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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 

        G.  C.   Babis ,  MD, DSc    (*) 
  First Department of Orthopaedic Surgery , 
 University of Athens, Attikon 
University General Hospital , 
  Chaidari, Attica ,  Greece     

    A.  F.   Mavrogenis ,  MD    
  First Department of Orthopaedics , 
 Attikon University Hospital, Athens 
University Medical School ,   
 Chaidari, Attica   12462 ,  Greece    

  5      Cobalt–Chrome Porous-Coated 
Implant-Bone Interface in Total 
Joint Arthroplasty 

           George     C.     Babis      and     Andreas     F.     Mavrogenis    



56

 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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