plays a role regarding the formation of 
voids inside the cement. These voids can adversely 
affect the mechanical behavior of the cement. 
Macaulay W et al. studied three mixing techniques, 
vacuum mixing, centrifugation, and hand mixing, 
and concluded that the best result with the least 
number of voids was in the method of vacuum mix-
ing [ 14 ]. Mau et al. reached similar conclusions in 
their study of various vacuum mixing systems with 
different brands of cement regarding porosity, reli-
ability, and bending strength [ 15 ]. Contrary to these 
fi ndings, the Swedish Arthroplasty Register 2000 
report noticed that at 5-year follow-up there was a 
higher risk of revision after vacuum mixing as 

  Fig. 3.3    Satisfactory radiological results at 20 years 
using third generation of cementing technique       

  Fig. 3.4    Maintenance of 
cement pressurization using 
a proximal seal       
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opposed to manual mixing of the cement [ 12 ]. 
However, after 5 years the risk of revision after 
vacuum mixing became considerably less. It seems 
that a consensus exists that mixing the cement in 
vacuum produces a far more homogeneous dough 
with extremely few voids. 

 Jafri et al. described an experimental model 
to investigate the effect of preheating the femoral 
component on the porosity of the cement at the 
bone-cement and cement-implant interface [ 16 ]. 
They concluded that heating the femoral stem to 
40 °C before insertion reduces the porosity of 
the cement signifi cantly. Similarly, Baleani et al. 
showed experimentally that both vacuum mix-
ing and preheating the stem increased the static 
mechanical strength of bone cement and addition-
ally improved its fatigue life [ 17 ]. This is based 
on the theory that the curing of the cement is ini-
tiated at the bone-cement interface because this 
area is warmer. As a result of curing, shrinkage 
away from the cement-stem interface will follow 
causing this interface to weaken. Preheating the 
stem could reverse the direction of polymerization 
and hence protect the integrity of both interfaces. 
Curing of the cement takes place through an exo-
thermic reaction during which polymerization is 
completed in temperatures ranging from 66 to 
82 °C [ 18 ]. These temperatures can be detrimen-
tal for the integrity of collagen in the surround-
ing tissues, because collagen cannot withstand 
temperatures in excess of 56 °C. In the clinical 
situation, however, the curing temperature rarely 
rises over 48–56 °C, because the local blood cir-
culation, the metallic surface of the implants, and 
the large surface area of the bone-cement inter-
face dissipate the heat and enhance the cooling of 
the area, so that intraoperatively the temperature 
of the cement is 32.3 °C. The addition of antibi-
otics in the cement has been a major advantage 
in the attempts to provide antibiotic prophylaxis 
around the implant and, thus, to decrease the 
rate of infection [ 19 ,  20 ]. However, the amount 
of antibiotic which is impregnated in the cement 
can equally affect its mechanical properties. The 
fl exural strength of antibiotic-loaded cement is 
inferior to that of cement without antibiotics. In 
addition the cement toughness decreases with 
excessive amounts of mixed antibiotics. It has 

been shown that the maximum of 2 g of antibiotic 
can be safely added to 40 g of cement powder 
without detrimental effects on its biomechani-
cal  properties [ 21 ,  22 ]. However, the addition of 
antibiotics to the cement and their slow elution in 
the surrounding tissues in very small quantities 
can raise other issues, such as toxicity, the devel-
opment of resistance by the microorganisms, 
and the development of allergic reactions to the 
antibiotic, which may be manifested in the form 
of loosening, in cases of revision with cement 
loading with the same antibiotics. Furthermore, 
the choice of antibiotics that can be loaded in 
the cement is limited since they should not be 
affected by the heat of polymerization; they 
should be water soluble and heat stable.  

    Thickness of the Cement Mantle 

 The thickness of the cement mantle has been tra-
ditionally accepted to be approximately 2–5 mm, 
especially in the proximal and medial area of 
the femur and at the tip of the distal end of the 
implant areas in which the cement is prone to 
damage after initial loading [ 23 ]. This amount 
of thickness of the cement mantle assures a very 
satisfactory result both clinically and biome-
chanically [ 24 ]. On the other hand ,certain inves-
tigators have shown that the “French paradox,” 
according to which the thickness of the cement 
mantle can be as small as 1 mm, could give 
equally good results [ 25 ] (Fig.  3.5 ). Skinner et al. 
compared the clinical and radiological 10-year 
survival of two groups of patients with cemented 
total hip prostheses. One group had the femoral 
canal over reamed by 2 mm and the other group 
had their canal reamed to the same size as the 
prosthesis. The survival was slightly better in the 
group of line-to-line reaming. There were sig-
nifi cantly more lytic lesions and radiolucent lines 
in the group of 2 mm-thick cement mantle [ 26 ]. 
In such cases, these canal fi lling stems, being 
polished and either taper shaped or rectangular, 
transfer their loads directly to bone through close 
cortical contact. Obviously, they are not meant to 
subside but they offer certain theoretical advan-
tages. By removing most of the weak cancellous 
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bone, they transfer the loads almost directly to 
the much stronger cortical bone, thus improv-
ing the stability of the implant. During insertion 
of these stems, the orientation and the insertion 
depth are more accurately obtained. Additionally, 
these canal fi lling stems can produce a high intra-
medullary pressure during insertion, a fact that 
increases the amount of interdigitation of the 
cement into the bone, providing a high-quality 
bone-cement interface [ 27 ]. Although certain 
retrieval studies have suggested that thin mantles 
are more susceptible to the production of cement 
cracks, biomechanical studies have shown that 
the rate of the propagation of fatigue cracks in 
the cement are independent of the thickness 
of the cement mantle [ 28 ,  29 ]. These fi ndings 
are of considerable clinical signifi cance because, 

through these cracks, wear particles may trans-
verse the interface and enter the bone, initiat-
ing the development of osteolysis. Interestingly, 
Ramaniraka et al. in a study of the fi xation of 
cemented femoral components showed that con-
siderably thicker cement mantles of 5–10 mm 
could increase micromovement and have a detri-
mental effect on the implant survival [ 30 ].

       Surface Texture of the Femoral 
Component 

 The infl uence of the surface texture of the femo-
ral component on the stability of the bone-cement 
interface cannot be better illustrated than in the 
case of the Exeter hip arthroplasty. In an attempt 
to improve the rate of survival of the femoral com-
ponents, the designers changed the surface texture 
from polished to matt. However, in a midterm 
follow-up period, they noticed that, contrary to 
their expectations, the rate of loosening increased 
[ 31 ]. Having to revert to the original design, they 
explained that the failure of the matt surfaced 
implant was due to the fact that the matt surface 
can wear more easily through abrasion and lead 
to the development of defects in the cement man-
tle through which joint fl uid with wear particles 
can lead to destabilization of the cement-implant 
bond. Massin et al. in a fi nite element analysis has 
shown that stresses in a strong implant-cement 
bond, such as in the cases of femoral stems with a 
rough surface fi nish, are predominantly tensile and 
shear and less of a compression type [ 32 ]. Bone 
cement is tolerant of compression loads but not in 
tension and shear [ 33 ]. Consequently, these types 
of stresses will, in time, result in damage to the 
cement-stem interface. Once the cement-implant 
bond has been destabilized, loosening of the 
bone-cement interface will follow [ 34 ]. Waandres 
et al. in fi nite element interface models showed that 
the majority of plastic displacement was caused 
by fatigue damage and that this fatigue damage 
considerably increases the stress levels in the bone 
[ 35 ]. Della Valle et al. has reported that such a 
rough surface fi nish adversely affects the survivor-
ship of cemented implants because of loosening 
and metallic shedding in the bone-cement interface 

  Fig. 3.5    Satisfactory radiological result at 25 years with 
the “French paradox” principle       
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[ 36 ,  37 ]. On the other hand, in the case of pol-
ished texture of the femoral component, the initial 
micromovement and subsidence of approximately 
2 mm takes place gradually over the fi rst 2 years 
after implantation at the cement-implant interface, 
fi nally reaching a stable position, thus protecting 
the bone-cement interface and avoiding loosening 
[ 38 ]. Numerous attempts to improve the stabil-
ity of the cement-stem bond have been made by 
roughening the surface of the implant or by pre-
coating it. A rough surface fi nish of a femoral stem 
has consistently produced inferior results. Due to 
the differences in elasticity between metal, cement, 
and bone, the repetitive loads which are applied to 
this construct by the patient’s body weight and the 
contraction of the muscles of the proximal femur 
make the chances of absolute stability improbable. 
RSA studies both in vitro and in vivo have shown 
that perfect stability of the stem does not exist [ 39 ].  

    Shape of the Femoral Component 
and Metallurgy 

 The shape of the femoral stem plays an equally 
important role in the long-term survival of the 
bone-cement interface. Ideally, a femoral stem 
should be able to transmit all type of stresses to 
the surrounding cement and bone, without creat-
ing peak forces and excessive micromovement. In 
the cases of the double taper (Exeter) or triple taper 
(C stem) collarless design, the axial loading of the 
implant will convert the axial forces into radial 
compressive forces at the bone-cement interface. 
This shape of stem, if combined with a smooth pol-
ished surface, will allow for a gradual subsidence 
and consequent stabilization over the fi rst 2 years 
after implantation. In a radiostereometric analysis 
Alfaro-Adrian and Stefansdottir showed that these 
stems can subside axially from 0.9 to 1.4 mm and 
into retroversion from 0.4 to 0.5 mm in the fi rst 
year, followed by stability for the next years [ 40 , 
 41 ]. This migration seems to be independent of the 
thickness of the cement mantle and of the viscos-
ity and type of cement used [ 42 ,  43 ]. There are, in 
addition, femoral stems designed in such a way 
that are not intended to subside and, consequently, 
are extremely dependent on a perfect cementing 

technique which should provide a cement mantle 
with no voids (composite beam concept). Alfaro-
Adrian and Catani et al. [ 44 ] have used radioste-
reometric methods to study the rate of migration 
of these stems and concluded that the longitudinal 
migration is less than in the taper design, ranging 
from 0.1 to 0.5 mm during the fi rst year, but their 
movement into retroversion is considerably higher, 
ranging from 1.0 mm to even 2 mm. These stems 
initially provide good stability, but their tolerance 
to long-term migration is not known [ 45 ]. Certain 
non-taper-designed femoral stems are provided 
with a collar. The collar could be useful in trans-
ferring loads from the implant to the femoral cal-
car and the medial cement mantle, in addition to 
reducing tensile stresses to the stem and prevent-
ing migration [ 46 ]. The disadvantage of the collar, 
however, is exactly this prevention of migration 
and the settling of the femoral stem in a fi nal stable 
position. Additionally, in the long term it does not 
seem to prevent absorption of the calcar. The ana-
tomical shaped stems are designed to fi t the overall 
shape of the femur in a better way, thus allowing for 
a better centralization of the stem and providing a 
more symmetrical thickness of the cement mantle. 
Their anatomical shape and the presence of a collar 
prevent the subsidence of these stems, but numer-
ous reports, as well as the Swedish Arthroplasty 
Registry, have shown that excellent and long last-
ing clinical results can be obtained [ 47 ]. Thien and 
Karholm in an analysis of three different cemented 
stems have suggested that in cases of femoral stems 
with rough surface fi nish, a small- size stem could 
be a risk factor for debonding and loosening of 
the bone-cement interface. Similarly, an increased 
offset and long femoral neck would have the same 
deleterious effect [ 48 ]. 

 The choice of metallurgical construction of 
the femoral components is equally important for 
the long-term survival of the bone-cement inter-
face. Titanium alloys, being less tolerant to wear, 
should not be used for stems with rough surface 
fi nish. As described, these stems are prone to cre-
ating tensile stresses that can readily lead to wear, 
of the abrasion type, and the production of wear 
particles. This is illustrated by a number of 
reports of the inferior performance of unpolished 
cemented titanium stems [ 49 ,  50 ].  
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    Cemented Fixation 
of the Acetabulum 

 Cemented fi xation of the acetabular component 
in total hip arthroplasty is a widely accepted 
method. The principles of correct cementation 
technique apply for the acetabulum as well as for 
the femoral stem. Despite the increased tendency 
over the last few years to prefer cementless fi xa-
tion of acetabular components, recent reports 
from the Swedish National Hip Arthroplasty 
Register and the National Joint Registry for 
England and Wales showed that cemented fi xa-
tion produces better and longer lasting survival 
with intact bone-cement interfaces compared to 
cementless fi xation [ 7 ,  50 ].     
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           Introduction 

 Despite being in clinical use for more than 40 
years, the detailed function of cemented femoral 
stems is still not completely understood. After 
insertion into the femur, the behavior of the bone/
cement/stem construct can be expected to depend 
on a number of factors. A fundamental function 
performed by the bone cement is the transfer and 
distribution of the stress between the prosthesis 
and the bone. The success of cemented systems, 
in the long term, depends on many factors. The 
prosthesis itself can, depending on its material 
composition, shape, size, and surface fi nish, have 
a complex infl uence on its surroundings. Bone 
cement and its structural and mechanical charac-
teristics in particular have a similar infl uence 
when combined with different stem designs. 
Thus, the quality and shape of the materials and 
interaction at the stem-cement interfaces are of 
great importance for long-term performance. 

 The development of clinical loosening has 
been attributed to micromovements, abrasive 
wear, leakage, and even the pumping of joint fl uid 

out into the cement-bone interface. The initiation 
of this process may vary. There is, however, sub-
stantial evidence that debonding occurs between 
the cement and the stem, which may initiate loos-
ening [ 1 ,  2 ]. Consequently, many stem designs are 
made to obtain fi rm fi xation to the cement by the 
use of a collar, macrotexture, rough surface, or 
pre-coating with polymethylmethacrylate. A dia-
metrically different opinion is that debonding of 
the stem is unavoidable and that the stem should 
therefore be designed to adapt to such an event. 
The polished double- tapered uncollared stem is 
an example of this [ 3 ].  

    Effect of Prosthetic Design 
and Choice of Material 
on Stem- Cement Interface 

    Stem Material 

 There are three types of materials that are com-
monly used for cemented femoral stems. These 
are cobalt–chromium alloys, stainless steel, and 
titanium alloys. The use of a titanium alloy (usu-
ally Ti-6AI-4V or Ti-5AI-2.5Fe, Ti-6AI-7Nb) 
was attractive because its stiffness is closer to 
that of bone and bone cement than the other two 
alloys. The clinical performance of stems made 
of titanium alloy seems to be closely related to 
stem design and especially to the choice of sur-
face designs. Those with rougher surface have 
shown high failure rates [ 4 ,  5 ]. Some smooth 
and polished stems [ 6 ,  7 ] seem to perform well, 

        G.   Digas ,  MD, DSc, PhD      (*) 
  Department of Orthopaedics , 
 General Hospital Xanthi , 
  Xanthi   67100 ,  Greece   
 e-mail: georgios.digas@gmail.com   

    J.   Kärrholm ,  MD    
  Department of Orthopaedics , 
 Sahlgrenska University Hospital , 
  Mölndal   SE-431 80 ,  Sweden    

  4      The Implant-Cement Interface 
in Total Hip Arthroplasty 

           Georgios     Digas       and     Johan     Kärrholm    



36

but these are also sensitive to changes of design, 
especially if used with high offset or in small 
sizes [ 8 ]. Titanium–alumina–vanadium alloy has 
a stiffness of about 50 % relative to CoCr or stain-
less steel (elastic modulus  E  = 230 GPa for CoCr 
and 110 GPa for titanium). It is therefore more 
fl exible, but it is uncertain whether this feature 
infl uences the frequency of stem–cement bond-
ing in vivo. The higher fl exibility of the stem will 
increase proximal cement stresses. For designs 
with small proximal dimensions, particularly in 
the M-L direction, cement stresses may become 
too high in the stem-cement interface resulting in 
debonding and cement failure. Titanium alloys 
have a high resistance against corrosion [ 9 ]. They 
are, however, comparatively soft and susceptible 
to abrasive wear of the oxide fi lm as well as fret-
ting and crevice corrosion. This type of corrosion 
is driven by the generation of a gap (the crevice) 
between the stem and the cement. It has often 
been reported to occur at the taper of modular 
implants. There are some reports of early fail-
ure of cemented titanium stems showing severe 
crevice corrosion at the stem-cement interface 
[ 10 – 12 ], but only a few studies show this type of 
corrosion for designs made of stainless steel [ 13 ], 
whereas reports of crevice corrosion of CoCr 
seem to be restricted to the head taper junction 
(Fig.  4.1 ). Even if it is not completely clear to what 

extent crevice corrosion between the stem and the 
cement has an infl uence on clinical failure rates, 
it seems to be evident that this phenomenon is of 
clinical relevance for some designs of cemented 
titanium implants. Taking this into consideration, 
titanium stems should not be advised when very 
small section shafts are required, particularly in 
heavy patients. If they are used they should have a 
polished or very smooth surface to avoid abrasive 
wear, fretting corrosion, and increased particle 
load in the joint space.

       Cross-Sectional Shape 

 Femoral stems should be able to withstand axial, 
bending, and rotational forces. During activities 
such as rising from a chair or stair climbing, rota-
tional forces increase [ 14 ]. The ability of a stem to 
withstand these forces is design dependent. The 
cross-sectional area (geometry, size) and shape 
(rounded, squared), the CCD angle, and offset 
should be considered, in addition to patient-related 
factors, as factors related to the stresses transferred 
to the interfaces. Several radiostereometric studies 
have demonstrated that well-functioning stems 
may also slowly displace into retroversion and 
varus and in most cases subside inside the cement 
mantle as an effect of these forces [ 15 – 18 ]. 

  Fig. 4.1    This photograph 
shows an Exeter stem 
extracted 10 years 
 postoperative. Note the 
severe crevice corrosion 
at the medial surface of the 
stem       
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Thus, rotational resistance has become an impor-
tant parameter of the design. Stems with a circular 
cross-sectional shape have smaller rotational sta-
bility at the stem-cement interface. The cross-sec-
tional shape should therefore be rectangular or 
irregular to improve rotational stability. Stems 
with proximal–distal profi les along the surface 
also have an improved rotational stability. A 
potential disadvantage of a stem with a rectangular 
cross section is that great stresses are generated at 
its edges, resulting in debonding and even fracture 
of the cement. Most of these stems are polished 
and wedge shaped which reduces the risk of clini-
cal complications due to abrasive wear. Rotational 
stability also depends on the cross-sectional size of 
the implant, which does not really explain why 
certain stem designs show deteriorating results 
with decreasing stem size. 

 In a retrospective study by Sylavain and cowork-
ers, a rough-surfaced pre-coated stem was analyzed 
with an average of follow-up 36 months. These 
authors found a trend towards failure in smaller 
prosthesis sizes [ 19 ]. Kalairajah et al. [ 20 ] reported 
the clinical and radiographic outcomes of Taperloc 
arthroplasties. Patients who had smaller stems 
(7.5 mm or 10 mm) had a 27 % failure rate, whereas 

those patients who were implanted with stems 
equal to or greater than 12.5 mm had a 12 % failure 
rate. Thien et al. [ 21 ] studied design-related risk 
factors of 21,008 Exeter polished stems, 43,036 
Lubinus SPII stems, and 7,140 Spectron EF pri-
mary stems in the Swedish Hip Arthroplasty 
Register inserted from 1999 through 2006. They 
found an increased failure rate due to loosening of 
the smallest version (extra-narrow) of the Lubinus 
stem and of the two smallest sizes of the Spectron 
EF primary stem. The crude revision rate of the 
Exeter stem was slightly higher than for the 
Lubinus stem, but with the Exeter the choice of 
stem size had no infl uence on the risk of revision 
due to loosening. Bourne et al. [ 22 ] reported that 
bone cement pressure during stem insertion 
increased when progressing from a small to a large 
stem, which could be expected to infl uence fi xation 
at the stem-cement interface. The current authors 
have evaluated design variations on early migration 
measured with RSA of Spectron primary cemented 
stems [ 17 ]. Our results showed a higher but insig-
nifi cant increase of stem migration in the cement 
mantle for the smallest stem size (Fig.  4.2 ) corre-
sponding to fi ndings by Thien et al [ 21 ]. This sug-
gests that for at least for non- polished stem designs, 
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there is a certain lower limit for downsizing. If a 
matte or grit-blasted cemented stem becomes too 
small, it cannot withstand external forces suffi -
ciently, resulting in abrasive wear, loosening, and 
osteolysis (Fig.  4.3 ). This limit probably varies 
depending on the activity of the patient and the 
time frame of the observation period. This means 
that special consideration should be given to active 
and heavy patients with a narrow femoral canal, 
especially if a large offset is required. For these 
cases, alternatives other than a small-sized non-
polished cemented stem should be considered.

        Stem Design Different Philosophies 

 The number of design variations of cemented 
femoral stems available today is partly a result of 
different design philosophies in combination 
with experience obtained from clinical studies 
and observations made in National Registers. It 
has become more and more obvious that it is the 
combination of shape and surface fi nish of the 
stem that is of importance for long-term results. 
The detailed interaction between these factors is, 
however, still not completely understood. Based 
largely on the surface fi nish of the stem, and also 
on the way the stem interacts with the cement 
mantle, two main philosophies of fi xation have 

evolved, one based around a polished stem sur-
face and the other based on a rough stem surface, 
with or without adjuvant fi xation features. 
Huiskes et al. [ 23 ] have reintroduced the concept 
of shape-closed fi xation versus force-closed 
modes of fi xation for cemented femoral stems. 

 A shape-closed fi xation design (Fig.  4.4 ) is 
one in which the stem achieves fi xation at the 
stem-cement interface through a match in the 
shape of the surfaces of the stem and the cement 
with the cement gripping the surface of the stem. 
The aim is to achieve a rigid interlock between 
the stem and cement and thereby nullify move-
ment at this interface. These designs have matte, 
grit-blasted, and beaded or porous surfaces into 
which the cement is intended to penetrate, thus 
achieving a solid bond between the stem and the 
cement. Attempts have been made to improve 
bonding between stem and cement by pre- coating 
the stem surface with cement applied onto the 
surface during manufacture of the stem [ 24 ]. This 
pre-coated stem is then inserted into the cement 
in the femoral canal, which binds with the pre- 
coated surface. Early clinical trials have sug-
gested that the use of pre-coated stems is 
associated with favorable short- to medium-term 
survival in some studies [ 25 ,  26 ]. However, 
Callaghan et al. [ 27 ] have found that the use of a 
pre-coated stem is associated with poor survival, 

  Fig. 4.3    This photograph 
shows a Spectron stem size 
one revised 8 years 
postoperative. The 
subsidence and rotation in 
the cement mantle had 
abrasive polishing effect on 
the matt surface on this 
particular stem leading to 
loosening and revision 
surgery       
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with a loosening rate of 24 % at an average of 
only 8 years follow-up. These results of pre- 
coated femoral stems have been confi rmed by 
several other clinical studies [ 28 – 30 ]. Therefore, 
it appears that, despite theoretical advantages, the 
use of pre-coating is detrimental to the long-term 
survival of femoral implants. The reason for this 
remains unclear. Debonding of the pre-coating 
from a comparatively rough undersurface over 
time, followed by abrasive wear and corrosion 
might be one explanation.

   A force-closed system (Fig.  4.4 ) is one in 
which the fi xation of the stem within the cement 
is achieved through the balance of forces without 
the need for the existence of a bond between the 
stem and the cement. A stem may act as a taper 
within the cement, in which case fi xation is 
achieved through the balance of forces across the 
stem-cement interface and bonding between the 
stem and cement is neither necessary nor desir-
able. The balance of forces arises from the ability 
of a polished tapered stem to subside over short 
distances within the cement mantle. Retrieval 

analysis and laboratory experiments have shown 
that this subsidence is accommodated by cement 
creep. The subsidence of the polished taper 
within the cement means that this type of stem 
can maintain satisfactory fi xation despite changes 
in the cement mantle over time. This ability to 
subside may allow the loading of the stem to be 
distributed evenly, especially in the proximal 
femur where remarkable preservation of calcar 
bone has been seen with this type of stem [ 31 ]. 

 Milles [ 32 ] has investigated the effect of stem 
surface fi nish on cement stresses. He has shown 
that for polished stems the major load component 
is radial compression but for rough stems there is 
signifi cant shear (Fig.  4.5 ). Studies evaluating the 
physical properties of acrylic cement [ 33 ,  34 ] 
have shown that cement is signifi cantly stronger 
when loaded in compression compared to load-
ing in tension or shear.

       Surface Roughness 

 In attempts to improve the bonding between stem 
and cement, several authors have, in the labora-
tory, investigated the relationship between stem 
surface roughness and the shear strength achieved 
at the interface [ 35 – 37 ]. These studies have 
shown that increasing stem roughness leads to 
increased strength of the stem-cement interface, 
although in many cases the testing methods have 
been unrealistic and have disregarded the effects 
of cyclical loading [ 36 ]. Such experimental data 
have led to the belief that a rough surface fi nish is 
benefi cial [ 24 ] and to the development of a num-
ber of femoral prostheses with roughened sur-
faces. Kärrholm et al. [ 15 ] used RSA to measure 
the migration of different femoral stem designs 
inside the cement mantle. They found that stem 
migration inside the mantle occurred with vari-
able frequency for all designs studied, including 
two with comparatively rough surfaces. If these 
fi ndings can be generalized, such stems should 
be used cautiously and probably only in sizes 
with a suffi ciently large surface area to be able 
to counteract debonding and inducible displace-
ments during activity as previously discussed. 
Verdonschot and coworkers [ 38 ] implanted 

Spectron EF Exeter

  Fig. 4.4    The Spectron EF and Exeter stems are examples for 
shape-closed and force-closed fi xation system, respectively       
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metal tapers into cement with three different sur-
face roughness values (Ra’s were 0.02, 1.1 and 
11 μm) and exposed the tapers to a cyclic load. 
They measured migration and determined the 
amount of damage at the interface (abrasion) and 
in the cement (cracks) in sections using scanning 
electron microscopy (SEM). Although migration 
was less for the rough tapers, the amount of (abra-
sive) damage was larger for these components. 
The experimental study by Crowninshield et al. 
[ 37 ], who applied a cyclic displacement onto a 
rough piece of metal that was compressed against 
bone cement, is in agreement with these fi nd-
ings. Verdonschot and coworkers evaluated the 
relationship of surface roughness, cyclic micro-
motions, and stresses in the cement around the 
asperities of the roughness profi le using fi nite ele-
ment micromodels [ 39 ]. Micromotions reduced 
with increasing surface roughness. Despite the 
fact that cyclic micromotions were maximal for 
a surface roughness of 0 μm (theoretical case), 
the local cement stresses remained low due to 
the absence of asperities on the metal surface. At 
a roughness value of Ra = 15 μm, local cement 
stresses were very high, indicating a high abra-
sive mechanism. Interestingly, when the surface 
roughness was further increased, local cement 

stresses reduced again because of reduced cyclic 
motions caused by the better “grip” of the metal 
surface on the cement (Fig.  4.6 ). These studies 
by Verdonschot show the complexity of stem-
cement interface mechanics and cement abra-
sion. The surface roughness beyond which the 
abrasive potential diminishes depends on many 
other factors such as prosthetic design, offset, 
loading conditions, location, cement characteris-
tics, and other patient-related factors.

   There are well-documented instances when 
roughened stems have been found to fail ear-
lier than polished versions of the same implant. 
According to the Swedish Register, the Exeter matt 
stem with a surface fi nish of about Ra = 1.0 μm 
produced signifi cantly worse results than the pol-
ished version (with a roughness of Ra = 0.02 μm). 
The Iowa stem is another example [ 40 ]. Race et al. 
[ 41 ] reported more gaps at the stem-cement inter-
face with a grit-blasted cemented Charnley femo-
ral stem (Ra 5.3 μm) than with a similar design 
with a satin surface (Ra 0.75 μm). On the other 
hand, Von Knoch et al. [ 42 ] evaluated the surface 
roughness of 11 femoral components (Ra = 1 μm) 
that were retrieved after 2–15 years. They found 
no abrasion or corrosion phenomena suggesting 
that the stem had been very stable. Spectron EF 

Stem smooth no bond

Implant Implant

Cement

Bone

Stem bonded to cement

  Fig. 4.5    In polished stems there is no bond to the cement, the load at the cement-bone interface is radial compression. 
If the stem is bonded to the cement, the loads at the cement-bone junction are shear loads       
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prosthesis which is a straight cobalt–chromium 
stem, proximally grit-blasted with an average sur-
face roughness of 2.8 μm and distally smoother 
with an average roughness of 0.7 μm, has shown 
97.5 % survival at 15 years in the Swedish hip 
registry [ 43 ]. 

 There have been studies reporting good results 
using femoral stems with either smooth [ 40 – 49 ] 
or rough surfaces [ 50 – 54 ]. The optimum balance 
between these two factors still remains uncer-
tain. Failure of THAs is of multifactorial origin 
(cementing, patient characteristics, component 
design); thus, valid comparisons cannot be made 
unless most of the factors are similar between the 
studies being compared.  

    Stem Migration and Wear 

 Perfect bonding between the stem and cement 
must be achieved and this bond must be durable 
to produce long-term success of rough stems. 
Poor adherence of the cement to the stem and 
inclusion of gas (air mixed with evaporation 
from the cement), shrinkage of the cement dur-
ing curing, and creep may cause early debonding 
and gaps at the interfaces [ 55 – 57 ]. Additionally, 
both experimental [ 58 ] and in vivo [ 59 ,  60 ] stud-
ies have shown that during the lifetime of a hip 
replacement, the stem further debonds from the 
cement, opening up a gap between the stem and 

cement [ 38 ,  61 ]. Howell et al. [ 62 ] have reported 
an analysis of stem wear on the surface of 172 
femoral stems of 23 different designs. They dem-
onstrated that wear changes affected 93 % of 
stems in the study and this included 74 stems that 
were reported as being well fi xed by the revising 
surgeon. The wear was often localized and was 
concentrated along the anterolateral and postero-
medial borders of the stems. They found a fun-
damental difference in wear morphology on matt 
and polished stems. Matt stems were found to 
wear through abrasive polishing of the surface. 
Removal of debris was probably brought about by 
fl uid in the stem-cement interface, and they found 
evidence of slurry wear of the matt stem surfaces 
caused by high-pressure fl uid containing hard 
particles (Fig.  4.7 ). In contrast, the wear morphol-
ogy of polished stems was typical of fretting wear 
and the stem surface surrounding the areas of 
wear was unaffected by the wear process.

   Our group evaluated 97 hips that were random-
ized to receive Spectron primary stems fi xed with 
either fl uoride-containing cement or conventional 
cement [ 63 ]. Subsidence was measured with 
radiostereometric analysis. Two patients (three 
hips) underwent revision surgeries. Subsidence in 
the cement mantle of these hips was between 0.4 
and 1.35 mm at revision surgery (Fig.  4.8 ).

   When a rough stem subsides in the cement man-
tle over the acceptable level for this particular stem 
design, a high probability of abrasive polishing of 
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  Fig. 4.6    Results from a 
fi nite element micro-analysis 
of the surface roughness of 
a straight-tapered unbonded 
stem. The local stresses 
around the asperities of the 
stem surface did show a 
maximum at 15 μm; beyond 
that value the local stresses 
were reduced (Adapted from 
Verdonschot et al. [ 39 ])       
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the matt surface is indicated as well as abrasive 
wear of the cement mantle. This may have several 
important effects. It generates large numbers of 
particles that may contribute to third- body wear, 
both at the stem-cement interface and at the articu-
lation. Another important effect of abrasive wear of 
the cement mantle is enlargement of the gap at the 
stem-cement interface, which leads to cyclical 
movements of the stem and further cement wear. 
The result is destabilization of the stem within its 
cement mantle and a slow but probably continuous 
enlargement of the space between the stem and the 

cement. On the other hand, the fretting wear of pol-
ished stems as shown by Howell et al. [ 62 ] occurs 
below the level of the original stem surface, leaving 
the surrounding stem unaffected. It is therefore 
likely that polished stem wear represents a more 
benign process. Furthermore, a stem with a pol-
ished surface and the correct geometry may func-
tion as a taper within the cement [ 31 ,  64 ,  65 ], 
allowing subsidence of the stem within the cement 
mantle, thus closing the stem-cement interface, 
preventing fl uid migration and the dispersal of par-
ticulate debris. As a consequence, polished stems, 

  Fig. 4.7    Scanning electron 
micrograph of erosion or 
“slurry wear” seen on the 
surface of a matt stem. 
A comet tail appearance is 
seen on one side of each 
surface depression, a typical 
appearance of slurry wear 
caused by high-pressure 
fl uid containing hard 
particles (Adapted from 
Howell et al. [ 62 ])       
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  Fig. 4.8    This graph shows 
the distal migration in three 
stems (two patients) that 
had been revised (Adapted 
from Digas et al. [ 63 ])       
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at least in theory, are less prone to the resultant 
third-body wear or the effects of debris and fl uid 
fl ow. Stems with matt surface, such as the Lubinus 
SPII, have excellent survival rates in the Swedish 
hip registry (94.3 % at 19 years). Other stems with 
matt surface, such as the Müller CoCrNiMo 
straight stem [ 66 ] and MS-30 [ 67 ], have also shown 
good long-term performance (92.7 % at 15 years 
and 100 % at 10 years, respectively). The reason 
why these designs rarely seem to fail because of 
abrasive wear is not known but could perhaps be 
related to good fi xation inside the mantle and 
reduced sensitivity to wear in cases where debond-
ing occurs. A fi rmer fi xation of the stem to the 
mantle might have other benefi cial effects such as 
reducing the risk of periprosthetic fractures [ 68 ].  

    The Cement Mantle 

 The quality of the cement mantle is important for 
stem fi xation [ 69 – 71 ]. Ramaniraka et al. [ 72 ] have 
evaluated micromovements at the bone- cement and 
stem-cement interfaces. They found that move-
ments at the bone-cement interfaces were minimal 
if the cement mantle had a thickness of 3–4 mm but 

increased if it became wider. Abnormally high 
micromovements occurred when the cement was 
thinner than 2 mm. With use of contemporary 
cementing technique, initiation of loosening at the 
bone-cement interface is probably very rare. The 
production of an intact and durable cement mantle 
during an operation is, however, of fundamental 
importance. 

 As early as 1983 Carlsson et al. [ 73 ] observed 
scalloping around stems with broken cement 
mantles. They suggested the use of a centering 
device to avoid this complication. The present 
authors have evaluated the infl uence of design 
variation on the early migration of cemented 
stems with RSA [ 17 ]. We found that cases classi-
fi ed as C2 (presence of stem–cortex contact 
according to Barrack’s classifi cation) subsided 
more than those with a better quality of cement 
mantle (A-C1, Fig.  4.9 ). This observation sug-
gests that patients with cortex–stem contact more 
easily debond from the mantle, which facilitates 
transport of joint fl uid and debris from the joint to 
the interface. An inadequate cement mantle, with 
implant contact with the inner and distal femoral 
cortex, has been correlated with long-term loos-
ening and femoral osteolysis [ 74 ].
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  Fig. 4.9    Proximal (+)/distal 
(−) stem migration related to 
cement mantle quality is 
shown. Data are shown 
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       Creep 

 Fatigue failure and creep are two critical factors in 
the endurance of bone cement. The bone cement 
creeps under dynamic and static loading condi-
tions. As a result, stems which are debonded from 
the cement may gradually subside, depending on 
their shape and surface roughness followed by 
expansion of the cement mantle around the shaft. 
This phenomenon produces a redistribution of the 
stresses in the cement, which may have favorable 
or damaging effects on the entire prosthetic sys-
tem. According to Verdonschot and Huiskes [ 58 ], 
the amount of stem subsidence which can be 
explained by creep is only around 0.05 mm. 
Kärrholm et al. [ 15 ] have shown that stems which 
subside less than 0.1 mm during the fi rst 2 years 
have a low revision rate in the Swedish National 
Hip Arthroplasty Registry. Lee et al. [ 75 ] claim 
that the cement can tolerate a considerable amount 
of deformation if subjected to continuous pres-
sure at body temperature over weeks or months. 
Two phenomena have been described which are 
correlated with creep in cement. The fi rst is the 
debonding of the stem from the cement, which 
can induce locally increased stress resulting in 
fractures inside the mantle. The other is the plastic 
fl ow of the cement. It has been shown that cement 
creep relaxes cement stresses and creates a more 
favorable stress distribution at the interface [ 76 ]. 
Delayed injection time of acrylic bone cement 
increases creep compared with bone cement pre-
pared according to standard injection procedures 
[ 77 ]. Creep therefore depends not only on the 
material properties but also on the handling of the 
cement by the surgeon. Waanders et al. [ 78 ] inves-
tigate how fatigue damage and cement creep sep-
arately affect the mechanical response of cement 
at various load levels in terms of plastic displace-
ment and crack formation in FEA studies. They 
conclude that when cement is subjected to low 
stresses, plastic interface displacement is mostly 
caused by cement creep, while at higher loads 
cement fatigue cracking is the dominant factor. 
They conclude that cement creep can decrease 
crack formation in cement by up to 20 %. Cement 
creep does not decrease the stress levels in the 
bone with respect to its initial state, and cement 

fatigue damage only results in an increase in bone 
stresses. Vacuum mixing reduces the porosity of 
the cement and as a consequence volumetric 
creeping may increase from 3–5 % to 5–7 % in 
different cements [ 79 ]. Creeping at the cement-
bone interface can be regarded as benefi cial as 
some interface gaps allow for revascularization 
[ 80 ] and no studies have shown any detrimental 
effect on the stem-cement interface when cement 
with reduced porosity due to vacuum mixing is 
used [ 57 ]. The exact consequences of creeping 
are, however, still unknown, especially concern-
ing its relation to aseptic failure and its effects 
when used with polished versus matte or rough 
surface fi nishes.  

    The Infl uence of Porosity 
at the Stem-Cement Interface 

 Extensive porosity at the stem-cement interface has 
been found in retrieved cement mantles and in lab-
oratory-prepared specimens [ 81 ]. This interface 
porosity is caused by entrapment of air at the stem 
surface during stem insertion and by residual 
porosity in the cement. A further cause is the 
cement’s shrinkage away from the colder stem sur-
face which produces pores [ 81 ]. Although cement 
curing is chemically initiated, polymerization is 
thermally activated. Thus, cement curing starts at 
the warmer bone surface and progresses towards 
the cooler stem. Resultant pores as well as residual 
pores in the cement are driven towards the last 
polymerizing region of the stem. To counteract this 
effect, Jafri et al. [ 82 ] evaluated the effect of pre-
heating the stem. They observed a dramatic reduc-
tion of porosity at the stem-cement interface. This 
effect was observed at a temperature difference 
between the bone and the stem of 3° and was most 
pronounced at a difference of 7°. They recom-
mended preheating of the stem to 40° in clinical 
practice. Iesaka et al. [ 83 ] have shown that stems 
preheated to 37° had greater interface shear strength 
at stem-cement interface than stems at room tem-
perature both initially (53 % greater strength) and 
after simulated aging (155 % greater strength). 
Fatigue lifetimes were also improved and there was 
a >99 % decrease in interface porosity. When 
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cement is mixed under vacuum, cement porosity is 
signifi cantly reduced, producing less porosity at 
the stem-cement interface [ 57 ,  81 ]. Various studies 
have shown that interface porosity affects the 
debonding energy of the interface [ 84 ], weakens 
the resistance of the cement to torsional load [ 85 ], 
and decreases fatigue life of the stem- cement inter-
face [ 83 ]. Interface porosity has also been linked to 
the initiation of cement cracks [ 59 ,  86 ]. The evi-
dence that reduction of interface porosity improves 
the strength of the interface, thereby increasing the 
longevity of cemented implants, is convincing.  

    Migration Pattern of Cemented 
Femoral Stems 

 Several studies [ 87 – 89 ] have shown that early 
migration precedes clinical loosening. Micro-
move ments open up interfaces, increase abrasive 
wear, and may be an indirect indication of asym-
metrical loading of the cement mantle, subse-
quently resulting in fracture. 

 Today, there are a number of studies which 
have measured the migration of different designs 
of cemented femoral stems using RSA [ 2 ,  89 – 95 ]. 
In these studies migration has always been mea-
sured in relation to the bone and sometimes also 
in relation to cement. These materials represent 
stems of different shapes, materials, and surface 
fi nishes. The main purpose of many of these stud-
ies has been to evaluate total migration (stem vs 
bone) and to what extent this migration occurs at 
the stem-cement interface. Kärrholm and cowork-
ers have evaluated the micromotion of the most 

common stems used in Sweden [ 15 ]. The materi-
als are presented in Table  4.1 . Lubinus SP II is 
anatomic, double curved with anterior and pos-
terior ridges and a wide collar. Lubinus SP II 
stems of CoCr alloy constitute the references in 
this study because of their thorough documenta-
tion in the Swedish National Registry. This stem 
design showed a small early subsidence with 
only minimal increase after 6 months (Fig.  4.10 ). 
Spectron EF is straight and has a medial collar. 
The fi rst version had a stem length of 135 mm 
(3a). In the following version (3b-c), the stem 
length increases with increasing size. These stems 
showed no or almost no subsidence until after 6 
month follow-up. There was a levelling of the 
curve after 2 years, suggesting a period of defor-
mation of the cement or debonding in only a few 
of the cases followed by secondary stabilization 
(Fig.  4.10 ). The Tifi t stem is straight and has a 
small medial collar. It has anterior and posterior 
longitudinal indentations. Its length increases with 
increasing size. Anatomic-Option is anatomic, 
double curved with proximal indentations. The 
stem length increases with increasing size. Both 
designs tended to show increasing subsidence 
after 6 month follow-up. The Tifi t stems, followed 
for 5 years, migrated more slowly after the 2-year 
follow-up (Fig.  4.11 ). Scientifi c hip (SHP) has no 
collar and a teardrop-like appearance proximally 
but becomes more cylindrical and tapered distally. 
The stem has four proximal PMMA spacers. The 
tip is sharp. All have a CCD angle of 120°. The 
length of the SHP stem increases with increasing 
size. The Exeter stem is a polished straight, double-
tapered, fl at, collarless stem with a centralizer fi xed 

   Table 4.1    The different stem design and patient materials   

 Group  Name  Material 

 Surface fi nish (μm) 

 Male/fem  Mean age  Prox.  Dist. 

 1  Lubinus SP II  CoCr alloy  1.5  1.5  8/12  67(52–78) 
 2  Lubinus SP II  TiALV alloy  1.0  1.0  9/14  65(51–76) 
 3a  Spectron EF  CoCr alloy  2.8  0.7  6/10  70(65–76) 
 3b  Spectron EF  CoCr alloy  2.8  0.7  10/11  58(42–70) 
 3c  Spectron EF  CoCr alloy  2.8  0.7  4/13  71(61–81) 
 4  Anatomic-Option  CoCr alloy  1.5  1.5  15/29  58(32–69) 
 5  Tifi t  TiALV alloy  1.3  1.3  12/8  52(38–66) 
 6  SHP  CoCr alloy  3.8  2.0  8/12  67(55–78) 
 7  Exeter  Stainless steel  <0.5  <0.5  11/5  71(63–81) 
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  Fig. 4.10    Subsidence of 
the Lubinus SP II and 
Spectron EF stems       
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  Fig. 4.11    Subsidence 
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to the tip. The collarless stems and especially the 
Exeter designs showed early and fast subsidence. 
The migration rate tended to decrease somewhat 
after 1 year (Fig.  4.12 ).

      At 2 years control most stem designs showed 
retroversion. Median values exceeding 1° were 
noted for the Exeter (1.7) and SHP design (2.5). 
There was also a slight tendency to posterior tilt. 
The median varus/valgus tilt was close to zero. In 
all series stem subsidence was more common in 
the cement mantle (Table  4.2 ). Four stems that had 
been revised before the 5-year control showed 
more subsidence and retroversion than the remain-
ing cases in each group up to 2-year follow-up. 
According to this study there is a close connection 
between stem geometry and recorded micromo-
tion. Although subsidence of the stem and poste-
rior displacement of the head are believed to be the 
most important predictors of early failure in 
cemented total hip arthroplasty [ 89 ], it has become 
generally accepted that early clinical migration 
values must be related to stem shape and surface 
fi nish. Thien et al. [ 96 ] used RSA in a prospective 

randomized study to evaluate fi xation of 3 modifi -
cations of the Lubinus SP2 stem. These stems 
were 27 matte (standard design), 28 polymethyl-
methacrylate (PMMA) coated, and 29 collarless 
and polished. They have identical stem design, 
shape, and alloy. The only difference was the sur-
face fi nish and the presence of a collar or not. The 
mean subsidence for the polished stem was 
0.4 mm at 2 years, while for the other two groups 
the respective values were below 0.1 mm. Between 
2 and 5 years, subsidence for the three groups was 
nearly equal (Fig.  4.13 ). This study shows the 
effect of surface fi nish on stem migration. Other 
RSA studies have shown similar behavior for the 
standard matte Lubinus design with low mean val-
ues regarding both subsidence and rotation [ 91 , 
 97 ]. Twenty- two Exeter stems have been evaluated 
with RSA up to 5 years by Stefansdottir at al [ 94 ]. 
The median migration at 2 years was 1.34 mm and 
at 5 years 1.77 mm. A major part of the migration 
occurred within the fi rst 4 months after surgery. 
There were no reoperations during the 5-year fol-
low-up in the two studies mentioned above. 
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  Fig. 4.12    Subsidence 
of the SHP and Exeter stems       
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According to the Swedish arthroplasty hip regis-
try, the survival rate for Lubinus SPII stem is 
94.3 % at 19 years, while for the Exeter stem 
96.9 % at 12 years. From these RSA studies and 
the Swedish arthroplasty hip registry, it is evident 

that the amount of tolerable migration of the stem 
until clinical failure varies depending on the design 
and surface fi nish of the stem. Even if the magni-
tude of migration is design related, the pattern of 
motion in cases with impending clinical failures 

   Table 4.2    Stem subsidence inside the cement mantle in mm   

 Group  Implant  Total 

 Signifi cant 
subsidence 
( p  < 0.01) a  

 Cement mantle  Stem inside mantle 

 Subsiding 
>signifi cant 
value 

 Value 
ranges 

 Subsiding 
>signifi cant 
value 

 Value 
ranges 

 1  Lubinus SP II  4  0.11  0  4  −0.20 to 
−0.12 

 2  Lubinus SP II  13  0.18  2  −0.32 to 
−0.20 

 10  −0.46 to 
−0.18 

 3a  Spectron EF  11  0.18  0  4  −0.25 to 
−0.19 

 3b  Spectron EF  16  0.20  3  −0.30 to 
−0.23 

 4  −0.46 to 
−0.21 

 3c  Spectron EF  12  0.11  4  −0.25 to 
−0.17 

 5  −0.28 to 
−0.13 

 6  SHP  14  0.11  2  −0.42 to 
−0.32 

 14  −1.10 to 
−0.17 

 7  Exeter  16  0.20  0  16  −1.94 to 
−0.71 

   a Signifi cant level ( p  < 0.01) for individual cases in each study varies depending on technique related factors  

  Fig. 4.13    This graph shows 
the proximal (+)/distal (−) 
migration of all 3 stem types 
vs the femoral bone in all 
cases. Mean and SEM 
(Adapted from Thien et al. [ 96 ])       
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seems to be similar. The stem subsidence and rota-
tion into retroversion are higher in failures than 
clinical successful uses of the same type. These 
implants with later clinical failure can be identifi ed 
within fi rst years of follow-up. One example is the 
Spectron stem which was introduced in the early 
1980s. In 1995 a new version was introduced 
(Spectron EF Primary). The stem became nar-
rower and shorter in the smallest sizes. In addition, 
a version with an increased offset, a polished neck, 
and a narrower cone was introduced. In the previ-
ously mentioned study [ 15 ], the older version of 
Spectron stem had a mean subsidence lower than 
0.1 mm at 5-year follow-up (Fig.  4.10 ). A previous 
study of ours evaluating the new version of 
Spectron stem with RSA showed subsidence of 
0.28 mm in the cement mantle at 5 years when 
Palacos cement had been used [ 63 ]. The higher 
early subsidence rate of the new Spectron design is 
mirrored in the annual report of the Swedish Hip 
Arthroplasty Register 2010 [ 43 ] which shows 
lower survival rate for this particular stem com-
pared with the older design (new design 95 % at 12 
year vs older design 97.5 % at 15 year, Fig.  4.14 ). 
The higher subsidence rate of this stem, which has 
a rough surface fi nish, may increase particle pro-
duction due to abrasive wear. In some cases, and 
after a variable time period, osteolysis may develop 
and the mantle may fracture leading to clinical 
loosening and revision surgery.

        RSA Studies Evaluating 
the Stem- Cement Interface 

 Accurate measurements of the cement mantle 
migration are more diffi cult than the corresponding 
measurements of the femoral stem because of 
problems of visualizing cement markers and 
obtaining suffi cient marker scatter. This often 
means that reliable data can only be obtained for 
migration in the proximal/distal direction. Few 
RSA studies have evaluated micromotion in the 
stem-cement interface as part of total stem migra-
tion related to bone up to 5 years. In a prospective 
randomized study, Nivbrant et al. [ 6 ] evaluated two 
types of bone cement (bone cement with reduced 
amount of monomer Cemex Rx and Palacos R) 

that were used to fi xate 47 Lubinus SP2 prostheses 
with 5 years of follow-up. All stems in this study 
were made of titanium alloy, and their surface was 
slightly smoother than the cobalt–chrome alloy 
version. In 28 cases subsidence of the cement man-
tle could be studied. In 14 of 16 cases where stem 
subsidence relative to bone exceeded 0.18 mm (the 
99 % confi dence limit of precision for this study), 
more than 50 % of this motion occurred inside the 
mantle. Stefandottir et al. [ 94 ] followed the migra-
tion of the Exeter stems in 22 primary hip arthro-
plasties for 5 years. The median migration at 5 
years was 1.77 mm. The cement mantle could be 
evaluated in 12 cases. Five cement mantles 
migrated above the detection level (0.2 mm) 
between 0.20 and 0.64 mm. A correlation between 
distal migration and retroversion was found. They 
concluded that distal migration and rotations occur 
mainly inside the cement mantle. In a prospective 
study 97 hips were randomized to receive a 
Spectron EF stem fi xed with fl uoride-containing 
acrylic bone cement (Cemex F) or conventional 
bone cement (Palacos) [ 63 ]. Evaluation at 5 years 
revealed no differences in stem migration. In 61 
cases (27 Cemex F, 34 Palacos) where proximal/
distal migration between stem and cement could be 
studied, subsidence increased similarly in both 
groups. Subsidence between stem and bone 
exceeding 0.15 mm (the 99 % confi dence limit of 
precision in this study) was observed in 35 cases 
(17 Cemex F, 18 Palacos). In 23 hips at least 50 % 
of this subsidence occurred inside the cement man-
tle. Four of the 28 cases (2C, 2P) showed distal 
migration of the cement mantle exceeding the 
detection limit for individual cases (0.16 mm; 
range, 0.17–0.37 mm). Eighty-four hips randomly 
received Lubinus SP2 stem with matte (M), poly-
methylmethacrylate coated (PG), or polished sur-
face (uncollared) (P) [ 96 ]. The polished stems 
subsided more than the matte and PMMA-coated 
stems at 6 months and after 5 years (Fig.  4.14 ). 
Stem subsidence in relation to the cement could be 
evaluated in 37 cases (12 P, 12 M, 13 PC) at 5years. 
In 11 of the 12 polished stems, more than 50 % of 
this subsidence occurred inside the cement mantle 
(Fig.  4.15 ). In 10 of 12 matte stems and 8 of 13 
PMMA-coated stems, less than 50 % of subsidence 
occurred in stem-cement interface.
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  Fig. 4.15    This graph 
shows the proximal (+)/
distal (−) migration over 
time of the polished stems 
vs the bone ( n  = 25 stems) 
and vs the cement ( n  = 12). 
Mean values and SEM 
(Adapted from Thien 
et al. [ 96 ])       

    In summary, RSA data have revealed that stem 
subsidence inside the mantle occurs with variable 
frequency and magnitude in almost all designs of 

THA regardless of the presence of a rough surface 
fi nish. Subsidence for polished stems is higher 
than for matt or rough stems and occurs mainly in 

  Fig. 4.14    Implant survival 
regarding stem revision 
for loosening/osteolysis 
with or without simultaneous 
cup revision       
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the cement mantle, while stems with a matte or 
rough surface fi nish subside at both interfaces. 
The stem-cement interface might be stronger with 
a rough surface and may postpone debonding, but 
when they debond, rough stems may produce 
more cement debris than polished ones [ 38 ]. 
Some matt stems, for example, the Lubinus SP, 
seem to be comparatively resistant to abrasive 
wear. There seems, however, to be a lower size 
limit for this design, since the introduction of the 
smallest version (extra-narrow) resulted in an 
increased failure rate, mainly due to loosening. 
This particular size has, however, been used in 
small numbers and has, according to our knowl-
edge, not been studied with RSA. 

 The increased subsidence of the polished stems 
in the cement mantle may be advantageous in the 
reduction of stresses at the bone-cement interface 
by facilitation of more even distribution of load at 
the interfaces. In the study by Thien et al. [ 96 ] 
mentioned above, the polished version showed 
signifi cantly less loss of proximal bone mineral 
density, suggesting a more physiological loading 
of the bone. This effect, however, seemed to be 
temporary and mainly lasted for 2 years, whereas 
continued stem subsidence could be measured 
during the entire period of 5 years of observation. 
Subsidence below the acceptable limit for each 
stem may be advantageous if it increases stem–
cement contact and stability, provided that this is 
not necessarily associated with inducible displace-
ments during activity. Another effect of subsid-
ence may be the maintenance of proximal load 
distribution [ 96 ]. As previously mentioned, pol-
ished stems have the disadvantage of being associ-
ated with increased risk of periprosthetic fracture. 
This has been well documented for the Exeter 
design but concerns may exist for many other 
designs of polished stems [ 98 ,  99 ]. The reason for 
this is unclear. It could be important to consider 
this in patient groups with increased risk of these 
complications, such as cases with previous femo-
ral neck fractures, idiopathic femoral head necro-
sis, or an osteoporotic femur due to other causes. 

 The choice of optimum stem design may thus 
vary depending on patient characteristics. For 
the majority of patients, the choice between a 
well- documented matt or polished stem is not 

controversial. The experience of the surgeon with 
a particular design is probably the most important 
factor for the result. In active patients with a nar-
row femur, a polished design is probably prefera-
ble. In older patients, and especially those with 
the diagnoses mentioned above, a well- 
documented matt stem is preferable. Many stem 
designs used with cement have very good clinical 
records in the long term [ 43 ,  100 ,  101 ]. For older 
patients room for improvement is limited. It 
should, however, be emphasized that some of 
these stems have undergone modifi cations one or 
more times during the last 10–15 years. 
Furthermore, the indications for THA have tended 
to embrace more patients of younger age, and the 
demands on the implants might have increased 
with increasing general health and activity levels 
of the patient population in the older age groups. 
Further improvements could include minimiza-
tion of particle production at the stem-cement 
interface to minimize third- body wear and the 
development of stems and fi xation principles 
which are associated with less proximal bone 
loss. A still more reproducible fi xation of the 
mantle might also be benefi cial in young patients.      
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           Cobalt–Chrome Alloys 

 Cobalt–chrome (Co–Cr) is a metal alloy of 
cobalt and chromium with a very high specifi c 
strength. For as long as investment casting has 
been available as an industrial process, cobalt-
based alloys have been used in demanding appli-
cations including dental and orthopedic implants 
[ 1 ]. The alloy composition used in orthopedic 
implants, described in industry standard 
ASTM-F75, is composed of cobalt with (1) 
chromium (27–30 %) and (2) molybdenum 
(5–7 %) and (3) limits on other important ele-
ments such as manganese and silicon (<1 %), 
iron (<0.75 %), nickel (<0.5 %), and carbon, 
nitrogen, tungsten, phosphorus, sulfur, boron, 
etc. [ 1 ]. Besides cobalt–chrome–molybdenum 
(Co–Cr–Mo), cobalt–nickel–chromium–molyb-
denum (Co–Ni–Cr–Mo) is also used for implants 
(Table  5.1 ) [ 2 ,  3 ].

   The possible toxicity of released Ni ions from 
Co–Ni–Cr alloys and their limited frictional 
properties have been a matter of concern in using 
these alloys as articulating components. Thus, 
Co–Cr–Mo is usually the dominant alloy for total 
joint arthroplasty [ 3 ]. Co–Cr–Mo alloys can 
withstand high temperatures and have a high 
wear resistance. The alloy is especially used 
where high stiffness or a highly polished and 
extremely wear-resistant material is required. It 
can be used in gas turbines, valve seats, nuclear 
power plants, automotive engines, aerospace fuel 
nozzles, engine vanes, and other components, 
most importantly in a variety of medical pros-
thetic implant devices, such as knee implants, 
metal-to-metal hip joints, and dental prosthetics 
due to its high biocompatibility [ 1 ]. The increased 
stability and excellent material properties of Co–
Cr alloys are advantageous for long-term durabil-
ity and thus are a promising advance for younger 
patients in need of total joints.  

    Porous Metallic Coatings 

 For a number of years there has been increasing 
interest in surface treating orthopedic implants in 
an attempt to improve implant fi xation. Various 
coatings have been manufactured. Porous metal-
lic and ceramic coatings deposited on implants 
facilitate implant fi xation and bone ingrowth. 
Implant surfaces modifi ed by ion implantation 
or physical vapor deposition exhibit superior 
hardness and wear resistance. Polymeric coating 
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 formulations are used to enhance biocompatibil-
ity and biostability, thrombo-resistance, antimi-
crobial action, dielectric strength, and lubricity 
make medical devices used within the body more 
visible to ultrasound and for delivery of drugs 
[ 4 ]. It is well known in the medical arts for pro-
viding a metallic bone prosthesis with a porous 
metallic coating to enhance the fi xation of the 
prosthesis to the patient’s bone. Such fi xation is 
generally achieved by either cementation or bone 
tissue ingrowth. Bone cement or freshly grown 
bone tissue occupies pore volume in the porous 
coating and thereby serves to lock the prosthesis 
in place. Until the 1970s, polymethyl methacry-
late bone cement was the predominant means to 
fi x a joint replacement implant to bone. This fi xa-
tion is primarily mechanical. Cement penetrates 
the cancellous bone and locks onto small surface 
irregularities on the implant. In contrast, fi xa-
tion by bone ingrowth has been recommended 
by many orthopedic researchers as a means of 
eliminating or alleviating several disadvantages 
associated with fi xation by bone cement (such 
as premature loosening of the prosthesis, tis-
sue reaction with the bone cement, the need to 
remove a substantial amount of bone to provide 
space for the cement mantle). However, failure 
of a bone tissue ingrowth fi xation of cementless 
implants, which would lead to premature loosen-
ing of the implant, remains a matter of concern. 
In a metallic prosthesis comprising a porous coat-
ing extending over a nonporous substrate, such 
failure can occur at the substrate–porous coating 
interface, within the porous coating or within the 
patient’s bone outside the coating. 

 A variety of different porous metallic coatings 
have been proposed for enhancing the fi xation of a 
metallic prosthesis by bone ingrowth. Three types 
of porous metallic coatings are currently available: 
(1) beaded, sintered Co–Cr coatings on a Co–Cr 
substrate (Fig.  5.1 ); (2) beaded, vacuum- sintered 

titanium coatings on a titanium substrate; and (3) 
vacuum-sintered titanium fi ber mesh pads on a 
titanium substrate. Three items adequately charac-
terize these types of porous coatings: (1) the mate-
rials used and any standards to which they 
conform; (2) the static shear strength of the coat-
ing to the substrate (ASTM F1044); and (3) the 
average bead and pore size, overall pore volume, 
the number of bead layers, and the thickness of the 
coating [ 4 ].

       Forms and Fabrication Techniques 

 The porous coatings can take various forms and 
require different technologies. Co–Cr porous 
coatings can be produced from the following: (1) 
Spherical metal powders made by gas atomiza-
tion. The tiny spheres, or beads as they are fre-
quently referred to in the medical fi eld, are 
175–250 μm in diameter. Porous coatings pro-
duced from spherical powders are most fre-
quently used on cobalt–chrome implant materials. 
(2) Wires or fi bers that are formed into porous 
pads [ 4 ]. Sintering involves heating the implant 
to about one-half or more of the melting tempera-
ture of the alloy to enable diffusion mechanisms 
to form necks that join the beads to one another 

  Fig. 5.1    Beaded, sintered Co–Cr coating on a Co–Cr 
substrate is shown under magnifi cation       

 Properties  Stainless steel  Cobalt–chrome  Titanium 

 Stiffness  High  Medium  Low 
 Strength  Medium  Medium  High 
 Corrosion resistance  Low  Medium  High 
 Biocompatibility  Low  Medium  High 

  Table 5.1    Properties of 
stainless steel, cobalt– 
chrome, and titanium 
metallic biomaterials  
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and to the surface of the implant. In the case of 
alloy beads, the manufacturer applies the coating 
material using binders over specifi c regions of 
the implant (Fig.  5.2 ) surface and then attaches 
the coating to the substrate by various high-tem-
perature sintering stages. The porous coatings so 
formed (35–50 vol % porosity) are typically 500–
1,000 μm thick and consist of a regular three-
dimensional interconnected porous structure [ 5 ]. 
Tissue ingrowth into this three- dimensional 
porous coating results in resistance to shear, com-
pressive, and tensile forces at the bone-implant 
interface (Fig.  5.3 ) [ 6 ].

        Bond Failure of Sintered Porous 
Coatings 

 The metallurgical process for adhering the coating 
to the implant is a complex high-temperature pro-
cess that requires a series of steps. The challenge is 
to provide strong bonds between each of the powder 
spheres (beads) and between the coating and the 
implant without signifi cantly degrading the strength 
and corrosion resistance of the component. Proper 
processing prior to applying the porous coating is 
also critical for adequate bonding [ 4 ,  7 ].  

    Ion Implantation 

 Ion implantation is an approach for modifying 
the surface properties of materials. It is similar to 
a coating process, but it does not involve the 
addition of a layer on the surface. Ion implanta-
tion uses a highly energetic beam of ions (posi-
tively charged atoms) to modify the surface 
structure and the chemistry of materials at low 
temperature. The process does not adversely 
affect component dimensions or bulk material 
properties [ 4 ,  8 ]. The ion implantation process is 
conducted in a vacuum chamber at very low pres-
sure (10 −4  to 10 −5  torr, or 0.13–0.013 Pa). Large 
numbers of ions (typically 10 16 –10 17  ions/cm 2 ) 
bombard and penetrate a surface interacting with 
the substrate atoms immediately beneath the sur-
face. Typical depth of penetration is a fraction of 
a micrometer [ 4 ,  8 ]. Titanium and Co–Cr alloy 

  Fig. 5.2    Proximal beaded, sintered Co–Cr coating on a 
second-generation cementless Co–Cr stem       

  Fig. 5.3    Bone ingrowth into a beaded, sintered Co–Cr 
coating       
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orthopedic prostheses for hips and knees are 
among the most successful commercial applica-
tions of ion implanted components for wear 
resistance. In use, these components articulate 
against an ultrahigh molecular weight polyethyl-
ene mating surface (acetabular cup). Wear reduc-
tion may be further reduced by implantation of 
nitrogen ions into the alloy [ 8 ].  

    Hydroxyapatite-Coated Co–Cr 
Porous-Coated Implants 

 Friedman et al. compared hydroxyapatite (HA)-
coated titanium and HA-coated Co–Cr implants 
in the distal femur of a rabbit model and evaluated 
bone apposition and interfacial shear strength [ 9 ]. 
The implants were press-fi t into the metaphyseal 
cancellous bone of the lateral femoral condyle 
in a transverse fashion. The mechanical strength 
of the interface between HA and bone was mea-
sured using the push-out method. No differences 
were found in the shear strength and the amount 
of bone apposition between the titanium and 
Co–Cr implants. The HA-coated Co–Cr implants 
performed in a similar manner to the HA-coated 
titanium implants, both mechanically and his-
tologically, suggesting that HA-coated Co–Cr 
implants deserve further study as a viable alterna-
tive to titanium for the biological fi xation of total 
joint components in orthopedic surgery [ 9 ].  

    Biocompatibility of Co–Cr 
Porous- Coated Implants 

 The use of Co–Cr–Mo in orthopedic surgery is 
well tolerated [ 10 ]. Nevertheless, the alloy is still 
considered less biocompatible than titanium [ 11 ]. 
A recent study explored the biocompatibility of 
Co–Cr–Mo by investigating the biomechanical 
implant fi xation and implant osseointegration of 
Co–Cr–Mo (ASTM F-75) porous bead-coated 
and titanium (ASTM F-136) porous bead-coated 
implants in an animal model. In ten dogs, the two 
implant types were inserted into the proximal 
part of the humerus. Implant sites were over 
drilled, leaving an empty 0.75-mm gap between 

implant and surrounding bone. The implants 
were observed for 6 weeks and were evaluated by 
the biomechanical push-out test and histomor-
phometry. The authors found a statistically sig-
nifi cant 40 % decrease in the biomechanical 
fi xation of Co–Cr–Mo porous bead-coated 
implants compared with titanium porous bead- 
coated implants that could be critical for long- 
term performance. Implant osseointegration was 
comparable between the two implants; however, 
a slight decrease in bone volume density around 
Co–Cr–Mo implants was observed [ 12 ].  

    Outcome of Co–Cr Porous-Coated 
Implants 

 Metal-on-metal hip bearings made of Co–Cr–Mo 
alloy possess excellent wear properties and are a 
tempting choice for young and active patients [ 13 , 
 14 ]. Previous experience suggested that cement-
less cobalt alloy porous-coated femoral compo-
nents can achieve durable biological fi xation by 
bone ingrowth for active patients less than 70 
years old who have no metabolic bone disease 
(Fig.  5.4 ) [ 15 ]. Engh and Bobyn have shown that 
circumferential coating of more than half the fem-
oral stem results in proximal bone atrophy [ 16 ]. 
Other authors reported the outcome of a porous-
coated Co–Cr femoral component (Tri-lock; 
DePuy, Warsaw, IN) with a straight collarless 
stem of cast Co–Cr–Mo alloy (Muller type; 
DePuy, Warsaw, IN). The proximal fi ve- eighths 
of the stem was coated circumferentially with sin-
tered beads of average diameter 150 μm (100–
250) to form an irregular porous surface with 
empty spaces ranging from 150 to 400 μm. The 
design allowed an interference fi t with the medial 
and lateral endosteal cortices as viewed in the 
frontal plane. The thin fl at lateral profi le gave 
rotational stability and three-point fi xation for the 
stem in the curved upper femur [ 15 ]. At 5- to 
8-year follow-up, good or excellent results were 
recorded in 70 % by the Mayo Clinic hip evalua-
tion and in 84 % by the Harris hip score. Revision 
for aseptic loosening of the femoral stem was nec-
essary in only one hip. Thigh pain diminished 
with time and was present in only two hips at the 
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last follow-up. Endosteal bone formation was 
seen at the junction of the smooth and the porous 
segments of the stem in 94 % of hips; in 60 % of 
them it continued after 3 years. No focal endosteal 
bone resorption was observed. In 90 % of hips, 
proximal femoral atrophy did not progress after 3 
years. Discontinuous radiolucent lines were seen 
around 30 % of stems, most commonly in zones I, 
IV, and VII. They were not progressive in 94 % 
and their presence did not correlate with the clini-
cal outcome [ 15 ]. Recently, encouraging long-
term results have been reported for cylindrical and 
tapered cementless cobalt–chrome stems [ 17 – 23 ]. 
Extensively porous-coated cementless implants 
made from Co–Cr alloys have achieved good 
results. The most commonly used was the ana-
tomical medullary locking stem (AML®, DePuy 
Orthopaedics, Inc., Warsaw, IN) (Fig.  5.5 ). Engh 
et al. followed up 196 of these stems implanted in 
patients with an average age of 55 years for 11 
years and found a mechanical failure rate of only 
2.6 % [ 17 ,  18 ]. Kronick et al. reported on 174 hips 
in 154 patients younger than 50 years of age using 
the AML® and Prodigy® (both DePuy 
Orthopaedics, Inc., Warsaw, IN) extensively 
porous-coated stems. At an average follow- up of 
8.3 years, 99.4 % of the stems showed stable fi xa-
tion, 96 % had bone ingrowth, 3.4 % were fi brous 
stable, and 1.1 % were revised. The rate of 

 osteolysis in the femur was 14 % and was limited 
to zones 1 and 7 [ 24 ]. Engh and Hopper retrospec-
tively reviewed the outcome of 3,314 total hip 
arthroplasties performed with AML®, Prodigy®, 
and Solution® stems (all DePuy Orthopaedics, 
Inc., Warsaw, IN) [ 25 ]. These hips included 460 
proximally coated stems and 2,854 extensively 
coated stems. The survival rates for proximally 
and extensively coated stems were >95 % at 15 
years, using revision for any reason as an end-
point. Slight differences in thigh pain, stress 
shielding, and patient satisfaction were not sig-
nifi cant. The 2.8 % rate of component loosening 
among proximally coated stems was signifi cantly 
higher than the 1.1 % rate observed with exten-
sively coated stems [ 25 ]. Kim compared proximal 
porous-coated stems of identical shape, but with 
two types of stem materials (Ti alloy or Co–Cr 
alloy) to determine the differences in these stems 
in clinical and functional outcomes, prevalence of 
thigh pain, stem alignment and canal fi ll, cup 
position, degree of periprosthetic bone loss, prev-
alence of polyethylene liner wear and osteolysis, 
incidence of aseptic loosening of acetabular and 
femoral components, and complications. The 
clinical and radiographic results of this study 
were similar (no signifi cant differences) between 
the titanium and Co–Cr alloy femoral compo-
nents; however, the titanium alloy femoral 

  Fig. 5.4    Satisfactory long-term clinical and radiological outcome of a AML stem       
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 component retained greater periprosthetic bone as 
compared with the Co–Cr alloy femoral compo-
nent [ 26 ]. Yoon et al. reported long-term stability 
of the tapered fully porous- coated cobalt–chrome 
Autophor 900S stems (Osteo AG, Selzach, 
Switzerland). The survival rate of the stems at 17 
years was 94.5 %. A stable stem with bone 
ingrowth was identifi ed in all 120 hips, excluding 
femoral revision cases (seven hips). The causes of 
the seven femoral revisions were aseptic loosen-
ing in four, infection in two, and stem fracture in 
one. No surgical intervention was performed for 
osteolysis or stress shielding [ 23 ].

        Metallic Ions Release from 
Co–Cr Porous-Coated Implants 

 Porous-coated technology has several inherent 
problems, one of which is the potential for the 
increased release of metallic ions due to more 
corrosion associated with the large surface area of 

the porous metal. The long-term effects of hyper-
physiological concentrations of metallic ions are 
largely unknown, but many studies have indicated 
that the potential for toxicity or even carcinoge-
nicity exists [ 27 – 30 ]. In addition to simple corro-
sion, there is the release of metal debris due to 
wear or fretting and fretting- corrosion mecha-
nisms. Experience with metal-on- metal articula-
tions showed that the rate or quantity of release of 
metal due to wear can be far more signifi cant than 
that due to corrosion [ 30 – 32 ]. Material released 
by wear or fretting is more susceptible to corro-
sion because the protective effect of the passive 
oxide fi lm is reduced. Furthermore, corrosion is 
enhanced in the presence of fretting and by differ-
ences in electrochemical potential between pas-
sivated and non-passivated regions on the surface 
of the metal [ 30 – 33 ]. 

 Metallic ions release from metallic porous- 
coated prostheses raises important questions as to 
the fi xation of porous-coated hip prostheses and the 
mechanical integrity of the metallic porous coating. 

  Fig. 5.5    Different versions 
of the AML stem which 
was widely used in North 
America with satisfactory 
long-term results       
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While it has been occasionally observed that a few 
sintered particles become loose from a femoral 
prosthesis as it is impacted into the intramedullary 
canal, in the vast majority of patients the implant 
remains well fi xed in the canal and no progressive 
loosening of particles is observed. If there is no 
motion at the bone-implant interface, constituents 
of the alloy are released primarily by corrosion 
(excluding wear debris from the ball-and- socket 
articulation). If on the other hand, the implant is not 
fi xed or it becomes loose, cyclic motion at the bone-
implant interface during loading and unloading can 
cause increased loosening of particles, fretting wear 
of particles, fretting corrosion, metallosis, and reac-
tive changes in tissue. The metallic debris that is 
released in this manner resembles that observed 
with metal-on- metal joint replacements [ 30 ]. High 
local (tissue) levels of metal can develop and there 
may be problems related to sensitivity, infl amma-
tory response, or systemic toxicity [ 31 ,  32 ]. When a 
cementless porous-coated femoral component is 
used, the stem is usually impacted with consider-
able force into a close-fi tting channel. This may be 
the major cause of initial loosening of particles. 
Loosening of particles occurs in approximately 2 % 
of patients. Using sintering techniques and new 
methods for manufacturing textured or porous sur-
faces other than sintering, loosening of particles has 
been diminished [ 33 ]. It also seems reasonable to 
assume that loosening of particles would be most 
likely to develop after revision using a cementless 
porous-coated prosthesis [ 30 ].  

    Corrosion Behavior of Co–Cr 
Porous Coatings 

 Particle release due to sloughing of the coating is a 
potential concern with Co–Cr alloys. The height-
ened release of particles can lead to severe wear and 
damage of the implant, enhanced infl ammatory 
response, and decreased stability of the fi xation [ 30 ,  34 ]. 
Clinical evidence suggests that bead sloughing can 
be attributed to either shear stresses at initial implan-
tation or micromotion at the porous coating-bone 
interface [ 30 ,  35 – 39 ]. However, it has been hypoth-
esized that this sloughing of beads from porous 
coatings may be due in part to corrosion at the 
fusion zones in the coatings, as opposed to a solely 

mechanical failure [ 34 ]. In addition, the tendency 
for the beads to slough may be related to the micro-
structure of the coating. The neck regions of the 
beads may have a different chemical composition 
from the rest of the surface due to melting and reso-
lidifi cation, and there are distinct compositional dif-
ferences among the carbides in the fusion zones 
[ 40 – 43 ]. These local inhomogeneities can lead to 
preferential attack of the grain boundaries and 
regions of carbide precipitation as well as favoring 
galvanic corrosion [ 43 ]. According to Georgette 
and Davidson, the corrosion behavior of Co–Cr 
alloys depends on the microstructure [ 44 ]. A more 
stable, uniform oxide layer would be expected with 
a more homogeneous matrix (annealed alloy) than 
with a highly dendritic (as cast) structure [ 44 ]. 
Jacobs et al. stated that changes in the microstruc-
ture resulting from incipient melting of carbides 
during the porous coating sintering process may 
cause an increase in corrosion potential for porous-
coated alloys as compared to conventional alloys 
[ 43 ]. In addition, this carbide melting may predis-
pose these alloys to accelerated intergranular corro-
sion. Preferential or localized corrosion of the 
porous coating can lead to cracking and increase the 
susceptibility to failure [ 43 ]. Sintering heat treat-
ments cause changes in the microstructure that 
result in changes in the corrosion behavior of the 
porous coatings. An in vitro study using SEM anal-
ysis examined the effects of microstructure on the 
corrosion of Co–Cr porous coatings [ 34 ]. The 
results showed a progressive generalized dissolu-
tion of the cobalt- rich matrix, with preferential 
attack of the grain boundaries and areas surround-
ing the carbides due to sensitization. This behavior 
was independent of microstructure; however, the 
severity of the attack was microstructure dependent. 
The degree and extent of sensitization is related to 
the alloy composition, porous coating procedures, 
and subsequent thermal treatments [ 34 ].  

    Metallic Failures of Co–Cr 
Porous- Coated Implants 

 Although metallic failure is relatively uncommon 
with many of the high-strength alloys currently 
used in implant applications, there continues to 
be concern about the reduced fatigue strength 
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associated with porous-coated Co–Cr–Mo alloys 
in weight-bearing applications [ 37 ,  45 – 52 ]. 
Failures were fatigue related; low ductility and 
low fatigue strength have been implicated [ 53 , 
 54 ]. The mechanical properties of porous-coated 
Co–Cr implants may be compromised because of 
the sintering heat treatment [ 44 ,  55 ]. Metallurgical 
defects and poor microstructure, owing to subop-
timal processing, have been associated with 
mechanical failures [ 45 ,  54 ,  56 ]. In total knee 
arthroplasty, many tibial tray fractures and femo-
ral component fractures have been reported for 
Co–Cr–Mo alloy [ 37 ,  46 – 52 ].  

    Infl uence of Co–Cr Porous 
Coating on Infection 

 Porous-coated implants, particularly those made 
of Co–Cr alloys, may carry a higher risk of infec-
tion than do smooth-surfaced alternatives. An 
experimental study in a rabbit model showed that 
the Co–Cr implants were easier to infect compared 
to titanium [ 57 ]. The researchers implanted cylin-
ders of Co–Cr or titanium, with smooth or porous 
surfaces, into rabbit bones which had been inocu-
lated with suspensions of  Staphylococcus aureus  
in various doses. Results showed that the bacterial 
concentration required to produce infection of 
porous-coated titanium implants was 2.5 times 
smaller than that necessary to infect implants with 
polished surfaces; probably, the bacteria colonize 
the porous surface faster than did the tissue cells. 
Moreover, porous- coated Co–Cr implants required 
bacterial concentrations that were 40 times smaller 
than those needed to infect implants with polished 
surfaces and 15 times smaller than those required 
to infect porous-coated titanium implants; this 
may refl ect the better osseointegration of titanium 
compared to Co–Cr [ 57 ]. 

 Titanium is one of the best materials for 
implantation in bone, because of its biocompati-
bility; once a glycoprotein fi lm has formed on a 
titanium-oxide surface, osteoblasts rapidly colo-
nize it and this may protect the surface against 
colonization by bacterial pathogens. Co–Cr alloy 
is less readily colonized by the cells of the host 
and is consequently colonized more easily by 

bacteria [ 58 ]. Therefore, the advantages and dis-
advantages of an implant, such as improved 
osseointegration, larger ion-release surfaces, sur-
face wear, and relative stiffness, must be weighed 
against the higher infection rates in the porous- 
coated implants, and particularly in the Co–Cr 
porous-coated implants [ 57 ].  

    Infl uence of Sex and Estrogens 
on Co–Cr Porous Coating Ingrowth 

 Sex hormones are an established variable in the 
studies of bone density and mineral metabolism 
[ 59 ,  60 ]. The sex-related differences in bone 
physiology may correspond to differences in 
bone ingrowth into the porous surface. Many total 
hip or knee arthroplasties have been performed 
in aged patients. At least some of these patients 
are in osteoporotic status due to menopause and/
or aging. Most orthopedists would use cemented 
prostheses for severely osteoporotic patients 
based on the belief that bone ingrowth into the 
porous surface of a cementless prosthesis may not 
be achievable in these patients [ 61 ]. High-dose 
estrogen has been shown to stimulate the differ-
entiation and activity of osteoblasts in vitro and 
increase bone formation and bone mass in animal 
models as well as in postmenopausal women [ 62 –
 66 ]. Shih et al. evaluated the effects of sex and 
estrogen therapy on bone ingrowth into porous-
coated implant in an animal model [ 67 ]. Three 
months after implantation, histological examina-
tion showed signifi cantly more bone ingrowth 
in areas with cortical bone contact than in areas 
with cancellous bone contact. Bone ingrowth was 
essentially the same in male and female control 
dogs. Ovariectomized dogs showed less overall 
bone ingrowth than male and female controls. 
Bone ingrowth in areas with cortical bone con-
tact did not decrease signifi cantly, whereas bone 
ingrowth in areas with cancellous bone contact 
was signifi cantly impaired in ovariectomized 
dogs compared with female controls. Short-term 
high-dose estradiol treatment did not increase 
bone ingrowth volume fraction. Mechanical tests 
did not show any statistical differences among 
groups [ 67 ]. The authors concluded that the type 
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of bone contact is the key factor affecting the 
amount and pattern of bone ingrowth into the 
porous surface and recommended extensively or 
full-coated porous prostheses to achieve enough 
cortical bone contact and ingrowth for postmeno-
pausal patients.  

    Novel Techniques for Micro- 
structural Metal Surface Texture 

 Long-term success of porous-coated prostheses 
is often impaired by the loss of fi xation between 
the prosthesis and bone. To overcome the poten-
tial disadvantages of porous-coated prostheses, 
including metal debris from porous coatings 
(third-body wear particles) and irregular micro- 
texture of metal surfaces, a recent study presented 
a precisely controllable porous texture technique 
based on material removal by the yttrium–alu-
minum–garnet (YAG) laser for controlling appli-
cation of micro-structural metal surface texture 
(tartan check shape) [ 68 ]. Using this technique, 
free shapes can be applied to complex, three- 
dimensional hard metal surfaces such as Co–Cr. 
In this study, tartan check shapes made by cross-
ing grooves and dot shapes made by forming holes 
were produced on titanium (Ti6A14V) or cobalt–
chrome (Co–Cr) and evaluated with computer- 
assisted histological analysis and the measurement 
of bone-metal interface shear strength. The width 
of grooves or holes ranged from 100 to 800 μm 
(100, 200, 500, and 800 μm), with a depth of 
500 μm. Results showed superior osteoconduction 
(especially in the 500-μm grooves) with the tartan 
check shape compared to commercial porous coat-
ing and superior shear strength between the bone 
and implant interface. Additionally, titanium pro-
vided faster osteoconduction than cobalt–chrome 
in tartan check shape samples [ 68 ].     
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           Introduction 

 Cementless fi xation has been a principal method 
for fi xation of orthopedic implants for decades. 
Accordingly, different rough and porous surfaces 
have been developed and applied in clinical use. 
A variety of these coatings are continuously 
investigated in order to improve bone–implant 
integration and enhance osteogenesis at the 
implant surface. One of the most important ele-
ments used in joint arthroplasty is titanium.  

    History 

 Titanium is the fourth most common abun-
dant structural metal on earth after iron, alu-
minum, and magnesium. It does not occur as a 
pure metal in nature, and it forms compounds 
with other chemical elements. The most com-
mon mineral sources are ilmenite (FeTiO3) and 
rutile (TiO2), which are widely distributed in 
the Earth’s crust and lithosphere. Titanium was 
discovered in 1791 by the English clergyman 
and mineralogist Reverend William Gregor in 
the village of Manaccan, England. Gregor acci-
dentally discovered a black sand that contained 
a previous unknown metal and named the metal 

as manaccanite after the place of the discovery. 
He reported his fi ndings to the Royal Geological 
Society of Cornwall and in the German science 
journal Crell’s Annalen [ 1 ]. A few years later in 
1795 the German Martin Heinrich Klaproth also 
discovered the same metal in rutile from Hungary 
and named it as titanium after the Titans of Greek 
mythology. Initially unaware of Gregor’s discov-
ery, when he heard about it he compared manac-
canite with his discovery and found that they had 
discovered the same metal. Gregor was eventu-
ally credited the discovery of the metal, though 
the name of titanium was the one that was used 
all over the years. 

 Throughout the years several attempts were 
made to isolate titanium from its ores. However, 
this was fi rstly achieved in the twentieth century 
with a process developed by Kroll in Luxemburg 
[ 2 ,  3 ]. This process named as Kroll process 
involved the reduction of titanium tetrachloride 
with magnesium and remains the dominant pro-
cess for titanium production till today.  

    Titanium Properties 

 The material properties are of crucial importance 
not only for the formation of bone around the 
inserted implant but for the maintenance of this 
bone as well. The main physical properties of 
titanium are the high corrosion resistance and the 
highest strength-to-weight ratio. It is a strong 
metal with low density that is quite ductile (espe-
cially in an oxygen-free environment), lustrous, 
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and metallic white in color [ 4 ]. The relatively 
high melting point (more than 1,650 °C or 
3,000 °F) makes it useful as a refractory metal. It 
is paramagnetic and has fairly low electrical and 
thermal conductivity [ 4 ,  5 ]. 

 One of the most substantial properties of tita-
nium is osseointegration. This phenomenon refers 
to the formation of a direct interface between an 
implant and bone, without intervening soft tissue 
due to the migration of osteoblasts and connec-
tive tissue into the pores. The Swedish bioengi-
neer Per-Ingvar Brånemark in 1952 [ 6 ] was the 
fi rst one who used the term “osseointegration” 
to describe the direct structural and functional 
connection between living bone and the surface 
of an implant. Brånemark realized that after 
implanting titanium cylinders into the femurs of 
rabbits, he could not extract the titanium without 
destroying the surrounding bone. The discovery 
that bone will integrate with titanium compo-
nents, not rejecting the element as it does with 
other materials, was the beginning of the study 
of osseointegration. Due to these properties, tita-
nium materials (both unalloyed and alloyed) have 
become important materials initially in the aero-
space industry in the 1950s and currently not only 
in industrial applications, but in dental and medi-
cal fi elds as well. Commercially there are four 
different grades of pure titanium used in clinical 
practice, but also various alloys. In pure titanium, 
the concentration of oxygen and iron is gradu-
ally increasing in the four different grades, with 
a consequent change in alloy strength (ultimate 
tensile strength to failure) ranging from 250 MPa 
in grade 1 to 680 in grade 4B. Titanium alloys 
may be classifi ed as either a, near-a, a + β, meta-
stable β, or stable β depending upon their room 
temperature  microstructure [ 7 ,  8 ]. Based    on this 
classifi cation, alloying elements for titanium fall 
into three categories: a- stabilizers, such as Al, O, 
N, and C; β-stabilizers, such as Mo, V, Nb, Ta 
(isomorphous), Fe, W, Cr, Si, Ni, Co, Mn, and H 
(eutectoid); and neutral, such as Zr [ 9 ]. The most 
common titanium alloy used from the beginning 
in orthopedic implants is Ti-6Al-4V. This was 
further developed over the next years and new 
alloys such as Ti-6Al-7Nb. The permanent appli-
cation of these alloys has been suggested that 
may be toxic for the tissues, due to the release 

of vanadium and aluminum. Therefore, newer 
implants known as beta titanium alloys that are 
free of these elements were developed [ 10 ,  11 ]. 
This new generation of alloys exhibits superior 
mechanical properties such as lower elasticity, 
but with adequate strength.  

    Coating Methods and Types 
of Titanium Coatings 

 The biological behavior of a material is infl u-
enced to a great extent by its surface properties. 
The coating of an implant aims to improve implant 
performance regarding implant fi xation, wear, and 
corrosion, given that it is affecting bone tissue 
remodeling. Biocompatibility and mechanical sta-
bility of the implant are the main factors associated 
with a successful implantation of an implant in 
joint arthroplasty. The preparation of titanium sur-
face involves various mechanical, thermal, chemi-
cal, electrochemical, and vacuum- based treatments 
either alone or in combinations [ 12 – 17 ]. At a sec-
ond stage, the process utilizes the deposition or 
the addition of foreign materials characterized by 
the presence of pores to promote the apposition of 
bone on the implant surface. The pore size seems 
to play a substantial role for bone ingrowth into the 
pores [ 18 ]. The minimum pore size that is required 
for weight- bearing implants such as hip and knee 
prostheses should be approximately 100–150 μm, 
while most orthopedic implants have coatings with 
pores measuring from 100 to 400 μm [ 19 ]. Several 
methods have been reported to add bioactivity to 
titanium implants [ 20 ]. Different processes vary in 
complexity of preparation and also in the type of 
porous material that they produce. Plasma spray-
ing is the most popular technique widely applied 
since nowadays, that produces highly porous sur-
faces with open and interconnected pores, which 
can vastly improve bone ingrowth characteris-
tics [ 17 ,  18 ,  21 ,  22 ]. Moreover, with the plasma 
spraying method, the compressive modulus of 
the porous substrate can be produced to match 
that of cancellous bone, in order to eliminate the 
problems resulting from stress shielding [ 18 ,  23 ]. 
Alternative methods include the immersion of 
titanium into simulated body fl uids (SBF) [ 24 ], 
chemical methods [ 25 ], laser methods [ 26 ], and 
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sputtering methods [ 27 ]. Several types of coatings 
have been applied to titanium surfaces. Among the 
large variety of titanium coatings, calcium phos-
phates mainly hydroxyapatite    [ 28 ], titanium oxide 
[ 29 ] and nitride [ 30 ], zirconium oxide [ 31 ], and 
diamond- like carbon coatings [ 32 ] have been used 
in orthopedic implants. Hydroxyapatite displayed 
the most promising results and has been exten-
sively studied for over than 20 years. The bio-
logical advantages of HA are the enhancement of 
bone formation, the accelerated bonding between 
the implant surface and surrounding tissues, and 
the reduction of potentially harmful metallic ion 
release [ 33 ,  34 ]. 

    Animal Studies 

 The period around 1970 was an exceptionally pro-
ductive period regarding the fabrication and use of 
porous-coated titanium for orthopedic implants. 
Hirschhorn et al. in 1971 were the fi rst who 
described the fabrication and testing of commer-
cially pure (CP) porous titanium as an implant 
material [ 35 ]. They turned from    cobalt–chromium 
alloy to titanium, because of the lower density and 
modulus of elasticity of the latter. Two years ear-
lier, Lueck et al reported the fabrication and 
implantation of a porous CP titanium fi ber com-
posite material [ 36 ]. They proposed the use of 
fi ber–metal composites, which combine strength 
with porosity, are not brittle, and have a large 
range of elastic strain, and tear, in contrary to the 
porous metallic materials fabricated by powder 
metallurgy techniques that exhibit poor strength 
characteristics when the degree of porosity is suf-
fi cient to permit bone ingrowth [ 36 ,  37 ]. At the 
same period, Galante et al. [ 38 ] and Lembert et al. 
[ 39 ] proposed the use of fi ber–titanium compos-
ites as a method of fi xation of prosthetic implants. 
Through studies that were conducted in rabbits 
and dogs, they suggest the use of fi ber–metal 
composites in the form of a thin sleeve surround-
ing and bonded to a central solid metal core that 
could provide fi xation to bone and uniform stress 
distribution at the implant-bone interface [ 38 ]. 
Finally, the same period Hahn et al reported favor-
able outcomes of plasma-sprayed porous titanium 
hydride coating [ 40 ]. 

 In the following years, the main investigations 
were directed towards the understanding of struc-
tural, morphological, and mechanical properties 
of different types of coatings in titanium porous- 
coated implants and the comparison of different 
coating types and the clarifi cation of parameters 
that play important role in order to establish a 
successful implantation and an adequate bone 
ingrowth for implant survival. Turner et al aimed 
to compare ingrowth of bone into three types of 
porous-coated titanium prostheses, and to deter-
mine the effect of the type of porous coating and 
the degree of coverage of the stem on the remod-
eling of bone on the femoral side in cementless 
canine total hip arthroplasty [ 41 ]. Four types of 
Ti porous-coated femoral prostheses were used: 
sintered fi ber–metal prostheses, prostheses with 
sintered beads, prostheses with plasma fl ame 
spray coating, and femoral components circum-
ferentially coated with plasma-sprayed commer-
cially pure titanium. No signifi cant difference 
in ingrowth of bone was observed at 1 month, 
whereas at 6 months there was signifi cantly less 
ingrowth into the beaded surface than into the 
fi ber–metal surface. In all groups, a proximal-
to- distal gradient of loss of cortical bone was 
observed by 6 months, and the magnitude of bone 
loss was dependent on the extent (severe loss in 
circumferential coating) rather than on type of 
coating. Drastic thinning of the anterior part of 
the cortex surrounding the titanium fi ber–metal-
coated intramedullary part of a canine prosthetic 
replacement of the proximal end of the femur 
also has been reported [ 42 ]. An increase in intra-
cortical porosity throughout the proximal end of 
the femur and a decrease in the average width 
of the cortical bone compared with the contra-
lateral femur, which was not operated on, were 
observed in a canine total hip replacement model 
of fi xation with a femoral component that was 
coated with titanium fi ber metal [ 43 ]. 

 During the last 20 years, the vast majority 
of experimental studies were directed towards 
hydroxyapatite coatings in titanium implants. The 
results of these studies have suggested that the coat-
ing of hydroxyapatite applied to titanium porous-
coated prostheses might have desirable properties 
for weight-bearing orthopedic implants. Thomas 
KA et al. in 1987 showed that hydroxyapatite-
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coated implants exhibited signifi cantly greater 
values of maximum interface shear strength and 
stiffness than the uncoated implants after all time 
periods [ 44 ]. Histologically, all areas coated with 
the hydroxyapatite material were covered with 
an osteoid layer after 3 weeks, which was min-
eralized after 10 weeks. In all cases, longer-term 
implants demonstrated mineralization of interface 
bone directly onto the hydroxyapatite coating, and 
in no case was a fi brous layer observed between 
the coating and the interface bone. Similar results 
in animal studies were reported by Cook et al. 
[ 45 – 47 ], Søballe K et al. [ 48 ], Maistrelli GL et al. 
[ 49 ], and Karabatsos et al. [ 50 ] in later periods. 
The benefi ts of hydroxyapatite coating based on 
the animal studies include accelerated response of 
bone to the implant, increased interfacial strength, 
enhanced fi lling of the gap, and the lack of a 
fi brous tissue membrane development. Limited 
animal studies reported on the effectiveness of 
hydroxyapatite titanium porous-coated acetabu-
lar implants. These results demonstrated that 
hydroxyapatite porous-coated acetabular com-
ponents signifi cantly enhanced bone ingrowth 
in the presence of wear particles, preventing 
their migration and reducing osteolysis [ 51 ]. 
Different hydroxyapatite coating methods have 
also been examined in order to improve ingrowth 
of bone onto the implant surface and increase of 
mechanical anchoring strength to bone such as 
surface- induced mineralization techniques [ 52 ] 
or arc-sprayed techniques [ 53 ]. Finally, recent 
experimental studies in animals have been focal-
ized on the enhancement of fi xation of titanium 
porous-coated implants with the use of local 
bisphosphonate treatment [ 54 ,  55 ], growth factors 
[ 56 ], and bone morphogenetic proteins [ 57 ], with 
encouraging results. 

 Despite the large amount of experimen-
tal studies regarding titanium porous-coated 
implants in orthopedic surgery, several processes 
involving the material-bone interface stages are 
not well understood. The response to titanium 
implantation seems to be similar to other materi-
als and involves the formation of hematoma, the 
adhesion of infl ammatory cells, the persistence 
of multinuclear cells, the bone formation, and 
fi nally the bone remodeling.  

    Human Studies 

 Since the idea of bone ingrowth around synthetic 
materials was generated in 1909 [ 58 ] and since 
the fi rst experimental application of porous mate-
rials 40 years later, it was only in 1970 where the 
application of porous surface in titanium was 
described [ 40 ,  59 ]. The introduction and accep-
tance of titanium as implant was facilitated by 
reports of poor adaptation and increased erosion 
over time with the implants used to that point, 
line stainless steel. The exceptional material 
compatibility with the human organism as well as 
the decreased elasticity and density of titanium 
made it an excellent choice as implant material. 
Implants inserted in the human body are causing 
various tissue responses mainly involving the 
bone tissue around the implant [ 60 ]. This reaction 
to the bone-implant interface is related basically 
to the material properties and the architecture 
design of the implant [ 61 ]. Implants that are cor-
roded are reported having a severe tissue response 
compared to those being stable. The most com-
mon material used alloys are cobalt–chromium 
and titanium alloy metals. Titanium seems to 
minimize the stress shielding in comparison with 
the stiffer cobalt–chromium alloy implants by 
having a lower modulus of elasticity and better 
biocompatibility [ 62 ]. Even from the early expe-
rience of titanium implants, it was suggested that 
the tissue response to the implant was not con-
fi ned to the osseous tissue, but it was expanded to 
the non- osseous surrounding tissue [ 61 ]. 
Comparing titanium with other metals used in the 
past as implants, like steel and cobalt, titanium 
demonstrated lower modulus of elasticity and 
reduced incidence of stem fracture with no inci-
dence of abnormal wear in the joints [ 60 ]. 

 There are several factors that are affecting 
bone fi xation: micromotion of the bone-implant 
interface, poor biocompatibility, and inad-
equate contact. Taking into consideration the 
fact that bone ingrowth does not occur when 
the distance of the bone is more than 50 μm 
and that the rate of bone advanced apposition 
is approximately 1 μm/day, it is easy to realize 
the precision needed during the operation [ 63 ]. 
In several cases the most common response 
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 fi nding at the site of the implantation was ini-
tially the formation of slender trabeculae of 
intramembranous bone at the bone-implant 
interface [ 64 ]. The bone ingrowth within the 
porous coating and the adjacent bone formed a 
continuum usually at 1 month after the opera-
tion, meaning that the femoral component 
exhibited certain degree of stability relatively 
early after the implantation that promoted early 
rehabilitation of these patients [ 64 ]. In order for 
the implant to achieve its initial bone ingrowth, 
it usually takes up to 3–6 months, while during 
the next period of the next 1 or 2 years bone 
ingrowth is progressing appositionally towards 
the porous coating depth (Fig.  6.1 ).

        Total Hip Arthroplasty 

    Femoral Component 

 The use of orthopedic implants from titanium and 
its alloys started in the United Kingdom in 1970s. 
At that time, the problems encountered with the 
use of cobalt–chromium prostheses, mainly their 
early fatigue and failure as well as atrophy and 
reaction of the surrounding bone, facilitated the 
search for a new material with improved structural 
properties. The fi rst used alloy was the Ti-6Al4V, 
which apart of the excellent biocompatibility dem-
onstrated signifi cant strength and fatigue resis-
tance [ 65 ]. The replacement of vanadium by iron 
formed the Ti-5Al- 2.5Fe that was used for implants 
that they were able to bend. The biocompatibility 
of the titanium is related etiologically to its ability 
to cause chemisorption of superoxide due to its 
effective passivation. Passivation is the process of 
forming a titanium oxide at the surface of the 
implant when titanium or its alloys are exposed to 
the body  tissue [ 65 ,  66 ]. 

 Nowadays, there are two widely accepted 
methods of implant fi xation, cemented and unce-
mented. The cemented fi xation provides a static 
result, meaning that it does not allow remodel-
ing of microfractures that can occur at the inter-
face of bone implant [ 67 ,  68 ]. On the other hand, 
cementless fi xation has the advantage to be bio-
logical that allows bone ingrowth to the implant 
surface [ 67 ,  68 ]. However, the use of cemented 
implants was proven problematic especially in 
young patients where there was observed a high 
number of loosening cases [ 69 ]. Cementless 
arthroplasty proved to be a feasible alternative to 
cemented implantation for total hip replacement. 
The aseptic loosening as well as the diffi culties 
in stem revision when cement was used was 
bypassed by the use of cementless arthroplasty 
[ 70 ,  71 ]. The fi rst results of the use of unce-
mented fi xation were discouraging with patients 
suffering from thigh pain, aseptic loosening, and 
proximal osteolysis [ 72 ,  73 ]. 

 Over time, the design of the femoral compo-
nent was continually changing in order to address 
problems reported and to improve the features of 
the fi xation. It was suggested that the osteolysis 

  Fig. 6.1    Bone ingrowth within the porous-coated surface 
of a titanium femoral component       
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found in several cases was related to the stem 
design that involved stress-shielding effect at 
the component [ 74 ]. The results of THA using 
titanium alloys continued to be very good at an 
intermediate follow-up period. This is probably 
the result of the excellent adaptation performed 
at the bone-implant interface [ 75 ]. One problem 
noted with the use of titanium, is the extensive 
osteolysis and polyethylene wear, when metal 
on polyethylene articulation was the confi gu-
ration used. These considerations led to the 
development and study of designs as ceramic-
on-ceramic, metal-on-metal, and crossed-linked 
polyethylene. The behavior of Ti-6AI-4V when 
used against polyethylene in a cemented pros-
thesis was catastrophic. Early reports suggested 
the presence of black deposits and signifi cant 
wear of the polyethylene and titanium damage 
when titanium alloys were used as a bearing 
surface (Fig.  6.2 ). Thus, the use of a ball head 
from CoCrMo or Al2O3 that could be the bear-
ing surface replacing titanium in this area was 
proposed [ 76 ].

   The introduction of porous-coated implants 
that was localized only to the proximal part of 
the femoral stem improved signifi cantly the out-
come (Fig.  6.3 ). Midterm results of porous-coated 
femoral stems showed minor loosening, and sub-
sequently very few revisions were performed [ 75 ]. 
Although the coating should be limited to the prox-
imal portion of the stem, at the same time it must 
be extended enough in order to provide adequate 
support and resistance to the load sustained. This is 
crucial especially in young and active patients [ 77 ]. 
The use of a plasma-sprayed porous-coated tita-
nium alloy femoral stem showed very good results 
even at 10 years after primary arthroplasty, with 
minor loosening and revision rates reported [ 78 ].

   The development of hydroxyapatite-
coated implant improved the survival of the 
implants in clinical setting due to the pro-
posed extremely strong bond to the host bone 
(Fig.  6.4 ). Remarkable bone apposition around 
the  component with more rigid fi xation and at the 
same time its ability to allow gradual replacement 
of the coating with living bone at an acceptable 
rate are the proposed advantages of the hydroxy-
apatite. Questions have risen from the poten-
tial strength of the  bonding at the bone-implant 
interface and the brittleness of the material [ 79 ]. 
Gradually, new bone grows into the prosthesis at 
a rate comparable to the healing rate of a fracture 
[ 79 ]. Randomized trials proved the superiority of 
the hydroxyapatite–tricalcium phosphate-coated 
stems confi rming that they had signifi cantly less 
femoral bone loss [ 80 ,  81 ]. Primary reports sug-
gested that the addition of hydroxyapatite coating 
dramatically improved the relatively poor results 
of earlier cementless press-fi t stems facilitating 
initial and long-lasting mechanical stability [ 82 ] 
and led to a more rapid clinical improvement 
after THA [ 83 ]. However, these fi ndings were not 
confi rmed in several randomized controlled stud-
ies that showed comparable outcome with and 
without the use of hydroxyapatite coating [ 84 , 
 85 ] with a survival rate being 100 % for the stem 
and 89 % for the cup after 16 years regardless the 
use of hydroxyapatite coating or not [ 85 ].

   There are two different ways of hydroxyapatite 
coatings, plasma sprayed and  electrochemically 
deposited (EDHA). Although plasma sprayed 

  Fig. 6.2    Black deposits in the periprosthetic tissue from 
the wear of a titanium porous-coated THA implant       
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exhibits good results regarding prosthesis 
 survival, the EDHA allows various biological 
substances like antibiotics or adhesives without 
considerable increase in implant thickness. Both 
groups showed similar clinical results and no 
difference in stem migration. However, there is 
evidence of less bone resorption in zone Gruen 
1 with EDHA [ 86 ]. Despite the fact that tita-
nium implants coated with hydroxyapatite have 
shown a survival rate of nearly 98 % in 10 years, 
other metals may exhibit an enhanced antimi-
crobial activity and a favored response to osteo-
protegerin/receptor activator of nuclear factor 
K ligand (RANKL) ratio in cellular level stud-
ies [ 87 ]. However, the addition of other metals 
to hydroxyapatite coating needs to demonstrate 
its potential effect in clinical trials. Alterations in 
taper design have showed comparable results to 
cemented implants, in patients younger than 75 
years old with funnel-shaped proximal femoral 

medullary canals [ 88 ]. Other advances in femo-
ral stem design aimed to reduce stress shielding 
and proximal bone loss [ 89 ], with the use of cir-
cumferential porous-coated design and the use 
of titanium, which is more biocompatible being 
the most important [ 77 ,  90 ]. Further studies pro-
vided adequate data in order to improve anatomic 
orientation of the hip joint and more completely 
seal the proximal femoral canal to reduce parti-
cle-related osteolysis [ 91 – 94 ]. Advances in our 
knowledge about biological reaction and the 
confi rmation of the pathogenetic mechanism of 
wear in total hip replacement by the acceptance 
of stem migration within the effective joint space 
have also led to improvements in implant design 
[ 92 ]. New implant designs with extensive porous 
titanium fi ber–metal fi xation surface, a mixture 
of CoCrMo in the core, and a layer from poly-
mer have found to achieve stable fi xation and 
reduced stress shielding at 10 year follow-up 

  Fig. 6.3    Pre- and postoperative x-ray of a cementless THA with the use of a proximally porous-coated titanium femo-
ral stem (Synergy stem, Smith & Nephew)       
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[ 95 ]. In this level I therapeutic study, the 10-year 
survival of the implant was 100 %, with corti-
cal bone apposition along the distal stem that 
was judged complete in 92 % of the cases. No 
revision was performed, and there was no radio-
graphic evidence of loosening or failure [ 95 ]. The 
adaption of a circumferential coating was found 
to have favored outcome and decreased the pos-
sibility of osteolysis and loosening possibly due 
to its ability to prevent the access and migration 
of particles wear [ 75 ]. Recently, long-term sur-
vival of titanium porous plasma-sprayed femoral 
implants was found to be extremely high [ 96 ]. 
Specifi cally, the cumulative survival was 98.6 % 
at 5 years, 98.4 % at 10 years, 97.1 % at 15 years, 
and 95.5 % at 20 years when any stem revision 
was used as the end point [ 96 ]. Interestingly, this 
outcome was not infl uenced by factors such as 

age or femoral anatomy or pathology, and it could 
be used with similar results in older patients or 
patients suffering from osteoporosis [ 96 ]. When 
aseptic revision for failure of ingrowth was 
determined as the end point, then stem survival 
was reported to be as high as 99 % [ 96 ]. In an 
attempt to produce a hip replacement system that 
could reduce stress shielding and minimize other 
complications such as thigh pain, systems like 
Buechel–Pappas THA have developed [ 97 ]. Its 
improvements include a 30°-angled loading col-
lar without porous coating at the medial part of 
the proximal component and a thin-fi lm ceramic 
surface coating. The clinical and radiographic 
evaluation demonstrated very good survival of 
these prostheses [ 97 ]. A recent study evaluat-
ing osseointegration in stem revision with actual 
radiographic signs has shown that although 

  Fig. 6.4    Custom-made cementless THA with a titanium porous-coated femoral implant covered with hydroxyapatite 
at the proximal part (pre- and postoperative x-ray)       
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reduced, there is still an increased incidence of 
stress shielding due to the higher stiffness that the 
stem demonstrates beyond 18 mm of diameter 
[ 98 ]. A new design that combines cementless, 
metal-backed alumina bearings showed promis-
ing early clinical and radiographic results with 
regard to wear-related problems [ 99 ].  

    Acetabulum 

 Titanium implants of acetabular component of 
the hip joint replacement were compared with the 
recently developed tantalum cups for revision sur-
gery. Early fi ndings suggest that bone defi ciency 
can determine the implant of choice. Tantalum 
exhibited better results with fewer failures in 
major defi ciency grades. In cases where there was 
no bone defi ciency both titanium and tantalum 
implants demonstrated comparable outcome [ 100 ]. 
In the condition of acetabular bone defects in total 
hip replacement, the use of cemented polyethylene 
cup together with impaction of allograft bone has 
considered for years a successful technique. On the 
contrary, the usage of uncemented cup stabilized 
with screws has proven unsafe and problematic. 
There are promising results with the use of press-
fi t tri-spike cup, which is composed of a porous 
surface from titanium alloy that allows secure fi xa-
tion without the use of screws. Recently, there are 
reports that favored the use of a porous acetabu-
lar component which may allow a greater number 
of surgical options for reconstruction [ 101 ,  102 ]. 
The survivorship for the tri-spike acetabular com-
ponent was 100 % for cup loosening/revision and 
97.8 % for radiolucency at 9 years follow-up [ 102 ]. 
The presence of osteoporotic bone may impair the 
bone ingrowth in prostheses that are inserted using 
uncemented technique. Therefore it is common to 
use cement for these patients. However, titanium 
alloy stems implanted cementless in patients with 
osteoporotic bone demonstrated similar results 
compared to non-osteoporotic bone [ 103 ]. Stem 
survival was found 100 % at 5, 10, and 15 years 
for aseptic loosening in all types of bone classes 
(A, B, C) [ 103 ]. The reliability demonstrated by 
cementless fi xation of a tapered femoral compo-
nent in total hip arthroplasty has been questioned 

by the fact that the patients  introduced fi rst were 
young with good bone quality. However, studies 
conducted in patients with low bone quality con-
fi rmed the satisfactory results of this fi xation even 
in these patients [ 104 ]. 

 The failure mode of the acetabular component 
varies among the different cup designs. In a study 
comparing the different cup fi xation methods 
in relation to revision, it was suggested that all 
methods provide comparable fi xation. However, 
when the results were analyzed separately 
depending on the cause of the revision, it was 
found that aseptic loosening among the spiked 
cups was increased, while recurrent dislocation 
revision cases were equal among the different 
groups [ 105 ]. Hemispheric titanium acetabular 
components that have the advantage of not using 
screws for fi xation, have demonstrated compa-
rable results to other implants [ 106 ].  

    Cemented Fixation 

 The usage of cemented titanium implants is infre-
quent. Several studies suggested that the 
cemented fi xation of titanium alloys resulted in 
poor outcome [ 107 ,  108 ]. Recently, the clinical 
and radiographic outcome of the use of cemented 
double-tapered femoral stem made from titanium 
was reported to be excellent [ 109 ]. A minor verti-
cal subsiding, radiolucency without osteolysis at 
the bone-cement interface and a cortical hyper-
trophy were found in a small number of hips at 5 
years, with no clinical effect [ 110 ]. The role of 
cemented fi xation when titanium alloys implants 
are used remains controversial [ 110 ,  111 ]. 

 In summary, the evolution of cementless total 
joint replacement was based on the late failure of 
the prostheses that use cement, involving particu-
larly the acetabular component of hip replace-
ments. The porous-coated prostheses were 
introduced as a need to alter the features of the 
bone-metal interface and increase strength 
against shearing forces that produced implant 
failure. The porous-coated surface allows ade-
quate bone ingrowth, meaning that pores are cre-
ated in order to allow the growth of bone into the 
metal surface. Certain characteristics of the pores 
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are affecting the properties of the bone-metal 
interface and therefore are related to loosening or 
failure of the implant device. Several properties 
of the pores have been proposed to alter bone- 
implant interface mechanics like porosity, pore 
depth, and pore gaps. Porous coating is nowadays 
usually constricted to the proximal part of the 
prostheses. This allows more homogeneous bone 
loading and minor stress shielding.   

    Total Knee Arthroplasty 

 Overall, a small number of components for total 
knee arthroplasty (TKA) are made from titanium 
alloys (Fig.  6.5 ). Their introduction started 
because of the mechanical advantages of titanium 
that potentially could improve outcome in 
cementless implants. One of the major problems 
in knee replacement is migration of the implant 
and consequent aseptic loosening of the compo-
nents. The use of titanium alloys was introduced 
because of the advantages of titanium regarding 
its biocompatibility, its strength, and elasticity. 
However, the concern about excess wear of the 
polyethylene against titanium implants has risen 
early [ 112 ]. In vitro there was no any additional 
wear of the polyethylene because of the use of 
titanium [ 113 ]. Furthermore, early results from 
the use of titanium alloys in TKA have shown 
comparable results in short-term survival of these 
implants [ 114 ]. Titanium implants used for TKA 
have demonstrated an increased rate of wear 
debris production compared to cobalt–chromium 
metallic components. Also, TKA using titanium 
failed earlier and was associated with a prompt 
failure at the patellofemoral region [ 115 ]. The 
excessive wear debris with titanium implants 
have led to elevated serum titanium levels. These 
could serve as a marker of component failure in 
total knee replacements with titanium alloy bear-
ings, especially if this is localized to the patellar 
component [ 116 ].

   In uncemented total knee replacement, 
porous coating is used in order to achieve bio-
logical  fi xation of bone-implant interface. 
The  superiority of the uncemented fi xation is 
questionable. Regarding fi xation, it seems that 

 hydroxyapatite augmentation offers better out-
come compared to simple coated implants but 
with no obvious advantage compared to cemented 
fi xation. Radiostereometric analysis (RSA) 
provides a very good predictive value for TKA 
 migration [ 117 ]. Several studies have highlighted 
the poor bone ingrowth in to porous coating sur-
faces, especially in the tibia. For this reason, iliac 
grafting has been used to promote bone growth 
with promising results [ 118 ,  119 ].  

    Other Joint Arthroplasties 

 Apart from the use of cementless prostheses in 
the hip and knee joint, titanium alloy implants 
have been used in elbow total replacement 

  Fig. 6.5    Titanium porous-coated TKA       
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 surgeries with relative success [ 120 ]. Though, the 
problems of tissue metallosis and wear are pres-
ent also in the elbow, despite the fact it is consid-
ered a non-weight-bearing joint [ 120 ].     
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           Introduction 

 Different types of cementless fi xation provide 
excellent long-term results in total joint arthro-
plasty. Scandinavian Registers report that 
although cemented prostheses are the implants 
that offer the best survivorship at 10 and 15 years 
of follow-up, when the fi ve most common 
cementless total hip arthroplasties (THA) are 
analyzed, the risk of revision in terms of aseptic 
loosening is lower for the latter [ 1 ]. Although the 
follow-up for assessing these comparisons is dif-
ferent, mainly due to the probability of cup revi-
sion being due to the higher wear rate of 
cementless sockets, the cementless stems offer a 
better outcome than cemented do when bone fi x-
ation is evaluated. These clinical fi ndings show 
us that early cementless fi xation models were 
failing in the attempt to achieve implant osseoin-
tegration in the early and late time periods [ 2 – 4 ]. 
Fortunately, other types of cementless fi xation 
have achieved better results [ 5 – 8 ]. In the knee, 
although cemented fi xation is the preferred 
option, some designs are reported to have had 
good rates of osseointegration [ 9 ,  10 ]. One of the 
most successful types of cementless bone fi xa-
tion is the grit-blasted interface.  

    Data from Basic Sciences 
and Experimental Studies 

 The fundamental principles for a successful and 
durable bone fi xation after surgical implantation 
are primary stability, osseointegration, and bone 
remodeling. Once primary stability is achieved, 
the micromotion of the implant must be minimal 
in order to obtain bone apposition and to sustain 
this situation for remodeling according to Wolff’s 
law and to avoid fi brous fi xation. 

 Biological bone fi xation is achieved secondary 
to the so-called ingrowth or ongrowth of the 
implant. Ingrowth fi xation is provided by a 
porous-coated metallic surface which allows bone 
ingrowth to invade the pores, but the size, depth, 
and gaps between the parts of the prosthesis are 
critical to achieving this goal. The grit- blasting 
technique provides an ongrowth fi xation. The 
metallic surface is roughened with an abrasive 
spray of particles that pit the metallic surface, cre-
ating peaks and valleys that offer the areas for the 
bone to grow. Contrary to porous coated, osseoin-
tegration is related to surface roughness, that is, 
the average distance from peak to valley on the 
roughened area. The greater the roughness is 
increased, the higher the interface shear strength. 
While the porous-coating area can be limited to 
some sections of the design of the implant, such 
as the metaphyseal area in the femur, grit blasting 
must cover the whole implant. 

 When an implant is inserted, compressive 
forces perpendicular to the interface and parallel 
shear forces are transmitted, and this transmission 
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depends on the coeffi cient of friction, as well as 
the compression between the components. The 
surface roughness achieves suffi cient frictional 
resistance to decrease micromotion. Thus, during 
insertion, the bone is expanded, and this elastic 
deformation of the bone results in a force that 
fi xes the prosthesis. Since this deformation could 
also weaken the bone and affect the fi xation with 
the passing of time, the shape of the implants is 
designed to leave a space before total contact 
with the implant or with a tapered geometry to 
convert the axial loads to compressive forces that 
will augment fi xation [ 11 ]. 

 The grit-blasted technique uses titanium 
alloys. The fi rst studies were done with Ti6Al4V 
alloys and found extensive direct bone growth 
onto the surface with a roughness of 1 μm (Ra 
1.23 ± 0.3 μm) being seen in autopsies [ 12 ]. The 
Ti6Al7Nb alloy and a change of surface rough-
ness to 4 micra (Ra 4.14 ± 0.36 micra) improved 
the surface characteristics, and more bone growth 
was observed even in elderly patients [ 13 ]. 
Further investigations reported that other titanium 
implants, with a Ra value of 6 micra, also induced 
some bone formation; that, however, was usually 
separated by a thin layer of fi broblasts, and, in 
some regions, the bone was remodeling and form-
ing adjacent to the surface of the implant [ 14 ]. 
Thus, other implants made of a Ti6Al7Nb, with 
a microporous surface treatment (Ra = 4.4 micra) 
and combined with a triple taper when used in the 
femur, allow integration of the alloy, although the 
radiological analysis does not show distal fi t and 
fi ll [ 15 ]. Feighan et al. observed that blasting the 

titanium alloy implants had a signifi cant effect on 
the bone apposition to the implant and on the bone-
implant interfacial pullout bone strength. They 
also suggested that this type of surface offered 
substrate on which bone matrix can directly form, 
and according to Wolff’s law, with bone growth 
on to the surface- blasted implants, loads are trans-
ferred from the implant to the bone and stability is 
provided [ 16 ]. Goldberg et al. found that, in young 
rabbits, grit- blasted titanium alloy implants have 
appreciably more bone intimately in contact with 
the implant surface than the titanium fi ber metal 
or solid polished implants [ 17 ]. However, surgical 
technique and the geometry of the implants also 
play an important role in the biological effects that 
the titanium grit-blasted implants offer.  

    Data from Clinical Human Studies 

 There are many authors who report the high sur-
vival of cementless total hip arthroplasty made of 
titanium alloys (Table  7.1 ). The surgical press-fi t 
technique for primary stability of the implant and 
the implant shape determine the outcome of the 
prosthesis, but the surface that contacts to the 
cancellous bone can be porous coated or grit 
blasted and promotes either osseous ingrowth or 
ongrowth, respectively. On the acetabular side, 
both threaded and hemispherical cups provide 
very low rates of aseptic loosening. Although 
most threaded cups provide poor results [ 18 ], the 
introduction of the titanium grit-blasted surface 

   Table 7.1    High survival of cementless total hip arthroplasty made of titanium alloys   

 Number 
of hips  Implant  Follow-up 

 Survival Aseptic 
loosening % 
cup/stem 

 Related failures/
radiological analysis 

 Delaunay and 
Kapandji [ 20 ] 

 200  Alloclassic  2–11  99.1 

 Pospischill and 
Knahr [ 19 ] 

 103  Alloclassic  10–17  98.3/100  Radiolucent lines (RL) 
proximal femur 

 Grubl et al. [ 21 ]  133  Alloclassic  10  93/99  Proximal RL, cortical 
thickening 

 Garcia Cimbrelo 
et al. [ 22 ] 

 104  Alloclassic  10–13  94.2/100  Wear, 32 femoral head 

 Zweymuller 
et al. [ 28 ] 

 118  Bicon/SL-Plus  10  100  Proximal RL 

 Aldinger et al. [ 23 ]  186  CLS Spotorno  15–20  94  Proximal osteolysis 
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could improve these results. The conical self- 
cutting threaded cup made of pure titanium cuts 
the acetabular bone providing primary stability 
and allows the osseointegration onto the rough 
titanium surface [ 19 ]. Delanauy and Kapandji 
observed that the 10-year survival of the 
Alloclassic cementless total hip arthroplasty 
(Centerpulse-Zimmer, Warsaw, IN, USA) was 
similar to the best cemented implants analyzed in 
the Swedish Register; they reported only one cup 
needing revision due to aseptic loosening at 5 
years [ 20 ]. Other authors also report the excellent 
long-term outcome for this design with a very 
low rate of thigh pain and loosening for either 
acetabular and femoral components [ 21 ,  22 ]. 
Aldinger et al also observed excellent long-term 
results for the CLS Spotorno (Zimmer) stem with 
a survival for aseptic loosening at 17 years of 
94 %; however, they emphasized that late loosen-
ing can be observed in the undersized compo-
nents. They also observed that radiological 
osteolysis was not frequent and had only been 
observed in the proximal area of the femur [ 23 ].

   The radiological analysis of the acetabulum 
shows an immediate postoperative radiographic 
gap between the cup and the bone in one third of 
the hips. At the end of the follow-up, the gap was 
only visible in a few hips and was located in DeLee 
and Charnley zone 1 or zone 2 (two hips); none of 
these patients had had any clinical symptom [ 22 ]. 
Acetabular osteolysis is not frequent (less than 
20 % of the hips) and is focal, mild, and without 
clinical relevance in any case. When aseptic radio-
graphic loosening is observed, it is usually related 
to the presence of a vertical acetabular angle, ace-
tabular wear equal to or greater than 1 mm and a 
32-mm femoral head. Although all of the loosened 
cups had 32-mm femoral heads, the polyethylene 
liners, except in one hip, were at least 8-mm thick. 
Garcia Cimbrelo et al. showed that, according to 
the Cox multivariate regression analysis, the risk of 
cup loosening increased with the use of a 32-mm 
femoral head (hazard risk = 0.1391, 95 % confi -
dence interval, 0.0163–1.1911 ( p  = 0.0352)) [ 22 ]. 

 Thigh pain is infrequent using a straight tapered 
grit-blasted stem, and although the cause of this 
clinical problem is still not clear, it has been 
reported that it can appear in well-fi xed porous-
coated stems [ 24 ]. The radiological analysis of the 

femur shows that, although a varus position of the 
stem may be observed in many cases, the compo-
nent fi xation is the rule, and there are no signs of 
loosening. According to the different series, ten 
percent of the hips had more than 5 mm of nonpro-
gressive subsidence of femoral stem, with an aver-
age interval from operation to stem subsidence of 
2 years, but it was nonprogressive in all hips. All 
the hips with stem subsidence showed radio-
graphic evidence of stable fi xation, and none of the 
patients reported pain. Another radiological fi nd-
ing that may be seen is a complete bone pedestal at 
the tip of the stem. Femoral cortical thickening is 
usually more frequent, the mean time of appear-
ance is at 4 years, and it can be seen in around a 
third of hips. Cortical thickening is probably due 
to the concentration of focal stress in the transient 
zone between the stiff area around the stem and the 
elastic area below the implant: fortunately, cortical 
thickening is not related to stem loosening [ 25 ]. 
Proximal femoral osteopenia due to stress shield-
ing is common in the Engh et al. grade 1 hips. The 
average interval from operation to appearance of 
femoral osteopenia grade 2 was 4 years, and when 
osteopenia is more severe, although this is less fre-
quent, it appears later, at around 7 years. The risk 
of appearance of proximal femoral osteopenia 
(grades 2 and 3) increased with the degree of ace-
tabular wear and physical activity. Korovesis et al., 
using dual energy x-ray absorptiometry (DEXA), 
concluded that the Zweymüller stem did not 
induce substantial stress shielding and its subse-
quent bone remodeling [ 26 ]. In another DEXA 
study, Karachalios et al. assessed the evolution of 
four different cementless stems at 10 years, and 
they reported early bone loss in the calcar region at 
2 years after surgery, with, however, a progressive 
recovery of bone loss up to the tenth postoperative 
year. Thus, patients presented satisfactory clinical 
results [ 27 ]. Regarding femoral osteolysis, this is 
proximal, focal, and mild and is frequently 
observed 6 years after the surgery.  

    Surgery and Different Application 

 Since titanium grit-blasted implants provide 
excellent long term clinical and radiological 
results, as mentioned above, the proper surgical 
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technique and the design of the components are 
critical for the success of the surgery. In both the 
acetabular and the femoral sides, the surgical 
technique must try to avoid reaming excessive 
amounts of bone to enhace ongrowth in these 
implants. In the acetabulum, a press-fi t with the 
hemispherical components should not be either 
over or underreamed, the central osteophyte must 
be excised and the subchondral bone spared. 
Although most authors report excellent long-
term fi xation with threaded grit-blasted cups and 
most hemispherical cups are porous coated, there 
are some designs that also provide excellent bio-
logical bone fi xation [7]. If dense subchondral 
bone is preserved and the roughened surface 
engages with a press-fi t, adequate fi xation is usu-
ally achieved. Zenz et al assessed 82 hips for 10 
years and observed that there was no aseptic 

  Fig. 7.1    Anteroposterior view radiograph of a grit- 
blasted THA with a threaded cup and a straight tapered 
femoral stem at 21 years of follow-up       

  Fig. 7.2    Anteroposterior view radiograph of a biradial cup 
and a grit-blasted tapered stem at ten years of follow-up       

a

b

  Fig. 7.3    ( a ) Preoperative radiograph of a female patient 
of 76 years old. ( b ) Postoperative radiograph with a grit- 
blasted hemispherical cup and autograft from the femoral 
head and a second-generation Zweymüller stem at 2 years       
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a b

  Fig. 7.4    ( a ) Radiograph of a femoral neck fracture in an 88-year-old female patient with an osteoporotic femur. 
( b ) Postoperative radiograph at 2 years follow-up       

loosening using the Allofi t (Zimmer) cup. This 
implant is biradial with a hemispherical periph-
ery and a fl attened polar region; the surface is a 
titanium alloy grit-blasted with corundum and 
prepared with a mascroestructure of grooves and 
ridges with a dimension of 400 to 600 micra. 
They emphasized that both the biradial design, 
which that concentrates the forces on the periph-
ery, and the surface of the cup provided enough 
biological fi xation for long term implant survival 
(Figure 2).  In femurs the cylindrical reamers are 
currently less use as they can produce radiologi-
cal changes such as femoral osteopenia and corti-
cal hypertrophy more frequently [6]; these 
problems can be decreased with the so-called 
tapered implants and almost all current cement-
less stems in primary surgery use this design. 
This tapered shape maintains enough proximal 

cancellous bone to enhace stability, decreases the 
incidence of intraoperative fractures and  pro-
mote good long term results even in malposition 
of the component, thus, the conservative bone 
preparation of theses stems reduces damage to 
endosteal circulation [22].

Zweymuller made small changes in the design 
of the threaded cup and developed a biconical 
design, the Bicon cup (PlusOrthopaedics AG, 
Rotkreuz, Switzerland), in order to avoid exces-
sive acetabular resection with the same titanium 
grit-blasted principles and also provide excellent 
results in terms of biologic fi xation [26]. They 
also modifi ed the stem, the SL-Plus stem 
(PlusOrthopaedics), and although more radiolu-
cent lines have been reported by others, accept-
able long term results in terms of fi xation have 
also been achieved [28]. Zweymuller et al also 
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showed that radiolucents lines represent a steady 
state in most of cases without progression and 
without affecting the outcome of the prosthesis 
[29] (Figure 3). They also suggested that the pos-
sible explanation for the appearance of these 
proximal radiolucent lines in the femur could be 
explained by more cancellous bone being 
removed by rasping the bone at the level of the 
neck resection so a gap may be appear between 
the bone and the implant at the time of surgery, 
and, this gap was not obliterated by newly formed 
bone. These implants are even successful  in 
osteoporotic bone and are now indicated in more 
situations: they are currently used for hemiartro-
plasty when treating displaced femoral neck frac-
tures in the elderly [30]. Klestil et al observed 
that despite a certain degree of migration mea-
sured by the EBRA-FCA methods in more active 
patients, good results could be achieved in 
patients with a low degree of physical activity 
[31] (Figure 4). However, although fi xation is not 
a problem with these types of grit-blasted stems, 
the functional results are better and the rate of 
complications are still usually lower with 
cemented stems [32]. Other femoral designs with 
a proximal porous-coated area added a grit-
blasted area on the dyaphyseal zone of the stem. 
Kang et al observed that a grit-blasted area on the 
diaphysis of the stem instead of a smooth area in 
a metaphyseal porous-coated femoral stem, 
improved the clinical and radiological results 
[33]. Currently, many femoral stems are similar 
to his design and follow these principles. 

 All basic, experimental, clinical, and radio-
logical outcomes of the grit-blasted surface made 
of titanium show us that is a successful  biomaterial 
when used in total joint arthroplasty (Figs.  7.1 , 
 7.2 ,  7.3 , and  7.4 ). It is a safe procedure, and it can 
be defi ned as one of the gold standard techniques 
for cementless prostheses. To date, all different 
topics regarding arthroplasty must be taken into 
account such as the designs of the implants and 
the pathology of the patient before using any 
implant. Thus, this surface has provided excellent 
results, and other designs incorporating a smooth 
interface instead of a roughened one have been 
abandoned due to their poor results. During the 
last four decades we have learned that an 

 orthopedic surgeon must keep in mind  grit- blasted 
cementless implants when using a total joint 
arthroplasty.
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�Introduction

The goal of osseointegration of orthopedic and 
dental implants is the rapid achievement of a 
mechanically stable and long lasting fixation 
between living bone and the implant surface. In 
total joint replacements of cementless designs, 
coatings of calcium phosphates were introduced 
as a means of improving the fixation of implants. 
Of these, hydroxyapatite (HA) is the most widely 
used and most extensively investigated. HA is 
highly osteoconductive, and the positive effect is 
well documented in both basic and long-term 
clinical research [1–6]. This chapter describes 
experimental and clinical studies evaluating 
bone-implant fixation with HA coatings.

HA stimulates formation of bone so that the 
bone trabeculae and implant surface porosity 
interact in a mechanical interlock and through 
a direct chemical bond to the bone tissue [7, 8]. 

Implant retrievals in humans have shown con-
sistent evidence of osseointegration [9–14]. 
Furthermore, the HA-promoted circumferential 
osseointegration could reduce periprosthetic 
osteolysis by establishing a biological seal of the 
peri-implant space. Sealing can prevent poten-
tial migration of the polyethylene wear debris 
by third-body wear from the surface of the joint 
prosthesis [15–31].

Several hydroxyapatite application techniques 
on metallic substrates have been described. 
Traditionally, bioactive osteoconductive coatings 
are done by the plasma-spray technique. Newer 
pyroprocessing and hydrocoating techniques 
include ion beam sputtering, electron beam sput-
tering, plasma sputtering, radiofrequency sput-
tering, electrostatic spray deposition, pulsed 
laser deposition, hot isostatic pressing, sol-gel, 
biomimetic deposition, precipitation, electropho-
retic deposition, and electrochemical deposition 
[15,  16, 19, 32–72]. Of these, only the electro-
chemical-deposited HA coating has shown a 
potential beyond basic research in vivo [15–22, 
48, 57, 58, 73–80], and this is the only alterna-
tive HA coating used so far clinically [81–86]. 
For this reason, the application technique of elec-
trochemical-deposited HA (EDHA) is elaborated 
in more detail further in this chapter. Likewise, 
the plasma-sprayed and the EDHA coating in 
relation to experimental and clinical studies is 
described.

The osteoconductive property of hydroxy-
apatite coatings depends on coating thickness, on 
crystallinity, solubility and stability [19, 87, 88], 
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on composition, purity and trace elements, and 
electrical polarization of the hydroxyapatite 
surface [89–94]. All these conditions vary with the 
method of application. The mechanism of bone 
formation on HA-coated implants is as follows: 
HA releases calcium and phosphate ions into the 
peri-implant space. Reprecipitation of carbonated 
apatite then occurs on the coating surface [95]. 
The HA binds serum proteins and cellular inte-
grin receptors attracting osteoblastic cells to the 
surface [86, 96]. Bone is then formed on the coat-
ing surface and on the bone [97]. Bone ongrowth 
develops more rapidly on coatings with low crys-
tallinity because the initial dissolution and release 
of calcium ions is faster than those associated with 
a coating of high crystallinity [88, 98]. Porter [88] 
established that the earliest-stage bone formation 
(3 h to 14 days) on HA plasma-sprayed implants 
is influenced by the solubility of the HA. Coatings 
with high crystallinity exhibit delayed new bone 
formation. In a study by Overgaard et  al. [98], 
implant coatings with low crystallinity revealed 
increased mechanical fixation, bone ingrowth, 
and resorption of the coating. Low-crystalline 
coating releases more calcium and phosphate ions 
due to dissolution. Although stable coatings may 
reinforce bonding for longer, they are intrinsically 
less bioactive. Coatings that deliver a high local 
source of calcium and phosphate ions for rapid-
contact osteogenesis are more bioactive coatings 
and tend to disintegrate faster.

�Electrochemical HA (EDHA) 
Application Technique

Plasma-sprayed hydroxyapatite is a successful 
coating for osseointegration and long-term sur-
vival of uncemented implants. The HA coating 
consists of a layer of spray-dried HA deposited 
by plasma-spraying through a heated plasma arc 
at high temperatures. The technique is well estab-
lished and applied on the majority of HA-coated 
implants for joint replacements in use today. In the 
following, the newer alternative electrochemical-
deposited HA method is described in more detail. 
Developments with electrodeposition of HA will 
be summarized in detail below.

Compared to HA plasma-spray, electrochemi-
cally deposited HA coating is simpler and less 
expensive in manufacturing [99]. The process is 
characterized by ease of process control; by ability 
to control the thickness, composition, and micro-
structure of the deposit [34, 35, 40, 99–106]; and 
by the suitability for coating of complex implant 
geometries. The coatings are much thinner 
(1–20 μm) [15, 17, 81, 99, 100, 105] compared to 
a plasma-sprayed HA coating (50 μm) and may 
improve the substrate/coating bond strength. This 
may reduce the residual stresses and thereby the 
potential risk of coating failure by fracture and 
delamination at the implant interface [15, 26, 27, 
76, 107, 108]. The lower temperature process-
ing in the electrodeposition may counter the het-
erogeneities that are seen with the plasma-spray 
HA coating process in which high temperatures 
cause decomposition of HA into various undesir-
able heterogeneous phosphate phases with het-
erogeneous properties [8, 109– 119]. Since it is 
not a line-of-sight method, the coating is more 
uniform and even on an implant with a non-line-
of-sight porous surface and on an implant with 
a geometrically complex shape. It reserves the 
implant roughness and achieves full three-dimen-
sional coverage of the entire porous coating of 
an implant [15, 73, 99]. This results in a deeper 
bioactive layer into implant porosities, which 
evokes a complete topographical stimulus over 
the entire implant surface and provides a larger 
surface area for osseoconduction. This could pro-
vide less periprosthetic osteolysis with the estab-
lishment of a biological seal of the peri-implant 
space in which bone defects exist and where 
sealing ensures against a potential migration of 
the polyethylene wear debris by third-body wear 
from the surface of the joint prosthesis [15–31]. 
The application technique allows potential incor-
poration of biological matter in the coating dur-
ing its processing [18, 21, 22, 100].

Titanium implant surfaces are known to spon-
taneously nucleate apatite layers when in contact 
with simulated body fluids [34–36, 72, 120]. 
The principle of the electrochemical deposition 
of calcium phosphate is based on the solubility 
of calcium phosphate using aqueous electrolytes 
containing Ca- and P-bearing ions. The coatings 
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can be regulated in morphology, composition, 
purity, crystallinity, and hence resorbability 
because of better control of the physiochemical 
conditions under which they are produced (elec-
trolyte pH and temperature, calcium phosphate 
composition of electrolyte, the current density, 
current loading time, and the composition of 
the substrate metal) [15, 34, 35, 40, 76, 99–106, 
121–123]. At electrophoresis deposition, growth 
of microcrystalline calcium phosphate molecules 
occur on implants from supersaturated calcifying 
solutions (Figs. 8.1, 8.2, and 8.3) as carbonated 
apatite [124], octacalcium phosphate [40, 125], 
brushite [73, 77, 126–128], and HA [15, 17–19, 
21, 22, 57, 58, 73, 74, 76, 78, 79, 81, 82, 102]. 

In the technique described by Rossler et  al. 
[99, 105] and Shirkhanzadeh et al. [40], calcium 
phosphate deposition is based on the pH-depen-
dent solubility of calcium phosphates, which 
decreases with increasing pH. During cathodic 
polarization of the metal implant, hydrolysis 
of water takes place close to the implant. This 
increases the pH at the surface such that the 
solubility threshold is reached in the calcium 
phosphate solution and calcium phosphate pre-
cipitates [99, 105]. During cathodic polarization 
of a metal, the following reactions occur at the 

surface of the cathode (reduction of water, proton 
discharge, reduction of dissolved oxygen):

	 2 2 22 2H O e H+ → +↑− −OH 	

	 2 2 23 2 2H O e H H O+ + → ↑ +−

	

	 O H O e2 3 4 3+ + + →− −OH 	

which results in the formation of hydroxyl ions 
and hence alkalization close to the surface. 
Using this electrochemical process, the pH at the 
cathode-electrolyte interface can be controlled 
and therefore so can the calcium phosphate 
deposition through nucleation and growth of the 
coating.

Deposition of an HA coating on an implant by 
an anodizing process has to a lesser degree been 
investigated. Ishizawa et  al. [15, 103, 104] 
formed an anodic titanium oxide film containing 
Ca and P (AOFCP) on commercially pure 
titanium which was anodized in an electrolytic 
solution of dissolved β-glycerophosphate and 
calcium acetate. HA crystals were subsequently 
precipitated on the AOFCP by hydrothermally 
heating of the coating at 300 °C. The HA coating 
was thin (1  μm) and showed osteoconductive 
property [15, 76].

Fig. 8.1  Electrochemically 
deposited hydroxyapatite 
(BoneMaster®). Scanning 
electron microscope (SEM) 
photograph showing hydroxy-
apatite needles (This material 
is reproduced with permission 
of John Wiley & Sons, Inc. 
from Rößler et al. [99])
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Improvement of the EDHA coating adhe-
sion to the implant is obtained by roughen-
ing of the implant. Hydroxyapatite adhesion to 
metallic substrates can be unsatisfactory with-
out the previous blasting of the titanium surface 
[15, 129–131].

Some electrochemical coatings have been 
experimentally applied under conditions far 
from physiological. These include temperatures 

during the process in the range of 60–800 °C and 
acid or alkalized solutions [15–17, 19, 40, 48, 
57, 58, 73, 74, 76–82, 102, 124–126, 132, 133]. 
These additional procedures have been applied 
in order to convert CaP precursors into hydroxy-
apatite and other biomimetic coatings. One of 
these is the cathodic deposition of octacalcium 
phosphate  [125] or of brushite [126] which can 
then be transformed into hydroxyapatite by 

Fig. 8.2  Electrochemically 
deposited hydroxyapatite 
(BoneMaster®). Scanning 
electron microscope (SEM) 
photograph showing 
amorphous calcium 
phosphate with starting 
crystallization into hydroxy-
apatite needles on titanium 
(This material is reproduced 
with permission of John 
Wiley & Sons, Inc. from 
Rößler et al. [99])

Fig. 8.3  Electrochemically 
deposited hydroxyapatite 
(Bonit). Scanning electron 
microscope (SEM) 
photograph showing the 
typical efflorescent 
needle-like structure of HA 
crystals (This material is 
reproduced with permission 
of John Wiley & Sons, Inc. 
from Registad et al. [74])
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subsequent heat treatment [80, 124] or alkali-
zation [73–75, 81, 125, 133]. The advantage 
of a low-temperature and more physiological 
processing [54, 60, 69] is a more predictable 
and controlled environment for the deposition of 
the coating, and more crystallographically con-
sistent coatings without creating undesired cal-
cium phosphates. Also, application under more 
physiological conditions in temperature and 
acidity may show potential advantages in apply-
ing carrier coatings which are able to transport 
substrates such as bone-active substances and 
antibiotics [18, 21, 22, 100].

Electrochemical deposition of HA, in condi-
tions close to physiological, have shown promise 
clinically in the technique of BoneMaster® [83] 
and Bonit [81, 82, 84, 86]. BoneMaster’s tech-
nique [20, 21, 83, 99, 100, 105, 134] is hydroxy-
apatite deposited electrochemically. It results in 
an implant coating of hydroxyapatite of 5  μm, 
1/10 of the plasma-sprayed hydroxyapatite, and a 
porous needle-like structure [99, 100] (Fig. 8.1). 
It is evenly distributed along the implant surface 
and resorbed readily [21]. Deposition is per-
formed in a CaP-electrolyte (Ca2+/HxPO4

(3 − x)−) 
near physiological conditions (pH 6.4, tempera-
ture 36  °C). Cathodic alkalization leads first to 
the formation of a thin homogeneous calcium 
phosphate pre-layer with a nanoscale surface 
topography of alternating wall-like elevations 
and channels. These channels in the pre-layer are 
formed as pathways by hydroxyl ions and hydro-
gen. Small CaP islands are formed that coalesce 
and form a homogeneous layer on the implant 
surface. Upon this homogeneous CaP pre-layer, 
spheres of amorphous calcium phosphate form 
(Fig.  8.2). These spheres are small clusters of 
calcium phosphate (30 nm) and can grow up to 
300 nm. The amorphous calcium phosphate is then 
transformed into crystalline hydroxyapatite as a 
function of electrophoretic current density. The 
hydroxyapatite crystals are needles with dimen-
sions of <500-nm length and <60-nm width. By 
varying the electrochemical parameters, a homo-
geneous coating of either amorphous calcium 
phosphate, crystalline hydroxyapatite, or the 
intermediate phase can be achieved. This allows 
the formation of coatings with different proper-

ties in solubility and morphology [99, 100, 105]. 
The EDHA coatings evaluated experimentally 
and clinically consisted of 70–72  % crystalline 
HA and a Ca/P ratio of 2.0 [21, 83, 99, 100, 105]. 
Bonit’s technique [73–75, 77, 81, 82, 84, 86, 
133, 135] is hydroxyapatite deposited electro-
chemically. The initial coating, which is depos-
ited electrochemically at room temperature, is a 
composite of brushite (CaHPO4⋅2H2O) converted 
to HA by NaOH treatment [75]. The Ca/P ratio 
is 1.6 (SD 0.1) [135] and the coating thickness 
10 μm [81]. It is described as “nanocrystalline” 
HA [135] as demonstrated by X-ray diffraction 
and infrared spectroscopy [75]. Scanning electron 
microscope photographs reveal a fine crystalline 
structure, where CaP crystals are fixed on the 
titanium implant surface in the shape of platelets 
and pins of 15–20 μm in length (Fig. 8.3) [133]. 
A high porosity of 60 % creates a capillary effect, 
which enables early adhesion and proliferation of 
osteoblast-like cells [75].

�Experimental Studies  
on Plasma-Sprayed HA-Coated 
Implants

In an experimental series of studies, Soballe 
et al. [136–141] has evaluated the osseointegra-
tion and mechanical fixation of plasma-sprayed 
HA-coated implants.

�Clinical Motivation for Experimental 
Studies

In the clinical situation, initial direct apposi-
tion of implant to bone (press fit) is often lim-
ited to relatively small areas [142], and most of 
the porous-coated area of femoral components 
has been demonstrated to lack osseous contact 
(gaps). Anatomic variations in the bone, defi-
cient implant design, and poor surgical tech-
nique are factors responsible for gaps between 
the implant surface and surrounding bone. The 
first step in the series of studies on implant fixa-
tion therefore focused on enhancement of bone 
ingrowth across a gap between bone and implant 
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by HA coating, compared with implants inserted 
in press fit. The use of bone bank allografts in 
joint replacement surgery has gained increasing 
importance, particularly in cementless recon-
struction of failed arthroplasties in which direct 
fit to host bone cannot be obtained because of 
loss of bone stock around the loose implant. A 
new model was created to study bone graft incor-
poration into porous-coated implants and analyze 
the incorporation of allogeneic bone graft into 
Ti- and HA-coated implants as compared with 
implants without bone graft [140]. An important 
cause of inferior bone-implant fixation might be 
the presence of relative motion between implant 
and bone. Experimental studies of cementless hip 
and knee prosthetic components implanted into 
cadaver bone have shown micromotion ranging 
between 100 and 500 μm [143–151].

�Basic Experimental Design Studies 
Establishing Plasma-Sprayed HA 
as an Implant Coating

The experimental series of plasma-sprayed HA 
studies [136–141] are based on the following 
study design

�Animals
An animal model is required because it is possi-
ble to separate the more complex clinical situa-
tion into different well-defined elements that can 
be controlled, enabling us to study isolated prob-
lems. Furthermore, the animal provides a full 
physiologic response to mechanical and biologi-
cal stimuli, not possible in an in vitro setting

�Implants and Surface Coatings
The types of implant coatings were Ti (plasma-
sprayed) and HA (plasma-sprayed). The cylindri-
cal Ti- and HA-coated plugs were 6  mm in 
diameter with an overall length of 10 mm, fabri-
cated with a precision of ±0.05 mm. Ti implants 
consisted of a solid Ti-6A1-4V alloy core with a 
coating of Ti6A1-4V deposited by plasma-spray 
technique resulting in a mean pore size of 300 μm 

(Fig. 8.4a). The HA-coated implants consisted of 
analogous Ti porous-coated implants on which a 
layer of spray-dried synthetic HA was deposited 
by plasma-spraying (Fig. 8.4b). According to the 
manufacturer, the strength of attachment between 
the HA and the substrate, as determined by 
ASTM standard C-633 for cohesive strength of 
coatings to metal, revealed minimum tensile 
strength of 34.5  MPa and a minimum shear 
strength of 20.7 MPa. Results from X-ray diffrac-
tion analysis of the ceramic coating are given in 
including the crystallinity, Ca/P ratio, and coat-
ing thickness.

�Models for Implantation
The site for implantation was selected to mimic 
the clinical patient findings, including presence of 
a cancellous bone bed. The distal femoral epiphy-
sis was therefore chosen as the implantation site 
because it contains cancellous bone and is 
affected by arthritic joint changes. Two basically 
different models were used. In the first five stud-
ies in the series, an unloaded model was used, and 
in the last three studies, a loaded model was used 
[136–141]. The unloaded model was employed to 
study the amount of bone apposition onto HA and 
Ti implant surfaces under standardized conditions 
without possible variations in load pattern of the 
implant. A gap model was developed in which the 
holes were drilled 2 mm larger in diameter than 
the diameter of the implant, permitting a 1 mm 
gap surrounding the implants (Fig.  8.5a). The 
implants were centralized by two titanium spac-
ers fixed at each end of the implant. In addition, a 
bone graft model was developed in which 2 mm 
over reaming was conducted to study incorpora-
tion of bone graft around implants. The graft was 
added until the canal was filled, and a Ti washer 
was mounted to keep the graft in place and to 
superficially centralize the implant. Finally, a 
micromotion device was constructed. This model 
consisted of an implantable dynamic device 
(Fig. 8.6) that was inserted into the knee joint as 
illustrated in Fig.  8.7. The system was adjusted 
preoperatively to a stiffness of approximately 
14  N/mm with a preload of 0.5 N, the total 
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displacement force being 10  N. The maximal 
movements in the axial direction could be prede-
termined and limited to the desired amount owing 
to the design of the device. Movements of 500 mi 
and 150 J.tm were used.

�Evaluation
After termination, the distal femora were pre-
pared. Standardized sections were cut at a right 

angle to the long axis of the implant. One sec-
tion was used for UV fluorescence microscopy, 
another for histomorphometric and morpho-
logic evaluation on ground-stained specimens 
and one for mechanical testing. In addition, 
some results were evaluated by polarized light 
microscopy, collagen analysis, and transmis-
sion  electron microscopy with microanalysis 
(EDAX).

a

b

Fig. 8.4  (a) Scanning 
electron microscopy of 
titanium (a) and 
hydroxyapatite (b) coating. 
Note the porous structure of 
titanium coating (a) and the 
preservation of pores after 
coating with HA. ×50. 
Bar = 1 mm (From Soballe 
et al. [137])
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a b

Fig. 8.5  (a) Schematic drawing showing an implant cen-
tralized in a drill hole by two Ti washers. This provides a 
1  mm gap around the implant. (b) Schematic drawing 
showing an implant centralized in the overreamed canal, 
surrounded by a 2 mm gap that allows bone graft to be 

packed around the implant. The deep part of the implant is 
fixed in the bone by press fit. A Ti washer keeps the graft 
in place and centralizes the implant superficially. Dotted 
area illustrates bone graft (From Soballe et al. [140])

1

3 2 4 4a

5a 5 6

Fig. 8.6  The unstable device consists of seven compo-
nents all manufactured from titanium alloy (Ti-6A1-4V) 
as the porous-coated Ti implant. A hollow Ti cylinder (1) 
with self-tapping threads ensures firm fixation in the bone. 
A spring (2) is placed inside the cylinder and held in place 
by a screw (3) at one end. In the other end a Ti piston (4) 
can move freely in the axial direction. When mounted, the 
platform (4a) on the piston projects exactly 500 m over 
the end of the Ti cylinder. When the implant (5) is screwed 
onto the threads of the piston and axial bad is applied on 
the polyethylene plug (6), the implant will move until it is 

stopped by reaching the Ti cylinder, and the movement is 
limited to 500 μm. To prevent rotation of the piston, one 
end of the spring is fixed to the piston (4) and the other to 
the screw (3), which is locked into the Ti cylinder by a 
small polyethylene plug inserted into the threads of the 
screw. A hole through the piston and the polyethylene 
plug connects the compartment in the Ti cylinder with the 
knee joint. The coating is removed at the distal end of 
the  implant (5a) to prevent bony ingrowth in this area 
(From Soballe et al. [138])
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�Findings of Experimental HA  
Plasma-Sprayed Implant Studies

�Effect of a Gap Between Bone 
and Implant
The effect of HA was investigated when implants 
were surrounded by a gap compared with press-
fit implants [136]. The observation period was 4 
weeks and six mature dogs comprised the mate-
rial. The initial 1  mm gaps surrounding the Ti 
implants were bridged by very limited amounts 
of immature woven bone, whereas a great 
amount of newly formed bone filled the gap 
around the HA-coated implants. Bone tissue was 
observed on the HA implant surface, with no 
interposed fibrous tissue layer present. In some 
areas a thin fibrous layer separated the Ti implant 
surfaces from the ingrown bone, but in other 
areas direct apposition of bone was noted. The 
gap around the Ti-coated implants led to a 65 % 
reduction in fixation as compared with the 

press-fit implants. In contrast, no differences 
were found between the “gap” and press-fit 
implants when an HA coating was used. 
Surrounded by a gap, the fixation of HA-coated 
implants was 120 % increased as compared with 
Ti implants. The corresponding value for shear 
stiffness was 425  %. No effect of HA coating 
was obtained when implants were inserted in 
press fit. The greatest amount of bone ingrowth 
was found with the press-fit, HA-coated implants. 
This was increased compared with HA-coated 
implants surrounded by a gap which, again, was 
greater than Ti implants in press fit. The smallest 
amount of bone ingrowth was found in Ti 
implants surrounded by an initial gap.

�Effect of Bone Grafting  
on Implant Fixation
A model was created (Fig.  8.5b) to study can-
cellous allogeneic bone graft incorporation into 
Ti- and HA-coated implants with and without 

Fig. 8.7  The dynamic system consists of an implantable 
device manufactured from titanium alloy (Ti-6A1-4V) 
which is inserted into the weight-bearing part of the 
medial femoral condyle (see Fig.  8.5). Details of the 
dynamic device are shown in Fig. 8.7. The polyethylene 
plug projects above the femoral articular cartilage. A Ti 
ring is mounted subchondrally and serves as a bearing and 
centralizer for the polyethylene plug. When the knee is 

loaded during gait, load transfer from the tibial part of the 
knee will displace the polyethylene and the implant in 
axial direction and tighten the spring. When the leg later is 
unloaded, the tightened spring will move the implant back 
to the initial position. Thus, a controlled movement (pre-
determined to 500 μm or 150 μm) will occur during each 
gait cycle (From Soballe et al. [138] and [139])
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bone graft. The observation time was 6 weeks, 
and 12 mature dogs were used. The cancellous 
bone graft was taken from the proximal humerus 
from 12 other dogs, stored in sterile containers 
at −80 °C, and milled into a homogeneous graft. 
This study demonstrated a 400  % enhanced 
fixation of grafted Ti-coated implants compared 
with that of the overreamed controls (Fig. 8.8). 
However, HA coating used without bone graft 
was capable of enhancing the fixation to nearly 
the same degree. Only minor improvement was 
obtained when bone graft was used together 
with HA. Since both components are known to 
increase bony ingrowth when used separately, 
this lack of a measurable additive effect of add-
ing bone graft to HA-coated implants might be 
explained by the presence of bone graft packed 
around the implant, which could have eliminated 
the osteoconductive effect of HA.

�Effect of Micromotion  
on Implant Fixation
Obtaining rigid initial stability appears to be one 
of the major problems in noncemented joint 
replacement surgery and is initially dependent on 
the strength of the mechanical interlock achieved 
between implant and bone during implantation. 
Several studies have investigated the stability of 
hip and knee prostheses immediately after 
implantation, and there is agreement that relative 
movement between implant and bone occurs in 
the range of 100–600 μm [143, 145].

�500 μm Movements
Seven mature dogs were used. Push-out test 
showed that the shear strength of unstable Ti 
and HA implants was significantly reduced as 
compared with the corresponding mechani-
cally stable implants (p < 0.01). However, shear 
strength values of unstable HA-coated implants 
were significantly greater than those of unstable 
Ti implants (p < 0.01) and were comparable to 
those of stable Ti implants. The greatest shear 
strength was obtained with stable HA-coated 
implants, which was increased threefold as com-
pared with the stable Ti implants (p < 0.001). 
Quantitative determination of bony ingrowth 
confirmed the mechanical test, except for the 
stronger anchorage of unstable HA implants as 

compared with unstable Ti implants, in which no 
difference in bony ingrowth was found. Collagen 
concentration was significantly higher in mem-
branes around HA-coated implants as compared 
with membranes around Ti implants.

�150 μm Movements
This study comprised 14 mature dogs. Results 
from the 500  μm study were reproduced in this 
study regarding the presence of fibrocartilage 
around unstable HA-coated implants, whereas 
fibrous connective tissue characterized the mem-
brane around unstable Ti implants. In addition, this 
study revealed a thinner membrane around unsta-
ble HA implants compared with unstable 
Ti implants. A radial orientation of collagen fibers 
was found in the membrane around unstable 
HA-coated implants, whereas a more random ori-
entation was found in most membranes around Ti 
implants. The shear strength of unstable HA-coated 
implants was significantly greater than that of 
unstable Ti implants (p < 0.001) but also greater 
than that of stable Ti implants (p < 0.05). The great-
est shear strength obtained by stable HA-coated 
implants was tenfold higher than that of stable Ti 
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implants. No significant difference was demon-
strated between the amount of bone apposition on 
the unstable HA and stable Ti implants. The gap-
healing capacity around stable HA-coated implants 
increased toward the HA surface and was signifi-
cantly greater than that of Ti implants.

In conclusion, initial stability of the implant 
was shown to be a prerequisite for achieving 
bone ingrowth [137–139]. However, HA coating 
seemed to be capable of modifying the fibrous 
membrane, resulting in a stronger fibrous anchor-
age when subjected to relative motion between 
bone and implant.

�Magnitude of Motion
The threshold of implant motion that allows bone 
ingrowth is still unknown. There appears to be a 
relationship between the magnitude of bone-
implant motion and the type of interfacial tissue 
developed. It is therefore interesting to look at the 
effect of different amounts of movement on 
implant fixation. An increased fixation strength 
was obtained with decreased range of motion 
(500–150 μm) by both HA and Ti implants and a 
further increase in fixation when the observation 
time was extended from 4 to 16 weeks [137–139]. 
Comparing the fixation strength of continuously 
loaded Ti implants with 16 weeks of observation 
time (1.8 MPa) with those from the 4 weeks study 
with HA coating (1.85  MPa) indicates that the 
fixation of fibrous-anchored HA implants is 
obtained in one-quarter of the time required for the 
equal fixation of implants without HA coating.

�Effect of HA Coating  
on Implant Fixation
In experimental studies on plasma-sprayed HA 
implant coating [139–141], the gap-healing 
capacity of bone was increased by HA coating 
compared with Ti coating, even at a relatively 
great distance from the HA surface. This indicates 
that the osteoconductive effect of HA is not lim-
ited to the bone-forming capacity on the surface of 
the implant. HA also activates bone formation at 
some distance from the surface. The positive gra-
dient of bone demonstrated toward the HA surface 
indicates that the osteoconductive effect of HA is 
more pronounced close to the surface under stable 
conditions [139]. In conclusion, early experi-

mental studies establishing performance of HA 
showed strong bonding of HA-coated implants.

�Summary of Experimental HA  
Plasma-Sprayed Implant Studies
The success of bone ingrowth into porous-coated 
implants depends on several factors which can be 
separated into four main groups: status of host 
bone bed, implant-related factors, mechanical 
stabilization and loading conditions applied on 
the implant, and adjuvant therapies. The present 
series of studies was performed to investigate the 
effect of HA coating on bone ingrowth into 
porous-coated implants subjected to pathologic 
and mechanical conditions mimicking the clinical 
situation. Host bone-related factors were studied 
in the first four experiments. First, the signifi-
cance of a gap between bone and implant was 
studied and compared with press-fit insertion. 
The HA coating yielded a superior effect on bone 
ingrowth compared with Ti in situations where 
the implant was surrounded by a gap. No effect 
was found in the press-fit situation. Gaps of 1 and 
2 mm around the implant were bridged by bone 
around HA implants, whereas significantly 
smaller amounts of bone filled the gap around Ti 
implants. To study the effect of adjuvant thera-
pies, a bone graft model was developed to investi-
gate bone graft material in combination with 
Ti- and HA-coated implants. Allogeneic bone 
graft packed around the implant enhanced the 
anchorage of Ti implants, but HA coating alone 
without bone graft offered almost the same 
improvement in anchorage in 2 mm defects. Only 
minor improvement was obtained when bone 
graft was used together with HA. The last three 
experiments focused on the significance of 
mechanical stabilization and loading conditions 
of the implant immediately after surgery. 
Micromotion between bone and implant pre-
vented bony ingrowth and resulted in develop-
ment of a fibrous membrane. HA coating was 
shown to modify this fibrous membrane, as evi-
denced by presence of fibrocartilage, higher col-
lagen concentration, radiating orientation of 
collagen fibers, and a thinner membrane as com-
pared with Ti-coated implants. In a long-term 
study (16 weeks), the membrane around HA 
implants was demonstrated to be replaced by 
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bone even when subjected to continuous load, 
whereas the membrane around Ti implants per-
sisted after 16 weeks. Great amounts of bone 
ingrowth into loaded but stable HA-coated 
implants were demonstrated even in the presence 
of an initial gap around the implant. Dynamic 
load was even demonstrated to increase the 
amount of bone ingrowth into HA-coated 
implants, which was threefold greater compared 
with completely unloaded implants. This effect of 
dynamic load was not demonstrated on Ti 
implants. The best anchorage and the greatest 
amount of bone ingrowth were obtained in the 
loaded stable situation when the implant was 
coated with HA. Increased fibrous fixation was 
obtained with decreased range of motion (from 
500 to 150 μm) by both HA and Ti implants, and 
a further increase in fixation was obtained when 
the observation time was extended from 4 to 16 
weeks. From these studies it could also be dem-
onstrated that the fixation of fibrous-anchored HA 
implants was obtained in one-quarter of the time 
required for the equal fixation of implants without 
HA coating. The consequence of immobilization 
of a motion-induced fibrous-anchored implant 
was complete replacement of the membrane by 
bone, irrespective of the type of coating.

�Experimental Studies on 
Electrochemical-Deposited 
HA (EDHA) Coated Implants

Electrochemically deposited HA coatings 
(EDHA) have been introduced in the dental [15, 
17, 18, 22, 73, 74, 78, 80] and orthopedic field 
[16, 19–21, 48, 57, 58, 76, 77, 79] in experimen-
tal studies with various animal models. The 
osteoconductive effect of EDHA has shown 
potential with regard to implant integration in 
bone as to mechanical fixation [16, 20, 21, 58, 73, 
74, 76–78] and osseointegration [15, 17–20, 22, 
48, 73, 76, 77, 79, 80].

�EDHA Versus Titanium

Electrochemical deposition of a HA coating 
on titanium-aluminum-vanadium (Ti-6Al-4V) 

implants significantly improved the osseointegra-
tion after 1 month in a study by Schliephake et al. 
[18], while no significant differences in bone in 
contact were found after 3 months. In a subse-
quent study from the same group, similar dif-
ferences were seen at reversed time points [22]. 
Schmidmaier et  al. [20] demonstrated better 
bone ingrowth of the EDHA-treated implants, 
with significantly more direct bone in contact 
compared to a control group of titanium implants 
after 2 months. Similar results are seen by Yang 
et al. at 4 and 8 weeks [48], by the same research 
group at 6 and 12 weeks [57], and in studies by 
Costa [17] and Badr [80].

Yang et al. [58] evaluated the implant fixation 
with bone tissue of EDHA-coated implants com-
pared to non-coated implants. At time point 2, 4, 
and 8 weeks, the fixation evaluated by removal 
torque was increased significantly in the EDHA 
group. Ban et al. [16] report similar results on the 
early-stage fixation between bone and implant 
[16] at 3 and 6 weeks with no remarkable differ-
ence at 9 weeks. The research group by He et al. 
[78] evaluated EDHA coated and uncoated sand-
blasted/dual acid etched implants after 2, 4, 6, 8, 
and 12 weeks of bone healing, and found that 
removal torque testing fixation improved of the 
EDHA-coated implants after 2 weeks of healing 
with similar values after 6, 8, or 12 weeks of 
healing implying a beneficial effect on interfacial 
shear strength during the early stages of bone 
healing. 

Schwarz [77] and Reigstad [73] evaluated 
both the short-term osseointegration and implant 
fixation. Schwarz et al. [77] showed at 12 weeks 
the implant anchorage measured by the pullout 
test was not improved. The EDHA enhanced sig-
nificantly bone-implant contact but not the level 
of anchorage. Reigstad et  al.  [73] compared 
EDHA (Bonit) and non-coated implants in tibia 
and femur after 6 and 12 weeks of insertion. The 
biomechanical removal torque test showed sig-
nificantly increased values for the coated implants 
after 12 weeks but not after 6 weeks of integra-
tion. Higher bone-implant contact was found for 
the coated implants in the tibia after 6 weeks and 
for both tibial and femoral screws after 12 weeks. 
There was no difference in the inflammatory 
reaction around the implants, and possible grains 
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of the coating could be detected after 6 weeks, 
but not after 12 weeks of follow-up. Schmidmaier 
et al. [20] found at 2 months a higher fixation and 
bone ongrowth of the EDHA-coated implants 
compared to the uncoated controls.

�EDHA Versus HA Plasma-Spray

Osseointegration of EDHA-coated implants com-
pared to HA plasma-spray was investigated by 
Wang et al. [19]. They demonstrated improved ini-
tial bone formation of plasma-sprayed HA coat-
ings with higher bone apposition ratios than those 
exhibited by bare Ti-6Al-4V and EDHA coatings 
after 7 days. However, at 14 days after implanta-
tion, EDHA and plasma-sprayed HA coatings 
exhibited similar bone apposition ratios that were 
much higher than that of the uncoated Ti-6Al-4V.

Reigstad et al. [74] compared the mechanical 
fixation of EDHA-coated implants (Bonit) to HA 
plasma-spray as a subsequent study of EDHA-
coated to non-coated implants [73]. The removal 
torque demonstrated stronger bone-to-implant 
fixation for the HA- than EDHA-coated screws at 
6 and 12 weeks with no significant difference 
after 52 weeks. 

Daugaard et al. [21] evaluated the osseointe-
gration and mechanical fixation of implants 
coated with plasma-sprayed hydroxyapatite coat-
ing and a thinner coating of electrochemical-
assisted deposition of hydroxyapatite during the 
early stages of implant fixation and bone regen-
eration. The electrochemical-assisted deposition 
was performed near physiological conditions, 
and uncoated plasma-sprayed titanium alloy 
(Ti-6Al-4V) served as negative control. The 
hydroxyapatite plasma-spray implants were pre-
pared using the same standard hydroxyapatite 

plasma-spraying technique as for clinical appli-
cations, with specifications: 50-μm-thick HA 
coating (Ca/P ratio 1.67), a mean surface rough-
ness (Ra) of 41 μm, a maximum roughness depth 
(Ry) of 445  μm, and 62  % hydroxyapatite. The 
electrochemical-assisted hydroxyapatite deposi-
tion was done by a time (75 min)-, temperature 
(36  °C)-, and pH (6.4)-controlled process in an 
electrolyte solution consisting of 1.67 mM CaCl2 
and 1 mM NH4H2PO4 in equal volumes with the 
sample polarized in cathode galvanostatic mode 
(−75 A/m2). The layer consisted of 70 % crystal-
line hydroxyapatite and a thickness of 5 μm (Ca/P 
ratio 2.0) [24, 25]. A canine experimental 1 mm 
model was used, and observation time was 4 
weeks. Hydroxyapatite coatings deposited by 
plasma-spray technique or electrochemically had 
a significantly improved mechanical fixation 
compared to the titanium controls with no differ-
ence between the two hydroxyapatite coatings 
(Table 8.1). At 4 weeks, implants displayed bone 
formation expanding the gap. All hydroxyapatite 
coatings showed significantly increased bone 
ongrowth compared to the titanium control with 
no statistical difference between the individual 
hydroxyapatite applications (Table 8.2). The HA 
coating was not visible for the electrochemical 
HA coating but still apparent of the plasma-
sprayed HA with a thickness of 30–50 μm.

Similar findings on osseointegration and implant 
fixation are described by Ishizawa et  al. [15, 76] 
and osseointegration by Lakstein et al. [79].

�Clinical Results of HA Coatings

In the decades since the early experimental evi-
dence for the role of HA in improving implant 
fixation, numerous prospective clinical studies 

Table 8.1  Mechanical 
testing

Ultimate shear  
strength (MPa)

Apparent shear  
stiffness (MPa/mm)

Total energy 
absorption (J/m2)

P-Ti 0.0 (0.0–0.3) 0.0 (0.0–1.3) 0 (0–45)

P-HA 2.1 (1.5–3.2)a 7.8 (4.2–17.9)a 535 (213–574)a

E-HA 2.0 (0.7–3.4)a 9.0 (2.7–16.6)a 339 (92–618)a

Data presented as median and interquartile ranges. n = 7
P-Ti plasma-spray titanium alloy, P-HA plasma-spray hydroxyapatite coating, E-HA 
electrochemical-assisted hydroxyapatite coating
ap < 0.05 compared to P-Ti [152]
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have been undertaken. Tables 8.3 and 8.4 sum-
marize recent literature (2009–2012) for studies 
on plasma-sprayed and electrochemically depos-
ited HA that are prospectively randomized, with 
long-term follow-up, or using RSA methodol-
ogy. The clinical studies on electrochemical-
deposited HA implant coatings are further 
described in detail in the next paragraph of this 
chapter. 

The preponderance of evidence indicates that 
HA coating either improves or does not change 
the clinical durability and survival of an implant 
and that function is either unchanged or improved. 
In other words, HA does not appear to have del-
eterious effects in clinical use, and with specific 
conditions it enhances fixation, extends implant 
survival, and improves patient function. While 
HA is most often used in the femoral component 
of THA, several studies evaluate its use in the 
acetabular component of THA and in the tibial 
component of TKA.

Acetabular loosening is more common than 
femoral component loosening, but the literature 
on the topic is sparse and conflicting. Gottliebsen 

et al. [166] demonstrated less osteolysis and loos-
ening with HA-coated acetabular cups, despite 
increased wear with HA. In a Swedish Registry 
study of 8,043 acetabular cups, Lazarinis [167] 
demonstrated an adjusted RR of 1.7 for HA coat-
ing compared to non-HA porous-coated cups, 
questioning the use of HA in primary compo-
nents. Stilling [168], in a 15-year follow-up on 
a prospective randomized study, showed infe-
rior survival of first-generation plasma-spray 
cups compared to non-HA porous-coated cups. 
Specific attributes of HA that are noted in recent 
clinical studies are that it can effectively seal 
the femoral bone-implant interface from migra-
tion of polyethylene wear debris [164]. RSA 
studies generally demonstrate moderate initial 
migration (3–6 months postoperatively), which 
then stabilizes. Importantly, a recent long-term 
(11– 16 years) RSA study of HA- and non-HA-
coated tibial components demonstrated that the 
reduced migration with HA is durable for this 
extended period. This supports the premise also 
for HA, of secure early fixation being indicative 
of long-term durability.

�Clinical Studies  
on Electrochemical-Deposited HA

Clinical proven HA alternatives to the plasma-
spray HA is the electrochemical-deposited HA 
coating [81–86]. 

The osseointegration of electrochemically 
deposited HA on implants has been studied in 
case reports by ten Broeke [81] and Malchiodi 
[86]. ten Broeke et al. [81] analyzed four retrieved 
Symax femur stems at 3, 9, 13, and 32 months, 
respectively, due to infection, recurrent disloca-
tion, and acetabular fracture. The Symax stem 
(Stryker, Montreux, Switzerland) is a straight 
tapered stem forged of titanium alloy (Ti-6Al-4V) 
with a proximal electrochemically deposited HA 
(EDHA) (Bonit, DOT GmBH, Rostock, 
Germany) on a plasma-sprayed, commercially 
pure titanium coating [75]. Distally the stem is 
anionic oxidized (Dotize, DOT GmBH, Rostock, 
Germany) [81], which reduces protein adsorption 
and consequently distal bone apposition and 

Table 8.2  Histomorphometry

Ongrowth Bone Marrow
Fibrous 
tissue

P-Ti 3 (0–3) 33 (21–50) 56 (45–76)
P-HA 51 (20–62)a 33 (10–35) 15 (2–71)
E-HA 18 (5–25)a 54 (32–68)b 21 (17–64)a

0–500 μm Bone Marrow
Fibrous 
tissue

P-Ti 11 (10–16) 71 (52–77) 13 (12–17)
P-HA 18 (11–27) 65 (61–69) 9 (0,7–27)
E-HA 24 (11–28)a 67 (51–75) 11 (4–16)

500–1,000 μm Bone Marrow
Fibrous 
tissue

P-Ti 11 (6–18) 80 (72–88) 0,1 (0–0.7)
P-HA 13 (10–29) 81 (69–85) 0 (0–0.2)
E-HA 19 (14–22)a 75 (72–83) 0 (0–0.5)

Density (percentage) of bone, marrow-like and fibrous 
tissue at the implant surface, concentric zone 0–500 μm, 
and 500–1,000 μm
Median, interquartile ranges. n = 7
P-Ti plasma-spray titanium alloy, P-HA plasma-spray 
hydroxyapatite coating, E-HA electrochemical-assisted 
hydroxyapatite coating
ap < 0.05 compared with titanium
bp < 0.05 compared with HA plasma-sprayed [152]
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osseointegration. Histomorphometry and SEM 
revealed bone in contact with the implant as 
woven (new) bone initially and in later specimens 
bridges of mature lamellar (remodelled) bone. 
No intervening fibrous tissue was observed and 
all HA coating had disappeared. Malchiodi et al. 
[86] saw similar osseointegration of retrieved 
dental implants. 

The migration of electrochemical-deposited 
HA femur stems has been evaluated as a predic-
tive factor of definitive stability and revision 
prognosis in studies by Boe [83, 171] and Buratti 
[84]. In a clinical controlled randomized study 
(Level I), Boe et al. [83, 171] found that femur 
stems coated with electrodeposited hydroxyapa-
tite (EDHA) (BoneMaster®, Biomet UK 
Healthcare Ltd, UK) [51, 60, 61] do not appear to 
be inferior to plasma-sprayed HA regarding bone 
remodelling and micromotion after 2-year fol-
low-up. Fifty patients (55 hips) were included 
and randomized between the two different HA 
coatings. The stem was a tapered stem of tita-
nium alloy (Ti-6Al-4V), porous-coated proxi-
mally and smooth distally (Taperloc, Biomet UK 
Healthcare Ltd, UK). On top of the porous coat-
ing was either plasma-sprayed HA or EDHA. 
The EDHA coating was performed in an electro-
lyte solution of 1.67  mM CaCl2 and 1  mM 
NH4(H2PO4) in equal volumes and near physi-
ological conditions (pH 6.4, 37 °C). The implant 
was polarized in cathode galvanostatic mode 
(–75 A/m2). The coating consisted of 70–72 % 
crystalline HA, a thickness of 5 μm, and a Ca/P 
ratio of 2.0 [99, 100, 105]. At plasma-spraying, 
slightly molten Ca(PO4)2 HA granules of μm 
size were deposited onto the metal surface leav-
ing a 50-μm-thick HA coating (Ca/P ratio: 1.67), 
a mean surface roughness of 41 μm, a maximum 
roughness depth of 445 μm, and 62 % crystallin-
ity. Patients were evaluated postoperatively and 
after 3, 6, 12, and 24 months to measure fixation 
by radiostereometric analysis (RSA), bone min-
eral density by dual-energy X-ray absorptiometry 
(DXA), conventional radiography and clinically. 
After 2 years, the stems had subsided (CI) 0.25 
(±0.32) mm (plasma-sprayed HA) and 0.28 
(±0.18) mm (EDHA), and there were no statisti-
cally significant differences between the groups 

in any direction, regarding both migration and 
rotation. The migration pattern for both stems 
showed that they moved during the 3 first months 
after surgery, and then stabilized, which is in 
accordance with the time period of stable unce-
mented femoral stems [3, 158, 172–175]. In RSA 
evaluation of stem migration, a subsidence of 
>0.33 mm 6 months after surgery is considered 
as increased risk of subsequent revision [176]. 
Reduction in bone density in the EDHA group 
was less than in the plasma-sprayed HA group in 
Gruen zone 1 during the first 2 years. No differ-
ence was seen in zones 2, 6, and 7, which also 
were regions with EDHA coating. It was sug-
gested that the difference between the 2 groups in 
zone 1 was due to this area being dominated by 
trabecular bone. Higher bone density values in 
the EDHA group might indicate a higher degree 
of bone turnover in trabecular bone in this group. 
No radiographic osteolysis and no differences in 
clinical results between the two groups were 
seen. Burrati et al. [84] assessed the initial stabil-
ity of the Symax femoral stem in a multicenter 
study of five orthopedic departments including 
85 cases. Migration of the stem was measured by 
the radiographical migration method Einzel-
Bild-Roentgen-Analysis (EBRA) [84, 177–180] 
on radiographs at 6, 12, 24, and 36 months post-
operatively. With this method the threshold 
migration value as predictive factor for future 
revision was defined as 1.5  mm at 24 months 
(sensitivity rate of 69  %, a specificity rate of 
80 %, accuracy rate of 79 %) [84, 177, 179, 180]. 
The mean migration was −0.17 mm (±0.3) at 6 
months (n = 85), −0.31 mm (±0.4) at 12 months 
(n = 65), and −0.45  mm (±0.5) at 24 months 
(n = 65). Two cases exceeded the threshold limit 
of 1.5 mm at the 2-year follow-up. In 25 cases 
reaching a 3-year follow-up, the mean distal 
migration was -0.84 (±0.7). In four of them the 
subsidence exceeded 1.5  mm. These data are 
based on the radiological initial stability during 
the first 2 (–3) years. Long-term follow-up may 
reflect the impact on clinical stability.

Periprosthetic bone remodelling and bone 
preservation around electrochemically depos-
ited  HA implants have been studied by ten 
Broeke  [82] and Boe [83]. In both studies, the 
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electrochemical HA coatings revealed higher 
bone mineral density around the femoral stem 
compared to an HA plasma-sprayed stem in 
Gruen zone 7, although at different time onsets. 
In a randomized clinical trial, ten Broeke [82] 
evaluated the bone mineral density (BMD) over 
time around 2 uncemented femoral stems with 
proximal HA coatings. Forty-nine cases were 
included and randomized between the unce-
mented Symax stem and the Omnifit HA stem. 
The Omnifit HA stem (Stryker, Mahwah, New 
Jersey, USA) is forged from Ti-6Al-4V alloy 
with a plasma-spray HA coating on the proximal 
40  % of the stem and a macrotextured surface. 
The primary outcome was bone mineral density 
from baseline to 2-year follow-up with measure-
ments postoperatively, at 6 weeks, 3 and 6 
months, and 1 and 2 years. Dual-energy X-ray 
absorptiometry (DEXA) has been shown to be a 
precise, accurate, and useful tool for assessment 
of periprosthetic bone remodelling following 
uncemented total hip arthroplasty (THA) [181–
185]. Due to different stem designs, the HA coat-
ing length on comparable stem sizes is longer on 
the Omnifit stem than the Symax stem. Therefore, 
composition of cancellous and cortical bone 
along the implant length in the standard Gruen 
zones is essentially different [186]. By using 
modified adapted Gruen zones with an equal 
length and position of Gruen zones 1 and 7, com-
parable measurements of BMD around both 
stems were evaluated independent of the HA 
coating length. The results showed consistently 
higher BMD values for the Symax in Gruen zone 
1 and 7. The differences in bone preservation in 
zone 7 between stems became statistically sig-
nificant from 1 year onward. For Gruen zone 1 
the difference increased from 1.3 % at 6 weeks to 
2.1  % at 2 years, and for ROI-7 the difference 
increased from 1.5  % at 6 weeks (p = 0.38) to 
5.8 % at 2 years (p = 0.04).

Studies on the clinical outcome of implants 
with EDHA are restricted to one with limited 
patients included. Bergschmidt et al. [85] evalu-
ated the functional outcome of the Symax stem 
and found improved Harris hip score (HHS) and 
Western Ontario and McMaster Universities 
score 12 months postoperatively compared to 
preoperative evaluation.

�Conclusion

From the experimental results presented, it 
can be concluded that HA coating has a posi-
tive effect on bone-implant fixation under 
stable unloaded conditions, stable loaded 
conditions, and unstable mechanical condi-
tions. HA coating yielded no effect when 
implants were inserted in optimal press fit in 
normal bone. The most striking effects of HA 
were its enhancement of bone growth across a 
gap around the implant during both stable and 
unstable mechanical conditions and its abil-
ity to convert a motion-induced fibrous mem-
brane to bony anchorage.

Electrodeposited HA has been shown in 
experimental studies to enhance mechanical 
and histologic fixation and clinically to result 
in similar or better fixation than non-HA-
coated implants and than conventional HA.

Clinical studies demonstrate different find-
ings for femoral and acetabular components. 
Femoral components generally show similar 
or better results with HA coating compared to 
non-HA porous coating. Results for acetabu-
lar components are more varied, with some 
studies demonstrating increased survival but 
others convincingly showing poorer results 
and advocating the avoidance of use of HA for 
primary acetabular components.

Hydroxyapatite has had the longest clinical 
history for a coating intended to improve 
implant fixation and durability. Most clinical 
results are promising, particularly for the fem-
oral component, while evidence is not as 
strong for the acetabular component.

References

	 1.	Soballe K. Hydroxyapatite ceramic coating for bone 
implant fixation. Mechanical and histological studies 
in dogs. Acta Orthop Scand. 1993;255:S1–5.

	 2.	Geesink RG. Osteoconductive coatings for total joint 
arthroplasty. Clin Orthop. 2002;395:53–65.

	 3.	Karrholm J, Malchau H, Snorrason F, Herberts P. 
Micromotion of femoral stems in total hip arthroplasty. 
A randomized study of cemented, hydroxyapatite-
coated, and porous-coated stems with roentgen ste-
reophotogrammetric analysis. J Bone Joint Surg Am. 
1994;76A:1692–705.

H. Daugaard et al.



113

	 4.	D’Antonio JA, Capello WN, Manley MT, Geesink 
R. Hydroxyapatite femoral stems for total hip 
arthroplasty: 10- to 13-year follow up. Clin Orthop. 
2001;393:101–11.

	 5.	Havelin LI, Engesaeter LB, Espehaug B, Furnes O, 
Lie SA, Vollset SE. The Norwegian Arthroplasty 
Register: 11 years and 73,000 arthroplasties. Acta 
Orthop Scand. 2000;71(4):337–53.

	 6.	Cook SD, Thomas KA, Dalton JE, Volkman TK, 
Whitecloud III TS, Kay JF. Hydroxyapatite coat-
ing of porous implants improves bone ingrowth and 
interface attachment strength. J Biomed Mater Res. 
1992;26(8):989–1001.

	 7.	 Jarcho M. Calcium phosphate ceramics as hard tissue 
prosthetics. Clin Orthop. 1981;157:259–78.

	 8.	Kobayashi T, Nakamura S, Yamashita K. Enhanced 
osteobonding by negative surface charges of electri-
cally polarized hydroxyapatite. J Biomed Mater Res. 
2001;57(4):477–84.

	 9.	Porter AE, Taak P, Hobbs LW, Coathup MJ, Blunn 
GW, Spector M. Bone bonding to hydroxyapatite 
and titanium surfaces on femoral stems retrieved 
from human subjects at autopsy. Biomaterials. 
2004;25(21):5199–208.

	10.	Bauer TW, Geesink RC, Zimmerman R, McMahon 
JT. Hydroxyapatite-coated femoral stems. 
Histological analysis of components retrieved at 
autopsy. J Bone Joint Surg Am. 1991;73A:1439–52.

	11.	Coathup MJ, Blunn GW, Flynn N, Williams C, 
Thomas NP. A comparison of bone remodelling 
around hydroxyapatite-coated, porous-coated and 
grit-blasted hip replacements retrieved at post-
mortem. J Bone Joint Surg Br. 2001;83B:118–23.

	12.	Lacefield WR, Hench LL. The bonding of bioglass to 
a cobalt-chromium surgical implant alloy. 
Biomaterials. 1986;7(2):104–8.

	13.	Ducheyne P, Van Raemdonck W, Heughebaert JC, 
Heughebaert M. Structural analysis of hydroxyapatite 
coatings on titanium. Biomaterials. 1986;7(2):97–103.

	14.	Hero H, Wie H, Jorgensen RB, Ruyter IE. 
Hydroxyapatite coatings on Ti produced by hot iso-
static pressing. J Biomed Mater Res. 1994;28(3): 
343–8.

	15.	Ishizawa H, Fujino M, Ogino M. Histomorphometric 
evaluation of the thin hydroxyapatite layer formed 
through anodization followed by hydrothermal 
treatment. J Biomed Mater Res. 1997;35(2): 
199–206.

	16.	Ban S, Maruno S, Arimoto N, Harada A, Hasegawa J. 
Effect of electrochemically deposited apatite coating 
on bonding of bone to the HA-G-Ti composite and 
titanium. J Biomed Mater Res. 1997;36(1):9–15.

	17.	Costa CA, Sena LA, Pinto M, Muller CA, Cavalcanti 
JH, Soares GA. In vivo characterization of titanium 
implants coated with synthetic hydroxyapatite by 
electrophoresis. Braz Dent J. 2005;6(1):75–81.

	18.	Schliephake H, Scharnweber D, Dard M, Robetaler S, 
Sewing A, Huttmann C. Biological performance of 
biomimetic calcium phosphate coating of titanium 
implants in the dog mandible. J Biomed Mater Res. 
2003;64(2):225–34.

	19.	Wang H, Eliaz N, Xiang Z, Hsu HP, Spector M, 
Hobbs LW. Early bone apposition in vivo on plasma-
sprayed and electrochemically deposited hydroxy-
apatite coatings on titanium alloy. Biomaterials. 
2006;27(23):4192–203.

	20.	Schmidmaier G, Wildemann B, Schwabe P, Stange R, 
Hoffmann J, Sudkamp NP, et al. A new electrochemi-
cally graded hydroxyapatite coating for osteosyn-
thetic implants promotes implant osseointegration 
in  a rat model. J Biomed Mater Res. 2002;63(2): 
168–72.

	21.	Daugaard H, Elmengaard B, Bechtold JE, Soballe K. 
The effect on bone growth enhancement of implant 
coatings with hydroxyapatite and collagen deposited 
electrochemically and by plasma spray. J Biomed 
Mater Res. 2010;92A(3):913–21.

	22.	Schliephake H, Scharnweber D, Roesseler S, Dard M, 
Sewing A, Aref A. Biomimetic calcium phosphate 
composite coating of dental implants. Int J Oral 
Maxillofac Implants. 2006;21(5):738–46.

	23.	Rahbek O, Overgaard S, Lind M, Bendix K, Bunger 
C, Soballe K. Sealing effect of hydroxyapatite coat-
ing on peri-implant migration of particles. An 
experimental study in dogs. J Bone Joint Surg Br. 
2001;83B(3):441–7.

	24.	Shanbhag AS, Hasselman CT, Rubash HE. The John 
Charnley Award. Inhibition of wear debris mediated 
osteolysis in a canine total hip arthroplasty model. 
Clin Orthop. 1997;344:33–43.

	25.	Bobyn JD, Jacobs JJ, Tanzer M, Urban RM, Aribindi 
R, Sumner DR, et  al. The susceptibility of smooth 
implant surfaces to periimplant fibrosis and migra-
tion of polyethylene wear debris. Clin Orthop. 1995; 
311:21–39.

	26.	Huracek J, Spirig P. The effect of hydroxyapatite coat-
ing on the fixation of hip prostheses. A comparison of 
clinical and radiographic results of hip replacement in 
a matched-pair study. Arch Orthop Trauma Surg. 
1994;113(2):72–7.

	27.	Rokkum M, Reigstad A, Johansson CB. HA par-
ticles can be released from well-fixed HA-coated 
stems: histopathology of biopsies from 20 hips 
2–8 years after implantation. Acta Orthop Scand. 
2002;73(3):298–306.

	28.	Rokkum M, Brandt M, Bye K, Hetland KR, Waage S, 
Reigstad A. Polyethylene wear, osteolysis and acetab-
ular loosening with an HA-coated hip prosthesis. 
A follow-up of 94 consecutive arthroplasties. J Bone 
Joint Surg Br. 1999;81B(4):582–9.

	29.	Harada Y, Wang JT, Doppalapudi VA, Willis AA, 
Jasty M, Harris WH, et al. Differential effects of dif-
ferent forms of hydroxyapatite and hydroxyapatite/
tricalcium phosphate particulates on human mono-
cyte/macrophages in vitro. J Biomed Mater Res. 
1996;31(1):19–26.

	30.	Bloebaum RD, Beeks D, Dorr LD, Savory CG, 
DuPont JA, Hofmann AA. Complications with 
hydroxyapatite particulate separation in total hip 
arthroplasty. Clin Orthop. 1994;298:19–26.

	31.	Morscher EW, Hefti A, Aebi U. Severe osteolysis 
after third-body wear due to hydro-xyapatite particles 

8  HA-Coated Implant: Bone Interface in Total Joint Arthroplasty



114

from acetabular cup coating. J Bone Joint Surg Br. 
1998;80B:267–72.

	32.	Luo ZS, Cui FZ, Li WZ. Low-temperature crystalliza-
tion of calcium phosphate coatings synthesized by 
ion-beam-assisted deposition. J Biomed Mater Res. 
1999;46(1):80–6.

	33.	Wen HB, Wijn JR, Cui FZ, Groot GK. Preparation of 
calcium phosphate coatings on titanium implant 
materials by simple chemistry. J Biomed Mater Res. 
1998;41(2):227–36.

	34.	Kokubo T, Kushitani H, Sakka S, Kitsugi T, 
Yamamuro T. Solutions able to reproduce in vivo 
surface-structure changes in bioactive glass-ceramic 
A-W. J Biomed Mater Res. 1990;24(6):721–34.

	35.	Barrere F, Layrolle P, Van Blitterswijk CA, De Groot 
K. Biomimetic coatings on titanium: a crystal growth 
study of octacalcium phosphate. J Mater Sci Mater 
Med. 2001;12(6):529–34.

	36.	He F, Lin L, Zhao S, Chen S, Wang X. Fast formation 
of biomimetic apatite coatings on pure porous titanium 
implant’s surface. J Biomed Eng. 2007;24(4):806–11.

	37.	Filiaggi MJ, Pilliar RM, Coombs NA. Post-
plasma-spraying heat treatment of the HA coating/
Ti-6A1-4V implant system. J Biomed Mater Res. 
1993;27(2):191–8.

	38.	Lo WJ, Grant DM. Hydroxyapatite thin films depos-
ited onto uncoated and (Ti, Al, V)N-coated Ti alloys. 
J Biomed Mater Res. 1999;46(3):408–17.

	39.	Piveteau LD, Girona MI, Schlapbach L, Barboux P, 
Boilot JP, Gasser B. Thin films of calcium phosphate 
and titanium dioxide by a sol-gel route: a new method 
for coating medical implants. J Mater Sci Mater Med. 
1999;10(3):161–7.

	40.	Shirkhanzadeh M. Direct formation of nanophase 
hydroxyapatite on cathodically polarized electrodes. 
J Mater Sci Mater Med. 1998;9(2):67–72.

	41.	Zhitomirsky I, Gal-Or L. Electrophoretic deposi-
tion of hydroxyapatite. J Mater Sci Mater Med. 
1997;4:213–9.

	42.	Ong JL, Lucas LC, Lacefield WR, Rigney ED. 
Structure, solubility and bond strength of thin calcium 
phosphate coatings produced by ion beam sputter 
deposition. Biomaterials. 1992;13(4):249–54.

	43.	Paldan H, Areva S, Tirri T, Peltola T, Lindholm TC, 
Lassila L, et  al. Soft tissue attachment on sol-gel-
treated titanium implants in vivo. J Mater Sci Mater 
Med. 2008;19(3):1283–90.

	44.	Sharma S, Soni VP, Bellare JR. Chitosan reinforced 
apatite-wollastonite coating by electrophoretic depo-
sition on titanium implants. J Mater Sci Mater Med. 
2009;20(7):1427–36.

	45.	Chai CS, Ben-Nissan B. Bioactive nanocrystalline 
sol-gel hydroxyapatite coatings. J Mater Sci Mater 
Med. 1999;10(8):465–9.

	46.	Li P, de Groot K. Calcium phosphate formation within 
sol-gel prepared titania in vitro and in vivo. J Mater 
Sci Mater Med. 1993;27(12):1495–500.

	47.	Yang BC, Weng J, Li XD, Zhang XD. The order of 
calcium and phosphate ion deposition on chemically 
treated titanium surfaces soaked in aqueous solution. 
J Biomed Mater Res. 1999;47(2):213–9.

	48.	Yang GL, He FM, Song E, Hu JA, Wang XX, Zhao 
SF. In vivo comparison of bone formation on titanium 
implant surfaces coated with biomimetically depos-
ited calcium phosphate or electrochemically depos-
ited hydroxyapatite. Int J Oral Maxillofac Implants. 
2010;25(4):669–80.

	49.	Li H, Khor KA, Cheang P. Titanium dioxide rein-
forced hydroxyapatite coatings deposited by high 
velocity oxy-fuel (HVOF) spray. Biomaterials. 
2002;23(1):85–91.

	50.	Yang Y, Ong JL. Bond strength, compositional, and 
structural properties of hydroxyapatite coating on Ti, 
ZrO2-coated Ti, and TPS-coated Ti substrate. 
J Biomed Mater Res A. 2003;64(3):509–16.

	51.	Yonggang Y, Wolke JG, Yubao L, Jansen JA. In vitro 
evaluation of different heat-treated radio frequency 
magnetron sputtered calcium phosphate coatings. 
Clin Oral Implants Res. 2007;18(3):345–53.

	52.	Meng X, Kwon TY, Kim KH. Hydroxyapatite coating 
by electrophoretic deposition at dynamic voltage. 
Dent Mater J. 2008;27(5):666–71.

	53.	Zhao J, Xiao S, Lu X, Wang J, Weng J. A study on 
improving mechanical properties of porous HA tissue 
engineering scaffolds by hot isostatic pressing. 
Biomed Mater. 2006;1(4):188–92.

	54.	Manders PJ, Wolke JG, Jansen JA. Bone response 
adjacent to calcium phosphate electrostatic spray 
deposition coated implants: an experimental study 
in goats. Clin Oral Implants Res. 2006;17(5): 
548–53.

	55.	Schouten C, Meijer GJ, van den Beucken JJ, 
Leeuwenburgh SC, de Jonge LT, Wolke JG, et al. In 
vivo bone response and mechanical evaluation of 
electrosprayed CaP nanoparticle coatings using the 
iliac crest of goats as an implantation model. Acta 
Biomat. 2010;6(6):2227–36.

	56.	Wie H, Hero H, Solheim T. Hot isostatic pressing-
processed hydroxyapatite-coated titanium implants: 
light microscopic and scanning electron microscopy 
investigations. Int J Oral Maxillofac Implants. 1998; 
13(6):837–44.

	57.	Yang GL, He FM, Hu JA, Wang XX, Zhao SF. Effects 
of biomimetically and electrochemically deposited 
nano-hydroxyapatite coatings on osseointegration of 
porous titanium implants. Oral Surg Med Path Rad 
Endod. 2009;107(6):782–9.

	58.	Yang GL, He FM, Hu JA, Wang XX, Zhao SF. 
Biomechanical comparison of biomimetically and 
electrochemically deposited hydroxyapatite-coated 
porous titanium implants. J Oral Maxillofac Surg. 
2010;68(2):420–7.

	59.	Hayakawa T, Takahashi K, Yoshinari M, Okada 
H, Yamamoto H, Sato M, et  al. Trabecular bone 
response to titanium implants with a thin carbonate-
containing apatite coating applied using the molecu-
lar precursor method. Int J Oral Maxillofac Implants. 
2006;21(6):851–8.

	60.	Huang S, Zhou K, Huang B, Li Z, Zhu S, Wang G. 
Preparation of an electrodeposited hydroxyapatite 
coating on titanium substrate suitable for in-vivo appli-
cations. J Mater Sci Mater Med. 2008;19(1):437–42.

H. Daugaard et al.



115

	61.	Dasarathy H, Riley C, Coble HD, Lacefield WR, 
Maybee G. HA/metal composite coatings formed 
by electrocodeposition. J Mater Sci Mater Med. 
1996;31(1):81–9.

	62.	Lin S, LeGeros RZ, LeGeros JP. Adherent octacalci-
umphosphate coating on titanium alloy using modu-
lated electrochemical deposition method. J Biomed 
Mater Res A. 2003;66(4):819–28.

	63.	Zeng H, Lacefield WR, Mirov S. Structural and mor-
phological study of pulsed laser deposited calcium 
phosphate bioceramic coatings: influence of deposi-
tion conditions, laser parameters, and target proper-
ties. J Biomed Mater Res. 2000;50(2):248–58.

	64.	Barrere F, van der Valk CM, Dalmeijer RA, van 
Blitterswijk CA, de Groot K, Layrolle P. In vitro 
and in vivo degradation of biomimetic octacalcium 
phosphate and carbonate apatite coatings on titanium 
implants. J Biomed Mater Res A. 2003;64(2):378–87.

	65.	Hayakawa T, Yoshinari M, Nemoto K, Wolke JG, 
Jansen JA. Effect of surface roughness and calcium 
phosphate coating on the implant/bone response. Clin 
Oral Implants Res. 2000;11(4):296–304.

	66.	Ong JL, Bessho K, Cavin R, Carnes DL. Bone 
response to radio frequency sputtered calcium phos-
phate implants and titanium implants in vivo. 
J Biomed Mater Res. 2002;59(1):184–90.

	67.	Wolke JG, van Dijk K, Schaeken HG, de Groot K, 
Jansen JA. Study of the surface characteristics of 
magnetron-sputter calcium phosphate coatings. 
J Biomed Mater Res. 1994;28(12):1477–84.

	68.	Stigter M, de Groot K, Layrolle P. Incorporation of 
tobramycin into biomimetic hydroxyapatite coating 
on titanium. Biomaterials. 2002;23(20):4143–53.

	69.	Li P, Ducheyne P. Quasi-biological apatite film 
induced by titanium in a simulated body fluid. 
J Biomed Mater Res. 1998;41(3):341–8.

	70.	Alzubaydi TL, Alameer SS, Ismaeel T, Alhijazi 
AY, Geetha M. In vivo studies of the ceramic 
coated titanium alloy for enhanced osseointegra-
tion in dental applications. J Mater Scie Mater Med. 
2009;20(S1):35–42.

	71.	Aniket, El-Ghannam A. Electrophoretic deposition of 
bioactive silica-calcium phosphate nanocomposite on 
Ti-6Al-4V orthopedic implant. J Biomed Mater Res 
B. 2011;99(2):369–79.

	72.	Yan WQ, Nakamura T, Kobayashi M, Kim HM, 
Miyaji F, Kokubo T. Bonding of chemically treated 
titanium implants to bone. J Biomed Mater Res. 
1997;37(2):267–75.

	73.	Reigstad O, Franke-Stenport V, Johansson CB, 
Wennerberg A, Rokkum M, Reigstad A. Improved 
bone ingrowth and fixation with a thin calcium 
phosphate coating intended for complete resorption. 
J Biomed Mater Res B. 2007;83(1):9–15.

	74.	Reigstad O, Johansson C, Stenport V, Wennerberg A, 
Reigstad A, Rokkum M. Different patterns of bone 
fixation with hydroxyapatite and resorbable CaP 
coatings in the rabbit tibia at 6, 12, and 52 weeks. 
J Biomed Mater Res B. 2011;99(1):14–20.

	75.	Becker P, Neumann HG, Nebe B, Luthen F, Rychly J. 
Cellular investigations on electrochemically depos-

ited calcium phosphate composites. J Biomed Mater 
Res. 2004;15(4):437–40.

	76.	 Ishizawa H, Fujino M, Ogino M. Mechanical and his-
tological investigation of hydrothermally treated and 
untreated anodic titanium oxide films containing Ca 
and P. J Biomed Mater Res. 1995;29(11):1459–68.

	77.	Schwarz ML, Kowarsch M, Rose S, Becker K, Lenz 
T, Jani L. Effect of surface roughness, porosity, and a 
resorbable calcium phosphate coating on osseointe-
gration of titanium in a minipig model. J Biomed 
Mater Res A. 2009;89(3):667–78.

	78.	He F, Yang G, Wang X, Zhao S. Effect of electrochem-
ically deposited nanohydroxyapatite on bone bonding 
of sandblasted/dual acid-etched titanium implant. Int 
J Oral Maxillofac Implants. 2009;24(5):790–9.

	79.	Lakstein D, Kopelovitch W, Barkay Z, Bahaa M, 
Hendel D, Eliaz N. Enhanced osseointegration of 
grit-blasted, NaOH-treated and electrochemically 
hydroxyapatite-coated Ti-6Al-4V implants in rabbits. 
Acta Biomat. 2009;5(6):2258–69.

	80.	Badr NA, El Hadary AA. Hydroxyapatite-
electroplated cp-titanium implant and its bone inte-
gration potentiality: an in vivo study. Implant Dent. 
2007;16(3):297–308.

	81.	 ten Broeke RH, Alves A, Baumann A, Arts JJ, 
Geesink RG. Bone reaction to a biomimetic third-
generation hydroxyapatite coating and new surface 
treatment for the Symax hip stem. J Bone Joint Surg 
Br. 2011;93B:760–8.

	82.	 ten Broeke RH, Hendrickx RP, Leffers P, Jutten LM, 
Geesink RG. Randomised trial comparing bone 
remodelling around two uncemented stems using 
modified Gruen zones. Hip Int. 2012;22(1):41–9.

	83.	Boe BG, Rohrl SM, Heier T, Snorrason F, Nordsletten 
L. A prospective randomized study comparing elec-
trochemically deposited hydroxyapatite and plasma-
sprayed hydroxyapatite on titanium stems. Acta 
Orthop Scand. 2011;82(1):13–9.

	84.	Buratti CA, D’Arrigo C, Guido G, Lenzi F, Logroscino 
GD, Magliocchetti G, et al. Assessment of the initial 
stability of the Symax femoral stem with EBRA-
FCA: a multicentric study of 85 cases. Hip Int. 
2009;19(1):24–9.

	85.	Bergschmidt P, Bader R, Finze S, Gankovych A, Kundt 
G, Mittelmeier W. Cementless total hip replacement: a 
prospective clinical study of the early functional and 
radiological outcomes of three different hip stems. 
Arch Orthop Trauma Surg. 2010;130(1):125–33.

	86.	Malchiodi L, Ghensi P, Cucchi A, Trisi P, Szmukler-
Moncler S, Corrocher G, et al. Early bone formation 
around immediately loaded FBR-coated implants 
after 8, 10 and 12 weeks: a human histologic evalua-
tion of three retrieved implants. Minerva Stomatol. 
2011;60(4):205–16.

	87.	Dhert WJ. Retrieval studies on calcium phosphate-
coated implants. Med Prog Technol. 1994;20(3–4): 
143–54.

	88.	Porter AE, Hobbs LW, Rosen VB, Spector M. The 
ultrastructure of the plasma-sprayed hydroxyapatite-
bone interface predisposing to bone bonding. 
Biomaterials. 2002;23(3):725–33.

8  HA-Coated Implant: Bone Interface in Total Joint Arthroplasty



116

	 89.	Nakamura S, Kobayashi T, Yamashita K. Numerical 
osteobonding evaluation of electrically polarized 
hydroxyapatite ceramics. J Biomed Mater Res A. 
2004;68(1):90–4.

	 90.	Boskey AL. Current concepts of the physiology 
and biochemistry of calcification. Clin Orthop. 
1981;157:225–57.

	 91.	 Itoh S, Nakamura S, Nakamura M, Shinomiya K, 
Yamashita K. Enhanced bone ingrowth into hydroxy-
apatite with interconnected pores by Electrical 
Polarization. Biomaterials. 2006;27(32):5572–9.

	 92.	Teng NC, Nakamura S, Takagi Y, Yamashita Y, 
Ohgaki M, Yamashita K. A new approach to enhance-
ment of bone formation by electrically polarized 
hydroxyapatite. J Dent Res. 2001;80(10):1925–9.

	 93.	Hamamoto N, Hamamoto Y, Nakajima T, Ozawa H. 
Histological, histocytochemical and ultrastructural 
study on the effects of surface charge on bone forma-
tion in the rabbit mandible. Arch Oral Biol. 
1995;40(2):97–106.

	 94.	Wang W, Itoh S, Tanaka Y, Nagai A, Yamashita K. 
Comparison of enhancement of bone ingrowth into 
hydroxyapatite ceramics with highly and poorly 
interconnected pores by electrical polarization. Acta 
Biomat. 2009;5(8):3132–40.

	 95.	LeGeros RZ. Properties of osteoconductive bioma-
terials: calcium phosphates. Clin Orthop. 2002;395: 
81–98.

	 96.	Kilpadi KL, Chang PL, Bellis SL. Hydroxylapatite 
binds more serum proteins, purified integrins, and 
osteoblast precursor cells than titanium or steel.  
J Biomed Mater Res. 2001;57(2):258–67.

	 97.	Sun L, Berndt CC, Gross KA, Kucuk A. Material 
fundamentals and clinical performance of plasma-
sprayed hydroxyapatite coatings: a review. J Biomed 
Mater Res. 2001;58(5):570–92.

	 98.	Overgaard S, Bromose U, Lind M, Bunger C, 
Soballe K. The influence of crystallinity of the 
hydroxyapatite coating on the fixation of implants. 
Mechanical and histomorphometric results. J Bone 
Joint Surg Br. 1999;81B:725–31.

	 99.	Rossler S, Sewing A, Stolzel M, Born R, 
Scharnweber D, Dard M, et  al. Electrochemically 
assisted deposition of thin calcium phosphate coat-
ings at near-physiological pH and temperature. 
J Biomed Mater Res A. 2003;64(4):655–63.

	100.	Rossler S, Ogami T, Scharnweber D, Worch H. 
Biomimetic coating functionalized with adhesion 
peptides for dental implants. J Mater Sci Mater Med. 
2001;12:871–7.

	101.	Barrere F, Layrolle P, van Blitterswijk CA, de Groot 
K. Biomimetic calcium phosphate coatings on 
Ti6AI4V: a crystal growth study of octacalcium 
phosphate and inhibition by Mg2+ and HCO3. Bone. 
1999;25(S2):107–11.

	102.	Ban S, Maruno S. Hydrothermal-electrochemical 
deposition of hydroxyapatite. J Biomed Mater Res. 
1998;42(3):387–95.

	103.	 Ishizawa H, Ogino M. Characterization of thin 
hydroxyapatite layers formed on anodic titanium 

oxide films containing Ca and P by hydrothermal 
treatment. J Biomed Mater Res. 1995;29(9):1071–9.

	104.	 Ishizawa H, Ogino M. Formation and characteriza-
tion of anodic titanium oxide films containing Ca 
and P. J Biomed Mater Res. 1995;29(1):65–72.

	105.	Sewing A, Lakatos M, Scharnweber D, Roessler S, 
Born R, Dard M, et  al. Influence of Ca/P ratio on 
electrochemical assisted deposition of hydroxyapa-
tite on titanium. Key Eng Mater. 2004;4:419–22.

	106.	Kuroda K, Okido M. Hydroxyapatite coating of tita-
nium implants using hydroprocessing and evaluation 
of their osteoconductivity. Bioinorg Chem Appl. 
2012;2012:730693.

	107.	Cook SD, Kay JF, Thomas KA, Jarcho M. Interface 
mechanics and histology of titanium and hydroxyapatite-
coated titanium for dental implant applications. Int J 
Oral Maxillofac Impl. 1987;2(1):15–22.

	108.	Hong L, Xu HC, de Groot K. Tensile strength of the 
interface between hydroxyapatite and bone. 
J Biomed Mater Res. 1992;26(1):7–18.

	109.	Gross KA, Berndt CC. Thermal processing of 
hydroxyapatite for coating production. J Biomed 
Mater Res. 1998;39(4):580–7.

	110.	Li H, Khor KA, Cheang P. Impact formation and 
microstructure characterization of thermal sprayed 
hydroxyapatite/titania composite coatings. 
Biomaterials. 2003;24(6):949–57.

	111.	Whitehead RY, Lacefield WR, Lucas LC. Structure 
and integrity of a plasma sprayed hydroxyapa-
tite coating on titanium. J Biomed Mater Res. 
1993;27(12):1501–17.

	112.	Koch B, Wolke JG, de Groot K. X-ray diffraction 
studies on plasma-sprayed calcium phosphate-coated 
implants. J Biomed Mater Res. 1990;24(6):655–67.

	113.	Ellies LG, Nelson DG, Featherstone JD. Crystal
lographic changes in calcium phosphates during 
plasma-spraying. Biomaterials. 1992;13(5):313–6.

	114.	Zyman Z, Weng J, Liu X, Zhang X, Ma Z. 
Amorphous phase and morphological structure of 
hydroxyapatite plasma coatings. Biomaterials. 1993; 
14(3):225–8.

	115.	Wang BC, Chang E, Lee TM, Yang CY. Changes in 
phases and crystallinity of plasma-sprayed hydroxy-
apatite coatings under heat treatment: a quantitative 
study. J Biomed Mater Res. 1995;29(12):1483–92.

	116.	Locardi B, Pazzaglia UE, Gabbi C, Profilo B. Thermal 
behaviour of hydroxyapatite intended for medical 
applications. Biomaterials. 1993;14(6):437–41.

	117.	Ji H, Marquis PM. Effect of heat treatment on the 
microstructure of plasma-sprayed hydroxyapatite 
coating. Biomaterials. 1993;14(1):64–8.

	118.	Ergun C, Doremus R, Lanford W. Hydroxyapatite 
and titanium: interfacial reactions. J Biomed Mater 
Res A. 2003;65(3):336–43.

	119.	Wei M, Ruys AJ, Swain MV, Milthorpe BK, Sorrell 
CC. Hydroxyapatite-coated metals: interfacial reac-
tions during sintering. J Mater Sci Mater Med. 
2005;16(2):101–6.

	120.	Serro AP, Fernandes AC, Saramago B, Lima J, 
Barbosa MA. Apatite deposition on titanium 

H. Daugaard et al.



117

surfaces-the role of albumin adsorption. Biomaterials. 
1997;18(14):963–8.

	121.	Ban S, Maruno S, Harada A, Hattori M, Narita K, 
Hasegawa J. Effect of temperature on morphology 
of electrochemically-deposited calcium phosphates. 
Dent Mater J. 1996;15(1):31–8.

	122.	Ban S, Maruno S. Effect of temperature on elec-
trochemical deposition of calcium phosphate 
coatings in a simulated body fluid. Biomaterials. 
1995;16(13):977–81.

	123.	Ban S, Maruno S. Morphology and microstructure 
of electrochemically deposited calcium phosphates 
in a modified simulated body fluid. Biomaterials. 
1998;19(14):1245–53.

	124.	Shirkhanzadeh M. X-ray diffraction and fourier 
transform infrared analysis of nanophase apa-
tite coatings prepared by electrocrystallization. 
Nanostruct Mater. 1994;4(6):677–84.

	125.	Shirkhanzadeh M, Azadegan M. Hydroxyapatite par-
ticles prepared by electrocrystallisation from aque-
ous electrolytes. Mater Lett. 1993;15(5–6):392–5.

	126.	Redepenning J, McIsaac JP. Electrocrystallization of 
brushite coatings on prosthetic alloys. Chem Mater. 
1990;2(6):625–7.

	127.	Kumar M, Dasarathy H, Riley C. Electrodeposition 
of brushite coatings and their transformation to 
hydroxyapatite in aqueous solutions. J Biomed 
Mater Res. 1999;45(4):302–10.

	128.	Kumar M, Xie J, Chittur K, Riley C. Transformation 
of modified brushite to hydroxyapatite in aque-
ous solution: effects of potassium substitution. 
Biomaterials. 1999;20(15):1389–99.

	129.	Agata De Sena L, Calixto De Andrade M, Malta 
Rossi A, de Almeida Soares G. Hydroxyapatite 
deposition by electrophoresis on titanium sheets 
with different surface finishing. J Biomed Mater 
Res. 2002;60(1):1–7.

	130.	Zhitomirsky I, Gal-Or L. Electrophoretic deposition 
of hydroxyapatite. J Mater Sci Mater Med. 1997; 
8(4):213–9.

	131.	Ducheyne P, Radin S, Heughebaert M, Heughebaert 
JC. Calcium phosphate ceramic coatings on porous 
titanium: effect of structure and composition on 
electrophoretic deposition, vacuum sintering and in 
vitro dissolution. Biomaterials. 1990;11(4):244–54.

	132.	Zhang B, Kwok CT, Cheng FT, Man HC. Fabrication 
of nano-structured HA/CNT coatings on Ti6Al4V by 
electrophoretic deposition for biomedical applica-
tions. J Nanosci Nanotech. 2011;11(12):10740–5.

	133.	Redepenning J, Schlessinger T, Burnham S, 
Lippiello L, Miyano J. Characterization of electro-
lytically prepared brushite and hydroxyapatite coat-
ings on orthopedic alloys. J Biomed Mater Res. 
1996;30(3):287–94.

	134.	Roessler S, Born R, Scharnweber D, Worch H, 
Sewing A, Dard M. Biomimetic coatings functional-
ized with adhesion peptides for dental implants. 
J Mater Sci Mater Med. 2001;12(10–12):871–7.

	135.	Joschek S, Nies B, Krotz R, Goferich A. Chemical 
and physicochemical characterization of porous 

hydroxyapatite ceramics made of natural bone. 
Biomaterials. 2000;21(16):1645–58.

	136.	Soballe K, Hansen ES, Brockstedt-Rasmussen H, 
Pedersen CM, Bunger C. Hydroxyapatite coating 
enhances fixation of porous coated implants. A com-
parison in dogs between press fit and noninterfer-
ence fit. Acta Orthop Scand. 1990;61(4):299–306.

	137.	Soballe K, Hansen ES, Brockstedt-Rasmussen H, 
Bunger C. Hydroxyapatite coating converts fibrous 
tissue to bone around loaded implants. J Bone Joint 
Surg Br. 1993;75B:270–8.

	138.	Soballe K, Hansen ES, Rasmussen H, Jorgensen PH, 
Bunger C. Tissue ingrowth into titanium and 
hydroxyapatite-coated implants during stable and 
unstable mechanical conditions. J Orthop Res. 
1992;10(2):285–99.

	139.	Soballe K, Brockstedt-Rasmussen H, Hansen ES, 
Bunger C. Hydroxyapatite coating modifies implant 
membrane formation. Controlled micromotion stud-
ied in dogs. Acta Orthop Scand. 1992;63(2):128–40.

	140.	Soballe K, Hansen ES, Brockstedt-Rasmussen H, 
Pedersen CM, Bunger C. Bone graft incorporation 
around titanium-alloy- and hydroxyapatite-coated 
implants in dogs. Clin Orthop. 1992;274:282–93.

	141.	Soballe K, Hansen ES, Brockstedt-Rasmussen H, 
Hjortdal VE, Juhl GI, Pedersen CM, et al. Gap heal-
ing enhanced by hydroxyapatite coating in dogs. 
Clin Orthop. 1991;272:300–7.

	142.	Schimmel JW, Huiskes R. Primary fit of the Lord 
cementless total hip. A geometric study in cadavers. 
Acta Orthop Scand. 1988;59(6):638–42.

	143.	Burke DW, O’Connor DO, Zalenski EB, Jasty M, 
Harris WH. Micromotion of cemented and unce-
mented femoral components. J Bone Joint Surg Br. 
1991;73B:33–7.

	144.	Volz RG, Nisbet JK, Lee RW, McMurtry MG. The 
mechanical stability of various noncemented tibial 
components. Clin Orthop. 1988;226:38–42.

	145.	Branson PJ, Steege JW, Wixson RL, Lewis J, 
Stulberg SD. Rigidity of initial fixation with unce-
mented tibial knee implants. J Arthroplasty. 
1989;4(1):21–6.

	146.	Bobyn JD, Engh CA. Human histology of the bone-
porous metal implant interface. Orthopedics. 
1984;7(9):1410–21.

	147.	Bobyn JD, Engh CA, Glassman AH. Histologic 
analysis of a retrieved microporous-coated femoral 
prosthesis. A seven-year case report. Clin Orthop. 
1987;224:303–10.

	148.	Bobyn JD, Mortimer ES, Glassman AH, Engh CA, 
Miller JE, Brooks CE. Producing and avoiding stress 
shielding. Laboratory and clinical observations of 
noncemented total hip arthroplasty. Clin Orthop. 
1992;274:79–96.

	149.	Bobyn JD, Pilliar RM, Cameron HU, Weatherly GC. 
The optimum pore size for the fixation of porous-
surfaced metal implants by the ingrowth of bone. 
Clin Orthop. 1980;150:263–70.

	150.	Harris WH, Schiller AL, Scholler JM, Freiberg RA, 
Scott R. Extensive localized bone resorption in the 

8  HA-Coated Implant: Bone Interface in Total Joint Arthroplasty



118

femur following total hip replacement. J Bone Joint 
Surg Am. 1976;58A:612–8.

	151.	Harris WH, White Jr RE, McCarthy JC, Walker PS, 
Weinberg EH. Bony ingrowth fixation of the acetab-
ular component in canine hip joint arthroplasty. Clin 
Orthop. 1983;176:7–11.

	152.	Daugaard H, Elmengaard B, Bechtold JE, Jensen 
TB, Soballe K. Comparison of three different 
hydroxyapatite coatings in an unloaded implant 
model. An experimental canine study. American 
Society of Biomechanics, 28th annual Meeting, 
Portland; 2004.

	153.	Kim YH, Kim JS, Joo JH, Park JW. Is hydroxyapa-
tite coating necessary to improve survivorship of 
porous-coated titanium femoral stem? J Arthroplasty. 
2012;27(4):559–63.

	154.	Bercovy M, Beldame J, Lefebvre B, Duron A. A 
prospective clinical and radiological study compar-
ing hydroxyapatite-coated with cemented tibial 
components in total knee replacement. J Bone Joint 
Surg Br. 2012;94B:497–503.

	155.	Schewelov T, Ahlborg H, Sanzen L, Besjakov J, 
Carlsson A. Fixation of the fully hydroxyapatite-
coated Corail stem implanted due to femoral neck 
fracture. Acta Orthop Scand. 2012;83(2):153–8.

	156.	Pijls BG, Valstar ER, Kaptein BL, Fiocco M, 
Nelissen RG. The beneficial effect of hydroxyapatite 
lasts. Acta Orthop Scand. 2012;83(2):135–41.

	157.	Vidalain JP. Twenty-year results of the cementless 
Corail stem. Int Orthop. 2011;35(2):189–94.

	158.	Campbell D, Mercer G, Nilsson KG, Wells V, Field 
JR, Callary SA. Early migration characteristics of a 
hydroxyapatite-coated femoral stem: an RSA study. 
Int Orthop. 2011;35(4):483–8.

	159.	Voigt JD, Mosier M. Hydroxyapatite (HA) coating 
appears to be of benefit for implant durability of 
tibial components in primary total knee arthroplasty. 
Acta Orthop Scand. 2011;82(4):448–59.

	160.	Baker PN, McMurtry IA, Chuter G, Port A, 
Anderson J. THA with the ABG I prosthesis at 15 
years. Excellent survival with minimal osteolysis. 
Clin Orthop. 2010;468:1855–61.

	161.	Mannan K, Freeman MA, Scott G. The Freeman femo-
ral component with hydroxyapatite coating and reten-
tion of the neck: an update with a minimum follow-up 
of 17 years. J Bone Joint Surg Br. 2010;92:480–5.

	162.	Camazzola D, Hammond T, Gandhi R, Davey JR. A 
randomized trial of hydroxyapatite-coated femoral 
stems in total hip arthroplasty: a 13-year follow-up. 
J Arthroplasty. 2009;24(1):33–7.

	163.	Gandhi R, Davey JR, Mahomed NN. Hydroxyapatite 
coated femoral stems in primary total hip arthroplasty: 
a meta-analysis. J Arthroplasty. 2009;24(1):38–42.

	164.	Emans PJ, Broeke RH, Van Mulken JM, Kuijer R, 
Van Rhijn LW, Geesink RG. Results of total hip 
arthroplasties in the young patient; further evidence 
for a barrier against articular wear debris by hydroxy-
apatite coatings. Hip Int. 2009;19(4):343–51.

	165.	Goosen JH, Kums AJ, Kollen BJ, Verheyen CC. 
Porous-coated femoral components with or without 

hydroxyapatite in primary uncemented total hip 
arthroplasty: a systematic review of randomized 
controlled trials. Arch Orthop Trauma Surg. 
2009;129(9):1165–9.

	166.	Gottliebsen M, Rahbek O, Ottosen PF, Soballe K, 
Stilling M. Superior 11-year survival but higher 
polyethylene wear of hydroxyapatite-coated 
Mallory-Head cups. Hip Int. 2012;22(1):35–40.

	167.	Lazarinis S, Karrholm J, Hailer NP. Increased risk of 
revision of acetabular cups coated with hydroxyapa-
tite. Acta Orthop Scand. 2010;81(1):53–9.

	168.	Stilling M, Rahbek O, Soballe K. Inferior survival of 
hydroxyapatite versus titanium-coated cups at 15 
years. Clin Orthop. 2009;467(11):2872–9.

	169.	Adolphson PY, Salemyr MO, Skoldenberg OG, 
Boden HS. Large femoral bone loss after hip revi-
sion using the uncemented proximally porous-coated 
Bi-Metric prosthesis: 22 hips followed for a mean of 
6 years. Acta Orthop Scand. 2009;80(1):14–9.

	170.	Philippot R, Delangle F, Verdot FX, Farizon F, 
Fessy MH. Femoral deficiency reconstruction using 
a hydroxyapatite-coated locked modular stem. 
A series of 43 total hip revisions. Orthop Traumatol 
Surg Res. 2009;95(2):119–26.

	171.	Boe B, editor. Change in bone density and implanta-
tion AV taperloc cementless hip prosthetic with two 
different hydroxyapatite coatings. Oslo: Nordic 
Orthopaedic Federation 53rd Congress, 2006.

	172.	Karrholm J, Borssen B, Lowenhielm G, Snorrason 
F. Does early micromotion of femoral stem prosthe-
ses matter? 4–7-year stereoradiographic follow-up 
of 84 cemented prostheses. J Bone Joint Surg Br. 
1994;76B:912–7.

	173.	Thien TM, Ahnfelt L, Eriksson M, Stromberg C, 
Karrholm J. Immediate weight bearing after unce-
mented total hip arthroplasty with an anteverted stem: 
a prospective randomized comparison using radio-
stereometry. Acta Orthop Scand. 2007;78(6):730–8.

	174.	Malchau H, Karrholm J, Wang YX, Herberts P. 
Accuracy of migration analysis in hip arthroplasty. 
Digitized and conventional radiography, compared 
to radiostereometry in 51 patients. Acta Orthop 
Scand. 1995;66(5):418–24.

	175.	Nistor L, Blaha JD, Kjellstrom U, Selvik G. In vivo 
measurements of relative motion between an unce-
mented femoral total hip component and the femur 
by roentgen stereophotogrammetric analysis. Clin 
Orthop. 1991;269:220–7.

	176.	Karrholm J, Snorrason F. Subsidence, tip, and hump 
micromovements of noncoated ribbed femoral pros-
theses. Clin Orthop. 1993;287:50–60.

	177.	Cianci R, Baruffaldi F, Fabbri F, Affatato S, Toni A, 
Giunti A. A computerized system for radiographical 
evaluation in total hip arthroplasty. Comp Methods 
Programs Biomed. 1995;46(3):233–43.

	178.	 Ilchmann T, Franzen H, Mjoberg B, Wingstrand H. 
Measurement accuracy in acetabular cup migra-
tion. A comparison of four radiologic methods 
versus roentgen stereophotogrammetric analysis. 
J Arthroplasty. 1992;7(2):121–7.

H. Daugaard et al.



119

	179.	Biedermann R, Krismer M, Stockl B, Mayrhofer P, 
Ornstein E, Franzen H. Accuracy of EBRA-FCA in 
the measurement of migration of femoral compo-
nents of total hip replacement. J Bone Joint Surg Br. 
1999;81B:266–72.

	180.	Krismer M, Biedermann R, Stockl B, Fischer M, 
Bauer R, Haid C. The prediction of failure of the 
stem in THR by measurement of early migra-
tion using EBRA-FCA. J Bone Joint Surg Br. 
1999;81B:273–80.

	181.	McCarthy CK, Steinberg GG, Agren M, Leahey D, 
Wyman E, Baran DT. Quantifying bone loss from 
the proximal femur after total hip arthroplasty. 
J Bone Joint Surg Br. 1991;73B:774–8.

	182.	Kilgus DJ, Shimaoka EE, Tipton JS, Eberle RW. 
Dual-energy x-ray absorptiometry measurement of 
bone-mineral density around porous-coated cement-
less femoral implants – methods and preliminary-
results. J Bone Joint Surg Br. 1993;75B:279–87.

	183.	Trevisan C, Bigoni M, Cherubini R, Steiger P, Randelli 
G, Ortolani S. Dual x-ray absorptiometry for the eval-
uation of bone density from the proximal femur after 
total hip arthroplasty: analysis protocols and repro-
ducibility. Calcif Tissue Int. 1993;53(3):158–61.

	184.	Kiratli BJ, Heiner JP, McBeath AA, Wilson MA. 
Determination of bone mineral density by dual x-ray 
absorptiometry in patients with uncemented total hip 
arthroplasty. J Orthop Res. 1992;10(6):836–44.

	185.	Cohen B, Rushton N. Accuracy of DEXA measure-
ment of bone mineral density after total hip arthro-
plasty. J Bone Joint Surg Br. 1995;77B:479–83.

	186.	Rahmy AI, Gosens T, Blake GM, Tonino A, 
Fogelman I. Periprosthetic bone remodelling of two 
types of uncemented femoral implant with proximal 
hydroxyapatite coating: a 3-year follow-up study 
addressing the influence of prosthesis design and 
preoperative bone density on periprosthetic bone 
loss. Osteop Int. 2004;15(4):281–9.

8  HA-Coated Implant: Bone Interface in Total Joint Arthroplasty



121T. Karachalios (ed.), Bone-Implant Interface in Orthopedic Surgery, 
DOI 10.1007/978-1-4471-5409-9_9, © Springer-Verlag London 2014

           Introduction 

 Various types of cementless implants with rough 
or porous-coated surfaces for ongrowth or 
ingrowth have been used or are currently in use 
and have shown satisfactory mid- and long-term 
clinical results [ 1 – 4 ]. In no more than 60–70 % of 
these surfaces, direct bone apposition has been 
observed [ 5 – 8 ]. 

 Trabecular metal (TMT), a three-dimensional 
structure made of tantalum with interconnecting 
pores throughout its volume, was developed in an 
effort to maximize volumetric porosity and 
improve the microenvironment for bone ingrowth 
(Fig.  9.1 ). Unlike most contemporary implants 
which are made of solid metal, trabecular metal 
is a space frame with a structure that closely 
resembles the structure and the mechanical prop-
erties of cancellous bone [ 9 ]. Tantalum is a rela-
tively soft metal, biologically inert and highly 
resistant to corrosion and erosion. Medical 
implants used over the past seven decades like 
electrodes for pacemakers, femoral stems, and 
dental implants have proved its safety and bio-
compatibility. Currently no data supports any 
possible biological activity of tantalum micropar-
ticles and tantalum ions [ 10 ].

       Structure 

 Trabecular metal is a composite porous material. 
Its three-dimensional frame is made of amorphous 
carbon, and tantalum metal covers this substrate 
by plasma-spray deposition techniques. Both the 
pore size and the amount of tantalum deposition 
can be regulated through the fabrication method, 
and thus the mechanical properties can be altered 
[ 9 ]. Typically, it is in use for orthopedic applica-
tions, its pore size ranging between 400 and 
600 μm and with porosity of up to 75–85 % of its 
entire volume. Porosity, pore size, and elasticity of 
TMT highly resemble cancellous bone and so does 
its friction coeffi ciency which is 40–75 % higher 
than conventional porous materials [ 9 ,  10 ,  11 ].  

    Experimental Data 

 Animal studies have shown rapid bone ingrowth in 
TMT implants and no implant-related adverse 
effects. In vitro experiments demonstrated that pre-
treated Ta and Ti plates are more resistant to bacte-
ria adhesion [ 12 ]. Miyazaki T et al. [ 13 ] reported 
that bone creates a chemical bond with titanium and 
tantalum plates treated with NaOH in stimulated 
body fl uid. They call this fi rst layer of Ta-Bone tan-
talite. In an environment that resembles in vivo con-
ditions (stimulated body fl uid, SBF), alkali-treated 
Ti and TMT plates were found to induce apatite 
formation and direct bonding of the metal/apatite 
layer to bone. Bobyn et al. [ 9 ] have used a canine 
transcortical model in order to test bone ingrowth 

        K.  A.   Bargiotas ,  MD       
  Orthopaedic Department , 
 University General Hospital of Larissa , 
  Mezourlo Region ,  Larissa   41110 ,  Greece   
 e-mail: kbargio@yahoo.gr  

  9      Trabecular Metal: Bone Interface 
in Total Joint Arthroplasty 

           Konstantinos     A.     Bargiotas     



122

and implant stability. Rapid bone ingrowth was evi-
dent while 42 % of pores were found to be fi lled in 
the 4th week, 63 % in the 16th, and 80 % in the 
52nd week. In pullout tests, resistance to shearing 
was signifi cantly higher compared with porous-
coated CoCr surfaces. Bobyn et al. [ 14 ] have also 
implanted 22 total hip arthroplasties with a cup 
made of TMT in dogs. The interface was examined 
6 months postimplantation histologically and by 
electron microscopy. Bone ingrowth was evident in 
all specimens ranging from 0.2 to 2 mm in depth 
while the extent of the bone formation both as a per-
centage of the implant surface and in depth was 
found to be comparable with wire-mesh- covered Ti 
implants. Hacking et al. [ 15 ] and more recently 
Reach et al. [ 16 ] studied the ingrowth of fi brous tis-
sue in TMT. They demonstrated that vascularized 
fi brous tissue rapidly fi lled the entire volume of the 
implant. The strength of the tendon-implant bone 
interface was found to be 99 % of the strength of the 
normal tendon attachment at 6 weeks and 140 % 12 
weeks postimplantation. More interestingly, histol-
ogy revealed the formation of Sharpey-like fi bers 
within the TMT washers.  

    Retrieval Studies 

 Although bone ingrowth in TMT has been experi-
mentally tested and proved clinically by radio-
logical and outcome studies, data from retrieval 
studies are rare. D’Angelo et al. [ 17 ] performed 

a  histological evaluation of bone-implant inter-
face in a human specimen removed from a 
patient. Their study was based on polarized light 
microscopy, and they reported 90 % of pore fi ll-
ing by bone. According to our own unpublished 
data from a retrieved stable implant, ingrowth of 
bone was complete in the fi rst two rows of cells 
(2–3 mm) while vascularized fi brous tissue was 
evident beyond the second row, and in areas of the 
surface that there was not bone formation. During 
ingrowth, bone follows the topology of the scaffold 
by attaching to the tantalum struts and then fi lls 
the empty space of the cells. In other words, bone 
attaches fi rst to the cell boundary and then grows 
further to the interior of the cell. By applying EDS 
elemental analysis, we could compare the compo-
sition of new bone material within the cells of the 
trabecular metal with that of the bone attached to 
the surface of the cup. The bone material grown 
inside the fi rst row of cells had almost identical 
composition with the attached bone verifi ed by 
similar Ca:P ratio, indicating complete densifi ca-
tion into hydroxyapatite. However, the composi-
tion of the bone-like material in the second row of 
cells had a different composition (Fig.  9.2 ).

       Clinical Studies 

 TMT has been used up today in a variety of 
implants and clinical experience with some of 
them exceeds one decade. Historically the fi rst 

  Fig. 9.1    Trabecular metal 
structure is shown       
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implant released for commercial use was an ace-
tabular component. This cup incorporated, besides 
a TMT metal shell, a number of unique design 
characteristics. The TMT cup is elliptic in shape, 
designed for an interference fi t at the rim of the 
prepared acetabular cavity and compact with the 
compression-molded polyethylene liner (steril-
ized with gamma radiation) solidly seated in the 
porous tantalum cell. The Monoblock TMT cup 
has a modulus of elasticity almost identical with 
subchondral bone. As the cup is elliptical, periph-
eral fi t may prevent the complete sitting of the cup 
in the prepared acetabular cavity. As a conse-
quence, gaps at the interface of the dome have 
been reported to be relatively frequent (13–32 %) 
[ 18 – 21 ]. Gruen et al. [ 21 ] reported that 84 % of 
these gaps were fi lled within 5 years. In our series 
[ 18 ], big polar gaps did not fi ll entirely, but they 
did not compromise the stability of the cup. 

 Several authors have reported satisfactory 
midterm results with this construct [ 18 – 25 ]. We 
have reported [ 18 ,  20 ] excellent midterm results 
with this particular implant demonstrating that all 
cups were radiographically stable with a follow-
 up ranging between 3 and 9 years with an overall 
survivorship of 98.75 %. Furthermore, in serial 
radiographs, thickening of the trabeculae and 
increased bone density at the periphery of the cup 

as well as at the dome were observed. This was 
attributed to the load transfer pattern and the elas-
ticity of the cup. Recent studies proved that 
instead of stress shielding that occurs behind Ti 
and CoCr cementless cups, there is increased 
bone density and remodelling of the subchondral 
bone with TMT cups [ 26 ,  27 ] (Fig.  9.3 ).

   Trabecular metal implants have been used for 
acetabular revision surgery also. An acetabular 
component made of TMT with multiple screw 
holes is available. The cup can be fi xed in a 
 fashion that allows maximum contact of metal 
with viable bone, and the liner can be cemented 
in the desired anteversion and inclination for 
joint stability. Augments are available for the fi ll-
ing of rim and wall defi ciencies. They are secured 
with screws and fi lled with bone graft, and the 
cup is then placed and secured. It has been pro-
posed that a thin cement layer be placed between 
the two implants to prevent the production of 
microparticles [ 28 ,  29 ]. The augments support 
the cup in a similar fashion with structural 
allografts. The theoretical advantage is that aug-
ments allow bone ingrowth, and they are not sub-
ject to resorption and fatigue fractures as do the 
structural grafts . Few studies with optimal results 
have been published with revision TMT cups and 
the use of augments. Although bone ingrowth 

Electron Image 11mm

  Fig. 9.2    Transverse 
metallographic section of 
Sp.3 showing attached bone 
and the region of bone 
ingrowth. Bone ingrowth 
into open cells is shown in 
 A  and  B  while ingrowth into 
cells deeper in the tantalum 
scaffold is shown at  C        
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and healing of the pelvic discontinuity is evident 
in serial radiographs, the long-term behavior of 
this implant is as yet unknown [ 30 – 33 ]. 

 A cementless tibia tray made of porous tanta-
lum with a compression-molded polyethylene is 
also available. Clinical studies with relatively 
short follow-up time demonstrate encouraging 
results [ 34 ,  35 ]. A recent radiostereometric com-
parison of TMT versus a titanium tibia demon-
strated a higher rate of posterior tilt and migration 
of the TMT tray but no loosening or revision 
[ 36 ]. Recent studies also suggest that stress 
shielding does not occur in the metaphyseal area 
of the tibia [ 37 ,  38 ]. 

 A variety of new applications and materials 
are currently under development, and titanium- 
made porous materials resembling TMT are 
already being marketed. Trabecular bone-like 
materials represent a novel approach for cement-
less metallic implants (Fig.  9.4 ). Experimental 
data and retrievals support the fact that bone 
ingrowth is both rapid and to a better extent than 
traditional surfaces. Short- and midterm clinical 
results of tantalum trabecular metal implants sup-
port this hypothesis. Yet, the long-term clinical 

  Fig. 9.3    Implant removal 
due to infection. The surface 
is almost covered by bone       

  Fig. 9.4    Trabecular metal cup. Strain adaptation of 
trabecular struts in zone 1 and 2 as early as in 3 years 
follow-up       
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performance and the signifi cance of the unique 
properties of the material described above require 
further investigation and experience. Surgeons 
should use TMT and other porous materials with 
caution based on site and implant-specifi c stud-
ies, keeping in mind that TMT is still a very 
promising but costly alternative for hip and knee 
replacement surgery.
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           Introduction 

    Total joint arthroplasty (TJA) has provided, to 
patients with end stage major joint arthritis, reli-
able painless range of movement and functional 
recovery which can last for more than 15 years [ 1 ]. 
However, the majority of these artifi cial joints will 
eventually fail for various reasons, in a variety of 
failure patterns [ 2 ], and revision surgery becomes 
necessary. The lifetime of a TJA can be divided 
into three phases: the initial months during which 
the implant must become rigidly fi xed (early sta-
ble phase) and the remainder of the implant’s life, 
during which fi xation may either be maintained 
(late stable phase) or lost (late unstable phase). An 
early unstable phase may also be seen, although 
infrequently these days, due mainly to errors of 
surgical technique. Orthopedic surgeons often face 
the question of how they can diagnose early loss of 

interface integrity, material structural failures, and 
how they can diagnose and treat other painful 
arthroplasty conditions. It should be realized that 
certain patterns of TJA failures can remain silent 
for a long period of time (Fig.  10.1 ). Regular 
 follow- up examination of even painless and well- 
functioning TJAs should be organized at dedicated 
orthopedic centers in order to diagnose problems 
and failures as early as possible.

   In this chapter the clinical manifestations and 
the laboratory confi rmation of major TJA (THA 
and TKA) failures will be analyzed and discussed.  

    Pain 

 Pain after a TJA may be localized in the groin, 
buttock, thigh, or knee, and the cause should be 
established primarily through a detailed history, 
careful clinical examination, and plain radio-
graphs. The above usually provides suffi cient 
information for a diagnosis, especially when the 
causative factor is not directly related to the given 
joint. In cases where the prosthetic components 
and their inadequate or impaired fi xation to bone 
or cement is suspected to be the cause of pain, 
further investigation is required to enable a diag-
nosis to be made. Laboratory tests, fl uoroscopic 
imaging, subtraction contrast arthrography and/
or diagnostic intra-articular infi ltrations, radionu-
clide imaging of the hip, as well as new imaging 
techniques and serological markers all provide 
valuable information about the implant-bone 
or implant-cement interface and, consequently, 
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 confi rm or exclude the diagnosis of aseptic 
 loosening of the hip.  

    History 

 The evaluation of a painful TJA begins with a 
detailed history. The information derived can sig-
nifi cantly narrow the spectrum of differential diag-
noses and thereby lead to a more targeted workup. 
The onset, duration, site, and character of the pain 
can be valuable clues towards the diagnosis of asep-
tic loosening of a joint component [ 3 ]. The time of 
pain onset is of key importance. Persistent pain 
since surgery with no pain-free interval is indicative 
of infection, failure to obtain initial implant stabil-
ity, periprosthetic fracture, or misdiagnosis of the 

initial joint disorder [ 4 ]. Later onset after a pain-free 
interval suggests aseptic loosening, periprosthetic 
stress fracture, osteolysis, or late infection [ 5 ]. The 
relation of pain to activity may be indicative of cer-
tain diagnoses. Pain on initiation of activity that 
resolves with continued activity should raise suspi-
cion of a loose prosthesis. The patient typically 
presents with a dull aching pain in the anterolateral 
thigh in the case of a THA or in either side of the 
proximal tibia in the case of TKA. In the majority of 
cases, this pain is combined with limping, and the 
patient may have noticed that the leg becomes 
increasingly externally rotated (in THAs) as the 
component sinks into retroversion, or the knee pro-
gressively becomes varus (in most cases of TKA). 
Often the patient can localize the discomfort to a 
discrete area on the femur or on the tibia that corre-
lates with the location of a prosthetic stem tip. This 
is in contradistinction to bursal pain, which tends to 
be more proximal at the level of the vastus tubercle 
and greater trochanter [ 6 – 10 ]. Constant pain, pain at 
rest, or pain at night can be indicative of sepsis or 
malignancy [ 5 ,  6 ]. Night pain may also occur with 
aseptic loosening [ 7 ]. Pain localized to the groin or 
the deep buttock often is associated with acetabular 
loosening, osteolysis, or iliopsoas tendinitis. Two 
different types of thigh pain have been described [ 7 , 
 10 ,  11 ]. One is caused by a loosely fi tting under-
sized distal stem with some relative movement; the 
other by a good end fi ll stem causing localized 
stresses and bone cortical hypertrophy. Pain from 
end fi ll stems is usually less than that from loosely 
fi tting distal stems, and its onset is later. Thigh pain 
has been linked to femoral component loosening, 
whereas tip-of-stem pain may be caused by a modu-
lus mismatch between a stiff cementless femoral or 
tibial stem and less stiff surrounding bone [ 7 ,  8 ]. In 
addition to the timing of the onset and the location 
of the pain, a careful history should be obtained to 
identify precipitating events, such as trauma, 
 systemic illness, or infection. Onset of pain after a 
traumatic fall may be caused by fracture or trau-
matic loosening. Delayed and wet wound healing 
(Fig.  10.2 ), large postoperative hematoma, persis-
tent fever, prolonged antibiotic administration, or 
delayed hospital discharge should be considered as 
potential indications of a deep infection. General 
factors such as immunosuppression, neoplastic 

  Fig. 10.1    Sixteen years follow-up radiograph of a pain-
less THA showing proximal cup migration and femoral 
osteolysis in zone 7 as a reaction to wear debris       
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 disease, previous hip or knee surgery or infection, 
diabetes mellitus, and gynecological morbidities 
also increase the risk of infection and should be 
thoroughly investigated [ 7 ].

       Clinical Examination 

 A comprehensive musculoskeletal examination 
should involve the painful and contralateral hip, 
knee, and spine. Moreover, a thorough neurovas-
cular assessment of the lower extremities is nec-
essary to rule out neurogenic and vascular causes 
of hip and thigh pain. The patient’s gait provides 
useful information about antalgic gait patterns, 
limb-length discrepancy, muscle weakness, and 
Trendelenburg gait [ 5 ,  6 ]. Progressive limb short-
ening documented on successive examinations 
after a THA suggests implant loosening [ 12 ]. 
Inspection of the patient’s posture from all sides 
is useful to identify muscle atrophies and pelvic 
obliquity. The skin of the affected area should be 
inspected for scars and clinical signs of infection. 
Palpation may confi rm other causes of hip pain 
such as trochanteric bursitis, lymphadenopathy, 
inguinal hernia, and stress fractures of the pelvic 
ring. The patient may have to use his hands to lift 
his leg onto the examination table. The inability 
to perform straight leg raises may be apparent. 
Testing the range of motion is the next step of 
the clinical assessment. Pain with active ROM 
or at extremes of motion could be indicative of 

loosening, whereas pain with passive ROM may 
suggest occult infection. Pain or apprehension, 
particularly at extremes of motion, is indicative 
of instability or impingement [ 6 ]. A study from 
Switzerland has postulated that the best clinical 
indicators for loosening are axial compression, 
external rotation, and hip pain for the acetabu-
lar cup and axial compression, external rotation, 
thigh pain, internal rotation, and hip/knee pain 
for the femoral stem, with better indices values 
for the latter [ 13 ].  

    Laboratory Tests 

 Laboratory tests play an important role in the evalu-
ation of the patient with a painful TJA. Blood work 
(WBC count with type), erythrocyte sedimentation 
rate (ESR), C-reactive protein (CRP), and aspira-
tion provide useful information in determining the 
cause of a painful TJA. As the main concern is the 
differentiation between  septic and aseptic loosen-
ing, several studies have been organized towards 
this end.  WBC  count is usually not helpful and is 
rarely elevated, even in obviously infected TJAs 
[ 14 ,  15 ]. The value of  ESR  in the differentiation 
between septic and aseptic loosening after TJR 
is equivocal [ 16 ,  17 ]. A cutoff of 30 mm/h has a 
diagnostic sensitivity of 65–94 % and a specifi c-
ity of 65–85 % for identifying infection [ 15 – 17 ]. 
 CRP  is more informative and sensitive than ESR 
in differentiating septic and mechanical loosening. 

  Fig. 10.2    Delayed wound 
healing 2 weeks following 
a TKA as a result of a tissue 
reaction to subcutaneous 
sutures. Early and aggressive 
surgery is needed in order to 
avoid joint infection       
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A CRP level of >20 mg/L practically excludes 
aseptic loosening, whereas another study suggests 
that an upper limit of 10 mg/L provides a sensitiv-
ity of 96 % and a specifi city of 92 % for infection 
[ 14 ,  15 ,  17 ,  18 ]. Improved diagnostic accuracy can 
be obtained by using both ESR and CRP values. 
The combination of normal ESR and CRP values 
has a specifi city of 100 % for excluding the diag-
nosis of infection in patients with a painful THA, 
leading towards the diagnosis of aseptic loosen-
ing [ 14 ]. Similarly, a CRP level <20 mg/L and an 
ESR <30 mm/h suggest aseptic loosening [ 18 ]. 
Serum  interleukin - 6  levels seem to have the high-
est accuracy for a diagnosis of THR infection [ 19 , 
 20 ], followed by CRP, ESR, and WBC count. In 
a prospective study [ 21 ], the combination of CRP 
and interleukin-6 identifi ed all patients with THR 
infection.  Aspiration  of the hip is recommended 
when there is a strong clinical suspicion of infec-
tion, when ESR or CRP or both are increased, 
or when there is an increased uptake on gallium 
or indium scanning [ 3 ,  15 ]. Hip joint aspiration 
has a diagnostic accuracy of 60–70 % and knee 
joint aspiration of 90–95 % in diagnosing joint 
infection.  

    Plain Radiographs 

 True anteroposterior (AP) and lateral x-rays of the 
hip are the gold standard in the initial radiographic 
evaluation of the THA interface. These should 
include the entire length of the stem and cement 
mantle (if any) and consequently be compared 
with previous fi lms (serial radiographs). Several 
techniques are described for a more detailed eval-
uation of the components; frog-leg lateral view 
enhances the imaging of the proximal- lateral por-
tion of the femoral component, and a cross-table 
lateral view enables the assessment of bone stock 
in the posterior column and the neck of the ilium. 
The Lowenstein lateral radiograph provides a lat-
eral view of the acetabular subchondral bone and 
the cup after implantation. More specifi c for the 
detection of interface loosening is the comparison 
between weight- bearing and non-weight-bearing 
views and the AP push-pull views (compression-
distraction of the femur in its longitudinal axis). 

    Cemented Components 

 Loosening is defi ned as a radiographic interpreta-
tion of change in the mechanical integrity of the 
load-carrying cemented femoral component, spe-
cifi cally, fractured acrylic cement and an interface 
gap such as a radiolucent zone at the stem-cement or 
at the cement-bone interface. Gruen et al. have sug-
gested four modes of failure of the stem-cement or 
cement-bone interface, and the radiological appear-
ance of each pattern was recorded by means of a 
seven-section zonal distribution (Fig.  10.3 ) around 
the femoral component in the AP radiograph [ 22 ]. 
(a) Pistoning    behavior of the metal stem within the 
acrylic cement mantle (mode Ia) or of the acrylic 
cement- embedded stem within the bone (mode Ib). 
Mode Ia results in a radiolucent zone appearing in 
the proximal-lateral zone (zone 1), frequently with 
a punch-out fracture of the acrylic cement at the 
distal tip of the stem. On the other hand, mode Ib 
is characterized by a  radiolucent zone around most, 

  Fig. 10.3    Line drawing showing the 3 DeLee acetabular 
zones and the 7 Gruen femoral zones for the evaluation of 
aseptic loosening of cemented THAs       
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if not all, of the entire cement-bone interface with 
a sclerotic bone “halo” reaction. (b) Medial mid-
stem pivot type of failure is characterized by medial 
migration of the proximal stem coupled with lateral 
migration of the distal stem tip. The radiolucent 
lines, cement cracks, or interface gaps appear in the 
respective zones around the stem. (c) Calcar pivot 
mode of failure is caused due to a medial/lateral 
toggle of the distal tip of the embedded stem, with 
either an adequate proximal cement augmentation 
or pivoting of the medial femoral neck upon the 
medial cortex. The radiographic appearance is that 
of radiolucent zones and sclerotic bone reaction in 
sections 3, 4, and 5. (d) Bending cantilever fatigue 
is characterized by partial or total separation of the 
proximal stem from the cement mantle or from 
the cement-bone interface, while distal fi xation 
remains intact. This can easily be recognized by 
the radiolucent zones in the proximal- medial (zone 
7) and the proximal-lateral (zone 1) stem, while 
the distal stem is well cemented in the intramed-
ullary canal. The defi nitions of possible, probable, 
and defi nite radiographic loosening for cemented 
femoral components [ 23 – 26 ] are the most widely 
accepted. Possible loosening is defi ned as a radio-
lucent line at the cement- bone interface between 
50 and 100 % of the total bone-cement interface. 
Probable loosening is defi ned as a radiolucent line 
in the bone-cement interface that is either continu-
ous or greater than 2 mm in width, at some point. 
Signs of defi nite loosening are migration of the 
component, fracture of the stem, and cement frac-
ture. On the other hand, Dorr et al. [ 27 ] have sug-
gested that progressive demarcation at the femoral 
component is diagnosed if any of the following 
criteria are met: (a) any increase in the radiolucent 
line around at least one-half of the femoral stem, 
(b) any subsidence or loosening of the femoral 
component, or (c) resorption of the calcar of more 
than 10 mm.

       Cementless Stems 

 The comparison of serial x-rays may detect signs 
of loosening in the bone-implant interface [ 28 ]. 
 Migration  is a major sign of loosening and instability 
and is defi ned as a measurable change in the 

implant position between two serial x-rays. 
 Reactive lines  parallel to the smooth implant sur-
face suggest a fi brous rather than a bony fi xation. 
A  pedestal formation  (hypertrophy of the distal 
tip) is defi ned as a shelf of endosteal new bone 
either partially or completely bridging the intra-
medullary canal in an apparent attempt to support 
the tip of the prosthesis. Although not directly 
indicative of a loose component, it certainly sug-
gests an abnormal stress concentration and may 
represent a stress shielding of the proximal portion 
of the femur.  Calcar hypertrophy / atrophy  is a 
result of bone density changes in the medial femo-
ral neck due to varying models of fi xation and 
loading from the stem. The appearance of a  radio-
lucent interval  around the prosthesis suggests the 
development of a fi brous interface between 
implant and bone, rather than bony ingrowth, 
especially if this interval is noticed at the ingrowth 
portion of the stem. Additional appearance of 
reactive lines diverging from the implant in the 
ingrowth area indicates loosening (interface dete-
rioration).  Particle shedding  is defi ned as the pres-
ence of metal particles surrounding the stem which 
did not appear on the immediate postoperative 
x-ray. An increase in the number of metal particles 
surrounding the stem on serial x-rays is defi ned as 
late and progressive particle shedding.  

    Cemented Acetabular Components 

 The initiation of the aseptic loosening process 
begins at the intra-articular margin and proceeds to 
the dome of the implant (Fig.  10.4 ). Thus, an inter-
facial membrane is created in the periphery of the 
cup and enhanced by the presence of wear debris 
particles; macrophage-mediated bone resorption is 
initiated from the periphery to the center of the cup 
[ 22 ,  29 ]. Radiolucency is produced by this dense 
fi brous membrane and in some areas fi brocarti-
lage, which forms about the surface of the cement 
and the surrounding shell of reactive bone. DeLee 
and Charnley have suggested that interface loosen-
ing appears as a demarcation on the radiographs, a 
dark line between the radiopaque cement and the 
bone of the acetabulum. The dark line is rendered 
obvious by a condensed bright line on the surface 
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of cancellous bone [ 30 ]. The width of this radiolu-
cency is measured and categorized into zones I,II, 
or III, according to its distribution round the cir-
cumference of the acetabular socket (Fig.  10.3 ). 
Roentgenographic appearance can be classifi ed 
into 4 types, irrespective of gap width: 0(no 
demarcation), 1(demarcation in zone I), 2(demar-
cation in I and II), 3(demarcation in all zones), 
and 4(socket migration) as postulated by DeLee 
and modifi ed by Hodgkinson [ 24 ]. The latter 
study reported that with a gap width of 1 mm or 
more in distribution type 2 or 3, the acetabular 
socket is almost certainly loose. Generally, any 
radiolucent line that is new, progressive or not, 
apparent on the initial x-ray, should arouse suspi-
cion of cement-bone interface loosening, and the 
extent of the radiolucency is more important than 
its width. According to another study, a continu-
ous radiolucent line at least 2 mm in width along 
the entire circumference of the bone- cement 
interface is regarded as a criterion of radiological 
loosening [ 29 ].

       Cementless Acetabular Components 

 The status of osseointegration of non-cemented 
cups can be estimated with fi ve radiographic 
signs: (1) absence of radiolucent lines, (2) pres-
ence of a superolateral buttress, (3) medial stress 
shielding, (4) radial trabeculae, and (5) an infer-
omedial buttress. The presence of three or more 
signs has a positive predictive value of almost 
97 % for the prediction of osseointegration [ 31 ]. 
The appearance of continuous radiolucent lines 
in all three zones of the acetabulum, continuous 
radiolucent lines 2 mm or wider in any zone, 
and horizontal or vertical migration of the ace-
tabular cup are signs of loosening. Peripheral 
radiolucent lines which are noncontinuous are 
commonly found in press fi t acetabular compo-
nents and are often not progressive. Focal oste-
olysis in the proximity of cementless acetabular 
cups is clinically silent for long period of time, 
and it is indicative of polyethylene and/or back 
side wear (Fig.  10.5 ).

  Fig. 10.4    Fourteen years’ follow-up radiograph of an 
acetabular cup showing initiation of radiolucent lines 
from zone 1, circumferential complete demarcation, and 
proximal migration       

  Fig. 10.5    Focal osteolysis in zone 1 of a fi rst-generation 
cementless acetabular cup       
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        Aspiration: Anesthetic Injection 

 The technique of preoperative aspiration of a 
major artifi cial joint is recommended when clini-
cal suspicion for infection is high, when ESR or 
CRP or both are elevated, or if there is an 
increased uptake on gallium or indium scanning. 
Local anesthetic injections can be useful in local-
izing the origin of pain in a patient with a painful 
THA (intracapsular or extracapsular source). The 
addition of bupivacaine in the contrast material 
during contrast arthrography may suggest an 
intra-articular source of pain if the patient experi-
ences relief of symptoms [ 3 ,  7 ,  15 ,  32 ].  

    Fluoroscopic Imaging 

    Arthrography 

 Contrast arthrography, as described by Hendrix 
et al. [ 33 ], is mainly used to defi ne the accurate 
positioning of the needle during aspiration of the 
painful hip joint in order to exclude infection. It is 
also used to detect bursae, other than the pseudo-
capsule, and occult implant loosening not readily 
visible on plain radiographs. Sterile bursal cavities 
are usually large, smooth walled extensions of the 
pseudocapsule. In order to reduce false-negative 
results in tests for aseptic loosening, it is essential 
to inject suffi cient contrast to fi ll the pseudocapsule 
and obtain post- ambulatory or post-exercise x-rays 
[ 7 ,  34 ]. Contrast leakage in any interface distal to 
the intertrochanteric line is considered as loosening 
of the acetabular component. For the acetabular 
component, contrast leakage is assessed according 
to the 3 zone distribution of DeLee and Charnley 
   [ 34 ,  35 ]. Because the metal of the prostheses and 
the contrast medium have similar radiographic 
densities, conventional arthrographies may easily 
miss narrow gaps. Manual subtraction arthrogra-
phy, although technique dependent and distorted 
by motion artifacts, may reveal leakages in regions 
hidden by conventional arthrograms. Arthrography 
can help rule out hidden loosening in perplexing 
cases, although its use is rare. It is more sensitive 
and more specifi c than plain radiographs for 

excluding loosening of the acetabular component 
but no more accurate for excluding loosening of the 
femoral component [ 25 ,  26 ]. Generally, contrast 
arthrography overestimates acetabular loosening 
and underestimates femoral loosening [ 3 ,  25 ,  26 ], 
whereas the modality of subtraction arthrography 
proves to be equally accurate for the estimation of 
femoral and acetabular components.   

    Radionuclide Imaging 

 Well-established diagnostic procedures which are 
used to differentiate between causes of a painful 
TJA and lead towards the diagnosis of an interface 
loosening procedure are triple-phase bone scan-
ning (TPBS) and positron emission tomography 
(PET) with fl uorodeoxyglucose (FDG) [ 26 ,  36 ]. 

    TPBS 

 The accumulation of bone-seeking tracers which 
localize on the surface of the bone mineral matrix is 
dependent on blood fl ow and especially on the rate 
of new bone formation. The diffuse pattern seen 
with infection is probably due to generalized oste-
olysis, which is also present in aseptic loosening 
secondary to infl ammation. Therefore, these two 
entities may be indistinguishable at scintigraphy. 
The most frequently used radiotracers are  99m Tc-
labeled hydroxymethylene diphosphonate (HDP), 
gallium-67 citrate, and indium 111-labeled white 
blood cells. Blood fl ow, blood pool, and delayed 
static images are graded on a scale of 0 to III, where 
zero represents the uptake of normal surrounding 
bone. Grade I can be assessed as a mild increase, 
grade II a moderate increase, and grade III an 
intense uptake [ 37 ]. The femoral component can be 
considered in the seven zones pattern of plain radi-
ography, and the acetabular changes are recorded in 
the three zones of DeLee and Charnley. A prosthe-
sis can be defi ned as loose on the bone scans if there 
is a mild or moderate increase in uptake (grades I or 
II) in more than two zones or intense (grade III) 
uptake in at least one zone [ 38 ]. Wilson [ 39 ] 
described criteria for interpretation of bone scans; 
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loosening of the stem is assumed in patients with 
signifi cant pathological uptake of HDP in the area 
of the tip in combination with at least a second sub-
stantial lesion in the region of the lesser trochanter. 
Loosening of the acetabular cup is diagnosed in 
patients with continuous pathological uptake in the 
cup-bone interface. Focal uptake at the distal tip of 
the femoral component of a cemented device more 
than 1 year old is often attributed to aseptic loosen-
ing. However, in the case of a porous-coated pros-
thesis, this pattern is often present in asymptomatic 
individuals for considerably longer after surgery 
[ 40 ,  41 ]. The overall accuracy of radionuclide bone 
imaging with  99m TcHDP in evaluation of the pros-
thetic joint is about 50–70 % [ 26 ]. Nevertheless, 
bone imaging is useful as an initial screening test 
because it has a high negative predictive value [ 42 ]. 
Technetium scanning alone demonstrates loosening 
and in some cases can give a good indication of 
infection, but it is not as reliable in differentiating 
between mechanical loosening and infected loosen-
ing as is the combination of a technetium and a gal-
lium scan [ 43 ]. Data from a meta-analysis [ 44 ] 
demonstrated an overall sensitivity of 85 % and 
specifi city of 72 % for TPBS in detecting femoral 
interface loosening. Pooled sensitivity was 86 %, 
and specifi city was 78 % for cemented components 
compared to 82 and 43 % for uncemented femoral 
components respectively.  

    Gallium-67 Citrate Imaging 

 In an effort to improve the specifi city of bone 
scintigraphy, complementary gallium imaging is 
often performed. This is based on the different 
mechanism of uptake between gallium and tech-
netium. The interpretation of sequential bone- 
gallium images is as follows [ 45 ]: (a) negative for 
infection when the gallium images are normal, 
regardless of the bone scan fi ndings, or when the 
spatial distributions of the two tracers are congru-
ent and the intensity of gallium uptake is less than 
that of the bone tracer; (b) positive for infection 
when the distributions of the two tracers are spa-
tially incongruent or when their distributions are 
spatially congruent and the intensity of gallium 
uptake exceeds that of the bone agent; and (c) 
equivocal for infection when the distributions of 

the two tracers are spatially congruent and the 
intensities of uptake of the tracers are similar. The 
uptake of gallium is related to infl ammation in 
general and not to infection specifi cally. 
Consequently, with an overall accuracy of about 
70–80 %, this technique is not well suited for dis-
tinguishing an infl amed, aseptically loosened 
prosthesis from an infected prosthesis [ 45 ].  

    Indium-111-Labeled Leukocytes 
Scintigraphy 

 The labeling of infl ammatory cells that migrate to 
the sites of infection may represent the single 
most important achievement in radionuclide diag-
nosis of infection to date. At least in theory, 
labeled leukocyte imaging is thus particularly 
well suited for distinguishing between the 
infl amed aseptically loosened prosthesis, in which 
neutrophils are generally absent, and the infected 
prosthesis, in which neutrophils are present [ 45 ]. 
Regarding the evaluation of bone- implant and 
bone-cement interface, periprosthetic activity is 
compared with adjacent bone activity or with the 
activity of the contralateral joint. The increased 
uptake of labeled leucocytes in the hematopoieti-
cally active bone marrow may be a problem in 
distinguishing these normal areas from infected 
hip prostheses. The combination of labeled leuko-
cytes with  99m TcHDP is used to overcome this 
problem; when the distributions of the two tracers 
are similar or spatially congruent, the labeled leu-
kocyte activity is due to the presence of marrow. 
When there is activity on the labeled leukocyte 
images without corresponding activity on the sul-
fur colloid images, the labeled leukocyte uptake is 
due to infection. In contrast to the results reported 
for labeled leukocyte imaging alone, the results of 
combined leukocyte- marrow imaging of pros-
thetic joints have been uniformly excellent, with 
an accuracy of 90 % or greater [ 45 ,  46 ].  

    Imaging with Investigational Agents 

 Labeling of monoclonal antibodies, peptides, and 
antibody fragments is investigated in order to 
overcome the laboratory demanding in vitro 
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labeling of leukocytes. A meta-analysis of diagnostic 
studies regarding the accuracy of antigranulocyte 
scintigraphy (AGS) with monoclonal antibodies 
in the identifi cation of prosthesis infection dem-
onstrated a sensitivity of 90 % for a specifi city of 
80 % [ 47 ]. The use of  99m Tc-labeled annexin V, a 
marker of apoptosis and cellular stress, shows 
greater uptake with infection than with aseptic 
loosening and has a high negative predictive 
value for prosthetic infection [ 48 ].   

    PET (Positron Emission 
Tomography Based on 
2-Fluoro-2-Deoxy- D -Glucose) 

 The literature is not consistent regarding the 
interpretation of uptake patterns; an initial opin-
ion postulates that septic and aseptic loosening 
are not characterized by a topographic specifi c 
pattern, and differentiation is based on the quan-
tity of FDG uptake, being higher in septic loosen-
ing. A second opinion affi rms that radiodrug 
localization in the bone-prosthesis interface is a 
characteristic of septic loosening. Therefore, the 
presence of an osteolytic area visible through 
x-ray with PET negative or partially positive 
should be related to aseptic loosening. The over-
all sensitivity of FDG-PET in recognizing peri-
prosthetic hip infection is higher than 92 % [ 36 , 
 49 – 51 ]. PET fi ndings and their correlation to 
interface clinical conditions (no loosening, loos-
ening, or infection) can be classifi ed according to 
the following patterns of uptake [ 36 ,  49 – 51 ]: pat-
tern I, no uptake in the bone-prosthesis interface; 
pattern II, uptake surrounding the femoral neck; 
pattern III, uptake localized in the area surround-
ing the femoral neck and in a part of the bone 
acetabular cup and/or I and VII Gruen’s zones; 
pattern IVa, uptake in the area surrounding the 
femoral neck and in the totality of the bone-cup 
interface, without compromising periprosthetic 
soft tissue; pattern IVb, uptake localized in the 
neck area and in most of the bone-stem interface, 
without compromising periprosthetic soft tissue; 
pattern IVc, IVa and IVb; and pattern V, uptake in 
the bone-prosthesis interface and in peripros-
thetic soft tissue. Patterns I, II, and III are not 
associated with loosening; pattern IV is probably 

associated with aseptic loosening, and in pattern 
V there is very likely an infection.  

    Modern Techniques 

    Dynamic Computed Tomography 
Scanning 

 This CT rotational study is recommended for 
patients with hip pain and equivocal radiographic 
fi ndings for femoral component loosening [ 6 ,  52 ]. 
Images of the extremity in external and internal 
rotation are obtained, with one line drawn parallel 
to the medial/lateral axis of the femoral component 
and another line parallel to the posterior femoral 
condyles. If the difference between the maximum 
external rotation femoral component version angle 
and maximum internal rotation femoral component 
version angle is two degrees or fewer, the prosthe-
sis is considered to be rotationally stable. If this dif-
ference is greater than two degrees, the prosthesis 
is considered rotationally unstable [ 52 ]. The accu-
racy of CT measurements of the femoral compo-
nent version in relation to posterior femoral 
condyles axis is highly dependent on interobserver 
error, but the method is well tolerated, noninvasive, 
easily applicable, and inexpensive.  

    In Vivo Wear Measurements 
of Bearing Surfaces 

 Currently there is no accurate in vivo method for 
wear recording in THA with metal-on-metal and 
ceramic-on-ceramic bearings. For research reasons 
and rarely for clinical reasons, there is a need for 
identifi cation of THAs which show excessive poly-
ethylene wear. In order to measure wear in vivo, 
many techniques have been developed: manual 
methods as Livermore has described [ 53 ,  54 ] and 
recently computer-assisted techniques that are con-
sidered to have better accuracy [ 55 – 57 ]. There is a 
variety of the latter with different levels of accuracy 
and precision but with various disadvantages. For 
example, RSA (radiostereometric analysis), which 
is one of the most accurate techniques today, has 
the disadvantage of the need for implanting metallic 
indicators during surgery. Another option is the 
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PolyWare Auto digital method (   Figs.  10.6 ) [ 56 , 
 58 ,  59 ].

        Serum Metal Ion Levels 

 A promising diagnostic tool for the evaluation 
of the implant-bone or implant-cement inter-
face is the measurement of serum and/or urine 
metal ion levels [ 3 ]. Higher levels of circulat-
ing metal degradation products are observed in 
patients who have clinical evidence of compo-
nent failure caused by fretting corrosion, loos-
ening, or other causes [ 60 ,  61 ]. Serum Ti, Al, 
Cr, or Co levels may be used in the future as a 
diagnostic method to evaluate the possibility of 
loosening or component failure in the patient 
with a painful TJR. 

 Recently, metal-on-metal articulations have 
been linked with excessive metallic ions pro-
duction which causes serious local and sys-
temic effects (Fig.  10.7 ). Establishment of 
normal and abnormal metallic ion serum val-
ues in symptomatic and asymptomatic THAs is 
still controversial and is presented in another 
chapter of this book.      

  Fig. 10.6    Polyethylene wear assessed with the use of the 
dual cycle method “PolyWare”       

  Fig. 10.7    Satisfactory 
radiograph of a well- 
functioning resurfacing hip 
arthroplasty at 9 years 
follow-up. The question if 
this artifi cial joint is a 
metallic wear particle-pro-
ducing machine and which 
is the optimal method in 
assessing it remains still 
unclear       
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           Introduction 

    Total joint replacement is an effective surgical 
intervention for those patients with end stage of 
joint diseases. The major factor limiting the sur-
vival of joint implants is wear debris which is pri-
marily generated from the bearing articular surface 
of the artifi cial joint. Aseptic loosening is a dis-
abling condition affecting patients 10–20 years 
after joint replacement surgery, leading to the fail-
ure of the artifi cial joint. It appears as a subtle pro-
gression of bone tissue destruction (osteolysis, 
periprosthetic bone loss). It is a major challenge 
for orthopedic surgeons due to the fact that signs 
and symptoms may not be clinically apparent until 
the late stages of destruction and failure [ 1 ]. 

 There are several theories related to the 
appearance of the biological phenomenon of 
aseptic loosing (wear particle disease, high fl uid 
pressure, micromotion, stress shielding, endo-
toxin, genetic susceptibility). Particle disease 
(cement, polyethylene, metal, ceramic) is  currently 

the dominant theory. In order to understand oste-
olysis and aseptic loosening, we have fi rst to con-
sider that following the implantation of an either 
cemented or cementless prosthesis, the bone-
implant interface passes from an initial face of 
trauma and infl ammation to an early (3–4 months) 
static stage of healing and mechanical stability 
(early stability). The interface remains in a bio-
logical and mechanical steady state condition for 
a varying period of time. Later it becomes unsta-
ble due to inadequate initial fi xation (rarely seen 
today because of improved surgical techniques 
and implants), mechanical loss of fi xation over 
time, and biological loss of fi xation due to parti-
cle-induced osteolysis. This phenomenon is 
really a complex network of mechanical, cellular, 
and infl ammatory responses [ 1 ]. It fi rst appeared 
in the literature as “the cement disease” 
(Fig.  11.1 ), and as a result a boost in the develop-
ment of cementless implants took place. Later, it 
became obvious that osteolysis and aseptic loos-
ening are also seen with the use of cementless 
implants (Fig.  11.2 ), and thus the multifactorial 
nature of this biological process was uncovered.

        Comments on Causative Theories 

    Micromotion 

 Micromotion, as measured by radiostereomet-
ric analysis (RSA) on the clinical setting, if 
it exceeds a certain threshold, does not lead to 
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osteointegration of the implant. Just like the 
stabilization of a fracture which is essential for 
porous formation, the lack of initial stabilization 
of the implant inhibits bone formation and osteo-
integration. The threshold of micromotion that 
enables the formation of bone and not of weak 
fi brous tissue is between 20 and 40 μstrains. 
The clinical relevance of abnormal micromo-
tion is the existence of weak areas in the bone-
implant interface where fi ber develops instead 
of a closed apposition of bone from where joint 
fl uid and wear particles can reach the interface, 
accumulate, and initiate the biological process 
of osteolysis. Even in mechanically and biologi-
cally stable interfaces, cycling dynamic loading 
and micromotion causes a time-dependent bone 

structural adaptation and, eventually, fatigue 
bone tissue damage, microfractures, microcracks 
propagation, and interface separation. The    latter 
creates weak areas through which wear particles 
can reach the interface (Fig.  11.3 ).

       Stress Shielding 

 Stress shielding theory refers to bone loss around 
the implant due to bone adaptive mechanical 
remodeling and not due to osteolysis. The radio-
graphic marks are quite different from osteolysis 
(normal architecture with trabecular bone but 

  Fig. 11.1    Radiographs of a failed cemented early THA 
design. This radiological appearance was initially named 
“cement disease”       

  Fig. 11.2    Radiographs of a failed cementless early THA 
design. This kind of radiological appearance made ortho-
pedic surgeons start thinking that osteolysis is not just a 
“cement disease”       
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osteopenia). Stress shielding may contribute to 
wear debris osteolysis by opening of pathways to 
the bone-implant interface.  

    High Fluid Pressure 

 High fl uid pressure is related to the effective joint 
space theory (a closed space around the artifi cial 
joint, which contains fl uid loaded with wear parti-
cle debris) and to the dynamic loading of the artifi -
cial joint during walking, accelerating the transfer 
of wear particles through weak areas to the inter-
face (pumping-hydraulic phenomena) [ 2 ,  3 ]. We 
now know that hydraulic phenomena facilitate and 
maintain the osteolytic process. This theory also 
highlights the fact that high pressure causes osteo-
cyte and chondrocyte death [ 2 ], especially in the 
presence of a loose implant. The death of osteo-
cytes eventually leads to osteolysis and loosening. 
Higher intracapsular pressure has been measured 
in loose implants compared with stable implants 
[ 3 ]. Fluid pressure can reach up to 198 mmHg and 
it has been shown that oscillating pressure between 
70 and 150 mmHg induces osteocyte apoptosis and 
osteolysis [ 4 ,  5 ]. In addition, cyclic loading (in 
cases of impaired implant fi xation) and polyethyl-
ene wear debris act synergistically to activate mac-
rophages and induce osteolysis [ 6 ]. Another 
important issue related to aseptic loosening is the 
presence of endotoxins in a loose interface.  

    Endotoxins 

 Endotoxins are found in wear particles and it is 
assumed that they derive from the transient pres-
ence of bacteria in the joint [ 6 ,  7 ], from contami-
nated implants, or from systemic endotoxins 
derived from intestinal fl ora and dental procedures. 
Recent AAOS guidelines, however, point out that 
there is limited evidence for the utilization of anti-
biotics in preventing implant loosening [ 8 ]. It is 
accepted that even dead bacteria with parts of their 
cell membrane containing endotoxin (lipopolysac-
charide, lipoteichoic acid) are capable of macro-
phage activation and osteolysis [ 9 ]. The formation 
of biofi lms on the implants has been proposed as a 
source of LPS and the continuing activation of mac-
rophages in “aseptic” loosening [ 10 ]. In the early 
period of osteointegration, transient bacteremia 
may activate macrophages to initiate bone resorp-
tion. Osteointegrated implants are more resistant 
to aseptic loosening [ 11 ]. It is thought that early 
research on wear debris was done with particles 
covered with endotoxin. Ti particles preparation to 
remove endotoxin resulted in a reduction of oste-
olysis by 50–70 % in experiments [ 12 ]. The addi-
tion of antibiotics to cement has been associated 
with 50 % reduction in revision arthroplasties [ 13 ]. 
However, the exact role of endotoxins in aseptic 
loosening has not been clarifi ed yet.  The genetic 
predisposition  for aseptic loosening has also been 
investigated. It is believed that some patients are 
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  Fig. 11.3    Line drawing 
showing the pathway with 
which wear particles can 
reach the interface       
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“implant looseners” [ 14 ,  15 ]. Variable activation 
of macrophages and cytokines production has been 
shown in different patients in the presence of the 
same amount of PE particles [ 13 ]. Wilkinson et al. 
found that the allele 238A in the promoter region of 
TNF is associated with increased incidence (odds 
ratio 1.7) of aseptic loosening [ 16 ]. Another study 
found an inverse relationship between single nucle-
otide polymorphism (SNP) rs419598 in IL-1Ra 
and osteolysis [ 17 ]. Confl icting evidence exists for 
polymorphisms in IL-6 gene and aseptic loosening 
[ 15 ]. Furthermore, the C allele in metalloprotein-
ase MMP-1 is associated with aseptic failure [ 18 ]. 
Genetic variation of the FRZB gene (which encodes 
Frizzled-related protein 3, a molecule in the Wnt 
pathway) correlates with reduced osteolysis [ 17 ]. 

 We now know that the biological process of 
osteolysis and aseptic loosening is complex, a 
mechanical and biological phenomenon (at least 
in the late stages) with particle disease being a 
key element. An in-depth understanding of this 
process is necessary in order to prevent it and to 
develop therapeutic strategies.  

    Particle Disease 

 The pathogenesis of implant-associated osteolysis 
includes wear particle generation, an infl amma-
tory process, and an osteolytic process. Wear 
debris is produced mainly from the prosthetic 

articulation, modular implant interfaces, nonar-
ticulating interfaces, and impingement areas. It is 
estimated that during each gait cycle tens of thou-
sands particles (<5 μm in size) are produced. 
Other sources of particle accumulation are implant 
surface wear, corrosion in response to micromo-
tion, oxidative reactions, and pathogen contami-
nation. The initial response is a nonspecifi c 
foreign body reaction with the characteristics of a 
localized pro-infl ammatory reaction, increased 
circulation, elevated fl uid levels, formation of 
fi brous tissue around the implant (poorly vascu-
larized granulomatous tissue), and synovial lining 
membranes. Pro-infl ammatory factors are 
secreted (gelatinases, proteases) which leads to 
the initiation of interface degradation. Particle 
phagocytosis is an important component of the 
local cellular response and depends mainly on the 
size of the particle (particles from 2 to 10 undergo 
phagocytosis by macrophages and removal from 
the interface area) (Fig.  11.4 ). It seems that there 
is a certain threshold after which an activation of 
a cellular and biochemical signaling mechanism 
starts (Fig.  11.5 ). A local chronic infl ammatory 
response follows with the recruitment of a variety 
of cell populations which express osteoclastic and 
osteolytic activity (Fig.  11.6 ). Locally   , a secretion 
of osteoclastogenic and infl ammatory cytokines, 
an exacerbated osteoclastic activity and enhanced 
osteolysis and a vicious circle of tissue reaction 
leads to the formation of the aseptic loosening 
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membrane. Particles which can be removed by 
macrophage undergo a lymphatic transport to 
local lymph nodes, to the spleen, to the liver, and 
possibly to other organs causing granulomatoid 
lesions. The biological response varies related to 
the number, charge, composition, surface, size, 
and surface of the particles.

         Particle Production 

 Wear particle disease is the main biological phe-
nomenon causing osteolysis and aseptic loosen-
ing. Bone cement (PMMA) has been initially 

investigated as a source of wear particles [ 19 ]. 
Bone cement, which has been popularized by 
Charnley, is responsible for the production of par-
ticles that cause osteolysis. The rate of production 
is thought to be correlated to cement porosity, time 
(as bone cement ages, more microcracks are gen-
erated) [ 20 ,  21 ], the pattern of forces acting on 
cement (compressive forces on knees and acetabu-
lum or shearing forces in femoral stem), and the 
debonding of the cement- implant interface (pol-
ished, pre-coated, or blasted) [ 22 ,  23 ]. Several 
implant modifi cations and techniques have been 
introduced in order to reduce the production of 
bone cement particles. Vacuum mixing of the 
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cement and pressurization with a cement gun and 
distal plug reduce porosity, microfracture imita-
tion, and wear production. Pre-coated or blasted 
stem implants were developed in order to increase 
the bond between cement and implant and to 
decrease the effective joint space where wear par-
ticles can accumulate. Investigating periprosthetic 
membranes from loose implants, Willert et al. 
found that cement particles are generated fi rst and 
polyethylene particles follow as a result of third-
body wear [ 18 ]. Both cement and polyethylene 
particles can cause osteolysis. Polyethylene parti-
cles (<5 μmon average of random shape) are also 
capable of the activation of osteolysis. Factors 
affecting polyethylene wear and the production of 
particles are the type of resin, the manufacturing 
method (ram extrusion or compression molding), 
the sterilization method, the presence of cross-
links which increase wear resistance, and the shelf 
life of the product (oxidative degradation occurs 
when storing the implants). Polyethylene wear and 
particles are produced mostly through abrasion in 
the hip joint and through abrasion and delamina-
tion in the knee joint. An important issue is the rate 
of wear. Studies have shown that the rate of 
0.1 mm/year is not associated with aseptic loosen-
ing, while a rate 0.2 mm/year or more is [ 24 ]. 
Additionally, there are differences between the 
knee and hip artifi cial joints [ 25 ]. Particles from 
the hip joint are smaller in size. This means that 
high fl uid pressures can be produced, and a smaller 

amount of debris is required to start the phenome-
non of aseptic loosening. As far as the knee is con-
cerned, the introduction of modularity has had, as 
a result, the production of backside PE wear. The 
development of high cross-linked PE through radi-
ation and melting or annealing increased wear 
resistance [ 26 ,  27 ]. The addition of Vit E and 
sequential annealing was introduced in an attempt 
to reduce the free radicals of radiation [ 28 ,  29 ]. 
Metal-on-metal bearing coupling is characterized 
by low wear particle production (2.5–5 μm/year) 
[ 30 ]. Biological reaction around metal particles 
depends on particle size (nanoparticles), corrosion 
products, and metal ions (Fig.  11.7 ). The size of 
the metal particles is small (average size 50 nm) 
[ 31 ], so they are easily phagocytosed and easily 
corroded and excreted from the kidneys. Round 
nanoparticles are more easily phagocytosed than 
rod-shaped ones. The mechanism of entrance into 
the cells includes diffusion, pinocytosis, or 
receptor- mediated endocytosis (clathrin). Cellular 
uptake is facilitated by positively charged metal 
nanoparticles [ 32 ]. Despite increased wear resis-
tance, both cobalt chrome and titanium particles 
are capable of macrophage activation, osteolytic 
cytokine production, and aseptic loosening [ 33 – 35 ]. 
Concerns about metal-on-metal bearings include 
the possibility of renal impairment and carcino-
genesis by metal ions released by bio- corrosion. 
Metal ions are released from the surface of the 
implant because of corrosion and failure of the 

  Fig. 11.7    “Black tissue 
staining” caused by metallic 
wear debris       
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oxidized layer covering the implant. Metal ions 
(especially Co) are cytotoxic in a dose- and time-
dependent manner. Ti ions, especially, bind to 
phosphorous-containing molecules in cells like 
euchromatin in the nucleus, ribosomes in the cyto-
plasm, and phospholipids in the membrane, inter-
fering with cellular pathways and functions. 
Neither kidney failure nor carcinogenesis has been 
proved except for hematopoietic cancer [ 36 ,  37 ]. 
On the contrary, there is concern about the hyper-
sensitivity reaction of type IV (ALVAL) and the 
creation of pseudotumors [ 38 ,  39 ]. These repre-
sent variations in the spectrum of metal sensitivity. 
Metal sensitivity is characterized by lymphocyte 
reaction and relative low wear, while reaction to 
PE particles or PMMA is characterized by high 
wear and predominantly macrophage activation. 
Metal ions (Ti) are nonantigenic but when bound 
with serum proteins like albumin can induce the 
formation of specifi c T lymphocytes [ 40 ]. These 
cells can induce hypersensitivity reactions [ 41 ]. So 
the type of immune reaction to metal particles is 
different from the immune reaction to PMMA. 
PMMA and metal particles induce different pro- 
infl ammatory cytokines (TNF-a, IL-1, IL-6 for the 
former and IL-2, INF-γ, IL-22 for the latter) and 
different chemokines (increased production of 
IL-8 in Ti particles only), resulting in different tis-
sue reactions independent of the number and 
quantity of produced wear debris [ 42 ]. Ceramic-
on- ceramic prostheses have even more wear resis-
tance (0.5–2.5 μm/year) [ 43 ]. With normal loading 
conditions the wear rate is 0.1 mm 3 /one million 
cycles, but it can increase to 1.24–1.74 mm 3 /one 
million cycles when there is micro- separation of 
the prosthesis components [ 44 ]. Ceramics are also 
capable of activating macrophages and inducing 
osteolysis [ 45 ,  46 ]. Alumina wear debris has a 
bimodal distribution with larger particles (0.05–
3.2 μm) coming from micro- separation and rim 
loading and acting like UHMWP particles. Smaller 
particles (5–90 nm) come from physiologic con-
tact and act more like metal particles [ 45 ] but are 
less toxic than metal particles. Fewer macrophages 
and no giant cells have been observed around all 
ceramic arthroplasties [ 47 ]. This is due to the fact 
that all ceramic arthroplasties produce a lesser 
amount of particles to stimulate macrophages and 

are not big enough to induce macrophage fusion as 
giant cells. However, the production of smaller 
particles when exceeding a certain threshold can 
be toxic to cells. Smaller ceramic particles have a 
reduced oxidation state and release more toxic 
ions. This is supported by the fact that more necro-
sis is identifi ed around all ceramic arthroplasties 
compared with metal on PE arthroplasties. The 
size and the morphology of the particles have 
played a major role in infl ammation, induced by 
wear debris. Most particles are smaller than 0.5 μm 
[ 48 ], and it has been shown that macrophage acti-
vation is greater with smaller (<20 μm) particles 
[ 49 ]. Polyethylene particles of 0.24 μm are most 
biologically reactive [ 49 ].

        Aseptic Loosening Pathways 

 A large number of cells and molecules are impli-
cated in the biological process of aseptic loosen-
ing. The precise mechanism is not fully understood 
and probably is complicated, but the initial cell 
that starts the reaction is the macrophage. The cell 
that is responsible afterwards for the osteolysis is 
the osteoclast through the RANKL-RANK-OPG-
NF-κB axis. Other cells that contribute to loosen-
ing are the osteoblasts and the lymphocytes (Th1, 
Th2, Th17). The molecules that are critical in 
interactions between cells are the TNF-a, IL1, 
IL18, IL17, IL6, IL10, and INF-γ. The main cas-
cade of reactions includes the PMMA, polyethyl-
ene, titanium, metallic, or ceramic particles being 
phagocytosed by macrophages. Macrophages pro-
duce TNF-a, IL1, and metalloproteinases which 
activate the bone-resorbing osteoclasts through the 
RANKL-RANK axis. Metalloproteinases, on the 
other hand, cause destruction of the extracellular 
matrix. This main interaction is enhanced by other 
cells (osteoblasts, lymphocytes), cytokines (IL6, 
IL10, IL17, IL18), and pathways (Wnt, ADP/ATP 
pathways, complement). 

 The fi rst evidence that wear debris causes 
osteolysis was the correlation between the pro-
duction of wear debris and the rate of aseptic 
loosening [ 50 – 53 ]. 

 Macrophages have been shown to be acti-
vated by wear debris. The activation includes 
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either phagocytosis [ 54 ] of particle debris or 
direct interaction with the particles of critical 
size [ 55 ,  56 ] and shape [ 57 ]. Direct interac-
tion involves the complement receptor CR3 (in 
case of PMMA, PE, titanium particle) [ 58 ,  59 ] 
and the scavenger receptor MARCO (in case of 
titanium particles) [ 60 ]. Metal particles/ions are 
capable of activating the infl ammasome pathway 
in which metal ions induce infl ammasome pro-
teins activation (NADPH/ROS, nalp3) and acti-
vate caspase to produce IL-1 from inactive form 
[ 61 ]. In turn, IL-1 feeds back in a paracrine man-
ner to produce TNF-a through the NFκB pathway 
in macrophages. Another possible mechanism 
of activation and production of pro-infl amma-
tory cytokines is through activation of protein 
 tyrosine kinases (PTKs). Macrophage PTKs are 
activated by titanium particle wear and are neces-
sary for phagocytosis and mediator release [ 62 ]. 
Activation of macrophages results in the pro-
duction of infl ammatory mediators like TNF-a, 
IL-1β, IL-6, and PGE2. This activation has been 
shown experimentally in vitro, in the calvarium 
modeland in mice [ 63 ]. Specifi cally, PE wear 
or titanium and ceramic particles are capable of 
infl ammation induction in rat models [ 64 ]. Studies 
in humans are less clear [ 65 – 67 ] but also show 
the macrophage activation in the periprosthetic 
membrane. Joint fl uid and periprosthetic mem-
brane analyses in conjunction with in situ hybrid-
ization reveal increased TNF-a in patients with 
osteolysis [ 67 ]. Lastly, macrophages are capable 
of RANKL production which promotes osteo-
clastogenesis. The activation of macrophages to 
pro-infl ammatory subtype requires two signal 
steps. Apart from phagocytosis, a second danger 
signal is essential for activation (either pathogen-
associated molecular patterns (PAMPs) such as 
lipopolysaccharide or endogenous danger mol-
ecules (DAMPs)). In the case of metal particles, 
it was thought that endotoxin (LPS) is the second 
signal, but recently, it has been shown that metal 
ions can stimulate toll-like receptor 4 (TLR4), 
a receptor of PAMPs [ 68 ]. The next main step 
in the cascade of osteolysis is the production of 
pro-infl ammatory cytokines (TNF-a, IL-1, IL-6). 
As mentioned above TNF is an osteoclastogenic 
cytokine found in periprosthetic membranes and 

increases with the presence of particle wear. It 
facilitates the production of other cytokines like 
IL-1, IL-6, IL-8, and GM-CSF (the latter is nec-
essary for the maturation of progenitor cells to 
osteoclasts) [ 66 ,  68 ]. It acts on stromal cells and 
osteoblasts to produce RANKL. Subsequently, 
it acts synergistically with RANKL on osteo-
clasts to promote maturation. The activation of 
the TNF receptor results in NK-κB pathway acti-
vation [ 63 ]. TNF-a acts directly on osteoclasts 
precursors, while IL-1 acts indirectly by increas-
ing the production of RANKL and M-CSF from 
osteoblasts and stromal cells. IL-1 is a cytokine 
with osteoclastogenic actions. First of all it 
acts on stromal cells and osteoblasts to produce 
RANKL, induces the production of TNF-a [ 69 ], 
helps TNF-a-depended RANKL production in 
stromal cells (through expression of IL-1RI), and 
fi nally acts as a costimulatory in osteoclast for-
mation. Again, the activation of IL-1 results in 
NK-κB pathway activation [ 70 ]. The transfer of 
interleukin-1 receptor antagonist (IL-1Ra) gene 
in a model of UHMWPE osteolysis resulted in 
reduction of IL-1 and TNF-a [ 71 ]. It is impor-
tant to mention that different metals produce 
different kind of cytokines. Cobalt- chromium 
particles produce predominantly TNF- a, while Ti 
particles mediate an IL-6 response [ 72 ,  73 ]. This 
may have implications in therapy. IL-6 (as well 
as IL-11) has the additional property of activat-
ing osteoclasts in a RANKL- independent way 
which under physiologic conditions is not appar-
ent but, in case of infl ammatory conditions with 
cytokine production, like aseptic loosening, may 
play a vital role. IL-6 in the presence of M-CSF, 
acts through IL-6R in macrophages activating the 
gp130 pathway and inducing osteoclastogenesis. 
This is not inhibited by OPG or RANK antibod-
ies [ 74 ]. The exact role of IL-6 is not yet clear as 
it has been shown that it has an anti-osteoclas-
togenic effect on precursor cells in a metal wear 
particle model through a negative feedback loop 
of TNF-a production [ 75 ]. Probably the indirect 
(through osteoblasts) pro-osteoclastogenic effect 
of IL-6 is more robust than the direct anti-osteo-
clastogenic effect on osteoclasts. TNF-a and IL-1 
polymorphisms have an impact on the risk of 
aseptic loosening [ 16 ,  76 ]. PGE2, an infl ammation 
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mediator, is produced by macrophages activated 
by wear particles. Cox-2, which produces PGE2, 
is essential for osteoclastogenesis and the pro-
duction of prostaglandins [ 76 ,  77 ]. 

 Osteoblasts and stromal cells are linked with 
the formation of osteoclast through the RANKL 
axis. Activated osteoblasts produce RANKL 
that promotes the osteoclast formation. In addi-
tion, the wear particles have a direct infl uence on 
osteoblasts. Firstly, particle wear induces mes-
enchymal stem cell apoptosis [ 78 ], osteoblasts 
apoptosis [ 79 ], and reduced differentiation of 
MSC to osteoblasts [ 80 ]. As a result, bone for-
mation is impaired. On the other hand, wear 
debris (metal or polyethylene) halts the forma-
tion of collagen type I [ 81 ,  82 ] and the produc-
tion of the matrix by osteoblasts [ 83 ]. Osteoblasts 
enter in a catabolic state. In addition, decreased 
IGF-I was found in periprosthetic interface tis-
sue of loose implants. IGF-I is a growth factor 
acting on osteoblasts, so the reduction of this 
growth factor is associated with bone loss [ 84 ]. 
The activated cells (macrophages, lymphocytes, 
osteoblasts) produce RANKL as an end result. 
The RANKL-RANK- OPG-NK-κB axis is the 
main pathway that drives the osteolysis around 
the implants. RANKL, a member of TNF super-
family, is produced by mature osteoblasts, stro-
mal cells, macrophages, and lymphocytes. It 
can be found as membrane-anchored protein 
and less often as a free molecule after cleavage 
[ 85 ]. It acts on RANK in osteoclasts precur-
sors and stimulates the differentiation to mature 
osteoclasts mediating wear debris osteolysis. 
Other conditions where T lymphocyte-produced 
RANKL causes osteolysis are asthma, autoim-
mune diseases, chronic viral infections, cancers, 
and periodontal disease [ 86 ]. RANK (receptor 
activator of NK-κB) is also a member of the TNF 
superfamily and is found on the surface of pre-
cursors of osteoclasts, mature osteoclasts, chon-
drocytes, and mammary epithelial cells [ 87 ]. 
The absence of RANK in genetic modifi ed mice 
results in the inhibition of osteoclast formation 
[ 88 ]. The downstream pathway includes activa-
tion of NK-κB primarily and recruitment of pro-
tein kinase A and protein kinase C. NK-κB exists 
as dimmers in cytoplasm, and when the RANK 

is activated NK-κB disengages from inhibitory 
proteins (IκB) and travels to the nucleus where 
it acts as a transcription factor, mediating the 
expression of genes implicated in osteoclasto-
genesis (rcas). PMMA wear particles induce 
activation of precursor osteoclasts cells through 
NK-κB translocation in the nucleus and DNA 
binding. Inhibition of NK-κB halts this DNA 
binding and osteoclastogenesis [ 89 ]. In addition 
NK-κB is involved in the stress response cataract 
of the cell and regulates apoptosis and infl amma-
tion [ 90 ]. The other molecule that orchestrates 
the osteoclastogenesis together with the RANKL 
is osteoprotegerin (OPG). OPG is a competitive 
inhibitor of the RANKL, causing inhibition of the 
RANKL-RANK therefore inhibiting osteoclasto-
genesis [ 91 ]. Mice defi cient of OPG are osteo-
porotic while transgenic mice with increased 
OPG have osteopetrosis [ 92 ,  93 ]. OPG is also 
increased by estrogens, explaining menopausal 
osteoporosis [ 94 ]. OPG blocks osteoclastogene-
sis of precursor cells by fl uid of aseptic loosened 
arthroplasties and inhibits wear debris osteolysis 
[ 89 ,  95 ]. Gene transfer of the OPG gene in an 
osteolysis animal model caused reduction in cal-
cium production and a decrease in RANK [ 96 ]. 
In general, all factors that affect osteoclastogen-
esis and osteolysis bottom down to the infl uence 
they have in the RANKL/OPG ratio. The osteo-
clast, the only bone-resorbing cell, mitigates the 
phenomenon of osteolysis. Osteoclast is a multi-
nucleated cell that comes from the differentiation 
of precursor cells of monocyte/macrophage lin-
eage [ 97 ]. Osteoclasts are found in abundance in 
the periprosthetic tissues of loose implants [ 98 ]. 
In addition, in these tissues there is an increased 
expression of chemokines like MCP-1, MIP-1-a, 
and IL-8. Thus, there is recruitment of precursor 
cells through the CCR1 receptor in the areas of 
osteolysis [ 99 – 101 ]. Differentiation of precursor 
cells by wear debris is done in two ways. Firstly, 
as described previously, through the production 
of RANKL by activated stromal cells by phago-
cytosed wear particles. Secondly by inhibition of 
interferon gamma and IL-6 signaling in precur-
sor cells by wear debris. Both these molecules 
suppress preosteoclast differentiation [ 102 ]. 
Osteoclasts have also the ability to directly cor-
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rode metal and release metal ions, increasing 
infl ammation. It has been shown that osteoclasts 
can grow on stainless steel and produce osteolytic 
pits. The release of the metal ions increased the 
production of pro-infl ammatory cytokines, which 
further activates osteoclasts and thus enhancing 
the vicious cycle [ 103 ]. Lastly metal ions (Co) 
have a direct infl uence in osteoclasts, activating 
them through chemical hypoxia. Co inhibits HIF 
prolyl hydroxylases (PHDs), activating hypoxia-
inducible factor-alpha (HIF-a), and stimulates 
osteoclast formation [ 104 ]. The bone resorption 
by osteoclasts is mediated by the raffl ed border 
of the osteoclast which contains H-ATPase and 
lowers the pH. Low pH enhances dissolution of 
hydroxyapatite. After demineralization, collagen 
is degraded by cathepsin K. Cathepsin is found in 
macrophages after activation with particle wear 
and more interestingly in periprosthetic mem-
branes of loose implants with low pH. Maybe 
the low pH near loose implants together with the 
cathepsin which is activated by low pH may con-
tribute to bone loss [ 105 ]. 

    Other Cells, Molecules, and Pathways 

 Besides the main cataract of osteolysis, there are 
other cells contributing to osteolysis, molecules 
interacting with osteoclasts, and alternative path-
ways in osteolysis. Osteocytes, the end result of 
osteoblast differentiation, which consist up to 
90 % of the cells of the bone may be involved in 
the initiation of osteolysis. Osteocytes are known 
to sense microfracture, which results in apoptosis 
through TNF-a, and recruit osteoclasts. This 
apoptotic phenomenon can also begin with metal 
implant debris acting on osteocytes [ 106 ]. In par-
ticular metal particles can activate calcineurin, 
leading to the dephosphorylation and nuclear 
translocation of nuclear factor of activated T-cell 
(NFAT) proteins in the nucleus. Subsequently 
NFAT activates the expression of TNF-a [ 107 ]. In 
addition SOST/sclerostin production of osteo-
cytes (which reduces bone formation) has been 
shown to increase when osteocytes are challenged 
by particle wear [ 108 ]. Mesenchymal stem cells 
(MSC) are also affected by particle wear. Stem 

cells endocytose titanium particles resulting in 
suppression of osteogenic differentiation and 
apoptosis. So there is an imbalance between 
osteoblasts formation from stem cells which 
decreases and osteoclast formation from infl am-
mation which increases. Production of osteogenic 
molecules like BMP-6, IGF-1, and FGF-2 by 
MSC is decreased when exposed to Ti debris 
[ 109 ]. Mesenchymal stem cells treated with tita-
nium particles produce IL-8, a potent chemokine, 
which is associated with implant loosening [ 110 ]. 
Fibroblasts are abundant in tissues retrieved from 
loose implants. Challenged with particle wear, 
fi broblasts increase the production of metallopro-
teinases like gelatinase A, collagenase, stromely-
sin, and tissue inhibitor of metalloproteinases 
[ 111 ]. All these promote the degradation of extra-
cellular bone matrix contributing to the osteolysis 
phenomenon [ 112 ]. In addition synovial fi bro-
blasts have been shown to produce RANKL in a 
COX-2-depended manner when stimulated with 
titanium particles. PGE2 acts on EP4 receptor of 
fi broblasts which is coupled with Gsa proteins 
and activates protein kinase C (PKC). This path-
way leads to the production of RANKL. All these 
suggest the contribution of fi broblasts in aseptic 
loosening [ 113 ]. Lymphocytes are implicated in 
osteolysis caused by particle debris. They play 
major role in metal sensitivity. They are found in 
periprosthetic tissue, are capable of producing 
anti- osteoclastogenic (INF-γ, IL-4, IL-10), or 
osteoclastogenic (RANKL) cytokines [ 114 – 116 ]. 
In particular Th2 lymphocytes produce IL-4, and 
it has been shown that patients with erosive dis-
ease have decreased IL-4 mRNA [ 117 ]. In addi-
tion lymphocytes are involved with late-onset 
hypersensitivity reactions in metal-on-metal 
arthroplasties. The formation of pseudotumors 
(painful effusion or solid or cystic mass) around 
total hip arthroplasties is characterized histologi-
cally by diffuse and perivascular infi ltration of B 
and T lymphocytes. The immunoreaction of lym-
phocytes in Ti particles can be either positive 
(activating the lymphocytes) or of no effect, prob-
ably, refl ecting the individual predisposition for 
metal sensitivity. Metal ions (nickel, cobalt) 
linked with proteins are immunogenic and pro-
duce T lymphocytes specifi c for metals. Even if 
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failed hip arthroplasties have been reported in 
conjunction with hypersensitivity reactions and 
there is increased incident of hypersensitivity in 
failed implants, the causative role of hypersensi-
tivity and osteolysis has not been robustly estab-
lished [ 118 ]. In the case of metal-on-metal 
arthroplasties, however, excessive osteolysis has 
raised the possibility of metal ion-induced T-cell- 
mediated delayed hypersensitivity reaction. Metal 
ions when bound to self proteins change their 
structure and are presented by MHC class II on 
the surface. Therefore, they are recognized as 
non-self peptides by T-cell receptors (TCR) initi-
ating the hypersensitivity reaction. Moreover, 
metal ions bound with proteins can reveal immu-
nogenic epitopes of these proteins, can alter MHC 
molecules so TCRs recognize them as presented 
by foreign tissue, and can act as superantigens 
promoting polyclonal T-cell activation [ 119 ]. 
Activation of T-cells needs a second signal, and 
this comes from metal ion binding in TLR4. 
Another type of T lymphocyte (Th17) involved in 
infl ammation and autoimmunity may play a role 
in osteolysis. The production of IL-17 by these 
cells can stimulate the production of RANKL by 
osteoblasts or directly produce RANKL [ 120 ]. 
Th17 cells are produced by naive T lymphocytes 
in the presence of TGF-β and IL-6 [ 121 ] and need 
IL-23 for Th17 stabilization. The source of IL-23 
is the macrophage. Neurogenic infl ammation also 
contributes to osteolysis and aseptic loosening. 
Substance P (SP) axons have been identifi ed in 
periprosthetic membranes of loose implants. In a 
mouse model SP-defi cient animals treated with 
UHMWPE particles had reduced osteolysis, 
smaller numbers of osteoclasts, and increased 
bone mass. This type of infl ammation mediated 
by the nervous system has a role in aseptic loosen-
ing [ 122 ]. Besides   , IL-18, which is a member of 
the IL-1 family, blocks particle-induced osteo-
clastogenesis. IL-18 is committed to the Th1 cells 
and acts synergistically with IL-12 to expand Th1 
cells. Holt et al. have shown that IL-18 can inhibit 
wear debris-induced osteolysis in vitro [ 123 ]. 
IL-10, an anti-infl ammatory cytokine, may also 
play a role in downregulation of infl ammation in 
aseptic loosening. IL-10 is a cytokine produced 
by T regulatory lymphocytes. Gene transfer of 

IL-10 in an animal model of wear debris osteoly-
sis resulted in decreased production of IL-1β and 
TNF-a [ 71 ]. The role of chemokines is also 
important to osteolysis. As previously mentioned, 
the CCR1 receptor in precursor osteoclast cells is 
important in recruitment in areas of osteolysis. 
Other chemokines like CCL17 and CCL22 have 
been found to be upregulated in osteoclast and 
osteoblasts by titanium particles. In addition, 
metal particles upregulate the CCR4 (whose leg-
end is CCL17 and CCL22) in precursor cells and 
Th17 cells, thereby enhancing their recruitment in 
the implant interface. The end result is the activa-
tion of precursor osteoclasts and the increased 
production of RANKL by Th17 cells [ 124 ]. The 
complement system has been also implicated in 
osteolysis. CR3 receptors are involved in phago-
cytosis of wear debris [ 59 ]. VEGF is a growth fac-
tor essential for angiogenesis. It is implicated in 
osteolysis in many ways and is found in tissues 
from failed hip arthroplasties [ 125 ]. It is produced 
by wear debris-activated macrophages. Increased 
osteoclastogenesis, acts as a chemokine for the 
recruitment of macrophages, increases vascular 
permeability in periprosthetic tissue so there is 
increased pressure in joints which enhance oste-
olysis [ 126 ,  127 ]. Obesity has been investigated 
as a factor of osteolysis. In mouse models, obese 
animals with implanted PE particles have lower 
numbers of osteoclasts and fewer osteolysis. 
Obesity may be protective for implant loosening 
as it is for osteoporosis [ 128 ].   

    Treatment Options 

 The potential therapeutic intervention relies on a 
combination of improvements such as improved 
implant integration to host bone, improved bear-
ing surfaces, and strategies to target the cellular 
components [ 1 ]. The latter includes strategies to 
target osteoclast precursor cells which are 
recruited to infl ammatory sites by circulating 
cytokines to target precursors that are stimulated 
by the particle-mediated cellular response to dif-
ferentiate and form bone-resorbing osteoclasts 
and to target activation mechanisms of mature 
osteoclasts. 
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 Management of osteolysis and loosening 
starts with prevention. Prevention has to do fi rstly 
with successful osteointegration. Modifi cations 
of implants have been introduced to increase 
osteointegration. These modifi cations include 
newer biomaterials with osteoinductive prop-
erties, like tantalum, plasma spraying, or grit 
blasting of implants (to increase the surface and 
become more osteoinductive), and covering with 
hydroxyapatite (to facilitate osteointegration). 
Successful osteointegration reduces the effec-
tive joint space. Newer improvements include the 
incorporation of growth factors like BMPs or pep-
tides of growths factors to stimulate osteoblasts 
and enhance osteointegration. Lastly there is the 
incorporation of antibiotics in implants. Besides 
infections, it may reduce endotoxin osteolysis 
and low-grade infection which has been impli-
cated in aseptic loosening [ 129 ]. Gene therapy 
has been tried to reverse the osteolysis. Therapy 
with anti-infl ammatory genes (IL-1R and IL-10) 
in animal models was found to be protective of 
UHMWPE particle-induced bone resorption [ 71 ]. 
Gene transfer of TNFR (TNF receptor) had anti-
resorptive results. Gene transfer of OPG had the 
same results [ 130 ]. Erythromycin is an antibiotic 
with anti- infl ammatory properties. It has a tro-
pism for macrophages/monocytes in bone mar-
row and infl ammatory tissues. Oral erythromycin 
therapy has been shown to reduce osteoclasts and 
infl ammation in tissues from revision arthroplas-
ties when delivered preoperatively [ 131 ]. Another 
antibiotic with anti-resorbing capacities is doxy-
cycline. Doxycycline inhibits metalloproteinases, 
inhibits osteoclastogenesis, induces apoptosis of 
osteoclasts, and ameliorates their bone-resorbing 
actions [ 132 ,  133 ]. In vivo and in vitro, doxy-
cycline has shown that it halts particle- induced 
osteolysis [ 134 ]. Bisphosphonates have been 
shown to reduce particle wear-induced osteoly-
sis [ 135 ,  136 ]. They induce osteoclast apopto-
sis. In addition they can halt the migration of the 
implant postoperatively [ 138 ], which has been 
shown to decrease the risk of osteolysis and revi-
sion rates [ 138 ]. In the Danish registry it was 
found that long-term use of the bisphosphonates 
decreases the risk of revision, but the periopera-
tive use may increase the risk of deep infection. 

Probably the osteolysis occurring in infections 
is essential in clearing microbes from the bone, 
and bisphosphonates counteract this mechanism 
[ 139 ]. Unfortunately, the use of bisphosphonates 
in loosening implants did not have the desired 
outcomes [ 140 ]. This may be due to the fact that 
bisphosphonates have to be ingested before act-
ing and the “test bite” of continuously recruited 
osteoclasts results in bone loss despite treatment 
with bisphosphonates. Bisphosphonates may 
have a role in prophylaxis [ 141 ]. Indeed treat-
ment with one dose of pamidronate postopera-
tively in a randomized controlled trial resulted 
in a reduction of bone loss around the implants 
as measured with bone mineral density (BMD). 
Again this positive result was not associated with 
better clinical outcomes [ 142 ]. Anti TNF-a ther-
apy is a valuable option for treatment of implants 
with aseptic loosening. Because of the similari-
ties between infl amed synovium in rheumatoid 
arthritis and periprosthetic pseudomembranes in 
aseptic loosening, etanercept was used as therapy 
for aseptic loosening. Etanercept is a soluble 
extracellular TNF-a receptor (p75 hTNF-a) fused 
with Fc region of immunoglobulin (IgG1) with 
impressive results in rheumatoid arthritis. Even 
if in animal models etanercept did show positive 
results, a randomized trial failed to show a reduc-
tion in revision arthroplasties [ 143 ]. This study, 
however, is criticized because it was underpow-
ered. Targeting the RANKL-RANK-OPG axis 
has been associated with better results in animal 
models. Blocking RANKL with OPG-Fc tag, 
which increases the bioavailability of OPG, inhib-
ited the osteolysis around loose implants [ 141 ]. 
RANK blockade with fusion protein (RANK-Fc) 
in a mouse model of titanium osteolysis resulted 
in a reduction of osteoclastogenesis and osteoly-
sis without affecting new bone formation [ 144 ]. 
Treatment with COX-2 inhibitors like celecoxib 
may be useful in the treatment of aseptic loos-
ening. Studies in animals demonstrated positive 
results (reduction in PGE2 and osteolysis). Other 
possible therapies regarding osteolysis include the 
blocking of V-ATPase in osteoclasts. Bafi lomycin 
A 1  (a macrolide antibiotic) has the ability to block 
V-ATPase in osteoclasts which is located in the 
ruffl ed border and is involved in acidifi cation of the 
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microenvironment and degradation of bone [ 145 ]. 
Purinergic signaling has been described recently 
in osteoclasts and can be manipulated to decrease 
osteolysis. The ADP receptor P2RY12 blocking 
by results in decreased activation of GTPase Ras- 
related protein (RAP1) and a2b3 integrin. a2b3 is 
essential for osteoclast formation, adhesion, and 
bone resorption so clopidogrel therapy can protect 
from pathologic osteolysis as in aseptic loosening 
[ 146 ]. Statins due to anabolic and anti-catabolic 
on bone have been shown to  protect from parti-
cle-induced osteolysis in murine calvaria models 
[ 147 ]. Statins are HMGCoA reductase inhibitors 
and target the mevalonate pathway like bisphos-
phonates. In a population study statin users had 
decreased risk for revision due to aseptic loosen-
ing [ 148 ]. Lastly, the Wnt signaling on bone cells 
(osteoblasts) has received attention. Wnt binds 
to LPR5/6-stabilizing β-catenin and enables its 
translocation to nucleus to activate gene expres-
sion. β-catenin has a critical role in the prolifera-
tion and survival of osteoblasts. In addition it acts 
indirectly on osteoclasts by increasing the produc-
tion of OPG. Sclerostin is an inhibitor of wints; it 
is produced by bone cells (especially osteocytes), 
and inhibition of sclerostin by antibodies results 
in enhanced bone formation. These pathways may 
have a role in osteolysis [ 149 ,  150 ].     
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           Revision Total Hip Arthroplasty 

 For primary total hip arthroplasty (THA), several 
fi xation options are available. Cemented, cement-
less, or hybrid principles have been applied, and 
their advantages, disadvantages, and their long- 
term effectiveness have been well described in 
the literature. A recent study reported the superior 
survival of cemented to uncemented THA which 
was related to better performance of the cemented 
cups [ 1 ]. On the other hand, uncemented stems 
have proved to perform better than cemented 
stems; the risk of revision was found to be similar 
in both implants [ 1 ]. 

 As the early THAs were performed on rela-
tively low-demand patients with end-stage 
osteoarthritis, as an alternative to Girdlestone’s 
procedure, the occurrence of clinically symptom-
atic mechanical failure was low during the fi rst 

10–15 years of the application of arthroplasty 
surgery in clinical practice. Thus, experience 
with revision procedures was limited, and the 
clinical results were not easy to evaluate. Initially, 
cemented fi xation was considered preferable for 
revision surgery, but the results were not satis-
factory, with a high incidence of radiographic 
loosening and re-revision rates of both compo-
nents [ 2 – 9 ]. It has been shown that the problem 
related to cemented revision lies in the quality 
of the remaining bone, following the removal of 
the components. Bone is often sclerotic without 
trabecular structure for cement interdigitation 
(Fig.  12.1 ). Advances in surgical techniques and 
implant technology have improved the long-term 
survival of primary THAs. However, the number 
of revision procedures has also been growing, 
and this is probably due to the increased number 
of THAs performed on younger, high-demand 
patients and because of the variety of hip disor-
ders. Diagnostic and treatment recommendations 
have evolved, and several therapeutic algorithms 
have been proposed by many authors [ 10 – 13 ]. 
However, there is no consensus about the optimal 
treatment, and there are still questions regarding 
the indications of different techniques.

       Cemented Acetabular Revision 

 Bone erosion due to osteolysis and mechanical 
damage from the motion of a loose component 
often leaves cavitary, segmental, and combined 
defects in the acetabulum [ 14 ,  15 ]. These changes 
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in the bone stock can make it diffi cult to obtain 
adequate fi xation of a cemented component in 
revision operations. At present, most authors 
agree that cementless fi xation of the acetabulum 
in revision operations has better results than does 
cemented acetabular revision. Porous-coated ace-
tabular components have demonstrated less 
radiographic loosening and lower re-revision 
rates [ 16 – 19 ]. Despite these, there is still a role 
for cement in the revision of acetabular cups. 
Cement is used for the fi xation of a polyethylene 
component with a metal acetabular reinforce-
ment ring or cage and particulate graft material; 
for fi xation of a polyethylene component in con-
junction with a large structural allograft, such as 
an acetabular allograft; and, in selected cases, for 
use with impaction grafting [ 20 – 27 ]. Another 
modern indication for the use of cemented poly-
ethylene cups is the revision of a failed acetabular 
liner within the existing, well-fi xed, metal shell. 
The technical parameters of this technique have 
been studied using an ovine animal model [ 28 ]. 

 Type I acetabular defects can be managed with 
conventional either cemented or cementless cups 
and show satisfactory, at least midterm, results 
[ 29 ,  30 ]. For more severe acetabular defects, 
cemented fi xation in revision THA shows unfa-
vorable results. Acetabular migration and radio-
logical and clinical loosening vary from 15 to 

30 % in midterm [ 2 – 9 ,  31 – 33 ] with the best clini-
cal outcomes reported by Marti et al. [ 34 ]. The 
use of reinforcement or anti-protrusio rings and 
cages in combination with cement fi xation is a 
serious confounding factor in the assessment of 
clinical outcomes, and such an analysis is beyond 
the scope of this paper.  

    Cemented Femoral Revision 

 As in the acetabular side, type I femoral defects 
have intact cancellous and cortical bone. Any pri-
mary stem, cemented or uncemented, can be used 
performing third-generation cementing tech-
niques, with a satisfactory clinical outcome [ 35 ]. 

 Unsatisfactory clinical outcomes were also 
reported in early series of cemented femoral revi-
sion surgery. Fifteen to 30 % radiographic loosen-
ing and 5–9 % reoperation rate were observed in 
midterm at the hands of pioneers of hip recon-
struction [ 2 ,  3 ,  5 – 7 ,  36 ]. The results were even 
worse if patients had had a previous revision, with 
reports of 50 % radiographic or clinical loosening 
at 3 years follow-up [ 6 ]. Another characteristic of 
this early revision surgery is the report of a high 
incidence of intraoperative or postoperative com-
plications such as femoral canal perforations, 

  Fig. 12.1    Femoral 
endosteal surface after the 
removal of a loose femoral 
stem. Bone is sclerotic with 
absence of trabecular 
structure       
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fractures, dislocations, femoral nerve palsy, and 
trochanteric problems. In this initial experience, 
the fi brous membrane between bone and loose 
cement and the neocortex between the fi brous 
membrane and any residual cancellous bone were 
not adequately removed. Cement delivery and 
pressurization systems were not available, and the 
distal canal was not adequately restricted (espe-
cially distal to the isthmus). Perforations of the 
canal were not recognized and appreciated and 
were bypassed. It was also not understood that 
perforations and canal windows can potentially 
act as stress risers. Modern cementing techniques, 
removal of the neocortex with a burr, recognition 
of the perforations (90 % of them to the anterolat-
eral cortex), and bypassing the defects and win-
dows by 1.5–3 diameters of the femoral shaft 
outer diameter have resulted in improved clinical 
outcomes. The re-revision rate of cemented revi-
sion of femoral stems dropped to 10 % at 10–15 
years even in cases of extensive femoral osteoly-
sis (Figs.  12.2  and  12.3 ) [ 32 ,  37 – 43 ].

        Cemented Acetabular Revision 
with Impaction Grafting Technique 

 When notable bone loss and extensive bone 
defects exist, the impaction grafting technique 
with or without reconstruction rings and strut 
allografts should be used in cemented revision hip 
arthroplasty. It is important to recognize that pri-
mary implant stability in this technique depends 
on the adequacy of containment and impaction of 
the graft, together with effective cementing. 

 In the 1970s, clinicians began to use bone 
grafting to repair osseous defects in association 
with primary and revision hip arthroplasty. The 
size of the bone grafts used ranged from small 
morcellized to large bulk fragments [ 44 – 46 ]. 
Roffman et al. [ 47 ] have investigated the fate of 
autogenous chips under a layer of polymethyl 
methacrylate bone cement in an animal model 
with intrapelvic protrusio. Histologic evaluation 
revealed bone formation from the acetabular wall 
toward the graft. The graft appeared viable, and 

a b  Fig. 12.2    ( a ) Preoperative 
radiograph of a THA with 
aseptic loosening. ( b ) 
Postoperative radiograph 
following a cemented 
femoral revision at 8-year 
follow-up       
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new bone formation was induced along the sur-
face adjoining the bone cement. Other experi-
ments in goats were designed to histologically 
evaluate the processes involved in graft incorpo-
ration. Surgical technique was comparable to that 
used in human procedures. Rapid union of the 
graft with host bone was achieved, and no signs 
of resorption or collapse of the reconstruction 
were seen [ 48 – 51 ]. Moreover, van der Donk has 
reported the results of human core biopsies taken 
from revision operations with impacted mor-
cellized grafts and cement [ 52 ]. It was concluded 
that reconstruction of bony defects with impacted 
graft chips results in a new bony structure which 
can form an ideal substrate for cemented compo-
nents. Griffon et al. [ 53 ] studied the biological 
behavior of biomaterials being considered for 
impaction grafting in revision hip arthroplasty. In 
their opinion, the biological properties of materials 

are very important and should be proved prior to 
evaluation under loading conditions. 

 On the acetabular side, the goals are to restore 
hip mechanics by placing the cup at the level of the 
anatomic acetabulum, to restore segmental defects 
with metal wire mesh in order to achieve contain-
ment, to restore periprosthetic bone loss by aug-
menting the cavitary defect with allograft bone 
chips, and to achieve stability by impacting the 
chips and using bone cement. On the femoral side, 
large bone chips (8–10 mm in diameter) must be 
used in the proximal femur to reduce subsidence 
of cemented stems especially when they are collar-
less, double tapered, and polished. Moreover, long 
stems are crucial in order to bypass regions of high 
stress concentration, while prophylactic cerclage 
wires and strut grafts are required when the femo-
ral cortex is still thin and extends beyond the tip of 
the long-stemmed femoral component. 

a b  Fig. 12.3    ( a ) Preoperative 
radiograph of a THA with 
aseptic loosening and severe 
bone loss of the proximal 
femur. ( b ) Postoperative 
radiograph following a 
cemented femoral revision 
and strut bone allograft at 
7-year follow-up       
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 Recent studies have reported excellent mid-
term and long-term survival of femoral compo-
nent revisions with impaction bone grafting and a 
cemented stem [ 54 – 56 ]. Busch et al. have also 
shown satisfactory results using impacted mor-
cellized bone grafts and a cemented cup in young 
patients with acetabular defects [ 57 ]. Buttaro 
et al. have suggested that metal mesh, impaction 
grafting, and a cemented cup should be consid-
ered for reconstruction of medium uncontained 
acetabular defects, but not for severe combined 
defi ciencies. The reason for this is the migration 
of metal meshes, and the authors propose the use 
of acetabular reconstruction rings with impacted 
allografts in cases of extended segmental defects 
[ 25 ]. Results have been presented from the 
Swedish registry with its large population of 
patients and long-term follow-up. The survivor-
ship of cemented stems used in combination with 
impaction grafting was 94 % at 15 years [ 58 ].  

    Cement-in-Cement Technique 

 If the cement is well fi xed, a cement-in-cement 
technique appears to be a versatile and attractive 
alternative option (Fig.  12.4 ) [ 59 ]. Supporters of 
this technique report a low risk for bone loss, 
cortical perforation, and fracture as well as a 
lower probability of having to perform extensive 
osteotomies [ 12 ,  60 ,  61 ]. The concept of this 
technique was initially described by Greenwald 
et al. in 1978 [ 62 ]. The trend of removing all 
the old cement was questioned by their labora-
tory study which showed that recementing over 
previously hardened cement mass was feasible. 
They further propose rasping of the old cement 
surface in order to increase the area of contact 
and emphasize the early use of freshly polymer-
izing cement to allow larger amounts of mono-
mer to interact with the old mantle. This was 
also supported by Weinrauch’s biomechani-
cal study in which the shear strength of 5 mm 
thick specimens was tested. The authors were 
able to analyze the possible reaction between 
the old and new cement mantle and attribute 
the quality of the chemical bond to the diffu-
sion of new cement monomer [ 63 ]. On the other 

hand, Li et al. [ 64 ] reported in a biomechanical 
study that the strength of the bond between old 
and new cement can be dramatically reduced in 
the presence of blood and marrow debris. They 
propose the removal of the entire cement mantle 
if the previous one is not able to be thoroughly 
cleaned. However, in a recent biomechani-
cal study where fl exural strength was tested, it 
was shown that the interface between old and 
new cement was not a point of weakness [ 65 ]. 
In addition, different cement combinations did 
not signifi cantly affect the strength of the inter-
face. Other factors like the elimination of pores 
both at the interface and within the new cement 
appeared to be more important for the success-
ful application of this technique.

  Fig. 12.4    Postoperative radiograph of a cement-in- 
cement revision of a femoral stem at 5-year follow-up       
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       Surgical Technique of Cement-in- 
Cement Revision Surgery 

 The surgical approach is usually the same as in 
primary THA. The cement above the shoulder of 
the hip prosthesis must be cleared to facilitate 
stem removal. Thus, inspection of the cement 
mantle is easier, and the cement can be removed 
to a depth where osseointegration of the old 
cement bone can be confi rmed. If any crack in the 
old cement mantle is visible beyond the lesser 
trochanter level, it is better to remove all of the 
cement and perform an alternative procedure. 
Pulsed lavage is meticulously applied to clear the 
old mantle and different rasps, and curettes and 
burrs are used to roughen the cement surface. The 
new cement is prepared and introduced using a 
gun device while still in a low state of viscosity. 
Suction and compression techniques are used to 
avoid leaving any blood and marrow debris and 
to promote pressurization [ 10 ]. 

 Regarding the acetabular component, this can 
be easily removed when it is loose without using 
extraction devices and osteotomes. If a polyeth-
ylene linear exists and loosening is minimal, then 
the technique proposed by Brogan can be per-
formed [ 66 ]. During this procedure, larger ream-
ers are used to ream away the implant under 
regular lavage and suction to minimize the escape 
of debris. After reaming, the polyethylene can be 
extracted much more easily, and the cement man-
tle is inspected to confi rm its adequate fi xation. 
The ridges of cement corresponding to the 
grooves in the polyethylene are retained, and 
additional small pits can be made to augment the 
contact surface.    Penetration to the underlying 
bone should be avoided because the presence of 
blood debris will interfere with the new bond. 
The new component is inserted as usual. 

    Indications for Cement-in-Cement 
Revision Surgery 

 The cement-in-cement technique can be under-
taken in different situations of revision such as the 
replacement of a broken component, the replace-
ment of a malpositioned implant, and the conversion 

of a well-fi xed hemiarthroplasty to THA [ 38 ,  67 ]. 
In addition, several authors support the use of the 
cement-in-cement revision in anatomically reduc-
ible periprosthetic fractures with a well-preserved 
preexisting cement mantle. After meticulous pre-
operative planning, this technique can offer 
decreased blood loss, decreased risk of iatrogenic 
fragmentation of bone during cement removal, and 
a safe alternative especially in elderly patients who 
are not fi t for prolonged surgical procedures [ 13 , 
 68 ]. Clinical studies using cement-in-cement tech-
nique in revision hip replacement have reported 
satisfactory outcome and long-term longevity of 
the implants. The majority of authors emphasize 
the advantages of bone stock preservation, the 
avoidance of extensive operating procedures, and 
the lesser risk of complications [ 12 ,  66 ,  69 ,  70 ].   

    Cemented Fixation of Revision 
Total Knee Arthroplasty 

    Due to the demographic development of west-
ern countries, the recent availability of technically 
advanced implants, and the expansion of indica-
tions for total knee arthroplasty (TKA), a further 
increase in primary TKA and, as a result, a corre-
sponding rise in revision TKA are expected [ 71 ]. 
The most common causes of revision TKA are 
infection and implant loosening; the most common 
type of revision TKA procedure is revision of all 
the components [ 71 ,  72 ]. The literature related to 
clinical outcomes of revision TKA is limited, and 
studies are of low evidence (level III and IV), with 
a rather small number of patients, different implant 
revision systems, and short- to midterm follow-up 
[ 71 ]. Clinical survival rates from 71 to 94 % have 
been reported at the level of 10-year follow-up. 
Factors such as the component design, the restora-
tion of the lower limb axis, the restoration of bone 
defects and knee stability, the underlying disease, 
and the implant bone fi xation technique all infl u-
ence the outcome [ 71 ,  73 ,  74 ]. Intramedullary stems 
improve the anchoring of implants especially in 
revisions with bone defects [ 71 ,  73 ,  75 – 78 ]; however, 
the fi xation technique (cemented or cementless) for 
components and stems remains controversial [ 71 , 
 77 ,  79 ,  80 ]. 
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 The biomechanical principles of cemented 
and cementless fi xation in revision TKA have 
been studied in several experimental cadaveric 
studies [ 81 – 85 ]. It has been confi rmed that tibial 
components with cemented stems show less 
micromotion than components with cementless 
stems of the same length. Tibial components with 
cementless long (150 cm) stems show similar 
stability as those with short (75 cm) cemented 
stems [ 81 ]. Tibial hybrid fi xation shows less fail-
ure of fi xation under cyclic loading compared to 
tibial cemented fi xation [ 82 ]. The longer hybrid 
tibial stems show more equal and uniform load 
(shear) transfer compared to those shorter 
cemented tibial stems [ 83 ]. Primary stability of 
hybrid tibial stems is equal and even higher 
(depending on the tibial tray cement-bone pene-
tration factor) compared to those of cemented 
tibial stems [ 84 ]. Hybrid femoral stems provide 
stability and minimize stress shielding of the dis-
tal femoral bone interfaces [ 85 ]. 

 Mid- to long-term survival rates of hybrid fi xa-
tion (a combination of cemented femoral and tib-
ial components with cementless, press-fi t femoral 
and tibial stems) vary from 71 to 96 % with an 
aseptic loosening rate between 0 and 29 % 
(Fig.  12.5 ) [ 73 ,  75 ,  77 ,  78 ,  86 – 90 ]. Mid- to long- 
term survival rates of cemented fi xation (a combi-
nation of cemented femoral and tibial components 
with cemented femoral and tibial stems) vary 
from 89 to 97.5 % with an aseptic loosening rate 
between 0 and 7 % [ 73 ,  74 ,  79 ,  86 ,  91 ].

       Conclusion 

 The revision of cemented hip arthroplasties 
remains a challenge even in the hands of the 
most experienced orthopedic surgeon. Several 
important factors should be considered, such as 
acetabular or femoral bone loss, bone deforma-
tion, compromised soft tissues, stem fracture, 
and osteolysis. Comprehensive and well-
designed preoperative planning is of great sig-
nifi cance in dealing with these parameters. 
Restoring the hip joint center, establishing bone 
continuity, providing an implant that is well 
fi xed to the host bone, and using bone graft, a 
surgical hip reconstruction can be achieved 
with favorable biological and mechanical 

 characteristics and a successful long-term out-
come. Cemented revision THA is indicated in 
older, low-demand patients with mild bone loss 
or large femoral canals, when using a proximal 
tumor arthroplasty for proximal bone loss in 
elderly patients and in revisions of infected 
arthroplasties. Impaction bone grafting and 
cement-in-cement techniques offer valuable 
alternative options in cases with compromised 
bone stock. 

 The ideal fi xation of modular revision TKA 
remains unclear. Cemented and hybrid fi xation 
show equal initial stability based on cadaveric 
studies, as well as comparable survival rates, 
comparable aseptic loosening rates, and equiv-
alent clinical outcome based on mid- to long-
term low-quality clinical studies.     

  Fig. 12.5    Postoperative radiograph of a hybrid revision 
TKA at 8-year follow-up       
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           Introduction 

 Undoubtedly, major joint arthroplasty is one of 
the surgical success achievements of the twenti-
eth century. As demand for primary total hip and 
knee arthroplasty (THA, TKA) is increasing, the 
burden of revision arthroplasties is projected to 
swell concomitantly. Surgeons are increasingly 
using cementless implants in joint revision sur-
gery because of several reports of a high inci-
dence of loosening in cemented fi xation. 

 Despite the great progress that has been 
achieved in orthopedic biomaterials, fi xation of 
implants to the host bone in revision surgery 
remains a problem. Mismatch of Young’s moduli 
of the biomaterials and the surrounding bone has 
been identifi ed as a major reason for implant loos-
ening following stress shielding of bone [ 1 – 3 ]. 
However, the implanted material must be strong 
and durable enough to withstand the physiological 
loads placed upon it over the years. A suitable 
 balance between strength and stiffness has to be 

found to best match the behavior of bone. One 
consideration to achieve this has been the develop-
ment of materials that exhibit substantial surface 
or total bulk porosity in medical applications. 
Porosity is defi ned as the percentage of void space 
in a solid, and it is a morphological property inde-
pendent of the material. Porous metals with an 
interconnected pore structure are of particular 
interest for orthopedic implant applications due to 
their potential ability to facilitate tissue ingrowth. 
Pores are necessary for tissue formation, because 
they allow migration and proliferation of cells, as 
well as vascularization. In addition, a porous sur-
face improves mechanical interlocking between 
the implant biomaterial and the surrounding natu-
ral tissue, providing greater mechanical stability at 
this critical interface [ 4 – 12 ]. 

 Using cementless implants in revision arthro-
plasty requires maximized fi tting, immediate press-
fi t stability, control of axial and rotational stability, 
and optimal bone remodeling for a long period of 
time. Many surgical options have been reported, 
including proximal modular and non- modular 
porous-coated implants, extensively porous coated 
with cylindrical or tapered distal geometries, 
impaction grafting with cemented stems, and struc-
tural proximal femoral allografts [ 13 ].  

    A Historical Overview 

 Greenfi eld received the fi rst patent for the bone 
ingrowth fi xation concept in the late 1900s with 
his metallic cage-like framework for an artifi cial 
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tooth root [ 9 ]. He stated that bone would grow 
into the frame over time and, therefore, be held 
fi rmly in position. Investigations initiated in the 
late 1940s sought porous materials that might be 
used to fi ll defects in soft tissue. Design specifi ca-
tions included inertness, resiliency, softness, and 
strength for porous implants in soft tissue. In the 
1950s, investigations into porous polyvinyl 
sponges in bone reconstruction and in autogenous 
grafting procedure augmentation were undertaken 
[ 14 ]. Polyurethane and porous polytef (Tefl on) 
were analyzed, and the effect of pore size on bone 
ingrowth was studied in the late 1950s and early 
1960s [ 15 ]. In 1963, Smith introduced cerosium, 
a porous ceramic-plastic composite. This was the 
fi rst porous material that demonstrated suffi cient 
mechanical strength to be used in load-bearing 
applications in orthopedics [ 16 ]. 

 The late 1960s and early 1970s was a burgeon-
ing era in the fi eld of porous coatings. Hulbert 
appreciated the impact of pore size and material 
strength in promoting bone ingrowth [ 17 ]. In 1968, 
Hirschhorn and Reynolds were the fi rst to report 
on the manufacturing of a porous metal as an 
implant material [ 18 ]. The fabrication of a porous 
cobalt–chrome alloy was performed utilizing pow-
der metallurgy techniques. One year later, Lueck, 
Galante, and Rostoker described the development 
of a porous, commercially pure titanium fi ber 
composite material [ 19 ]. In the 1970s, Welsh, 
Pilliar, and Cameron seriously investigated porous 
cobalt–chromium, and this effort was subse-
quently continued by Bobyn et al. [ 20 ,  21 ]. From 
their work, a sintering process was developed that 
eventually laid the groundwork for the cobalt–
chromium (Co–Cr) alloy coatings used today [ 22 ]. 
The surface of most cementless implants during 
the 1970s was smooth, to which strong adherence 
to bone could not be expected, and a macro lock 
implant with a window or fi n was inserted into the 
bone by press fi tting. The outcomes of these 
smooth-surface- type cementless THAs (including 
bipolar-type femoral prosthesis) were poor, caus-
ing aseptic loosening several years after surgery, 
and many cases required revision surgery [ 23 ]. 

 The fi rst porous cobalt–chromium prostheses 
had sintered microspheres of cobalt–chromium 
alloy, approximately 100 pm in diameter. Previous 

investigations had shown that porous coatings pro-
duced with these particles yielded pores approxi-
mately 50–150 pm in diameter. Porous materials 
with these characteristics had been found in earlier 
animal studies to accommodate bone ingrowth. 
However, investigators believed that the pore size 
of the coating might be too small to maintain bone 
as the prosthesis was being loaded. They showed 
that the considerable difference in the elastic mod-
ulus of bone and cobalt–chromium alloy would 
produce a differential strain at the interface, and 
they estimated that the movement of the stem rela-
tive to the bone would be approximately 25 pm. 
This displacement would therefore decrease the 
effective pore width of the prosthesis from 50 to 
25 pm, and they noted that this probably would be 
too small to support bone ingrowth in most cases. 
Therefore, they said it is important that the pore 
size be increased [ 2 ,  22 ].  

    Properties of an Ideal Porous 
Coating 

 There are several properties that are important in 
creating an ideal porous coating. First, the micro-/
macrostructure of the coating should resemble 
cancellous bone with an open-cell porous struc-
ture. Moreover, the ideal coating would possess 
a modulus of elasticity similar to that of cortical 
and/or cancellous bone, as well as a high surface 
coeffi cient of friction. The remaining properties of 
an ideal coating include excellent biocompatibil-
ity, a relative ease and low cost of manufacture, 
a reliable clinical history, a precise and reproduc-
ible insertion instrumentation, a bioactivity of the 
metal surface, and a high level of porosity (>60 %). 
As a result, the ideal coating would be more bio-
logically compatible, achieving earlier and 
increased levels of bone ingrowth in vivo [ 14 ].  

    Optimal Pore Sizes for Bone 

 Apart from the work investigating the minimum 
requirement of pore size, many researchers have 
explored pore sizes above 100 μm in order to 
defi ne optima for bone-related outcomes. Porous 
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blocks of hydroxyapatite with different pore sizes 
(106–212, 212–300, 300–400, 400–500 and 500–
600 μm) were compared when implanted subcuta-
neously in rats [ 24 ,  25 ]. Alkaline phosphatase 
activity, osteocalcin content, and new bone forma-
tion were higher for the 300–400 μm pore size. 
Onset of bone remodeling was delayed in surface 
laser-textured titanium alloy (Ti–6Al–4 V) with 
100 μm pores versus implants with 200 and 
300 μm pores that were implanted in distal femo-
ral cortex of rabbits [ 24 ]. Although the 300 μm 
pore implants had the highest percentage of lamel-
lar bone, their osseointegration was slower than 
the 200 μm pore size implants based on the lower 
percentages of total (within- pore and surface 
bone–implant) contact. Hydroxyapatite scaffolds 
with small (90–120 μm) and large tunnel (350 μm) 
diameters were used for BMP-2 delivery and were 
implanted subcutaneously in rats [ 26 ,  27 ]. In small 
diameter tunnels, chondrogenesis occurred before 
osteogenesis; in contrast, in tunnels with large 
diameter, bone was formed directly. The enhanced 
vascularization that was observed in tunnels with 
the larger diameters resulted in higher oxygen ten-
sion and supply of nutrients, conditions that 
favored direct osteogenesis.  

    Mechanical Properties of Porous 
Biomaterials 

 In spite of the great progress associated with the 
design of bone implants through computational 
bone adaptation models, the inclusion of appro-
priate interface bone-implant conditions is still 
an open problem. However, the trade-off of bet-
ter biological properties due to higher porosity is 
diminished mechanical strength, which defi nes 
a practical upper limit for pore size and poros-
ity. Initial stress concentrations at pores decrease 
fl exural strength, lower resistance to fatigue, and 
increase wear [ 28 ,  29 ]. Studies have shown that 
both Co–Cr alloys and Ti–6Al–4 V alloys experi-
ence drastic reductions in fatigue strengths when 
fabricated as porous coatings on solid core struc-
tures [ 30 ,  31 ]. It has been shown that the high cycle 
fatigue strength of porous-coated Ti–6A1–4 V 
alloy is approximately one-third that of the solid 

alloy equivalent shape, probably even less in fully 
porous matrices [ 32 ]. The bond sites between the 
coatings and implant have irregular geometries that 
can act as stress concentrations. This is sometimes 
referred to as the notch effect. This notch effect is a 
localized condition that affects implant strength in 
the region of the porous  coating [ 33 ]. Cook et al. 
showed that an approximately 15 % improvement 
in fatigue properties of porous Ti–6Al–4 V could be 
achieved through post-sintering heat treatments that 
produce microstructures that are more resistant to 
crack initiation and propagation [ 34 ]. Ishikawa and 
Asaoka concluded that pressurized curing increases 
the mechanical strength of calcium phosphate 
cements by decreasing porosity [ 35 ]. Interfacial 
integrity between particles and matrix is the key 
for good mechanical properties. Sunnegardh et al. 
observed a similar problem for calcium aluminate 
cement [ 36 ]. Its heterogeneous microstructure 
and surface porosity limited its  polishability, com-
pared to resin composite and polyacid-modifi ed 
resin composite [ 37 ]. Increasing the pore size from 
45–150 to 300–600 μm increased the elastic modu-
lus (3.1–7.8 MPa) but did not affect yield strength 
in scaffolds produced by  photopolymerization of a 
multifunctional lactic-acid-based oligomer created 
by grafting 10 lactic acid units on each side of a 
di(ethylene glycol) core. The porosity of these scaf-
folds was 80 %, since lower porosity resulted in less 
interconnected pores [ 38 ] and higher porosity to 
scaffolds with low mechanical properties [ 39 ]. 

 Implant stability is not only a function of 
strength but also depends on the fi xation estab-
lished with surrounding tissues. A major problem 
concerning metallic implants in orthopedic surgery 
is the mismatch of Young’s modulus between bone 
(10–30 GPa) and bulk metallic materials (between 
110 GPa for Ti and 230 GPa for Co–Cr alloys). 
Due to this mechanical mismatch, bone is insuffi -
ciently loaded and becomes stress shielded, which 
eventually leads to bone resorption [ 3 ]. Porous 
metals represent a promising means of reducing 
stiffness mismatch and avoiding stress-shielding 
effects. To overcome the mechanical limitations 
of porous materials, novel composite materials 
have been investigated. Chitosan sponges with 
100 μm pores were formed inside hydroxyapatite/
tricalcium phosphate scaffolds with macropores 
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(300–600 μm), and both compressive modulus and 
yield stress increased about four times [ 39 ]. Coating 
hydroxyapatite scaffolds (87 % porosity and 150–
200 μm pore size) with a hydroxyapatite/poly(e- 
caprolactone) composite improved the mechanical 
properties: higher amounts of the composite coat-
ing (more polymer) increased compressive strength 
(maximum 0.45 versus 0.16 MPa for no coating) 
and elastic modulus (maximum 1.43 versus 0.79 
for no coating) [ 40 ]. Collagen scaffolds have been 
coated with hydroxyapatite (pores 30–100 μm, 
porosity 85 %), since osseointegration is enhanced 
by the surface formation of a bioactive apatite layer 
and this layer supported the attachment and prolif-
eration of rabbit periosteal cells [ 41 ]. 

 Coating porous-surfaced titanium implants 
(35 % porosity and 50–200 μm pore size) with 
calcium phosphate resulted in earlier and greater 
bone ingrowth and enhanced mechanical proper-
ties for implants retrieved from rabbit femorals 
[ 42 ]. Studies made on the correlation between the 
superelasticity behavior, the different pore size, 
and various heat treatment conditions of NiTi 
produced by the gas expansion method revealed 
that the NiTi with 16 % porosity exhibited an 
excellent combination of mechanical properties 
such as high strength (1,000 MPa), low Young’s 
modulus (15 GPa), large compressive ductility 
(>7 %), large recoverable strains (>6 %), and 
high energy absorption (>30 MJ/m 3 ) [ 43 ]. Most 
of current cementless THAs are bone ingrowth or 
bone ongrowth types. For surface processing of 
the bone-ingrowth-type implant, titanium (Ti) 
fi ber mesh was adopted in the Harris/Galante- 
type THR, cobalt–chromium (Co–Cr) beads in 
the AML-type THR, and Ti plasma spray in the 
Mallory–Head-type THR [ 44 ].  

    Closed-Cell or Open-Cell Porosity 

 A major classifi cation of porous metals, or metal 
foams, is between open-cell and closed-cell. In 
closed-cell foams each cell is completely enclosed 
by a thin wall or membrane of metal, while in 
open-cell foams the individual cells are intercon-
nected, allowing tissue to infi ltrate the foam and 
anchor it into position. Closed-cell porous metals 

are usually the result of a random foaming pro-
cess, in which the size, shape, and location of 
pores within the matrix vary, depending on the 
parameters of the fabrication process. The result 
is usually a porous material with limited porosity 
and, often signifi cant, variations in pore size and 
shape, although careful selection of the foaming 
parameters can improve homogeneity [ 45 ]. 

 It is recognized that there are three distinct 
types of porous implants [ 4 ]: (a) partly or fully 
porous-coated solid substrates, (b) fully porous 
materials, and (c) porous metal segment joined to 
a solid metallic part. There are several applications 
that can potentially use both porous-coated and 
fully porous implants. These include (1) spinal 
fi xation devices, (2) fracture plates, (3) wires, pins 
and screws, (4) artifi cial ligament attachment 
implants, (5) craniofacial implants, (6) maxillofa-
cial implants, and (7) bone graft material to fi ll 
tumor defects. Implants with solid cores and 
porous coating structures are more appropriate 
when the porous metal alone does not provide suf-
fi cient mechanical strength to sustain the physio-
logical loads, such as in (1) dental implants and (2) 
joint arthroplasty implants. Different processes 
vary in complexity of preparation and also in the 
type of porous material that they produce. Thus, 
some processes such as casting or vapor deposi-
tion techniques tend to allow greater control over 
pore size, distribution, and interconnectivity. Other 
processes involving the decomposition of foaming 
agents in either molten or powder metal matrices 
give lower porosities and a less predictable pore 
distribution and interconnectivity. The former can 
produce open- cell geometries, whereas the latter 
usually result in closed-cell matrices [ 4 ].  

    Forms and Fabrication Techniques 

 The porous coatings can take various forms and 
require different technologies (Fig.  13.1 ).

   Cobalt–chromium and titanium porous coat-
ings can be produced from:
•    Spherical metal powders made by gas atomi-

zation. The tiny spheres, or beads as they are 
frequently referred to in the medical fi eld, are 
175–250 μm (7–10 mils) in diameter. Porous 
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coatings produced from spherical powders are 
most frequently used on cobalt–chromium 
implant materials.  

•   Wires or fi bers that are formed into porous pads. 
In the case of alloy beads, the manufacturer will 
apply the coating material using binders over 
specifi c regions of the implant surface and then 
attach the coating to the substrate by various 
high-temperature sintering stages. Generally, 
sintering involves heating the implant to about 
one-half or more of the melting temperature of 
the alloy to enable diffusion mechanisms to 
form necks that join the beads to one another 
and to the surface of the implant. The porous 
coatings so formed (35–50 vol.% porosity) are 
typically 500–1,000 μm (20–40 mils) thick and 
consist of a regular three-dimensional intercon-
nected porous structure [ 46 ].    

    Traditional Metallic Coatings 

 The so-called classic porous metals consist of the 
following: cobalt–chrome-alloy sintered (Co–Cr) 
beads, cancellous structured titanium (CSTi), 

fi ber-metal mesh, and titanium plasma spray. 
These traditional materials generally possess low 
volumetric porosity in the range of 30–50 %, low 
frictional characteristics, and a high modulus of 
elasticity [ 47 ]. A plethora of implantable devices 
have been produced with these conventional met-
als and have demonstrated good to excellent 
long-term survival. These implants can be 
 manufactured in a reproducible fashion and with 
relatively marginal cost. Their shortcomings lie 
in that they cannot be used for bone augmenta-
tions, bone graft substitutes, or as bulk structural 
materials [ 47 ]. Studies have shown that the mini-
mum pore size for load-bearing implants, such as 
artifi cial hips and knees, should be approximately 
100–150 μm (4–6 mils). The pore size of cancel-
lous bone ranges from 400 to 500 μm (16–20 
mils). Most porous coatings have pore sizes that 
range from 100 to 400 μm (4–16 mils) [ 48 ]. 

 However, perceived limitations of these tradi-
tional metals include the desire for more porosity 
for enhanced ingrowth, low surface friction char-
acteristics, relatively high moduli of elasticity, and 
availability as a coating only. This has led to the 
development of several highly porous, low modulus 
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  Fig. 13.1    Different examples of cementless surface implants during the decades       
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metals for use in orthopedic surgery, particularly 
in the fi eld of total joint arthroplasty [ 49 ].  

    Metallic Foams 

 The impetus to develop open-cell, highly porous 
metallic foams arose from the shortcomings of 
the conventional porous metals. With porosities in 
the 30–50 % range, maximum bone ingrowth is 
limited and implant–bone contact must be maxi-
mized [ 50 ]. Also, these traditional materials can-
not be used as bulk structural materials, for bone 
augmentation purposes, or as bone graft substi-
tutes [ 50 ]. With tantalum and titanium metallic 
foam materials, a reticulated skeleton is created 
and metal is then deposited onto that surface. The 
characteristics of these metals are similar to those 
of cancellous bone, with high porosity, low modu-
lus of elasticity, and enhanced surface coeffi cient 
of frictions, therefore providing a favorable envi-

ronment for bone ingrowth and subsequently a 
long-lasting bond. Polyurethane foam, reticulated 
vitreous carbon, and other organic substrates can 
be designed into various shapes and sizes for use 
in a wide array of orthopedic procedures [ 51 ].  

    Titanium-Based Coatings 

 Recently, encouraging long-term results have 
been reported for cementless tapered titanium 
stems and cementless cylindrical cobalt–chrome 
stems (Zweymüller, Fig.  13.2 ), CLS, Mallory–
Head, Tri-Lock, anatomic medullary locking 
(AML) prosthesis (Fig.  13.3 ), Taperloc stem, 
anatomic hip stem, Ultralok, Spotorno stem, 
Omnifi t, etc.) [ 52 ]. The mechanical behavior of 
porous titanium allows bone tissue to grow inside 
the structure and thus maintain a long and stable 
connection between replacement implant and 
human bone.

SLR-PLUS stem surface
morphology at 200X magnication

Bone ongrowth on an SLR-PLUS stem at 25x magnification

SLR-PLUS stem surface
morphology at 1000X magnication

  Fig. 13.2    The SLR-PLUS Zweymüller Cementless Revision Stem, showing the surface morphology and bone on 
growth characteristics (Courtesy of Smith & Nephew)       
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         Characteristics of Bone Ingrowth 
and Interface Mechanics 

 By maximizing the bone-implant interface and 
press fi tting the implant, an extensively porous- 
coated femoral stem can become effective in 
reducing femoral stem micromotion, promoting 
bone ingrowth and providing primary mechanical 
stability. Moreover, secondary stability can also 
be obtained through bone ingrowth in the distal 
portion, even when the bone quality of the proxi-
mal femur is bad and bone loss is severe [ 53 ]. 

 Recognizing the importance of the initial 
mechanical stabilization of the implant, they cate-
gorized the results on the basis of initial fi t. This 
helped to provide a quantitative substantiation of 
the importance of initial mechanical stabilization. 
In the fi rst investigation of the 5-year performance 
of these porous-coated femoral stems, Engh noted 
prerequisites for biologic fi xation [ 54 ]. He reiter-
ated that the initial rigid fi xation of the femoral 
stem is important and suggested that this fi xation 
could be obtained using long prosthetic stems that 
could be wedged into the narrowest portion of the 
intramedullary cavity. He found no radiological 
evidence of bone resorption due to stress shielding 
by the relatively high- modulus implant with a 
fully porous-coated surface. However, initial 
stems, which had a diameter of approximately 

10.5 mm, were relatively fl exible compared with 
the bending stiffness of the femurs into which they 
were inserted. As larger-diameter stems of cobalt–
chromium alloy became available to achieve canal 
fi lling of larger-diameter femoral canals, there was 
a higher incidence of stress shielding. These 
larger- diameter stems had a stiffness several times 
that of the femurs into which they were inserted. 

 As with other types of joint replacement prosthe-
ses, the clinical evaluation of porous-coated devices 
has been based on systems grading pain and range 
of motion and on radiographs. An important contri-
bution to our understanding of the performance of 
porous-coated devices is the controlled and com-
prehensive radiographic follow- up study of porous 
cobalt–chromium-coated femoral stems done by 
Engh and Bobyn [ 55 ,  56 ]. The radiographs from 
their large numbers of patients, extending over 10 
years, have yielded valuable information, in large 
part because of their efforts to control the orienta-
tion of the prosthesis in the radiograph and the 
X-ray technique. Despite the many favorable reports 
of the porous cobalt–chromium-coated femoral 
stems, problems have arisen. A report on a clinical 
follow-up study of ten porous cobalt–chromium-
coated femoral stems implanted in 1975 revealed 
extensive osteolytic radiographic changes in the 
upper femoral shaft [ 57 ]. The authors concluded 
that the fi xation of a fully porous-coated femoral 
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  Fig. 13.3    The evolution of fully porous-coated anatomic medullary locking (AML) stem from the past to present 
(Courtesy of DePuy)       
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component by osseous ingrowth results in massive 
osteolytic changes in the upper femur. There is 
some question, however, whether these changes are 
due to stress-shielding effects, because similar 
behavior with devices of comparable design has not 
been observed by others. Long-term human trials 
with porous polymer- coated orthopedic implant 
have been conducted on Proplast-coated femoral 
stems [ 15 ,  58 ,  59 ]. Tullos et al. [ 59 ] reported 36 % 
failures in a series of 47 hips followed for an aver-
age of 37 months. Examination of fi ve retrieved 
prostheses revealed failure through the Proplast 
coating, which was ingrown with fi brous tissue. 
They concluded that the Proplast coating had insuf-
fi cient strength to withstand normal weight-bearing 
loads. The tensile strength of Proplast had been 
reported in previous studies as 1 MPa or less. The 
most widely reported results are those of the AML 
stem [ 60 – 67 ] with a smaller subgroup reporting on 
results of the solution stem [ 65 ,  66 ]. In a study by 
Paprosky et al. [ 65 ] with 170 patients at an average 
of 13.2 years postoperatively, the overall mechani-
cal failure rate was 4.1 %, and failure was correlated 
to both canal fi ll and bony defects. Stable stems had 
a 92 % canal fi ll, and failure of fi xation occurred 
more commonly with more severe defects, particu-
larly those with less than 4 cm of diaphyseal isth-
mus. Paprosky and his coworkers [ 65 ] concluded 
that a minimum 4 cm of tight distal fi t was required. 
Thigh pain, a frequently quoted concern in this type 
of prosthesis, was said to be signifi cant in 9 % of 
patients. Stress shielding, another concern, was 
reported in association with these cases but was not 
considered to be a cause of subsequent problems. In 
addition, Glassman and Engh [ 67 ] reviewed 154 
cases at an average of 9.2 years, 75 % of whom had 
signifi cant metaphyseal bone loss, with a mechani-
cal failure rate of 6.6 %. 

 A few years ago, porous-coated prostheses 
implanted in humans began to become avail-
able for postmortem histologic evaluation [ 56 ]. 
Investigations revealed bone ingrowth into the 
porous coating. In a few implants retrieved from 
osteoporotic patients, not only was bone ingrowth 
found but new bone was found within preexist-
ing cortical porosity. This suggests that the altered 
strain distribution in the surrounding cortex, pro-
duced by the presence of the metallic femoral stem, 

stimulated new bone formation. The association 
between the measured “level with half cortical 
thickness” and various risk factors was investigated. 
Signifi cant correlations with the age at the time of 
surgery, bone quality score, canal fl are index, corti-
cal ratio in the isthmus, and stem size were noted, 
but no apparent correlation with the time after 
surgery was detected [ 68 ]. Engh and Massin also 
reported that bone resorption progressed to the 
diaphysis during a period of 2–5 years after sur-
gery in only 3 of 163 patients [ 69 ]. On the contrary, 
Kilgus et al. investigated cases using dual-energy 
X-ray absorptiometry (DEXA) and found that bone 
remodeling progressed for several years after sur-
gery [ 70 ]. There is a considerable number of other 
recent studies which indicate satisfactory results at 
short-term clinical and radiographic follow-up hav-
ing used extensively porous-coated femoral stems 
for revision of THA [ 65 ,  71 – 75 ] (Fig.  13.4 ).

a b

  Fig. 13.4    ( a ) Implant structural failure in a total hip 
arthroplasty with extensive osteolysis and aseptic loosen-
ing, ( b ) 4 years following revision of the broken stem with 
a fully porous-coated Co–Cr femoral stem       
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       Concerns About Porous-Coated 
Implants 

 A common assumption in the simulation of bone 
remodeling around cementless porous-coated 
prostheses is that full ingrowth applies for all the 
coated area. Hence, bone and stem surfaces are 
considered perfectly bonded during all simula-
tion process [ 76 ,  77 ]. However, this assumption 
misrepresents both immediate and long-term 
postoperative realities. In the immediate postop-
erative situation, contact between bone and 
implant is scattered, and gaps up to 3 mm always 
exist, even after precise insertion [ 78 ]. It takes at 
least 1–2 weeks for bone ingrowth to occur [ 9 ]. 
Consequently, during this initial stage, the pros-
thesis behaves like a press-fi tted one. On the 
other hand, clinical observations on retrieved 
femoral stem specimens showed bone ingrowth 
over only approximately 20 % of the available 
porous-coated surface which suggests that fully 
bonded coated interface is never achieved [ 79 ]. 

  In the Historical Review of Porous-coated 
Implants  by Spector M. in 1987, the author men-
tioned that the problems of porous-coated devices 
relate to the following [ 9 ]: (1) Preoperative plan-
ning and careful prosthetic selection are required to 
obtain suffi cient canal fi lling and wedging to ensure 
initial mechanical stabilization of the device 
(required for bone ingrowth). (2) Surgical precision 
is essential for initial implant–bone contact to pro-
mote bone ingrowth. (3) Short-term results with 
respect to pain are less satisfactory than with 
cemented devices. (4) Bone ingrowth is rarely 
found in porous-coated tibial plateaus. (5) Stress-
shielding effects resulting from biologic fi xation of 
certain prosthetic designs lead to a greater degree 
of nonanatomic adaptive remodeling of bone than 
with cemented devices. (6) The clinical conse-
quences of metal ion release are unknown. 

 To date, there are several studies in which 
porous-surfaced prostheses have been retrieved 
with minimal or no bone ingrowth present [ 80 , 
 81 ]. Even though metals such as titanium and Co–
Cr are bio-inert, they do not bond directly to bone. 
A fi brous layer intervenes between the implant 
and bone. Bioactive materials are designed to 
induce a specifi c biological activity, which can 

lead to strong bonding to bone [ 82 ]. The cur-
rent practice in designing porous titanium alloy 
implants is to avoid porous coatings on surfaces 
that will be subjected to signifi cant tensile stresses 
in vivo [ 46 ]. Cook et al. showed that an approxi-
mately 15 % improvement in fatigue properties 
of porous Ti–6Al–4 V could be achieved through 
post-sintering heat treatments that produce micro-
structures that are more resistant to crack initiation 
and propagation [ 34 ]. Also by modeling porous-
coated implants using linear elastic, plane strain 
fi nite element analysis, Wolfarth et al. predicted 
a doubling of fatigue strength when optimizing 
conventional porous geometries [ 32 ]. Mechanical 
properties of porous materials can be altered and 
optimized by controlling porosity, pore size, and 
shape as well as pore distribution. It is commonly 
accepted that, in the long term, total joint replace-
ment is associated with adverse local and remote 
tissue responses that are mediated by degradation 
products of prosthetic materials [ 83 ]. Increased 
surface areas, such as in porous implants, have 
shown higher corrosion rates when tested in vitro 
compared to conventional nonporous-coated 
implants [ 84 ]. This has caused concerns regarding 
long-term safety of porous implants. Enhanced 
metal ion release could increase the probabil-
ity of metal sensitization, and associated allergic 
responses in individuals could increase the suscep-
tibility to tumor formation [ 85 ]. This matter would 
have to be addressed by only implanting surface-
treated porous materials into the body. 

 The fact of failure of osseointegration with 
extensively porous-coated stems is not surprising. 
In a study by Hamilton et al. [ 86 ], the authors 
examined the outcome of re-revision of a failed 
extensively porous-coated femoral stem with yet 
another extensively porous-coated stem. Between 
1980 and 2000, 711 femoral revisions using an 
extensively porous-coated device were per-
formed. Fifteen patients (16 hips) were known to 
have undergone a re-revision of this femoral com-
ponent using another porous-coated stem. At lat-
est follow-up, 2 patients (3 hips) were deceased, 
leaving 13 patients. At a mean follow- up of 9.8 
years, none of the cementless stems had required 
another revision (100 % survivorship), and 12 
(92 %) of the 13 stems were bone ingrown based 
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on radiographic examination. On the contrary, a 
signifi cant incidence of fracture has been reported 
by several authors [ 87 – 89 ]. Egan and DiCesare 
[ 87 ] reported specifi cally on complications asso-
ciated with these stems, fi nding a combined inci-
dence of complications of 44 %, with the 
likelihood correlated with stem length and diam-
eter as well as with worsening bone quality. In 
their series of 135 cases, they reported eccentric 
reaming in 27 % femoral perforation in 17 % and 
femoral fracture in 20 %, all of which can signifi -
cantly add to the morbidity of the  procedure. 
However, the incidence of complications 
decreased throughout the period of the study. This 
fi nding, coupled with the lower complication rate 
reported by other authors with extensive experi-
ence, suggests that these complications can cer-
tainly be kept to an acceptably low level. 

 Newer design features such as distal slots, 
fl uting, and bullet-shaped ends may allow a 
reduction in intraoperative complications such as 
fracture and perforation and may also decrease 
the incidence of thigh pain in the long term [ 90 ]. 
Unfortunately, the use of an extensively porous- 
coated femoral stem can be problematic due to 
stress shielding both in primary and revision sur-
gery. The more severe the osteoporosis and the 
larger the diameter of a femoral stem are, the 
more evident the stress shielding becomes. In 
addition, severe stress shielding can result in 
poor clinical outcomes, even though mild cases 
can be understood as part of the bone remodeling 
process that does not cause clinical problems. 
Keaveny et al. [ 91 ] tried to identify groups of 
patients at risk of fatigue fracture of the prosthe-
sis using porous coating implants and may thus 
jeopardize the success of the arthroplasty. The 
authors mentioned the following: First, to mini-
mize the proximal loss of bone, they do not 
believe that porous coating of any type should be 
used distal to the lesser trochanter when the 
patient’s life expectancy is longer than 20–25 
years after the primary reconstruction procedure, 
particularly when a stem with a large diameter is 
to be inserted into a bone with a small diameter. 
Second, to prevent fatigue fracture of the pros-
thesis, sintered porous coating should not be used 
anywhere on a cobalt–chromium-alloy stem that 

is less than approximately 11 mm in diameter and 
is to be inserted in an active or heavy patient in 
whom the periosteal bone is less than approxi-
mately 23 mm in diameter. While insertion of a 
larger stem into a larger bone may be associated 
with a risk of fracture of the prosthesis, depend-
ing on the level of activity and the body weight of 
the patient, these constraints can be relaxed if a 
sintered titanium alloy prosthesis is used. Taken 
together, these fi ndings suggest that anatomic 
medullary locking prostheses with sintered 
porous coating are best suited for patients in 
whom a midsized stem will be implanted in a 
bone with a larger than average diameter [ 91 ].  

    Future Directions 

 The interest in using porous materials for ortho-
pedic reconstructive surgery as a means of replac-
ing autografts is of increasing interest, and the 
large number of scientifi c reports confi rm this 
trend. For load-bearing orthopedic applications, 
metals have so far shown the greatest potential as 
the basis for such scaffolds, owing to their excel-
lent mechanical strength and resilience when 
compared to alternative biomaterials, such as 
polymers and ceramics. The focus thereby has 
mainly been on applications that involve bone 
ingrowth into the porous scaffolds either as part 
of a coating or as a complete matrix. This has led 
to the majority of research interest to be drawn to 
the development of open-cell porous metals, 
although arguably, great potential lies within the 
use of closed-cell porous metals, too. In such 
cases, bone ingrowth would not be the major 
interest but rather the reduction of material stiff-
ness that has been linked to early implant loosen-
ing following processes of bone loss due to stress 
shielding [ 92 ]. Closed-cell porous metals could 
serve as materials for the fabrication of implant 
stems and have either a porous-coated surface to 
facilitate bone ingrowth onto their surfaces for 
stem fi xation or have polished or matt solid sur-
faces that could be used with regular bone cement 
for their fi xation in the bone matrix. The success-
ful employment of both open-cell and closed-cell 
porous metals relies on the same requirement that 
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is a suitable fabrication method that can ensure 
homogeneously distributed pores of similar size 
and shape and cell walls of consistent thickness 
with levels of purity and absence of cracks or 
crevices that can develop into potential material 
failure sites [ 4 ]. 

 It is only now that researchers are starting to 
understand the combination of parameters that 
need to be addressed for the successful imple-
mentation of porous metals in vivo. This is a mul-
tifactorial design process that has to consider 
understanding of material properties, such as cor-
rosion resistance, passivation levels, and poten-
tial for bone adherence; mechanical characteristics 
including stress–strain behavior of the porous 
metal and its match to those of bone under vari-
ous loading conditions [ 93 ]; and, fi nally, param-
eters involving pore size, shape, and distribution 
that will optimize fatigue strength and—in case 
of open-cell foams—bone ingrowth. 

 Although great progress has been made with 
the various available fabrication processes in 
manufacturing both closed-cell and open-cell 
porous structures, certain limitations continue to 
exist. Most current techniques that use foaming 
agents, either in solid state sintering processes or 
in molten metal techniques, have limited control 
over pore distributions and densities and are only 
capable of achieving these over large areas rather 
than at specifi c desired locations in the matrix [ 4 ]. 

 Engineering pore distributions to match the 
mechanical properties of bone is commonly 
accepted to be the next major improvement in the 
design of open-cell porous materials [ 94 ]. This 
means that a technique needs to be available that 
will allow the precise positioning of pores in the 
3-D matrix, their interconnectivity, shape, and size. 
Recently, the coating of implants has engendered 
much interest in order to improve osseointegration 
and prevent adverse tissue reactions such as infec-
tion, infl ammation, the foreign body response, and 
other events [ 95 ]. In addition, there is a great deal of 
interest in osteoinductive coatings to optimize the 
implant-tissue interface and enhance osseointegra-
tion, especially in more challenging clinical sce-
narios in which the host bone is not optimal (e.g., 
previous local infection or irradiation, extensive 
trauma to bone and soft tissue) [ 95 ]. Various growth 

factors and other molecules, primarily proteins, are 
currently being examined as additives to coatings 
[ 96 ,  97 ]. This research is still in the experimental 
phase, as there are numerous questions concerning 
which molecules should be incorporated in the 
coating and the method, dosage, and optimal time 
course for delivery. Finally, coated implants must be 
shown to be safe, effi cacious, and cost-effective 
prior to subsequent adoption and widespread usage.     
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           Introduction 

 Surgical revision of the failed total hip arthro-
plasty (THA) due to implant failure and osteoly-
sis is becoming an increasingly more common 
surgical procedure. Even with the improvement 
of prosthetic designs, the number of necessary 
revisions will increase due to increased life 
expectancy as well as younger average age of ini-
tial implantation [ 1 ]. In general, revision arthro-
plasty has a higher complication rate than primary 
surgery in all types of complications [ 2 ,  3 ]. After 
loosening of a femoral component in THA, a 
proximal femoral defect is usually left in the 
proximal femur. In this poor bone environment, it 
is diffi cult to fi xate a cemented or a cementless 
prosthesis. The proximal femoral bone loss thus 
continues to challenge adequate fi xation and 
osseointegration with proximally fi xed compo-
nents. Cemented stems [ 4 ,  5 ] and proximally 
porous-coated ones [ 6 ,  7 ] have been used, but the 
results were unsatisfactory. 

 A solution seems to be fi xing the stem in the 
femoral diaphysis, distal to the defi cient bone. 
Long-term uncemented fi xation in the diaphysis 
can be achieved by different methods, including 
extensively porous-coated stems and fl uted, tapered 

grit-blasted stems [ 6 ]. Uncemented extensively 
porous-coated stems have long-term published 
fi xation rates and have been popular because they 
provide a highly effective method of femoral revi-
sion [ 6 ,  8 ,  9 ]. These stems gain rotational stability 
in the diaphysis from a scratch fi t and axial stability 
from the diaphyseal scratch fi t and engagement of 
the metaphyseal triangle and a collar [ 6 ]. An alter-
native strategy of uncemented diaphyseal stem fi x-
ation in revision, one that has been popularized in 
Europe, is the use of cementless, long, distally 
tapered, fl uted, grit- blasted stems. Wagner [ 10 ,  11 ] 
fi rst described the use of such a femoral component 
in 1987. The Wagner self-locking (SL) prosthesis 
(Sulzer Orthopedics, Baar, Switzerland) is made of 
a high-strength titanium-aluminum-niobium alloy 
(Protasul 100) with excellent biocompatibility 
(Fig.  14.1 ). The shaft of the prosthesis is straight 
with a stem-neck angle of 145° and has a conus 
angle of 2° and eight longitudinal ridges arranged 
in a circle around the stem [ 12 ]. These fl utes pro-
vide rotational stability and the tapered geometry 
axial stability of the implant (Fig.  14.2 ). A grit- 
blasted rough titanium surface promotes bone 
ongrowth for long-term fi xation. The stem is avail-
able in lengths of 190–385 mm. For implantation, 
the femur is reamed to a tapered cone. Then the 
fl uted, tapered implant is impacted into the tapered 
cone of the milled diaphysis [ 12 ]. The conical 
design further allows an even transmission of load 
between the bone and the prosthesis so that the 
stress distribution to bone is uniform [ 13 ]. Since 
tapered stems are prepared by so- called line-to-line 
reaming and the fi xation fl utes cut into the bone, 
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the tapered stem design allows for safer insertion 
with a potentially lower risk of intraoperative frac-
ture. With cylindrical stems, the stems are over-
sized relative to reaming, engaged early, and 
require a minimum of 5 cm of adequate press fi t. 
The last few centimeters of stem insertion therefore 
require a fair bit of force, which increases the 
potential risk of fracture [ 13 ]. The ridges are less 
likely to burst the femoral shaft than designs with a 
square or rectangular cross section. However, to 
create a cone for the tapered implant, straight ream-
ers are necessary. When a long stem is needed, 
there is a risk of anterior femoral perforation 
because of the anterior femoral bow. The solution 
to this problem, popularized by Wagner [ 10 ], is to 
use an anterior extended femoral osteotomy or 
transfemoral osteotomy. This approach allows the 
surgeon to gain a straight trajectory down a bowed 
femur with a much lower risk of anterior perfora-
tion. The Wagner anterior extended femoral oste-
otomy involves lifting up a vascular osteotomy 
fragment consisting of the anterior third of the cir-
cumference of the upper femur in continuity with 
the anterior half of the abductors and the anterior 
half of the vastus lateralis [ 10 ]. This approach is 
benefi cent in gaining access to the prosthetic bed 
for removal of the old prosthesis and cement with-
out risking the distal femur and is associated with 
fl orid bone remodeling [ 14 ]. Another similar femo-
ral osteotomy approach used with fl uted tapered 
stems is the extended trochanteric osteotomy, pop-
ularized by Younger et al. [ 15 ]. Although the 
shorter prosthetic lengths may be implanted by the 
posterior approach, lengths over 265 mm are usu-
ally required when the transfemoral approach is 
used [ 14 ]. This monoblock fl uted, tapered titanium 
stem is the implant to which most newer fl uted, 
tapered stems owe their heritage.

        Clinical Results 

 There is a discrete difference in the short- and long-
term results of femoral reconstruction with fl uted, 
distally tapered, cementless stems [ 16 ]. Several 
early studies reported unacceptable subsidence 
rates [ 17 – 19 ], with values up to 55 % [ 20 ]. 
Signifi cant subsidence (i.e., greater than 10 mm) 

  Fig. 14.1    An old ( left ) and new ( right ) version of a 
Wagner fl uted stem       

  Fig. 14.2    The fl uted cross section of a Wagner stem       
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has been reported to vary between 15 % [ 21 ] and 
19 % [ 19 ,  22 ,  23 ]. Concern has been raised regard-
ing the subsidence which occurs with the SL pros-
thesis with its potential for decreased tissue tension 
and increased risk of dislocation, sometimes 
requiring re-revision [ 24 ]. Isaacson et al. reported 9 
of 27 hips that dislocated subsequent to revision 
[ 18 ]. However, increased incidence of subsidence 
and dislocation does not necessarily mean an 
increased revision rate. Boisgard et al. found a high 
rate of dislocation (8 %), leg-length discrepancy 
(15 %), stem subsidence (7.7 %), and limp in their 
series of 52 Wagner prostheses [ 25 ]. However, only 
2 out of the 52 hips (3.8 %) were eventually revised 
at a mean follow-up of 44 months [ 25 ]. Gutiérrez 
Del Alamo et al. have recently reported 79 revision 
of Wagner femoral components followed up for a 
minimum of 5 years [ 22 ]. Eleven dislocations 
(13.9 %) required fi ve re-revisions in the early 
postoperative period, but the cumulative probabil-
ity of not having a stem re-revision for any reason 
remained high (92.32 %) [ 22 ]. As the surgeons 
became more familiar with the use of the fi xation 
method, results gradually improved [ 16 ]. Grünig 
et al. reported 4 revisions in 40 hips, 3 of them due 
to undersized stems and continuous subsidence 
[ 21 ]. Bohm and Bischel reported on 129 revisions 
with the stem, at a mean of 4.8 years [ 26 ]. Only 6 
stems had required another revision operation, with 
a cumulative survival of 95.2 % at 14.1 years. Only 
one of these stems was revised for subsidence. 
Bircher et al. reported a 92 % 10-year stem survi-
vorship in 99 revisions with the same stem [ 27 ]. 

 In response to the successes and problems of 
the Wagner stem, fl uted, tapered titanium stems 
with a proximal modular body and/or curved dis-
tal shape have been developed. The modularity 
allows the surgeon to engage the fl uted, tapered 
distal stem in the diaphysis for optimal stem axial 
and rotational stability and then to choose a proxi-
mal stem body that optimizes leg length, femoral 
offset, and stability. The practical advantages of 
this approach from the surgeon’s point of view are 
obvious. There are engineering challenges, how-
ever, because these stems have a modular junction 
at a high-stress location of the femoral component 
[ 16 ,  28 ,  29 ]. Schuh et al. reported satisfactory 
results in 77 of 79 revision arthroplasties with the 

modular MRP-Titan revision stem (Peter Brehm 
Gmbh, Weisendorf, Germany) at 4-year follow-
up [ 30 ]. Wirtz et al. documented results using the 
MRP-Titan modular stem in 142 revisions [ 31 ]. 
The implant survival rate was 95.8 % at an average 
of 2.3 years. Dislocation occurred in 11 patients 
treated by closed reduction. Five of the patients 
had recurrent dislocation successfully treated by 
surgical alteration of the anteversion of the proxi-
mal body [ 31 ]. Mumme et al. reported a 97 % sur-
vival rate with the MRP-Titan modular stem [ 32 ]. 
Tamvakopoulos et al. had an overall survival rate 
of 92.5 % in their series of 40 cases with this stem 
[ 33 ]; 5 dislocations occurred with 1 revision of 
the proximal modular segment for impingement. 
They advocated the use of proximal modular seg-
ments with CCD angle of 126 to avoid dislocation 
[ 33 ]. Kwong et al. reported on the Link MP stem 
(Exactech Inc., Gainesville, Fla.) [ 34 ]. Implant 
survival rate was 97.2 % at 2–6 years follow-up. 
Average subsidence was only 2.1 mm. There was 
one mechanical failure in the 143 stems implanted. 
Murphy and Rodriguez reported also minimal 
subsidence in 34 of 35 revision arthroplasties 
with the same stem followed for a minimum of 2 
years, although six reoperations were necessary 
for recurrent dislocations [ 35 ]. Rodriquez et al. 
reviewed a series of 102 patients revised with the 
Link MP stem in 3 centers [ 28 ]. At an average of 
39 months, two stems were revised due to gross 
migration in the fi rst months and one because of 
a stem fracture. Dislocation occurred in 10 cases 
and six of them were recurrent and were revised 
by altering the proximal segment [ 28 ]. Sporer and 
Paprosky also reported satisfactory results in 15 of 
16 patients revised with the Link or ZMR (Zimmer, 
Warsaw, Ind.), however, at only 2 years of follow-
up [ 36 ]. For the ZMR prosthesis, Ovesen et al. 
reported a large series of 125 arthroplasties, with 
a survival rate of 94 % after an average follow-up 
of 50 months [ 29 ]. The rate of dislocation was 6 % 
and of stem fracture 1 % [ 29 ]. Recently, Restrepo 
et al. reported a prospective study of 118 revi-
sion arthroplasties with the Restoration Modular 
Stem (Stryker Orthopaedics, Mahwah, NJ) [ 37 ]. 
After an average 4 years of follow-up, distal bone 
ingrowth fi xation was obtained in 100 % of the 
patients, offset was corrected in 66 %, leg-length 
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discrepancy was corrected in 78 %, and stability 
was achieved in 97 %. No failures or fractures at 
the body to stem junction were seen. Survival rate 
for revision for any reason was 92 %. Subsidence 
of the femoral component was more than 5 mm 
only in two patients (1.6 %), while dislocation 
occurred in four (3 %) hips at a mean of 11 weeks 
[ 37 ]. However, some modular, distally tapered 
revision stems have not fared as well. McInnis 
et al. reviewed 70 PFM stems (Zimmer, Warsaw, 
Ind.) followed for a mean of 47 months. Eighty-
four percent of the stems subsided a mean 9.9 mm 
with one stem subsiding 52 mm [ 38 ]. In addition, 
10 % of the hips dislocated, with a mean subsid-
ence of 23 mm. Revision rate was 8.6 %. 

 Given the above, the results of the cementless, 
tapered, fl uted implant-bone interface in revision 
THA generally have been favorable (Fig.  14.3 ). 

The reason behind this seems to be the adequate 
primary stability that this interface provides. The 
rigid fi xation, in turn, allows the development of 
an intimate contact of the bone tissue with the sur-
face of the implant and, thus, facilitates secondary 
stability. Due to different parameters of this inter-
face, proximal femoral bone remodeling and 
reconstitution take place, even without grafting.

       Primary Stability 

 The term primary stability usually indicates the 
amount of relative micromovement at the bone- 
implant interface, induced by the physiological 
joint loading early after the operation and before 
any biological process takes place [ 39 ]. Rigid ini-
tial implant stability is essential for ingrowth of 
bone into porous surfaces and eventual secondary 
stability. It depends on the geometric and mechani-
cal properties of the prosthesis, the accuracy of the 
preparation of the bone bed, and the quality of the 
patient’s bone [ 40 ,  41 ]. Despite increasing num-
bers of implantations of cementless revision pros-
theses, little attention has been paid objectively to 
the importance of the stem cross-sectional shape 
for the rotational stability. Conical-shaped revision 
stems seem to achieve their primary rotational sta-
bility by a continuous cortical press-fi t within the 
diaphyseal part of the femur, whereas cylindrical 
stems need a metaphyseal cancellous support, 
which is rarely available [ 24 ,  42 ,  43 ]. By maximiz-
ing the bone-implant interface, press-fi tting and 
resisting to torsional forces, a femoral stem can 
become effective in reducing micromotion and 
providing primary mechanical stability. Fluted, 
tapered stem design provides these; the stems are 
tapered to gain axial stability and fl uted to gain 
rotational stability in the femoral diaphysis. 

 The key to successful fi xation is reaming a 
taper into the diaphysis such that the stem taper 
wedges snugly into the femur canal. Good preop-
erative planning is essential. If the taper is too far 
proximal or distal, axial stability of the stem in 
the canal cannot be achieved. If the diaphysis 
cannot be milled to a supportive tapered cone, 
axial stability of the implants cannot be achieved 
on a reliable basis. The surgeon may need to 

a b

  Fig. 14.3    Satisfactory clinical and radiological outcome: 
( a ) an old Wagner stem at 12-year follow-up and ( b ) mod-
ern non-modular Wagner-type stem at 8-year follow-up       
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ream an additional 2–3 cm of the canal diameter 
to create a fi rm cortical contact, suffi cient enough 
to provide good axial support for the tapered 
stem. The magnitude of the distal taper angle 
affects the resistance to subsidence and the 
amount of taper in contact with bone [ 16 ]. With a 
3° taper angle, each millimeter of increased 
diameter reamed increases the longitudinal con-
tact area by 19 mm. For a 2° taper, each millime-
ter of reaming provides 29 mm additional 
longitudinal contact. However, the smaller the 
taper angle, the closer to parallel the surfaces of 
the stem and bone become. The geometry even-
tually approaches a cylinder in a tube, which can 
resist subsidence only by friction and not by the 
geometric attributes of the taper [ 16 ]. Of note, 
according to the manual of the prosthesis, when 
bypassing a cortical defect, the implant should 
extend past the defect by a minimum of two and 
one-half times the measured canal diameter to 
provide adequate support. In addition it is 
described as important for the tip of the stem to 
extend into the intact medullary canal at least 
7 cm distal to the end of the previous prosthetic 
bed [ 44 ]. However, some authors recommend 
fi xation of the implant into the femoral isthmus 
for a minimum of 40 mm as solid [ 8 ,  16 ,  45 ,  46 ]. 
In a study by Weiss et al., the femoral stem-bone 
anchorage had been defi ned as being adequate in 
a CT slice if 50 % or more of the stem fl utes had 
cortical bone contact [ 47 ]. The median anchorage 
length derived was 33 mm, and only in 3 out of 
the 14 patients was this length greater than 7 cm. 
Only a moderate degree of correlation between 
the Harris Hip Score and anchorage length was 
found [ 47 ]. On the other hand the longitudinal 
ridges make a large amount of rotational stability 
possible. Kendrick et al. investigated the cross- 
sectional design of the femoral stem at the level 
of the femoral isthmus with respect to its effect 
on the rotational stability [ 48 ]. Four designs, a 
fl uted stem, a fi nned stem, a porous-coated stem, 
and a slotted fl uted stem, were implanted in 
cadaveric femurs and loaded in torsion, whereas 
a knurled cemented stem acted as a control stem. 
The solid, fl uted stem was the only design to 
show suffi cient resistance to torsional forces to 
stabilize a femoral prosthesis solely through 

 distal fi xation. The porous-coated cylindrical 
design, on the other hand, has the advantage of a 
larger area of contact between the surface of the 
stem and the endosteal surface. In practice, how-
ever, the fi rst few rows of beads entering the bone 
during implantation tend to erode the reamed 
 surface, thus reducing the effective interference 
between the canal and the coating. Furthermore, 
an area of coating is actually sheared off the sur-
face of the prosthesis, further deteriorating the 
bone-implant interface [ 48 ]. 

 Jacubowitz et al. have investigated the effect 
of multifi laments (Dall-Miles cables) and mono-
fi laments cerclage wiring of the extended proxi-
mal femoral osteotomy on primary stability of 
metaphyseal and diaphyseal fi xated revision 
stems [ 14 ]. Both effected a major reduction of 
relative micromovements, which were more than 
halved, for both fi xation principles. There were 
no differences in relative movements between 
the multifi lament and monofi lament treatments 
for the diaphyseal fi xating stem. Yet for the 
metaphyseal fi xating stem, a signifi cantly better 
restabilization was observed with multifi laments. 
It should be noticed that both wire types had no 
effect on the primary stability of the diaphyseal 
stem. However, wiring in the area between the 
proximal isthmus and the metaphysis seems to 
function more to attach the bony structures and 
the bony lid to the stem and augment bony appo-
sition at this area and thus secondary stability 
[ 14 ]. Warren et al. have found indeed that closure 
of the proximal osteotomy with wires conferred a 
more reliable rate of union in comparison with 
those closed with heavy sutures [ 24 ]. They have 
also found that those patients prophylactically 
wired with Dall-Miles cables demonstrated no 
subsidence in comparison with those in whom 
heavy wire cerclage had been utilized. 

 The initial stability of femoral stems with 
respect to the surrounding bone is refl ected by the 
stem’s motion. Two types of motion may be char-
acterized: (a) a dynamic movement of the stem 
in response to one loading cycle of the prosthe-
sis, termed “instability,” “toggle,” or “micromo-
tion” and (b) the stem’s irreversible displacement 
within the femoral canal overtime, called “migra-
tion” or “subsidence” [ 49 ]. Excessive dynamic 
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 micromovement at the implant-bone interface 
may encourage the formation of a fi brous tissue 
layer which may have some stabilizing effect, 
but the lasting stability of the implant is thought 
to be provided by the strong osseointegration of 
the prosthesis [ 49 ]. The amount of motion at the 
metal-bone interface which can be tolerated with-
out endangering the biological osseointegration 
process has been discussed by several authors. 
Pilliar et al. found in their animal study that a 
movement of 150 μm or more could result in con-
nective-tissue ingrowth, whereas movements of 
up to 28 μm did not interfere with bony ingrowth 
of porous-coated implants (Co-Cr-Mo alloy) [ 50 ]. 
Jasty et al. reported a similar value being com-
patible with osseous apposition (34 μm) [ 51 ]. 
Engh et al. reported a maximum relative motion 
between the cortex and the implant in the areas 
of bone ingrowth of 40 μm [ 52 ]. McKellop et al. 
described motions up to 100 μm as tolerable [ 53 ]. 
Today micromovement values of 100–150 μm are 
accepted to still ensure bony ingrowth by most 
authors [ 42 ,  54 ]. On the other hand, early subsid-
ence of a stem in the fi rst 2 years after implantation 
may predict late aseptic loosening [ 55 ]. 

 The fl uted, tapered stem design was tested in 
composite femur revision arthroplasty model with 
simulation of proximal bone loss and compared 
with cylindrical stem design [ 42 ]. In cases with 
extensive defects, the conical implants showed 
lesser relative movements, while cylindrical stems 
were advantageous for minor defects because 
they provide a proximal fi xation. Notably, the 
Wagner SL stem showed, except from a fi rm 
diaphyseal fi xation with micromovement values 
well below the threshold for bony apposition, a 
relative slipping at metaphyseal areas within the 
critical range of 100–150 mm in cases of minor or 
no proximal bone loss. Thus, it shows also a 
metaphyseal fi xation component that reduces 
with decreasing defect position. However, with 
the use of conical implants in minor proximal 
defects, these areas, still capable of load bearing, 
would be partly unnecessarily bridged. In a simi-
lar cadaveric revision total hip arthroplasty model 
with simulation of extended proximal bone loss, 
the fl uted, tapered stem design demonstrated 
superior initial biomechanical stability in terms of 

axial and rotational displacement, compared with 
that of the cylindrical design tested. However, 
both stems demonstrated motion below the 
threshold necessary for bony ingrowth [ 40 ]. On 
the other hand, the newer curved designs seem to 
perform even better with regard to interface 
motion, perhaps due to the anatomic shape that 
better engages the diaphysis, thus providing 
enhanced rotational stability [ 42 ,  54 ].  

    Secondary Stability 

 The term secondary stability indicates the amount 
of micromotion between bone and implant induced 
under load secondarily, once the biological adap-
tation process is completed [ 39 ]. The physiologic 
response to an inserted implant resembles the heal-
ing cascade of cancellous defects, with the newly 
formed tissues occupying the void spaces of the 
material [ 56 ]. With the prerequisite of a stable 
implant-bone interface, woven bone formation 
occurs, with no intermediate fi brocartilaginous 
tissue. Osteogenesis is thought to be intramembra-
nous and not endochondral unless there is exces-
sive motion at the interface [ 57 ]. For the porous 
materials, bone ingrowth refers in the literature 
mainly to bone formation within the porous sur-
face structure of the implant. For the rest rough 
or textured implants, the term bone ongrowth is 
used to describe the development of bone onto 
their surface [ 58 ]. When an intimate contact of the 
bone tissue with the surface of an implant has been 
developed, osseointegration has been achieved 
[ 56 ]. Similarly, for the fl uted, tapered stems, rigid 
initial stability allows for bone ongrowth at the grit-
blasted surface, especially at the distal anchorage 
region. Secondary stability can be obtained even 
when the bone quality of the proximal femur is bad 
and bone loss is severe. Its strength is determined 
by the extent of bone formation on the grit-blasted 
surface and its shear properties [ 59 ]. 

 Among others, three methods of applying a 
porous coating to a solid substrate are prominent 
within the orthopedic industry, namely, sintering, 
diffusion bonding, and plasma spray processing 
[ 60 ]. The sintering technique offers a porous 
coating composed of layers of spherical beads 
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(cobalt-chrome or titanium), differing only in 
bead size, bonded to the substrate. In diffusion 
bonding, titanium fi ber metal pads may be 
attached to a titanium alloy substrate using heat 
and pressure (less heat than sintering). The 
plasma spray process is a refi ned version of the 
gas tungsten-arc welding process. To apply a 
plasma spray coating, only the coating material is 
heated within the spray nozzle. Coating powder 
(titanium) and a pressurized gas mixture then are 
injected into a high-energy arc created within the 
nozzle and then the molten powder is propelled 
against the implant surface. The substrate does 
not undergo intensive direct heating, and thus the 
material retains 90 % or more of the fatigue 
strength characteristics [ 60 ]. Almost all porous- 
coated prostheses produced with these methods 
have pore sizes in the range from 100 to 400 μm. 
Most studies [ 56 ,  61 ,  62 ] analyzing pores in this 
range have shown no relationship between pore 
size and strength of fi xation except from one for 
fi ber metal [ 59 ], which has demonstrated a 
decrease of bone ingrowth and strength of fi xa-
tion when the pore size was increased. In studies 
examining pore sizes less than 100 μm, the 
increasing pore size was associated with increas-
ing strength of fi xation [ 56 ]. 

 Although these coatings can present satisfactory 
clinical results, some problems have been recog-
nized: decreased fatigue strength of porous- coated 
substrates due to intensive heating during manufac-
turing; increased release of harmful metal ions from 
the large surface of the porous coatings, separation, 
dissolution, and resorption of the coatings; and 
fi nally migration of wear and separated coating par-
ticles into the joint space, causing third-body wear 
[ 63 ]. On the other hand, another common way of 
creating a rough surface is grit blasting resulting in 
roughness (Ra) of 4–6 μm. Surface roughening is 
accomplished by bombardment of the implant with 
a pressurized spray of high-purifi ed corundum 
(Al 2 O 3 ) particles using a sand blaster. While coating 
methods are “addition” techniques for surface 
roughening, grit blasting is a “subtraction” tech-
nique. It is simpler than an addition technique, can 
create a more uniform and controlled surface rough-
ness, and may not have the complications that 
the coating methods do [ 63 ,  64 ]. However, the 

 effectiveness of surface blasting is still controver-
sial. In a rabbit model, surface blasting by Al 2 O 3  or 
stainless- steel particles enhanced direct bone 
ongrowth and interfacial shear strength of solid tita-
nium alloy implants [ 65 ]. In a similar model, the 
interfacial shear strength of surface-blasted implants 
was comparable to that of Ti fi ber metal implants 
with and without hydroxyapatite/tricalcium phos-
phate coating [ 63 ,  66 ]. Better quality at the bone-
implant interface, without unmineralized tissue 
(cartilage or osteoid), is found on blasted surfaces of 
titanium than on similar surfaces made of cobalt-
chromium [ 63 ]. In vitro studies have also found 
enhanced extracellular matrix production and min-
eralization by osteoblasts when they are cultured on 
the blasted surface. Furthermore, in several culture 
models on blasted titanium surfaces, an enhanced 
upregulation of differentiation markers in osteo-
blast-like cells was found [ 67 – 69 ]. An osteocon-
ductive effect of the blasted implant surface can be 
concluded [ 63 ,  70 ]. On the other hand, in a press-fi t 
rabbit model, the plasma-sprayed cobalt- chromium 
and the grit-blasted titanium surfaces demonstrated 
the lowest shear strength and bone apposition 
among various porous surfaces [ 71 ]. Another, histo-
morphometric study in miniature pigs has shown 
that the sandblasted implant surfaces had the lowest 
percentage of bone contact with mean values rang-
ing between 20 and 25 % [ 72 ]. Remarkably, increas-
ing the surface roughness of a grit-blasted titanium 
implant led to less bone-to-metal contact in an animal 
in vivo study [ 73 ]. Similarly, in another in vitro study, 
analyzing the effects of surface fi nish on osteoblast 
cell adhesion to polished or grit-blasted cobalt-
chromium- molybdenum alloys, cell binding was 
48 % reduced with the grit-blasted cobalt alloy [ 74 ]. 

 In contrast to these studies, clinical reports of 
grit-blasted hip implants have repeatedly shown 
excellent long-term survival [ 75 – 78 ]. Furthermore, 
histological and morphometric retrieval studies 
demonstrated excellent osseointegration in vivo 
[ 79 – 81 ]. Direct new bone formation was evident as 
early as 3 weeks postoperatively [ 79 ] and obtained 
a maximum at 5 years postoperatively [ 80 ]. In the 
only, to our knowledge, histological study of bony 
incorporation of a Wagner stem, primary bone for-
mation was demonstrated between the endosteal 
surface and the eight wings of the stem at the distal 
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diaphysis. However, direct bone apposition and 
good bony anchorage, as well as signs of revas-
cularization and revitalization, were also found 
further proximally, especially on the medial aspect 
of the stem [ 82 ]. These fi ndings are in line with 
the aforementioned micromotion studies and the 
reports on proximal femoral bone reconstitution 
after revision arthroplasty with the Wagner stem. 
Furthermore, at terms of radiographic osseointe-
gration, a study by Rodriguez et al. confi rmed dis-
tal fi xation, directly from the presence of endosteal 
spot welds and indirectly from the absent radio-
lucent lines along the porous distal surface and 
also from the absence of progressive subsidence 
[ 83 ]. The development of a complete pedestal at 
this area is associated with a stable distal stem. 
Proximal segment radiolucent lines were common 
and were thought to present micromotion between 
the proximal stem and defi cient bone. The exclu-
sion of radiolucency at this part of the implant from 
the criteria of stem stability is justifi ed. Therefore, 
the well- established criteria by Engh et al. of 

osseointegration for cylindrical cobalt-chrome 
stems may have to be altered slightly for applica-
tion to this implant, as its mechanical behavior is 
much different [ 83 ].  

    Proximal Femoral Bone Restoration 

 Favorable proximal femoral bone remodeling and 
reconstitution after revision with the Wagner stem 
have been reported by several authors [ 6 ,  18 ,  19 , 
 22 ,  84 ,  85 ] (Fig.  14.4 ). Kolstad et al. have classifi ed 
subjectively femoral restoration into three catego-
ries: no bone regeneration, possible regeneration, 
and defi nite new bone formation [ 19 ]. Defi nite 
radiographic bone regeneration in the bone defects 
and the osteotomies was recognized within a few 
months in 30 out of 31 cases [ 19 ]. McInnis et al. 
have also subjectively classifi ed the restoration 
of the proximal femur as A (increasing defects), 
B (stable defects), or C (osseous restoration) [ 38 ]. 
Fifty-six percent of their patients had incontrovertible 

a b  Fig. 14.4    Proximal femoral 
remodeling: ( a ) post- 
revision radiograph, 
( b ) radiograph at 6-year 
follow-up       
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evidence of proximal bone restoration, whereas in 
another 33 % the bone stock appeared static [ 38 ]. 
Similarly, Isaacson et al. have graded arbitrarily the 
new bone formation as 0 = no new bone, 1 = some 
indication of new formation, 2 = cancellous bone 
surrounding the stem, and 3 = large areas of cor-
tical bone adjacent to the stem surface [ 18 ]. The 
overwhelming majority of the patients showed a 
strong tendency to form new bone around the pros-
thetic stem. Only one patient out of 43 had a small 
degree of new bone (score 1) and another one no 
new bone formation (score 0) [ 18 ]. Gutiérrez Del 
Alamo et al. found proximal new bone regen-
eration in 50 of 79 hips revised with the Wagner 
stem and an increase in the thickness of the femo-
ral cortex and outer femoral diameter compared 
with immediate postoperative radiographs [ 22 ]. 
Restoration of bone and density of the proximal 
femur is quantitatively estimated using the cortical 
index, as reported by Bohm and Bischel [ 26 ], and 
fi rst described by Callaghan et al. [ 4 ]. The corti-
cal index is calculated at a point 1 cm distal to the 
inferior margin of the lesser trochanter by dividing 
the width of the cortical and cancellous bone to the 
outside diameter of the femoral shaft. In order to 
classify the restoration of the proximal bone stock, 
the radiographs made immediately after the index 
operation are compared with those made at the lat-
est follow-up examination [ 26 ]. In their series, the 
mean relative bone mass of the proximal part of 
the femur increased from 24.9 % preoperatively to 
46.6 % at the latest follow-up examination [ 26 ].

   Femoral bone restoration associated with the 
Wagner SL revision stem may be due to the higher 
elasticity of the titanium alloy and the good histo-
compatibility of the grit-blasted surface [ 2 ,  26 ]. 
Titanium has a lower modulus of elasticity than 
cobalt-chromium, resulting in reduced femoral 
component stiffness for an equivalent diameter 
stem. By reducing the modulus mismatch between 
the femoral component and the host bone, titanium 
stems may result in less thigh pain and less proxi-
mal femoral stress shielding, particularly for 
smaller stem diameters [ 6 ]. Because stiffness is a 
function of the radius raised to the power of 4, this 
effect is much less with larger diameter stems [ 13 ]. 
It is worth noticing that the longitudinal ridges 
contribute to the reduction of the core cross sec-
tion, which makes the prosthetic stem somewhat 

more elastic [ 86 ]. Proximal transmission of force 
because of the conical shape of the prosthesis may 
also contribute to the proximal bone restoration 
[ 26 ,  86 ]. With the tapered design, the conical stem 
is driven into the tapered medullary cavity. This 
produces continuous contact between the implant 
and the bone, despite the distal anchorage, so that 
the size of the load transmitted depends on the 
extent of the contact surface. Strength is therefore 
conducted proximally because, with a taper, the 
surface per unit of length increases with the diam-
eter, i.e., the supporting surface is greater per unit 
of length in the proximal section of the stem with 
a larger diameter than in the distal section [ 86 ]. 
Alternative explanations for the proximal bone 
restoration with these stems include (1) a fracture 
healing response related to the extended femoral 
osteotomy and (2) bone reconstitution related to 
the gradual resumption of normal activities after 
the revision operation [ 6 ,  38 ]. Furthermore, the 
space between the ridges, where the implant does 
not come into direct contact with the bone cortex, 
may facilitate revascularization of the medullary 
cavity, because blood vessels can grow here prior 
to bone resorption [ 86 ].  

    Stem Subsidence 

 If there is such fi rm initial and secondary fi xation, 
why does the stem subside? The most obvious 
reason for subsidence could be stem undersizing, 
as there is certainly a learning curve to its use. The 
learning curve in implanting this stem is multifac-
torial. Firstly, meticulous preoperative planning is 
needed to identify points of contact distally with 
the reamer and the proper angle of insertion of the 
reamer. The second factor relates to achieving a 
tactile understanding of how much resistance to 
hand reaming with a given bone type is associated 
with adequate endosteal contact rather than a 
3-point fi xation. With both these factors, under-
standing is achieved using a mini C-arm to correlate 
the reamer placement within the canal with preopera-
tive measurements along with the observed reamer 
depth and orientation. In this way, perforation is 
prevented, and optimal endosteal contact of the 
reamer and thus of the fi nal implant is confi rmed 
[ 6 ,  16 ]. On the other hand, the monoblock stem 
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sometimes leads the surgeon to seat the implant at 
a level in the femur based on leg length, not axial 
stem stability [ 6 ]. From the practical viewpoint, 
uncertainty about where the implant should seat 
in the femur made the combination of ideal leg 
length, hip stability, and implant axial stability 
diffi cult to achieve [ 18 ,  25 ,  26 ]. 

 Initial limited subsidence does not equate to 
failed osseointegration, at least with this stem 
design. The axial stability of this implant is main-
tained by hoop stresses within the diaphysis. As 
such, a discontinuity in the diaphyseal ring will 
compromise that axial stability and predispose 
to subsidence [ 83 ]. Park et al. reported indeed 
greater predilection for subsidence in hips with 
more advanced bone loss (Paprosky type 3B or 
more), although no statistical relation could be 
established [ 87 ]. Subsidence may also be consid-
ered to be a function of axial loading and post- 
operation regime of weight bearing. Rinaldi et al., 
who maintained bed rest for 20 days followed 
by partial weight bearing for up to 2 months, 
report the lowest subsidence rate of 5 % [ 85 ]. On 
the other hand, in early series, signifi cant (i.e., 
greater than 10 mm) subsidence was associated 
with the development of spiral fractures in osteo-
porotic femora [ 88 ]. In contrast, although three 
propagatory cracks were seen in their patients, 
either intraoperatively or on immediate postoper-
ative radiographs, Warren et al. could not identify 
any trend for these fractures to be associated with 
subsequent subsidence [ 24 ]. They have found, 
instead, that those patients prophylactically wired 
with Dall-Miles cables presented no subsidence 
in comparison with those in whom heavy wire 
cerclage had been utilized [ 24 ]. This is probably 
because it is diffi cult to attain adequate tension in 
wire without specialized tightening instruments 
[ 89 ], while the Dall- Miles system allows main-
tenance of cable tension as the cable is clamped 
after tightening [ 90 ].     
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           Introduction 

 Bone grafting is a surgical procedure that places 
new bone or a replacement material into spaces 
between or around fractured bone or in bone defects 
to aid in healing. Bone grafting is used to repair 
bone fractures that are extremely complex, pose a 
signifi cant risk to the patient, or fail to heal properly. 
It is also used to help fusion between vertebrae, cor-
rect deformities, or provide structural support for 
fractures of the spine. In  addition to fracture repair, 
bone grafting is used to repair defects in bone 
caused by congenital disorders, traumatic injury, or 
complex reconstructive surgery [ 1 ,  2 ]. 

 Tissues transplantation into humans has been 
attempted since the time of Hippocrates, while 
Egyptians and ancient Hindus have also been 
involved in transplantation procedures. However, 
it was the Dutch surgeon Job van Meekren in 
1600s who has used part of a dog’s skull to fi ll a 
defect in a soldier’s cranium and therefore has 
been documented as the fi rst person to perform a 
xenograft procedure. Later in 1821, the fi rst 
autogenous bone-grafting procedure has been 
performed in Germany in an attempt to fi ll exper-
imental animal skull defects. In 1879, Sir William 
Macewen has successfully used bone graft from 
other patients to reconstruct a 4-year-old boy’s 

proximal humerus, which is considered to be the 
fi rst documented allograft procedure [ 2 ,  3 ]. The 
science of bone grafting has evolved signifi -
cantly, particularly in the past two decades, with 
the fundamental understanding of osseous heal-
ing now incorporating principles of cellular and 
molecular biology. Bone grafts are used in virtu-
ally every aspect of reconstructive orthopedics, 
from the simple treatment of fractures to exten-
sive limb salvage procedures and complex spinal 
reconstructions. Bone graft is the second most 
common transplantation tissue, with blood being 
by far the commonest [ 4 – 6 ].  

    Biology of Bone Grafting 

 Bone possesses the intrinsic capacity for regen-
eration as part of the repair process in response to 
injury, as well as during skeletal development or 
continuous remodeling throughout adult life. 
Bone regeneration is comprised of a well- 
orchestrated series of biological events of bone 
induction and conduction, involving a number of 
cell types and intracellular and extracellular 
molecular signaling pathways, with a defi nable 
temporal and spatial sequence, in an effort to 
optimize skeletal repair and restore skeletal func-
tion. Unlike in other tissues, the majority of bony 
injuries (fractures) heal without the formation of 
scar tissue, and bone is regenerated with its pre-
existing properties largely restored, and with the 
newly formed bone being eventually indistin-
guishable from the adjacent uninjured bone. 
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Bone grafting is possible because of this unique 
ability of bone tissue to regenerate completely if 
provided the space into which to grow. The bio-
logic mechanisms that provide a rationale for 
bone grafting are osteoconduction, osteoinduc-
tion, and osteogenesis [ 7 – 9 ]. 

    Osteoconduction 

 Osteoconduction occurs when the bone graft 
material serves as a scaffold for new bone growth 
that is perpetuated by the native bone. An 
ingrowth of capillaries, perivascular tissue, and 
mesenchymal stem cells (MSCs) takes place 
from the host site along the implanted graft. 
Osteoblasts from the margin of the defect that is 
being grafted, utilize the bone graft material as a 
framework upon which to spread and generate 
new bone. In the very least, a bone graft material 
should be osteoconductive. New bone must be 
distributed evenly in the grafted volume and must 
unite with the local host bone. Failure results in 
discontinuous bone formation without adequate 
mechanical strength to support function.  

    Osteoinduction 

 Osteoinduction involves the stimulation of mes-
enchymal stem cells (MSCs) at and around the 
host site to differentiate into chondroblasts and 
osteoblasts that then begin new bone formation. 
The most widely studied type of osteoinductive 
cell mediators is bone morphogenetic proteins 
(BMPs). Other growth factors involved with bone 
formation include mitogens, such as platelet- 
derived growth factors, interleukins, fi broblast 
growth factors, insulin-like growth factors, gran-
ulocyte colony-stimulating factors, and granu-
locyte-macrophage colony-stimulating factors. 
Angiogenic factors, such as vascular endothelial- 
derived growth factor, are also released. A bone 
graft material that is osteoconductive and osteo-
inductive will not only serve as a scaffold for cur-
rently existing osteoblasts but will also trigger the 
formation of new osteoblasts, theoretically pro-
moting faster integration of the graft.  

    Osteogenesis 

 Osteogenesis is the synthesis of new bone by 
cells derived from either the graft or the host. 
When correctly handled, cells from cortical and 
cancellous grafts can survive the transfer to the 
host site and form new bone that is critical in the 
initial phase of bone repair. The properties of 
cancellous grafts, which consist of an intimate 
trabecular structure lined with osteoblasts and a 
large surface area, make them very attractive at 
sites where new bone formation is desired. 
Indeed, this concept of osteogenesis forms the 
biologic justifi cation of decortication for spinal 
fusion. Exposing the intramedullary space of the 
transverse processes, lamina, and pedicles with a 
burr opens local bone marrow to the fusion site. 
Marrow elements then provide the fusion bed 
with osteoinductive proteins, potential osteo-
genic cells, and a local blood supply. Several fac-
tors dictate the successful incorporation of 
grafted bone, including the type of bone graft 
used, the site of implantation, the vascularity of 
the graft and the host-graft interface, the immuno- 
genetics between the donor and the host, preser-
vation techniques, local and systemic factors, and 
the mechanical properties that depend on the 
size, shape, and type of graft used. Graft site 
preparation is of particular importance, as ade-
quate surface area contact between graft and 
recipient site is required, without interposition of 
soft tissue. Excessive heat generation by use of 
power tools that may lead to necrosis should also 
be avoided. Decreased harvest-to-implant time, 
storage of grafts in covered containers, attention 
to hydration, and meticulous adherence to surgi-
cal principles are essential to the success of the 
grafting procedure [ 10 ].   

    Bone Graft Options [ 11 – 17 ] 

 Bone grafts serve a combined mechanical and 
biologic function; depending on the desired clini-
cal outcome, one function may be more impor-
tant than the other. Therefore, an understanding 
of various bone graft options along with their 
unique characteristics is essential (Table  15.1 ).
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      Autograft 

 Autologous (or autogenous) bone grafting 
involves utilizing bone obtained from the same 
individual receiving the graft. Autologous bone is 
typically harvested from nonessential bone 
sources, such as the iliac crest, the fi bula, the ribs, 
the mandible, and even parts of the skull. As indi-
cated in Table  15.1 , such a graft would contain 
osteogenic properties (marrow-derived osteoblas-
tic cells as well as preosteoblastic precursor cells), 
osteoinductive properties (noncollagenous bone 
matrix proteins, including growth factors), and 
osteoconductive properties (bone mineral and col-
lagen). Autologous bone graft is completely his-
tocompatible, and there is no associated risk for 
disease transmission. Therefore, autologous bone 
grafting is still considered to be the gold standard 
for restoring bone defects in musculoskeletal 
reconstruction. However, there are drawbacks to 
the use of autologous bone grafts. An additional 
surgical site is required, in effect adding another 
potential location for postoperative pain and com-
plications, such as infection, hemorrhage, muscle 
weakness, and nerve damage. Limited graft avail-
ability is another drawback, particularly in chil-
dren and in revision reconstructive surgery. 
Several types of autografts are available and each 
one presents with different features. 

    Autologous Bone Marrow 
 Autologous bone marrow, usually aspirated from 
the iliac crest, is often used to stimulate skeletal 
repair. Mesenchymal stem cells in bone marrow 
are able to differentiate into various tissue types, 

such as bone, cartilage, ligament, and tendons 
under the infl uence of tissue-specifi c growth fac-
tors. A frequent clinical application of this con-
cept is the treatment of tibia nonunions with the 
injection of autogenous bone marrow at the frac-
ture site. Drawbacks include diffuse of the injected 
material away from the graft site, as well as lim-
ited numbers of stem cells in the bone marrow.  

    Autologous Cancellous Bone 
 Cancellous autografts are incorporated by the 
formation of new bone on a necrotic bed. 
Autologous cancellous bone presents with 
increased osteoconductive and osteogenic activ-
ity as a result of its large surface area and its ease 
in revascularization. However, mechanical 
strength is limited in early stages following 
implantation. Cancellous bone incorporation is 
divided in two phases. During the primary phase, 
a sequence of hemorrhage, infl ammation, revas-
cularization, and osteoinduction takes place for a 
period of 4 weeks following implantation. During 
the secondary phase, osteoblasts line the scaffold 
presented by the trabeculae of the graft and 
deposit a seam of osteoid that surrounds and 
entraps the original dead bone, thus increasing 
mechanical strength of the construct. This 
entrapped dead bone is eventually resorbed by 
osteoclasts as part of a remodeling process, which 
may take several months to complete.  

    Autologous Cortical Bone 
 Although cancellous and nonvascularized cortical 
bone grafts incorporate in a similar manner during 
the early stages, cortical grafts present with impeded 

 Graft  Osteoconduction  Osteoinduction  Osteogenesis 
 Mechanical 
properties 

  Autograft  
 Bone marrow  ≈      
 Cancellous         
 Cortical    ≈    
 Vascularized         
  Allograft  
 Cancellous        
 Cortical  ≈  ≈     
 Demineralized         

  Modifi ed from Khan et al. [ 8 ]  

   Table 15.1    Characteristics 
of various bone graft 
options  

15 Bone-Graft and Implant-Graft Interface in Total Hip Arthroplasty



200

revascularization ability and reduced osteoinductive 
activity. Unlike cancellous autografts, cortical grafts 
remain a combination of necrotic and new bone for 
a prolonged period. Remodeling of nonvascularized 
cortical grafts initiated by osteoclastic activity may 
lead to bone loss, resulting in up to 75 % reduction 
in mechanical strength. This weakness persists for 
months to years after surgery depending on the size 
of the bone graft used. The end result is complete 
resorption of the graft with concomitant replace-
ment with viable new bone, known as creeping sub-
stitution. Cortical autografts demonstrate creeping 
substitution most prominently at the graft-recipient 
site. The substitution progresses transversely and 
parallel to the long axis of the graft. As a result, 
initial repair is greater at the graft-host junction; 
repair then proceeds to the mid-regions between the 
graft-host interfaces.  

    Vascularized Autologous Bone Graft 
 All bone requires a blood supply in the trans-
planted site. Depending on where the transplant 
site is and the size of the graft, an additional blood 
supply may be required. For these types of grafts, 
extraction of the part of the periosteum and 
accompanying blood vessels along with donor 
bone is required. This kind of graft is known as a 
vascularized bone graft. Common sites for vascu-
larized graft harvesting include the fi bula and the 
distal radius. Vascularized cortical autografts heal 
quickly at the graft-recipient junction, because the 
resorption and remodeling process closely resem-
bles that of normal bone. Residual weakness of 
the construct is minimal [ 11 – 17 ].   

    Allograft [ 11 – 15 ,  18 ] 

 Allograft bone, like autogenous bone, is derived 
from humans; the difference is that allograft is har-
vested from an individual other than the one 
receiving the graft. Main reasons for choosing 
allograft instead of autograft include insuffi cient 
autograft quantities, donor site morbidity, and 
occasionally unsatisfactory biologic activity. The 
primary goal of allograft use is increased structural 
support. Allograft bone is taken from cadavers that 
have donated their bone so that it can be used for 

living people who are in need of it; it may also be 
taken from removed bone tissue during an opera-
tion, such as a femoral head during hip replace-
ment surgery. It is typically sourced from a bone 
bank. The greatest concern with using allograft 
materials is the possibility of viral disease trans-
mission, including hepatitis C, hepatitis B, and 
human immunodefi ciency virus (HIV). However, 
strict measures have been applied to ensure safety 
of the transplanted tissue. At the same time, pro-
cessing technology has incorporated methods, 
such as low-dose (<20 kGy) irradiation, physical 
debridement, ultrasonic or pulsative water washes, 
ethanol treatment, and antibiotic soaking (4 °C for 
at least 1 h), to remove antigenic components of 
the graft to avoid induction of a host immune 
response, to ensure sterility, and to retain certain 
biologic and biomechanical functions. There are 
several types of allografts available, and each one 
presents with different features. 

    Allograft Cancellous Bone 
 As with autologous cancellous bone, cancellous 
allografts act as a scaffold onto which the host lays 
down new bone. However, results with cancellous 
allograft are signifi cantly poorer, especially due to 
an aggressive immune response of the host follow-
ing implantation. This aggressive immune response 
leads to the destruction and eventual inhibition of 
the essential osteoinductive growth factor-mediated 
response requisite for bone graft incorporation. 
Revascularization is also delayed. The most com-
mon type of cancellous allograft is cancellous chips. 
Allograft cancellous chips are incorporated more 
complete and signifi cantly faster than the allogenic 
cortical bone grafts because they are revascularized 
more easily. However, the allografts are never com-
pletely resorbed by the host osteoclasts and remain 
entrapped within the host bone many years after 
transplantation. Cancellous chips have been used in 
numerous clinical scenarios, such as spinal fusion 
augmentation and fi lling of bone defects, particu-
larly in revision joint reconstruction.  

    Allograft Cortical Bone 
 Cortical allograft incorporation occurs by sporadic 
formation of new appositional bone. The lack of 
vascularization leads to signifi cant weakness of the 
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graft (compared with cortical autografts) for up to 
1 year after surgery. Poor vascularization of large 
cortical allografts has been attributed to the den-
sity of cortical bone, lack of stability (in larger 
allograft constructs), and immunologic reaction to 
the grafts. However, smaller segments of allogenic 
cortical grafts, such as fi bular strut grafts used in 
cervical spine surgery, are more rapidly incorpo-
rated because of potentially easier revasculariza-
tion. Fresh allografts incorporate unsatisfactorily; 
therefore, processed and preserved allografts 
(deep-frozen) are favored in clinical practice.  

    Massive Osteochondral Allografts 
 Massive osteochondral allografts, comprising 
diaphyseal cortical bone, metaphyseal cancellous 
bone, and articular cartilage, are used primarily 
in joint reconstruction after limb salvage proce-
dures for tumor resection. Osteochondral grafts 
are deep-frozen to ensure reduction in graft anti-
genicity. Radiographs are taken as part of preop-
erative planning to allow the graft to be matched 
anatomically with the needs of the recipient. 
During the procedure, the allografts are washed 
in an antibiotic-free tissue culture medium and 
cleaned of excessive soft-tissue attachment and 
bone marrow prior to implantation. The host tis-
sue allows creeping substitution, leading to slow 
incorporation of these grafts. Most common com-
plication with the use of such massive allografts 
is nonunion at the site of the host-graft interface. 
Other complications include allograft fracture, 
articular surface degeneration that could lead to 
the need of a subsequent arthroplasty, joint insta-
bility, and infection. Clinical and radiographic 
results of massive osteochondral allografts repro-
duce variable success rates, ranging from 60 to 
90 % in several series.  

    Allogenic Demineralized Bone Matrix 
 Mild acid extraction of bone leaves behind growth 
factors, noncollagenous proteins, and collagen while 
removing the mineral phase of bone. This deminer-
alized, partially defatted homologous bone matrix 
provides a suitable framework for cells to populate 
and produce new bone and also may stimulate the 
healing response by encouraging MSCs to differen-
tiate into bone- forming osteoblasts. Demineralized 

bone matrix (DBM) acts as an osteoconductive, and 
possibly as an osteoinductive, material. It is widely 
used in orthopedic, neurosurgical, plastic, and den-
tal areas. More than 500,000 bone-grafting pro-
cedures with DBM are performed annually in the 
USA. It does not offer structural support, but it is 
well suited for fi lling bone defects and cavities. The 
osteoinductive nature of DBM is presumably attrib-
uted to the presence of matrix-associated bone mor-
phogenetic proteins (BMPs) and growth factors, 
which are made available to the host environment 
by the demineralization process. The osteoinductive 
properties of DBM are infl uenced by several factors 
related to processing methods, such as choosing the 
appropriate demineralizing agent, applying sonica-
tion during processing, demineralizing time, and 
reducing mineral content in the implant, and size 
of the DBM particle. Clinical results have not been 
uniformly favorable; however, a variable clinical 
response is attributed partly to nonuniform process-
ing methods found among numerous bone banks 
and commercial suppliers. DBMs remain reason-
ably safe and effective products [ 4 ,  18 ,  21 – 23 ].   

    Synthetic Bone Substitutes 

 Bone-graft substitutes have also been developed as 
alternatives to autologous or allogenic bone grafts. 
They consist of scaffolds made of synthetic or nat-
ural biomaterials that promote the migration, pro-
liferation, and differentiation of bone cells for bone 
regeneration. Although they lack osteoinductive or 
osteogenic properties, synthetic bone substitutes 
and biomaterials are already widely used in clini-
cal practice for osteoconduction. DBM and col-
lagen are biomaterials, used mainly as bone-graft 
extenders, as they provide minimal structural sup-
port. A large number of synthetic bone substitutes 
are currently available, such as HA, b-TCP and 
calcium phosphate cements, and glass ceramics. 
These are being used as adjuncts or alternatives to 
autologous bone grafts, as they promote the migra-
tion, proliferation, and differentiation of bone cells 
for bone regeneration. Especially for regeneration 
of large bone defects, where the requirements for 
grafting material are substantial, these synthet-
ics can be used in combination with autologous 
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bone graft, growth factors, or cells. Furthermore, 
there are also nonbiological osteoconductive sub-
strates, such as fabricated biocompatible metals 
(e.g., porous tantalum) that offer the potential for 
absolute control of the fi nal structure without any 
immunogenicity. Research is ongoing to improve 
the mechanical properties and biocompatibility of 
scaffolds; to promote osteoblast adhesion, growth, 
and differentiation; and to allow vascular ingrowth 
and bone-tissue formation. Improved biodegrad-
able and bioactive three-dimensional porous 
scaffolds are being investigated, as well as novel 
approaches using nanotechnology, such as mag-
netic bio-hybrid porous scaffolds acting as a cross-
linking agent for collagen for bone regeneration 
guided by an external magnetic fi eld or injectable 
scaffolds for easier application [ 4 ,  19 – 22 ].   

    Impairment of Bone Graft Healing 

 A variety of factors have been associated 
with impairment of bone graft incorporation 
(Table  15.2 ). Smoking inhibits cellular prolifera-
tion and causes vasoconstriction. Systemic steroid 
use leads to inhibition of the differentiation of pro-
genitor cells down the osteoblastic pathway. The 
effects of nonsteroidal anti- infl ammatory drugs 
are well known; they inhibit prostaglandin for-
mation, leading to diminished local blood fl ow, 

thereby delaying graft resorption. Malnutrition, 
especially calcium and phosphorus defi ciencies, 
has been associated with delayed mineralization 
of new bone [ 10 ].

       Bone Grafting in Hip Surgery 

 Total hip replacement (THR) is a common pro-
cedure that is performed increasingly often. 
Approximately 285,000 THR procedures are 
performed in the USA each year. Although most 
patients have satisfactory long-term stability, 
approximately 17 % of prosthetic hips fail, thus 
requiring revision surgery. This failure is attrib-
uted to patients being more active and having hip 
replacements earlier and more frequently than in 
the past. Frequently, when hip prosthesis revision 
is undertaken, there is signifi cant bone defi ciency 
present; this clinical setting presents one of the 
most challenging circumstances in hip surgery. 
There is a variety of surgical technique and hard-
ware strategies available to address this problem 
[ 4 ,  22 ,  23 ].  

    Acetabular Bone Grafting [ 4 ,  9 ,  22 , 
 23 ,  25 – 36 ] 

 In revision hip arthroplasty, bone stock defi ciency 
is the major challenge in reconstructing the acetab-
ulum. The most common causes of bone defi ciency 
include debris-induced periprosthetic osteoly-
sis (with or without loosening), stress shielding, 
implant migration, infection, and iatrogenic bone 
loss during implant extraction. Wear debris-gener-
ated osteolysis and loosening of the acetabular cup 
usually cause proximal and posterior migration of 
the cup with bone resorption in the posterosupe-
rior wall, giving the acetabular cavity an oblong 
shape. With advancing bone loss, reconstructive 
techniques became more complex. As primary 
hip arthroplasty is used to treat younger and more 
active patients, the incidence of revision surgery is 
likely to further increase, although this factor may 
be affected by modern wear-resistant bearing sur-
faces and vigilant follow-up analysis. In patients 
treated with revision acetabular surgery, the best 

   Table 15.2    Bone graft incorporation   

 Factor  Positive  Negative 

 Local  Vascular supply  Vascular impairment 
 Large surface area  Local bone disease 
 Mechanical 
stability 

 Mechanical instability 

 Mechanical 
loading 

 Mechanical unloading 

 Growth factors  Infection 
 Systemic  Growth hormone  Corticosteroids 

 Thyroid hormone  NSAIDs 
 Vitamins A and D  Smoking 
 Insulin  Sepsis 
 Parathyroid 
hormone 

 Diabetes 

 Metabolic bone disease 

  Modifi ed from Khan et al. [ 8 ]  
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chance of long-term stable fi xation can be achieved 
with initial stable socket fi xation, restoring the cen-
ter of rotation, and maximizing contact between 
the host bone and the implant. Limiting the loss of 
acetabular bone stock is a major factor in achieving 
these goals. 

    Diagnosing and Assessing 
Acetabular Bone Loss 

    Plain Radiographs and Special Views 
 Preoperative assessment of acetabular bone loss 
before revision surgery is critical because the 
amount and location of pelvic osteolysis can deter-
mine the type and success of revision surgery. Plain 
AP and cross-table lateral radiographs provide 
important initial information about the size and 
location of osteolytic lesions involving the acetabu-
lum and the status of cup fi xation. Judet oblique 
views add valuable information, especially about 
the integrity of the acetabular columns. Changes in 
the location or orientation of the cup on serial 
radiographs, along with the width and extent of 
bone-implant radiolucent lines, indicate whether 
socket fi xation is stable or loose. The amount and 
location of bone stock loss are assessed with the 
Paprosky classifi cation system [ 23 ,  24 ].  

    CT Scans 
 CT with metal artifact minimization has been 
shown to be more sensitive than plain radio-
graphs for identifying and quantifying osteolysis 
around cemented and cementless cups. Because 
CT scans show the actual extent and location of 
the osteolysis, they are useful adjuncts in plan-
ning cup revision in selected patients. CT scans 
can also be used to more accurately evaluate the 
quality of graft incorporation.  

    Magnetic Resonance Imaging 
 Recent advances in imaging techniques make visu-
alization and quantifi cation of osteolysis feasible 
with MRI, particularly if titanium alloy prostheses 
are used. The metal artifact from a prosthesis can 
make it challenging to assess periacetabular oste-
olysis, and images are prone to motion artifact, par-
ticularly if the patient is uncomfortable lying in a 

fi xed position for a prolonged period. MRI is most 
effective in showing small areas of osteolysis, 
whereas CT is the most accurate modality for cal-
culating lesion volume. Other advantages of MRI 
include superior soft- tissue contrast, which allows 
assessment of the surrounding soft-tissue envelope 
including regional neurovascular structures relative 
to the pseudo-capsule and implant-bone interface, 
as well as particle-induced synovitis.   

    Acetabular Defect Classifi cation 
[ 27 ,  33 ,  36 ] 

 There are two major classifi cations of bone stock 
loss associated with a previously placed acetabu-
lar cup. The American Academy of Orthopaedic 
Surgeons (AAOS) developed its acetabular 
defect classifi cation system to improve unifor-
mity in how acetabular revisions are reported. 
Type 1 describes peripheral segmental (superior, 
anterior, posterior) or central segmental defects, 
type 2 cavitary peripheral (superior, anterior, pos-
terior) or central defects, type 3 combined defi -
ciency, type 4 pelvic discontinuity, and type 5 
arthrodesis. Although the appropriate classifi ca-
tion category may be suggested by fi ndings seen 
at radiography or advanced imaging, the fi nal 
determination of the defect type is made at sur-
gery. The Paprosky acetabular defect classifi ca-
tion system was subsequently proposed and 
includes assessments made both by using radio-
logic fi ndings and at surgery. In addition, this 
classifi cation system includes treatment recom-
mendations (Fig.  15.1 ).

       Surgical Management Options 
for Massive Acetabular Bone Loss 

 The reconstruction of massive acetabular bone 
defects remains a challenging issue in hip arthro-
plasty, especially in revision surgery. The method 
of acetabular revision must be individualized to 
meet the mechanical and biologic challenges spe-
cifi c to each reconstruction. A variety of surgical 
options are available for treating Paprosky 3 defects. 
Jumbo cups, the high hip center technique, bilobed 
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implants, anti-protrusio cages, and nonmodular, 
high porous metal components (Trabecular Metal 
System) are part of the  armamentarium available 
for revision hip arthroplasty. However, the use of 
bone graft is often essential for addressing bone 
defects in addition to the techniques mentioned 
before. Bone graft alternatives include the impac-
tion grafting technique, the use of a structural 
allograft, and the use of a total acetabular seg-
mental allograft with a cage. Defects, other than 
Paprosky type 3 defects, can usually be managed 
with hemispherical shells with or without bone 
graft or particulate allograft. If massive bone loss 
is anticipated, extensile approach is required. This 
can be achieved with a posterior approach, tro-
chanteric slide, or in some instances, with a direct 
lateral approach [ 36 ].   

    Acetabular Impaction Grafting 
[ 9 ,  23 ,  25 ,  27 ,  32 – 36 ] 

 When the surgeon is faced with large cavitary 
acetabular defects or a large ecstatic femoral 
metaphysis or diaphysis, impaction bone- grafting 
techniques are useful (Fig.  15.2 ). Impaction bone 
grafting of the acetabulum involves packing the 
cavitary defects with compressed particulate 
graft followed by insertion of either a cemented 

or cementless component. When applied prop-
erly, impaction grafting can provide suffi cient 
support for an implant that otherwise would be 
inadequately supported by native bone. Impaction 
grafting can fi ll bone defi ciencies to provide 

ACETABULAR
DEFECT CLASSIFICATION

Type 1

Oplong cup
Octapus cup
Massive allograft
Cemented cup

Protrusio ring
Reinforsement cages
Reconstruction cages
Trabecular cup and augments
Structural  allograft

Cemented cups
Cemenyless cups
Trabecular metal cup
Morselised bone graft

Type 2 (a,b,c) Type 3 (a,b)

CLINICAL ASSESMENT-Paprosky

  Fig. 15.1    Paprosky 
acetabular defect 
classifi cation system 
and treatment options       

  Fig. 15.2    Cotyloplasty: an old satisfactory impaction 
autografting technique (cemented cup) for the reconstruc-
tion of a defi cient acetabulum. Sound consolidation of the 
graft at 25-year follow-up       
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 better bone stock for future reconstructions, should 
they be required. As more recent long-term data 
become available on the results of impaction graft-
ing, ongoing evaluation will provide perspective 
on the value of the techniques and their place in 
the revision hip armamentarium.

      Biology of Impaction Bone 
Grafting [ 11 ,  14 ] 

    Preparation of Particulate Graft 
for Impaction Bone Grafting 
 Allogenic particulate graft is the most common 
source of graft material used in impaction bone 
grafting. Although autogenic bone graft can be used, 
its source of supply is limited, and it carries the risk 
of donor site morbidity. For most revision hip recon-
struction applications, the size and shape of the bone 
defects encountered favor the use of allograft rather 
than autograft bone. Particulate grafts typically are 
easier to use than bulk grafts because they do not 
require contouring to fi t a defect. The use of particu-
late bone graft for impaction grafting requires 
uncontained bone defect or conversion of an uncon-
tained defect into a contained one with the use of 
allograft struts, bulk structural allografts, or metal 
mesh. Particulate grafts are thought to have a better 
chance of being incorporated into host bone than 
structural grafts. The mechanical properties of par-
ticulate grafts vary according to the size of the par-
ticles of the graft and how densely the particles are 
packed into the bone. Although traditionally only 
bulk grafts have been used when structural pros-
thetic support is needed, densely packed particulate 
grafts also have been used recently to provide struc-
tural support of implants.  

    Incorporation of Particulate Graft 
 Little is known about the biologic fate of particulate 
bone grafts in joint arthroplasty. This defi ciency in 
knowledge is related in large part to the diffi culty of 
interpreting what has happened to the bone graft on 
radiographs and to the paucity of long-term autopsy 
retrievals that provide histological data on the fate 
of bone grafts. Cancellous autograft bone is the 
benchmark for osseous integration against which 
impaction allografting is measured. Autograft has 

all of the characteristics required to stimulate new 
bone formation: osteoconductivity, osteogenicity, 
and osteoinductivity. Autograft provides the bio-
logic stimulus via local growth factors to induce the 
mesenchymal cells to differentiate into mature 
osteoblasts. In contrast, allograft bone is primarily 
osteoconductive, acting as a scaffold to enhance 
bone formation on its surface. When densely 
packed, particulate bone graft can provide mechani-
cal support for a construct. In a recent biomechani-
cal study, Dunlop et al. suggested that mechanical 
properties of particulate cancellous allograft can be 
improved by prewashing the graft to remove fat and 
marrow fl uid, thus yielding a compacted graft that is 
more resistant to shear. Some investigators feel that 
the optimal size for graft particles should be 
7–10 mm; this is certainly notable because most 
standard bone mills yield graft particles that are 
2–5 mm in size. Little information is available on 
the infl uence of cancellous graft thickness, cancel-
lous graft particle size, cancellous graft preparation, 
and packing density on speed and completeness of 
graft incorporation. The biology of bone graft incor-
poration in total joint arthroplasty is characterized 
by an early phase of infl ammation followed by 
revascularization. The graft matrix is invaded by 
host granulation tissue as early as 2 days after 
implantation. Osteoclastic bone resorption and new 
bone formation are observed by 4 weeks. This 
phase is gradually followed by the resorption and 
replacement of the graft, which is completely 
replaced by viable new bone between 6 months and 
1 year after surgery. Compared with autograft, the 
process of incorporation of allograft occurs at a 
slower rate, in part because of an infl ammatory and 
immunologic host response to the grafted bone. 
Sorensen et al. used positron emission tomography 
scans to assess angiogenesis after impaction femo-
ral grafting. They noted increased blood fl ow and 
bone formation adjacent to the allograft as early as 
8 days after surgery.  

    Histology of Retrieved Particulate 
Allograft for Treatment 
of Acetabular Defects 
 In revision hip arthroplasty, particulate allograft 
has been used to treat cavitary acetabular defects, 
some segmental acetabular defects, and contained 
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or containable cavitary femoral defects. In a post-
mortem analysis of three specimens, Heekin et al. 
[ 11 – 14 ] found a time-dependent incorporation 
process with progressive envelopment of the 
allograft trabeculae by host bone, rimmed by nor-
mal osteoblasts. The morcellized allograft bone 
had been in situ in three patients for 18, 53, and 83 
months. Distinction between the allograft and 
host bone was diffi cult by 83 months. Van der 
Donk et al. [ 11 – 14 ] reported on 24 biopsies of 
acetabular impaction bone grafts in 21 hips (20 
patients). Sixteen of the patients had been treated 
originally with impaction grafting for defects 
encountered at revision surgery. The biopsies 
were obtained during surgical procedures for re-
revision surgery at 3 months to15 years after the 
initial impaction grafting. The histology fi ndings 
were similar to those described above, with a few 
exceptions. Three stages of incorporation were 
described: stage 1 consisted of nonvascularized 
graft remnants; stage 2 showed revascularized 
incorporating bone graft, dynamic bone resorp-
tion, and new bone apposition; and stage 3 
resulted in graft incorporation with newly formed 
trabecular bone structures. The investigators also 
noted areas of loose fi brous stroma on which new 
bone had formed. In addition, variable amounts of 
unincorporated graft also were noted: 30 % of the 
graft incorporated by 6 months and 90 % by 10 
years [ 11 – 14 ].   

    Acetabular Impaction Grafting 
Surgical Technique [ 27 ] 

 Acetabular impaction grafting has been popular-
ized by Schreurs et al. [ 27 ]. The technique was 
initially described with a cemented acetabular 
component but has since become commonly 
applied with cementless designs. After exposure 
of the acetabulum, the failed component is 
removed and the bony defect is assessed. All exist-
ing cement and fi brous tissue must be removed. A 
contained defect must be present. When the defect 
is uncontained, it can be converted to a contained 
defect with the use of mesh. When a cementless 
component is to be used, the acetabulum is reamed 
to allow press-fi t fi xation of the cup between the 

anterior and posterior wall or posterior column. 
Morcellized bone graft is impacted into the defect 
with tamps or reverse reaming. The cementless 
cup is impacted into place and fi xation is supple-
mented by screws. When a cemented component 
is to be used, the contained defect is fi lled with 
particulate graft that is aggressively impacted to 
allow for seating of the cemented component. 
Cement is placed into the grafted defect and pres-
surized. The acetabular polyethylene component 
is cemented into place.  

    Clinical Applications and Results 
of Impaction of Particulate Grafts 
for Acetabular Reconstruction 
[ 23 ,  27 ,  32 – 38 ] 

 Since its initial description as a treatment of ace-
tabular protrusion, impaction bone grafting in 
combination with a cemented socket has been 
used in revision total hip arthroplasty when there 
is a loss of bone stock. The initial proponents of 
this procedure impacted the graft using the trial 
components and stressed that this is a key techni-
cal step. When segmental defects are present, 
they can be converted to cavitary defects by clo-
sure with a metal wire mesh that provides con-
tainment for the particulate graft. Results with up 
to a 15-year follow-up have been reported with 
this technique in 60 revision procedures using 
allograft bone in 35 hips, autograft bone from the 
iliac crest in 9 hips, and a combination of both in 
the remaining 16 hips. The implant survival rate 
at 12 years was 85 %, with revision of the acetab-
ular component for loosening as the end point. 
These encouraging clinical results were sup-
ported by histological examination of biopsy 
specimens showing remodeling into a new 
 trabecular bone structure [ 23 ]. More recently, 
Schreurs et al. [ 27 ] reported on a series of 62 con-
secutive acetabular revisions in 58 patients (mean 
follow-up, 16.5 years). The Kaplan-Meier survi-
vorship for the cup with end-point revisions for 
any reason was 79 % at 15 years. Schreurs et al. 
[ 37 ] also reported on the use of this technique in 
42 hips (37 patients) younger than 50 years of 
age (average age, 37.2 years). The technique was 
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used to increase bone stock in 23 primary and 19 
acetabular revisions. The Kaplan-Meier survi-
vorship with acetabular revision for any reason 
as the end point was 80 % at 20 years. The quality 
of the impaction grafting, which is a demanding 
and time-consuming procedure and the use of 
fresh-frozen allograft bone were important fac-
tors in their success. The ability to restore bone in 
this subset of patients undergoing arthroplasty is 
encouraging. Other reports of similar procedures 
with a shorter follow-up, however, have not been 
as satisfactory; failure rates were as high as 31 %. 
Risk factors associated with failures include 
combined segmental and cavitary defects, mal-
positioned components, and use of allograft 
rather than autograft [ 27 ,  37 ]. The same group 
updated their results [ 38 ] up to 20–28 years fol-
low- up. Eight additional cups had to be revised, 
four because of aseptic loosening, three because 
of wear, and one during a revision of the stem. 
Three additional cups were considered loose on 
radiographs. Survivorship of the acetabular 
reconstructions, with an end point of revision for 
any reason, was 73 % after 20 years and 52 % 
after 25 years. With revision for aseptic loosen-
ing as the end point, survival was 85 % after 20 
years and 77 % after 25 years; for signs of loos-
ening on radiographs, survival was 71 % at 20 
years and 62 % at 25 years. In conclusion, their 
previous results have declined, but the technique 
of using impacted morcellized bone graft and a 
cemented cup is useful for the purpose of restor-
ing bone stock in young patients whose acetabu-
lar defects require primary or revision total hip 
arthroplasty. In North America, cementless 
implants have become the most common method 
of reconstruction in acetabular revision surgery 
because of their technical simplicity, good clini-
cal results, and potential for long-term biologic 
implant fi xation. For cementless sockets, the 
more host bone contact that can be achieved, the 
better the likelihood of long-term success. 
Implant surface contact with <40 to 50 % of 
native bone has been associated with a higher 
rate of failure. Most cavitary and medial segmen-
tal acetabular defects can be fi lled with mor-
cellized bone graft, followed by implantation of a 
cementless hemispherical acetabular component 

[ 35 ]. Non-cemented reconstruction is the pre-
ferred method of acetabular reconstruction in 
revision THA, specifi cally for Paprosky types I 
and II defects [ 39 ]. Several studies have demon-
strated favorable midterm (minimum, 5- to 
10-year) results using non-cemented acetabular 
sockets with a rate of aseptic loosening ranging 
from zero to 11 % and >90 % survivorship with 
aseptic loosening as the end point [ 40 – 43 ]. Della 
Valle et al. [ 44 ] reported the longest clinical fol-
low- up (mean, 15 years; maximum, 19 years) of 
non-cemented acetabular cup use in revision 
THA. In a cohort of 138 hips (131 patients), only 
1 cup (0.7 %) was revised for aseptic loosening. 
Cup survivorship was 96 % using revision for 
aseptic loosening as an end point. A total of 19 
cups were revised for recurrent instability, infec-
tion, or femoral component complications. These 
results are consistent with other revision series, 
which demonstrate worse clinical outcomes fol-
lowing revision THA than following primary 
THA because of soft-tissue compromise, bone 
defi cit, and an inability to perfectly restore hip 
biomechanics. Non-cemented acetabular recon-
struction requires column and partial rim support 
as well as the use of supplemental fi xation. Many 
manufacturers now market porous metal options 
to enhance initial stability and promote biologic 
fi xation in defi cient bone beds. Structural 
allografts also can be used in these cases. Early 
results have demonstrated enhanced biologic 
fi xation and decreased stress shielding surround-
ing porous metal surfaces [ 45 ].  

    Structural Allograft 

 Bulk structural allograft is an excellent option in 
cases of inadequate host acetabular bone to 
address the issues of component fi xation and sta-
bility. The allograft can provide initial structural 
stability of the cementless component until host 
bone ingrowth into the acetabular component 
occurs. The need for increased bone stock, espe-
cially in young patients for any future reconstruc-
tions, makes allografts the preferred choice of 
treatment in this group of patients. However, 
concerns exist regarding the potential for allograft 
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resorption, infection, and potential loosening of 
the construct. Several studies have evaluated the 
midterm results of structural allograft in revision 
THA. Graft type (femoral head, distal femur, 
total acetabulum) and surgical technique are the 
most important factors in determining clinical 
success. Recently, Lee et al. [ 46 ] retrospectively 
reviewed 74 patients treated with minor column 
shelf structural allograft for uncontained host 
acetabular bone defi cits measuring 30–50 %. 
Minimum clinical follow-up was 5 years (mean, 
16 years). With re-revision for aseptic loosening 
as an end point, cup survivorship at 15 and 20 
years was 67 and 61 %, respectively, and graft 
survivorship was 81 %. Satisfactory mid- and 
long-term results have been achieved with the 
use of structural allograft in revision THA; how-
ever, the availability of porous metal augments 
has led to a reduction in the use of allograft [ 36 ].   

    Modular Porous Metal Augments 
in Cementless Reconstructions 

 Recently, severe acetabular bone loss may be 
treated with the use of non-cemented hemispheric 
or elliptical components in combination with mod-
ular augments [ 47 ]. As it is obvious, the use of a 
metal shell and one or more modular augments 
optimizes bone contact and positioning of the used 
components. Most surgeons utilize cement to sta-
bilize these implants to host pelvic bone, although 
independent fi xation is another option. The aug-
ment offers structural support for the acetabular 
component until bone ingrowth occurs (Fig.  15.3 ). 
All augments are secured fi rst to the host bone with 
screws, then to the non- cemented acetabular shell 
with cement. Morcellized bone graft is placed into 
any remaining cavities before the shell is impacted 
into position. Additional screws are placed through 
the cup into the ilium. Non-cemented porous 
sockets used in conjunction with modular porous 
metal augments have demonstrated acceptable 
clinical results in the setting of Paprosky type IIIA 
defects. Van Kleunen et al. [ 48 ] evaluated 97 hips 
(90 patients) with Paprosky types II, IIIA, and IIIB 
defects that were managed with non- cemented 
acetabular shells with porous metal augments. 

There were no cases of aseptic loosening at a 
mean follow-up of 45 months. For patients with 
pelvic discontinuity and severe bone loss, treat-
ment options include custom trifl ange cups with 
plate fi xation, cup-cage constructs, a hemispheric 
shell, or acetabular impaction grafting. Recently, a 
distraction technique that combines a hemispheric 
shell and porous metal augments has been used 
to manage pelvic discontinuity. Regardless of the 
reconstruction option selected, healing of pelvic 
discontinuity is diffi cult. In the setting of pelvic 
discontinuity, the distraction technique involves 
the use of non-cemented, hemispheric components 
and augments. A reamer is used until two points 
of contact are made, typically posteroinferior to 
anterosuperior. Once contact is made, the size of 
the non-cemented acetabular shell is estimated. A 
series of augments is used to decrease the volume 
of the acetabulum. The augments may provide 
primary stability or primary fi xation. The use of 
augment distraction for the management of pel-
vic discontinuity is technically diffi cult, and only 
short-term follow-up data are currently available. 
The use of modular porous metal augments with 
a non-cemented socket using distraction has been 
shown to be effective in managing Paprosky type 
IIIB defects with pelvic discontinuity. In one study, 
13 patients were retrospectively reviewed at a 
mean follow-up of 2.6 years [ 49 ]. At fi nal follow-
up, only 1 hip had possible radiographic loosening 

  Fig. 15.3    Trabecular metal acetabular cup and augments. 
Satisfactory clinical and radiological result at 6-year 
follow-up       
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secondary to screw breakage, and the other 12 were 
radiographically stable. No patient required repeat 
surgical intervention. The early results with porous 
metal augments appear to be promising. However, 
long-term follow-up data are necessary because of 
concerns regarding the management of these aug-
ments should infection develop after ingrowth has 
occurred [ 36 ].

      Ring and Cage Reconstruction 

 In a revision THA, setting rings and cages are used 
when defi cient bone stock is present (Fig.  15.4 ). 
These devices can act as a scaffold while protecting 
morcellized or structural allograft during the bone 
remodeling phase. The two types of ring used are 
the roof reinforcement ring and the anti-protrusio 
cage. The major advantages of rings and cages are 
the ability to cement a liner in any position inde-
pendent of the ring position and the elution of local 
antibiotics from the cement. The major disadvan-
tage is the risk of cage fracture or loosening result-
ing from lack of biologic fi xation. The use of cages 
has decreased because of cage breakage over time 
and because of increased enthusiasm for the use of 
porous metal components and augments. Midterm 
results with the use of a ring or cage have been sat-
isfactory [ 36 ,  50 – 52 ].

       Cup-Cage Reconstruction 

 The cup-cage construct can be used. Recent stud-
ies reveal that cup-cage constructs may be a reli-
able option for the management of pelvic 
discontinuity [ 53 ,  54 ]. In this technique, a non- 
cemented acetabular shell with or without a 
porous metal augment is fi xed to host bone. An 
anti-protrusio cage is then placed in the non- 
cemented shell to stabilize the discontinuity. 
Proponents of this technique believe that the cage 
provides initial stabilization of the discontinuity, 
thereby allowing time for biologic fi xation of the 
porous non-cemented shell and augment to host 
bone. Although early results following recon-
struction with a porous metal shell in conjunction 
with modular porous augments and an anti- 
protrusio cage seem promising, long-term fol-
low- up studies are needed [ 36 ].  

    Trifl ange Reconstruction 

 In some cases, defect bridging techniques are 
required instead of defect matching techniques. 
Paprosky type IIIA and IIIB defects typically require 
management with a defect bridging technique; 
major structural allografts or anti- protrusio cages 
may be considered as salvage options for these 
defects. To generate a custom trifl ange construct, a 
plastic hemi-pelvic model is developed based on a 
three-dimensional CT scan of the patient’s pelvis 
[ 55 ,  56 ]. This model is used to create a custom 
porous or hydroxylapatite-coated fl anged titanium 
device. Model generation preoperatively can be very 
helpful for understanding bone defects and for 
teaching purposes before surgery [ 36 ].   

    Femoral Bone Grafting 
in Hip Surgery [ 57 – 78 ] 

 Most failed arthroplasties manifest some degree 
of bone loss, which can range in severity from 
negligible to unsalvageable. The causes of bone 
loss include (1) osteolysis secondary to particu-
late debris, (2) stress shielding secondary to 

  Fig. 15.4    Reconstruction acetabular cage with allograft. 
Satisfactory clinical and radiological outcome at 7 years       
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adaptive remodeling, (3) fretting of the bone 
from repetitive micromovement of a loose pros-
thesis, (4) fracture, and (5) damage to residual 
bone stock during failed implant removal. 
Proximal femoral bone stock defi ciency provides 
a major challenge for revision hip arthroplasty 
and is likely to account for a signifi cant future 
caseload. Various surgical techniques have been 
advocated including impaction allografting, dis-
tal press-fi t fi xation, and massive endoprosthetic 
reconstruction. 

    Diagnosing and Assessing 
Femoral Bone Loss 

 Accurate assessment of the condition of the host 
bone is imperative during preoperative plan-
ning to ensure a successful revision outcome. 
The most comprehensive and widely accepted 
classifi cation system for proximal femoral bone 
loss is the American Academy of Orthopaedic 
Surgeons (AAOS) system, which was designed 
to aid in the preoperative planning and treatment 
of femoral defi ciency in primary and revision 
arthroplasty. Bone loss is classifi ed as segmental, 
cavitary, or combined, and each type is subclas-
sifi ed according to severity. A segmental defect 
is defi ned as loss of any portion of the support-
ing cortical shell of the femur. Cavitary defects 
are characterized by erosion of the cancellous 
bone with an intact cortex. Other abnormali-
ties include femoral ectasia (femoral expansion 
with severe cortical thinning and complete loss 
of cancellous bone, which is found in long-
standing implant failure), malalignment (either 
angular or rotational), femoral stenosis (narrow-
ing or obliteration of the canal), and femoral 
discontinuity (resulting from femoral fracture, 
with or without the presence of an implant). 
The type and severity of the bone loss generally 
dictate the available treatment options [ 61 – 65 ]. 
The Paprosky femoral defect classifi cation sys-
tem has also been proposed and includes assess-
ments made both by using radiologic fi ndings 
and at surgery [ 23 ,  24 ]. In addition, this classifi -
cation system includes treatment recommenda-
tions (Fig.  15.5 ).

       Surgical Management Options 
for Massive Femoral Bone Loss 

 Mild defi ciency can generally be treated by using 
standard primary reconstructive techniques, using 
either cemented or non-cemented prostheses. With 
considerable bone loss, however, the femur does not 
have the structural integrity to support an implant, 
and other options must be explored. The surgeon 
must decide between reconstruction of bone loss 
with either an implant (e.g., calcar-replacement 
design) or an allograft. Calcar-replacement and 
proximal femoral replacement prostheses were ini-
tially developed for reconstruction of the femur 
after tumor resection, but the indications were later 
broadened to include failed hip arthroplasty and sig-
nifi cant proximal femoral bone loss. However, these 
types of implants are associated with a high inci-
dence of complications, including dislocations, 
abductor problems, limb length discrepancy, frac-
tures, heterotopic ossifi cation, and sciatic nerve 
palsy. On the basis of available reports, the use of a 
proximal femoral replacement prosthesis should 
generally be limited to elderly and inactive patients 
with massive bone loss for whom the only other 
option is resection arthroplasty [ 65 – 71 ].  

    Structural and Cancellous Allograft 

 An alternative for management of proximal femo-
ral bone loss is the use of allograft bone, which is 
available in either bulk form (i.e., structural grafts) 
or cancellous grafts. Cancellous grafts differ from 
cortical grafts in the rate and completeness of 
incorporation into the host. The increased poros-
ity of cancellous grafts allows more rapid vascu-
larization and the recruitment of osteogenic cells. 
New bone forms on the preexisting cancellous 
trabeculae, which are eventually completely 
replaced. Vascular ingrowth into cortical grafts is 
slower, and the incorporation process is never as 
complete as it is for cancellous grafts. Even after 
several years, a mixture of viable new bone and a 
cellular allograft bone remains. The theoretical 
advantages of reconstruction with structural or 
bulk allograft bone instead of metal include bio-
logic reattachment of host bone and muscle, more 
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normal gradation of forces from the prosthesis to 
the host bone, use of a more conventional design 
and a less expensive implant, and restoration of 
bone stock. Restoration of bone stock with either 

bulk or structural graft offers the potential advan-
tage of facilitating future revision surgery. The 
disadvantages associated with the use of allograft 
bone include the risk of disease transmission. The 
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  Fig. 15.5    Paprosky femoral defect classifi cation system and treatment options. ( a ) Type I, ( b ) type 2, ( c ) type IIIA, ( d ) 
type IIIB, and ( e ) type IV       
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risk of viral transmission from processed, freeze-
dried cancellous chips is extremely low (less than 1 
in 3,000,000). The risk of transmission through 
fresh-frozen, unprocessed bone is similar, although 
not identical, to the risk of disease transmission 
through blood transfusion (1 in 440,000 to 
600,000). Even with the use of post-processing 
techniques such as radiation and chemosteriliza-
tion, the risk of viral disease transmission cannot be 
totally eliminated. The risk of pyogenic infection is 
also increased with the use of bulk allograft. 
Infection is usually caused by Gram-positive organ-
isms, with a reported incidence of 11.7 %, although 
most infections are not directly transmitted by the 
graft. Nonunion or graft resorption may occur; 
autografting host-allograft junctions and rigid fi xa-
tion will decrease the risk of nonunion [ 62 ,  65 ].  

    Clinical Applications and Results 
of Use of Structural and Cancellous 
Grafts for Femoral Reconstruction 

 Cortical strut allografts are often used to recon-
struct non-circumferential segmental defects 
(Fig.  15.6 ). Emerson [ 57 ] reviewed the data on 
58 patients who underwent revision total hip 
arthroplasty with cortical onlay strut grafts (prox-
imal medial strut placement was most commonly 
used) for reconstruction of femoral bone defi -
ciencies. At an average of 34 months of follow-
 up, the rate of graft union was 96.6 %, the average 
time to union was 8.4 months, and only 22 % of 
the grafts showed any evidence of resorption. 
The radiographic sequence of strut graft incorpo-
ration to the host includes edge roundoff, scallop-
ing, incomplete and complete bridging to the host 
cortex, formation of cancellous bone, incorpora-
tion, and resorption. Pak et al. [ 58 ] studied 95 
cases in which cortical strut allografts had been 
used. At a mean follow-up of 4.75 years, bone 
union had occurred in 87 cases (92 %); in those 
cases in which the bone did not unite, it resorbed, 
resulting in a mechanical failure rate of 7 %. 
Head et al. [ 59 ] examined 265 revisions in which 
onlay cortical grafting had been used. At follow-
 up, an average of 8.5 years after surgery, the graft 
union rate was 99 %, with a mean time to union 

of 8.6 months. All of these authors concluded 
that cortical struts could reliably be used to 
reconstitute the defi cient proximal femur and that 
they function best with a proximal load-bearing 
prosthesis that allows the graft to survive and 
remodel. Circumferential segmental defects 
extending less than 3 cm distally have been 
reconstructed with calcar grafts (napkin ring 
allografts). Allan et al. [ 60 ] followed 30 calcar 
grafts for an average of 36 months. The nonunion 
rate was 17 %. Resorption of more than half of 
the graft occurred in 40 % of cases, and subsid-
ence occurred in 43 % of the grafts. Polymethyl 
methacrylate within the calcar allograft reduced 
the risk of resorption. Pak et al. [ 58 ] followed in 
which calcar allografts had been in place for a 
mean of 4.75 years and found that 61 % of the 
grafts resorbed. On the basis of the results from 
these studies, the usefulness of these types of 
grafts appears questionable. Alternatives, such as 
leaving the components proud, increasing the 
neck length of the prosthesis, and using cemented 
calcar- replacement prostheses or extensively 
coated non-cemented implants with diaphyseal 
fi tting, should be sought. More extensive 
 circumferential defects require large-segment 
proximal femoral allografts for reconstruction. 
Reported success rates range from 80 to 85 %. 
Most series, however, have reported a high rate of 
complications associated with the use of the 
grafts, such as nonunion of the graft to the host, 
dislocation, infection, and allograft fracture. The 
most commonly used technique involves long-
stem components that are cemented to the graft, 
press-fi tted into the host femur, and stabilized at 
the graft- host junction with a step cut and cer-
clage wires along with placement of autograft to 
facilitate union. Allan et al. [ 60 ] reported on 40 
hips reconstructed with large-fragment allografts 
followed for an average of 36 months. Union of 
the allograft bone occurred in 81 % of hips, and 
graft resorption was not a problem. The success 
rate was 80 % by these authors. The high rates of 
dislocation in these series were attributed to 
decreased postoperative gluteus medius function. 
The authors stressed the importance of meticu-
lous attachment of the abductors to the allograft, 
as well as postoperative abduction protection to 
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permit soft-tissue healing. Despite the relatively 
high rate of complications, reconstruction with 
large proximal femoral allografts appears to pro-
vide potentially better results than use of proxi-
mal femoral replacement prostheses. However, 
long-term follow-up will be necessary to confi rm 
these initial results.

        Femoral Impaction Grafting 

 Femoral impaction grafting has been popularized 
by Gie et al. and Slooff et al. [ 9 ,  14 ]. Impaction 
allografting technique, based on the same princi-

ples developed for acetabular reconstruction with 
the use of morcellized bone graft for the treatment 
of protrusio acetabuli, has been utilized for femo-
ral reconstruction. Impaction grafting of the 
femur makes use of special instruments that allow 
dense packing of the particulate bone graft to cre-
ate a neo-medullary canal, after which a stem is 
cemented into the graft. When full- thickness cor-
tical defects are present, they must fi rst be recon-
stituted with wire mesh or cortical bone grafts. 
The method relies on the densely packed cancel-
lous graft and cement composite for early support 
of the femoral implant (Fig.  15.7 ). Theoretically, 
with time, the graft gradually is vascularized and 

a b  Fig. 15.6    Femoral onlay 
strut allograft. ( a ) 2-year 
follow-up. ( b ) 7-year 
follow-up (complete 
incorporation of the graft)       
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incorporated. Midterm tissue retrievals subjected 
to histological analysis support this hypothesis, as 
does radiographic evidence of graft remodeling 
(visualized as conversion of the graft from an 
amorphous appearance to a more trabecular 
appearance).

      Histology of Retrieved Particulate 
Allograft for Treatment of Femoral 
Defects 

 The histology of graft incorporation on the femoral 
side comes from a few postmortem retrievals after 
impaction grafting for revision of failed femoral 
components. In these cases, particulate  cancellous 

allograft (usually fresh-frozen allograft) was packed 
very densely into the femur; a cemented femoral 
component was then inserted. At retrieval, three 
zones of the graft were identifi ed histologically: the 
“deep” layer closest to the implant, which contained 
necrotic bone embedded in cement; the “regener-
ated cortical bone” or outer layer, which was com-
posed of normal cortex and fatty bone marrow with 
few islands of dead bone; and the “interface zone,” 
which showed direct contact between methyl meth-
acrylate and osteoid with scattered giant cells [ 9 , 
 14 ]. Ullmark and Obrant [ 72 ] reported on a pro-
spective series of 19 patients treated with impaction 
femoral grafting during revision surgery. Biopsy 
specimens were obtained percutaneously from 
Gruen zones 1 and 2 at 1–48 months postopera-
tively. The authors described a healing process that 
mimics fracture healing as endochondral bone for-
mation occurs in a graft bed of morcellized and 
impacted allograft containing a fi brin clot. Within 
the fi rst month, mesenchymal stroma forms within 
the graft. Over the next few months, new apposi-
tional bone formation occurs on dead allograft tra-
beculae. Fibrous tissue invasion of the graft and new 
bone formation occurred from the periphery of the 
graft and was complete by 11 months. As noted 
above, the innermost layer of the graft bed consisted 
of dead trabecular graft with fi brous invasion but 
without evidence of graft resorption. By 48 months, 
the healing was more nearly complete, but areas of 
necrotic graft persisted.  

    Femoral Impaction Grafting 
Surgical Technique 

 The femur can be accessed through an anterior, 
posterior, or transtrochanteric approach. After the 
femoral component is removed, any remaining 
cement, fi brous tissue, or debris is removed. 
When a distal, well-fi xed cement mantle is pres-
ent, it may be left in place as the distal plug for 
the column of bone graft. Every effort should be 
made to ensure that the endosteal surface of the 
femur is clean to facilitate future graft incorpora-
tion. Before beginning the insertion of bone graft, 
the presence of a femoral tube must be confi rmed. 
When segmental defects exist, they must be con-

  Fig. 15.7    Revision total hip arthroplasty using Charnley 
Elite femoral stem and impaction grafting technique. 
Satisfactory clinical and radiological outcome at 9 years       
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tained with some type of mesh material, such as 
Vicryl (Ethicon, Piscataway, NJ) or cobalt- 
chromium mesh, or allograft struts, to create a 
continuous femoral tube. The canal is occluded 
3 cm below the most distal cavitary defi ciency or 
below the tip of the implant to be used. Cancellous 
bone graft is prepared in fragments 4–6 mm in 
size. Using a centering guide to ensure a uniform 
bone mantle, progressively sized cylindrical 
packers are used, starting at the bottom of the 
canal, to compress the morcellized bone; the 
diameter of the packers is increased until the 
canal is two-thirds full [ 9 ]. At this point, tamps of 
the same shape but larger than the real prosthesis 
are used to shape the proximal femoral endosteal 
cavity. This will create a neo-medullary canal. 
Impaction of the tamp must be vigorous enough 
to achieve rotational stability but not so vigorous 
as to fracture the femur. Once the appropriately 
sized tamp is in place, a trial reduction may be 
performed to assess leg length and soft-tissue 
tension. When the tamp is removed, vacuum- 
mixed cement is injected into the canal in a retro-
grade fashion and pressurized before inserting 
the femoral component.  

    Clinical Applications and Results 
of Impaction of Particulate Grafts 
for Femoral Reconstruction 

 Short-term clinical results of impaction grafting 
as originally reported by Gie et al. were encour-
aging in 56 hips followed for a period of 1.5–4 
years [ 9 ,  14 ,  73 ]. Both radiologic results and his-
tological data demonstrated bone graft incorpora-
tion and partial reconstitution of the bone stock. 
Halliday et al. [ 74 ] have reported on longer-term 
follow-up from the same center. In their study, 
226 hips were treated with femoral impaction 
allografting. Stem survivorship at 10 years was 
90.5 %. Fourteen stems required revision: 2 for 
infection, 10 for femoral fractures, and 2 for loos-
ening. The results have led the authors to recom-
mend the use of long stems when performing this 
technique. Cabanela et al. have reported on 53 
hips at 6.3-year follow-up. Subsidence >3 mm 
was seen in only two hips [ 9 ]. Cancellous remodeling 

was observed in 42 hips. Six fractures distal to 
the tip of the stem were noted. Other short- term 
studies of the method have reported similar good 
results, but recently several teams of investigators 
also have reported early implant failures caused 
by marked loosening and subsidence and late 
femoral fractures near the stem tip. The quality of 
the results may well be correlated with the tech-
nical quality of the procedure. This technique 
was not designed to be executed with expedi-
ency; the cancellous bone impaction must be 
done meticulously to ensure implant rotational 
and axial stability, and this takes a considerable 
amount of time. This time factor, along with the 
risk of disease transmission by the graft and the 
surging popularity of the titanium, tapered, mod-
ular prostheses that can be inserted rather quickly 
and successfully, has caused the use of impaction 
grafting to diminish considerably in the last few 
years. When done well in the proper situation, the 
results of impaction grafting are excellent. 
Furthermore, it appears to be the only technique 
capable of restoring bone stock. The use of 
impaction bone grafting has not been limited to 
revisions for aseptic loosening. Tsiridis et al. [ 75 ] 
retrospectively reviewed 89 patients with 
Vancouver type B2 and B3 periprosthetic frac-
tures treated with impaction allografting and long 
femoral stems. At 4-year follow-up, 84.3 % of 
the fractures had achieved union. English et al. 
[ 76 ] reported on the use of femoral impaction 
allografting during two-stage revisions for infec-
tion. In a series of 44 hips followed for a mean of 
4.5 years, they noted an infection-free rate of 
92.5 % and a revision rate of 2 %. The optimal 
stem design for use in impaction grafting of the 
femur is a subject of ongoing debate. The original 
proponents of the technique have advocated the 
use of a highly polished, collarless, double- 
tapered cemented stem to allow for controlled 
subsidence. However, Leopold et al. [ 77 ] demon-
strated 92 % survivorship at 6 years in 29 hips 
treated with a pre-coated, collared, cemented 
stem. Using a collared stem with impaction graft-
ing, Fetzer et al. [ 78 ] found no radiographic loos-
ening in 26 stems at an average follow-up of 6 
years. More recently Garvin et al. [ 69 ] asked 
what the survivorship of impaction bone grafting 
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was at longer follow-up, if the severity of bone 
loss was associated with failure, and, fi nally, if 
longer length stems had improved survival com-
pared with shorter stems. Between 1993 and 
2002, 78 femoral revisions were performed in 71 
patients using impaction grafting. The average 
age of the patients was 67 years (range, 33–84 
years). Sixty-nine of the 71 patients were avail-
able for follow-up evaluation. Harris hip scores 
were obtained preoperatively and postopera-
tively. Radiographs were measured for radiolu-
cent lines. Patients were followed a minimum of 
2 years (average, 10.6 years; range, 2–19 years). 
Survival of the femoral component without revi-
sion for any cause was 93 % (confi dence interval 
[CI], 83–97 %) and for aseptic loosening was 
98 % (CI, 87–100 %) at 19 years. Neither sever-
ity of bone loss nor the length of the stem pre-
dicted failure. Impaction bone grafting has a high 
survival of 93 % at the 19-year follow-up for 
patients with severe bone loss of their femur.  

    Complications of Femoral 
Impaction Grafting 

 Although intraoperative fractures were a frequent 
complication during the early experience with 
impaction allografting, it is now apparent that 
intraoperative fractures are usually technique 
related and should be avoidable. In contrast, 
postoperative femoral fractures are less likely to 
be related to the technique and more so to the 
poor quality of bone that this procedure attempts 
to address and perhaps to the bone remodeling 
process. Two strategies have been adopted to 
reduce the incidence of femoral fractures: the use 
of cortical struts and the use of longer stem 
lengths. These strategies appear to have mini-
mized complications. Although the use of corti-
cal onlay struts may reduce the risk of fracture, 
placement of these struts requires extensive strip-
ping of the femur, may adversely affect the blood 
supply to bone, and thus may affect revascular-
ization of the graft. Massive femoral subsidence 
also has been cited as a complication of this pro-
cedure; however, this may be technique related 
because most larger series show a low incidence 

of massive stem subsidence, suggesting that sur-
gical technique (density of impacted bone, resto-
ration of a cortical tube, and a longer stem) is a 
key factor in the success of the approach.   

    Induced Membrane Technique 
for Reconstruction of Bone Loss 

 Masquelet and colleagues [ 63 ,  64 ] developed the 
use of induced membrane-assisted massive auto-
graft for segmental bony defects and successfully 
managed defects ≤25 cm with associated severe 
soft-tissue injury by use of this technique. 
Reported advantages of this technique include 
protection against autograft resorption, relative 
maintenance of graft position, and prevention of 
soft-tissue interposition. This technique was dis-
covered largely by accident; the induction of this 
membrane was an unanticipated fi nding. 
Masquelet and Begue used cement spacers to 
manage infected nonunions with bone loss, and 
the resultant membrane was initially maintained 
at the time of fi nal grafting only to limit surgical 
devitalization and subsequent blood loss. In this 
two-stage technique, induced biologic mem-
branes are used with delayed placement of bone 
graft to manage this clinical challenge. In the fi rst 
stage, a polymethyl methacrylate spacer is placed 
in the defect to produce a bioactive membrane, 
which appears to mature biochemically and 
physically 4–8 weeks after spacer placement. In 
the second, cancellous autograft is placed within 
this membrane, and, via elution of several growth 
factors, the membrane appears to prevent graft 
resorption and promote revascularization and 
consolidation of new bone. The induced mem-
brane technique for reconstruction of bone loss 
exhibits promisingly clinical and radiographic 
outcomes; however, consensus and/or evidence 
regarding many aspects of the procedure is lack-
ing. In studies to date, the membrane appears to 
eliminate local soft-tissue ingrowth into the bone 
defect, prevent graft resorption, and promote 
neovascularization and corticalization of the 
graft. In addition, the membrane may have osteo-
inductive and weak osteogenic capabilities. Early 
results with this technique are encouraging. This 
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treatment method should be considered for 
patients with signifi cant lower and/or upper 
extremity bone loss.  

    Future Developments 

 Theoretical improvements in achieving bone 
ingrowth may be seen with agents such as recom-
binant bone morphogenetic proteins BMP-7 
(osteogenic protein (OP)-1) and BMP-2 used to 
enhance osteoinduction or osteogenesis. However, 
other animal studies have not shown benefi ts with 
the use of BMP-7 (OP-1) when the animal was 
allowed to load the graft, and there are no clinical 
data to recommend their use in revision knee sur-
gery. In animal studies, alterations in the graft mix 
have been used to improve the mechanical stabil-
ity of a graft/stem construct, although the effect of 
this in vivo is not known. Biomechanical and ani-
mal studies have suggested that improved stability 
can be achieved with cancellous bone particles of 
more than 2 mm with the further addition of stiffer 
particles such as ceramics, cortical bone, bovine 
bone, and hydroxylapatite [ 79 ,  80 ].     
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           Introduction 

    Terminology 

 In joint replacement surgery, the  prerequisite 
for clinical success is the achievement of 
good and fast bone-implant osseointegration. 
 Osseointegration  can be defi ned as the contact 
which intervenes, without interposition of non- 
bone tissue, between normal remodeled bone and 
an implant which can bear the distribution of load 
from the implant to and inside the bone tissue [ 1 ]. 
The contact area between the implant surface and 
the bone is called  bone-implant interface . This 
is the area where the biology of bone ingrowth 
takes place. 

  Bone ingrowth  can be defi ned as the forma-
tion of bone tissue inside the porous surface 
of an implant [ 1 ]. The ideal bone ingrowth 
should lead to osseointegration that provides 
early implant fi xation with long-term stability 
of the prosthesis. The process of osseointegra-
tion refl ects an anchorage mechanism whereby 
non-vital components can be reliably incorpo-
rated into living bone and which persist under 

all normal conditions of loading [ 2 ]. Thus, an 
implant is considered as osseointegrated when 
there is no progressive relative movement 
between the implant and the bone with which 
it has direct contact [ 3 ,  4 ]. The long-term dura-
bility of joint prostheses is critically dependent 
on adequate peri-implant bone stock which 
can be compromised by wear debris-mediated 
osteolysis. 

  Osteolysis  is a chronic infl ammatory response 
initiated by particulate debris at the bone-
implant interface and manifested by recruit-
ment of a wide array of cell types, neutrophils, 
lymphocytes, and most importantly osteoclasts, 
which are the principal resorbing cells [ 5 ]. The 
cellular response entails secretion of osteoclas-
togenic and infl ammatory cytokines that favor 
exacerbated osteoclast activity, leading to the 
 aseptic loosening  of the implanted prostheses 
(Table  16.1 ) [ 6 ].

        The Role of Pharmacological 
Agents at the Bone-Implant 
Interface 

 The increasing knowledge of bone metabolism 
mechanisms and the clarifi cation of the biologi-
cal pathways that lead to either osseointegration 
or osteolysis and aseptic loosening of an implant 
is a prerequisite in understanding the role of 
pharmacological agents applied at an experimen-
tal or clinical level and how these agents could 
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enhance osseointegration or prevent osteoly-
sis (Table  16.2 ). In this chapter we will discuss 
current research exploring the systemic or local 
administration of many pharmacological agents 
and how these factors could effectively prevent 
or treat osteolysis. In vitro and in vivo studies, 
experimental models, and clinical trials will be 
considered, and evidence-based medicine will 
also be provided.

   The agents presented in this chapter are 
practically selected according to two criteria: 
(a) they are commonly taken by the group of 
(older) patients that commonly undergo total 
joint arthroplasty, or (b) they are routinely 
 prescribed after such an orthopedic operation. 
These agents include antibiotics, anti-inflam-
matory agents, statins, antiosteoporotic agents, 
and bone anabolic factors as well as newly 
discovered biological agents administered 

systemically (orally, intravenous, or intramus-
cular) or locally (on the implant’s surface) 
(Table  16.3 ).

   Table 16.3    Investigated pharmacological agents that 
affect osseointegration   

 Positive effect  Negative effect 

 Antibiotics  Cyclosporine A 
 Anti-infl ammatory  Methotrexate 
 RANK/RANKL/OPG system  Cisplatin 
 Statins  Warfarins 
 Calcitonin  Indomethacin a  
 Bisphosphonates 
 Strontium ranelate 
 Parathyroid hormone 
 Teriparatide 
 Biocoating agents 

   a There is controversy on the role of indomethacin (see 
chapter)  

   Table 16.1    Potential reasons for implant osseointegration failure and treatment strategies   

 Reason of failure  Treatment targets 

 Wear debris  Improvement of tribology and biomechanical properties in order to decrease the 
production of bone debris 

 Transfer of wear debris into the 
effective joint space 

 1. Use of bone cement 
 2.  Implant surfaces coatings with materials (hydroxyapatite, trabecular metal) and 

rough surfaces manufactured with nanotechnology in order to stop the transfer 
of wear particles into the interface 

 Infl ammatory (cellular and 
molecular) response to wear 
debris (particle- induced 
osteolysis) 

 1.  Pharmacological agents that induce bone formation or stop osteolysis 
 2. Molecular approaches to arrest osteoclast activity 
 3. Anti-infl ammatory strategies 

 Poor peri-implant bone quality  Pharmacological agents that increase bone density and quality 

   Table 16.2    The biology of osteolytic response   

 Cell types recruited into the 
bone-implant interface 

 Phagocytes, macrophages, osteoclasts, fi broblasts, osteoblasts/stromal cells 

 Mechanisms of particle-
induced cellular activation 

 1. Particle recognition by phagocytosis of small-sized particles 
 2. Cell surface interactions with the particles including: 
  (a) Nonspecifi c physical induction of transmembrane proteins 
  (b)  Recognition of cell surface molecules by particles or proteins/factors that are 

adherent to the surface 
 Mechanisms of cellular 
reaction 

 Release large quantities of proinfl ammatory cytokines, growth factors, 
metalloproteinases, prostanoids, lysosomal enzymes, including the very critical 
TNF, IL-1 α , IL-1β, IL-6, RANKL, and PGE2 
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       Pharmacological Agents Positively 
Affecting Osseointegration 

    Antibiotics 

 There are very few studies testing the role of anti-
biotics on the bone-implant interface after total 
arthroplasty implantation. However, such studies 
would be very useful, because all patients take 
antibiotic chemoprophylaxis for a few days post-
operatively after a joint arthroplasty and the 
knowledge of how antibiotics could affect 
implant osseointegration would be very useful. 
There is one in vitro and in vivo study [ 7 ] that 
explored the effect of doxycycline (DOX) on 
osteoclastogenesis, mature osteoclast fate and 
function, and wear particle-induced osteolysis 
and provided some foundation for treating asep-
tic loosening and osteolysis after joint arthro-
plasty. Doxycycline is a semisynthetic antibiotic, 
member of the tetracycline group, and is com-
monly used to treat a variety of infections. In this 
study, osteoclasts were generated from mouse 
bone marrow monocytes with the receptor activa-
tor of NF-kappaB ligand and a macrophage col-
ony-stimulating factor. DOX at a concentration 
of 5, 10, 15, and 20 μg/mL was respectively 
added to the medium. Seven days later, the osteo-
clasts were determined through tartrate-resistant 
acid phosphatase (TRAP) staining. Mature osteo-
clasts were isolated from newborn rabbits and 
cultured for 3 days in 24-well plates or on bone 
slices. DOX at a concentration of 5, 10, 15, and 
20 μg/mL was respectively added to the medium. 
After TRAP staining, the osteoclasts were 
counted, resorption on bone slices was quanti-
fi ed, and the area was calculated after toluidine 
blue and Mayer’s hematoxylin staining. 
Polymethyl methacrylate (PMMA) or ultra-high 
molecular weight polyethylene (UHMWPE) par-
ticles were implanted on the calvariae of C57BL/
J6 mice. DOX, at a dose of 2 and 10 mg × kg(−1) 
× d(−1), was respectively given intraperitoneally 
for 7 days. Seven days later, the calvariae were 
removed and processed for pathological analysis. 

The results of the study showed that DOX treat-
ment effectively inhibited in vitro osteoclasto-
genesis, affected the fate of mature osteoclasts, 
and inhibited mature osteoclasts, causing bone 
resorption. In vivo data indicated that DOX 
strongly inhibited PMMA- or UHMWPE- 
induced osteolysis and osteoclastogenesis. In 
conclusion, DOX can be useful in the treatment 
or prevention of wear particle-induced osteolysis 
and aseptic loosening because of its effect on 
osteoclast generation and mature osteoclast fate 
and function. In another in vitro study [ 8 ], eryth-
romycin, a macrolide antibiotic, suppressed wear 
debris-induced osteoclastic bone resorption. 
Erythromycin signifi cantly inhibited mRNA 
expression of NF-kappaB, cathepsin K (CPK), 
IL-1beta, and TNF-α, but not RANK in mice 
cells stimulated with wear debris. Furthermore, 
electrophoretic mobility-shift assay showed that 
erythromycin could reduce the DNA-binding 
activity of NF-kappaB in the same cells. The 
inhibition of infl ammatory osteoclastogenesis by 
erythromycin treatment was further confi rmed by 
an osteoclast formation assay using primary cul-
tures of mouse bone marrow progenitor cells 
stimulated with macrophage colony-stimulating 
factor and RANKL. Erythromycin treatment 
resulted in more than 70 % reduction in multinu-
cleated osteoclast formation and 50 % reduction 
of TRAP + cells by bone marrow progenitor cells. 
It appears that antibiotics represent a potential 
therapeutic candidate for the treatment and pre-
vention of aseptic loosening, but clinical studies 
are needed to produce data that would confi rm 
the in vitro and in vivo results.  

    Anti-infl ammatory Agents 

 Anti-infl ammatory agents have proved effective 
when used in the treatment of osteolysis in ani-
mal models. Gene therapy with the anti- 
infl ammatory cytokines IL-1Ra or viral IL-10 
protects mice from the polyethylene debris- 
induced osteolysis [ 9 ]. Inhibition of TNF-α 
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action by deletion of genes encoding TNF 
 receptors reduced PMMA- and titanium debris- 
induced infl ammation [ 10 ,  11 ]. In animal models, 
the administration of TNF antagonists, such as 
etanercept (a decoy receptor) and pentoxifylline 
(an inhibitor of secretion), diminished the 
particle- induced osteolysis [ 12 ,  13 ]. However, 
despite the encouraging animal studies, it is not 
well understood how anti-TNF factors would 
prevent human osteolysis. There are studies 
reporting elevated levels of TNF-α in the peri-
prosthetic tissues and the joint synovial fl uid of 
patients with osteolysis [ 14 – 16 ], while other 
studies found these as lower than in control 
groups or as undetectable [ 17 ,  18 ]. This confu-
sion is (a) partially related to the measurement 
methods used, which are nonquantitative (mRNA 
detection) or semiquantitative (e.g., immunohis-
tochemistry or in situ hybridization approaches) 
and cannot be reliably translated into quantitative 
measurements [ 19 – 23 ], and (b) partially because 
human TNF is involved only in the early stages 
of pathogenesis, but not in the end stages of 
osteolytic progression. According to the current 
data, it is uncertain whether TNF-α and other 
proinfl ammatory cytokines are elevated in the 
end-stage osteolysis interface area, and they may 
not be useful pharmacological targets for treating 
patients with established disease. IL-4 is also 
secreted by T lymphocytes, as the abovemen-
tioned IL-10, and is effective in antagonizing 
proinfl ammatory cytokine actions. Recently, IL-4 
messenger RNA was found more frequently in 
patients with non-erosive than erosive disease 
(38 % vs. 15 %) [ 24 ]. These fi ndings provide 
indirect evidence that IL-4 has bone-sparing 
effects in vivo. After this fi nding, a study with a 
mouse model of adjuvant-induced arthritis con-
fi rmed that IL-4 adenoviral gene therapy reduced 
infl ammation, inhibited proinfl ammatory 
 cytokine secretion, and spared bone destruction 
[ 24 ]. Although a direct role of interferons in 
particle- induced osteolysis has not yet been 
established, it seems that INF-γ(gamma) blocks 
peri-implant bone loss. IFN-γ interferes with the 
RANK/RANKL signal transduction in osteo-
clasts and their precursors. It reduces degradation 
of tumor necrosis factor receptor-associated 

 factor 6 (TRAF6), a RANK adaptor protein. This 
action results in failure to activate RANK down-
stream signals such as NF-kB and cJun/JNK 
pathways [ 24 ].  

    The RANK/RANKL/OPG System 

 The critical role of RANKL in inhibiting osteo-
clastogenesis makes this cytokine a very interest-
ing pharmacological agent for the therapy of 
osteolysis. In animal models, RANK:Fc and 
osteoprotegerin have been utilized to prevent 
osteolysis [ 25 – 27 ]. Based on the experimentally 
established knowledge of osteoclast involvement 
in the process of peri-implant osteolysis and the 
requirements of receptor activator of NF-kappaB 
(RANK) signaling in osteoclastogenesis and 
bone resorption, the effi cacy of RANK blockade 
in preventing and ameliorating particle-induced 
osteolysis has already been investigated. In a tita-
nium (Ti)-induced osteolysis in a mouse calvaria 
model [ 27 ], all doses of RANK:Fc above 1 mg/
kg intraperitoneally (ip) per 48 h signifi cantly 
inhibited osteoclastogenesis and bone resorption 
in response to Ti implanted locally. Complete 
inhibition occurred at 10 mg/kg ip per 48 h, 
yielding results that were statistically equivalent 
to data obtained with Ti-treated RANK knockout 
mice. In the same study, after a single injection of 
RANK:Fc on day 5 of established osteolysis, it 
was found that Ti-treated mice were still depleted 
of multinucleated tartrate-resistant acid 
phosphatase- positive (TRAP+) cells 16 days 
later. More importantly, this osteoclast depletion 
did not affect bone formation because the bone 
lost from the osteolysis on day 5 was restored by 
day 21. An assessment of the quantity and quality 
of the newly formed bone in these calvariae by 
calcein labeling and infrared (IR) microscopy, 
respectively, showed no signifi cant negative 
effect of RANK:Fc treatment. These fi ndings 
show that osteoclast depletion via RANK block-
ade is an effective method of preventing and 
reversing wear debris-induced osteolysis without 
jeopardizing osteogenesis. An important factor 
known to counteract the process of RANKL- 
induced osteoclastogenesis and osteoclastic bone 
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resorption is the natural RANKL receptor 
 antagonist protein osteoprotegerin (OPG). In a 
mouse calvaria model [ 25 ], the potential of ex 
vivo OPG gene therapy for aseptic loosening was 
explored by evaluating the effi cacy of stably 
transfected fi broblast-like synoviocytes (FLS) 
expressing OPG in preventing wear debris-
induced osteoclastogenesis. Although the stably 
transfected fi broblasts produced small amounts 
of OPG, this protein was very effective in pre-
venting osteoclastic resorption as determined in a 
bone wafer assay. More importantly, implanta-
tion of FLS expressing OPG, together with Ti 
wear debris, onto the calvaria of mice, completely 
inhibited osteoclastogenesis 3 days after surgery. 
Animals given FLS control cells, which persisted 
for 3 days as determined by X-gal staining, 
together with the Ti particles, had a 6-fold 
increase in osteoclastogenesis compared to con-
trols without Ti. This increased osteoclastogene-
sis was completely inhibited by the FLS-OPG, as 
osteoclast numbers in the calvaria of these ani-
mals were similar to those seen in the sham con-
trols. In accordance with these fi ndings, there is 
another experimental study [ 26 ] investigating 
whether a gene therapy using a recombinant 
adeno- associated viral vector that expresses OPG 
(rAVV-OPG) can inhibit wear debris-induced 
osteolysis. Treatment with rAAV-OPG reduced 
resorption sevenfold compared with parathyroid 
hormone-stimulated controls and 11-fold com-
pared with rAAV-non-OPG controls. Furthermore, 
a 17-fold decrease in RANKL and macrophage 
colony-stimulating factor-induced splenocyte 
osteoclastogenesis was observed in cocultures 
containing rAAV-OPG-infected fi broblasts. In 
vivo administration of rAAV-OPG resulted in 
detectable transduction of myocytes at the injec-
tion site and a signifi cant increase in expression 
of serum OPG levels by the second day ( p  < 0.05). 
Maximal concentrations were obtained on day 6 
and then leveled off throughout the observation 
period. In contrast, serum OPG could not be 
detected in the sham-treated, uninfected titanium- 
stimulated, or rAAV- non-OPG-infected mice. In 
the control mice, titanium implantation resulted 
in a threefold increase in the mean number of 
osteoclasts as well as a twofold increase in the 

mean area of soft tissue compared with the sham- 
treated mice. In contrast, osteoclast numbers 
remained at basal levels, and the area of soft tis-
sue was markedly reduced in titanium-implanted 
animals that had received rAAV-OPG treatment, 
demonstrating a complete inhibition of osteolysis 
in response to titanium particles. In conclusion, 
OPG effectively inhibits wear debris-induced 
osteoclastogenesis and osteolysis. The clinical 
relevance of the above fi ndings is the fi rst evi-
dence that in vivo OPG gene therapy can be used 
to prevent wear debris-induced osteolysis. 
Recently, data from cell-based OPG therapy for 
debris-induced prosthetic loosening on murine 
models [ 28 ,  29 ] suggested that cell-based ex vivo 
OPG gene therapy was comparable in effi cacy 
with in vivo local gene transfer technique to 
deliver functional therapeutic OPG activities. 
Furthermore, these studies show that OPG gene 
therapy effectively halted the debris-induced 
osteolysis, reduced local bone collagen loss, and 
restored the implant stability in these murine 
models. At a clinical level, the development of 
denosumab [ 30 ], a fully human monoclonal anti-
body that acts by binding to and inhibiting 
RANKL, could be a potential pharmacological 
agent that could lead to loss of osteoclasts at the 
bone-implant interface area and thus positively 
affect osseointegration. However, there are still 
no clinical studies proving this hypothesis.  

    Statins 

 Statins have been also considered as possible phar-
macological agents for osteolysis due to their role 
in blocking the mevalonate pathway. The recent 
discovery that statins act as bone anabolic factors 
suggests that these pharmacological agents can 
have a potential effect not only on the treatment 
of osteoporosis but also on implant osseointegra-
tion. Simvastatin is a hydroxymethylglutaryl- 
coenzyme A (HMG- CoA) reductase inhibitor and 
a potent lipid- lowering drug [ 30 ]. In addition to 
a lipid-lowering effect, it stimulates bone growth, 
mostly by increasing the expression of BMP-2 
and BMP-4, but it also has osteogenic effects 
independent of these factors [ 30 ,  31 ]. Although 
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the detailed mechanism of this osteogenic action 
of simvastatin is still unclear, rho-kinase inhibi-
tion, differentiation of endothelial progenitor 
cells with Akt protein kinase, and osteoblastic 
differentiation and its effect on vitamin K metab-
olism are possible explanations for the mode of 
action [ 31 – 33 ]. Clinically, simvastatin has also 
been shown to increase bone mineral density and 
reduce the incidence of osteoporotic fractures in 
several retrospective series [ 30 – 32 ]. Preliminary 
studies in murine calvarial models [ 33 ,  34 ] 
show that simvastatin treatment markedly pro-
moted bone formation and net bone growth and 
decreased osteolysis in UHMWPE particle-
induced osteolysis. These early fi ndings suggest 
that simvastatin may have favorable osteoana-
bolic effects on wear debris-mediated osteolysis 
after total joint arthroplasty and thus may have a 
role in noninvasive prevention and treatment of 
wear debris- mediated periprosthetic osteolysis. 
More recently, in an in vitro study [ 35 ], simv-
astatin-loaded titanium porous surfaces were 
used to investigate the effect of simvastatin on 
the promotion of osteogenesis in preosteoblasts. 
The control group consisted of cells cultured on 
titanium disks without any intervention for dif-
ferent time intervals (4, 7, and 14 days), and the 
experimental groups (simvastatin-loaded groups) 
consisted of cells cultured on titanium disks that 
were preincubated in varying concentrations 
(10(−7) mol/L, 10(−6) mol/L, 10(−5) mol/L, and 
10(−4) mol/L) of simvastatin for the same time 
intervals of the control group. Alkaline phospha-
tase (ALP) activity, type I collagen synthesis, 
and osteocalcin release were used to measure the 
cellular osteoblastic activities. The simvastatin-
loaded groups showed increased alkaline phos-
phatase (ALP) activity compared with the control 
group at every time point, especially the 10(−7) 
mol/L group, in which activity signifi cantly 
increased almost fourfold at 4 days ( p  < .05). In 
the type I collagen synthesis assay, all simvas-
tatin-loaded groups showed an increase, and the 
effect was inverse dose dependent (maximal at 
10(−7) mol/L). This stimulatory effect of simvas-
tatin was also observed in the osteocalcin release 
assay ( p  < .05; at 10(−7) mol/L, 10(−6) mol/L, 
maximal at 10(−7) mol/L). The results indicate 

that simvastatin- loaded porous implant surfaces 
promote accelerated osteogenic differentiation 
of preosteoblasts, which have the potential to 
improve the nature of osseointegration. 

 Realizing this potential for improving osseo-
integration, research has been already performed 
on how simvastatin can affect osseous response 
in animal arthroplasty models by its stimulatory 
effect on bone growth. In these in vivo animal 
studies with canine total hip arthroplasty models 
[ 36 ], rabbit titanium femoral implantation mod-
els [ 37 ], and osteoporotic or non-osteoporotic rat 
titanium tibial implantation models [ 38 ,  39 ], sim-
vastatin was examined mechanically and histo-
logically in bone growth. The fi ndings show that 
simvastatin, administered either orally or by 
injection, enhanced peri-implant bone ingrowth 
and contributed signifi cantly to implant osseoin-
tegration. However, controlled clinical trials are 
needed to determine the role of simvastatin in the 
enhancement of bone ingrowth and osseointegra-
tion in cementless fi xation in total and revision 
joint replacement and in the prevention of early 
migration of cementless prostheses especially in 
severely osteoporotic patients.  

    Calcitonin 

 Calcitonin is a commonly used antiosteoporosis 
drug in current clinical practice; it has also been 
confi rmed experimentally that it produces the 
effect of promoting osseointegration at the inter-
face between prosthesis and host bone and 
enhances the long-term stability of the prosthesis. 
Early animal studies have evaluated the effects of 
calcitonin administration on bone healing follow-
ing titanium implant insertion. In a rabbit study 
[ 40 ], the infl uence of salmon calcitonin adminis-
tration on the initial period of bone healing was 
fi rst evaluated after the insertion of titanium 
implants in the femur of healthy animals. Animals 
were randomized to provide test (calcitonin) and 
control (saline solution) groups and sacrifi ced 7, 
14, 21, 28, and 42 days after the surgical proce-
dure. The analyzed parameters were new endos-
teal/periosteal bone length (EB/PB), new 
endosteal/periosteal bone area (EBA/PBA), and 
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total cortical length (TCL). The histometric mea-
surements performed showed signifi cant differ-
ences ( p  < 0.05) favoring the control group 
regarding periosteal bone length and periosteal 
bone area. The other parameters were statistically 
similar between control and test groups. The 
results did not show any signifi cant benefi ts of 
calcitonin. However, the data observed for the 
6-week (42 days) group indicated that calcitonin 
administration could promote some improve-
ment after the initial phase of bone healing. 
Therefore, another experimental rabbit study was 
carried out to investigate the effects of calcitonin 
administration on the later period of bone healing 
following titanium implant insertion [ 41 ]. The 
animals were sacrifi ced at later stages: 6, 8, 12, 
and 18 weeks after surgery. Endosteal/periosteal 
bone length (EB/PB), endosteal/periosteal bone 
area (EBA/PBA), and total cortical length (TCL) 
around the implants were analyzed. After 6, 8, 
12, and 18 weeks, a positive time effect was 
strongly observed ( p  < 0.05). There was a positive 
effect of calcitonin on EBA and EB variables at 
12 weeks and TCL at 18 weeks. It seems that 
salmon calcitonin administration has a positive 
effect on peri-implant bone mass at the later 
stages of bone healing. However, further investi-
gations should be carried out to determine if the 
greater extension observed histologically in these 
studies represents mechanical benefi ts to the 
implants. Another question is if calcitonin admin-
istration could prevent or reduce wear debris 
osteolysis around the implants. A very recent 
experimental animal study has investigated the 
impact of calcitonin defi ciency and calcitonin 
substitution on particle-induced osteolysis [ 42 ]. 
The murine calvarial osteolysis model based on 
ultra-high molecular weight polyethylene 
(UHMWPE) particles in wild-type (WT) mice 
and Calca knockout mice was used. Calca gene 
codes for calcitonin. The mice were divided into 
six groups: WT without UHMWPE particles 
(Group 1), WT with UHMWPE particles (Group 
2), Calca −/− mice without UHMWPE particles 
(Group 3), Calca −/− mice with UHMWPE par-
ticles (Group 4), Calca −/− mice without 
UHMWPE particles and calcitonin substitution 
(Group 5), and Calca −/− mice with UHMWPE 

particle implantation and calcitonin substitution 
(Group 6). Analytes were extracted from serum 
and urine. Bone resorption was measured by 
bone histomorphometry. The number of osteo-
clasts was determined by counting the tartrate- 
resistant acid phosphatase positive (TRACP +) 
cells. Bone resorption was signifi cantly increased 
in Calca −/− mice compared with their corre-
sponding WT. The eroded surface in Calca −/− 
mice with particle implantation was reduced by 
20.6 % after CT substitution. Osteoclast numbers 
were signifi cantly increased in Calca −/− mice 
after particle implantation. Serum OPG (osteo-
protegerin) increased signifi cantly after CT sub-
stitution. In this very interesting study, Calca 
−/− mice showed extensive osteolysis compared 
with wild-type mice, and CT substitution reduced 
particle- induced osteolysis. 

 The reason why calcitonin has not been clini-
cally tested as monotherapy for the prevention or 
reduction of the osteolysis phenomenon or the 
enhancement of implant osseointegration is that 
bisphosphonates produce more pronounced 
effectiveness when compared to calcitonin. A 
recent experimental rat study compared the 
effects of the two commonly used antiosteoporo-
sis drugs, alendronate (ALO) and calcitonin 
(CT), on the bone–prosthesis osseointegration to 
provide a valuable reference for current clinical 
choices of medication [ 43 ]. Animals were ran-
domly set into A, B, C, and D groups. Except for 
Group A, the others were ovariectomized to 
establish osteoporosis models (lumbar bone min-
eral density (BMD) decreased by 20 % 4 weeks 
after ovariectomy). All the rats received prosthe-
sis implantation at their tibial plateau. Then, the 
rats in Groups C and D were given ALO (7 mg/
kg/week) orally and CT (5 IU/kg/day) subcutane-
ously for 12 weeks, respectively. Prior to the 
execution, application of tetracycline hydrochlo-
ride for staining in vivo was done. After harvest-
ing and embedding, the tibia with implants were 
cut into thin slides, then the bone histomorphom-
etry was measured to observe the new bone 
around the prosthesis and to calculate the osseo-
integration rate of the implants. According to the 
fi ndings of this study, both ALO and CT can 
effectively enhance the volume of bone mass 
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 surrounding the hydroxyapatite (HA) prosthesis 
and also signifi cantly lever up the osseointegra-
tion rate to 63.7 and 45.7 %, respectively 
( p  < 0.05). However, ALO produced a greater 
periprosthesis osseointegration rate than CT, with 
a difference of 18 % ( p  < 0.05). The rats’ lumber 
BMD increased in both ALO and CT groups, 
from 0.081 ± 0.009 and 0.078 ± 0.009 to 
0.116 ± 0.008 and 0.109 ± 0.010 g/cm, respec-
tively, but the effect of ALO was more pro-
nounced than that of CT. The research proved 
that in osteoporotic conditions, both administra-
tion of ALO orally and CT subcutaneously can 
enhance periprosthesis bone mass and the effects 
on osseointegration between host bone and pros-
thesis. However, bisphosphonates seem to pro-
duce a more pronounced effect than calcitonin.  

    Bisphosphonates 

 Bisphosphonates have been considered as thera-
peutic pharmacological agents for osteolysis. 
This is based on their role in the osteoclastic 
apoptosis by blocking the mevalonate pathway 
of isoprenoid biosynthesis [ 44 ]. In animal stud-
ies, alendronate administration inhibited particle 
debris-induced peri-implant osteolysis [ 45 – 47 ]. 
Zoledronic acid single-dose administration sup-
pressed particle-induced osteolysis in mouse cal-
varia [ 48 ]. In a rabbit femoral model, alendronate 
and zoledronate treatment increased peripros-
thetic bone stock particularly in the presence 
of UHMWPE wear debris [ 49 ]. In a rat model, 
animals were fi tted with femoral external fi x-
ators, and alendronate was administered once 
a week during a 5-week postoperative period. 
Alendronate reduced the width of the fi brous loos-
ening membrane and the number of  osteoclasts at 
the bone-screw interface. These fi ndings indicate 
that systemic treatment with alendronate exerts 
an inhibitory effect on local bone resorption at 
the bone-screw interface [ 50 ]. The effect of zole-
dronic acid on bone ingrowth was examined in 
a dog model in which porous tantalum implants 
were placed bilaterally within the ulnae of even 
dogs [ 51 ]. Zoledronic acid was administered via 
a single postoperative intravenous injection at 

a dose of 0.1 mg/kg. The mean extent of bone 
ingrowth was 6.6 % for the control implants and 
12.2 % for the zoledronic acid- treated implants, 
a difference which was statistically signifi cant. 
Individual islands of new bone formation within 
the implant pores were similar in number in both 
groups but were 69 % larger in the zoledronic 
acid-treated group. According to these fi ndings, 
zoledronic acid causes enhancement of bone 
ingrowth into porous implants. 

 Avoiding the side effects of systematic admin-
istration (oral or intravenous) of bisphospho-
nates, local delivery and elution of these 
pharmacological agents is a new fi eld of research. 
In animal studies, orthopedic implants are tested 
as drug delivery systems in experimentally 
induced osteoporosis. The aim of such studies is 
to show that local elution of a bisphosphonate 
can cause substantial bone augmentation around 
and within porous orthopedic implants. In a dog 
study [ 52 ], pure porous implants ( control group ) 
or zoledronic acid-dosed (0.05 mg) porous 
implants ( study group ) were implanted intramed-
ullary into the ulnae of the animals. The peri- 
implant bone occupied a mean of 13.8 % of the 
canal space in controls and 32.2 % of the canal 
space in zoledronic acid-dosed dogs, a relative 
difference of 134 % (2.34-fold) that was signifi -
cant. The mean extent of bone ingrowth was 
12.5 % for the control implants and 19.8 % for 
the zoledronic acid-dosed dogs, a relative differ-
ence of 58 % that was also statistically signifi -
cant. Individual islands of new bone formation 
with the implant pores were similar in number in 
both implant groups but were 71 % larger on 
average in the ZA-dosed group. In an osteopo-
rotic rat model [ 53 ], implants were used with dif-
ferent zoledronate concentrations in HA coating: 
0, 0.2, 2.1, 8.5, and 16 μg/implant. A remarkable 
result showed the existence of a window of zole-
dronate content (0.2–8.5 μg/implant) in which 
the mechanical fi xation of the implant increased. 
More recent experimental animal studies have 
used soaked morselized allografts in different 
concentrations of bisphosphonates for impaction 
grafting techniques. It is known that impaction 
grafting enhances early implant fi xation but very 
often is subject to resorption. The purpose of 
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such studies was to show that the local use of 
bisphosphonates could inhibit allograft resorp-
tion or even better enhance fi xation. In a pilot 
dose–response study [ 54 ], unloaded titanium 
implants surrounded by a 2.5 mm gap into the 
proximal humerus of dogs were fi lled with 
impacted morselized allograft soaked in saline 
(control group) or a low-, middle-, or high-dose 
bisphosphonate solution (0.005, 0.05, or 0.5 mg 
zoledronate/mL). At 4 weeks, the implants were 
evaluated by histomorphometric analysis and 
mechanical pushout test. The low dose of zole-
dronate increased new bone formation in the 
allograft, but the high dose decreased new bone 
formation. The high dose of zoledronate resulted 
in the greatest inhibition of allograft resorption, 
whereas the low dose of zoledronate resulted in 
the lowest inhibition of allograft resorption. 
Implant surrounded by allograft soaked in the 
low dose of zoledronate or saline had better fi xa-
tion for all three mechanical parameters com-
pared with implants surrounded by allograft 
soaked in the middle or high dose of zoledronate. 
These data suggest bisphosphonate may enhance 
osseointegration of allografted implants. In con-
clusion, the concept of the above animal studies 
represents a potential tool for restoration of bone 
stock and enhancement of implant fi xation in pri-
mary and revision cementless joint arthroplasty 
surgeries in the face of compromised or defi cient 
bone. An issue that needs to be clarifi ed is 
whether locally eluted bisphosphonate remains 
localized around the peri-implant area and the 
interface or becomes systemically distributed. In 
a dog study [ 55 ], hydroxyapatite-coated porous 
tantalum implant dosed with 100 μg (14)
C-labeled zoledronic acid was implanted into the 
femoral intramedullary canal. Bone samples near 
to and distant from the implant were harvested 
from three dogs at 6 weeks and three dogs at 52 
weeks. The concentration of radiolabeled 
bisphosphonate in each sample was quantifi ed 
using liquid scintillation spectrophotometry, and 
its distribution in peri-implant bone was revealed 
by exposing histologic sections to autoradiogra-
phy fi lm. In all dogs, the concentration of zole-
dronic acid in immediate peri-implant bone was 
two orders of magnitude higher than in any other 

sampled tissue. Minute amounts of zoledronic 
acid were detected throughout the skeleton, indi-
cating some escape into the circulation after local 
elution. Autoradiographs revealed the greatest 
concentration of zoledronic acid on and within 
the implant, with a rapid decrease short distances 
away and no uptake within the femoral cortex. 
The fi ndings of this study prove that zoledronic 
acid eluted from the implant remains mainly 
localized with minimal systemic distribution. 
The clinical relevance of these fi ndings is that 
local bisphosphonate elution reduces the risk of 
systemic side effects and skeletal bisphosphonate 
exposure. This becomes very important in non- 
osteoporotic patients in that whom there is no 
indication for systemic exposure to 
bisphosphonates. 

 On a clinical basis, the effectiveness of 
bisphosphonates in treating patients with osteoly-
sis was initially unclear. Pamidronate treatment 
shortly after total hip arthroplasty transiently 
decreased postoperative bone loss and contrib-
uted to the prevention or delay of osteolysis [ 56 ]. 
However, this effect was lost by 2 years postop-
eratively, and it is not known whether additional 
regimens would have maintained the positive 
effect of pamidronate. It has been suggested that 
the high local levels of TNF at the initial phase of 
the osteolytic progress could protect the osteo-
clasts from bisphosphonate-induced apoptosis 
[ 57 ]. This theory renders the early administration 
of bisphosphonates after a total hip arthroplasty 
useless. However, this theory has not been proved 
on a clinical basis since more recent clinical stud-
ies have revealed a positive effect of bisphospho-
nates on osseointegration. Alendronate was 
tested in osteoporotic human patients who had 
sustained pertrochanteric fractures [ 58 ]. Fractures 
were fi xed with the use of a trochanteric fi xator 
and hydroxyapatite-coated pins. In the patients 
who received an oral dose of 70 mg of alendro-
nate per week, the extraction torque increased 
twofold with the pins implanted in cancellous 
bone when compared with a control group. In the 
last decade, many clinical studies have shown the 
positive role of systemic administration of 
bisphosphonates on the peri-implant bone min-
eral density (BMD) after total hip and knee 
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arthroplasty [ 59 ,  60 ] as well as the therapeutic 
effect against local osteoporosis after cementless 
total hip arthroplasty [ 61 ]. Recently, a population- 
based retrospective cohort study [ 62 ] has revealed 
that in patients undergoing lower limb arthro-
plasty, bisphosphonate use was associated with 
an almost twofold increase in implant survival 
time. All patients underwent primary total arthro-
plasty of the knee ( n  = 18,726) or hip ( n  = 23,269) 
during 1986–2006 within the UK’s General 
Practice Research Database. Patients with a his-
tory of hip fracture before surgery or rheumatoid 
arthritis and individuals younger than 40 years at 
surgery were excluded. Bisphosphonate users 
were classifi ed as patients with at least six pre-
scriptions of bisphosphonates or at least 6 months 
of prescribed bisphosphonate treatment with 
more than 80 % adherence before revision sur-
gery. Of 41,995 patients who underwent primary 
hip or knee arthroplasty, 1,912 bisphosphonate 
users were identifi ed, who had a lower rate of 
revision at 5 years than nonusers (0.93 % (95 % 
confi dence interval 0.52–1.68 %) vs. 1.96 % 
(1.80–2.14 %)). Implant survival was signifi -
cantly longer in bisphosphonate users than in 
nonusers in propensity-adjusted models (hazard 
ratio 0.54 (0.29–0.99),  p  = 0.047) and had an 
almost twofold increase in time to revision after 
hip or knee arthroplasty (time ratio, 1.96 (1.01–
3.82)). Assuming 2 % failure over 5 years, the 
estimated number to treat to avoid one revision 
was 107 for oral bisphosphonates. However, 
these impressive fi ndings require replication and 
testing in experimental studies for confi rmation. 

 To determine the short- and long-term effect 
of bisphosphonates on periprosthetic bone min-
eral density after THA, computerized searches 
for randomized, controlled trials evaluating the 
use of alendronate in patients treated with 
cementless primary THA were conducted [ 63 ]. A 
review of PubMed, the Cochrane Central Register 
of Controlled Trials, Web of Science, and Embase 
from their inception to May 2010 was completed, 
and the methodological quality and abstracted 
relevant data were assessed. Of 310 citations that 
were initially identifi ed, 5 studies assessing 146 
patients were reviewed. These studies showed 
that signifi cantly less periprosthetic bone loss 

had occurred in the alendronate-treated group 
than in the placebo-treated group during the 
short-term period after THA. For long-term 
investigation, the studies reported that the peri-
prosthetic bone density was slightly higher in the 
alendronate-treated group compared to the 
placebo- treated group, but the differences did not 
reach statistical signifi cance. This systematic 
review suggests that alendronate has a benefi cial 
effect with regard to preservation of peripros-
thetic bone short term after cementless THA. 
However, the study could not provide enough 
evidence that the positive effect noted in the early 
postoperative period is maintained long term. A 
longer follow-up with a larger number of partici-
pants is needed to confi rm the outcome of 
cementless THA patients treated with alendro-
nate or other bisphosphonates. In conclusion, 
several bisphosphonates are intensively tested, 
especially alendronate, pamidronate, and zole-
dronate, with either systemic (oral, iv) or local 
(localized drug delivery from implant coatings) 
administration in animal and clinical studies. 
Most of these studies show that bisphosphonates 
(a) increase peri-implant BMD in cementless 
prostheses, (b) increase peri-implant BMD even 
in cemented prostheses when administered sys-
temically, (c) reduce or prevent particle-induced 
osteolysis, (d) reduce or prevent peri-implant 
osteopenia induced by the stress-shielding phe-
nomenon, (e) enhance osseointegration of 
cementless prostheses at the level of bone- 
implant interface, (f) increase implant mechani-
cal stability, and (g) eventually positively effect 
the long-standing durability of the prostheses. 
However, there are still many questions to be 
answered: (a) there are still no studies comparing 
treatment with different bisphosphonates in order 
to investigate which bisphosphonate is the most 
effective, (b) there are no studies providing 
enough evidence that the positive effect of 
bisphosphonates treatment – noted in the early 
postoperative period – is maintained long term, 
and (c) there are no studies comparing systemic 
with the local administration of bisphosphonates 
in terms of osseointegration enhancement, peri- 
implant BMD increase, osteolysis prevention, as 
well as implant survival time.  
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    Strontium Ranelate 

 Strontium ranelate is well known as an effective 
antiosteoporotic agent because of its dual effect 
of anti-resorbing and bone-forming activity. 
There are several recent studies testing this phar-
macological agent, hypothesizing that if stron-
tium ranelate has a peri-implant bone anabolic 
effect, then it would eventually improve biomate-
rial properties and implant osseointegration. In a 
rabbit hip replacement model, strontium- 
containing hydroxyapatite (Sr-HA) cement, in 
which 10 % calcium ions were substituted by 
strontium, was implanted [ 64 ]. Six months later, 
the morphology and chemical composition of 
interfaces between Sr-HA cement with cancel-
lous bone and cortical bone were evaluated by 
fi eld emission scanning electron microscopy 
(FESEM) and time-of-fl ight secondary ion mass 
spectrometry (ToF-SIMS). Remarkable differ-
ences between these two interfaces were sug-
gested in both morphology and chemical 
compositions. Regarding morphology, an apatite 
layer was found between Sr-HA cement and can-
cellous bone with a thickness of about 70 μm, but 
only a very thin interface (about 1 μm) was 
formed with cortical bone. Regarding chemical 
compositions, at the cancellous bone-cement 
interface, high ion intensities of Ca, P, Sr, Na, and 
O were confi rmed by FESEM–EDX and ToF- 
SIMS. These differences in morphology and 
chemical component between the two interfaces 
provide convincing evidence for the proposed 
dissolution–precipitation coupling mechanism in 
the formation of biological apatite. Furthermore, 
local administration of strontium ranelate by elu-
tion from the prosthesis surface shows the 
 anabolic effect of this pharmacological agent of 
increasing periprosthetic bone formation. In a rat 
study, titanium implants were inserted into the 
proximal tibias of Sprague–Dawley female rats 
[ 65 ]. During the 8 weeks following implantation, 
the animals received oral strontium ranelate 5 
days a week (625 mg/kg/day) or a saline vehicle. 
Pullout strength, micro-CT, and nano-indenta-
tion were assessed on the implanted tibias. 
Strontium ranelate signifi cantly increased pull-
out strength compared to controls (+34 %). This 

was associated with a signifi cant improvement of 
bone microarchitecture around the implant with 
a more plate-shaped structure and an increase in 
bone-to- implant contact (+19 %). Furthermore, 
strontium ranelate had a signifi cant benefi cial 
effect on parameters of bone biomaterial proper-
ties at both cortical (modulus + 11.6 %, hard-
ness + 13 %) and trabecular areas (modulus + 7 %, 
hardness + 16.5 %). The improvement of biome-
chanical properties was associated with an 
improvement of implant osseointegration, lead-
ing to the conclusion that strontium ranelate has 
a positive effect both on bone microarchitecture 
and on bone biomaterial properties in the bone- 
implant interface and peri-implant bone area. In 
another rat study, systemic administration of 
strontium ranelate was tested for dose-dependent 
results [ 66 ]. Twelve weeks after being ovariecto-
mized (OVX group,  n  = 30) or sham operated 
(control group,  n  = 10), 40 female Sprague–
Dawley rats received unilateral hydroxyapatite 
(HA)-coated titanium screws in the proximal 
tibiae. The OVX rats were randomly divided into 
the following groups: OVX, OVX + SRL (“L” 
refers to low SR dose of 500 mg/kg/day), and 
OVX + SRH (“H” refers to high SR dose of 
1,000 mg/kg/day). Twelve weeks after treatment, 
bone blocks with implants were evaluated with 
micro-CT and biomechanical pushout tests. 
Compared to OVX animals, SR treatment 
increased the bone volume ratio by 51.5 % and 
1.1-fold, the percentage osseointegration by 1.0- 
fold and 1.9-fold in micro-CT evaluation, and the 
maximal force by 1.9-fold and 3.3-fold in biome-
chanical pushout test, for the low and high dose 
of SR, respectively. A signifi cant correlation 
between micro-CT and biomechanical properties 
demonstrated that trabecular parameters play an 
important role in predicting the biomechanical 
properties of implant fi xation. According to this 
study, systemic strontium ranelate treatment can 
dose dependently improve HA-coated screw fi xa-
tion in OVX rats and facilitate the stability of the 
implant in the osteoporotic bone. To conclude, 
strontium ranelate is not only an antiosteoporotic 
agent with anabolic bone effect used in osteopo-
rosis but can also be used systemically or locally 
as a pharmacological agent that would have a 
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positive effect at the bone-implant interface by 
increasing the mechanical fi xation of the implant 
and improving implant osseointegration. 
However, all the abovementioned studies are in 
vivo animal experiments, and further investiga-
tion with clinical studies by oral or local adminis-
tration of strontium ranelate is needed.  

    Parathyroid Hormone (PTH) 
and Teriparatide 

 Endogenous parathyroid hormone (PTH) is the 
primary regulator of calcium and phosphate 
metabolism in bone and kidney. PTH increases 
serum calcium, partially accomplishing this by 
increasing bone resorption. Thus, chronically 
elevated PTH will deplete bone stores. However, 
intermittent exposure to PTH will activate osteo-
blasts more than osteoclasts. Thus, once-daily 
injections of teriparatide have a net effect of 
stimulating new bone formation, leading to 
increased bone mineral density [ 67 ]. Teriparatide 
is a portion of the human parathyroid hormone 
(PTH), amino acid sequence 1 through 34, of the 
complete molecule (containing 84 amino acids). 
Teriparatide is the fi rst, and to date only, FDA- 
approved agent for the treatment of osteoporosis 
that stimulates new bone formation. It has an 
anabolic effect on bone tissue, leading to an 
increase in bone strength with a reduction in the 
risk of fragility fractures in osteoporotic women. 
This anabolic effect of teriparatide benefi ts frac-
ture healing by reducing the time of callus forma-
tion and remodeling. Recently, it has been shown 
that teriparatide also seems to have an effect in 
the early postoperative period after  osteosynthesis 
or joint replacement, by stimulating new bone 
formation, increasing bone-implant contact as 
early as after 1 week, and enhancing the tensile 
strength of the bone-cement interface, thereby 
decreasing the risk of late aseptic loosening [ 68 , 
 69 ]. In rat animal models, systemic administra-
tion of teriparatide has enhanced implant osseo-
integration, increasing screw fi xation by 2.5-fold 
after 2 weeks and screw torsional strength by 3.5- 
fold after 4 weeks [ 70 ]. In a canine implant 
model [ 71 ], the hypothesis that administration of 

parathyroid hormone may improve osseointegra-
tion of implants surrounded by bone graft was 
tested. In 20 dogs a cylindrical porous-coated 
titanium alloy implant was inserted into normal 
cancellous bone in the proximal humerus and 
surrounded by a circumferential gap of 2.5 mm. 
Morselized allograft was impacted around the 
implant. Half of the animals were given daily 
injections of human parathyroid hormone (1–34) 
5 μg/kg for 4 weeks and half received control 
injections. The two groups were compared by 
mechanical testing and histomorphometry. A sig-
nifi cant increase in new bone formation within 
the bone graft in the parathyroid hormone group 
was noticed. There were no signifi cant differ-
ences in the volume of allograft, in the bone- 
implant contact, or in the mechanical parameters. 
These fi ndings suggest that parathyroid hormone 
improves new bone formation in impacted mor-
selized allograft around an implant and retains 
the graft volume without signifi cant resorption. 
Fixation of the implant was neither improved nor 
compromised at the fi nal follow-up of 4 weeks. 
In another canine implant model [ 72 ], the effect 
of human PTH (1–34) on implant fi xation in an 
experimental gap was examined. Cylindrical 
(10 × 6 mm) porous-coated titanium alloy 
implants were inserted in a concentric 1 mm gap 
in normal cancellous bone of proximal tibia in 20 
canines. Animals were randomized to treatment 
with PTH (1–34) 5 μg/kg daily. After 4 weeks, 
fi xation was evaluated by histomorphometry and 
pushout test. Bone volume was found to have 
increased signifi cantly in the gap. In the outer 
gap (500 μm), the bone volume fraction median 
(interquartile range) was 27 % (20–37 %) for 
PTH and 10 % (6–14 %) for control. In the inner 
gap, the bone volume fraction was 33 % (26–
36 %) for PTH and 13 % (11–18 %) for control. 
At the implant interface, the bone fraction 
improved with 16 % (11–20 %) for PTH and 
10 % (7–12 %) ( p  = 0.07) for control. Mechanical 
implant fi xation was improved for implants 
exposed to PTH. For PTH, median (interquar-
tile range) shear stiffness was signifi cantly 
higher (PTH 17.4 [12.7–39.7] MPa/mm and 
control 8.8 [3.3–12.4] MPa/mm) ( p  < 0.05). 
Energy absorption was signifi cantly enhanced 
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for PTH (PTH 781 [595–1198.5] J/m(2) and 
control 470 [189–596] J/m(2)). Increased shear 
strength was observed but was not signifi cant 
(PTH 3.0 [2.6–4.9] and control 2.0 [0.9–3.0] 
MPa) ( p  = 0.08). The results from the abovemen-
tioned animal studies show that PTH or teripara-
tide has a positive effect on implant fi xation in 
regions where gaps exist in the surrounding bone. 
In joint replacement surgery, implants are unavoid-
ably surrounded by gaps despite meticulous surgi-
cal technique and osseointegration is challenging. 
Furthermore, in revision arthroplasty surgery, 
where larger bone gaps exist, impaction allograft 
is an established method of securing initial stabil-
ity of the arthroplasty implant. In such cases, sub-
sequent bone integration can be prolonged, and 
the volume of allograft may not be maintained. 
The clinical application of the fi ndings of the 
above animal studies PTH could be that PTH may 
potentially be used clinically to enhance tissue 
integration in challenging environments such as 
primary and revision arthroplasty surgery. 

 There are no clinical studies investigating the 
effects of PTH/teriparatide on the osseointegra-
tion of implants in orthopedic surgery. Recently, 
in dental surgery [ 73 ], an open-label randomized 
controlled feasibility study was performed includ-
ing 24 individuals with edentulous lower jaws. 
The participants received two study implants 
in the mandible during interforaminal dental 
implant surgery. They were randomly assigned 
to receive either 20 μg of teriparatide once daily 
for 28 days or no treatment. Study implants were 
retrieved from 23 participants after 9 weeks and 
were subjected to histomorphometric analyses. 
Endpoints were new bone volume per tissue vol-
ume (NBV/TV) and new bone-to-implant contact 
(NBIC). The median values of NBV/TV in the 
control and the teriparatide groups were 15.4 % 
vs. 17.6 % in the periosteal compartment, 11.3 % 
vs. 16.5 % in the cortical compartment, and 
7.3 % vs. 12.0 % in the medullary compartment, 
respectively. NBIC median values in the control 
and the teriparatide groups were 3.3 % vs. 4.1 % 
in the periosteal compartment, 5.0 % vs. 4.4 % in 
the cortical compartment, and 0.3 %  vs. 1.4 % 
in the medullary compartment, respectively. The 
results provide the fi rst histologic data on the 

osseointegration of titanium study implants in 
individuals treated with teriparatide. Orthopedic 
surgery clinical studies are needed to prove that 
teriparatide as an anabolic osteoporosis therapeu-
tic agent can also positively affect the osseointe-
gration of arthroplasty implants.  

    Biocoatings 

 Many differentiation and growth factors have been 
used either alone or combined as biological coat-
ings of implant surfaces to enhance or acceler-
ate osseointegration directly at the bone- implant 
microenvironment [ 74 – 77 ]. Studies on BMP-
2, BMP-7, and osteogenic protein (OP-1) have 
shown that these factors applied as biocoatings 
augment bone formation and osseointegration of 
implants [ 78 – 83 ]. Platelet-derived growth factors 
(PDGF), insulin growth factor (IGF), and trans-
forming growth factor-beta 1 (TGFb-1), alone or 
in combination with IGF-1 and TGFb-2, have been 
also used to improve implant osseointegration [ 74 , 
 75 ,  84 ,  85 ]. However, there are studies with osteo-
inductive factors with contradictory results [ 86 ], 
and there are many issues that need to be solved, 
including dose–response, degradation or elution 
rhythm, half-life time, and clinical safety.   

    Pharmacological Agents Negatively 
Affecting Osseointegration 

 Various pharmacological agents have been found 
to impair implant osseointegration, including 
cyclosporine A, methotrexate, and cis-platinum 
[ 87 – 89 ]. The administration of warfarin was found 
to signifi cantly impair both the attachment strength 
and the ingrowth of bone-uncoated porous 
implants made of cobalt–chromium–molybdenum 
alloy; however, no such inhibitory effect was 
observed in hydroxyapatite-coated implants [ 90 ]. 
It has also been suggested that perioperative 
administration of the NSAID indomethacin causes 
an early and transient decrease in attachment 
strength, but this fi nding does not seem to signifi -
cantly affect the long-term osseointegration of 
porous-coated implants [ 91 ].  
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    Conclusions 

 Contemporary research on joint arthroplasty is 
aimed at the bone-implant interface; the clari-
fi cation of the post-implantation biological 
responses that are activated and how these 
mechanisms lead to osseointegration or mini-
mize the risk of aseptic loosening remain hot 
topics. Despite current knowledge, there are 
still many unknown fi elds and many questions 
that need to be answered in order to avoid the 
phenomenon of aseptic loosening which is a 
serious complication in reconstructive surgery 
and joint replacement, in order to reduce 
patient morbidity and health- care costs. 
Modern research is focused on the role of 
pharmacological agents on the cellular and 
molecular mechanisms that rule the processes 
of osseointegration and aseptic loosening. 
Pharmacological agents, including a wide 
spectrum from clinically established drugs to 
new biological factors, have been tested. In 
vitro experiments, in vivo animal studies, as 
well as clinical tests show the positive or nega-
tive effect of such agents on bone-implant 
osseointegration when administered either 
locally or systemically. However, there are 
still many questions that need to be answered 
in terms of administration route, dose–
response balance, rhythm of local drug elu-
tion, side effects, and long-term endurance of 
the promising results. Another issue is that due 
to interspecies differences, the results of ani-
mal studies may not always be reliable when 
applied as clinical tests. In this case, clinical 
trials are needed to elucidate in vivo contradic-
tory results and to solve problems regarding 
optimal dose and safety for clinical use.     
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           Introduction 

 Total hip and knee arthroplasties are considered 
the procedures of the twentieth century, with dra-
matic improvement to the overall quality of life 
for millions of patients around the globe. The 
application of fracture fi xation implants and the 
replacement of the arthritic joints became a com-
mon practice in modern orthopedics, relieving 
hundreds of thousands of patients of pain and 
functional disability. With a share of 38 %, ortho-
pedics and traumatology are the worldwide lead-
ing markets of implanted biomaterials, involving 
millions of new patients each year as an increas-
ing trend [ 1 ]. Commonly used implants in ortho-
pedics are mainly employed for the fi xation or 
reconstruction of bones and joints or their parts 
and adjacent soft tissues (ligaments, tendons, 
menisci, etc.) and are made of biocompatible 
metals, polymers, ceramics, hydroxyapatite, and 
their combinations. The fi rst requirement of a 
material’s biocompatibility is that, whatever the 
desired function, the material should not induce 

any adverse effects in the patient, “just as the fi rst 
principle of Hippocrates was that the doctor 
should do no harm” [ 2 ]. 

 Although the clinical results are excellent, a 
number of complications, most of which pres-
ent with signs and symptoms related to implant 
loosening, are associated with these procedures. 
The pathological processes that occur in bone-
implant interface refl ect pathogenetic mecha-
nisms such as nonspecifi c macrophage response 
to wear particles (aseptic loosening), a specifi c 
hypersensitivity immune reaction to wear par-
ticles from the bearing surfaces, infection (septic 
loosening), primary joint-related pathology in 
revision arthroplasty tissues, and tumor forma-
tion in peri- implant tissues [ 3 ,  4 ]. 

 Bacterial infections around implants of bones 
and joints represent the most devastating compli-
cation involving millions of citizens. The fre-
quency of these infections varies with regard to 
the location. In the upper extremities, the rate of 
infection is reported to be higher for the elbow 
joint (7.7 %) than that for the wrist (2.39 %) or 
the shoulder (1.06 %) endoprostheses [ 5 ]. The 
overall rate of infection in primary major joint 
arthroplasty or fracture fi xation implants ranges 
between 1 and 2 % and becomes much higher in 
patients with compromised immune response. 
The incidence increases with revision operations 
(e.g., 3.2 % in total hip replacement and 5.6 % in 
total knee replacement) [ 6 – 10 ]. Considering the 
hundreds of thousands of bone and joint implants 
applied every year around the world, the absolute 
number of patients needing costly reconstructive 
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surgery at multiple stages, as the only option, is 
rapidly increasing. In patients with osteosynthe-
sis and particularly, after severe open fractures 
and open joint trauma with extensive soft tissue 
injury, infection rate is even higher [ 6 – 10 ]. In 
situations where an inert foreign material is 
implanted into the human body, a competition 
develops for the colonization of the implant sur-
faces between bacteria and the hosts’ cells. 
   Bacteria have some advantages over the immune 
system cells: they are of faster reproductive pro-
cesses and are extremely fl exible in adapting to 
the environment. Studies indicate that the proce-
dures of implantation and the compromised local 
tissue environment from the presence of the pros-
thesis itself into a joint or at the site of a fracture 
may reduce the number of bacteria required to 
cause an infection by a factor of even 10,000 
[ 11 ]. Infection into implanted bone and joint is 
directly related to the capability of the bacteria of 
establishing multilayered, highly structured bio-
fi lms on the artifi cial surfaces and the bare bone 
surfaces (Fig.  17.1 ). Indeed, implanted biomate-
rials are still known to be particularly susceptible 
to microbial colonization and able to favor the 
onset of infections [ 12 ]. Once biofi lm is estab-
lished, the infection becomes chronic and does 
not respond any longer to conventional systemic 
antibiotic therapy [ 13 ].

   The high prevalence and the increasing social 
and fi nancial burden of implant-related infections 
is mainly due to the (1) large number of surgi-
cal procedures (more than one million new total 
joint prosthesis performed annually in Europe), 
(2) expanding indications in the elderly and in 
patients with compromised immune defense, (3) 
frequent chronic and long-lasting behavior of 
bone and joint infections, (4) diffi culty of eradi-
cating the septic process and frequent relapses, 
(5) frequent occurrence (20–60 %) of multire-
sistant bacterial strains and mixed fl orae, and (6) 
variable incidence, from approximately 1 % after 
prosthetic surgery, in a normal host, to more than 
25 % after osteosynthesis in contaminated frac-
tures with local and/or systemic comorbidities or 
up to 40 % in bone tumor surgery, in spite of the 
best available surgical practice and antibiotic pro-
phylaxis. Given the severe socioeconomic burden 
for the patient,    his/her family, the treating physi-
cians, as well as for the budget of the health- care 
system, it is imperative to devise effi cient preven-
tive and more effective treatment strategies. To 
improve the outcome in the management of bio-
fi lm infections around implants, it is necessary 
to combine the efforts of biologists, biochemists, 
engineers, microbiologists, and pathologists with 
those of the treating physicians for a better under-
standing of the interactions between the implant, 
the bacteria, and the host. 

 Herein, we present the current knowledge 
regarding the pathogenesis of implant-related 
biofi lm infections, the histopathology of the 
bone-implant interface, and the mechanisms of 
tissue destruction resulting in osteolysis, which 
destroys the fi xation of the fractures or the stabil-
ity and function of the joint implants. We also 
discuss the current concepts in biofi lm infection 
prevention and management.  

    Pathogenesis of Implant-Related 
Infections 

 The time span between trauma or surgery and 
the clinically apparent infection varies among 
patients. In some patients, the infection occurs 
either in the immediate postoperative period 
or within weeks after surgery, while in others, 

  Fig. 17.1    Intraoperative picture showing the develop-
ment of biofi lm on the surface and around the femoral 
component of a total knee arthroplasty       

 

K.N. Malizos and M. Ioannou



241

the infection becomes clinically apparent after 
years. An early acute infection may be attributed 
to direct intraoperative contamination by either 
exogenous or by endogenous bacteria (e.g., the 
skin-colonizing bacteria) (Fig.  17.2 ). In con-
trast, the late-onset infection usually results from 
bacteria contracted by the host at a later stage 
either through a hematogenous spreading or 
from a contiguous infected site. It is not uncom-
mon, however, for “harmless” bacteria coloniz-
ing the skin or the epithelium (e.g., in the nose) 
to become invasive for reasons still remaining 
unknown [ 14 – 16 ].

   The pathogenesis of infection has been exten-
sively investigated in experimental studies. The 
microorganisms infecting the implants are either 
introduced during implantation of the prosthesis 
or derived from a temporary bacteremia. Then, 
they adhere to biomaterials establishing a bacte-
rial colony and grow to form a biofi lm. The trig-
ger effect for the infl ammatory response against 
infection is induced by the local release of che-
mokines (e.g., platelet-activating factor (PAF) or 
complement C5a) subsequently diffused into the 
adjacent intercellular space. At the nearby endo-
thelial cells, upregulation of the specialized adhe-
sion proteins make them “sticky,” capturing thus 
the circulating leukocytes, predominantly the 
polymorphonuclear leukocytes (PMNs), from the 
peripheral blood, then becoming further activated 
and fi rmly attaching to the endothelial cells; they 
then actively migrate towards the source of infec-
tion. They start with phagocytosis of the individ-
ual fl oating bacteria, known as “planktonic” 
bacteria, followed by intracellular killing and 
apoptosis of PMNs. Triggering the Fcγ and the 

complement receptors provides the optimal 
 signal for the phagocytosis and the killing by the 
PMNs [ 17 ]. In addition, Stroh et al. showed 
phagocytosis in  S .  aureus  biofi lms using human 
serum as a source of antibodies and as a comple-
ment for the “opsonization” [ 18 ]. The apoptotic 
PMNs in turn are phagocytosed by the macro-
phages [ 19 – 22 ]. This is a self-limiting process 
protecting from further spilling of the cytotoxic 
enzymes [ 23 – 25 ], and it results in the cleaning of 
the infected site, as prerequisite for healing and 
regeneration [ 22 ,  25 ,  26 ]. The study of natural 
ecosystems has demonstrated that “planktonic” 
bacteria are rare; instead, bacteria grow predomi-
nantly in biofi lm formations. Biofi lm formation 
is the result of a genetically driven process trig-
gered by specifi c biochemical signals and result-
ing from the activation and expression of defi ned 
sets of genes, e.g., of those coding for adhesion 
proteins [ 27 – 30 ]. A structural examination of 
biofi lm shows that about 15 % in volume is con-
stituted by microbial cells, embedded in a matrix 
material in which channels carry bulk fl uid into 
the bacterial community by convective fl ow. The 
physiological differentiation of sessile versus 
individual fl oating “planktonic” cells, as well as 
the complexity of the biofi lm structure elabo-
rated, suggests that bacterial communities form-
ing biofi lms are fi nely organized and necessarily 
regulated by signals analogous to the hormones 
and pheromones typical of multicellular commu-
nities of eukaryotic cells [ 31 ]. The formation of 
this community undergoes various stages, start-
ing with an initial attachment of bacteria to an 
inert or a living surface. As they are multiplied 
they form microcolonies attached to the surface 

  Fig. 17.2    Intraoperative 
picture showing pus 
evacuation during the 
initial stages of wound 
debridement in acute 
infection after a total 
hip arthroplasty       
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and  gradually differentiate into biofi lm structure. 
Despite the many possible defi nitions, bacterial 
biofi lms can simply be described as a structured 
consortium of bacteria encased in a self-produced 
matrix which are able to communicate by cell-to- 
cell signals. Depending on the bacterial species, 
strain type, and environmental conditions, the 
biofi lm matrix consists of exo-polysaccharides, 
proteins, teichoic acids, and extracellular DNA 
(eDNA). The extracellular polysaccharide sub-
stance (EPS) produced in abundance by the over-
grown number of bacteria is clinically visible 
even to the naked eye as “slime” or as a jelly fi lm 
gluing together buds of bacteria on to the implant 
and tissue surface. eDNA has been up to now 
described in a variety of bacterial species, and its 
importance is recognized as a component which 
may contribute to structural solidity of biofi lms 
and to their recalcitrance to antibiotics by induc-
ing expression of antibiotic resistance genes [ 32 ]. 
Facilitated by the mobility within the liquid envi-
ronment as in tissue or synovial fl uid or blood, 
buds of bacteria in abundance may be released or 
tear off from the biofi lm and subsequently form 
additional new colonies at adjacent or remote 
locations. Bacterial detachment and dispersion 
therefore characterize this fi nal step of the bacte-
rial life cycle, with many bacteria returning into a 
planktonic state. 

 In contrast to the single-living “planktonic” 
bacterial cells, the biofi lms constitute a pro-
tected form of bacterial growth, allowing bacte-
rial survival in a hostile environment, as they are 
resistant to antibiotics, disinfectants, and phago-
cytic components of the innate and adaptive 
immune system defense of the host [ 33 – 36 ]. 
Protective mechanisms include altered chemical 
microenvironment, slow-growing or non-multi-
plied  biofi lm cells, gradually developing resis-
tant phenotypes as an adaptive response to 
stress, and incomplete biofi lm penetration by 
antibiotics and antibodies [ 33 ,  37 ,  38 ]. 
Therefore, in a manner reminiscent of a vicious 
cycle, the protected bacteria within the biofi lm 
could enhance host defense mechanisms and 
infl ammation, and the sustained infl ammation 
could further stimulate the development of 
resistant bacterial phenotypes. These properties 

could explain the persistent nature of chronic 
bacterial infections.  

    Bacterial Biofi lms as the Cause 
of Tissue Destruction 

 The majority of biofi lm infections presents with 
an insidious onset imposing diagnostic diffi cul-
ties within the traditional microbiological meth-
ods [ 39 ]. Over the last decades, management 
with the administration of antibiotics has not 
provided any effective treatment against infec-
tions associated with implants [ 40 – 43 ] since the 
bacteria are growing, not as isolated microorgan-
isms (“planktonic” phenotype) but as a distinct 
phenotype comprised of sessile microorganisms 
enclosed within a glycocalyx known as biofi lm. 
The biofi lms act as an impenetrable mechanical 
barrier against soluble agents, and multiresistant 
bacteria are often involved [ 44 ] and they persist, 
giving rise to a progressively destructive infl am-
matory process, with surrounding tissue damage 
and osteolysis, leading to septic loosening of the 
bone and joint implants [ 6 ,  7 ,  37 ,  45 ,  46 ]. Using 
scanning and transmission electron microscopy, 
Gristina and Costerton demonstrated the associa-
tion of persistent bone and joint infections with 
biofi lm formation on their surface [ 47 ]. More 
recent studies employing modern technologies 
such as confocal laser microscopy have demon-
strated stable biofi lm structures not only on bio-
materials retrieved from patients with chronic 
bone or joint infections but also on the adja-
cent viable soft tissues [ 48 ,  49 ].  Staphylococcus 
aureus  is the most common bacterium identi-
fi ed in periprosthetic infections. It binds to bone 
matrix with adhesion molecules and secrets tox-
ins able to attract PMNs and macrophages in the 
very fi rst hours after its formation, as the fi rst line 
of cellular defense around the fresh biofi lm. The 
examination of tissue samples from the infected 
site, during implant revision surgery, reveals pus 
composed of dead leukocytes, cellular debris, 
and serum. Using fl ow cytometry Wagner et al. 
have identifi ed the infi ltrated cells as polymor-
phonuclear neutrophils (PMNs comprising the 
65–85 %), T-lymphocytes (5–15 %), natural 
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killer (NK) cells (5–15 %), B cells (<1 %), and 
monocytes (<1 %) [ 50 ,  51 ]. The cellular pro-
tagonists of the infl ammatory response to biofi lm 
infection and the specifi c role of PMNs and mac-
rophages in the consequent tissue destruction are 
presented in the following paragraphs.  

    The Innate Immune Response 

 The innate immune system, also known as non-
specifi c immune system and the fi rst line of 
defense, comprises the cells and mechanisms that 
provide the immediate defense of the host against 
infection in a generic, nonspecifi c manner [ 52 , 
 53 ]. The cells of the innate system recognize and 
respond to pathogens by recruiting immune cells 
to site of infections, through the production of 
chemical factors, including specialized chemical 
mediators called cytokines. Other major functions 
of the vertebrate innate immune system include 
activation of the complement cascade to identify 
bacteria, activation of cells, and promotion of 
clearance of dead cells or antibody complexes, as 
well as the identifi cation and removal of foreign 
substances present in organs, tissues, blood, and 
lymph by specialized white blood cells. In addi-
tion, the innate immune system contributes to the 
activation of an adaptive immune system through 
a process known as antigen presentation which 
acts as a physical and chemical barrier to infec-
tious agents.    The cellular component of the innate 
immune system include leukocytes (polymorpho-
nuclear, B-, T-, and NK lymphocytes, basophils, 
eosinophils), monocytes/macrophages, mast 
cells, dendritic cells, and natural killer cells. The 
parts of the innate immune system have different 
specifi city for different pathogens. In the case of 
extracellular bacteria such as staphylococcus, the 
certain strategy of defense is phagocytosis [ 54 ]. 
Although the host defense mechanisms against 
bacteria organized in biofi lms are not completely 
understood and are still under investigation, previ-
ous studies have shown the essential role of innate 
immunity cells against staphylococcal biofi lms, 
giving evidence that tissue degradation and (in 
bone) osteolysis are not direct effects caused by 
the infection per se [ 50 ,  51 ,  55 ].  

    The Role of Neutrophils Against 
Staphylococcus Biofi lms 

 The PMNs are the fi rst cells to arrive at the site of 
infection through chemical mediators, which are 
emitted at the infected site and act on the close-
 by endothelium. The endothelial cells upregulate 
adhesion proteins that capture the PMNs, which 
then bind to the endothelial cells and transmigrate 
between the endothelial cells towards the site of 
infection. Having reached the site, the PMNs 
exhibit upregulation of the surface receptors 
required for bacteria recognition and killing, such 
as high-affi nity Fc-gamma receptor 1 (FcgR1, 
CD64), “lipopolysaccharide” receptor CD14, 
interleukin-8 (IL-8) which attracts more PMNs, 
the monocyte infl ammatory proteins MIP-1a and 
MIP-1b, and the monocyte attractant MCP-1 
[ 46 ,  50 ,  51 ]. Simultaneously in these PMNs the 
production of reactive oxygen species (ROS) is 
enhanced while they exhibit down- modulation 
of  l -selectin (CD62L), which is required for 
the PMN emigration. Then, the PMNs take up 
and phagocytose the bacteria. The phagocytosis 
results in killing the bacteria and also induces 
the programmed cell death (“apoptosis”) of the 
PMN. In addition to phagocytosis, other investi-
gators have demonstrated that PMNs release lac-
toferrin and elastase upon contact with biofi lm, 
and after prolonged contact, they also discharge 
DNA, which is involved in the formation of the 
so-called neutrophil extracellular traps (NETs), a 
further mechanism of bacterial killing [ 56 ]. It is of 
interest to note the differential behavior of PMNs 
towards the biofi lm of  S .  aureus  and of  S .  epider-
midis , which has been documented in a previous 
study by employing time-lapse video microscopy 
[ 57 ]. In the case of  S .  aureus  formed biofi lm, the 
PMNs moving across were observed to scavenge 
bacteria along their path. Conversely, PMNs in 
contact with  S. epidermidis  biofi lm were nearly 
immobile and only phagocytosed bacteria in 
close proximity [ 57 ]. Why biofi lms of  S. aureus  
appear more sensitive to a PMN attack compared 
to those produced by  S. epidermidis  is still not 
understood. Since killing of bacteria in bio-
fi lms is possible, the question remains,  why bio-
fi lms persist in patients and why biofi lm- related 
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implant infections become chronic ? In cases with 
impaired local blood circulation, tissue scarring, 
and compromised immune response, infi ltration 
of the infected site with PMNs is initially rather 
slow. Clinical studies suggest that lower local 
levels of PMN in the early surgical wound are 
directly related to the subsequent occurrence of 
septic complications, whereas higher early local 
leukocyte concentrations at the end of the surgi-
cal procedure do play a signifi cant protective role 
against postoperative infection [ 58 ,  59 ]. However, 
since PMNs arrive at the infected site, they lose 
their migratory capacity, and thus, they cannot 
infi ltrate the biofi lm. Thus, PMNs surround the 
biofi lm and become activated while they do not 
migrate into the biofi lm, probably because of a 
lack of a chemotactic signal, as well as by the 
hindrance of migration into the “slimy” material. 
Although highly activated, the PMNs are not able 
to engulf the bacteria within the biofi lm and to 
control the infection. Since living bacteria could 
still be isolated from the infected site inside the 
biofi lm, an evasion of the local host immune 
defenses has been postulated [ 50 ]. Therefore, the 
rapidly established bacterial adhesions and bio-
fi lm formation on the implant surface is initially 
unchallenged. Consequently, phagocytosis and 
killing of the bacteria occur only on the surface, 
leaving the bulk of the biofi lm unaffected. 

  What then is the fate of biofi lm ? The infec-
tion persists and progresses and the PMNs, 
in their attempt to kill bacteria, express their 
powerful cytotoxic (e.g., superoxides, ROS) 
and proteolytic armory to the point of damag-
ing and even destroying the surrounding tissue. 
Further dire effects are osteolysis and resorption 
of bone, which usually result in implant loosen-
ing (Figs.  17.3  and  17.4 ). As a consequence, the 

implant has to be removed, and in the most severe 
cases, also extensive reconstruction of the bone 
has to be performed.

        The Role of Macrophages Against 
Staphylococcus Biofi lms 

 Macrophages are the most effi cient phagocytes 
and can phagocytose substantial numbers of 
bacteria or other cells, foreign substances, and 
cellular debris. In tissues, organ-specifi c macro-
phages are differentiated from phagocytic cells 
present in the blood called monocytes. At the 
site of infection, the bacterial biofi lm attracts 
monocytes from the peripheral blood [ 46 ,  50 ,  51 ] 
through the production of cytokines (e.g., IL-8, 
monocyte attractant MCP-1). The monocytes in 
tissues are differentiated to macrophages and to 
osteoclasts with bone-resorbing activity [ 60 – 63 ]. 
The macrophages clear the infected tissues from 
apoptotic PMNs, resulting in limiting of the 
biofi lm- induced infl ammatory process in a time 
and spatial manner; however, they exhibit down-
regulation of IL-1b, tumor necrosis factor (TNF) 
alpha, CXCL2, and CCL2 expression. They also 
exhibit reduced bacterial uptake, minimal iNOS 
expression, and consequent low effi ciency in kill-
ing phagocytosed bacteria and a reduced induction 
of lymphocyte production of interferon-gamma. 
Thus, these scavenging cells appear able to 
migrate into the biofi lm but cannot clear the site 

  Fig. 17.3    Radiograph showing osteolysis and loosening 
of a plate fi xation due to infection       

  Fig. 17.4    Intraoperative picture showing osteolytic areas 
of the femoral condyles following the removal of the fem-
oral component of an infected total knee arthroplasty       
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from the pathogen causing the infection, as their 
bactericidal activity appears compromised [ 64 ]. 
On the other hand, the generation and activation 
of osteoclasts initiate a bone- resorbing activity, 
further enhancing tissue destruction and osteoly-
sis. Osteoclasts originate from the differentiation 
of monocytes either following their interaction 
with T-lymphocytes or through a T-cell indepen-
dent differentiation action of pro-infl ammatory 
cytokines, such as TNF alpha, IL-1, IL-6, or IL-8, 
on the monocytes [ 65 – 68 ]. Since these cytokines 
are generated at the site of infection, the osteoly-
sis is more pronounced adjacent to the implants, 
from osteoclasts with bone-resorbing activity 
[ 46 ]. Osteolysis is the hallmark of osteomyelitis. 
Although the link between bacterial infection and 
osteolysis has not been established yet and direct 
effects of bacteria cannot be ruled out, bone loss 
as a consequence of persistent infl ammation is 
presumed [ 69 – 72 ], and the most likely mecha-
nism is enhanced synthesis and/or activation of 
the bone-resorbing osteoclasts [ 46 ]. 

 In conclusion, the “attempt without success” of 
the fi rst line of defense causes the release of pro-
infl ammatory mediators from PMNs and of tis-
sue-destroying substances. Moreover, additional 
bone resorption is further enhanced by osteo-
clastogenesis. All the above evidence indicates 
that staphylococcal biofi lms evoke the persistent 
attack of activated leukocytes and so indirectly 
trigger tissue damage. At the same time sessile 
biofi lm-encased bacteria escape the leukocyte- 
mediated bactericidal response through biofi lm-
mediated immune evasion mechanisms.  

    Septic Interface Pathology 

 The histological changes at the bone-implant 
interface refl ect pathogenetic mechanisms that 
lead to complications of implant loosening and 
provide diagnostic information about the causes 
of failure [ 3 ]. Insertion of a joint implant com-
ponent into the bone results in necrosis of the 
bone and bone marrow elements surrounding the 
implant [ 73 ]. Following necrosis, there is forma-
tion of granulation and cellular reparative fi brous 
tissue around the implant. The membrane itself 

is subsequently surrounded by reparative woven 
and lamellar bone that is remodeled along the 
lines of stress to which the bone is subjected. 
In a well-fi xed stable implant, there is usu-
ally little intervening fi brous tissue between the 
implant and the surrounding cortical or cancel-
lous bone; few or no macrophages are found in 
the pseudomembrane of a stable prosthesis since 
there is little generation of implant-derived wear 
particles [ 74 ]. In contrast, loose implants have 
a thick fi brous tissue membrane that often con-
tains numerous implant-derived wear particles 
and a heavy foreign-body macrophage response. 
Active bone remodeling is also seen on the sur-
face of the thickened bone at the bone-implant 
interface of a loose prosthesis. 

 The pathological changes in bone-implant 
interface membranes from cases of aseptic loos-
ening represent reparative changes. There is 
granulation tissue with areas of hemorrhage and 
scattered lymphocytes and macrophages. It is of 
note that a few PMNs may be seen, but they are 
not as numerous as in cases of septic loosening, 
unless an infl ammatory arthropathy such as rheu-
matoid arthritis is superimposed. Inside the pseu-
domembranes, there is deposition of numerous 
biomaterial wear particles which induce a heavy 
foreign-body macrophage reaction [ 75 ]. The 
cytokines produced by these foreign-body mac-
rophages (e.g., IL-1, TNF alpha, IL-6) promote 
osteoclastogenesis and bone resorption. The 
fi broblasts within the pseudomembrane produce 
a macrophage colony-stimulating factor (M-CSF) 
and a receptor activator for the nuclear factor 
kappaB-ligand (RANKL), which are required 
for the differentiation of macrophages into bone- 
resorbing osteoclasts [ 62 ]. Interestingly, Krohmer 
et al. showed a similar immunohistochemical 
expression level of infl ammatory factors in septic 
and aseptic interface membranes, suggesting that 
the pathological mechanisms of the progression 
of infl ammation seem to be similar in both sep-
tic and aseptic interface membranes of wear par-
ticle type [ 76 ]. Histopathological examination of 
biopsy aspirates and specimens of periprosthetic 
tissues is commonly used to distinguish between 
septic and aseptic loosening [ 77 ]. Histological 
fi ndings can be reported intraoperatively, to 
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give a guide as to whether a one- or a two-stage 
 procedure needs to be carried out, or they may be 
used postoperatively to confi rm the preoperative 
diagnosis of septic or aseptic loosening. Usually 
more than 5 PMNs per high-power (×400) fi eld 
on average, after examination of at least 10 high- 
power fi elds, are found in cases of septic loosen-
ing. Only PMNs within peri-implant tissues and 
not on the surface of these tissues or in areas of 
hemorrhage should be counted. It is important 
that adequate sampling is undertaken because the 
focal PMN infi ltrate may be present in only one 
of the sampled areas. According to Bori et al., 
the most accurate sample for histological diag-
nosis of prosthetic joint infections is the interface 
membrane [ 78 ]. In addition to a heavy infi ltrate 
of PMNs, plasma cells and lymphocytes may 
also be seen in the samples. 

 It of crucial importance to provide the pathol-
ogist with information about the history as well 
as the clinical and operative fi ndings of each case 
under investigation, since a heavy PMN infi ltrate 
can be noted in the peri-implant tissues of patients 
with an infl ammatory arthropathy such as rheu-
matoid arthritis. The histological and microbio-
logical fi ndings, as well as the clinical features, 
need to be carefully considered by the clinician 
and pathologist in making the diagnosis of septic 
loosening. 

 In conclusion, histological examination of 
bone-implant interface provides clues regard-
ing the nature of the pathological processes that 
lead to the complications of implant-related joint 
 disease and is required for diagnosis of infection- 
associated implant failure. Moreover, histological 
assessment is required for evaluation of the bio-
logical tissue response to biomaterials and other 
agents used in clinical trials, in order to evaluate 
the effi cacy of these new therapeutic strategies.  

    Prevention of Biofi lm Infections 

 The prevention of biofi lm infections in bone and 
joint implants is an exciting new concept that can 
be pursued via elimination of organic debris from 
bone and joint implants, killing of planktonic 
bacteria prior to biofi lm development,  modulation 

and enhancement of local immune defense, and 
inhibition of bacterial cell communication that 
precedes biofi lm formation.  

    Surface Cleaning of Orthopedic 
Implants 

 The presence of any residual matrices on the 
surface of an implant or even on a suture favors 
bacterial colonization and infection; therefore, 
polymeric or metal biomaterials must be per-
fectly clean and/or minimally exposed to air or to 
surgeons’ gloves or “aseptic skin surface” prior 
to implantation. Data from the water industry 
have demonstrated that contamination of surfaces 
by organic materials (especially residual biofi lm 
matrices) accelerates the process of planktonic 
cell adhesion and biofi lm formation by at least 
tenfold [ 79 ]. Simple sterilization (e.g., ethylene 
oxide) of bone and joint implants kills the bac-
teria but fails to remove the residues, and thus, 
removal of these deposits is currently a standard 
preventive procedure for all implantable devices. 
Combination of enzymes and chemical agents 
(alkaline detergent and sodium hypochlorite 
solution) has been proven effective in eradicat-
ing biofi lm both in vitro and in a clinically used 
dialysis machine [ 80 ].  

    Quorum Sensing Inhibition 

 Bacterial cell-to-cell signaling (quorum sensing) 
is a key feature inside biofi lms. The discovery 
that the development of microbial biofi lms is 
controlled by the quorum sensing process offers a 
new approach to the prevention of chronic bio-
fi lm infections. Bacteria produce and release 
chemical signaling molecules, the concentration 
of which increases as a function of cell density 
[ 31 ]. The signals that exercise this control are 
simple acyl-homoserine lactones (AHLs), in the 
case of gram-negative bacteria [ 81 ] and simple 
cyclic octapeptides in gram-positive bacteria 
[ 82 ]. When the concentration of these signaling 
molecules – and therefore the bacterial popula-
tion – exceeds a threshold, distinct patterns of 
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gene expression are promoted and biofi lm 
 formation is initiated. It has been shown that nat-
ural and synthetic molecules that mimic these 
signals react with the cognitive signal receptor 
proteins and attenuate biofi lm formation [ 83 – 86 ]. 
Biofi lm formation by  Staphylococcus aureus  and 
virulence factor synthesis are controlled by a 
regulatory RNA molecule III [RNA-III], which is 
inhibited by the naturally occurring and syntheti-
cally available RNA-III-inhibiting peptide (RIP) 
[ 82 ]. Balaban et al. demonstrated that the RIP 
prevents biofi lm formation by  Staphylococcus 
aureus  and  Staphylococcus epidermidis  [ 85 ,  87 ]. 
This inhibition of biofi lm formation was shown 
in animal models of device-related infection, and 
the inhibitor was shown to be especially effective 
in infection control if it was combined with an 
antibiotic such as mupirocin [ 85 ]. The recently 
reported synergistic action of RIP with antibiot-
ics may improve not only prevention but also 
treatment of staphylococcal infections [ 88 ].  

    Future Perspectives and Innovative 
Strategies to Combat Implant 
Infections: The Role of Biomaterial 
Science 

 The knowledge of the constituents and of the 
architecture of staphylococcal biofi lms has 
allowed the development of strategies to disrupt 
biofi lm, on which bacterial resistance to host 
defenses and therapeutic antibacterial measures 
mainly resides. While bacteria are hidden deep 
inside the biofi lm and are thus protected against 
antibacterial agents, the biofi lm matrix is instead 
accessible to the outside environment. In addi-
tion, the matrix is a porous network in which 
fl uids run along channels. These features make 
the biofi lm matrix a good target for antibiofi lm 
therapies. 

 In order to achieve the development of an 
infection-resistant material, different strategies 
have been employed: (1) through modifi cation 
of the biomaterial surface to give anti-adhesive 
properties, with adsorption of molecules con-
ferring hydrophilic properties to the material 
surface and competing with the interaction 

between bacteria and host matrix proteins that 
fi lm the implant. Heparin, with its strong hydro-
philic properties, ascribed to the inhibition of the 
bacterium- fi bronectin interaction, prevents adhe-
sion of bacterial cells and is an excellent tool for 
an anti-adhesive coating [ 89 – 91 ]. A recent study 
showed how local activation of human leukocytes 
on a prosthetic surface, due to the use of tantalum 
metal, signifi cantly increased local host defense 
[ 92 ], while others provide evidence that either 
coating an implant with granulocyte- stimulating 
factor [ 93 ,  94 ] or applying locally leukocytes or 
their stimulating factors to a wound [ 95 – 97 ] may 
signifi cantly reduce the proliferation of bacteria 
and prevent or probably treat infections. (2) The 
second strategy is through doping the material 
with antimicrobial substances, such as the local 
delivery of antibiotics through carrier bioma-
terials. The use of coated materials that release 
conventional antimicrobial agents in order to 
kill planktonic bacteria before biofi lm formation 
on the implant surface is an alternative concept. 
Elution of antibiotics from currently available 
local antibiotic delivery systems (e.g., PMMA 
cement) follows a biphasic pattern with an ini-
tial rapid phase in very high concentrations and 
a secondary slow phase with decreasing concen-
trations [ 98 ]. This may prevent colonization of 
implants during the early postoperative period; 
however, the subinhibitory antibiotic concentra-
tions after the initial phase may favor the devel-
opment of resistant strains of bacteria. 

 Newer technologies are tested for drug deliv-
ery through a ciprofl oxacin-retaining polymer 
matrix coated with ordered methylene chains 
that form an ultrasound-responsive coating [ 99 ]. 
This system showed signifi cant drug release 
when low-intensity ultrasound was applied and 
demonstrated signifi cantly reduced accumu-
lation of  Pseudomonas aeruginosa  biofi lms, 
compared to biofi lms grown in control experi-
ments [ 99 ]. The future development of medical 
devices sensitive to external ultrasonic impulses 
and capable of preventing biofi lm growth via 
“on-demand” release of antibiotics may be a 
useful addition to the orthopedic surgeon’s 
armament. Besides antibiotics, chitosan, a natu-
ral cationic polysaccharide and weak polyelec-
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trolyte, has proved effective as antimicrobial 
coating, and various sophisticated technologies 
have been studied for its grafting onto material 
surfaces [ 100 ]. It is also one of the most prom-
ising biopolymers for tissue engineering and 
has possible orthopedic applications since it 
enhances osteoblast functions. Quaternized chi-
tosan-loaded PMMA has been shown to inhibit 
surface biofi lm formation by antibiotic-resistant 
staphylococci, more strongly than PMMA alone, 
gentamicin-loaded PMMA, and chitosan-loaded 
PMMA [ 101 ].  N -acetylcysteine (NAC) is able 
to inhibit the production of biofi lm polysaccha-
ride and to promote the disruption of mature 
biofi lms [ 102 ]. NAC could potentially be used, 
either alone or in combination with other anti-
microbials, for prevention or treatment of bio-
fi lm-related implant infections [ 103 ]. (3) The 
3rd strategy combining anti- adhesive and anti-
microbial effects in the same coating is the most 
innovative. An example of an anti-adhesive and 
antibacterial biomaterial is the multilayer fi lm 
constructed by assembling heparin and chitosan 
layer by layer which reduced bacterial adhe-
sion and also killed the bacteria adhering to the 
surface [ 104 ]. Since the raising of antibiotic 
resistance is the major limit in the use of anti-
biotic-loaded biomaterials [ 105 ], recent interest 
has turned to cationic antimicrobial peptides 
against periprosthesis infections; perhaps they 
could be employed as such or could be immo-
bilized on a biomaterial surface [ 106 ]. Some 
bacterial resistance to natural antimicrobial pep-
tides has recently been reported [ 107 ]. Bagheri 
has reported examples of different biomaterials 
employed as surface supports for immobilizing 
cationic antimicrobial/peptides, such as resin 
beads, gold surfaces, polymer brushes, cel-
lulose membranes, and block copolymers and 
iodine composites [ 108 ]. (4) With regard to the 
fourth strategy, in orthopedics, new biomateri-
als are being sought to resist the biofi lm for-
mation and, at the same time, to support bone 
repair. Hydroxyapatite coatings, besides their 
properties as infection-resistant material [ 109 ], 
have been proposed as a coating surface under-
going slow in vivo degradation and as a stable 
interface for osseointegration and bone fi xation 

[ 110 ]. Hydrophobic polycationic coatings on 
stainless steel or titanium implants have proved 
to be effective in completely preventing biofi lm 
formation and in supporting bone healing even 
in the presence of signifi cant bacterial contami-
nation [ 111 ]. Recently, bioglasses doped with 
gold nanoparticles, characterized by a very 
large surface area to volume ratio, were shown 
to integrate with living bone and to exert an anti-
bacterial and antibiofi lm activity [ 112 ]. Copper, 
zinc, and magnesium but especially silver and 
gold nanoparticles also display antibacterial 
activity [ 113 ]. The antimicrobial activity of tita-
nium oxide (TiO 2 ) as a photocatalyst and of sil-
ver oxide (Ag 2 O) nanoparticles can be enhanced 
by irradiation with visible light [ 114 ,  115 ].  

    Conclusion 

 The pathogenesis of biofi lm-associated oste-
olysis includes a local infl ammatory response, 
characterized by the infi ltration of leukocytes, 
predominantly PMNs and T cells. The PMNs 
cannot phagocytose the biofi lm effi ciently, as 
they cannot migrate into the fi lm under in vivo 
conditions. When the PMNs become acti-
vated, they will undergo cell death, resulting 
in release of their cytotoxic and proteolytic 
entities into the surrounding tissue, which will 
cause tissue damage. The escape from apopto-
sis is also associated with a synthesis of cyto-
kines, e.g., IL-8, which, in turn, may attract 
more leukocytes but can also cause differen-
tiation of monocytes to osteoclasts. Thus, the 
microenvironment created by the infi ltrating 
leukocytes would, on one hand, perpetuate the 
infl ammatory process and, on the other hand, 
promote osteolysis and tissue destruction. 
Immunological approaches blocking early 
bacterial adhesion and colonization, applica-
tions of enzymes able to interfere with biofi lm 
synthesis or able to disrupt formed biofi lms, 
and exploitation of quorum sensing inhibi-
tors may have a role in preventing or treating 
these infections. The use of materials coated 
with immobilized antibacterial substances, 
particularly cationic antimicrobial peptides, 
appears very innovative and  promising. 
Nanotechnologies and  nanomaterials in 
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 medical research have created new therapeutic 
horizons and are rapidly growing. 

 The substantial progress made over the last few 
years in understanding the functional and struc-
tural factors involved in biofi lm formation and in 
the regulatory mechanisms controlling their 
expression, the advancements in molecular epide-
miology [ 116 ], as well as improvements in the 
experimental models [ 117 – 119 ] and in diagnostic 
methods [ 120 – 124 ] are undoubtedly opening the 
way to new strategies to combat implant infections 
[ 120 ,  125 ]. Close collaboration between microbi-
ologists, pathologists, and surgeons is essential to 
optimize management and maximize benefi t to 
patients with chronic orthopedic infections.     
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           Introduction 

 Modularity is defi ned as the ability to combine 
variable components of an implant in order to 
accommodate clinical hip, knee, or shoulder 
cases where standard monoblock designs may 
not offer optimum outcomes [ 1 ]. Modular designs 
have been used for decades in adult reconstruc-
tion surgery [ 1 ]. However, recent innovations, 
such as a second neck-stem taper junction in hip 
implants (Fig.  18.1 ) or multi-modular revision 
implants for hip (Fig.  18.2 ), knees, and shoulder 
cases, have been presented and favored in clini-
cal use for their advantages in facilitating the 
anatomic restoration of the defective joints [ 2 ]. 
Intraoperative adjustment of limb length, head- 
neck angle, neck-shaft version in hip and shoul-
der cases, and accurate reestablishment of joint 
line in knee arthroplasties, all provide fl exibility 
and a variety of available options [ 2 – 6 ].

    However, new problems have also arisen from 
the presence of additional metal interfaces. 
Catastrophic fractures at the junction sites, cold, 
welding, corrosion and fretting as well as the 
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clinical implications of early implant loosening, 
and systemic immune reactions have been noted 
[ 2 ,  7 – 10 ]. 

 With regard to the above statements and con-
cerns, we present in this chapter up-to-date 
experimental and clinical data about the use of 
modular implants in hip, knee, and shoulder 
arthroplasties. We show the advantages and dis-
advantages associated with their use and known 
future directions.  

    Total Hip Replacement 

    Acetabular Components 

 Modular acetabular components have a history 
of almost 30 years [ 1 ]. Although clinical reports 
did not show a clear advantage of the primary 
cemented modular over monoblock implants in 
terms of longevity and loosening, their ability to 
replace the liner without disrupting the prosthesis- 
bone interface in future procedures has been a 
signifi cant evolution in implant design [ 1 ]. New 
cementless metal-backed implant designs with 
different surface porous coatings have been used, 
showing at least an outcome equal to that of 
cemented cups, while in revision cases modular 
implants have outperformed monoblock- cemented 
components [ 11 – 13 ]. The major advantage of 
modular  metal-backed acetabular components lies 
in the option of screw placement through holes in 
the metal shell [ 11 – 13 ]. These screws, especially 
in the setting of revision surgery, provide adjunc-
tive fi xation when primary scratch fi t is not con-
sidered adequate. Moreover, multi-hole implants 
increase screw placement options, when bone loss 
and poor bone quality limit the available sites of 
screw insertion [ 11 – 13 ]. Another potential advan-
tage of modular acetabular components is the 
interchangeability of liners, according to clinical 
demands [ 1 ,  14 ]. Standard, high-lip, high-offset, 
or constraint liners can be selected on the basis of 
trial reduction and tests of the stability and range 
of motion. Moreover, the ability to exchange a 
liner years after insertion because of excessive 
wear is an occasional advantage [ 1 ,  2 ]. A number 
of potential complications associated with the use 
of modular acetabular components have also been 
reported. Simple liner exchange is not always fea-
sible. Concomitant acetabular shell loosening and 
damage, and insuffi ciency of locking mechanism 
are often a problem [ 13 ,  15 ]. Of greater concern 
is the possibility of increased polyethylene wear 
at the interface of the acetabular shell and rear of 
the liner, the so-called backside wear [ 16 ,  17 ]. 
Production of particulate debris due to micromo-
tion and wear may occur, and subsequent bone 
lysis may be observed [ 16 ,  17 ]. The magnitudes 
of micromotion vary among different implant 
designs, ranging from 5 to 311 μm. The linear 

  Fig. 18.2    A modern modular revision femoral stem is 
shown       
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wear rate is estimated to range between 0.03 and 
0.42 mm/year [ 18 – 21 ]. Other concerns are the 
abrasion of polyethylene from protruding screw 
heads, the cold fl ow of polyethylene into screw 
holes, and the perforation of a congruent liner by 
sharp metal components of the locking mecha-
nism [ 16 – 20 ]. Several predisposing factors related 
to increased wear have been identifi ed [ 22 ]. 
Inadequate thickness of the polyethylene, ineffec-
tive metal backing, and liner-metal surfaces incon-
gruities are the most commonly reported [ 19 ,  20 , 
 23 ,  24 ]. Kurtz et al., using a fi nite analysis model, 
showed that backside nonconformity and locking 
restraints substantially infl uence relative motion 
as well as load transfers at the liner-shell modular 
interface [ 25 ]. With regard to the liner thickness, 
it is generally recommended that current implant 
designs should include a minimum thickness for 
conventional polyethylene liners of 6–8 mm, with 
adequate congruency, and ability to bottom out 
at physiologic loads [ 22 ]. However, new ultra-
high molecular weight polyethylene and ceramic 
liners show better wear resistance and confor-
mity, allowing for thinner liners to be used, and 
greater sizes of ball heads to be accommodated 
from smaller-diameter acetabular shells [ 26 ,  27 ]. 
Examination of retrieved specimens and labora-
tory testing suggest that improving implant design 
could eliminate most of these potential problems 
[ 16 ,  17 ,  28 ]. Since the shell is now appreciated 
to represent a wear interface with the backside of 
the liner, it should be highly  conforming as well 
as smooth and the surface treated, like any other 
weight-bearing surface [ 19 ,  29 ,  30 ]. Hemispheric 
cups have been shown to have the best confor-
mity between the shell and the liner [ 31 ,  32 ]. The 
locking mechanism should be strong enough to 
resist levering out. The force necessary for disso-
ciation of the modular liner from acetabular shell 
has been reported to be extremely variable rang-
ing from 14.9 to 1,380 lb [ 19 ,  24 ,  30 ]. However, 
novel liner locking mechanisms have shown effi -
cient pullout and lever- out strength (399 ± 53 N) 
(28.03 ± 2.8 Nm) for up to ten million cycles of 
loading of 5 Nm, without signifi cant reduction in 
strength, no detectable fretting wear and substan-
tial sealing [ 15 ,  19 ,  24 ,  29 ,  30 ]. Liners may also 
rotate within the shell cavity without dissocia-
tion, causing impingement on the femoral neck, 

especially when high- lip liners are used [ 33 ,  34 ]. 
When the relative lack of conformity is combined 
with the empty space for screw holes, the actual 
surface area supported by metal varies from 25 to 
75 % [ 35 – 37 ]. Therefore, screw holes should be as 
few as possible to minimize the risk of debris gen-
eration and to give effective joint space; non-used 
screw holes should be tapped before the fi xation 
of the liner to eliminate this problem. In revi-
sion components, making provision for adjunc-
tive screw fi xation is still advisable in most cases 
[ 35 – 37 ]. Several fi nite element models support the 
improved stress distribution in the subchondral 
bone through the metal-backed implants [ 22 ,  25 , 
 38 ]. This is also confi rmed by histologic analyses 
of early retrieved porous-coated acetabular com-
ponents indicating that adequate bone ingrowth is 
present when adjunctive fi xation is utilized [ 22 , 
 25 ,  38 ].   

    Modular Stems 

    Clinical Advantages 
and Disadvantages 

 Modular implants have a number of advantages 
comparing to monoblock implants. Variability in 
femoral head length allows for better restoration 
of limb length inequalities and femoral offset, 
resulting in improvement of hip stability and hip 
biomechanics (Fig.  18.3 ) [ 2 ]. Blaha in 2006 pre-
sented his theory of a “sweet spot” on the femur 
and the need to duplicate it during reconstruction 
as accurately as possible [ 39 ]. Optimum neck 
height and anteversion can be achieved indepen-
dently of the femoral neck position using modu-
lar neck and head implants [ 39 ]. Moreover, 
different implant materials can now be combined, 
giving several options in bearing surface selec-
tion, according to the patient’s specifi c needs 
and/or surgeon’s preferences [ 1 ,  2 ]. In revision 
cases, in which only an acetabular component is 
being replaced, modular heads can be removed 
facilitating hip exposure. Intraoperative variabil-
ity and fl exibility provided by choices of  different 
diameter stem lengths, fi xation types, proximal 
metaphyseal sizes, and orientation enable the 
establishment of a stable hip joint [ 1 ,  22 ]. 
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Additionally, stem modularity enhances fi t and 
fi ll, provides greater initial fi xation, and more 
uniform stress distribution while minimizing 
stress shielding, bone loss, and incidence of thigh 
pain (Fig.  18.4 ) [ 1 ,  22 ]. Proponents of stem mod-
ularity believe that the modular components offer 
optimal proximal metaphyseal fi ll and proximal 
stress transfer with distal fi t for initial torsional 
stability [ 1 ,  22 ,  40 – 42 ]. Modularity potentially 
provides an adequate number of proximal and 
distal geometry combinations to facilitate the 
achievement of maximal direct bone contact with 
porous coating proximally and stem contact with 
endosteal cortex distally [ 40 – 42 ].

    However, problems with femoral stem-head 
modularity had been recognized early. Dissociation 
of the head, corrosion at the modular head-neck 

interface, and fractures at the base of the modular 
trunnion have been extensively reported [ 43 – 48 ]. 
Negative effects on range of motion have also been 
recognized especially whenever skirted femoral 
heads are used. This is owing to the reduction of 
head-neck ratio, which induces earlier impinge-
ment of the neck onto the acetabular rim, excessive 
polyethylene wear, and liner dissociation [ 49 ,  50 ]. 
Head-liner mismatch is another effect of head-stem 
modularity. The large available number of compo-
nent combinations increases the potential risk of 
mismatch. Head-taper mismatch has also been 
reported and is shown to be related to increased 
micromotion and development of corrosion [ 51 , 
 52 ]. Awareness is therefore needed when com-
bining components from different manufacturers, 
which is not unusual especially in revision cases.  

  Fig. 18.3    Cementless femoral stem with a modular neck. 
Satisfactory clinical and radiological outcome at 5 years 
follow-up       

  Fig. 18.4    Cementless modular S-ROM stem for primary 
hip arthroplasty. Satisfactory clinical and radiological out-
come at 9 years follow-up       
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    Mechanisms of Corrosion, Fretting, 
Cracking, and Failure of Modular 
Interface 

 Corrosion products and wear debris generated at 
the head-neck (Fig.  18.5 ) and neck-stem inter-
faces are well documented in the current literature 
[ 53 – 56 ]. It is generally agreed that the surface 
damage seen at the head-neck taper is initiated by 
fretting. Fretting has been demonstrated in 100 % 
of test specimens in vitro and in over 50 % of 
retrieved implants [ 46 ,  55 ,  56 ]. Fretting increases 
the development of crevice and galvanic corro-
sion by disrupting the passive oxide layer of the 
taper interface. Gilbert et al. tried to document 
the taper corrosion processes better using metal-
lurgical sectioning techniques and scanning elec-
tron microscopy [ 54 ]. They showed that a pitting 
attack on both sides of the taper interface evolves 
into plunging pits. The latter ultimately develop 
into cracks where the crack propagation process 

is one of corrosion resulting in oxide formation 
and subsequent reorganization. The oxide that 
forms has a complex evolving structure includ-
ing a network of transport channels that provide 
access of fl uid to the crack tip. This emergent 
behavior does not appear to require continued 
fretting corrosion to propagate the pitting and 
cracking. This mechanism is similar to stress 
corrosion cracking where the crack tip stresses 
arise from the oxide formation in the crack and 
not externally applied tensile stresses. Rodriguez 
et al. investigated the surface of hip implants with 
Ti-6Al-4V/Ti-6Al-4V modular taper interfaces 
and showed that an in vivo hydrogen embrittle-
ment is the mechanism of degradation in modular 
connections, which results from electrochemical 
reactions induced in the crevice environment of 
the tapers during fretting- crevice corrosion [ 57 ]. 
Hardening by nitriding or nitrogen implantation 
also can improve the strength and wear resistance 
of the Morse taper [ 57 ].

a b

  Fig. 18.5    Damaged head-neck junction. ( a ) Head, ( b ) neck       

 

18 Modular Interfaces



260

   Several parameters are associated with corro-
sion and fretting of modular taper surfaces. The 
impact of different material combinations, fl ex-
ural rigidity, head and neck moment arm, neck 
length, and implantation time has been evaluated 
[ 46 ,  56 ,  58 ]. Material combination, head offset, 
and assembling conditions are reported by differ-
ent authors as independent causative factors in 
fretting [ 59 ]. In single modular implants (modu-
larity at the head-neck junction), stainless steel/
cobalt-chromium and titanium/cobalt alloy cou-
plings have shown increased corrosion compared 
to cobalt alloy/cobalt alloy ones. Moreover, 
metal/metal junctions induce signifi cantly higher 
cobalt and chromium metal releases and fretting 
compared to ceramic/metal junctions [ 46 ,  56 ,  58 , 
 60 ]. Double modular implants (modularity at 
both head-neck and neck-stem junctions) fretting 
and crevice corrosion are expected to be increased 
due to increased modular interfaces. Fretting and 
corrosion have been shown to be common at both 
head-neck junction (54 % showing corrosion; 
88 % showing fretting) and stem-sleeve junction 
(88 % corrosion ; 65 % fretting) in a series of 78 
retrieved hip implants [ 53 ]. Metal ion and par-
ticulate debris generation is increased [ 53 ]. 
Titanium releases measured from titanium 
(Ti6A14V) modular interfaces are extremely low. 
However, titanium neck adapters show larger 
micromotions than cobalt-chrome neck adapters 
[ 61 ]. Neck adapters made of cobalt- chrome alloy 
show signifi cantly reduced micromotions espe-
cially in the case of contaminated cone connec-
tion. Grupp et al. demonstrated that with 
cobalt-chromium neck, the micromotions can be 
reduced by a factor of 3 compared to the titanium 
neck [ 46 ]. The incidence of fretting corrosion 
was also lessened with cobalt-chrome necks. 
Modular titanium alloy neck adapters may fail 
due to decreased stiffness and increased surface 
micromotion and should be used with great cau-
tion on patients with an average weight over 
100 kg [ 46 ]. 

 In revision implants, distal modularity has 
been associated with erosion of the shaft and 
migration of the distally modular component in 
some cases. This raises the concern of wear 
debris and lysis originating at this interface [ 1 ]. 

Implant geometry and neck-shaft angle also play 
a signifi cant role in fretting and corrosion at the 
junction of head and neck. Higher offset is asso-
ciated with increased fretting damage. Corrosion 
and fretting is higher for heads than necks. 
Larger-diameter necks increase neck stiffness 
and therefore could possibly reduce fretting and 
corrosion of the taper interface regardless of the 
alloy used. Carlson et al. showed that small- 
diameter femoral stems with large offsets have an 
increased risk of stem fracture [ 53 ].  

    Debris and Wear 

 Every combination of materials may generate the 
production of millions of particles in the 1- to 
2-μm range. The most important factor in increas-
ing the particle count is dimensional mismatch. 
Roughened and nitrogen-implanted surfaces pro-
duce fewer particles, while heads larger than 
10 mm produce more particles [ 62 ,  63 ]. It is now 
agreed that metal particles may act as a third 
body to accelerate polyethylene wear and subse-
quently cause bone lysis and implant loosening 
[ 62 ,  63 ]. Corrosion products from modular head 
and neck tapers increase the particulate debris in 
the joint and migrate along membranes at the 
bone-implant interface to sites remote from their 
origin. Urban et al. showed that these particles 
could also migrate to the prosthetic bearing sur-
face inducing third-body wear [ 64 ,  65 ]. The 
increased production of polyethylene debris from 
third-body wear could contribute to peripros-
thetic bone loss and aseptic loosening, with 
implications for possible systemic toxicity [ 64 , 
 65 ].  

    Stress Distribution and Micromotion 

 Stress distribution within components and the 
micromotion of the interface signifi cantly infl u-
ence the function of the taper lock in the long 
term [ 51 ,  61 ,  63 ]. Bending-induced gap opening 
between the cone and the sleeve in double modu-
lar implants (head and neck modularity) can lead 
to an infl ow of biological fl uids and thus acceler-
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ate implant corrosion [ 51 ,  61 ,  63 ]. Local areas of 
high stress can accelerate the corrosive process 
and initiate local yielding. This may lead to frac-
ture in one of the modular components, espe-
cially when high-offset necks are selected for 
heavy-weighting individuals [ 46 ]. However, Chu 
et al. observed that for titanium (Ti6A14V) com-
ponents, cortical bone bridging and ingrowth 
occurs across the taper lock gap, which induces a 
reduction in the peak stress by 45 % and in the 
contact interface separation by 55 % [ 44 ]. Such 
tissue formation around the taper lock joint could 
also form a closed capsule to restrict the migra-
tion of wear particles and prevent bone resorp-
tion and implant loosening.  

    Assembling Process 

 Special attention should be paid during the 
assembling process. If the prosthesis is cemented, 
the head should be impacted with several fi rm 
blows on the back table prior to implantation. 
Forceful blows shortly after cement polymeriza-
tion can damage the implant-cement interface. 
Assembly prior to insertion is therefore advisable 
[ 66 ,  67 ]. When implanting an uncemented stem, 
the head should be impacted onto the trunnion 
after implantation of the stem, because the vibra-
tion of striking the implant can disrupt the lock of 
the Morse taper. In either case, extreme care 
should be taken to keep the interface clean, dry, 
and free of any debris [ 67 ,  68 ]. Contaminated 
surfaces exhibit signifi cantly larger micromotion 
comparing to meticulously cleaned ones. Even a 
fraction of a millimeter of blood can substantially 
adversely affect the taper lock and accelerate cor-
rosion and wear [ 61 ]. There are several studies 
reporting on optimizing the assembling tech-
nique of modular components. Rehmer et al. 
tried to assess the infl uence of assembly force, 
assembly tool, and number of hammer strokes on 
the taper junction strength of various metal com-
binations [ 66 ]. The authors showed that taper 
strength linearly increased with assembly forces. 
Multiple impactions did not increase taper 
strength. A single impact is suffi cient to achieve 
fi xation. Ceramic and cobalt-chromium heads 

showed similar fi xation patterns on titanium 
tapers. It was also suggested that impaction 
forces of at least 4kN achieve suffi cient head- 
taper junction strength in all bearing conditions. 
Pallini et al., on the other hand, tried to determine 
the disassembly force and showed that blows to 
the proximal end of the neck-stem coupling 
should be avoided as this could compromise the 
cleanliness of the head-neck modularity and 
damage the bearing surfaces [ 68 ]. They also 
reported that disassembly force after manual 
insertion followed by the fi rst small postopera-
tive loads imposed by the patient during walking 
was as high as that obtained with hammer blows, 
and therefore application of hammer blows to fi x 
neck-stem coupling is unnecessary. Nganbe et al. 
assessed the distraction forces after in vitro 
cycling in bovine serum and showed that the 
neck-stem pull-off force initially increases dur-
ing cycling and reaches a maximum value of 
5.704 kN at 100,000 cycles [ 67 ].   

    Total Knee Replacement 

    Tibial Inserts 

 The benefi t of modularity in total knee arthro-
plasty implants is widely recognized and includes 
the ability to fi ne-tune soft tissue balance and 
reestablish more accurately the height of the joint 
line. Modular tibial components offer a variety of 
options especially for the diffi cult revision cases 
with signifi cant bone loss. Modular inserts pro-
vide a number of choices of thickness as well as 
the degree of constraint of the articular surface. 
This increases intraoperative variability, mainly 
by providing the option of switching from a pos-
terior cruciate ligament – retaining (CR) to a pos-
terior stabilized (PS) insert utilizing the same 
tibial baseplate. The use of modular inserts is also 
useful for these cases of excessive polyethylene 
wear, without implant loosening, that a simple 
polyethylene insert exchange with a thicker and/
or more constrained liner could be suffi cient [ 1 ]. 
However, modularity of tibial components has 
not shown any superiority in terms of implant 
survivorship comparing to non-modular implants. 
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Several disadvantages of modularity have been 
reported. The unintended bearing surface 
between the back surface of the tibial implant and 
the metallic tray results in micromotion that 
increases polyethylene wear [ 69 ,  70 ]. The main 
contributing factors include the following: insuf-
fi ciency of locking mechanism, failure of thin 
polyethylene modular inserts, abrasion of the 
tibial spine with secondary wear, impingement of 
the locking pin against the femoral component, 
and corrosion between screws and the baseplate 
[ 71 ]. A membrane invariably forms at this inter-
face, and concern has been expressed about the 
possibility that this increases the potential for late 
infection [ 1 ]. To date, there is no evidence to sup-
port this concern. 

 The clinical relevance of micromotion and 
backside wear is now well understood. Parks 
et al. investigated the anteroposterior and medio-
lateral motion between the tibial inserts and 
baseplate that were measured with an extensom-
eter placed across the modular interface [ 72 ]. 
The authors observed hundreds of microns of 
motion even under a 100 N load and variability 
between implants of the same design, showing 
that more efforts should be made in the improve-
ment of locking mechanisms in modular knee 
implants. Engh et al. highlighted the insuffi -
ciency of the capture mechanisms of some mod-
ular fi xed- bearing tibial components [ 73 ]. In this 
study, a uniaxial mechanical testing machine 
was used to evaluate a variety of total knee com-
ponents applying loads along the anteroposterior 
and mediolateral axes of the tibial component. It 
is signifi cant that motion between the polyeth-
ylene insert and the metal baseplate increases 
after a period of in vivo loading. The same study 
group tried to quantify the relative motion of the 
modular interface, which was measured in the 
transverse plane, and correlate it to the back-
side wear that was observed. For this purpose 
they used these measurements to compute the 
insert motion index, which served to quantify 
unrestricted motion of the insert with respect to 
the baseplate. It was shown that the mean insert 
motion index for the tibial components was 
416 μm, ranging from 104 to 760 μm. This insert 

motion was positively correlated with backside 
polyethylene wear ( p  = 0.003) and baseplate 
wear ( p  < 0.001). Moreover, baseplate wear was 
found to be strongly correlated with backside 
polyethylene wear ( p  < 0.001). Wasielewski also 
observed a micromotion between 2 and 25 μm 
in the shear plane relative to metal backing, 
suggesting that undersurface motion may be 
inevitable [ 74 ]. The author demonstrated that 
forces at the modular interface, created during 
physiologic loading, are infl uenced by the insert 
type, the articular design, and the surgical tech-
nique. Increasing articular insert constraint can 
increase the forces at the main articulation to 
be resisted and transferred to this and the other 
interfaces. Designs with a cam- post mechanism 
that force rollback at a certain fl exion angle cre-
ate a signifi cant force in this shear plane. Inserts 
with highly conforming articular geometries can 
have a similar effect. Component alignment and 
position, and ligament balance also may infl u-
ence backside wear as suggested by the great 
variability of wear patterns seen on similar insert 
retrievals and by kinematic differences observed 
in fl uoroscopic studies of the same implant 
design [ 69 ,  71 ,  75 ]. 

 Several studies have found that micromotion 
at the tibial tray-polyethylene interface is associ-
ated with increased risk for increased particulate 
debris generation. Conditt et al. found that pit-
ting, burnishing, and measurable polyethylene 
protrusions may occur on the backside of poly-
ethylene inserts [ 71 ]. Li et al. showed that the 
amount of polyethylene wear found after exam-
ining 55 retrieved tibial inserts with four different 
locking mechanisms was as high as 591 mg from 
the inferior surface [ 76 ]. This corresponded to a 
polyethylene wear rate from the backside of the 
tibial insert of greater than 100 mg, which is two 
to four times higher than wear rates associated 
with total hip replacements. Debris from back-
side wear combined with wear from the articular 
side might account for the increasing prevalence 
of osteolysis since modular components have 
become widely used [ 70 ]. Peters et al. reported 
that the incidence of osteolysis in an uncemented 
modular tibial component is 16 % [ 77 ]. Surace 
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et al. found that in the anteroposterior profi le of 
the polyethylene insert, a concave deformation of 
the back surface is developed in 96 % of the 
retrieved implants they examined, using a stereo-
microscope with a digital optical system [ 78 ]. 
Akisue et al. reported that the backside deforma-
tion is associated with polyethylene thickness 
and the type of locking mechanism [ 79 ]. This 
concave deformation may facilitate accumulation 
and transportation of wear debris to the tibial 
bone- implant interface.  

    Augmentation Devices 

 The use of metal augmentation devices to recon-
struct femoral or tibial bone defi ciencies during a 
revision knee arthroplasty has been another 
impetus to increase the modularity of total knee 
replacement components [ 80 – 82 ]. Utilization of 
these devices is generally faster and technically 
easier when compared with the reconstructive 
techniques that use autograft or allograft bone 
segments [ 80 ,  83 ]. Metal augments are better 
indicated for small- and medium-sized structural 
bone defects. Metal blocks and wedges have both 
been utilized. However, there is some evidence 
that the block confi guration is biomechanically 
superior, as it distributes the load more evenly 
than does wedge augmentation [ 5 ,  80 ,  84 ]. 
Trabecular metal augmentation has added new 
treatment options for severe proximal tibial bone 
defects in revision knee arthroplasty [ 5 ,  80 ]. 
Porous tantalum tibial cones provide mechanical 
support for the tibial component and have the 
potential for long-term biologic fi xation [ 80 ,  85 , 
 86 ]. The major disadvantage of adding modular 
components is the potential for fretting or failure 
of the interface, although these events have not 
yet been reported. In order to prevent this type of 
complication, most modular revision implant 
designs have tried to reduce the number of modu-
lar parts to a minimum by using components that 
require assembly and providing a large inventory 
of one-piece integral components with wedge or 
block augments incorporated into the tibial base-
plate [ 80 ].  

    Stems 

 Modular stems add additional fi xation, which is 
often necessary because of bone loss in revision 
knee replacement [ 80 ]. A press fi t can be obtained 
in the femoral and tibial canals by utilizing a 
wide range of lengths, diameters, and offsets [ 5 , 
 80 ,  87 ]. Options of both straight and curved 
stems are also available. Hybrid type of fi xation 
with cementing of the articular surfaces and press 
fi tting of the stems in the medullary canals is usu-
ally applied. Improved results with press fi tting 
of stems and cementing of only the surface of the 
tibia and femur have been reported [ 88 ,  89 ]. One 
major advantage is that press-fi t stems are easier 
to revise when necessary, since cement does not 
have to be inserted into the medullary canal of 
the tibia or femur [ 88 ,  89 ]. Disadvantages include 
increased potential for fracture of the tibial or 
femoral shaft in an attempt to achieve a press fi t 
with large stems. Stress shielding due to the stiff-
ness of the stems may cause bone resorption of 
the distal femur and proximal tibia [ 90 ,  91 ]. In 
addition, there is an increased concern regarding 
fretting corrosion and the generation of particu-
late debris from the modular connection or fail-
ure of the connection [ 1 ].   

    Shoulder Arthroplasty 

 In recent years there has been an increasing inter-
est in humeral component modularity. Modular 
shoulder implants offer a wide variety of diame-
ters and sizes in both humeral and glenoid com-
ponents [ 92 ,  93 ]. The modularity of total shoulder 
arthroplasty implants has demonstrated several 
advantages compared to monoblock implants 
[ 92 ,  93 ]. Humeral stem insertion is much easier 
without the attached humeral head component. 
Diameter and offset may be varied according to 
the desired soft tissue tension, thus maximizing 
stability and range of motion. Moreover, the gle-
noid component and the humeral head may be 
revised without removal of the humeral stem, and 
conversion to inverse type prosthesis can now be 
done [ 92 – 94 ]. At the glenoid side, modularity of 
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polyethylene and metal backing can also facili-
tate simple exchange of the insert without the 
need to remove the metal-back component [ 95 ]. 
Potential disadvantages of modular shoulder 
implants include instability or stiffness when the 
selected humeral head is too small or too large, 
respectively, corrosion and fretting at the head- 
stem interface, component dissociation (head- 
stem and polyethylene-metal back), and stress 
shielding at the glenoid side [ 92 ,  96 ]. 

    Humeral Head-Stem 

 Dissociation of the humeral component has been 
of great concern [ 97 ,  98 ]. Improper taper fi t 
caused by contamination of the head-stem inter-
face with blood is reported as the most likely fac-
tor responsible for in vivo dissociations in types 
of commercially available implants. Blevins 
et al. conducted a biomechanical and implant 
retrieval study investigating the effect of loading 
rate, load amplitude, and the number of impac-
tions on fi xation of the humeral head component 
[ 98 ]. These authors demonstrated that the disso-
ciation force is linearly proportional to the 
 impaction force. However, repetitive loading 
beyond two impactions does not signifi cantly 
increase taper strength. Chao and Kasman noted 
only a 6 % increase in dissociation force after 
1,000 loading cycles with a maximum sliding 
distance for the shank inside the socket of 0.1 mm 
[ 99 ]. The mean dissociation force after two 
impactions with a mallet was 2,926 ± 955 N [ 98 ]. 
Cooper and Brems measured a mean force of 
2,996 N to dissociate a retrieved Biomet humeral 
component [ 100 ]. Asglan et al. reported dissocia-
tion forces in excess of 4,000 N after the loading 
of an 8° included angle titanium taper [ 101 ]. 
Chao and Kasman reported dissociation forces of 
approximately 1,300 N after an impaction force 
of 2,225 N (4° included cone angle titanium 
taper) [ 99 ]. It is shown that contamination of the 
taper with as little as 0.4 ml of fl uid could lessen 
the fi xation strength of the taper. Contamination 
with liquid (water, oil, and blood) and solid 
debris (polymerized, morselized polymethyl 
methacrylate cement) may affect the fi xation of 
the taper [ 98 ]. With regard to the effect of the 

taper material, Blevins et al. showed that the 
coeffi cient of friction for the cobalt-chrome-tita-
nium taper (0.7 ± 2.5) is not statistically different 
from that of the titanium tapers but does show 
considerable variation (range from −8.60 to 8.06) 
[ 98 ]. Regression analysis between the impaction 
force and coeffi cient of friction for titanium-tita-
nium and cobalt-chrome-titanium tapers shows 
no signifi cant effect. However, Chao and Kasman 
found that titanium tapers had a higher dissocia-
tion force than those of stainless steel [ 99 ]. This 
difference between studies may be due to the 
wide variation in the measured coeffi cients of 
friction for cobalt-chrome-titanium tapers.  

    Metal-Backed Glenoid Components 

 At the glenoid side, when compared with the 
cemented all-polyethylene components, the 
uncemented modular metal-backed components 
display lower subchondral stresses. This effect 
is more pronounced during eccentric loading. 
However, high polyethylene stress regions are 
present at the polyethylene-metal interface in 
relation to the all-polyethylene components. 
This result suggests that this interface will be 
the site of initial polyethylene yielding and ulti-
mately, component failure, at loads that are lower 
than those necessary to cause failure in the all- 
polyethylene component. In a 3D fi nite element 
analysis model, Gupta et al. showed that, although 
the indications of stress shielding and separation 
of modular parts of the prosthesis are apparent, 
the implant-bone interface seems less likely 
to fail as compared to cemented designs [ 102 ]. 
Once initial fi xation of the implant is achieved, 
the uncemented modular design appears to have 
better prospects than cemented non-modular 
ones. The use of highly stiff (5 mm) metal back-
ing offers rigidity to the implant and therefore 
causes reduction of stresses in the polyethylene 
cup and the underlying bone. One the one hand, 
stresses in the polyethylene cup are reduced by 
20 % as compared to the cemented total poly-
ethylene design, thereby decreasing the risk of 
polyethylene wear [ 102 ]. On the other hand, the 
use of thicker metal-backing results in higher 
metal- bone and polyethylene-metal interface 
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stresses. These high stresses indicate potential 
interface disruption, separation of the prosthe-
sis from bone, or separation of polyethylene cup 
from the metal backing. A thicker polyethylene 
cup (7 mm) with a thinner circular metal backing 
(3 mm) might result in lower stresses in the poly-
ethylene cup as well as reduction in the weight 
of the glenoid component. Stresses in polyeth-
ylene cups of thinner metal-backed designs are 
also reduced when cement is used (8 %), but 
these reductions are less compared to the thicker 
metal- backed non-cemented cup (20 %) [ 102 , 
 103 ]. As with modular hip and knee components, 
the potential for generation of wear debris is a 
concern [ 1 ]. Lysis has not been reported to date; 
however, experience with these modular compo-
nents is of relatively short duration. Long-term 
implications are yet to be determined.   

    Conclusions 

 The introduction of modular implants has been 
revolutionary in reconstructive surgery of the 
hip, knee, and shoulder. Implant modular-
ity allows for more anatomical restoration of 
limb length inequalities, better implant fi t and 
fi ll, improved soft tissue tensioning, increased 
stability, and better overall restoration of joint 
biomechanics. It facilitates surgical exposure 
in revision cases and permits the exchange 
of only the parts that need to be revised, thus 
preserving a patient from any additional bone 
loss which may be created during well-fi xed 
implant removal. However, new problems 
have been recognized in the presence of addi-
tional metal interfaces. Dissociation of modu-
lar parts, corrosion, fretting, cracking, and 
failure of the modular interfaces have been 
presented, and the mechanisms thereof have 
been extensively studied. Improvements in 
stress distribution and micromotion between 
surfaces have been achieved through bet-
ter manufacturing and machining processes 
aiming at a reduction of the wear products. 
Technical features regarding the combination 
of different materials and the assembling pro-
cess have also been well studied, and useful 
recommendations for the everyday clinical 
practice have been presented. 

 In conclusion, modularity is a signifi cant 
renovation in the fi eld of adult reconstruction 
surgery. Surgical options have been increased, 
and the variety of random unexpected intraop-
erative events and problems may now be 
addressed easily. Acknowledgment of the par-
ticular technical specifi cations and problems 
related to the presence of additional modular 
interfaces is of paramount importance, and 
therefore, it is recommended limiting their use 
where appropriate.     
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           Introduction 

 Total hip arthroplasty (THA) and hip resurfacing 
arthroplasty (HRA) have become some of the 
most successful elective surgical procedures in 
modern medicine that it has been described as 
“the operation of the twentieth century” [ 1 ]. 
Worldwide, it is estimated that approximately 
one million are implanted every year. About 
270,000 hip arthroplasties are done in the United 
States, and this is projected to increase by 174 % 
between 2005 and 2030 [ 2 ,  3 ]. The National Joint 
Registry of England and Wales reported 68,907 
primary operations in 2010 [ 4 ]. The number of 
younger patients receiving a THA is continu-
ously increasing. In England and Wales, 12 % of 
patients are younger than 55 years [ 4 ]. In Canada, 
the number of patients aged less than 45 years 
having hip replacements during 2002 rose by 
11.0 % compared with 1994 [ 5 ]. 

 The long-term problem with THA is failure, 
resulting in revision surgery. The leading cause 
of failure is aseptic loosening. Loosening of the 
implants occurs mainly due to the particulate 
wear debris particles that the different materi-
als of prostheses generate [ 6 ]. Activity level 
seems to be important. The Finnish Arthroplasty 
Registry reports only 60 % of 15-year survival 

in patients younger than 55 years [ 7 ]. In an 
attempt to reduce wear and osteolysis following 
THA, especially in high-demand young patient 
 populations, alternative bearing surfaces, such 
as ultrahigh- molecular-weight (UHMW) poly-
ethylene, ceramic-on-ceramic (CoC), and metal-
on- metal (MoM) articular surfaces, have been 
introduced [ 8 ]. Highly cross-linked offers lower 
wear than conventional polyethylene, but the 
bioactivity of the particles remains [ 7 ]. Ceramic 
bearing surfaces have the lower wear from all the 
alternative bearings but are expensive, and there 
have been reports of ceramic fracture [ 9 ] and 
audible squeaking [ 10 ]. MoM bearings offer also 
limited wear. They have a long history of use that 
dates back to the introduction of the McKee–
Farrar prosthesis in the 1960s. MoM bearings 
fell out of favor because of high failure rates, 
primarily because of early cup loosening [ 11 ], 
impingement [ 12 ], and metal sensitivity [ 13 ], 
and because of the excellent clinical results of 
the Charnley low-friction arthroplasty concept. 
However, their use was revisited in the 1990s as 
polyethylene- associated osteolysis emerged as a 
major clinical problem [ 14 ]. MoM THA, there-
after, has become popular, especially over the 
past decade and now accounts for 35 % of hip 
replacements in the United States [ 15 ] and 14 % 
of hip replacements recorded on the National 
Joint Registry of England and Wales [ 4 ]. One 
additional reason for their extensive use is the 
improved joint stability (e.g., lower risk of dislo-
cation), due to the ability to use larger-diameter 
femoral heads [ 15 ]. 
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 MoM bearings, however, generate metallic 
wear particles. These particles have a size in the 
nanometer scale and are soluble. The soft tissue 
reactions to these nanoparticles have introduced 
new reasons for revision, while systemic distri-
bution through the body fl uids has an unpredict-
able long-term effect. In this chapter, we will 
examine the biological activity of the metallic 
wear particles released from MoM bearings and 
review the local and distant reactions to them. We 
will, also, review the exposure, uptake, and dis-
semination processes of these particles.  

    Wear Particle Origin and 
Composition 

 Transmission electron microscopic analysis of 
metal particulate debris has shown that MoM 
articulations generate approximately 6.7 × 10 12  to 
2.5 × 10 14  particles every year, which is 13–500 
times the number of polyethylene particles pro-
duced from a typical metal-on-polyethylene 
(MoP) bearing. Despite this, the actual volumetric 
wear of a MoM articulation is lower because of the 
nanoscale size of the particles (generally < 50 nm) 
when compared with polyethylene particles, 
which are rarely less than 0.1 μm [ 5 ,  16 ]. Of note, 
the distribution of particle size and shape changes 
with the severity of wear. Diffi culties associated in 
isolating particles smaller than 10 nm suggest that 
the actual number of particles may well have been 
underestimated [ 6 ,  17 ]. Implant-derived debris is 
generated by mechanical wear and tear, as well 
as surface corrosion [ 18 ]. These degradation 
products may be present as (1) particulate wear 
debris, (2) free metallic ions, (3) metal–protein 
complexes, (4) sequestered in an organic storage 
form such as hemosiderin, and/or (5) inorganic 
metal salts or oxides [ 18 ,  19 ]. Corrosion can occur 
at all metal surfaces, resulting in either the forma-
tion of a protective passive layer or dissolution 
of the bulk metal alloy. Cobalt (Co(II)), titanium 
(Ti(V)), aluminum (Al(III)), iron (Fe(III)), nickel 
(Ni(II)), and chromium (Cr(III)) have all been 
detected in solution during the corrosion of metal 
alloys. Despite evidence supporting the release of 
Cr(VI) from the Co–Cr–Mo (molybdenum) alloy, 

this remains controversial. Even if corrosion leads 
to the release of Cr(VI), this chromium is rapidly 
reduced to trivalent chromium intracellularly [ 5 , 
 20 ]. Corrosion products predominantly consist of 
metal oxides (Cr 2 O 3 , CoO, TiO 2 , Al 2 O 3 , etc.) and 
hydroxides (Cr(OH) 3 , Co(OH) 2 , etc.) within the 
synovial environment. Synovial fl uid has proper-
ties, or compounds, that prevent the deposition of 
calcium phosphate and results in a thin oxide pas-
sive layer on the implant [ 5 ,  21 ]. The deposition of 
calcium phosphate and the subsequent formation 
of metal phosphates (CrPO 4 , Co 3 (PO 4 ) 2 , etc.) occur 
in non-synovial environments [ 21 ]. Therefore, it 
is expected that corroded particles found in the 
human body are predominantly orthophosphate, 
hydroxides, and oxides rather than base metal. 
Metal immersed in synovial fl uid will lack the 
thick calcium phosphate deposit, unlike the parts 
of the implant that are exposed to blood serum 
[ 21 ]. For those particles that are exposed to serum, 
metal corrosion products are trapped in the surface 
deposit, and these may then be released during fur-
ther wear [ 21 ]. Metallic particles are ingested by 
macrophages (>150 nm) or may be disseminated 
via lymphatics to the reticuloendothelial system 
[ 22 ]. The small size of some of these particles or 
their existence in ionic forms also allows dissemi-
nation through the vascular system [ 23 ], which has 
not been extensively investigated yet [ 6 ,  24 ]. They 
continue to corrode, and thereafter, metal ions 
are present in the circulation and concentrated in 
erythrocytes. Excretion of metal ions via the kid-
neys seems to balance their generation [ 25 ]. The 
uptake of metal nanoparticles (<150 nm) by cells 
occurs by endocytotic processes, particularly non-
specifi c receptor-mediated endocytosis and pino-
cytosis [ 26 ]. The uptake of Cr(VI) occurs readily 
through anionic channels because of the structure 
of the chromate anion [ 27 ]. Divalent metal trans-
porter ((DMT)-1), expressed in a range of tissues, 
and natural resistance-associated macrophage 
protein (NRAMP)1, located on the phagosomal 
membrane, may facilitate the uptake of Co(II) and 
Ni(II) [ 5 ,  28 ,  29 ]. Larger particles (>150 nm) can 
directly stimulate phagocytosis [ 30 ]. Transferrin-
bound Fe(III), Al(III), Cr(III), or vanadium(V) can 
be internalized by cell- surface transferrin recep-
tors [ 31 – 33 ].  
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    Biological Responses 
to Metal Wear Debris 

    Cytotoxicity 

 Once internalized, metal particles can induce 
cytotoxicity and oxidative stress [ 5 ,  34 ]. 
Biological responses of human cells to metal 
wear particles in vitro depend on the particle size 
[ 35 ]. Papageorgiou et al. [ 36 ] compared the cyto-
toxicity of nanoparticles and micron-sized parti-
cles of Co–Cr alloy using human fi broblasts in 
tissue culture. Nanoparticles appeared to disinte-
grate within the cells faster and cause more cel-
lular damage than microparticles [ 36 ]. Kwon 
et al. [ 35 ] have found that only Co nanoparticles 
and ions have dose-dependent cytotoxic effects 
on macrophages in vitro. Similar cytotoxicity 
was not observed with Cr nanoparticles. A greater 
release of metal ions in solution from Co nanopar-
ticles in comparison to Cr nanoparticles may, in 
part, explain why Co is more cytotoxic [ 35 ]. 
Although synergistic effects of nanoparticles 
together with ions cannot be excluded, cytotoxic-
ity of Co nanoparticles in vitro may be a result of 
nanoparticles, rather than diffusion of metal ions, 
produced extracellularly [ 35 ]. Inside the cells, Co 
ions are released during corrosion and participate 
in Fenton-like reactions, leading to the genera-
tion of free radicals which further lead to cellular 
damage [ 37 ]. Furthermore, the mitochondria 
appear to be the target of cobalt toxicity in cul-
tures of mouse astrocytes, creating conditions 
similar to hypoxia. It seems that, in excess, Co 
blocks cellular metabolism and can damage mul-
tiple organs [ 38 ]. However, the high concentra-
tions of nanoparticles required for cytotoxic 
effects in vitro (greater than 10 12  particles ml − 1) 
are likely to occur in vivo only when there is 
excessive wear. However, different toxic-effect 
threshold among patients may exist, as the indi-
vidual biologic response to the metallic wear 
debris differ [ 35 ]. The Co–Cr nanoparticles were 
found to be more toxic not only than the ions but 
also than the alumina ceramic particles [ 39 ]. The 
in vitro cytotoxicity of metal nanoparticles would 
be consistent with the observed areas of necrosis, 
separated from viable tissue by macrophages 

containing large numbers of metal particles, in 
pseudotumor in vivo. A vicious circle of necrosis, 
recruitment of macrophages to areas of dead 
macrophages and rephagocytosis leading to an 
expanding necrotic zone, may exist [ 35 ]. 
Pseudotumor-like histological appearance has 
been observed in a postmortem study in subjects 
with Co–Cr prostheses [ 22 ]. Necrosis was 
observed only in organs with high metal concen-
trations, whereas it was not observed in others 
with low concentration of metallic debris, like 
the liver and kidney [ 22 ]. 

 Except from Co, other metals and corrosion 
products are also cytotoxic. Hallab et al. [ 40 ] 
treated in vitro representatives of human peri- 
implant cell types with Al(III), Co(II), Cr(III), 
Fe(III), Mo(V), Ni(II), V(III), and Na(II) (con-
trol) chloride solutions, at concentrations that 
have been observed in vivo. Metals that were 
toxic include Co (0.6 mM), Ni (0.8 mM), and V 
(0.5 mM) for lymphocytes; Co (0.8 mM), V 
(0.3 mM), Al (1–5 mM), and Fe (1–5 mM) for 
fi broblasts; and Co (0.8 mM), Ni (0.7 mM), and 
V (0.1 mM) for osteoblasts. Only Co and V were 
toxic in vitro at concentrations below those 
detected in vivo in synovial fl uid [ 40 ]. Some cor-
rosion products, like oxides and/or phosphates of 
Cr, Co, and Ni, also show moderate cytotoxicity, 
while others including oxides and phosphates of 
Ti and Al do not [ 41 ]. Only one oxide each of Ni 
and Co was noncytotoxic, while the others were 
cytotoxic. Specifi cally cytotoxicity was detected 
for CoO, Co 3 O 4,  and Co 3 (PO 4 ) 2  but not for Co 2 O 3 . 
Ni 2 O 3  was also cytotoxic, while NiO was not. In 
addition, the cytotoxicity of the phosphate of a 
metallic element was considerably smaller than 
that of the oxide of the element when the valen-
cies of the elements were the same [ 41 ].  

    Immunologic Response 

 As compared with MoP THA, the extent of the 
granulomatous infl ammatory reaction is much 
less intense in MoM articulation, perhaps because 
of the overall smaller size of the metal wear 
debris particles [ 42 ]. The histologic pattern in the 
tissues around, both fi rst [ 43 ] and second [ 44 ] 
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generation, loose MoM articulations is signifi -
cantly different from that of MoP articulations 
and is characterized by perivascular infi ltration 
of lymphocytes and the accumulation of plasma 
cells. The lymphocytic infi ltration is more pro-
nounced in samples obtained at the time of revi-
sion because of aseptic failure than in samples 
retrieved for other reasons [ 44 ]. On the other 
hand, the infl ammation in tissue samples obtained 
from hips with MoP implants is predominantly 
histiocytic [ 45 ]. Infi ltrates of lymphocytes or 
plasma cells have not been reported around CoC 
prostheses [ 46 ]. These fi ndings suggest a poten-
tial hypersensitivity response to metallic debris. 
The mechanisms and causes of this hypersensi-
tivity remain largely unknown. They may be due 
to metal degradation products that can combine 
with serum proteins [ 47 ,  48 ] to form haptens 
[ 49 ], to which individuals may have a different 
response threshold [ 50 ]. It is also possible that 
proteins combined with the particles detaching 
from the tribolayers form haptens [ 50 ], especially 
considering that these proteins are likely to be 
denatured from exposure to high shear rates and 
elevated temperatures. Implant-related hypersen-
sitivity response has been thought to be a delayed 
type-IV reaction [ 49 ]. Perivascular accumulation 
of CD3+/CD4+, CD20+ T cells, and CD68+ 
macrophages in periprosthetic tissues collected 
during revision of THAs with MOM bearings has 
indeed been described [ 51 – 53 ]. However, Willert 
et al. [ 43 ] reported the presence of plasma cells, 
B lymphocytes, and massive fi brin exudation that 
is not characteristic of a delayed type-IV hyper-
sensitivity reaction. The authors described this 
reaction histologically as an aseptic lymphocyte- 
dominated vasculitis-associated lesion (ALVAL) 
or as a lymphocyte-dominated immunological 
answer (LYDIA) [ 43 ]. These histologic fi ndings 
are the same for both low-carbide [ 52 ] and high- 
carbide [ 43 ] bearings, although they are not lim-
ited only to MoM bearings [ 54 ]. The associated 
soft tissue adverse reactions will be presented in 
the chapter concerning the local sequelae to 
metallic wear debris. 

 Some cohort studies have suggested that 
patients with MoM devices are at a higher risk of 

developing lymphopenia [ 55 ,  56 ]. Patients with 
MoM hips, compared with control subjects, had 
reduced peripheral blood absolute counts of 
CD8+ [ 55 ] and CD4 helper/inducer [ 56 ] T lym-
phocytes in particular and B lymphocytes [ 55 ], 
although this did not form a linear correlation 
with serum metal concentrations [ 5 ]. These fi nd-
ings raise the possibility that metallic debris may 
have a toxic effect on myelopoiesis and the 
immune system [ 57 ,  58 ]. It is possible that a 
reduction in certain T-cell subsets may relatively 
increase overall mortality in the elderly [ 59 ,  60 ]. 
No obvious clinical evidence that the reduction 
in the T-lymphocyte count found in MoM patients 
is detrimental, although this has yet to be investi-
gated [ 55 ].  

    Mutagenesis 

 Ionic Cr, Co, Ni, V, Al, and Ti have mutagenic 
actions on cells in tissue culture. In metal geno-
toxicity, there appears to be two predominant 
modes of action; either direct action, causing 
DNA breaks through attacks on free radicals, or 
an indirect effect by inhibiting the repair of DNA 
[ 61 – 64 ]. Cr, Ni, Co, and Ti are redox metals and 
can generate reactive oxygen species (ROS), 
such as the superoxide radical (O 2 .) and the 
hydroxyl radical (.OH) via a Fenton-driven reac-
tion with hydrogen peroxide (H 2 O 2 ) [ 64 ]. ROS 
can induce oxidative damage to DNA [ 61 ]. In an 
analysis of DNA damage caused by Fenton-type 
oxygen radical-generating systems, based on 
Cu(II), Cr(VI), Co(II), iron(II), Ni(II), or V(III), 
the highest total yield of DNA lesions was gener-
ated by the Cu system, followed by Co, Ni, Cr, 
Fe, and V [ 61 ]. Cr(VI) primarily enters the cells 
and undergoes metabolic reduction; reduction by 
cysteine can cause mutagenesis, in the absence of 
oxidative damage, by the extensive formation of 
Cr–DNA adducts and Cys–Cr–DNA and inter-
strand DNA–DNA cross-links [ 65 ]. Studies have 
shown that Cr(VI) reduction induce guanine–
guanine DNA interstrand cross-links in living 
cells, thus blocking the DNA replication process 
[ 66 ,  67 ]. Cr(III) is reported to be 1,000-fold less 
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toxic than Cr(VI), partly because of diffi culties in 
entering the cell [ 68 ]. However, this consider-
ation may not apply to the release of Cr(III) 
within the cell from reduction of Cr(VI) or from 
particles after phagocytosis. Cr(III) has been 
shown to cause DNA strand breakage [ 69 ] and so 
decrease the fi delity of human DNA polymerase 
beta, thus affecting DNA synthesis [ 70 ]. 
Furthermore, studies in cell cultures have shown 
that Ni(II) and Co(II) damage or distort zinc fi n-
ger domains, thus inhibiting DNA repair [ 62 ,  71 , 
 72 ]. Zinc fi nger motifs participate in protein–
nucleic acid and protein–protein interactions in 
many groups of proteins, including those 
involved in DNA repair [ 62 ]. Co(II), on the other 
hand, causes DNA strand breaks [ 73 ], but, in 
addition, it inhibits the incision and polymeriza-
tion step of excision DNA repair [ 74 ]. Moreover, 
some metals are known to have interactive effects 
which may be synergistic or antagonistic. Cobalt 
in particular has been shown to increase the 
mutagenicity of other metals in particulate form 
[ 73 ]. Altered signal transduction and gene expres-
sion have all been documented in response to a 
range of orthopedic metal ions, notably Ni(II), 
Cr(VI), and Co(II) [ 75 ,  76 ]. On a macroscopic 
scale, both Cr(VI) and Cr(III) lead to chromo-
some breakage [ 69 ]. Likewise V(V), Cr(VI), and 
Cr(III) have been reported to cause aneuploidy 
[ 69 ,  77 ]. 

 In patients at revision of MoP prostheses, 
there is evidence of mutagenic damage in bone 
marrow and peripheral blood lymphocytes. The 
mean incidence of aneuploidy in peripheral blood 
lymphocytes was increased approximately three-
fold, whereas the mean incidence of chromo-
somal aberrations was approximately doubled in 
all patients at revision arthroplasty compared 
with the primary operation [ 78 ]. The type of 
damage observed depends on the composition of 
the prosthesis. In patients with Ti–V–Al prosthe-
ses, there is a fi vefold increase in aneuploidy with 
no increase in chromosomal translocations. In 
those with Co–Cr prostheses, there is a 3.5- fold 
increase in chromosomal translocations and a 
smaller 2.5-fold increase in aneuploidy [ 78 ]. This 
differential response was confi rmed also in vitro, 

when human cells in tissue culture were exposed 
to Ti-alloy- or Co–Cr-alloy-based wear debris 
which had been extracted from the  periprosthetic 
tissues of patients at revision arthroplasty [ 79 ]. A 
similar twofold increase in chromosomal aberra-
tions is present in femoral bone marrow adjacent 
to worn MoP prostheses [ 80 ]. 

 For MoM articulation, specifi cally, a prospec-
tive study has shown statistically signifi cant 
increase of both chromosome translocations and 
aneuploidy in peripheral blood lymphocytes 
[ 81 ]. These types of aberrations can be theoreti-
cally explained by the abovementioned actions of 
metals. However, only the molybdenum level 
could be correlated with chromosome transloca-
tions [ 81 ]. Similarly, a prospective multicentric 
study of patients having Metasul MoM compo-
nents did not show any correlation of chromo-
somal damage at any of the ion levels [ 82 ]. On 
the contrary, Daley et al. [ 63 ] tested mutagenic 
effects of wear debris from 21 worn hip and knee 
replacements, on human cells in tissue culture. 
They found that the concentration of Ti or the 
combination of Ti, V, and Al within the wear 
debris was linearly related both to the level of 
aneuploidy in vitro and in vivo. The concentra-
tion of Co or Cr or the combination of Co, Cr, Ni, 
and Mb in the wear debris correlated with both 
chromosomal breakage and aneuploidy events 
[ 63 ]. Similarly, Davies et al. [ 83 ] stated that 
synovial fl uid from failed Co–Cr-alloy prosthe-
ses, either MoM or MoP, causes DNA damage to 
human fi broblasts in tissue cultures in vitro. In 
contrast, synovial fl uid from failed stainless-steel 
MoP prostheses did not cause any damage, 
implying that the key factor must be the composi-
tion differences between the two alloys [ 83 ]. The 
clinical consequences, of the increase in chromo-
some aberrations, if any, are unknown [ 81 ]. 
Detectable genetic damage was reduced, how-
ever, following revision to a MoP device [ 84 ]. As 
far as comparison with CoC articulation is con-
cerned, ceramic particles are weakly genotoxic 
on human fi broblasts. The in vitro genotoxicity 
of aluminum particles does not depend on size, 
while Co–Cr particle size correlates inversely 
with the genotoxicity [ 85 ].   
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    Local Sequelae 

    Soft Tissue Reactions 

 The localized effect of metal debris on the soft 
tissues in the vicinity of a Co–Cr–Mo MoM 
implant can manifest as groin pain, which may 
be indicative of an adverse reaction to metallic 
debris (ARMED) [ 86 ,  87 ]. ARMED is a general 
term that includes a spectrum of reactivity and 
soft tissue changes, from joint effusions to cys-
tic lesions and solid pseudotumors. These reac-
tions can result in implant loosening and may 
ultimately cause devastating necrosis of sur-
rounding muscle and bone [ 87 ,  88 ]. Extensive 
collection of metal-stained macrophages in 
periprosthetic tissues, a phenomenon known as 
metallosis, may be associated with prosthetic 
failure and has been documented in both con-
ventional and MoM systems [ 89 ,  90 ]. Metallosis 
is common, particularly in patients with a pre-
dominantly necrotic component that lack an 
infl ammatory component on subsequent histo-
logical analysis [ 91 ]. Histological examination 
of periarticular tissue in established ARMED 
reveals an immunological response that includes 
a diffuse and perivascularly oriented infi ltration 
of lymphocytes, plasma cells, sometimes eosin-
ophilic granulocytes, high endothelial venules, 
localized bleeding, fi brin exudation, necrosis, 
and macrophages with drop-like periodic acid-
Schiff (PAS)-positive inclusions. Histology may 
reveal varying amounts of metal particulate 
debris. This set of histologic features, consis-
tent with a chronic infl ammatory response, is, as 
already mentioned, termed ALVAL [ 92 ]. With 
the exception of the perivascular lymphocytic 
infi ltrate, all other features can be also seen to 
some degree in other types of prosthetic failure 
[ 93 ]. Nevertheless, the arrangement (perivascu-
lar) and extent of chronic infl ammation are “spe-
cifi c” of ALVAL [ 44 ,  92 ,  94 ]. A delayed-type 
hypersensitivity reaction has been advocated 
as the proximate cause of ALVAL, although it 
is not a universally accepted conclusion [ 95 ]. 
Apart from hypersensitivity, cytotoxicity and 
subsequent necrosis seem to have a role in the 
pathogenesis of ARMED [ 91 ]. 

 Although there is considerable variability in 
the presenting symptoms, as well as in intraop-
erative fi ndings of patients exhibiting ARMED, a 
pattern has emerged that is considered character-
istic of an ARMED [ 43 ,  86 ,  90 ]. Persistent pain 
or the new onset of pain, particularly in the groin, 
may manifest early, perhaps within the fi rst 1–3 
years post surgery. Radiographs may be normal 
or reveal developing radiolucency. Aspiration of 
the joint frequently reveals joint effusion with a 
turbid fl uid that does not show evidence of infec-
tion. Variable amounts of metallic particulate 
debris may be present. Indices of infection may 
be normal or slightly elevated. Blood metal ion 
levels can indicate whether excessive wear is 
occurring, which might enhance the possibility of 
an ARMED [ 86 ,  96 ]. Computed tomographic 
scans, ultrasound, and magnetic resonance imag-
ing with metal artifact reduction sequences 
(MARS MRI) may be used to identify fl uid col-
lections and synovial abnormalities [ 86 ]. At sur-
gery, there frequently are a creamy fl uid, 
sometimes under pressure, and a thickened joint 
capsule. In advanced cases, a pseudotumor may 
be found that may involve extensive necrosis of 
the surrounding muscle and bone [ 86 ]. 

 Although the soft tissue reactions may be rare, 
the precise prevalence remains unknown, 
although it seems to be on the rise. Without 
exception, the literature reports an increased inci-
dence of these problems in women [ 97 ,  98 ]. 
Studies of different MoM systems report 
ARMED-related revision rates between 0.53 % 
[ 99 ] and 3.3 % [ 100 ], while for large-diameter 
MoM confi guration around 1 % [ 86 ,  87 ,  101 ]. 
Care should be taken in estimating the occurrence 
of revisions for ARMED, however, as published 
reports of revisions for persistent pain or for asep-
tic loosening, without further investigation, may 
in fact be ARMED related [ 86 ]. While the inci-
dence of symptomatic ARMED seems to be 
around 1 %, there may be an appreciable number 
of unrecognized conditions, especially of asymp-
tomatic pseudotumors [ 102 ], and it is of concern 
that these may become symptomatic [ 97 ]. 

 Efforts to defi ne risk factors for development 
of ARMED have not produced defi nitive conclu-
sions. Findings in HRA studies and THA studies 
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suggest that female gender and diagnosed metal 
allergies may predispose patients to ARMED 
[ 86 ,  97 ]. Evidence is accumulating that high cup 
abduction angle and excessive anteversion may 
be a signifi cant factor in predisposing patients to 
ARMED [ 86 ,  103 ]. However, ARMED can occur 
in cases with abduction angles within the 
Lewinnek safe zone and with no obvious excess 
anteversion [ 86 ,  88 ,  102 ]. It seems that hemi-
spheric components are somewhat less sensitive 
to the functional arc of coverage [ 86 ]. A recent 
study links ARMED with the higher corrosion of 
the head taper junction seen in large-diameter 
MoM articulation. The corrosion situation is 
assumed to get worse by increasing the stresses 
and head/neck moment arms around the taper by 
placing a larger, stiffer femoral head on a rela-
tively fl exible neck [ 104 ]. Given the potentially 
severe debilitating results of ARMED, it is criti-
cal to recognize early symptoms, differentiate 
from infection, and revise the patient before the 
progress of the syndrome results in serious tissue 
damage [ 96 ,  97 ]. The outcome of revision sur-
gery for these cases has been reported to be infe-
rior to the outcome of other revisions [ 88 ]. 
Symptoms are relieved only by following revi-
sion without an all-metal articulation [ 43 ,  88 ]. 
Although it would be useful to predict which 
patients may be predisposed to the ARMED 
immune response, to date, there is no reliable 
method for doing so. Patch testing and lympho-
cyte assays may lack the sensitivity necessary to 
indicate a likely immunological reaction to 
implant metals [ 86 ,  95 ]. 

 A considerable amount of literature focuses 
on pseudotumors. The term pseudotumor was 
originally used to describe solid granulomatous 
masses related to wear debris in MoP implants 
and leading to pressure effects or extensive tis-
sue necrosis [ 105 ]. Currently the term is used 
for a spectrum of lesions, neither infective nor 
neoplastic, surrounding MoM hip prostheses and 
ranging from small, fl uid-fi lled cysts to large, 
complex, and destructive lesions with solid com-
ponents [ 102 ,  106 ]. They can communicate or not 
to the joint, and the exact location may be related 
to pathways of low resistance created by the cap-
sulotomy [ 102 ]. Risk factors for  pseudotumor 

include female gender, hip dysplasia, age < 40 
years, and use of small components [ 107 ]. 
Once this reaction has developed, it is believed 
to worsen progressively, resulting in pain, pres-
sure effects, and bone and soft tissue destruction 
requiring revision arthroplasty to halt the process 
[ 97 ]. Some of these lesions were thought to be 
highly destructive [ 96 ,  97 ], and the presenting 
symptoms included pain, rash, pathological frac-
tures, spontaneous dislocations, femoral nerve 
palsy, and the presence of a lump [ 97 ]. Even 
“asymptomatic” patients with pseudotumors 
were found to have inferior functional outcome 
scores. These patients were, also, reported to 
have elevated metal ion rates and wear rates com-
pared to controls [ 108 ]. In contrast, other, recent 
studies, question the effect of pseudotumors in 
prosthesis function. The prevalence of pseudotu-
mors was found to be similar in patients with a 
well-functioning hip prosthesis and patients with 
a painful hip [ 102 ]. Periprosthetic pseudotumors 
may be diagnosed around asymptomatic, symp-
tomatic [ 102 ], and well-positioned [ 109 ,  110 ] 
total hip prostheses with MoM bearing surfaces. 
Furthermore, patients revised with pseudotu-
mors had similar whole-blood metal ion levels 
and component wear rates to those who were not 
revised [ 109 ]. Concern, however, for the solid 
pseudotumors and for the fl uid collections, with 
high signal on both T1- and T2-weighted images, 
remains [ 102 ]. Although MARS MRI is useful 
for surgical planning of the necessary debride-
ment, the presence of a pseudotumor may not 
necessarily indicate the need for revision arthro-
plasty [ 102 ]. 

 Lymphocyte infi ltrations seen in the patients 
with pseudotumors were similar to ALVAL, sug-
gesting metal hypersensitivity to be an important 
factor [ 43 ]. However, a recent study demon-
strated systemic hypersensitivity type-IV reac-
tions, as measured by lymphocyte proliferation 
response to Co and Cr, and did not signifi cantly 
differ in MoM HRA patients with pseudotumors 
compared to those patients without pseudotu-
mors [ 111 ]. The prevalence of pseudotumor (1.8 
[ 107 ]–61 % [ 102 ]) far exceeds the metal hyper-
sensitivity reactions, which are currently esti-
mated to affect less than 1 % of the patients [ 95 ]. 
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Moreover, ALVAL-type response was not seen 
histologically in all pseudotumors [ 102 ], whereas 
necrosis and a macrophage infi ltrate were consis-
tently seen, indicating that other mechanisms are 
likely to be involved [ 108 ]. A dose-dependent 
cytotoxicity of clinically relevant Co nanoparti-
cles on macrophages in vitro has been recently 
reported [ 35 ]. Although the toxic dose of Co ions 
in vitro is 2 orders of magnitude higher than the 
concentration found in hip aspirates [ 35 ], study 
fi ndings suggest that intracellular corrosion of Co 
nanoparticles and resultant Co ion release lead to 
tissue necrosis and pseudotumors formation 
[ 112 ]. This would further lead to the vicious 
cycle previously described [ 108 ,  112 ].  

    Aseptic Loosening and Osteolysis 

 Over the last several years, it has become evi-
dent that contemporary MoM bearings, as it was 
originally intended, are not immune to some of 
the problems, including periprosthetic osteolysis, 
that have plagued other bearing surface combina-
tions. In fact, the present survival data of asep-
tic loosening of the second-generation MoM 
THAs appear to be inferior compared to those 
from previous reports on other bearing surfaces. 
Neuerburg et al. [ 113 ] in a study of 1,270 second- 
generation 28 mm Metasul-based MoM primary 
THA found a 0.94 (95 % CI 0.92–0.96) prob-
ability of survival at 10 years for revision due to 
aseptic loosening. Eswaramoorthy et al. [ 114 ] 
reported a 10-year survival of 94 % with revision 
for any reason as the end point in 85 Metasul- 
based THA. Analyzing 640 Sikomet-based MoM 
THA, Milosev et al. [ 94 ] reported a 10-year sur-
vivorship of 93 % with revision for aseptic loos-
ening as the alternative end point. Similarly, two 
clinical studies on Sikomet THAs reported an 
apparently increased (3.75–5.1 %) aseptic loss 
of biologic fi xation associated with focal and 
expansile osteolysis [ 94 ,  115 ]. On the contrary, 
Dorr et al. [ 116 ] investigating Metasul MoM 
articulation couples reported no focal or linear 
osteolysis but only calcar resorption in 6.25 % of 
the hips. Low carbon alloys such as Sikomet are 
suspected to be less wear resistant than those with 

higher carbon content (Metasul) and therefore 
evoke more extensive tissue reaction [ 117 ]. On 
the other hand, the 10-year survival rate for MoP 
bearing couples in either cemented or cement-
less primary THA as previously reported ranged 
from 94 to 96.4 % [ 118 ,  119 ]. In third- generation 
alumina-on-alumina ceramic bearings, the cumu-
lative survival of both components with revision 
due to aseptic loosening as the end point was 
99 % at 7 years follow-up [ 120 ]. MoM was asso-
ciated with higher occurrence of revision com-
pared with MoP in the adjusted analyses of three 
national registries: Australian, New Zealand, and 
England and Wales National Registries (including 
over 720,000 patients) [ 4 ,  121 ,  122 ]. However, 
only in the Australian Registry differences in the 
incidence of aseptic loosening were clearly iden-
tifi ed. Specifi cally, the 2011 annual report of the 
Australian National Joint Replacement Registry 
based on 196,582 primary THR with various 
bearing surfaces revealed a cumulative incidence 
of 3.9 % of revision for loosening/lysis for MoM 
THR at 10 years of follow-up, which was inferior 
and almost double compared to 2 % for the MoP 
[ 122 ]. The overall 10-year cumulative percent 
revision incidence was 4.7 (4.3, 5.1), 5.4 (4.8, 
6.1), and 8.8 (7.7, 10.1) for MoP, CoC, and MoM 
THA, respectively [ 122 ]. Remarkably, the per-
centage of Sikomet and Metasul bearing couples 
was not recorded in any of these registries. 

 Why is the prevalence of osteolysis associated 
with MoM bearings reported seemingly greater, 
or at best similar, to that associated with conven-
tional bearing couples despite the dramatically 
lower volumetric wear rate [ 123 ]? The very small 
size of metallic debris released by MoM bearings 
[ 16 ], which makes them partially soluble, com-
bined with the fact that the bioavailability is 
thought to be a function of the total surface area 
of the released debris rather than on its volume 
[ 124 ], casts doubt on the supposition that the net 
adverse biologic response will be reduced by 
modern MoM designs [ 18 ]. Other characteristics 
of the degradation products (such as size, shape, 
and chemical form) are important in the determi-
nation of bio-reactivity [ 124 ]. In the case of 
MoM THAs, it is likely that metal-stimulated 
lymphocytes, and not macrophages as in MoP 
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articulation, participate in the pathogenesis of 
aseptic osteolysis given that activated lympho-
cytes release powerful cytokines such as IL-2 
(interleukin-2), IFN-γ (interferon-gamma), and 
RANKL (receptor activator of NF-κB ligand) 
[ 123 ]. Increased recruitment of osteoclast precur-
sors, their subsequent differentiation into mature 
osteoclasts, and the increased osteoclast survival 
in response to the released cytokines may be 
involved in the patho-mechanisms of aseptic 
implant loosening [ 125 ]. Furthermore, investiga-
tions have demonstrated that Ti wear particles 
inhibit the expression of the osteoblastic genes 
that code for collagen type I and type III [ 126 ]. 
Other studies have revealed that nontoxic con-
centrations of metal ions affect the differentiation 
and function of osteoblastic cells in vitro [ 127 , 
 128 ]. Cobalt and chromium ions reduce human 
osteoblast activity, reduce OPG/RANKL ratio, 
and lead to oxidative stress [ 129 ]. Queally et al. 
[ 130 ] have shown in vitro that Co ions, apart 
from suppressing osteoblast function, stimulate 
the secretion of chemokines that attract infl am-
matory and osteoclastic cells to the periprosthetic 
area. Andrews et al. [ 131 ] examined the effects of 
exposure to Co and Cr on human osteoblast and 
osteoclast formation and function over clinically 
relevant concentrations. They found that Cr(VI) 
reduced osteoblast survival and function, while 
Co(II) and Cr(III) did not affect them [ 131 ]. In 
contrast, osteoclasts were more sensitive to metal 
ion exposure. At normal serum levels, a mild 
stimulatory effect on developing osteoclasts was 
found for Co(II) and Cr(III), while at higher 
serum and synovial equivalent concentrations, 
and with Cr(VI), a reduction in cell number and 
bone resorption was observed [ 131 ]. In conclu-
sion, wear debris from MoM bearings may well 
have a negative effect on osteoblastic functions, 
resulting eventually in increasing implant loosen-
ing [ 125 ]. Alternatively, there may be specifi c 
design, geometric, and/or manufacturing param-
eters that contribute to the failures, independent 
of the composition of the bearing couple [ 123 ]. It 
should be clearly understood that, at present, the 
evidence linking osteolysis and aseptic loosening 
with metal hypersensitivity is circumstantial: 
cause and effect have not been established [ 123 ].  

    Infection 

 Recently there have been increasing reports sug-
gesting that the combination of metal debris, 
ALVAL, and tissue necrosis provides a unique 
environment for periprosthetic bacterial growth 
and rapid spread of infection [ 132 ,  133 ]. 
Lymphopenia, as already mentioned, can contrib-
ute to that. Arguments for both promoting and 
inhibiting effect of wear particles on the develop-
ment of infection have been expressed. In vitro 
research on infl uences of Co and Cr ions on bac-
teria has provided evidence of bacteriostatic 
effects [ 134 ]. Wear products of MoM prostheses 
may be toxic not only to human cells but also to 
bacteria through generation of ROS [ 135 ]. On the 
other hand, metal nanoparticles show in vitro 
toxicity for macrophages [ 35 ], while alterations 
in spleen architecture have been reported [ 136 ]. 
Furthermore, both reduced [ 137 ] and increased 
[ 134 ] biofi lm growth in the presence of Co–Cr 
particles have been described, while there is 
growing concern that metal contamination may 
function as a selective agent in the proliferation 
of antibiotic resistance [ 138 ]. Long-term clinical 
data on infection rates for MoM bearings are not 
yet available, and, therefore, actual clinical infl u-
ences on infection cannot be evaluated [ 135 ].   

    Systemic Sequelae 

    Hematopoietic Tissues 

 Altered cellular iron utilization resulting in ane-
mia is seen with Al and Cr (VI) [ 139 ,  140 ]. In 
particular, as shown in in vivo studies on rats, the 
erythropoiesis impairment induced by Al may be 
a combined effect of direct action on circulating 
erythrocytes and interference with the cellular 
iron metabolism in erythroid progenitors [ 139 , 
 141 ]. Almost all the investigated Ni compounds 
decrease water permeability across erythrocyte 
membranes, erythrocyte thermostability, deform-
ability, and the rate of O 2  release by erythrocytes 
[ 142 ]. A recent in vitro study considered the 
effect of seven nanoparticles, including Co and 
TiO 2  nanoparticles, on growth and differentiation 
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of bone marrow-derived CD34+ human hemato-
poietic progenitor cells, with colony-forming 
unit (CFU) assay. Only Co nanoparticles showed 
a dose-dependent toxicity on both types of colo-
nies [ 143 ]. The in vitro exposure of both Co and 
Ni nanoparticles in human endothelial cell cul-
tures induced a concentration-dependent reduc-
tion of cell numbers within 24 h. Again, the 
exposure to the respective ions (Co2+, Ni2+) 
induced smaller effects [ 144 ,  145 ].  

    Hepatobiliary System 

 Hepatotoxicity is often observed in response to 
high levels of circulating metal within the body. 
Chromate compounds in very high levels cause 
toxicity directly resulting in hepatic malfunction, 
potentially severe hepatic lesions, hepatocellular 
necrosis, and possibly disseminated intravascular 
coagulation [ 146 ]. Similarly, during short-term 
excessive Al administration, it was shown that Al 
concentrations in both hepatocytes and macro-
phages increased and that the hepatocyte–lyso-
some ratio and macrophage count increased in 
liver tissues of treated mice [ 147 ]. Recently, Wang 
et al. [ 148 ] investigated the potential toxicological 
effect of intra-articular injected TiO 2  nanoparti-
cles on major organs, such as the liver, lungs, and 
heart, in rats. Fatty degeneration of hepatocytes 
and infl ammatory responses were demonstrated 
[ 148 ]. Similarly, Urban et al. [ 149 ] in postmortem 
specimens with THA discovered metal particles 
(cobalt–chromium–nickel–tungsten alloy) within 
macrophages in the liver and/or the spleen mainly 
in patients with a revised arthroplasty, but no toxic 
effects were apparent [ 149 ].  

    Renal System 

 The renal excretion in patients with MoM pros-
theses is much less for Cr than Co, suggesting Cr 
is more protein bound or Co is actively secreted 
by the kidney. The elevated urinary Co concen-
trations may not be physiologically inert; similar 
amounts in experimental models stimulate 

 production of hypoxia-inducible factor (HIF) 
which controls mechanisms to protect against 
hypoxia [ 150 ]. Similar models demonstrate that 
HIF activation with Co chloride may protect 
against renal damage [ 151 ]. While Co may be 
protective, evidence exists that Cr can impair 
renal function and induce tubular necrosis and 
interstitial cell damage in experimental animals 
and humans [ 152 ,  153 ]. Indicators of tubular dys-
function have been identifi ed in human subjects 
exposed to Cr(VI) through occupation [ 154 ]. 
Finally, Al and Ni are excreted by the kidney in a 
rapid fashion and therefore only cause renal tox-
icity at signifi cantly high concentrations [ 155 ].  

    Nervous System 

 Cobalt poisoning (cobaltism) from beer addi-
tives, industrial exposure, or medicinal use (treat-
ment of refractory anemia with cobalt chloride) is 
well known [ 156 ]. Cobaltism can result in hand 
tremor, incoordination, cognitive decline, depres-
sion, vertigo, tinnitus, deafness, blindness, optic 
nerve atrophy, convulsions, headaches, polyneu-
ropathy [ 157 – 159 ], cardiomyopathy [ 157 ], and 
endocrine (hypothyroidism) symptoms [ 156 ]. 
The term “arthroprosthetic cobaltism” has been 
coined to describe these manifestations in patients 
with joint replacements [ 160 ]. It is a rare condi-
tion with 10 cases reported so far [ 157 – 163 ]. Half 
of them refer to revised fractured ceramic compo-
nents with a MoP articulation [ 157 – 159 ,  163 ]. 
Only four refer to MoM components; the with-
drawn articular surface replacement implants 
(ASR; DePuy, Warsaw, Indiana) have been used 
in all of them [ 160 ,  162 ]. Clinical manifestations 
may occur immediately after operation [ 162 ] or 
many years after [ 160 ] and appear to stay ele-
vated over extended periods of time [ 162 ]. The 
patients with hip implants who are at the highest 
risk for cobaltism are those with renal dysfunc-
tion and those with excessive wear such as those 
with the ASR MoM components [ 160 ,  162 ], 
those with mismatch of implants (metal-on-
ceramic THA instead of ceramic-on- metal THA) 
[ 161 ], and those with potential third- body wear 
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[ 157 – 159 ,  163 ]. There is no documented thresh-
old of the cobalt levels for the onset of the symp-
toms. All of the reported patients, except one, had 
a serum cobalt level of >60 μg/L [ 162 ]. 
Cerebrospinal fl uid levels were also found to be 
elevated, showing that ions cross the blood–brain 
barrier. However, in case series, higher values of 
serum Co concentration have been reported, 
without the occurrence of cobaltism [ 164 ]. 
Recovery after revision was recorded for all 
symptoms except for vision, which was limited to 
partial improvement [ 159 ,  161 ,  162 ]. 

 Neurological manifestations have been 
described in relation to Al intoxication and 
include memory loss, gait disturbance, and invol-
untary movements. The development of some 
neuropathological conditions, including amyo-
trophic lateral sclerosis, Parkinsonian dementia, 
dialysis encephalopathy, and senile plaques of 
Alzheimer’s disease, may be related to the accu-
mulation of Al in the brain [ 165 ]. The pathoge-
netic and etiologic role of Al specifi cally on 
Alzheimer’s disease has been the source of 
debate for 40 years [ 166 ]. Furthermore, Co may, 
also, contribute to development and/or progres-
sion of neurodegenerative disorders by increas-
ing the secretion of certain types of b-amyloid 
[ 167 ]. Travacio et al. [ 168 ] found in mice that Cr 
(VI) produced an expected increased formation 
of ROS and brain lipid peroxidation. Other ani-
mal experimental studies focused on vanadium 
(V)-induced neurotoxicity. Garcia et al. [ 169 ] 
recorded that the main areas affected by 
vanadium- mediated free-radical generation were 
the hippocampus and the cerebellum. Vanadium 
exposure through lactation produces behavioral 
alterations and myelin defi cit in neonatal rats 
[ 170 ]. It was further found that vanadium induces 
dopaminergic neurotoxicity via protein kinase C 
delta-dependent oxidative signalling mecha-
nisms in nigral culture cells, a possible link to the 
pathogenesis of Parkinson’s disease [ 171 ]. 
Finally, it is important to mention that in male 
workers with a mean vanadium concentration of 
14.4 μg/L in urine and 7.5 μg/L in serum, 
 signifi cant alterations in visuospatial ability and 
attention span were observed [ 172 ].  

    Respiratory System 

 The effects of exposure to Co, Ni, and Cr 
through inhalation on the respiratory system are 
well documented because of the frequency of 
occupational exposure [ 173 ]. An extensive lit-
erature search identifi ed a single article that 
referred to exposure via the vascular route. TiO 2  
nanoparticles, which possess a small aggre-
gated size, were taken up and disseminated in 
lung tissues via the circulation in TiO 2 -exposed 
rats. Numerous brown particulates were depos-
ited in the pulmonary microvasculature and 
were associated with passive lung congestion. 
Particles phagocytosed by macrophages were 
discovered in the pulmonary alveoli. Thickened 
alveolar walls and follicular lymphoid hyper-
plasia with infl ammatory cell aggregates around 
bronchia were also discovered in the lungs of 
these rats [ 148 ].  

    Cardiovascular System 

 Cardiotoxic effects have been described (“beer 
drinker’s cardiomyopathy”) [ 156 ] in relation to 
Co and are usually in the form of cardiomyopa-
thy and impairment of the left ventricular func-
tion. Interstitial fi brosis has been identifi ed after 
myocardial fi brosis in cases of arthroprosthetic 
cobaltism [ 157 ]. As far as occupational inhala-
tion exposure in Co plants is concerned, the 
results of an echocardiography study indicated 
left ventricular relaxation and early fi lling, but 
without signifi cant clinical consequences [ 174 ]. 
Pathological evaluation showed that high-dose 
cobalt chloride had toxic effects on the heart and 
liver of mice, but not on the kidneys [ 175 ]. 
Frustaci et al. [ 176 ] observed a large increase in 
the levels of different trace elements in the myo-
cardium of 13 patients with idiopathic dilated 
cardiomyopathy, with a 13-fold increase in the 
concentration of Co and a fourfold increase in the 
concentration of Cr compared to controls. The 
relationship of the elevated Co and Cr concentra-
tions in the serum of THA patients and cardiomy-
opathy requires further studies [ 177 ]. 
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 As far as other trace metals are concerned, 
after intra-articular injections of TiO 2  nanopar-
ticles for 7 days in rats at different concentra-
tions, the heart and lungs were seriously affected 
[ 148 ]. In a fairly recent combined experimental 
animal and human epidemiologic study, the 
authors found signifi cant associations between 
Ni and acute cardiac function changes in mice 
and increased cardiovascular mortality in people 
at low ambient air concentrations [ 178 ]. A more 
recent epidemiologic study of the New York 
City population found that among the compo-
nents of the particulate matter, only Ni concen-
trations showed consistent associations and only 
with heart rate in the COPD patients [ 179 ]. 
Further research is warranted to elucidate the 
possible effects of exposure via the vascular 
route.  

    The Visual and Auditory Systems 

 Al may cause severe retinal degeneration and the 
destruction of the photoreceptors cells at high 
concentrations in experimental animal studies 
[ 180 ]. Due to neurological toxicity, as mentioned 
above, excess blood cobalt can cause nerve deaf-
ness, optic nerve atrophy, and eventually blind-
ness. This is a rare adverse effect and has been 
reported only three times [ 159 ,  161 ,  162 ]. Partial 
recovery was observed with time after revision. 
Similarly, with regard to “non-endoprosthetic” 
exposure, only three case reports of optic atrophy 
caused by chronic cobalt poisoning have been 
published, one concerning a 48-year-old man 20 
months after occupational, working 50 h a week, 
who was subjected to cobalt powder inhalation 
and another concerning a 32-year-old man 
treated for 15 weeks with cobalt chloride [ 181 , 
 182 ]. Another case developed (with the same 
treatment for 6 months) limb paresthesia, 
unsteady gait, impaired hearing, and dizzy spells 
[ 183 ]. Bilateral nerve deafness has been 
described following chronic occupational expo-
sure to cobalt powder or during long-term treat-
ment of anemia with cobalt chloride. Deafness 
typically resolves completely after discontinua-
tion of exposure [ 182 ].  

    Endocrine and Reproductive Effects 

 Effects of metals on thyroid and parathyroid hor-
mone pathways have also been described. Co(II) 
prevents the uptake of iodine into the hormone 
thyroxine by its inhibition of the enzyme tyro-
sine iodinase. The latter may cause hypothyroid-
ism [ 184 ]. Hypothyroidism has been observed as 
an undesirable side effect of Co therapy used for 
the treatment of anemia [ 185 ]. Swennen et al. 
[ 186 ] reported a slight and subclinical elevation 
of TSH and decreased T3 and T4 levels in work-
ers exposed to Co. Οn the contrary, exposure in a 
small series of pottery painters showed no effect 
[ 187 ]. Similarly, a recent cross-sectional survey 
of 249 male workers from a cobalt production 
department detected no effects on the thyroid 
[ 185 ]. Furthermore, Al is known to disrupt para-
thyroid hormone levels in human and animals, 
which may account for Al-induced bone disor-
ders in dialysis patients [ 188 ]. Recent studies 
have highlighted the potential ability of certain 
metal ions to bind to estrogen receptors and give 
rise to estrogen agonist responses in vitro and in 
vivo [ 189 ]. Such xenoestrogens have been 
termed metalloestrogens [ 190 ] and include Al, 
Cr (II), Co, Ni, and V. These metal ions, particu-
larly Al, may add to the burden of aberrant estro-
gen signalling within the human breast [ 190 ]. 
Chronic exposure to Cr has detrimental effects 
on male and female fertility as a result of 
decreased sperm production and impaired sperm 
and ova quality. It seems that Cr(VI) disrupts 
spermatogenesis, leading to accumulation of 
prematurely released spermatocytes, spermatids, 
and uni- and multinucleated giant cells in the 
lumen of seminiferous tubules, by inducing free-
radical toxicity [ 191 ]. In a survey of welders 
exposed to fumes having Ni and Cr, Danadevi 
et al. [ 192 ] found that the sperm concentration 
showed a negative correlation with Cr blood lev-
els. In another study on workers exposed to high 
concentration of Cr(VI), damage to convoluted 
seminiferous tubules epithelium, a reduction of 
spermatozoa formation, and an increase in the 
prevalence of teratospermia were found [ 193 ]. 
As far as female fertility is concerned, in a study 
of orally administrated Cr(VI) in female mice, 
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ovarian physiology and rate of ovulation were 
altered [ 194 ]. Exposure to Ni(II), V, Al, and 
Co(II) has been shown to induce some limited 
reproductive toxic effects in male experimental 
animals, such as abnormal histopathology and 
spermatogenesis [ 195 ,  196 ]. Taken together, the 
studies suggest that exposure to heavy metals 
leads to negative impact on fertility and the 
reproductive outcome, probably by affecting 
male reproductive system at multiple levels.  

    Skin 

 Metallic orthopedic devices are composed of ele-
ments that are known to be skin sensitizers in the 
general population. Metals known as sensitizers 
(haptenic moieties in antigens) are beryllium, Ni, 
Co, and Cr; in addition, occasional responses to 
tantalum, Ti, and V have been reported [ 95 ]. 
Contact dermatitis, urticaria, and vasculitis have 
been described in relation to Co, Ni, and Cr. The 
combined results of approximately 50 studies 
show that the prevalence of metal sensitivity 
among the general population is approximately 
10–15 % [ 197 ] with Ni sensitivity being the high-
est (approximately 14 % up to 17 % of women 
and 3 % of men), followed by Co and Cr (1–3 %) 
[ 198 ]. Cross-reactivity between Ni and Co is the 
most common [ 95 ,  197 ,  199 ]. 

 There is concern about the possibility of sensi-
tivity reactions in patients bearing THA implants. 
Accumulated reports of metal allergy in THA 
patients showed that the incidence of dermal 
reactions and positive skin-patch testing to Co, 
Ni, and Cr in patients with THA with stable and 
loose prostheses increases by 15 and 50 %, 
respectively, above those of the general popula-
tion [ 95 ]. However, in a more recent large case–
control study, the prevalence of metal allergy was 
not increased in patch-tested dermatitis patients 
who underwent THA in comparison with patch- 
tested dermatitis patients who were not operated 
on [ 200 ]. Another question is whether patients 
with a preexisting sensitivity had a greater risk of 
having an unsatisfactory performance of the 
device than did those with no sensitivity. In early 
MoM THA patients, an elevated rate of metal 

allergy has been reported [ 201 ]. Despite the lack 
of prospective longitudinal studies, the incidence 
of reactions necessitating implant removal was 
thought to be low, probably less than 0.1 % [ 202 ]. 
A recent case–control study comparing the prev-
alence of complications following THA in 
patients with and without a previous metal allergy 
found no overall difference. Specifi cally, despite 
limitations of statistical analysis, there was no 
evidence of elevated risk of allergy-induced fail-
ure for second-generation MoM prostheses [ 200 ]. 
The overall allergy-induced failure rate of new 
MoM arthroplasty is indeed considered to be low 
[ 203 ]. Thomas et al. [ 204 ], however, studied a 
cohort of 16 patients with failed MoM arthro-
plastic implants; 81 % of the patients were found 
to have metal sensitivity. Reed et al. [ 205 ], on the 
other hand, studied 44 patients, 22 of them had a 
history of metal reactions evaluated prior to 
metal implantation and 22 had symptoms follow-
ing implantation, either cutaneous or chronic 
joint pain and loosening. None of the symptom-
atic patients had had positive patch-test reactions 
to a component of the implanted device [ 205 ]. 

 The conclusion from these studies is that there 
is no reason to deviate from normal surgical deci-
sions because a patient is known to be allergic to 
metal [ 202 ]. It is uncertain whether metal allergy 
causes device failure or vice versa [ 206 ]. At this 
time, there is no evidence that there is an 
increased risk of a reaction to an implanted 
device in patients who have skin-patch sensitiv-
ity but no history of reaction to metallic materi-
als. A perfectly functioning THA prosthesis, 
causing no pain and without evidence of loosen-
ing, should not be removed in most cases, despite 
a positive patch-test result [ 206 ]. However, 
patients who have reacted to a previous implant 
are more likely to have problems with another 
implant than are nonallergic patients [ 202 ]. 
Patients who develop a cutaneous eruption 
months to years after receiving a metal implant 
should be patch-tested with an appropriate series 
of metals. If relevant allergens are identifi ed and 
corticosteroid therapy proves insuffi cient, 
removal of the implant may be considered [ 206 ]. 
There is no general support for preimplantation 
patch-test evaluation, but it may be considered 
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for individuals who are suspected of having a 
strong metal allergy [ 206 ]. It is obvious that pro-
spective longitudinal studies are strongly needed 
to shed further light on this subject. Such inten-
sive studies have not been performed to date, in 
large part because standardized, effective testing 
methodologies have not been established [ 95 ].  

    Musculoskeletal System 

 Chronic Al exposure has been linked to osteoma-
lacia, pathological fractures, impaired bone 
remodeling, impaired response to vitamin D, and 
proximal myopathy [ 188 ]. As mentioned before, 
soluble orthopedic metal particles may adversely 
affect osteoblastic function, infl uencing bone 
remodeling as well [ 207 ], with unclear clinical 
consequences.   

    Developmental Toxicology 

 Exposure of the unborn fetus to metals has been 
the subject of a number of studies as transloca-
tion of metal particles can occur through the 
maternofetal circulation and through lactation. 
As is known already from experimental animal 
studies, metals such as Cr, Ni, Co, V, and Al have 
potential effects on conception, fetal implanta-
tion, and later teratogenicity [ 208 ]. For Cr spe-
cifi cally, the number of implantation sites and the 
number of viable fetuses were found to be signifi -
cantly reduced when either the female or the 
male mice were exposed to chromium com-
pounds [ 209 ]. In rats, skeletal abnormality in the 
form of reduced ossifi cation in parietal, interpari-
etal, and caudal bones was found in the fetuses of 
Cr(VI)-treated mothers. Gross structural abnor-
malities in the form of subdermal hemorrhagic 
patches were, also, observed on the thoracic and 
abdominal regions [ 210 ]. The same effect of V on 
fertility and offspring abnormalities was revealed 
in another study on rats [ 211 ]. 

 Nevertheless, there has never been a report of 
fetal malformations associated with THA and 
especially MoM implants in humans [ 8 ]. In addi-
tion, both Co (5–45 mg/day) and Cr (recommended 

200 mg/day) are often included in large quantities 
in dietary supplements. Barcelouc [ 212 ] found no 
evidence of teratogenicity associated with high 
doses of cobalt (100,000 mg/day) used to treat 
anemia in pregnancy. In a large survey regarding 
pregnancy and childbirth after THA, 343 young 
women with 420 THAs were involved. Of these, 
47 (13.7 %) had a successful pregnancy. The 
results showed that childbirth is not affected by 
the presence of a THA and also that pregnancy 
after THA is not associated with decreased sur-
vival of the prosthesis [ 213 ]. Other studies with 
limited number of patients (13–14) with THA 
having given birth confi rmed these fi ndings [ 214 , 
 215 ]. In none of these studies was the type of 
bearings specifi ed. 

 Concerning MoM bearings in particular, we 
were able to identify a limited number of surveys 
[ 216 – 218 ], with the largest counting ten patients 
having had pregnancy [ 217 ]. Brodner et al. [ 216 ] 
reported that in three cases in which women with 
MoM implants and serum levels of ions within 
the normal range of concentrations gave birth, no 
metal ions levels were measured in fetal cord 
blood. In these three women, any transfer of 
metal ions across the placenta was undetectable 
and the risk to the fetus would have been negli-
gible. Contrary to Brodner’s fi ndings, Ziaee et al. 
[ 217 ] in a study using high-resolution inductively 
coupled plasma mass spectrometry demonstrated 
that Co and Cr are able to cross the placenta in 
ten patients with MoM hip resurfacings, as well 
as in control subjects without any metal implants. 
Again the maternal serum concentrations of Co 
and Cr measured in this study were within the 
normal range of concentrations. The transplacen-
tal transfer rate was in excess of 95 % in the con-
trols for both metals but only 29 % for Cr and 
60 % for Co in study patients, suggesting that the 
placenta exerts a modulatory effect on the rate of 
metal ion transfer. At low maternal metal ion lev-
els, there is a higher transfer rate than at higher 
maternal levels [ 217 ]. The more recent report of 
Desouza et al. [ 218 ] on three patients with MoM 
HRA who had the prosthesis in situ during preg-
nancy agreed with these results. Umbilical cord 
blood chromium and cobalt levels were under a 
quarter and approximately half of the maternal 
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serum levels, respectively. All three children 
were healthy [ 218 ]. In addition to the transpla-
cental route, the passage of metals from the 
mother to the developing offspring may occur 
during lactation. However, only one study on rats 
treated with V focused on this period [ 211 ]. 
During lactation, the pups behavioral responses 
(such as learning and memory responses) and 
viability indices were decreased [ 211 ].  

    Carcinogenesis 

 The carcinogenic potential of the metallic ortho-
pedic implants has historically been of interest. A 
hip prosthesis differs from a static implant 
because it continuously liberates metal and plas-
tic particles, which especially burden the pseudo-
capsule and bone in the whole effective joint 
space. Oncogenesis, thereafter, around the pros-
thesis could be in solid or particulate state. Both 
aspects have been studied in animal experiments. 
Since the 1960s, solid nondegradable implants, 
not only metals, have been shown to induce sar-
comas in high percentages in rodents after subcu-
taneous and intraperitoneal applications (the 
so-called Oppenheimer phenomena) [ 219 ]. 
Smooth surface, mature fi brosis, dormancy of 
macrophage activity, and infl ammatory reaction 
are preconditions for foreign body (FB) tumori-
genesis. On the other hand, macrophage response 
and the porosity of the FB surface have an inhibi-
tory effect on sarcomagenesis [ 219 ]. In a rat 
model, small increases in sarcomas were 
observed to correlate with metal implants that 
had high Co, Cr, or Ni content. Furthermore, 
lymphomas with bone involvement were more 
common in rats with metallic implants [ 220 ]. 
Kirkpatrick et al. [ 221 ] implanted discs of 15 mm 
of size subcutaneously in 490 Fischer rats, made 
of commonly used prosthetic materials: UHMW 
polyethylene, polymethylmethacrylate, 99 % 
purity Ti, Ni–Cr and Co–Cr alloys, and Al 2 O 3 . 
Within 2 years, local sarcomas developed from 
the frequency of 12 % at Ti implant to 35 % at 
polyethylene implant. There was no correlation 
between the different prosthetic materials and 
histology of the tumor. Malignant fi brous 

 histiocytoma was the most common tumor 
(65 %), followed by pleomorphic sarcoma 
(34 %). The authors also reported proliferative or 
preneoplastic lesions in the capsules adjacent to 
implant. Ti group revealed the highest incidence 
of such premalignant changes, but the lowest 
incidence of sarcoma development [ 221 ]. 
Contradictory to that, Brand and Brand [ 222 ] 
could not show any premalignant changes in 
specimens obtained from 27 human FB-reactive 
tissues. Particulate forms of prosthetic metals, on 
the other hand, did not cause neoplastic transfor-
mation in the mouse fi broblast cell line in vitro. 
Soluble salts of Co, Cr, Ni, and Mo signifi cantly 
increased these transformations [ 223 ]. Meachim 
et al. [ 224 ] were unable to induce sarcoma in rats 
or guinea pigs with intramuscular implantation of 
particulate debris of Co–Cr–Mo. Furthermore, 
Lewis et al. [ 225 ] could not introduce local 
tumors in rats with intra-articular administration 
of Co–Cr–Mo or Ti–Al–V wear debris powder, 
which contrasted with tumor induction after 
nickel subsulfi de administration. 

 It may be speculated that the chemical compo-
nent of FB- tumorigenesis might be minimal, as 
the biomaterials span a vast spectrum of chemi-
cal structure (polymers, metals, ceramic) [ 221 ]. 
Chronic, particle-induced infl ammation around 
the prosthesis, on the other hand, characterized 
by free-radical stress and release of cytokines, 
can be a signifi cant contributor to sarcomagene-
sis. One could easily imagine that this microenvi-
ronment around the implants might interfere with 
the replication repair enzymes. Such a defect is 
expected to be refl ected by microsatellite insta-
bility. However, no evidence of such instability 
was indentifi ed [ 226 ]. Alternatively, sarcoma-
genesis is probably associated with genetic insta-
bility on the chromosomal level. It appears that 
oxidative and nitrative stress of chronic infl am-
mation results in loss of the remaining wild-type 
p53 allele and loss of p53 function in Trp53+/− 
mice, which in turn induce the development of 
sarcomas at the implantation site [ 227 ]. On the 
other hand, cytokines have both stimulating and 
inhibitory effects on cancerogenesis. It seems 
that this cytokine-related immune system could 
eliminate developing tumor cells around the 
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prosthesis in their early phases [ 228 ]. 
Conclusively, pathogenesis of FB tumorigenesis, 
as of sarcomagenesis in general, still remains 
obscure. Recorded incidence, though, in humans 
is low. 

 Indeed, in a review of the literature that 
included publications until 2006, 46 cases of 
malignancies, including 41 sarcomas, 4 non- 
Hodgkin lymphomas, and 1 epidermoid carci-
noma, adjacent to a THA device were cited. 
Twenty of these (43 %) were malignant fi brous 
histiocytomas [ 228 ]. Since that report, six more 
cases were added in the relevant literature, four 
of malignant fi brous histiocytomas and two of 
angiosarcomas [ 229 – 233 ]. More than 70 % of the 
sarcomas occurred in MoP bearing systems, fi ve 
sarcomas have been reported in MoM prostheses, 
and two in CoC arthroplasties [ 229 ]. Twenty-two 
patients were exposed to Co–Cr alloy (42 %), 13 
to stainless-steel alloy, 9 to titanium alloy, 2 to 
ceramic prosthesis, and in the rest the composi-
tion was not reported [ 228 – 230 ]. Thus, the 
patients were exposed to all common metal alloys 
used for THA. Half of the tumors occurred dur-
ing the fi rst 5 years after surgery [ 228 ]. The mean 
latent period of the sarcomas in MoM prostheses 
was 2.9 years and 6.7 years MoP prostheses, with 
the difference found not signifi cant [ 228 ]. 
Because of the large number of joint replacement 
devices inserted until now, this would seem to be 
a relatively small number of cases. Thus, the 
occurrence of peri-implant malignancies may be 
coincidental. However, because many such cases 
may go unreported and because these tumors 
may have relatively long latency periods, addi-
tional surveillance and broad-based epidemio-
logic studies are warranted. In a study of the data 
of the Scandinavian Sarcoma Group Registry 
[ 234 ], the expected incidence of local sarcomas 
– with and without prostheses and excluding ace-
tabular tumors – was estimated at 1.43/100,000 
person-years. Reported incidence of tumors in 
joint replacement series, though, is far less, 
maybe due to the abovementioned reasons [ 228 ]. 

 From the prosthetic metals, Cr and Ni are 
established carcinogens for respiratory cancers 
to humans. Noteworthy, a series of meta-analyses 
concluded that Cr(VI) is a weak cause of lung 

cancer and is not a cause of any of the other forms 
of cancer evaluated, namely prostate, kidney, 
central nervous system malignancy, leukemia, 
Hodgkin’s disease, and other lymphatohemato-
poietic malignancies [ 235 ]. Nevertheless, biolog-
ical and atmospheric guidance values have been 
assigned for Cr and Co by health and safety orga-
nizations such as the Health and Safety Executive 
and the Deutsche Forschungsgemeinschaft [ 5 ]. 
Specifi cally, exposure equivalents of carcino-
genic substances (EKA values) corresponding 
to the workplace exposure limits, in the United 
Kingdom for Co are 5.0 and 60 μgL −1  in whole 
blood and urine, and for Cr are 17 and 20 μgL −1  in 
erythrocytes and urine, respectively [ 5 ]. Several 
studies have observed THA/HRA patients with 
metal levels greater than one or more of these 
values [ 5 ]. However, currently, the association of 
metal release from orthopedic implants with car-
cinogenesis remains conjectural because causal-
ity has not been defi nitely established in human 
subjects. 

 There have been several human epidemiologic 
studies of remote cancer incidence in the fi rst and 
second decades after THR. In two early studies, 
slight increases in the risk of lymphoma and leu-
kemia were observed in patients who had a 
Co-alloy THR, particularly in those patients who 
had a MoM device [ 236 ,  237 ]. Specifi cally for 
McKee–Farrar patients, Visuri et al. [ 238 ] report 
a standardized incidence ratio (SIR) of all site 
cancer of 1.29 (0.92–1.78). Larger, more recent 
studies, however, have showed no signifi cant 
increase in leukemia or lymphoma, but these 
studies did not include as large a proportion of 
subjects with MoM prostheses [ 239 ,  240 ]. A later 
meta-analysis of Nordic cohorts, with special 
emphasis on MoM bearings and 116,727 patients, 
found no signifi cant excess of cancer in target 
organs, i.e., liver, kidney, or haematopoietic can-
cers and a cancer incidence in line with the gen-
eral population. However, attention was drawn to 
prostate cancer and skin melanoma which had an 
elevated incidence [ 241 ]. This was also con-
fi rmed in a similar cohort study from Sweden 
[ 242 ]. In contrast, Goldachre et al. [ 243 ] have 
found no elevated risk for any type of cancer 
among 25,047 THA patients from the United 
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Kingdom, with a mean follow-up, however, of 
only 7.7 years. In the larger and most recent 
meta-analysis of patients, with 1.1 million 
person- years operated on for all indications, the 
SIR was close to unity, 0.98, (95 % confi dence 
interval (CI) 0.98–0.99) [ 244 ]. Increased risk 
with MoM bearings was seen for cancer of the 
prostate (SIR, 1.12; 95 % CI 1.08–1.16) and for 
melanoma, for which relative risks increased 
with follow-up to a SIR of 1.43 (95 % CI 1.13–
1.79) for 10 or more years after arthroplasty. 
Risks of kidney/bladder/ureter cancer also tended 
to increase over time to a SIR ~ 1.2 at 10 or more 
years of follow-up. However, there is no obvious 
mechanism for these associations, possibly 
except from urinary excretion of metals [ 244 ]. 
Furthermore, in a retrospective comparative 
study of mortality, patients with MοM THA had 
a higher cancer mortality (SIR 1.01) than those 
with MοP THA (SIR 0.66) during the fi rst 20 
years postoperatively, but not thereafter [ 177 ]. 
However, the study included only 579 McKee–
Farrar prostheses, which is an insuffi cient num-
ber for reliable conclusions. In contrast, a recent 
linkage study between the National Joint Registry 
of England and Wales and hospital episode statis-
tics, including 40,576 patients with MoM and 
248,995 with alternative bearings, found no 
increased cancer risk after MoM hip replace-
ment. There was no increase in the risk of malig-
nant melanoma or hematological, prostate, and 
renal tract cancers. However, follow-up was only 
7 years [ 245 ]. 

 Interestingly, studies have shown a decreased 
incidence of certain tumors, including breast 
carcinoma, sarcoma, and gastrointestinal car-
cinomas in recipients of THA. The effect of 
including healthy patients has been used to 
explain this reduction. This clearly confounds 
the interpretation of these epidemiologic inves-
tigations [ 18 ]. Although the excesses of mela-
noma, multiple myeloma, and urinary cancers 
may be due to increased physician surveillance, 
chance, confounding, or detection bias, they war-
rant further investigation because of the ever-
increasing use of hip implants at younger ages 
[ 242 ]. The International Agency for Research 
on Cancer, which publishes information on the 

risks posed by chemicals on the development of 
human cancers, has classifi ed Cr(VI) and Ni(II) 
as carcinogenic, metallic Ni and soluble Co as 
possibly carcinogenic, and metallic Cr, Cr(III) 
compounds, and implanted orthopedic alloys as 
unclassifi able [ 246 ].     
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           Biomechanics of Bone-Implant 
Interface 

 Biomechanics is the science that uses the princi-
ples of engineering and physics in order to solve 
various biologic problems. Regarding the spine, 
biomechanics aims at understanding the normal 
and pathological function of the spine as well as 
the way that various mechanisms and interposi-
tions affect it. Spinal surgery affects the normal 
function of the spine; thus, a knowledge of bio-
mechanics can help contribute to its recovery, 
mobility, and stability [ 1 ].  

    Basic Principles 

 The spine moves and acts in three axes ( x -axis, 
 y -axis,  z -axis) enabling translational and rota-
tional forces to be applied on them [ 2 ]. Moreover, 
the spine is subjected to various loads during spi-
nal surgery, and force couples are created 
(Newton’s third law of motion) resulting in the 
spinal segments being at risk of damage or failure 
[ 3 ]. More specifi cally, according to Newton’s 
third law of motion, for every action, there is an 
equal (in magnitude) though opposite (in direc-
tion) reaction that affects the placement of an 

implant [ 4 ,  5 ]. Since there is no movement in the 
spine during the placement of an implant, the 
forces applied to the spine are always in pairs so 
that the net result is zero. In fact, no spinal 
implant is placed in a neutral position because 
once upright posture is assumed, the implant is 
under some degree of stress and it must resist [ 3 ]. 
This factor should be taken into serious consider-
ation during surgery and especially during the 
use or placement of materials, as there must be 
knowledge of the elastic properties of each mate-
rial [ 4 ]. According to Hooke’s law, when force is 
applied to a solid body, this body tends to be 
deformed [ 4 ,  5 ]. Based on this, the size of defor-
mation or ectopia is proportional to the applied 
force [ 5 ]. 

 Another important concept is section modu-
lus, which is a fi gure that is calculated and used 
to defi ne the resistance of an object [ 3 ]. Regarding 
the use of materials, section modulus can be used 
as an indicator to describe the overall resistance 
and possible failure of an implant. Section modu-
lus is defi ned by the equation  Z  =  D  3  ( Ζ  = section 
modulus and  D  = diameter). For example, section 
modulus or screw endurance is exponentially 
related to screw diameter [ 5 ]. Another important 
factor which is related to potential implant failure 
is the force applied to it (load, moment arm, 
bending moment): this is defi ned as Θ =  M / Z  
(Θ = stress,  Μ  = bending moment,  Z  = section 
modulus) [ 5 – 7 ]. Finally, the stiffness of an 
implant is defi ned as its ability to resist deforma-
tion. In this case, stiffness is more affected by 
diameter than strength, and it increases when 
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diameter increases [ 2 ,  3 ]. It is defi ned by the 
equation  I  =  π  ×  D  4 /16 ( I  = inertia moment, 
 D  = diameter) [ 5 ].  

    Types of Bone-Implant Interface 

 Surgical implants should be designed based on 
biomechanical principles such as those men-
tioned above. At the same time, there must be 
knowledge of the forces applied during surgery. 
The new condition that arises and alters the 
mechanical structures must also be taken into 
account. This new condition is the interface 
between the implant and the bone, known as 
bone-implant interface [ 3 ,  5 ]. Implants can be 
made of various materials including metal, non-
metal, and bone. Each material has certain prop-
erties that make it the most suitable for a particular 
surgery. The interface between the implant and 
the bone is very important to ensure stability [ 3 ]. 
In spinal surgery, there are fi ve basic types of 
bone-implant interface: (1) abutting (e.g., inter-
body bone, interbody acrylic), (2) penetrating 
(e.g., nail, spike, screw), (3) gripping (e.g., hook, 
wire), (4) conforming (e.g., acrylic), and (5) 
osseointegration (e.g., titanium, ceramic) [ 5 ]. 

    Abutting Bone-Implant Interface 

 The role of the interbody implant is to resist axial 
loads. The most frequent position where an abut-
ting implant is applied is the interbody region. 
The main reason for this is that an abutting con-
struction must bear a load in order to be effective 
[ 5 ]. The interbody region is the most appropriate 
since it is an approximate position of neutral axes 
where most of the axial load is applied [ 2 ]. 

 Numerous experimental studies using calf or 
human cadaver spines have found that various 
types and designs of interbody fusion devices 
(IFD) have static and fatigue endurance much 
greater than the expected normal loads [ 8 ,  9 ]. 
Moreover, they exhibit good kinematic stability 
on segment movement under various loading 
forces [ 10 – 12 ]. Generally, abutting implants 

 distribute loading forces uniformly over a rela-
tively large surface area due to their construc-
tion. Therefore, the larger the contact surface 
between the implant and the bone, the more 
effective is the resistance of the implant to axial 
forces. More specifi cally, the larger the circum-
ference of the interbody abutting implant (bone, 
acrylic, etc.), the more effective is the implant 
regarding resistance to the applied axial loads [ 2 ] 
(Fig.  20.1 ). However, there are studies where, 
when both monotonic and dynamic compression 
forces were applied to the IFD-motion segment 
constructions, there was failure since the device 
subsided onto the adjacent vertebrae when the 
forces were greater than those applied during 
daily living [ 13 ,  14 ]. However, the presence and 
causes of such failure have not been adequately 

  Fig. 20.1    An implant with small diameter penetrates far-
ther, while an implant with larger diameter resists axial 
loading more effectively       
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clarifi ed. Therefore, information on the biome-
chanics of this particular implant is limited. 
Subsidence and failure are the main concerns 
regarding these devices. Keeping interbody abut-
ting implants in the desired interbody position is 
the main aim [ 15 ]. This is the reason why the use 
of an additional graft, such as an interbody 
acrylic implant, is required. This implant pene-
trates the end plates of the adjacent vertebrae 
with a rigid wire stabilizer reducing the possibil-
ity of implant displacement. The Rezaian spinal 
fi xator and bone graft struts can be used for the 
same reason [ 3 ].

   Finally, this category includes cage implants 
which can contact the vertebral body end plate in 
two ways, with either its fl at surface or its convex 
surface. A fl at-faced interbody cage has a large 
surface area of contact with the end plate, while a 
round-faced cage has a very small area of contact 
with the end plate. Generally, the use of inter-
body fusion cages has increased dramatically 
over the last few years [ 10 ,  16 ] (Fig.  20.2 ). 
Usually, they are combined with allograft bone, 
autograft bone, or bone substitutes to facilitate 
fusion and to provide a stable biomechanical con-
struction. It has also been shown that interbody 
fusion using a PT-ring cage packed with autolo-
gous bone achieves higher interface healing and 
more reliable fusion when it is fi xated with sup-
plementary pedicle screws than when it is fi xated 
anteriorly with two staples [ 17 ].

   There are several types of cage including 
threaded titanium cylinders, vertical titanium 
mesh cages, and impacted box or wedge-shaped 
cages. Despite the continuously increasing use of 
cages, there is very little implant retrieval data to 
determine the number of biologic reactions and 
the effects of the cage on human patients [ 11 ,  18 ]. 
However, the biomechanical and clinical success 
of interbody fusion cages has been proven, and 
they are usually used to facilitate fusion after dis-
cectomy or corpectomy on the thoracolumbar 
spine. They include autograft or allograft bone, 
and they are placed between vertebral bodies to 
provide fi xation, immediate compression 
strength, anterior column support, and contain-
ment of the graft material [ 10 ,  16 ,  19 ,  20 ].  

    Penetrating Bone-Implant Interface 

 In spinal surgery, three types of screws are 
mainly used:
    1.    Machine screws (cortical screws): These are 

mostly used in hard, incompressible bones.    
   2.    Self-tapping machine screws: These obviate 

the need for multistep processing.    
   3.    Wood screws (cancellous screws): These are 

used on softer materials, such as cancellous 
bones.     
 Compression during the entrance of the screw 

may cause minor fractures that reduce the integrity 

a b

  Fig. 20.2    ( a ) A round-faced interbody cage has a small area of contact. ( b ) A fl at-faced cage has a large surface area 
of contact       
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of the bone [ 5 ,  21 ] when cortical screws are used. 
On the other hand, although pre-tapping screws are 
more effective on the cortex, they are less effective 
on cancellous bone because tapping weakens the 
bone-implant interface [ 22 ]. Based on this, the tap-
ping of the pedicle holes where the screws will be 
placed remains of questionable value. Regarding 
the cortex, the screws used for the pedicle of the 
vertebrae rarely succeed in shoring on the cortex 
within the pedicles. However, cortex microrack-
ing around screw threads is greater with untapped 
screws than tapped ones. Therefore, regarding the 
cortex, untapped screws loosen more frequently 
than tapped ones [ 21 ]. 

 Another very important factor in penetrating 
implants is the pullout resistance of the screw, 
which correlates with insertional torque [ 21 ,  23 ]. 
The screw’s insertional torque is defi ned by the 
equation  y  = ( x /1,142) + 0.02 ( y  = insertional 
torque (Nm),  x  = pullout resistance (N)). It is also 
known that the diameter of the body of a screw is 
proportional to the force that can be exerted on it 
[ 6 ]. Based on this, the most important factors in 
pullout resistance are maximum screw diameter 
and thread depth [ 2 ] (Fig.  20.3 ). A typical exam-
ple is the report of Liljenqvist et al. [ 24 ] which 
mentions that the pullout resistance of screws is 
greater at the lower part of the thoracic spine 
compared to the top and that this can be explained 
by the larger pedicle widths at the lower part of 
the thoracic spine and therefore the larger diam-
eter of the screws placed in this area. Other 
important factors are the depth of screw penetra-
tion, thread design, screw shape and length, etc. 
However, the quantifi cation of these parameters 
and their objective correlation with pullout resis-
tance are extremely diffi cult. Chapman et al. [ 22 ] 
have attempted to quantify these factors, but their 
equation did not include factors such as the 

 connection between the screw and the bone and 
screw geometry.

   What we defi nitely know is that the bicortical 
purchase of screws and expandable tip screws 
increase pullout resistance. Furthermore, the 
pullout resistance of screws increases with par-
ticipation of the cortical bone which resists out-
put stress in a remarkable way [ 22 ,  25 ]. On the 
other hand, ensuring good bone-implant interface 
is not easy in cases of osteoporosis [ 23 ].  

    Gripping Bone-Implant Interface 

 Hooks and wires are types of implants that are 
based on grip, and they are mostly used in osteo-
porotic bones [ 26 ]. Their pullout resistance is 
very important. They are preferred for osteopo-
rotic bones mostly because of their greater con-
tact surface since almost the entire implant 
surface has contact with cortical bone [ 24 ,  26 ]. 
The relaxation process of the implant begins with 
the local failure of bone structure around the 
point of maximum stress during load application 
on the structure bone implant. If trabecular bone 
is signifi cantly reduced in quantity and thickness, 
as in osteoporosis, then the interface that accepts 
the entire load between bone and implant is 
reduced and therefore subjected to higher levels 
of stress, even under a specifi c load. Thus, the 
risk of failure in osteoporotic bone increases [ 26 ]. 

 It has been found that laminar hooks have 
greater axial pullout strength compared to pedicle 
screws [ 24 ,  26 ] in osteoporotic bones. Also, it has 
been noted that laminar hooks that are placed in 
the lower thoracic spine have a higher resistance 
compared to pedicle hooks that are placed in the 
upper thoracic spine [ 24 ]. Another study suggests 
that the fi nal resistance of two triangulated 

Major
diameter Minor diameter

Tip

Thread

Head

  Fig. 20.3    The depth of the screw, outer diameter, and thread depth are important to pullout resistance       
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 pedicle screws in osteoporotic vertebrae is better 
than both laminar hooks and single pedicle 
screws [ 27 ]. Hooks obviously provide a larger 
contact surface compared to wires. Hooks effec-
tively resist dorsally directed forces, while dou-
ble wires double the contact surface by increasing 
the pullout resistance. Specifi cally, regarding 
osteoporotic bones, the wire can be looped 
around the laminae and spinous processes of 
adjacent vertebrae and can be secured via twist-
ing the loops together. The hooks may be placed 
at the laminae, pedicles, or transverse processes 
to increase dorsal instrumentation [ 4 ,  28 ]. In con-
clusion, regarding osteoporotic bones, greater 
endurance is exhibited by double triangulated 
pedicle screws, followed by hooks and fi nally 
wires and single pedicle screws. 

 Finally, we should refer to the depth of graft 
entry. A pedicle hook that is inserted too deeply 
may cut into the pedicle, diminishing its torsional 
stability. Also, a hook that is inserted insuffi ciently 
reduces the ability of the interface to increase tor-
sional stability. Moreover, the addition of a trans-
verse process hook applies a torque on the pedicle, 
leading to failure of the pedicle, the facets, or the 
transverse processes [ 5 ]. Pullout resistance of the 
screw may be increased by screw-hook claw appli-
cation at the thoracic and lumbar regions. 
Additionally, a caudal sublaminar hook, placed at 
the same spinal level as the pedicle screw, signifi -
cantly increases pullout resistance of the screw. 
Generally, deformation and the ability to resist 
fatigue are two of the most important characteris-
tics of spinal implants because the materials do not 
fail due to excessive static loads applied to them 
but due to rotative loading and fatigue (continuous 
application of loads for long periods of time) [ 2 ].  

    Conforming Bone-Implant Interface 

 It has been shown that acrylic does not usually 
conform adequately to the bone because of the 
effect blood has on the acrylic, the bone, and the 
gravity which causes acrylic to fl ow away from 
important interface points [ 5 ]. Moreover, there is 
no osseointegration between the bone and the 

acrylic, and therefore, loosening of acrylic-bone 
interfaces is common. Generally, while some 
researchers claim that acrylic is a very useful spi-
nal implant, others mention that its use is limited 
[ 29 ]. On the other hand, it is suggested that poly-
methylmethacrylate (PMMA) can be used with 
very good results but only in special situations 
because it has a high resistance to elasticity and it 
is very sensitive. However, it has been shown that 
wire reinforcement, especially with Vitallium, 
yields a stronger construction [ 28 ,  30 ].  

    Osseointegration 

 The most common materials used for osseointe-
gration are titanium or stainless steel. Stainless 
steel is mainly used because of its mechanical 
properties (fatigue endurance and higher modu-
lus of elasticity). However, stainless steel is more 
susceptible to corrosion than titanium, and that 
makes it possibly more harmful for a patient’s 
body [ 31 ]. On the other hand, titanium is known 
for its signifi cant biocompatibility [ 32 ,  33 ]. Pure 
titanium is classifi ed based on its purity and 
degree of contamination. The more the oxygen 
content of the titanium increases, the more its 
endurance increases. Although endurance to the 
elasticity of titanium remains the same, its basic 
and elastic power increases [ 30 ]. The corrosion 
of the materials appears because of the unin-
tended micromotion between the two surfaces, a 
process that removes the passive oxide layer. The 
removal of this layer, which acts as both a kinetic 
and thermodynamic barrier to corrosion, leaves 
the material exposed to electrochemical reaction 
[ 34 ]. Basically, the corrosion appears when a 
small gap between the plate and the screw allows 
for an environment depleted in oxygen and highly 
concentrated in chloride ions. These chemical 
reactions cause a crevice result in metal ions [ 35 ]. 

 Concerning stainless steel, it has been shown 
that penned or matted stainless steel outweighs 
smooth or non-matted stainless steel materials in 
terms of osseointegration [ 30 ]. At the same time, 
316 stainless steel and 22-13-5 stainless steel are 
more resistant than titanium, resulting in less 
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transfer of compression forces from the implant 
to the bone. Although controversy on this issue 
remains, other studies report that titanium 
Ti-13Nb-13Z exhibits greater endurance [ 32 ]. 

 However, it has been clarifi ed that titanium 
presents a better application than steel in low 
charging frequencies. There was a study with 
osteoporotic sheep where an anti-rotation screw 
was placed in continuation of the bridging ele-
ments to prevent rotation around the longitudinal 
axis of the cylinder. The cylinders were coated 
with Bonit ® (hydroxyapatite/brushite 1.67/1.1) 
in order to enhance osseointegration. The histo-
logical examination of the trabeculae bridging 
between adjacent end plates and tricortical iliac 
struts in all vertebrae shows that bridging was 
adequate to promote fusion [ 33 ]. 

 Generally, the process of osseointegration is 
very important for the success of the unifi cation 
of the materials and therefore for surgery. The 
total contact surface between an implant and 
bone is involved in the transfer of the load from 
the implant to the bone. When osseointegration 
occurs, the load is distributed over a much larger 
surface area [ 5 ]. Based on all this, it is under-
standable that when planning surgery and choos-
ing a graft, a surgeon should take into 
consideration the area of the spine where he or 
she is going to intervene, the position of fusion 
(ventral or dorsal), and the forces that will be 
applied later to the graft when load is exerted on 
the spine. Selection of the right material and a 
knowledge of the mechanical structures of the 
area where the graft will be placed signifi cantly 
contribute to achieving a good surgical result and 
a correct bone-implant interface.   

    Toe-In and Toe-Out Screws 
(Triangulation) 

 Screw-bone interface failure may be minimized by 
paying attention to the screw trajectory and its fi nal 
position. A steady divergence or convergence of the 
screws (triangulation) or their placement at a 90° 
angle with respect to each other can increase pullout 
resistance [ 36 ]. The use of toe-in and toe-out place-
ment of the screws produces the so-called triangu-
lation effect at any level it is applied to (transverse 
or axial) [ 5 ]. Toe-in placement is defi ned as the use 
of paired converging and cross-fi xed moment arm 
screws, whereas toe-out placement is defi ned as 
the use of paired diverging and cross-fi xed moment 
arm screws (Fig.  20.4 ). The triangulation effect is 
basically the lateral position of each screw which 
increases pullout resistance due to its position [ 27 ]. 
The triangulation effect is proportional to the area 
defi ned by the triangle that is created by each screw 
inside the bone [ 36 ] (Fig.  20.5a ). Triangle surface 
inside the bone can be increased by lengthening 
the screws (Fig.  20.5b ) or altering screw trajec-
tory (Fig.  20.5c ). Also, the pullout resistance of 
the screw may be enhanced by using the injection 
of pressurized polymethylmethacrylate (PMMA) 
into the screw hole before placing the screw. 
Nonpressurized injection is less effective because it 
does not cause penetration of the PMMA into the 
bone interstices [ 2 ]. Bone slivers or cement can be 
used to increase pullout resistance [ 28 ,  37 ].

    Finally, it is worth mentioning that triangula-
tion is affected by:
    1.    Orientation of the loads resisted. More spe-

cifi cally, toe-in and toe-out placements differ 
regarding their ability to resist axial forces 

Toe-in Toe-out

a b

  Fig. 20.4    Toe-in ( a ) and toe-out ( b ) placement       
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[ 27 ]. For example, sagittally toed-in screws are 
much more prone to back out after the appli-
cation of axial loads. This is due to the sub-
optimal orientation of the component vectors 
that resist axial deformation [ 25 ]. Therefore, 

toed-out screws are more effective against 
axial loads at the vertical plane. Moreover, the 
simultaneous placement of toed-in or toed-out 
screws can increase the triangulation effect 
even more [ 36 ] (Fig.  20.6 ).     

   2.    Consistency of the bone into which the screws 
will be placed [ 26 ,  28 ].    

   3.    The limitations that derive from the structure 
and geometry of the bone where the implant 
will be placed [ 22 ].      

    Size of the Implant: Disc 
Replacement 

 The use of correct implant size is of great 
importance for achieving maximum positive 
effect. Several researchers have investigated 
this area [ 38 – 40 ]. Knowledge of the anatomy of 
the area and biomechanical variations is very 
important for the understanding of the graft 
end-plate interface and the risk of failure or 
subsidence [ 39 ]. There is general agreement 
that proper implantation technique and sizing 
play a defi ning role in the optimization of 
implantation device performance and clinical 
outcome [ 38 – 44 ]. 

 More specifi cally, regarding the effect of cage 
implant size as a mechanical factor at the implant 
end plate, it was found in a cadaveric model that 
there was signifi cantly greater endurance 
(regarding the implant failure) in loads and 
applied force when larger cage indenters were 
used [ 45 ,  46 ]. Lowe et al. [ 47 ] reached the same 
conclusion highlighting that cages of larger 

a

b

c

  Fig. 20.5    The triangulation effect is proportional to the 
area that is created by each screw ( a ), the length of the 
screw ( b ) and the screw  trajectory ( c )       

  Fig. 20.6    Toed-in or 
toed-out screws in different 
planes (sagittal or coronal) 
simultaneously provide 
further advantages       
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diameter facilitated a more effective transfer of 
force toward the stronger posterolateral area of 
the end plate and, therefore, they provided 
greater resistance during subsidence. On the 
other hand, smaller arthroplasty implants can 
subject the central part of the vertebral body to 
higher stress and increase the risk of implant 
subsidence. Several studies mention smaller size 
of the implant as a reason for subsidence or 
migration [ 47 – 50 ]. 

 Moreover, it has been found that total disc 
replacement (TDR) produces a statistically sig-
nifi cant reduction in end-plate stiffness. 
Specifi cally, regarding small-sized keel-type 
implants, end-plate stiffness was not signifi cantly 
altered. However, when medium- or large-sized 
implants were used, end-plate stiffness was sig-
nifi cantly reduced at a rate of 19 and 26 %, 
respectively. Therefore, based on these results, 
the use of the largest footplate possible helps to 
avoid large end-plate displacements and greatly 
reduces the chances of device subsidence and 
end-plate failure [ 51 ]. Moreover, Lin et al. [ 52 ] 
have observed that, although the rigid core of 
Prestige LP and ProDisc-C increases contact 
stress at the interface between the metallic end 
plates and the vertebral bodies, this is in fact very 
benefi cial, when placement and alignment are 
correct in order to secure partial integrity during 
motion and maintain suffi cient disc height. As 
indicated in their experiments, although Prestige 
LP and the ProDisc-C underwent little displace-
ment in the cervical spine vertebral units, the cor-
responding displacement was fi ve to ten times 
greater with the Bryan disc under the same 
pressure. 

 Generally, it is very important for fusion or 
disc replacement to secure suffi cient contact sur-
face area and strong initial fi xation in order to 
avoid mechanical failure due to subsidence, 
expulsion, or component failure [ 52 ]. Most of the 
time, the implant that is preferred is smaller than 
the vertebra for safety reasons during surgery, 
despite the fact that the largest graft possible 
should be used. However, there are no clear 
guidelines regarding the size of the implant that 
should be chosen in each case [ 53 ].  

    Graft End-Plate Interface 

 As well as implant size, end-plate interface is 
also important. For example, regarding disc 
replacement, variation in vertebral end-plate cur-
vature makes it diffi cult to obtain accordance of 
the surfaces between the fl at and stiff implant end 
plate and the vertebral end plate even with verte-
bral end-plate preparation. Voids at the interface 
between disc and bone, which reduce the total 
available area for load transfer, are inevitable 
[ 54 ]. Regarding cervical end plates, it is known 
that their posterior and lateral fold is thicker and 
stronger than their anterior and middle end plate. 
Also, the quality of each patient’s bones is a very 
important factor that correlates with the strength 
of vertebral end plates [ 15 ,  55 – 58 ]. In general, an 
implant interface is an important component of a 
construction’s overall endurance. However, 
while some cervical prostheses require partial or 
aggressive burning, others do not. This is the rea-
son why it is necessary to fully understand how 
burning can affect end-plate endurance before 
any evaluation of failure characteristics [ 59 ]. 

 Often, partial or aggressive removal of the end 
plate is the factor that affects the subsidence of an 
interbody device. It has been shown with inden-
tation techniques that the removal of the end 
plates affects cervical end-plate endurance [ 47 , 
 60 ,  61 ]. Regarding the cervical spine, it has been 
shown that end-plate removal signifi cantly 
reduced the spine’s endurance [ 62 ]. Similar 
results were noted for the thoracic spine [ 61 ] and 
the lumbar spine [ 47 ]. However, the preparation 
of the end plate did not signifi cantly reduce the 
endurance of the area in studies where actual 
implants were used. 

 The depth of burning is another important fac-
tor. The study of Cheng et al. [ 63 ] noted that there 
were statistically signifi cant differences regard-
ing end-plate endurance between intact end 
plates and burned end plates (1 mm depth, 2 mm 
depth), while the posterior end plate had signifi -
cantly greater endurance than the anterior one at 
burning depths of both 1 and 2 mm. Also, there 
was a greater loss of stiffness at a burning depth 
of 2 mm rather than 1 mm, and this is why it must 

P.G. Katonis and K.I. Alpantaki



303

be mentioned that during end-plate preparation, 
the smallest contact surface possible should be 
burned to maintain overall endurance of the end 
plate. Researchers stress that although the implant 
surface plays an important role in the degree of 
subsidence of the device, the end plate increases 
endurance of the entire construction.  

    Conclusion 

 From a mechanical point of view, the spine is 
considered to be a complex structure. Spinal 
interventions alter normal mechanical proper-
ties due to an interplay between the spine and 
implants. Abutting implants (e.g., cages, arti-
fi cial discs) distribute loads over large surface 
areas; therefore, effi ciency depends on the cir-
cumference of the implant and the graft end-
plate interface. Penetrating implants are 
mostly represented by screws, and their pull-
out resistance relies on their outer diameter 
and thread depth. Moreover, screw trajectory 
and confi guration can also affect the screw-
bone interface. Hooks and wires are described 
as gripping bone implants. Their ability to 
resist loads is quite effi cient, especially in 
osteoporotic bone. Conforming bone-implant 
interfaces are mainly represented by PMMA. 
In this case, osseointegration does not exist. 
On the contrary, titanium and stainless steel 
can both be used for this purpose.     
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           Introduction 

 Reconstruction or repair of ligaments and ten-
dons to bone, following injury, to improve joint 
function is a very common surgical procedure in 
orthopedics. The most common surgical ligament 
reconstruction in humans is anterior cruciate lig-
ament (ACL) reconstruction. Because ACL is not 
amenable to repair after tear, replacement of the 
ligament using autograft or allograft tissue is cur-
rently the treatment of choice for young and 
active patients. On the other hand, surgical reat-
tachment to bone is the most reliable treatment in 
case of rotator cuff tendon tears. Tendon grafting 
or repair to bone is performed during hand, foot, 
and ankle surgery. Nowadays, ACL reconstruc-
tion and repair of rotator cuff tendon tears are the 
most commonly performed surgical procedures 
for soft tissue injuries in orthopedics. 

 Historically, the bone–patellar tendon–bone 
(BPTB) autograft was the commonest graft used 
for the procedure. Direct bone-to-bone healing in 

this case leads to fast and solid incorporation of 
the graft by the fourth to sixth week. However, 
soft tissue auto- and allografts have recently 
become increasingly popular given the morbidity 
induced by BPTB autograft harvest. For a suc-
cessful reconstruction, healing of the soft tissue 
graft to the bone tunnel is required. With the 
increasing popularity of soft tissue grafts in ACL 
reconstruction, healing within a bone tunnel has 
been brought to the center of current research in 
the biology and mechanics of tendon-to-bone 
healing. 

 Healing of tendon or ligament to a bone tunnel 
after surgical ligament reconstruction or reattach-
ment of tendon to a bone surface remains a poorly 
understood, complex process. Multiple surgical, 
postoperative, and patient-related variables can 
infl uence its outcome. However, a growing body 
of recent experimental and clinical data has 
added signifi cantly to our understanding of the 
biological mechanisms that regulate this process 
and of interventions to potentially enhance its 
progress.  

    Morphology of the Native 
Bone–Tendon Insertion Site 

 The structure of the native tendon attachment to 
bone is highly differentiated in order to achieve the 
optimum distribution of loading at the interface 
between a soft compliant (tendon) and a stiffer 
(bone) material. Two types of attachments have 
been identifi ed based on the direction in which the 
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collagen fi bers attach to the bone  surface: indirect 
and direct. Indirect insertions (also called perios-
teal insertions or fi brous entheses) can be found at 
the tibial insertion of the MCL and at the insertion 
of the deltoid tendon into the humerus. In general, 
indirect insertions are mainly present with short 
ligaments or tendons, which have a relatively large 
and broad insertion area to bone. The typical char-
acteristic of an indirect insertion type is the con-
tinuity of the periosteum distal and proximal to 
the insertion site. The tendon or ligament passes 
obliquely along the bone surface and inserts at an 
acute angle into the periosteum. A high number 
of collagen fi bers continue from the tendon into 
the underlying periosteum and then into bone and 
serve to reinforce the tendon’s attachment. They 
are called Sharpey’s fi bers in recognition of their 
fi rst description by William Sharpey in 1856. 
Direct insertions (also called fi brocartilaginous 
entheses) are found at the insertion sites of the 
ACL, Achilles, patellar, and rotator cuff tendons. 
They are primarily differentiated from indirect 
insertions by the fact that the periosteum is non- 
contiguous and tendon or ligament tissue directly 
attaches to the underlying bone. They are com-
posed of four gradual transitional zones: tendon, 
uncalcifi ed fi brocartilage, calcifi ed fi brocartilage, 
and bone. No sharp boundaries between these 
zones exist, and their proportions vary between 
entheses. The presence of a mineralized cartilage 
tidemark or cement line between the fi brocartilage 
and the bone has also been described. The mineral-
ized cartilage tidemark forms deep interdigitations, 
thus increasing the contact area and reducing the 
stiffness gradient between mechanically different 
tissues [ 1 ]. Consequently, the ability of this unit to 
resist shear and tensile forces is improved. There 
is a strong correlation between the distribution of 
fi brocartilage within an  entheses and the levels of 
compressive stress to which it is subjected [ 1 ,  2 ]. 
This fi brocartilage zone is also thought to act as a 
barrier to endosteal- derived vascular ingrowth [ 3 ].  

    Tendon Healing in a Bone Tunnel 

 Reconstructive ligament surgery aims to estab-
lish a new ligament with similar morphology and 
mechanical properties to the native one and to 

recreate the normal insertion to bone, which is 
necessary for normal ligament function. Soft tis-
sue ACL reconstruction, in particular, produces a 
unique confi guration because nowhere else in the 
human body is a ligament found within a cancel-
lous bone tunnel. To obtain a better understand-
ing of the biology of tendon-to-bone tunnel 
healing and develop strategies to improve out-
come, animal models are essential. Rabbit, rat, 
canine, and sheep models have been developed 
and used for the study of natural tendon graft-to- 
bone tunnel healing and treatment outcomes. 
Compared with other animal models, rabbit and 
sheep models are more commonly used because 
of their low cost and large size, respectively. 
Intra- and extra-articular animal models have 
been developed. Extra-articular models present 
the advantage that they can easily be performed 
on smaller animals. In addition, their mechanical 
properties can be more precisely studied, as they 
do not undergo such an extensive remodeling as 
intra-articular models. However, the latter are 
more clinically relevant, when focusing on ACL 
reconstructive surgery, because the implanted 
graft is subjected to local boundary conditions 
that more realistically resemble the human joint. 

    Physiology of Tendon Healing 
in a Bone Tunnel 

 Tendon graft-to-bone tunnel healing can be 
divided into four stages: infl ammatory phase, 
proliferative phase, matrix synthesis, and matrix 
remodeling. During the infl ammatory phase (fi rst 
week after implantation), the space between the 
tendon graft and bone is fi lled with fi brovascular 
tissue. Neutrophils and recruited macrophages 
present in the tendon-bone tunnel interface as 
early as the 4th postoperative day, whereas resi-
dent macrophages are identifi ed after 10 days [ 4 ]. 
Infl ammatory mediators, such as cytokines, and 
growth factors such as vascular endothelial 
growth factor (VEGF), fi broblast growth factor 
(FGF), transforming growth factor-beta (TGF-β), 
and platelet-derived growth factor (PDGF), are 
released by infl ammatory and marrow-derived 
stem cells that infi ltrate the interface. Interactions 
between these molecules contribute to the 
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enhancement of the infl ammatory cascade. 
During the proliferative phase, beginning 1–2 
weeks post-implantation, osteoblasts, chondro-
cytes, and fi broblasts appear around the bone tun-
nel wall and, consequently, the cellularity and 
vascularity of the interface tissue increases. Cell 
ingrowth progresses from the interface towards 
the inner tendon [ 4 ]. Blood vessels and nerves 
increase in density, presumably as a result of 
hypoxia or growth factor stimulation [ 5 ]. The 
matrix synthesis phase (around 4 weeks) is char-
acterized by the degradation of provisional tissue 
by matrix metalloproteinases (MMPs) and serine 
proteases. In turn, new extracellular matrix with 
immature collagen type II is deposited. However, 
the orientation of collagen fi bers is still poor. 
New denser lamellar bone is also formed, and 
early fi brocartilage progressively grows into the 
interface tissue. At the matrix-remodeling phase, 
the continuity and orientation of collagen fi ber 
between tendon graft and newly formed bone is 
established. Perpendicularly oriented fi bers, 
composed of type III collagen and resembling 
Sharpey’s fi bers, can be seen along the interface 
at around 8 weeks after implantation and are con-
sidered the earliest sign of graft osteointegration. 
In their experimental study on dogs, Rodeo et al. 
correlated the progressive increase in pullout 
strength with the degree of bone ingrowth, min-
eralization, and maturation of the healing tissue 
noted histologically [ 6 ]. The time interval that 
the most obvious improvement in graft strength 
occurs varies between studies, ranging between 
2–4 and 12–24 weeks post-implantation [ 6 ,  7 ]. 
The density of Sharpey’s fi bers that can be con-
sidered as a sign for a solid-graft incorporation is 
still unclear. Several authors have described only 
a sparse occurrence of such fi bers in animal mod-
els as well as in human graft tissue harvested dur-
ing second-look arthroscopies [ 8 ]. Progressive 
osteointegration of the graft has been shown to 
alter its mode of failure. Rodeo et al. found that 
between 2 and 8 weeks, the graft tissue failed by 
pullout, whereas at 12 and 26 weeks, the tissue 
failed in its mid-substance or at the clamp, sug-
gesting a change in failure mode between 8 and 
12 weeks [ 6 ]. Weiler et al. described a so-called 
degloving mechanism, which signifi ed that the 
central part of the graft was pulled out of the 

 tunnel, whereas the peripheral part was still 
attached to the bone tunnel wall even at 24 weeks 
after implantation [ 9 ]. In cases of degloving 
mechanism failure, it is considered that failure 
occurs at the interface between the fi brocartilagi-
nous interzone and the tendon instead of the 
bone. Local mechanical and biological factors in 
this setting can either favorably or adversely 
affect the healing process. Bone necrosis due to 
trauma or drilling, graft necrosis due to avascu-
larity (particularly in allograft tissue), and 
increased pressure of the graft against the bone 
tunnel can lead to the prolongation of the infl am-
matory phase against tissue regeneration. Infl ux 
of synovial fl uid into the interface in the presence 
of a small gap or due to micromotion can 
adversely affect graft healing by activating vari-
ous MMPs. Increased levels of collagenases and 
stromelysins have been found in the synovial 
fl uid after ACL rupture or reconstruction [ 10 ]. 
Most importantly, the micromotion of the tendon 
within the tunnel may induce chronic infl amma-
tion, by activating osteoclasts for bone resorption 
and stimulating MMP secretion for matrix degra-
dation. Inhibiting osteoclastic activity with osteo-
protegerin in an animal model of tendon-to-bone 
tunnel healing has been shown to improve bone 
formation around the grafted tendon, whereas 
increased osteoclastic activity induced by apply-
ing receptor activator of nuclear factor-kappa-β 
ligand (RANKL) impaired bone ingrowth [ 11 ]. 
There is currently no consensus on the type of 
osteointegration achieved with tendon-to-bone 
tunnel healing. Most studies agree that the graft-
bone tunnel interface evolves to an indirect type 
of insertion, in which Sharpey’s fi bers develop 
during the remodeling phase and primarily 
account for the early biomechanical properties of 
the complex [ 6 ,  12 ,  13 ]. Others, however, have 
implied that a direct-like type of insertion may be 
formed [ 14 ,  15 ]. These studies were based on his-
tological fi ndings of chondrocytes in the inter-
face tissue, which demonstrated the formation of 
a fi brocartilaginous zone resembling the native 
ACL insertion. Chondrocytes have been identi-
fi ed at the juxta-articular tunnel apertures proba-
bly due to greater contact stress at the joint level, 
which favors chondrogenesis. Therefore, it is 
probable that controversies regarding the type of 
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ligament insertion that develops during tendon-
to-bone tunnel healing have resulted from meth-
odological inconsistencies regarding the site of 
the healing tissue being studied. Although an 
indirect type of ligament insertion is mechani-
cally inferior compared to a direct one, current 
evidence suggests that it is mainly found within 
the bone tunnel, whereas the latter might develop 
at the articular aperture site of the tunnel with 
certain mechanical boundary conditions.   

    Factors Affecting Tendon-to-Bone 
Tunnel Healing (Table  21.1 ) 

       Type of Graft Used 

    BPTB vs. Soft Tissue Autografts 
 The healing characteristics of BPTB and soft tis-
sue autografts have been compared in various 
studies. Tomita et al. compared a BPTB graft and 
fl exor tendon graft for ACL reconstruction in an 
intra-articular model in rabbits. They found a sig-
nifi cantly lower maximum load to failure for the 
fl exor tendon graft group after 3 weeks, but no 
difference after 6 and 9 weeks [ 16 ]. Similarly, 
Park et al. studied the osseous integration of a 
patellar bone–tendon and bone–tendon–bone 
graft in rabbits. They also found a signifi cantly 
lower failure load in the bone–tendon group at 4 
and 6 weeks. In contrast, no difference was noted 
12 weeks post-implantation [ 17 ]. Yamazaki et al. 
found only a notable difference already by 3 
weeks after ACL reconstruction in dogs between 
fl exor tendon and BPTB grafts [ 18 ]. Findings of 
these studies strongly suggest that despite the 
slower incorporation rate of soft tissue autografts 

into a bone tunnel compared with bone plug 
grafts, no variation in strength and failure load 
exists between graft types by the time substantial 
joint loading is assumed. In addition to direct 
bone-to-bone healing of the bone plugs within 
the tunnel, some authors consider the preserva-
tion of the native direct-type junction between 
the harvested ligament and bone plugs is an 
advantage of BPTB grafts. Panni et al. suggested 
that when this junction is placed inside the bone 
tunnel, it undergoes a remodeling process, being 
absorbed originally and then reappearing at 6 
months. In contrast, when placed at the intra- 
articular exit of the tunnel, it is preserved 
throughout the healing process [ 19 ]. Yoshiya 
et al. found, in a dog model, the morphologic 
characteristics and location of the reestablished 
attachment of the BPTB graft were similar to 
those of the native ACL [ 20 ], thus theoretically 
offering the advantage of improved stress 
distribution.  

    Allografts vs. Autografts 
 The use of allograft tissue in ACL reconstruction 
was introduced in an attempt to eliminate donor 
site morbidity and reduce surgical time. The 
major factors that contribute to a successful 
allograft implantation are sterility, reduction of 
antigenicity, and preservation of the biomechani-
cal and biological properties of the graft [ 21 ]. 
Allografts, in general, heal in the same manner as 
autografts: donor cell death is followed by 
infl ammation, revascularization–repopulation, 
and remodeling of the graft. In the case of deep- 
frozen or freeze-dried allografts, donor cell death 
has already occurred before implantation. Tendon 
allografts heal through the formation of fi brovas-
cular scar tissue at the graft-tunnel interface fol-
lowed by the formation of Sharpey’s fi bers and 
new bone production. Bone blocks contained in 
allografts fi rst undergo osteonecrosis, followed 
by incorporation of the graft by the surrounding 
host cancellous bone. The intra-articular part of 
the graft acts as a collagen scaffold for host 
cells to repopulate. Collagen remodeling 
involves the replacement of the original large-
diameter fi brils with smaller-diameter ones. 
Compared with autografts, allografts have 

   Table 21.1    Factors affecting tendon-to-bone tunnel 
healing   

 1. Type of graft used 
 2. Graft placement 
 3. Graft fi xation 
 4. Graft length and diameter within the bone tunnel 
 5. Graft tensioning 
 6. Rehabilitation 
 7. Variations within and between tunnels 
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 demonstrated a  prolonged infl ammatory 
response, a greater decrease in structural and 
mechanical properties, and a reduced rate of bio-
logical incorporation after implantation [ 22 ]. 
Allogeneic tendons also demonstrated a slower 
onset and rate of revascularization [ 23 ]. Greater 
bone tunnel enlargement observed after allograft 
ACL reconstruction may also suggest suboptimal 
healing of allograft tissue [ 24 ]. A recent sheep 
model study demonstrated inferior mechanical 
properties at 52 weeks in fresh-frozen allograft 
when compared with autograft [ 25 ]. Such fi nd-
ings have raised concerns about the long-term 
implications of allograft use [ 26 ]. However, 
although allografts seem to lose more of their 
time-zero strength during remodeling, this has 
not been associated with a poorer prognosis. 
Several clinical studies have conversely reported 
similar clinical outcomes when comparing auto-
grafts vs. allografts [ 27 – 29 ]. It is possible that 
inconsistencies in both laboratory and clinical 
studies, regarding allograft processing, steriliza-
tion, graft tissue, surgical technique, and end-
point evaluations, account for the diversity seen 
in their results. Sterilization of allograft tissue 
from bacterial and viral agents is considered 
imperative to prevent disease transmission. 
Gamma irradiation has been proven effective for 
sterilization through the generation of free radi-
cals and direct destruction of the organism’s 
genome. Doses of 40 kGy are required to neutral-
ize HIV from BPTB allografts [ 30 ]. Bacteria can 
be eliminated at lower doses. Studies, however, 
have indicated that there is a dose-dependent 
effect of irradiation on the biomechanical proper-
ties of the graft [ 31 ]. Doses as low as 25 and 
40 kGy have been shown to signifi cantly alter the 
tensile strength of ACL reconstruction allografts 
[ 32 ], possibly through the disorganization of the 
collagen structure by free- radical production. 
Other studies have suggested that doses less than 
25 kGy have no effect on ACL reconstruction 
outcomes [ 28 ]. To prevent such adverse effects, 
radiation doses between 1.5 and 2.5 Mrad are 
currently used in most tissue banks [ 33 ]. Most 
recently, Bhatia et al. compared bony incorpora-
tion after ACL reconstruction in rabbits between 
autografts and low-dose (1.2 Mrad) irradiated 

and non-irradiated allografts. They found that the 
maximum load and stiffness of a healing tendon 
allograft appeared to be unaltered by low-dose 
irradiation and that, despite a faster remodeling 
response seen in autograft specimens, low-dose 
gamma irradiation did not compromise graft 
properties at early time points [ 34 ]. However, the 
effectiveness of low-dose gamma irradiation 
against viral agents remains debatable.   

    Graft Placement 

 Although optimal tunnel placement in ACL 
reconstruction is still a matter of debate, most 
authors agree that misplacement of the graft is 
a major cause of failure in ACL surgery [ 35 , 
 36 ]. Anatomic tunnel placement is essential to 
restore knee stability, reduce residual laxity, 
and consequently achieve physiological loading 
of the graft. Biomechanical laxity of the graft 
has been correlated with reduced stress shield-
ing and smaller cross-sectional area of the graft 
over time [ 37 ]. Mechanical stress applied on the 
graft has been shown, in an experimental model, 
to affect the type and quality of tendon-to-bone 
tunnel healing [ 15 ]. The fi ndings of these stud-
ies have indirectly supported the association 
between tunnel placement and the biological 
incorporation of the graft. However, a direct 
association between graft placement and heal-
ing has not yet been established. Most recently, 
though, Ekdahl et al. compared in a goat model 
of ACL reconstruction the effect of anatomic 
and non-anatomic tunnel placement on the bio-
logical healing and biomechanical properties of 
the graft. They found less tunnel enlargement on 
the tibial side, fewer osteoclasts on both tibial 
and femoral sides, and more vascularity in the 
femoral side of the anatomic group, in addi-
tion to reduced anterior tibial translation and 
greater in situ forces [ 38 ]. Further research is 
warranted, however, to validate these fi ndings, 
as well as to examine the effect of more recent 
trends, such as more horizontal graft placement 
(10 o’clock femoral tunnel drilling) or double-
bundle reconstructions, on the biology of graft 
incorporation.  
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    Graft Fixation 

 Graft fi xation devices aim to provide strong and 
secure fi xation during the early postoperative 
period when the original biomechanical proper-
ties of the graft are diminished, due to early 
necrosis and revascularization. Although several 
studies have examined the biomechanical proper-
ties of different fi xation methods, little is known 
about their effect on bone–tendon healing. In 
their studies on sheep ACL reconstruction mod-
els, Weiler et al. compared two different tech-
niques of ACL soft tissue graft fi xation: one with 
biodegradable interference screw fi xation and the 
other with extra-cortical Endobutton and tibial 
postfi xation [ 39 ,  40 ]. They found that with the 
Endobutton fi xation, a direct type of ligament 
insertion was partially present in the tibial speci-
mens after 24 weeks, whereas on the femur, none 
of the specimens developed this type of ligament 
insertion. In contrast, in the interference screw 
group, all specimens developed a direct type of 
ligament insertion in both tibia and femur at 24 
weeks. Interestingly, at 2 years post- implantation, 
the graft inside the tunnel was completely 
resorbed and replaced by bone in some speci-
mens [ 41 ]. However, other studies have shown a 
deterioration of the healing process in the early 
postoperative period when using bio-absorbable 
interference screws compared with extra- 
articularly fi xed grafts. Singhatat et al. and 
Zantop et al. showed that the strength and 
 stiffness of soft tissue grafts fi xed with bio- 
absorbable interference screws deteriorated by 
up to 81 and 67 %, respectively, at 4 weeks com-
pared with time-point zero [ 42 ,  43 ]. The fi ndings 
of these studies indicate that although a direct 
chondral insertion can be obtained with interfer-
ence screw fi xation, it might make the graft more 
vulnerable to failure during the early postopera-
tive period, necessitating specifi c adaptations in 
the postoperative rehabilitation protocol. The 
optimum interference screw–bone tunnel diame-
ter disparity has also been tested. Micucci et al. 
evaluated the effect of interference screw diame-
ter on the fi xation strength of a soft tissue ACL 
graft in fresh-frozen bone tibial specimens. 
Although no statistical signifi cance was found 

using 8, 9, 10, and 11 mm screws for a 9 mm tun-
nel, a trend was observed towards less graft-site 
motion when a screw diameter equal to tunnel 
size was used [ 44 ].  

    Graft Length and Diameter Within 
the Bone Tunnel 

 The current evidence on what should be consid-
ered the optimum length and diameter of a soft 
tissue graft within a bone tunnel is contradictory. 
Yamazaki et al. examined the effect of graft–tun-
nel diameter disparity on intraosseous healing of 
a fl exor tendon graft during ACL reconstruction 
in dogs. They found no signifi cant difference in 
the ultimate failure load between groups of 0 and 
2 mm disparities at 3 and 6 weeks postoperatively. 
Interestingly, a higher number of perpendicular 
fi bers connecting the graft to the bone were evi-
dent in the 2 mm group [ 18 ]. In contrast, using an 
extra-articular model, Greis et al. found a signifi -
cantly higher load to failure 6 weeks after implan-
tation when a more intimate bone-to- tendon 
contact was achieved [ 45 ]. At the same time inter-
val, they found increased tendon length inside the 
tunnel to be advantageous in terms of load to fail-
ure. Although these fi ndings were not directly 
confi rmed by other studies, it seems rational to 
consider that because a more fi rmly inserted 
implant potentially minimizes graft micromotion, 
synovial fl uid infl ux, and consequent tunnel wid-
ening, such an option might be preferable.  

    Graft Tensioning 

 There is no consensus nowadays on the clinical, 
biomechanical, and biological features of differ-
ent graft tensioning alternatives during time-zero 
fi xation. Current evidence, however, suggests 
that both excessively high and low tensioning 
can adversely affect graft incorporation within 
the bone tunnel. In a rabbit model, Labs et al. 
found, at 32 weeks postoperatively, improved 
pullout force and stiffness with higher (17.5 vs. 
1N) initial graft tension [ 46 ]. Yoshiya et al., on 
the other hand, found no differences in graft 
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 laxity and strength after 3 months when compar-
ing one vs. 39N of graft pretensioning in a dog 
model. However, evidence of poor vascularity 
and focal myxoid degeneration were evident in 
the 39N group [ 47 ]. In a goat model study, 
Abramowitch et al. found, at time-point zero, 
biomechanical properties closer to the native 
ACL in a 35N compared with a 5N tension group 
but similar anterior tibial translation, in situ 
forces, stiffness, and ultimate failure load after 6 
weeks [ 48 ].  

    Rehabilitation 

 Postoperative rehabilitation regimens after soft 
tissue ACL reconstruction have nowadays pro-
gressed to include less immobilization and 
increased joint range of motion and loading exer-
cises. There is a general consensus that early 
aggressive rehabilitation before defi nite biologi-
cal incorporation of the graft may aggravate the 
healing process by increasing early graft–tunnel 
motion and consequently contributing to bone 
tunnel enlargement [ 49 ]. Sakai et al. found 
improved healing and graft attachment strength 
with postoperative immobilization of the limb 
compared with the amount of healing and 
strength seen in animals that were allowed nor-
mal cage activity postoperatively [ 50 ]. However, 
later studies have supported the notion that some 
degree of joint movement and loading may be 
acceptable or even benefi cial to the healing pro-
cess. Recently, Brophy et al. examined the effect 
of short-duration low-magnitude cyclic loading 
on tendon-to-bone healing after ACL reconstruc-
tion in a rat model. Load-to-failure testing at 2 
and 4 weeks showed that it was not detrimental to 
the strength of the healing tendon-bone interface. 
However, their micro-CT evaluation demon-
strated that loading was associated with greater 
infl ammation and less bone formation in the 
 tunnel compared with immobilization [ 51 ]. 
Thomopoulos et al. examined in a canine fl exor 
tendon-to-bone injury and repair model the effect 
of muscle loading on the healing process. They 
found that repaired tendons with the proximal 
end of the tendon intact (resulting in loading of 

the tendon) healed with greater stiffness than did 
repaired tendons with the proximal end of the 
tendon cut [ 52 ]. In that canine study, paws in 
both groups were cast and subjected to daily pas-
sive motion. These studies were limited by the 
fact that the mechanical stimulation of the heal-
ing tendon-bone interface was neither quantifi ed 
nor controlled.  

    Variations Within 
and Between Tunnels 

 Recent research has suggested that the healing 
response is not uniform either between different 
or within the same tunnel. Healing in the tibial 
tunnel has been found to be inferior compared 
with the femoral tunnel. Wen et al. found signifi -
cantly lower cell density at weeks 2 and 6 and 
poorer collagen fi ber organization at week 12 
postoperatively in the tibial compared with the 
femoral tunnel, after ACL reconstruction in rab-
bits [ 53 ]. Similarly, using micro-CT evaluation, 
Lui et al. found inferior bone mass and mineral 
density in the tibial compared with the femoral 
tunnel of ACL-reconstructed rabbits, thus con-
fi rming histological fi ndings of reduced graft 
remodeling and integration at the tibial side [ 54 ]. 
Although available data cannot adequately sup-
port a solid theory, it is considered that the indi-
vidual structure of the tunnel walls may account 
for this fi nding. The femoral tunnel walls com-
prise mainly of cancellous bone, whereas only 
the juxta-articular part of the tibial tunnel wall is 
cancellous. Incorporation and remodeling of the 
graft in the chondral callus is believed to be more 
extensive at the cancellous-fi lled femoral inser-
tion than within the marrow-dominated tibial 
insertion [ 55 ]. Variations in healing capacity and 
outcomes have also been documented across the 
length or circumference of the same tunnel. 
Perpendicular Sharpey-like fi bers have been 
reported to develop close to the articular tunnel 
outlet rather than at its distal aperture [ 16 ,  56 ]. 
Sequential differentiations along the fi rst postop-
erative weeks have also been found around the 
circumference of the bone tunnel in experimen-
tal models [ 15 ]. Stress distribution in the bone 
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tunnel and resultant mechanical forces applied to 
the graft, structural characteristics of the tunnel 
wall, and infl ux of synovial fl uid due to graft 
micromotion or graft–tunnel incongruity have 
been correlated with spatial variations within 
bone tunnels [ 15 ,  57 ,  58 ].   

    Tunnel Widening After ACL 
Reconstruction 

 Placing a soft tissue graft inside an artifi cially cre-
ated bone tunnel, while providing a large bone sur-
face for tendon graft-to-bone tunnel healing, also 
disrupts the physiological mechanical loading, 
resulting in regional-dependent stress shielding and 
subsequent bone loss. Wen et al. found a regional-
dependent loss of surrounding trabeculae in the 
tibia and femur after ACL reconstruction [ 59 ]. 
Zerahn et al. also demonstrated a decline in BMD 
of the proximal tibia after arthroscopic ACL recon-
struction, which was only partially reversible, and 
correlated the improvement in knee performance 
with an increase in BMD of the injured leg [ 60 ]. 
Local bone loss may delay healing by prolonging 
the infl ammatory reaction induced by degradative 
enzymes produced during bone resorption. Bone 
tunnel resorption can also destabilize the tendon–
bone tunnel construct and result in graft failure, 
whereas poor bone quality at the tunnel walls may 
endanger the success of revision surgery.  

    Interventions to Enhance Tendon-
to- Bone Tunnel Healing 

 Recent research has focused on achieving con-
trolled modulation of the early graft–host interac-
tion in ACL reconstruction. Theoretically, such a 
possibility offers the exciting possibility of a 
reproducible, accelerated clinical response to sur-
gical intervention and a reduced incidence of 
clinical failures. 

    Biomaterials 

 The idea of applying biological materials to sub-
stitute bone was based on their availability in the 

clinical market and ease of use. Injectable trical-
cium phosphate (TCP), hydroxyapatite (HA) and 
brushite calcium phosphate cement (CPC), HA 
powder in collagen gel, magnesium-based bone 
adhesive, and hybridization of CP onto the ten-
don graft have all been reported to augment 
grafted tendon-to-bone tunnel healing. To date, 
encouraging results have been reported on CPC, 
whose chemical composition is close to bone and 
is available in injectable and solid forms. Because 
of its osteoconductive properties, CPC may sup-
press fi brous tissue formation and promote bone 
ingrowth into the interface gap as evidenced by 
animal model studies [ 61 ,  62 ]. Recently, the aug-
mentation of screw fi xation with injectable HA in 
the weight-bearing area of osteopenic goats has 
been reported. This material was highly osteo-
conductive and increased screw pullout force and 
energy required to failure when used in screw 
augmentation [ 63 ]. Mutsuzaki et al. introduced a 
novel technique to improve tendon-to-bone 
attachment by hybridizing CP with a tendon graft 
using an alternate soaking process. They found 
this method enhanced bone–tendon healing and 
reduced bone tunnel enlargement 2 years after 
ACL reconstruction in goats and, therefore, con-
cluded that it can promote knee stability [ 64 ,  65 ]. 
The use of a magnesium-based bone adhesive has 
been reported recently. It is believed to possess 
better biomechanical properties compared with 
calcium-based cement and to increase new bone 
formation in bone defects. Using this material, 
Gulotta et al. found more fi brocartilage, less 
fi brous tissue, and increased osteointegration 
compared with controls, in the bone tunnel 
around the semitendinosus ACL graft of a rabbit 
model [ 66 ].  

    Chemical and Biological Agents 

 Improved understanding of the biology of 
tendon- bone interface healing has led to interven-
tions purposed to modulate (induce or inhibit) 
the activity of molecules that participate in the 
healing process and may facilitate osteointe-
gration, such as the MMPs, macrophages, and 
osteoclasts. Blockage of synovial MMPs with 
alpha2-macroglobulin, a plasma glycoprotein and 
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endogenous MMP inhibitor, has been reported to 
improve healing of tendon graft in a bone tunnel 
in rabbits resulting in a denser and more mature 
interface tissue. The ultimate load to failure was 
also signifi cantly higher in the treatment group 
[ 12 ]. In another study, Hays et al. targeted mac-
rophages that accumulate at the tendon-to-bone 
tunnel interface and may contribute to the forma-
tion of a scar tissue interface rather than a normal 
insertion site [ 67 ]. They found that rats injected 
with liposomal clodronate, a bisphosphonate 
that selectively induces macrophage apoptosis, 
showed decreased macrophage and TGF-β (beta) 
accumulation at the tendon- bone interface and 
a signifi cantly narrower fi brous tissue interface 
between tendon and bone at all time points com-
pared with control specimens. In addition, they 
found an accelerated healing rate, signifi cantly 
increased osteoid formation and mineral apposi-
tion rates, as well as higher load-to-failure values 
in the clodronate- treated specimens. Osteoclasts 
acting at the tendon- bone tunnel interface have 
also been targets of intervention. Rodeo et al. 
demonstrated that the inhibition of osteoclastic 
activity by OPG could increase bone formation 
around a tendon graft and improve stiffness in a 
rabbit ACL reconstruction model [ 11 ]. They con-
currently  confi rmed the role of osteoclasts in this 
setting when they inversely induced increased 
osteoclastic activity by the application of RANKL 
and demonstrated impaired bone ingrowth [ 11 ].  

    Biophysical Modalities 

 Shock wave, low-intensity pulsed ultrasound 
(LiPUS), and hyperbaric oxygen therapy have 
been reported to augment bone-tendon interface 
healing. Shock-wave treatment has shown to 
exert a time-dependent effect on the healing rate 
of the tendon-to-bone tunnel interface in rabbits 
[ 68 ]. The exact mechanism of its action has not 
been clarifi ed. Low-intensity pulsed ultrasound 
has also been shown in animal models to aug-
ment bone and ligament healing, by inducing 
angiogenic, chondrogenic, and osteogenic activi-
ties. Walsh et al. found increased cellular activity 
at the tendon-bone interface in an ovine ACL 
reconstruction model and general improvement 

in tendon-bone integration and vascularity after 
LiPUS treatment. Stiffness and peak load were 
also greater compared with controls at 26 weeks 
after surgery [ 69 ]. Papatheodorou et al. later evi-
denced by histology and rt-PCR fi ndings a faster 
healing rate and more effi cient ligamentization 
process at the tibial tunnel after ultrasound treat-
ment [ 70 ] (Figs.  21.1 ,  21.2 , and  21.3 ). Hyperbaric 
oxygen (HBO) treatment is considered to modu-
late the original ischemic necrosis and subse-
quent revascularization process that tendon grafts 
undergo after implantation. Yeh et al. reported 
this intervention to increase neovascularization at 
the tendon-bone tunnel interface, collagen orga-
nization, tendon osteointegration, and maximal 
pullout strength in a rabbit ACL model [ 71 ].

a

b

  Fig. 21.1    ( a ) LiPUS treatment at fi rst week showed an 
active interface with plump cells and blood vessels 
between graft and bone (hematoxylin and eosin stain orig-
inal magnifi cation ×20). ( b ) Control at fi rst week. Interface 
showed more loose connective tissue with few blood ves-
sels (hematoxylin and eosin stain original magnifi cation 
×40).  b  bone,  g  graft       
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         Growth Factors and Gene Therapy 

 Exogenous bone growth factors that are known to 
have osteoinductive activity, which may modulate 
bone formation, were thought to result in a more 
favorable course of tendon-to-bone tunnel heal-
ing. Factors investigated in experimental models 
include bone morphogenetic protein (BMP)-2 and 
BMP-7, transforming growth factor- beta1 (TGF-
β1), TGF-β combined with epithelial growth fac-
tor (EGF), and granulocyte colony-stimulating 
factor. The most studied factors are the BMPs. 

Early studies by Rodeo et al. demonstrated exten-
sive new bone formation and greater adherence to 
bone with recombinant human BMP-2 [ 72 ]. 
However, minor bone resorption was evident at 
lower doses. Ma et al. suggested a dose-dependent 
effect of BMP-2 on new bone formation and inte-
gration to the tendon graft and noted that a slow 
delivering BMP carrier may reduce the bone 
resorption effect seen in previous studies [ 73 ]. 
Similarly, favorable results in new bone formation 
and pullout strength were reported when applying 
BMP-7 in a sheep model [ 74 ]. Other growth fac-
tors have also been tested. Yamazaki et al. in a dog 
ACL reconstruction model found that local 
administration of TGF-β1 augmented both per-
pendicular collagen fi ber and new bone formation 
in the tunnel wall [ 75 ]. Anderson et al. reported a 
study on the effects of applying in a rabbit ACL 
reconstruction model a product that combined 
various bone growth factors [ 76 ]. In a dog model, 
Sasaki et al. examined the effect of granulocyte 
colony-stimulating factor, incorporated in gelatin 
that surrounded the graft, on the maturation of 
bone-tendon interface in ACL reconstruction. 
Histological, biomechanical, CT, and rt-PCR 
fi ndings demonstrated signifi cantly accelerated 
bone-tendon interface strength via enhanced 
angiogenesis and osteogenesis [ 77 ]. 

 In contrast to the single-time application of 
protein derivatives, delivery of genes to the target 

a

b

  Fig. 21.2    ( a ) Tendon graft-bone interface, at the end of 
the third week (LiPUS-treated animal). Note that in the 
interposed connective tissue, there were collagen fi bers 
connecting the bone with the graft. See also insert where 
the fi bers are more distinct in higher magnifi cation 
(Original magnifi cation 100×, insert 400×, Masson tri-
chrome stain). ( b ) Tendon graft-bone interface, at the end 
of the third week (LiPUS-treated animal). Note that in the 
intervening connective tissue, there are collagen fi bers 
that clearly connect the graft and the surrounding bone 
( arrows ) (Original magnifi cation ×100, Gordon–Sweet 
stain).  b  bone,  g  graft       

  Fig. 21.3    Tendon graft-bone interface, at the end of the 
third week (control animal). In the intervening connective 
tissue ( ICT ), there are blood vessels and few random thin 
collagen fi bers (Original magnifi cation 100×, Masson tri-
chrome stain).  b  bone,  g  graft       

  

A. Tsarouhas and M.E. Hantes



317

tissue has the advantage of sustained and pro-
longed release of growth factors. The feasibility 
of gene delivery to the tendon-bone interface has 
been established in the experimental setting [ 78 , 
 79 ]. Martinek et al. reported that tendon graft 
infected with adenovirus-BMP-2 gene improved 
the integration of tendon graft to bone tunnel in a 
rabbit ACL model [ 79 ]. Similarly, Wang et al. 
found a signifi cant increase in molecular markers 
of angiogenesis and osteogenesis at the tendon- 
bone interface compared with controls when 
examining the effect of plasmid cytomegalovirus 
(pCMV)-BMP-2 gene therapy on the healing of 
the tendon-bone interface [ 80 ].  

    Cell Therapy 

 The use of periosteal autograft or progenitor 
cells, autologous bone and synovial mesenchy-
mal stem cells (MSC), bone marrow aspirate, and 
platelet concentrate has been reported to augment 
early tendon graft–bone tunnel healing. Bone 
MSCs have been shown to enhance the formation 
of various structural and connective tissues. In a 
rabbit model study, grafts were coated with fi brin 
glue containing MSCs [ 14 ]. By 8 weeks, a mature 
and distinct fi brocartilage transitional zone from 
bone into the tendon grafts was seen in the MSC- 
treated tendon, whereas control knees healed by 
the presence of Sharpey’s fi bers. Biomechanically, 
the MSC-treated knees had signifi cantly higher 
failure loads and stiffness when compared to con-
tralateral controls at 8 weeks. Similar results 
were obtained using allograft coated with MSCs 
in a rabbit model [ 81 ]. A limitation of these stud-
ies was that the MSCs were not labeled and 
therefore a direct evaluation of their contribution 
to healing could not be made. Recently, Ju et al. 
examined the effect of synovial MSCs on bone–
tendon healing. Labeled MSCs were used, and 
histological fi ndings showed that implantation of 
synovial MSCs into the bone tunnel accelerated 
early remodeling of tendon-to-bone healing [ 82 ]. 
In an experimental study in rats, Li et al. exam-
ined the effect of double-labeled bone marrow 
MSCs on tendon-to-bone tunnel healing and 
found signifi cantly higher pullout strength at 4 

and 8 weeks after implantation compared with 
controls [ 83 ]. The fi ndings of these experimental 
studies indicated a promising role for this 
approach to reconstructive ligament surgery. The 
application of autogenous fresh periosteum to 
promote tendon-to-bone tunnel healing has been 
extensively examined mainly because it is readily 
available and therefore appears to be more appli-
cable than other biological interventions. 
Experimental studies have shown that envelop-
ing a soft tissue graft with a periosteal layer 
resulted in accelerated and improved quality 
interface healing. In particular, Youn et al. also 
showed that when the inner layer of periosteum 
was facing towards the bone tunnel, the new 
bone formed around the bone tunnel was highly 
organized. Better mechanical strength was 
achieved in pullout testing at 6 weeks [ 84 ]. 
Recently, Karaoglu et al. also reported favorable 
effects of either bone marrow or periosteum use 
on tendon-to-bone tunnel healing in a rabbit 
model [ 85 ]. In one of the few prospective ran-
domized clinical studies currently available, 
Robert et al. found signifi cantly reduced tunnel 
enlargement at the outlet to the articular side 
when using a periosteal fl ap compared with con-
trols [ 86 ]. Another prospective randomized clini-
cal study examined the effectiveness of using 
platelet concentrate (PC) and bone plug (BP) to 
accelerate the healing process in ACL reconstruc-
tion. Orrego et al. found that PC had an enhanc-
ing effect on the graft maturation process seen by 
MRI signal intensity, without showing any sig-
nifi cant effect in the osteoligamentous interface 
or tunnel widening evolution. The use of a BP 
effectively prevented tunnel widening, whereas 
no synergistic effect was established when the 
two interventions were combined [ 87 ].  

    Artifi cial Tissue Engineering 

 Using artifi cially engineered tissue to augment 
the healing process in the bone-tendon interface 
is a relatively novel approach. Chen et al. exam-
ined the feasibility of a photopolymerizable 
hydrogel based on poly (ethylene glycol) diacry-
late with hyaluronic acid-tethered BMP-2, which 
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was injected and photogelated in a bone tunnel 
[ 88 ]. Interface fi brocartilage and new bone 
formed by photoencapsulation of BMP-2 and 
periosteal progenitor cells at 6 weeks. In addi-
tion, signifi cantly higher maximum pullout 
strength and stiffness were found at 3 and 6 
weeks after tendon transplantation compared 
with controls. Lu et al. examined in a sheep 
model whether the use of a bioresorbable inter-
ference screw coated with a hydroxyapatite- 
based mineral layer designed to release an 
engineered peptide growth factor (linkBMP-2) 
could improve tendon-bone healing compared 
with screws without coating. They found similar 
peak load at failure and stiffness but signifi cantly 
improved histologic scores in the linkBMP-2 
group and concluded that linkBMP-2 coating 
may improve early tendon or ligament fi xation 
[ 89 ]. In an in vivo evaluation of two types of bio-
active scaffold used in ACL reconstruction, Pan 
et al. compared fi brin glue combined with bone 
morphogenetic protein (BMP) with recombined 
bone xenograft (RBX). They found histological 
and biomechanical proof that RBX was advanta-
geous on accelerating tendon-bone interface 
healing [ 90 ]. Spalazzi et al. reported a study on a 
novel triphased scaffold seeded with fi broblasts, 
chondrocytes, and osteoblasts in the fi rst, middle, 
and last phases, respectively. In an athymic rat 
model of ACL reconstruction, they found that 
these three types of cells reacted well in the scaf-
fold, with distinct mineral and fi brocartilage-like 
tissue formed. The host tissue infi ltrated success-
fully into the engineered tissue [ 91 ].   

    Tendon Healing to a Bone Surface 

 Tendon healing to a bone surface can be observed 
in numerous structures, including the rotator cuff 
tendons in the shoulder, fl exor tendons in the 
hand, tibial insertion of the knee’s medial collat-
eral ligament, and Achilles tendon. The supraspi-
natus tendon presents the most commonly studied 
model, possibly because of the frequency of its 
rupture. Its insertion to the superior aspect of the 
humeral head greater tuberosity is considered to 
be a direct insertion comprised by four zones 

with a successive transition from tendon to non- 
mineralized cartilage, mineralized cartilage, and 
bone [ 92 ]. 

    Factors Affecting Tendon-to-Bone 
Surface Healing 

 Surgical treatment of rotator cuff tears, open or 
arthroscopic, involves re-approximating the ten-
don edge to the bony surface of the humeral head. 
A fi rm reattachment of the torn tendon to the 
bony surface is considered essential for acceler-
ated healing. An early animal model study exam-
ined differences between reattaching the tendon 
directly to cancellous bone surface or to a bony 
trough. Both techniques resulted to a similar 
tendon- to-bone healing process, and biomechani-
cal parameters were approximately equal [ 93 ]. 
With the advent of novel suture-anchor devices 
[ 94 ], various confi gurations of either suture 
stitches and/or anchor positioning have been 
demonstrated to produce a stronger initial repair 
construct and overall improved results. Recently, 
the double-row technique, which incorporates a 
medial and lateral row of suture anchors in the 
repair confi guration, has been suggested to pres-
ent biomechanical advantages compared with 
single-row repairs, such as increased load to fail-
ure, improved contact areas and pressures, and 
decreased gap formation at the healing entheses 
[ 95 ,  96 ]. However, comparative clinical studies 
have not yet demonstrated a substantial improve-
ment over single-row repair in either the degree 
of structural healing or functional outcomes, 
which would justify the increased implant cost 
and surgical time required [ 97 ]. 

 The role of rehabilitation has been thoroughly 
examined. The response of healing tendons to 
mechanical load varies upon anatomic location 
[ 98 ]. Controlled loading can enhance healing in 
most settings. However, a fi ne balance must be 
reached between loads that are too low (leading 
to a catabolic state) or too high (leading to micro-
damage). Thomopoulos et al. found that early 
exercise impaired rotator cuff tendon healing in a 
rat model [ 99 ]. Gimbel et al. also showed that 
long durations of immobilization in the rat 
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resulted in enhanced mechanical properties of the 
healing supraspinatus tendon insertion site [ 100 ]. 
Rehabilitation regimens should be appropriately 
initiated during early stages of the healing pro-
cess, when the tendon-bone interface is still weak 
and complete functional recovery has yet to take 
place, to provide moderate mechanical stimula-
tion of the tendon and prevent bone loss at the 
humeral head.  

    Interventions to Enhance 
Tendon-to- Bone Surface Healing 

 Currently, several biologic strategies have being 
employed to augment tendon-to-bone healing 
after rotator cuff repair in both the clinical and 
experimental setting. They can be divided into 
strategies that are clinically available now in 
humans (e.g., allograft, xenografts, scaffolds 
(ECMs), and platelet-rich plasma (PRP)) and 
strategies that have mainly been tested in animal 
models (e.g., growth factors, mesenchymal stem 
cells (MSCs), and gene therapy). Recent research 
has focused on applying growth factors in rotator 
cuff repair models in an attempt to augment 
tendon- to-bone healing by modulating the 
sequence of infl ammation, repair, and remodel-
ing. BMP-13, TGF-β(beta), PDGF-α(alpha), 
FGF-2, scleraxis (Scx), and membrane type 
1-MMP have been studied in rotator cuff repair 
animal models and produced encouraging results 
in terms of histological maturation of the repair 
tissue and biomechanical properties of the 
tendon- to-bone complex [ 101 – 105 ]. MSCs have 
been used in rotator cuff research both as carriers 
for gene therapy strategies and as a primary 
means to augment tendon-to-bone healing. 
However, although their effectiveness has been 
shown in animal model studies of tendon-to-bone 
tunnel healing, Gulotta et al. failed to show any 
histological or biomechanical evidence of 
improvement in rat rotator cuff repair when 
MSCs were applied [ 106 ]. It is possible that the 
smaller repair site, in case of rotator cuff repairs, 
limits the amount of MSCs that can actively 
adhere to it. Recently, Mazzocca et al. demon-
strated that connective tissue progenitor cells 

(CTPs) with osteogenic potential can be har-
vested from the proximal humerus during 
arthroscopic rotator cuff repair and confi rmed by 
rt-PCR their osteogenic potential [ 107 ]. However, 
experimental and clinical data on the effective-
ness of applying CTPs are lacking. Using a peri-
osteal fl ap to augment rotator cuff repair has also 
been studied. Chang et al. found evidence of 
improved healing with greater attachment 
strength by suturing a periosteal fl ap between the 
end of supraspinatus tendon and the bone trough 
in rats [ 108 ]. Several recent studies have focused 
on the use of synthetic scaffolds to augment rota-
tor cuff repair. Scaffolds are known to affect cell 
recruitment and adherence, nutrient diffusion, 
growth factor delivery, and cell behavior. 
Advantages of their use in tendon-to-bone heal-
ing include providing initial mechanical integrity 
at the tendon–bone repair site and providing a 
conductive scaffold for tendon ingrowth after 
rotator cuff repair [ 109 ]. Their use has been 
advocated either as an interposition device for 
irreparable tears or to reinforce the suture repair 
line. Recently, nanofi ber technology has been 
introduced in the design of synthetic biological 
scaffolds and proved to signifi cantly improve 
scaffold properties in vitro [ 110 ]. Xenografts, 
mainly composed of porcine small intestine 
mucosa, have also been used as biological scaf-
folds to enhance rotator cuff tendon healing. 
However, in a prospective randomized clinical 
trial, Iannotti et al. demonstrated no improve-
ment in healing or clinical outcomes compared 
with controls when using this type of repair aug-
mentation [ 111 ]. Acellular dermal matrix grafts 
were introduced in an attempt to minimize prob-
lems associated with graft rejection. Experimental 
studies have confi rmed the effi cacy of this 
method compared with control rotator cuff 
repairs and other biological modalities [ 112 , 
 113 ]. In a large clinical study, Wong et al. found 
improved clinical scores when employing a Graft 
Jacket allograft acellular human dermal matrix 
(Wright MT Inc, Arlington, TN) to augment the 
arthroscopic repair of massive rotator cuff tears 
[ 114 ]. PRP is a rich source of several growth fac-
tors deriving from platelets and plasma. It has 
been used for numerous orthopedic applications 
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to augment healing. However, the results of three 
prospective randomized clinical trials have failed 
to demonstrate a signifi cant effect of PRP on the 
healing rates of rotator cuff repairs [ 115 – 117 ]. To 
date, available data do not support routine use of 
PRP in rotator cuff repair. Biophysical modali-
ties, such as shock-wave therapy and LiPUS, 
have been suggested in an attempt to benefi t from 
mechanical stimulation of the healing tendon 
without the risk of early range of motion activity. 
Qin et al. investigated the role of extracorporeal 
shock-wave therapy in a rabbit model of delayed 
osteotendinous junction healing and found that it 
induces osteogenesis by enhancing endochondral 
ossifi cation and regeneration of the fi brocartilage 
zone [ 118 ]. Lu et al. provided biomechanical and 
histological evidence as well as microarray anal-
ysis data to support the value of LiPUS in accel-
erating osteotendinous junction healing [ 119 , 
 120 ].   

    Challenges and Controversies 

 A good combination of surgical, biological, and 
biophysical enhancement may improve surgical 
prognosis and enhance postoperative repair. 
However, despite recent advances, failure rates 
of reconstructive ligament surgery and tendon 
repair procedures remain high. Regarding ACL 
reconstruction in particular, the mechanical 
properties of the femur–tendon graft–tibia com-
plex are still inferior to that of the normal ACL. 
Strength and ultimate failure loads of the graft 
have been reported to reach at best 37 and 57 % 
of control values, respectively [ 121 ]. Although 
this is also determined by graft mid-substance 
remodeling besides tendon-to-bone tunnel heal-
ing, current studies evidence that the graft never 
returns to its original strength at the time of 
implantation. Biological interventions also pres-
ent considerable limitations. The application of 
growth factors is a single-time method, and the 
appropriate dosage has not been defi nitively 
determined. The biological half-lives of these 
factors typically range from minutes to hours. 
Although gene therapy techniques seem to 
address this issue, the duration of growth factor 
availability in the local tendon-bone interface is 

still unknown. Moreover, recombinant viruses 
used to transfer genes to target tissues are of 
unknown tolerance. Safety and regulatory issues 
concerning the use of gene transfer techniques 
are still pending. In addition, biological inter-
ventions, such as scaffolds and gene therapy, are 
costly and may increase the cost of the proce-
dure signifi cantly. Cost-effectiveness issues, 
even for interventions that have been clinically 
applied, have not been clarifi ed. Some surgeons 
still debate the value of applying such modali-
ties to tears that already have a poor potential to 
heal. Most importantly, although many of the 
biological and biophysical interventions 
described have produced promising results in 
animal models, most of them have not been 
tested in the clinical setting and their effective-
ness remains unknown. The ability of animal 
models to reproduce the exact local conditions 
that tendon healing occurs within the human 
body remains limited. Even when studies in 
humans are performed, obtaining direct histo-
logical proof of healing can be extremely diffi -
cult. Such limitations have undermined the 
clinical relevance of current fi ndings and pose 
signifi cant challenges to future research.  

    Conclusions 

 The native tendon or ligament insertion to 
bone is a highly specialized and organized 
tissue that functions to transmit complex 
mechanical loads from soft tissue to bone. 
Local boundary conditions may modulate 
the sequence of infl ammation, repair, and 
 remodeling either in favor or against a mature 
 tendon-to-bone osteointegration. Current 
research on bone–tendon and ligament heal-
ing has signifi cantly improved our under-
standing of the healing of soft tissue graft to 
the host bone tunnel in ACL reconstruction 
models or to a bony surface. However, extrap-
olating the results of basic science studies to 
clinical practice and postoperative rehabilita-
tion regimens remains a challenge. Biological 
interventions to enhance healing cannot at 
the present time be applied to clinical prac-
tice without prospective, randomized clinical 
 trials confi rming their fi ndings.     
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           Introduction 

 The term osseointegration refers to a direct 
bone-to- metal interface without interposition of 
non- bone tissue [ 1 ]. Essentially, the process of 
osseointegration refl ects an anchorage mecha-
nism whereby non-vital components can be reli-
ably incorporated into living bone and which 
persist under all normal conditions of loading 
[ 1 ,  2 ]. Although for most clinicians an implant 
is considered as osseointegrated when there is 
no progressive relative movement between the 
implant and the bone interface [ 3 ], the concept of 
osseointegration has been studied and defi ned at 
multiple levels – clinically [ 4 ], anatomically [ 1 ], 
histologically, and ultrastructurally [ 5 ]. These 
biological events include the activation of osteo-
productive processes similar to those of the bone 
healing process, at least in terms of initial host 
response [ 4 ,  6 ,  7 ]. This cascade of biological 
events is regulated by growth and differentiation 
factors released by activated blood cells at the 
bone-implant interface [ 8 ]. Several in vivo and 
in vitro studies have been performed in order to 
delineate the optimum characteristics of the mate-
rial of an implant for successful osseointegration. 

 Osseointegration, however, is not a biological 
property of any implant system or metal; thus, it 
is not considered as the result of an advantageous 
biological tissue response but rather as the lack 
of a negative tissue response [ 5 ,  9 ]. Factors 
inhibiting osseointegration include excessive 
implant mobility and micromotion [ 10 ,  11 ], 
inappropriate porosity of the porous coating of 
the implant [ 12 ], radiation therapy [ 13 ,  14 ], and 
pharmacological agents such as cyclosporin A, 
methotrexate, cis-platinum [ 15 – 17 ], warfarin and 
low-molecular-weight heparins [ 18 ], and nonste-
roid anti-infl ammatory drugs especially selective 
COX-2 inhibitors [ 19 ]. There are also patient- 
related factors such as osteoporosis, rheumatoid 
arthritis, advanced age, nutritional defi ciency, 
smoking, and renal insuffi ciency [ 20 – 23 ]. 

 In patients with neoplasmatic disease, the 
process of osseointegration can be compromised 
either by the local biology of the disease itself 
or by the adjuvant therapeutic applications that 
intervene in the healing process. Bone lesions 
can be primary or metastatic, malignant or 
benign. These lesions can be osteoblastic, lytic, 
or more commonly mixed. In lytic lesions, it is 
the osteoclastic activity that predominates, while 
in bone-forming lesions, it is the osteoblastic 
activity. However, due to the coupling phenom-
enon, both osteoclastic and osteoblastic activity 
are present [ 24 ]. The discovery of the RANK 
(receptor activator of nuclear factor kappa B) 
and its ligand RANKL system has rapidly 
advanced our understanding of the mechanisms 
that regulate osteoclast–osteoblast interactions 
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and osteoclast formation and activation [ 25 – 27 ]. 
Osteoprotegerin (OPG) is a soluble member of the 
tumor necrosis factor (TNF) receptor superfam-
ily that functions as a decoy receptor for RANKL 
and is a very effective inhibitor of osteoclast 
differentiation and maturation [ 28 – 30 ]. Tumor 
cells produce different factors that manipulate 
the RANK/RANKL/OPG pathway in order to 
stimulate bone destruction. Furthermore, pend-
ing on the tumor type, RANKL plays a role in the 
migration, invasion, and proliferation of malig-
nant cells within the bone, while OPG increases 
survival of tumor cells [ 31 ]. 

 A typical example of metastatic aggressive 
bone lytic lesion is that of renal cell carcinoma 
(Fig.  22.1 ). Implantation of a prosthesis in the 
area of an active lytic lesion is probably doomed 
to failure as the osteoclastic activity will preclude 
osseointegration and bone healing. This is the 
reason why cement is frequently used when a 
prosthesis is needed for reconstruction of a lytic 
lesion, enhanced by delivery of local radiation 
therapy (Fig.  22.2 ).

    Chemotherapy can potentially have an 
adverse effect on bone turnover, formation, and 
healing [ 32 – 35 ]. In evaluating the effects of 
chemotherapeutic agents at a cellular level, two 
distinct types of biochemical injury must be con-
sidered. Firstly, protein synthesis is important 
for normal cellular function and homeostasis. 
Secondly, cells must have the ability to repro-
duce themselves, and this requires the replica-
tion of DNA [ 36 ]. Friedlaender et al. studied 
the effect of chemotherapy on trabeculae bone 
at the proximal tail vertebrae in rats [ 36 ]. They 
used doxorubicin and methotrexate. Both drugs 
signifi cantly and profoundly diminished bone-
formation rates by nearly 60 %. The toxic effect 
of chemotherapy on osteoblasts was refl ected 
in reduced volume and thickness of the osteoid, 
but the total numbers of osteoblasts and the per-
centage of trabecular surface covered by bone-
forming cells were not affected. The numbers of 
osteoclasts and the extent of their activity were 
not clearly different from those in untreated 
rats. Chemotherapeutic agents have an adverse 

a b  Fig. 22.1    ( a ) A 72-year-old 
man with metastatic renal cell 
carcinoma to the diaphysis of 
the right femur. ( b ) The 
lesion is lytic ( arrow ) and 
hypervascular with arterial 
feeding branches from the 
deep femoral artery       

 

V. Kontogeorgakos



329

effect on normal  physiological bone turnover, 
especially osteoblastic activity, and would also 
be expected to alter fracture healing and bone- 
allograft incorporation by these same mecha-
nisms [ 36 ]. Fourteen dogs were used to study the 
effect of a doxorubicin, cisplatin, and ifosfamide 
combination in normal bone turnover [ 37 ]. The 
results showed no differences in mechanical 
properties after 22 weeks of chemotherapy. The 
porosity, osteonal activity, and mineral apposi-
tion rate of the cortical bone were unaffected. 
The results also showed no difference in porosity 
of perimeter in cancellous bone, but the  mineral 

apposition rate was signifi cantly reduced. The 
authors concluded that although the effect of 
temporary chemotherapy on bone may have 
minor effects on normal turnover and that the 
effect may be reversible, it causes disturbance 
in bone mass accumulation. This may later raise 
the risk of fragility fractures and osteoporosis. 
Gravel et al. studied the effect of neoadjuvant 
chemotherapy on distraction osteogenesis in 
the goat model [ 38 ]. In a multifactorial analysis 
of the lengthened bones, there was no statisti-
cally signifi cant difference between the control 
goats versus goats that received chemotherapy; 
indicating that there was no sustained inhibitory 
effect on bone formation by the chemotherapy. 
Cañadell et al. studied the effect of chemo-
therapy on bone transport after resection of a 
tumor [ 34 ]. In their clinical study, chemotherapy 
had an adverse effect on bone consolidation, 
and thus, it is recommended that this method 
of reconstruction is used only in very young 
patients. However, Kapukaya et al. studied nine 
patients who underwent distraction osteogenesis 
after bone tumor resection [ 39 ]. Three patients 
received pre- and postoperative chemotherapy. 
In this small clinical study, they found no signifi -
cant adverse effects of chemotherapy on callus 
distraction. Tsuchiya et al. studied 17 patients 
who underwent distraction osteogenesis and 
11 patients with vascularized fi bular graft for 
reconstruction after tumor resection and post-
operative chemotherapy [ 40 ]. They concluded 
that postoperative chemotherapy for malignant 
bone tumors did not adversely affect the ability 
to achieve union or cause hypertrophy of the vas-
cularized fi bular graft and had a minimal effect 
on distraction osteogenesis. Campanna et al. 
identifi ed chemotherapy as a factor that sig-
nifi cantly infl uences the host–allograft junction 
healing rate [ 41 ]. Another large clinical study 
of 200 osteoarticular allografts revealed that 
the use of chemotherapy materially affects the 
outcome of an osteoarticular allograft implanted 
for tumor management, particularly in the distal 
femur [ 35 ]. Because the infection and fracture 
rates did not differ appreciably for the control 
and the chemotherapy groups, this can be taken 
as clear evidence that the administration of 

  Fig. 22.2    A 65-year-old woman with breast cancer sus-
tained a pathologic subcapital fracture though a metastatic 
lytic lesion of the left femoral neck. She was treated with 
cemented bipolar hemiarthroplasty. No postoperative 
radiation was offered. Three years later experienced 
vague pain at the femur. X-rays revealed a new lytic 
lesion at the tip of the stem. Biopsy reported metastatic 
tumor recurrence       
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 chemotherapy has a signifi cant and independent 
effect on allograft outcome. More specifi cally, 
regarding bone healing, union was achieved in 
32 % of the non-chemotherapy group vs 12 % 
of the chemotherapy group ( p  < 0.002) [ 35 ]. 
Virolainen et al. studied the effect of chemother-
apy on bone-graft incorporation and fi xation of 
porous-coated prostheses [ 42 ]. On eight mixed-
breed dogs, under perioperative chemotherapy 
with doxorubicin, cisplatin, and ifosfamide, they 
performed unilateral resection of a 6-cm seg-
ment of the femoral diaphysis and reconstruc-
tion with a porous- coated segmental prosthesis. 
Chemotherapy showed a signifi cant effect on 
new bone formation as seen in reduced callus 
size and lower ultimate strength of extracortical 
fi xation. 

 In clinical practice, tumor prosthesis is usually 
cemented for two reasons (Fig.  22.3 ). First, cement 
fi xation does not need osseointegration, thus 
allowing for early weight bearing. The second rea-
son is the fear of early loosening due to the nega-
tive effect of chemotherapy on osseointegration 
and the increased stress applied to the intramedul-
lary stems. In addition, chemotherapy adversely 
affects nutritional status [ 43 ]. There is evidence 
that malnutrition can impair osseointegration with 
decreased strength needed to completely loosen 

the implant and that it can alter bone microarchi-
tecture in the vicinity of the implant in the proxi-
mal tibia of rats [ 44 ]. Eckardt et al. in 2010 reported 
on cemented endoprosthetic reconstructions of the 
proximal tibia after tumor resection, and the 
15-year survivorship of 29 modular implants was 
87.5 % [ 45 ]. Flint et al. reported on 44 patients 
after sarcoma resection from the proximal tibia 
and uncemented endoprosthetic reconstruction. At 
a mean fi nal follow- up of 60 months, there were no 
cases of aseptic loosening, and it was concluded 
that aseptic loosening is uncommon with unce-
mented proximal tibia reconstruction [ 46 ]. Farfalli 
et al. studied the results of 50 intramedullary unce-
mented press-fi t distal femoral stems. The overall 
Kaplan–Meier prosthetic survival rates were 85 % 
at 5 and 71 % at 10 years. They concluded that 
stem diameters less than 13.5 mm and a diaphy-
seal/stem coeffi cient greater than 2.5 mm were 
associated with decreased prosthetic survival [ 47 ]. 
The longevity of endoprosthetic reconstruction 
after bone tumor resection is largely dependent on 
bone-prosthesis interface and length of bone resec-
tion [ 48 ,  49 ]. New tumor prostheses with improved 
bioengineered design require fewer revisions; 
however, they continue to fail due to septic and 
aseptic loosening secondary to stress shielding and 
particle induced osteolysis [ 49 ].

a b  Fig. 22.3    ( a ) A 68-year-old 
man sustained a pathologic 
subcapital fracture of the 
right ischium. Severe 
osteolysis is noted extending 
to the subtrochanteric area. 
( b ) The patient was treated 
with resection of the 
proximal femur and 
reconstruction with hemiar-
throplasty proximal femur 
cemented mega-prosthesis       
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   Newer implants achieve stable prosthesis–
bone fi xation without using long intramedullary 
stems, either cemented or not. A spring-loaded 
prosthesis component exerts continuous high 
compression forces, inducing bone hypertrophy 
at the bone-prosthesis interface [ 50 ,  51 ]. These 
prostheses provide immediate stable fi xation and 
avoid stress shielding [ 51 ]. A clinical review sug-
gests these compressed implants compare favor-
ably in the short term with cemented and 
uncemented prostheses [ 48 ,  52 ]. Mechanical fail-
ure of these systems is characterized by a lack of 
bone hypertrophy or even some bone resorption, 
with failure of the compress mechanism [ 48 ]. It 
seems that chemotherapy adversely affects both 
the absolute amount and the rate of bony hyper-
trophy at the prosthetic interface of massive 
tumor endoprosthesis secured with compressive 
osseointegration technology. In Avedian et al.’s 
study, chemotherapy delayed cortical hypertro-
phy compared to the no-chemotherapy group 
[ 49 ]. However, no differences were observed in 
cortical width after 12 months. An adverse effect 
of chemotherapy on prosthetic survival was sug-
gested but not statistically supported. 

 Radiation therapy causes a wide spectrum of 
changes in the bone, ranging from temporary 
 nonclinically signifi cant alterations to radio- 
osteonecrosis [ 53 ,  54 ]. Radiation-induced bone 
changes are dependent on the age of the patient, 
location, beam energy, total dose, and fraction-
ation. The threshold of bone cell changes is 30 Gy, 
with cell death and devascularization of the bone 
occurring at doses over 50 Gy [ 55 ,  56 ]. Impaired 
osteoblast function results in reduced osteoid pro-
duction which is seen as osteopenia on plain 
x-rays, usually 1 year after irradiation [ 57 ]. 
Osteopenia due to radiation is asymptomatic, and 
no periosteal reaction is seen. New bone forma-
tion and deposition on unresorbed trabeculae 
result in a mottled appearance of the bone 2–3 
years later, with osteopenia and coarse trabecula-
tion. This radiological appearance is usually 
named radiation osteitis (Fig.  22.4 ) [ 55 ,  58 ]. 
Bonfi glio, in 1953, suggested that femoral neck 
fractures after irradiation are actually stress frac-
tures as the irradiated bone is brittle and loses 
its ability to remodel and withstand stresses. 
However, as long as some bone vascularity is pre-
served, there is still the potential for bone healing 

[ 59 ]. Massin and Duparc reported in 1995 on 56 
patients with various radiological lesions due to 
irradiation, including atraumatic femoral neck 
fracture, osteonecrosis of the femoral head or of 
the acetabulum, and radiation osteitis of the whole 
pelvis [ 60 ]. Seventy-one hips were treated by total 
replacement with standard cemented components 
for severe disability after pelvic irradiation. The 
rate of aseptic acetabular loosening was very high 
(52 % at 69 months mean follow-up). However, 
some of the early aseptic acetabular loosenings 
could be attributed to the metal on metal prosthe-
sis and large- diameter femoral heads. The authors 
suggested reinforcement of the acetabulum using 
a metallic ring when total replacement is required 
for an irradiated hip [ 60 ]. More recently, Kim 
et al. have published a series of 66 hips that had 
radiation therapy for prostate cancer and had sub-
sequently undergone an elective primary unce-
mented total hip arthroplasty [ 61 ]. The mean 
duration of follow- up was 4.8 years. There was no 
aseptic loosening of either component in any of 
the hips. They concluded that osseointegration of 
uncemented components does not seem to be 
compromised in these patients in the short term.

   Osseointegration processes in the oncological 
patient may be altered due to local and systemic 
factors. It seems that the biology of the tumor 
itself alters osteoblastic and osteoclastic path-
ways. Additionally, adjuvant types of treatments, 
including radiation therapy and chemotherapy, 

  Fig 22.4    A 70-year-old woman sustained a subtrochan-
teric fracture. Twenty-fi ve years ago, she was treated for a 
soft tissue sarcoma of the proximal lateral thigh with tumor 
resection and high-dose radiation therapy. X-ray reveals a 
typical image of radiation-induced bone abnormalities. 
The patient was treated with resection of the proximal 
femur and reconstruction with hemiarthroplasty proxi-
mal femur cemented mega-prosthesis. Intraoperatively the 
bone was very hard and brittle       
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can have a negative impact both systemically and 
locally, more or less permanent, on the osseointe-
gration process and tissue healing. These altera-
tions should be taken into consideration in order 
to make the best decision about therapeutic strat-
egies in the oncological setting, which may be 
signifi cantly different for patients with traumatic 
or degenerative disease.     
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