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1Joint replacement of  the hip or knee is one of the most enduring and successful orthopaedic 
interventions. Over 600,000 primary hip replacements and over 400,000 primary knee 
replacements are performed annually in Europe.[1] The clinical results are satisfying, with 
instant pain relief and functional improvement. It has therefore a very positive effect on health 
related quality of life.[2;3] 
Current prosthetic systems are fixated to the bone either by cement (PMMA)(so called cemented 
prosthesis) or by bone ingrowth onto the implant surface (so called cementless prostheses). 
The survival of both cemented and cementless prostheses is approximately 90 percent after 10 
years of follow-up.[2;4] This thesis focuses on cementless fixation. 
The most important reason for failure of cementless prostheses within 5 years of implantation 
is aseptic loosening. Other reasons are instability of the implant in the bone and infection.
[5] The underlying mechanism of aseptic loosening is still unknown, but it is clear that the 
etiology is multifactorial; wear debris, stress shielding and micromotion at the bone-implant 
interface play a role.[6] The frequency of failure is likely to increase due to the implantation in 
younger and more active patients.[6] Revision surgery after failure of an implant is a difficult 
procedure and creates a large burden for both the patient and society,[7] thus there is a need 
for improvement of cementless implants in order to avoid aseptic loosening. 
Design and development of a new cementless orthopaedic implant is a complex process. In 
order to avoid failure of these implants, one should pay attention to the mechanical properties 
of the bulk material, the biocompatibility, corrosion and wear resistance and implant fixation. 

Implant fixation

Although the process of aseptic loosening is not completely understood, it is clear that long 
term aseptic loosening is highly correlated with early post-operative migration.[8] A prolonged 
post-operative migration is generally considered as a failure of the ingrowth process. The bone-
implant interface characteristics in the early post-operative period do play a crucial role in the 
success of the ingrowth process and by that in the long term success of the implant. Fixation 
at the bone implant interface depends on two mechanisms. Initially, press fit implantation 
provides primary stability and later on bone ingrowth offers secondary mechanical long-term 
fixation.[9;10] Successful bone ingrowth resembles the healing cascade of fractures, with the 
newly formed bone occupying the void spaces of the gaps at the interface and within the porous 
implant surface. Similar to primary fracture healing, no intermediate (fibro)cartilaginous stage 
occurs.[9] The bone ingrowth potential depends on the success of the primary stability at the 
bone implant interface. The primary stability as achieved by press-fit implantation depends on 
frictional forces at the bone implant interface, influenced by surgical technique, implant size, 
implant shape, implant material properties, surface roughness and the quality of the bone 
bed.[10;11] A high friction coefficient of the implant surface will enhance primary stability as 
it will reduce the magnitude of micromotions generated at the interface.[10;12] Micromotions 
at the bone-implant interface are evoked postoperatively by weight bearing of the prosthesis, 
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and are therefore unavoidable to some extent. Too much motion between the implant and 
bone leads to ingrowth of fibrous tissue rather than bone, whereas small micromotions will 
allow for adequate bone ingrowth and subsequent secondary fixation.[13;14] 
As stated above, secondary fixation by bone ingrowth is influenced by primary stability. More 
specifically, interface gap size and micromotions play a key role. Besides this, bone ingrowth 
is also influenced by the biocompatibility and surface geometry characteristics of the implant.
[9]
Secondary fixation of the implant is obtained by bone growth onto the surface and into the 
porous surface structure (if present). Important surface geometry characteristics which affect 
bone ingrowth are pore size, porosity and pore interconnectivity. It is evident that the pore 
size affects bone ingrowth, although there is still debate about the optimum pore size.[15] A 
minimum pore diameter of 100 µm is needed to allow vascularisation and subsequent bone 
ingrowth.[16] The maximum pore size, if there is a maximum for it, has yet to be determined. 
Interconnectivity between the pores is crucial for bone ingrowth, but it has been suggested in 
literature that the number of interconnections may be a more important factor than the size 
of the interconnections.[17] Implants with coatings with porosities of 50% show good survival 
[18] Furthermore, it has been reported that a substantial increase in fixation strength can be 
obtained by increasing the porosity of the implants to 75-80%.[19] There is, however, an upper 
limit in porosity due to the required mechanical strength of the implant surface.[15] 
Bone ingrowth into a porous structure will increase the strength at the bone-implant interface. 
However, bone ingrowth beyond a certain depth does not enhance the strength of the bone-
implant interface anymore[20], similarly as seen for the cement-bone interface.[21]

Porous implant surfaces

Three major strategies are used for the production of porous implant surfaces. Surface coatings 
can be prepared by sintering metal powder or fibers, plasma spray deposition of metallic or 
ceramic coatings and rapid prototyping. All three strategies intend to produce implant surfaces 
that allow bone ingrowth in order to provide a mechanical interlock of the implant and host 
bone.[22] 
A titanium or calciumphosphate coating can be applied on implants by plasma spraying. The 
most widely used calciumphosphate for coating purposes is hydroxyapatite. Implants with 
titanium or hydroxyapatite plasma spray coating have shown good long-term survivorship.
[23;24] However, some of the plasma spray coatings have been criticized for their weak 
bonding between coating and implant.[25;26] Furthermore, a disadvantage of the plasma 
spray technique is that it is impossible to apply a coating on the deep surfaces of complex 
3-dimensional structures.[27]
Rapid prototyping (also called rapid manufacturing or additive manufacturing) has been 
introduced in the 1970s as a method to directly produce an implant and its porous implant 
surface in one manufacturing step. The first designs had irregular textured surfaces rather 
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1than true porous structures with 3-dimensional interconnected openings for bone ingrowth.
[22] Over the last years the rapid prototyping techniques has been improved, which made it 
possible to produce 3-dimensional implant surfaces.[22] Two methods of rapid prototyping 
which are of interest for this thesis are electron beam melting and selective laser melting 
techniques. Both techniques will be briefly discussed in the next paragraphs.

Electron beam melting

Electron beam melting (E-beam) is a relatively new rapid prototyping technique, with the 
capability to engineer a large variety of complex 3-dimensional structures. The technology 
may therefore be a feasible method to manufacture ingrowth surfaces for cementless implants.
[28] 
In the E-beam process, implants are build up out of metal powder. First, a 3D CAD model of 
the desired implant is designed. This CAD model is segmented into layers in order to generate 
layer information. Subsequently a homogeneous pre-heated powder layer is applied on the 
process platform. The electron beam scans the powder layer line by line and melts the powder 
particles at the pre-programmed locations forming a compact layer in the shape of the CAD 
model. Then, the platform is lowered and a new powder layer is applied after which the process 
is repeated.[29-31]
The layers are connected by metallurgic bonding, as in all rapid prototyping processes, resulting 
in one complete part. So, for prosthetic implants, the E-beam technique enables the production 
of a solid core and a porous surface in one manufacturing step. An additional advantage 
of E-beam is the fact that the implants are fabricated in a vacuum chamber, which assures 
impurity-free metallic implants unaffected by oxygen and other chemical elements typically 
present in the atmosphere. The residual stresses within the implant may also be reduced due 
to the vacuum processing.[28] Furthermore, fast temperature changes do not occur during the 
E-beam process (as these do occur in other types of rapid prototyping) further diminishing the 
residual stresses within the components. 
During the last years only a few studies have been published on E-beam engineered surfaces 
in the orthopedic literature. Ponader et al.[32] demonstrated a reduced proliferation of 
human fetal osteoblasts on porous E-beam produced surfaces, compared to smooth and 
unprocessed E-beam surfaces. However, in that same study, SEM analysis demonstrated that 
the cells attached and spread well on all surfaces. Thomson et al.[33] demonstrated good 
biocompatibility of a non-porous E-beam structure in a rabbit study. In a second study of 
Ponader et al.[34] the in vivo performance of one porous E-beam structure was compared 
to the performance of a compact E-beam structure. Only scarce direct bone implant contact 
around the solid and porous E-beam specimens with a large variability among the specimens 
was found. Furthermore none or only one 3-dimensional E-beam implant surface structure 
was tested in vivo, showing similar results compared to conventional coatings.[33;34] 
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Selective laser melting

Selective laser meting (or direct metal laser sintering) is a rapid prototyping process, using a 
laser beam as energy source for the consolidation of metallic powder. As all rapid prototyping 
techniques, laser melting  uses CAD data and layer-by-layer generation of the specimens. 
The overall accuracy is 100µm in laser melting vs. 150µm in E-beam, which implies that finer 
structures can be build. [35;36]
Warnke et al. showed that laser melted Titanium alloy specimens were biocompatible, with 
good vitality and spreading of human osteoblast on the specimens.[37] New bone formation 
on the surface of laser melted specimens was demonstrated when implanted in the femoral 
condyles of rabbits.[38] 

Methods to enhance ingrowth into porous surfaces

Additional treatment of porous implant surfaces after production has the potential to increase 
the bone ingrowth properties of the implant. Texturing of an implant surface can occur by 
additive methods, like application of a CaP coating, or by removing some of the surface by 
methods as sandblasting [39;40] and chemical etching.[41-45]  

Acid etching

Chemical etching is a method of surface roughening through acid etching.[41] The etching 
procedure results in a characteristic surface morphology when analyzed by SEM. The actual 
topography of an etched implant depends on acid mixture, etching time, temperature and 
structure prior to etching.[14;42] Chemical etching of an implant surface does not affect the 
(sharp) 3D-topography of the implant, which is an advantage over the rounded edges typically 
obtained by blasting processes. Furthermore, chemical etching cleans the implant surface 
from all particles left after the production of the implant and its surface.[46]
Although the etching procedure varies, the acid mixture consist mostly out of nitric, hydrofluoric 
and/or hydrochloric acid. Typically, the implant is immersed in the acid mixture either once for 
a longer period (up to 30 minutes) or multiple times for a short period (up to 5 minutes). After 
the etching procedure the implant is rinsed extensively in distilled water.[41;42;44]
Several authors found significantly enhanced bone ingrowth for etched implant compared to 
untreated implant surfaces.[41;42;44]  Takemoto et al. even reported a large amount of bone 
ingrowth in an acid etched porous titanium implant, after implanting these implants in the 
back muscles of beagle dogs.[47]
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1Calcium phosphate coating

Calcium phosphate is the mineral component of bone. That is the reason that calcium 
phosphate is used in the form of coatings on metallic implants since the 1980s.[48] Numerous 
calcium phosphate compounds exist that may have a beneficial effect for orthopaedic implants. 
Hydroxyapatite (Ca10[PO4]6[OH]2) is the most widely applied calcium phosphate compound. 
Other compounds that are commonly used as coatings are tricalciumphoshate (Ca3[PO4]2) and 
brushite (Ca[HPO4]·2[H2O]).[26;48-50] The crystallinity and solubility differs between these CaP 
coatings, which has an effect on the bonding of bone to the coating.[26] 
The CaP coatings are biocompatible and considered to be bioactive in the human body. 
The commonly proposed mechanism of the bonding between bone and HA involves 
partial dissolution of the coating. Ca and P ions are released from the coating, resulting in a 
supersaturation of the surrounding body fluid with respect to Ca and P ions. The supersaturation 
provokes (re)precipitation of carbonated apatite crystals on the surface of the coating.[26;49] 
These crystals have been observed within hours of exposure to simulated body fluid.[51]  The 
carbonated CaP layer that is formed in this way accommodates rapid protein adsorption and 
cell adhesion. This results in bone growth toward the implant. The bone-implant interface is 
subsequently subjected to bone remodeling and bidirectional growth resulting in biological 
secondary fixation.[26;49;52] This specific mechanism provides enhanced bone formation and 
accelerated bonding between the implant surface and the surrounding bone.[26;53;54]
Multiple total hip replacements coated with calcium phoshate are commercially available. They 
differ in implant shape, coating type, coating thickness and may be fully or partially coated.  
The long-term survival (follow up of over 10 years) of these prosthetic components is generally 
good, with only minor variation in between the different designs.[23;50;52;55]  
A relatively new development is the application of calcium phosphate coatings on porous 
implant surfaces. Incorporation of hydroxyapatite into a titanium fiber mesh resulted in an 
enhanced push-out strength at 3 and 5 weeks, but at 8 weeks no difference between specimens 
with and without HA were found.[56] Bone ingrowth significantly increased for different time 
points by addition of a apatite coating on a porous tantalum structure[53] and porous titanium 
plugs[57]. 
The application of a calcium phosphate coating to a porous implant surface is challenging, 
because current direct coating techniques failed to mineralize on the deep surfaces of complex 
3-dimensional structures.[27] This problem can be solved by the application of biomimetic 
coatings.

Biomimetic coating

An upcoming coating technique is the biomimetic coating process, which is a good alternative 
because of its ability to apply an homogeneous layer of the coating into porous and complex 
3-dimensional geometries. The biomimetic process is based on electro-deposition, in 
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which the surface that has to be treated acts as cathode and the basin acts as anode. The 
metallic specimen is immersed in an artificially prepared supersaturated calcium/phosphate 
electrochemical solution usually at 37°C, forming a thin calciumphosphate layer.[53;58]
Besides the possibility to apply the coating into pores, further advantages are the possibility 
to incorporate biological agents, such as growth factors, in the coating due to the fact that the 
coating is deposited under physiological temperatures. In addition, the CaP ratio and coating 
thickness can be varied, and the structure of the formed crystals is more akin to bone mineral 
than coatings produced in conventional ways.[27;59]
Implantation of specimens with a biomimetic coating in goats, rabbits and rats showed 
good biocompatibility and significantly better bone ingrowth (expressed by either enhanced 
mechanical strength or more bone-implant contact) than uncoated controls.[53;57;60] 
The coatings produced with the biomimetic technique have a higher solubility rate and a 
weaker coating-implant attachment than conventional coatings.[60] Part of the coating might 
chip off during press-fit implantation due to the weaker attachment between the coating and 
the implant. This loss of coating may not be so disadvantageous because the fragmented 
coating will remain in the surroundings of the implant.[58] The effect of the high solubility and 
therefore early dissolution of the coating on the bone ingrowth potential is not clear yet.  

Structure of the Thesis

The general theme of this thesis is to assess how fixation of cementless components can be 
further optimized. The work involves analysis of primary stability by friction and secondary 
implant stability by bone ingrowth of new implant surface structures. An attempt was made 
to better understand the implant (or surface) characteristics and circumstances leading to 
sufficient bone ingrowth and eventually long term success. Thus, the ultimate goal of the 
research was to find implant surfaces that provide for an enhanced fixation potential. We 
focused on E-beam produced surfaces, because of the extensive possibilities in design of this 
technique and the fact that it enables to produce the core and surface of the implant in one 
manufacturing step.
The thesis starts with a long term follow-up survival study of the CLS femoral stem. (Chapter 
2) This CLS stem is one of the most widely used cementless hips in the world. Although not 
performed in this thesis, the long term follow-up data of the CLS stem can act as a benchmark 
for new designed cementless implants. 
New porous E-beam produced implant surface structures are analyzed in vitro and in vivo 
for their ability to provide for good fixation at the bone-implant interface. In Chapter 3 the 
attachment, proliferation and differentiation of human mesenchymal stem cells (hMSCs) on 
new E-beam structures were evaluated as it is clear that these are crucial events in the process 
to achieve successful bone ingrowth. The frictional and in vivo bone ingrowth properties of the 
new 3-dimensional surface structures are analyzed in Chapter 4.
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1Chapter 5 and 6 focus on the effect of additional treatments of the 3D E-beam surface 
structures. A biomimetic calcium phosphate coating was applied to the porous E-beam 
structures. Mechanical and histological analysis of the bone ingrowth into these E-beam 
structures with a biomimetic coating was performed in Chapter 5. The effect of additional 
treatment on the bone ingrowth potential of the E-beam structures by addition of a plasma 
spray calcium phosphate coating and acid-etching of the surface was evaluated in Chapter 6. 
In Chapter 7 electron beam melting was compared to selective laser melting, evaluating the 
bone ingrowth potential of the same structure produced by either technology.  
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Abstract

The long-term survival of the cementless Spotorno (CLS) femoral component (Zimmer Inc, 
Warsaw, USA) was evaluated in a consecutive series of 85 patients (100 hips) less than 50 
years of age. The mean follow-up was 12.3 years. Two patients (3 hips) were lost to follow-
up, and 3 (4 hips) died. The survival rate of the CLS stem was 96.9% (confidence interval [CI], 
93.6%-100%) after 13 years based on revision of the stem for any reason. The survival of the 
stem with revision for aseptic loosening as the end point was 97.9% (CI, 95.1%-100%) at 13 
years. The mean Harris hip score at time of follow-up was 94. The long-term survival of the 
CLS stem is excellent in patients less than 50 years of age.
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Introduction

Cementless fixation is used in about two-thirds of all primary total hip replacements (THR) in the 
United States.[1] Cementless prostheses are developed in order to reduce aseptic loosening of 
the prosthesis.[2] Key factors for long-term survival of cementless implants are their frictional 
stability and surface properties which promote secondary stability by bone ingrowth.[3]
The cementless Spotorno (CLS) femoral component was introduced in 1984 and has become one 
of the most widely used cementless hips in the world. (Figure 1) The CLS femoral component 
is a wedge shaped stem with proximal fins on the anterior and posterior surface designed to 
achieve primary proximal stability and to encourage osseointegration. The prosthesis is not 
designed to fill the medullary canal of the femur distally completely, thereby encouraging the 
transfer of load proximally in the femur.[4] Several studies showed good long term survival for 
the CLS femoral component.[5;6] 
Younger patients place increased demands on their joint reconstruction due to a higher activity 
level.[7] Only few long term results of the CLS femoral component in young patients are published.
[8] None of them studied the survival in patients under 50 years of age. The goal of our study is to 
evaluate the long term survival of the CLS femoral component in patients under 50 years of age. 

Methods

Between 1992 and 1997 a consecutive series of 85 patients (100 hips) under 50 years of age 
received a CLS (Zimmer Inc, Warsaw, USA) femoral component in combination with a cementless 

Figure 1. The CLS femoral component.  

Figure 1B shows an x-ray of the CLS stem.
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isoelastic titanium coated RM ( Mathys Ltd, Betlach, Switserland) acetabular component. The 
37 men and 48 women together had mean age at the time of surgery of 44 years (range 16-
50 years). The diagnoses are listed in table 1. 24 hips had undergone previous osteotomy (12 
femoral, 8 acetabular and 4 both femoral and acetabular). The mean follow up was 12.3 years 
(range 9.8-15.5).  2 patients (3 hips) were lost to follow up and 3 patients (4 hips) died during 
follow-up. (Figure 2) At time of dead the joint prosthesis was in situ for all these hips.
The total hip arthroplasty was implanted press-fit using a posterolateral approach to the hip 
in all patients. The patients were allowed full weight bearing in the early postoperative period. 
Antibiotic prophylaxis was administered to all patients before surgery. Thromboprophylaxis 
(low molecular weight heparin) was given in the post operative period. 92% of the patients 
received NSAID’s in order to prevent heterotopic ossification, the rest of the patients (8%) had 
gastric complains. 
Clinical follow-up included evaluation of range of motion, gait and walking distance. The Harris 
hip score [9] was also calculated.
Radiological follow up was performed on recent standardized anteroposterior pelvic 
radiographs. Two observers scored the radiographs for alignment, subsidence, heterotopic 
ossification, radiolucent lines, stress shielding and pedestal formation. Varus or valgus 
malalignment was defined as a deviation of the longitudinal femoral axis of more than 2°.[8] 
Subsidence was calculated by measuring the distance between the tip of the greater trochanter 
and the shoulder of the prosthesis in comparison to this distance in an early post-operative 
radiograph. The Brooker classification was used to evaluate heterotopic ossification.[10] 
Radiolucent lines and cysts were allocated to Gruen zones. [11] Stress shielding was defined 
by the classification of Engh.[12] Classification as first degree (rounding of the medial femoral 
neck) was not regarded as a sign of stress shielding.[8] Pedestal formation was defined as a shelf 
of new endosteal bone at the tip of the stem partly or completely bridging the intramedullary 
canal. [8]
In case of revision, the radiographs directly before revision were analysed for radiolucent lines 
and stem migration. Migration was defined as > 5 mm subsidence. [13] 
A Kaplan Meier survival analysis was performed to calculate the cumulative survival rate 
using revision of the stem for any reason and revision of the stem for aseptic loosening as the 
endpoint. In addition to these analyses a worst-case survival curve was plotted for revision 
for any reason and revision for aseptic loosening. The worst-case survival analysis is based 

Table 1. Patient characteristics: primary diagnosis

Diagnosis	 Number of hips

Osteoarthritis	 27
Congenital dysplasia (CHD)	 21
Rheumatoid arthritis	 11
Avascular necrosis	 10
Posttraumatic	 7
Other	 24
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on the assumption that implants in all patients lost to follow-up have failed and have been 
revised. [14] The time to revision was defined as the time between the date of implantation 
and revision. Patients without revision were censored at the date of the radiological follow-up 
or at death. 95% confidence intervals of the survival rates were calculated.
Cox regression analysis was performed to examine the influence of age, gender, diagnosis, 
stem alignment and previous osteotomy on the survival rate of the stem.

Results

Functional outcome: At the follow-up examination, the mean HHS in the 91 hips that were 
available for follow-up and had not required a revision was 94 (range 35-100). 
Revisions: Of the 100 femoral components 5 had been revised. 1 femoral component was 
revised for a luxation 2 weeks after the total hip arthroplasty and 4 stems were revised for 
aseptic loosening. (Figure 2) The mean time to revision was 8.9 years (range 0.0-14.8), detailed 
information on the femoral revisions is shown in table 2. 
Radiographic findings: For the unrevised femoral component, the alignment of 78 (86%) 
stems was neutral. 13 femoral components had a deviation of >2° from the neutral axis. 12 
(13%) femoral components were in varus position, whereas 1 was in valgus position. The 

Figure 2. Distribution of the hips after implantation of a CLS femoral component

Hips
100

Follow up
91

Complete follow up
88

Luxation
1

Lost to follow up
3

Aseptic loosening
4

Revision
5

Deceased
4

Table 2. Revisions of femoral component in chronological order

Case	 Gender	 Diagnosis	 Age	 Time to revision	 Reason	 Osteolysis	 Migration

1	 M	 OA	 47.1	 0.0	 Luxation	 -	 -
2	 M	 PT	 40.5	 4.9	 AL	 Zone 1 + 2	 -
3	 V	 AVN	 33.9	 8.9	 AL	 Zone 1	 -
4	 M	 OA	 48.7	 14.3	 AL	 Zone 1	 -
5	 M	 AVN	 43.3	 14.8	 AL	 Zone 1	 -

OA= osteoarthritis PT= posttraumatic, AVN= avascular necrosis AL = aseptic loosening 
Migration = subsidence > 5mm
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mean subsidence was 1.9 mm (range 0-15mm). Subsidence of >5mm was seen in 2 femoral 
components (2%) , none of which needed revision. Grade 4 heterotopic ossification was seen 
in 1 hip (1%), grade 3 in 12 hips (13%), grade 2 in 11 hips (12%) and grade 1 in 16 hips (18%). 
Radiolucent lines or cysts were  mainly seen in Gruen zone 1 and 7 (Figure 3). Stress shielding 
was classified as 2nd degree (loss of medial cortical density in Gruen zone 1) for 22 hips (24%), 
and as 3rd degree (more extensive resorption of cortical bone) for 2 hips (2%). No hips showed 
cortical resorption extended below Gruen zone 6 and 7 into the diaphysis, 4th degree stress 
shielding. Pedestal formation at the tip of the prosthesis was noted in 26% of the hips.
The radiographic findings on revised components are listed in table 2. Ana1ysis of the 
radiographs directly before revision showed no migration of the femoral components, however 
radiolucent lines or cysts occured in 4 hips. 
Complications and re-surgery: During surgery a fissure of the femur occurred in 3 patients. 1 
patients suffered from a transient sciatic nerve palsy. No wound infections or deep infections 
occurred. 6 patients had a dislocation, one of them underwent revision 2 week after surgery 
and 5 hips were treated conservatively and stabilised. 
12 patients underwent re-surgery that was not related to the femoral component. One patient 
had a femoral head exchange due to a restricted range of motion and severe heterotopic 
ossification was resected in one patient. Ten patients had a revision of the acetabular 
component after a mean of 12.1 years due to wear (6 patients), aseptic loosening (2 patients) 
and trauma (2 patients).   
Survival analysis:  The survival rate of the CLS femoral component was 96.9% (CI 93.6% to 100%) 
after 10 and 13 years based on revision of the femoral component for any reason. The worst 
case scenario showed a survival of 94.0% (CI 89.3% to 98.7%) after 10 and 13 years. The survival 
of the femoral component with revision for aseptic loosening as the endpoint, was 97.9% (CI 
95.1% to 100%) at 10 and 13 years. For aseptic loosening as the endpoint, the survival rate of 
the worst case scenario was 95.0% (CI 90.6% to 99.3%) at 10 and 13 years. (Figure 4) 

Figure 3. Distribution of radiolucent lines or cysts 

allocated to Gruen zones
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Regression analysis: Cox regression analysis showed no influence of age, gender, diagnosis, 
stem alignment and previous osteotomy on the survival rate of the stem.

Discussion

In this study, a 13 year survival of 96.9% was found for the CLS femoral component. This is 
a good result according to the NICE criteria, that defined prostheses with a revision rate of 
10% or less at 10 years best prosthesis.[15] One should take in account that these survival 
was established in a group of young patients, that place increased demands on the joint 
replacement.[7] Patients lost to follow-up are likely to have a worse outcome[14] , therefore 
a worst case survival analysis was performed. Even in this worst case scenario the criteria for 
best prostheses are met. An excellent survival of the CLS femoral component is showed with 
revision for aseptic loosening as the endpoint at 10 and 13 years. Clinical outcome based on 
the Harris Hip score was excellent.[16]
The strength of this study is the long follow-up and the small number of patients lost to follow-
up. The inclusion of patients was restricted to patients that received a CLS stem in combination 
with a RM acetabular component. This is a potential selection bias. However, the diversity in 
diagnosis is high, suggesting most groups of patients were included.
Radiographic analysis showed migration in two stems that were not revised. These patients 
were asymptomatic and had a Harris Hip score of 81 and 91 respectively. No revision was 
scheduled for these patients at latest follow-up. Therefore, these hips were not counted as 
failures. Radiolucent lines or cysts were found in 35% of the hips and 26% showed pedestal 
formation. Although both are indentified as a sign of instability[17], they appeared not to 
affect clinical outcome, but should be monitored carefully. 
Ten patients had a isolated revision of the acetabular component, the femoral component was 
left in place. The decision to revise a well-fixed femoral component in hips requiring isolated 
acetabular revision is challenging. Revision can result in destruction of bone stock and increased 
operation time.[18] On the contrary, retaining of the femoral component can compromise the 
isolated acetabular revision. Isolated acetabular revision is by example associated with a higher 
rate of dislocation.[19] Retaining of the femoral component showed continues good clinical 
results of the femoral component at 8 years after the isolated cup revision.[18]  
Long-term follow up studies of CLS survival show overall survival rates of 92% at 12 years and 
89% at 17 years in patients of all ages. Aldinger, Thomsen et al.[8] investigated the survival in 
young patients as well. The survival in patients <55 years was 97% at 12 years. This is comparable 
to the current study (97% at 13 years). However, the group of patients in the current study is 
more challenging, because of differences in age and previous surgery. 
The survival rate of implants in young patients declines with increasing age per year.[20]  The 
population of Aldinger, Thomson et al.[8] (<55 years) has therefore a reduced risk of revision 
compared to the population in the current study.  The reduced survival in young patients is 
mainly due to a higher activity level, which place increased demands on the implants.[7;21] 
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The amount of hips that had previous osteotomy was high compared to the study of Aldinger, 
Thomson et al.[8] Total hip arthroplasty after previous femoral osteotomy can be technically 
demanding due to distortion of the proximal femur.[22]  Boos, Krushell et al.[22] showed a 
trend  towards decreased implant survival in hips with previous osteotomy. Although this 
trend was not replicated in this study (due to small numbers), it is likely that previous femoral 
osteotomy influence survival of the femoral component.
In conclusion, the long-term survival rate found for the CLS femoral component is excellent, 
particularly considering the young age and diversity in diagnosis of the population. 

Figure 4.	 Survival analysis of the CLS femoral component for patients less than 50 years old. Panel 

(A) shows the survival with revision for any reason as the end point, the worst-case survival is shown 

in panel (B). The survival and worst-case survival with aseptic loosening as the end point is shown in 

panels (C) and (D), respectively. The broken lines indicate the 95% confidence interval.
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Abstract
Electron beam melting (E-beam) is a new technology to produce 3-dimensional surface 
topographies for cementless orthopedic implants. The effect of two newly designed highly 
porous E-beam engineered surface structures (cubic and star) on attachment, proliferation 
and differentiation of human mesenchymal stem cells (hMSCs) was investigated and 
compared to a solid sandblasted control. SEM analysis showed that the E-beam structures 
allowed cells to attach and spread. Proliferation on the new surface structures was 
comparable to the solid control. Furthermore, differentiation on the 3D structures was 
comparable to the control specimen. When culturing 300.000 cells for 10 days, the cubic 
structure showed a significantly higher differentiation rate compared to the sandblasted 
specimen. We conclude that the results for attachment, proliferation and differentiation 
of mesenchymal stem cells on the newly engineered 3-dimensional E-beam surface 
topographies are promising. In vivo experiments are necessary to assess the bone ingrowth 
potential of the new surface structures.
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Introduction

Cementless implants are used in about two-thirds of all primary total hip replacements 
(THR) in the United States.[1] The long term success of cementless implants is dependent on 
post-operative bone ingrowth, whereby the initial press fit fixation transfers to a secondary 
mechanical fixation.[2;3] In order to achieve successful bone ingrowth, a series of events on 
cellular level should occur, consisting of protein adsorption onto the  implant surface, cellular 
ingrowth and adhesion, proliferation and differentiation of stem cells or pre-osteoblasts, matrix 
production by osteoblasts and calcification.[4] 
Surface characteristics, like roughness, pore size and porosity play a key role in these processes 
leading to bone ingrowth.[5] A rough surface promotes attachment of fibrin, which acts as 
a matrix enabling the migration of stem cells to the surface of the implant.[6] The surface 
characteristics in itself might be even more important for the stimulation of differentiation of 
stem cells or pre-osteoblasts into bone. Takahashi et al.[5] demonstrated that mesenchymal 
stem cells attach, proliferate and differentiate well on scaffolds with high porosities. Large 
pores (500 µm) are favorable for cell proliferation due to better supply of oxygen and nutrients 
that enhance survival and maintenance of biological activities. On the contrary, small pores 
(200 µm) show faster differentiation.[7] Pore sizes of at least 200 µm are needed for bone 
differentiation. Smaller pores will induce fibrous tissue ingrowth.[8]
During the last decade considerable efforts have been made to modify the surface characteristics 
of orthopedic implants in order to improve the initial bonding between the implant and its 
biological environment.[9] Electron beam melting (E-beam) is a new and promising technique 
to produce surface structures for implants and allows manufacturing of complex 3-dimensional 
geometries. Based on rapid prototyping technology, implants are build up from metal powder 
in a layer-by-layer fashion. Each layer is melted by electron beam exposure to reproduce the 
geometry defined by a 3D CAD model. E-beam technology enables the production of unique 
specimens with both solid and porous surface zones in one manufacturing step.[10] Using this 
technique a variety of surfaces with different characteristics can be engineered for optimal cell 
attachment, proliferation and differentiation. 
After implantation into bone, an implant initially interacts mainly with undifferentiated 
mesenchymal stem cells, which will subsequently differentiate into osteoblasts.[4] Therefore, 
the ability to enhance cell differentiation of stem cells is a critical requisite for new surface 
structures to achieve bone ingrowth. So far only the reaction of pre-osteoblasts were studies 
on E-beam produced surfaces.[9] Although a reduced proliferation rate of human fetal 
osteoblasts on porous, compared to smooth and unprocessed E-beam surfaces was found, 
in that same study, SEM analysis demonstrated that the cells attached and spread well on all 
surfaces. Pore size, porosity and interconnectivity of the pores of these surfaces were limited. 
This suggests that the surface characteristics do indeed play an important role in cell viability 
and proliferation and that E-beam produced materials in itself allows cellular proliferation. 

22282_Liesbeth Biemond binnenwerk.indd   33 27-08-2012   11:46:03



34

 

The fact that only pre-osteoblastic cells were used to test the suitability of E-beam engineered 
surfaces [9;11] limits the value of these studies since these cells are already differentiated into 
the osteoblast lineage. Hence, it remains unknown whether these surfaces would facilitate 
non-differentiated stem cells to differentiate into osteoblasts that would enhance secondary 
fixation of cementless implants. Therefore, the goal of this study was to investigate the effect 
of two newly designed highly porous E-beam engineered surface structures on attachment, 
proliferation and differentiation of human mesenchymal stem cells (hMSCs) and to compare 
this to the effect of conventionally made surfaces.

Materials and Methods

Materials
The specimens (Ø12 mm, height 5 mm) were made out of Ti6Al4V powder and produced with 
E-beam technology. The powder particles used in the E-beam technique ranged from 45-100 
µm and were melted by the electron beam into the desired shapes based on CAD data. After 
the generation of each layer, the process platform was lowered by one layer thickness (0.1 mm), 
a new powder layer was applied and the process was repeated.[12;13] The overall accuracy of 
the E-beam technology in terms of computer model reconstruction is in the order of 300 μm. 
The specimens were sandblasted with corundum (particle size 100-200 μm) and biologically 
cleaned afterwards. Furthermore the specimens were steam sterilized.
Two different topographic surfaces were produced, each with a unique structure (a cubic 
and a star structure; see figure 1). As a control, a plain sample as formed by the E-beam 
process, that was sandblasted afterwards, was tested (Figure 1)

Figure 1. Surface structures. From left to right: cubic structure, star structure and the sandblasted 

surface. 

Bar = 10mm
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Surface characterization
To characterize the topographic surface structures, the specimens were embedded in 
methylmethacrylate (MMA) and slices of ca. 40 µm were cut using a sawing microtome (SP 
1600, Leitz, Wetzlar, Germany). Subsequently the slices were analyzed by light microscopy for 
pore size, porosity and layer thickness.

Morphology of surface microtexture
Scanning electron microscopy (SEM, SEM6310, Jeol, Tokyo, Japan) was performed to examine 
the surface microtexture.

Roughness
Cell behavior is mainly influenced by microtexture of the surface rather than the 3D 
macrostructure. Therefore intrinsic surface roughness values, representing the microtexture 
of the specimens, were determined for the specimens using a Universal Surface Tester (UST) 
(Innowep, Wurzburg, Germany). 

Cell culture
Human mesenchymal stem cells (hMSCs, Lonza, Walkersville, USA) were cultured up to passage 
10 on mesenchymal stem cell growth medium (MSCGM BulletKit PT-3001, Lonza, Walkersville, 
USA) in a 5% CO2 incubator at 37°C. After primary culture, cells were detached using trypsin/
EDTA (Invitrogen Corporation, Carlsbad, USA). For each surface, three different cell densities 
(300.000, 600.000 and 1.200.000) were seeded in triplo. 
The specimens were placed in 24-well plates. The cells were suspended in 1 ml medium 
and were put on top of the specimen. The cells were allowed to attach for 1 day. After cell 
attachment, cells were cultured on osteogenic differentiation medium with dexamethasone 
(hMSC osteogenic BulletKit PT-3002, Lonza, Walkersville, USA) and BMP-2 (10 µl/ml, rhBMP-2, 
R&D Systems Europe Ltd., Abingdon, United Kingdom) for 7, 10 and 14 days. Medium was 
changed every 3 days. All experiments were performed in triplo.

SEM analysis
One specimen of each surface structure with each amount of cells was cultured 7, 10 and 14 
days for analysis with Scanning Electron Microscopy (SEM). After 7 days of culture, the specimen 
was washed with phosphate buffer solution (PBS). Cells were fixed with 2% glutaraldehyde in 
a phosphate buffer (0.1M) and washed again with PBS. Subsequently, they were dehydrated 
through increasing concentrations of ethanol. The specimens were processed by 2 hour critical 
point drying, then sputter-coated with gold and examined by a SEM (SEM6310, Jeol, Tokyo, 
Japan) operating in high vacuum mode.
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Picogreen assay
Medium was removed from the specimens at the end of the culture time. The specimens were 
washed twice with PBS and 1 ml milliQ water was added to the well. The culture plate was 
frozen at -80°C, thawed and resuspended three times to remove the DNA from the cells in the 
specimen. A picogreen assay kit (Quant-iT PicoGreen dsDNA Assay Kit, Invitrogen Corporation, 
Carlsbad, USA) was used to measure DNA content. 

Alkaline Phosphatase assay
An alkaline phosphatase assay was used to measure alkaline phosphatase activity.  Standards 
and samples were added at 80 µl/well. Working alkaline buffer solution (A9226, Sigma-Aldrich, 
St. Louis, USA ) was added at 20 µl/well and the substrate solution (P5994, Sigma-Aldrich, St. 
Louis, USA) was added at 100 µl/well. The plate was incubated for 30 minutes at 37°C. After 
the incubation period, the reaction was stopped by adding 100 µl of 0.3 M NaOH. An ELISA 
reader was used to determine the enzyme concentration. The ALP activities were normalized 
to protein contents of the cell lysate as measured by DNA.

Statistical analysis
Statistical analysis of the results of the picogreen and alkaline phosphatase assay was performed 
using one way ANOVA with a Tukey post hoc test. Significance level was set at p<0.05.

Results

Surface characterization
The cubic structure had a pore size of 1.2 mm and a porosity of 77% and the star structure 
had a pore size of 1.1 mm and a porosity of 32%. The layer thickness of the cubic structure 
was 1.9 mm and  the layer thickness of the  star structure was 1.7 mm. 
The SEM images of the E-beam specimens are shown in figure 2. 
The results of the intrinsic surface roughness measurements, representing the microtexture, 
using UST showed a surface roughness value (Ra) of 5.18 µm for the cubic structure, 5.62 µm 
for the star structure and 3.67 µm for the sandblasted surface. 

Figure 2. SEM analysis of surfaces. Surface morphology of the cubic structure (picture A), star 

structure (picture B) and the sandblasted surface (picture C).
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SEM analysis
The cells attached to the superficial and deep layers of all new surface structures. The cells 
spread well on the new surfaces, the top of the specimens was covered with an equally 
distributed layer of cells. In all specimens cells bridged the pores, particularly superficial. The 
amount of cells deep inside the specimen was less compared to the number of cells on the 
top. A network of cells was formed reaching deep inside the specimens. This network was most 
developed in the star structure. A plain layer of cells was formed on the sandblasted structure. 
(Figure 3)

Proliferation
No significant difference in DNA content was found between the specimens at 7, 10 and 14 
days of culture. As expected, the amount of DNA was higher when more cells were seeded. 
(Figure 4)

Differentiation
After 10 days of culture with 300.000 cells, the cubic specimens showed significant higher 
alkaline phosphatase activity than the sandblasted specimens (p= 0.04). No further differences 
between the specimens were found. 

Figure 3. SEM analysis of 

cell culture. SEM analysis 

of cell culture on the cubic 

structure (picture A and B), 

star structure (picture C and 

D) and sandblasted surface 

(picture E and F). Cells bridge 

the porous of the cubic and 

star specimen (picture A,B 

and C). A network of cells 

was formed reaching deep 

inside the specimens (picture 

D). A plain layer of cells was 

formed on the sandblasted 

structure (picture E and F)
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Figure 4. Cell proliferation. Graph showing the DNA content of the tested surfaces representing the 

cell proliferation.

Figure 5. Cell differentiation. Graph showing the Alkaline Phosphatase activity of the tested surfaces 

representing the cell differentiation.
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The ALP peak for the cubic and star structure occurred 10 days after seeding of the cells, 
whereas the peak of the sandblasted structure was not reached at 10 days. ALP activity after 
seeding of 300.000 cells was significantly higher than seeding of 600.000 or 1.200.000 cells 
(p<0.001). (Figure 5)

Discussion

Electron beam melting is a relatively new rapid prototyping technique to produce surface 
structures for implants and allows manufacturing of complex 3-dimensional geometries. 
Using this technique, many possible surface characteristics can be engineered in order to 
develop the optimal surface structure for cellular attachment, proliferation and differentiation 
for cementless prostheses. However, the overall accuracy of the E-beam technology is limited 
to 300 μm. This study examined the effect of two highly porous E-beam engineered surface 
structures on attachment, proliferation and differentiation of human mesenchymal stem cells 
(hMSCs) and to compare this to the effect of a solid control surface.
Scanning electron microscopy showed that mesenchymal stem cells were able to attach and 
spread on both new surface structures. Previously it was demonstrated that the enlarged 
surface area in porous implants assists stable attachment of fibrin.[14] This stable fibrin matrix 
will permit stem cells and pre-osteoblastic cells to migrate to the surface of the implant where 
they can initiate bone formation.[14] Several groups [14-16] showed a more extensive coverage 
of the fibrin matrix with increasing surface area. The porous area of the new surface structures 
might also favor the attachment of fibrin and subsequently cell migration, although this could 
not be demonstrated in this in vitro study.
In vitro the formation of a continuous cell layer in cell seeding studies is more challenging 
in 3-dimensional geometric structures compared to smooth surfaces. The surface area 
of 3-dimensional surfaces is larger than flat surfaces and the attachment of cells may be 
compromised by for example micro-roughness induced by sandblasting treatments.[11] 
However if the formation of a 3-dimensional network of cells can be accomplished on complex 
3-dimensional surfaces, these ‘disorganized’ cell layers could be the basis for optimal tissue 
differentiation within the pores of the surface structures. Schmidt et al.[6] even suggested that 
surfaces that provide the ability to form a 3-D network could push mesenchymal stem cells to 
differentiate into osteoblasts rather than to fibroblasts.[6] Our SEM analysis showed that a plain 
layer of cells was formed on the non-porous control, whereas on the new surface structures a 
3-D cellular network was formed. It is likely that this cellular network enhances bone ingrowth, 
although this has not been adequately proven.[17]
No significant differences in cell proliferation were found between the surface structures and 
the control specimen. The proliferation on the 3D E-beam structures appeared to perform 
similarly as the solid control. This is remarkable, because the cubic and the star structure are 
highly porous and have a large surface area. Due to this large surface area and consequently a 
lack of cell-cell interactions, one can expect impaired cell proliferation.[18] Hence, the porous 
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E-beam structures seemed capable to overcome the disadvantage of a large surface area. In 
a later stage of the bone ingrowth process, a large surface area has been shown to enhance 
bone ingrowth and therefore provide improved bone anchorage in vivo.[19] Obviously, a great 
deal of cell behaviour is influenced by the microtexture of the surfaces rather than the 3D 
macrostructure.[11;20]
With respect to differentiation, cells on both new E-beam surface structures showed comparable 
differentiation potential to the control surface. However, the ALP activity of the cubic structure 
was significantly higher compared to the sandblasted specimen when seeding 300.000 cells 
at 10 day of culturing. As for proliferation, the surface characteristics play an important role 
in this increased differentiation. The 3-dimensional macrostructure of the cubic and star 
structures enable the cells to form a 3D network. As explained above, this 3D network could 
guide mesenchymal stem cells to differentiate into osteoblasts.[6] Furthermore, increased 
roughness (as seen for the microtexture of the cubic and star structures) is known to enhance 
cell differentiation.[4]
In conclusion, the newly developed surface structures as engineered in this study allow cells to 
attach and spread. Proliferation on the new surface structures is comparable to a solid control. 
The porous E-beam structures are capable to overcome the disadvantage of a large surface 
area in the proliferation phase. Differentiation of the 3D structures is comparable to the control 
specimen. When culturing 300.000 cells for 10 days, the cubic structure showed a significantly 
higher differentiation rate compared to the sandblasted specimen. Surface characteristics of 
the E-beam produced surfaces on micro and 3-dimensional  macro level do influence both 
proliferation and differentiation rate, corresponding with the literature.[4;6;11;20]
The results for attachment, proliferation and differentiation of mesenchymal stem cells 
on the newly engineered 3-dimensional E-beam surface topographies are promising. In 
vivo experiments are necessary to assess the bone ingrowth potential of the new surface 
structures.
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Frictional and bone ingrowth properties 
of engineered surface topographies 
produced by electron beam technology
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Abstract

Electron beam melting (E-beam) is a new technology to produce 3-dimensional surface 
topographies for cementless orthopedic implants. The friction coefficients of two 
newly developed E-beam produced surface topographies were in vitro compared with 
sandblasted E-beam and titanium plasma sprayed controls. Bone ingrowth (direct bone–
implant contact) was determined by implanting the samples in the femoral condyles of 6 
goats for a period of 6 weeks. 
Friction coefficients of the new structures were comparable to the titanium plasma sprayed 
control. The direct bone–implant contact was 23.9 and 24.5% for the new surface structures. 
Bone–implant contact of the sandblasted and titanium plasma sprayed control was 18.2 and 
25.5%, respectively. The frictional and bone ingrowth properties of the E-beam produced 
surface structures are similar to the plasma-sprayed control. However, since the maximal 
bone ingrowth had not been reached for the E-beam structures during the relatively short-
term period, longer-term follow up studies are needed to assess whether the E-beam 
structures lead to a better long-term performance than surfaces currently in use, such as 
titanium plasma spray coating.
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Introduction

Cementless fixation is used in about two-thirds of all primary total hip replacements (THR) 
in the United States.[1] Although the overall results of THR are good, 5 to 10 percent of the 
cementless implants still fail within 10 years of implantation. [2;3] Instability, aseptic loosening 
and infection are the most important reasons for implant failure within 5 years of implantation, 
whereas aseptic loosening is by far the main reason for failure after 5 years.[4] The etiology 
of aseptic loosening is multifactorial; wear debris, stress shielding and micromotion at the 
bone-implant interface play a role.[5] The frequency of failure is likely to increase due to 
the implantation in younger and more active patients.[6] Revision surgery after failure of an 
implant creates a large burdens for both the patient and society[7]; thus there is a need for 
improvement of cementless implants in order to avoid aseptic loosening. Although the process 
of aseptic loosening is not completely understood,[2] roentgen stereo-photogrammetric 
analysis studies have shown that long-term loosening rates after a mean follow-up period of 8 
years were highly correlated with early post-operative migration.[8] This strongly suggests that 
inadequate direct postoperative bone-implant interface characteristics play a crucial role in the 
fate of the implant behavior and its survival. A high friction coefficient between the implant 
and the bone will enhance initial stability with low micromotions at the interface.[9] Sufficient 
frictional stability will enable bone ingrowth into the surface of the implant, resulting in a long 
lasting mechanical interlock of the implant and optimal secondary mechanical stability. 
In this light, a new implant should be designed not only with respect to mechanical properties 
(mechanical strength and elastic modulus of the bulk material) and surface chemistry, but 
frictional and bone ingrowth properties should be taken in account as well in order to avoid 
implant failure.[10] This can be achieved by selecting the optimal combination of surface 
roughness, pore size and porosity of the ingrowth layer.[11] With respect to initial stability, it 
has been demonstrated that an increased roughness creates more interface friction in addition 
to an increase in bone ingrowth (measured by bone implant contact).[12;13] With respect to 
secondary stability, coatings with porosities of 50 % show good survival;[14] furthermore a 
substantial increase in fixation strength can be obtained by increasing the porosity of implants 
to 75-80%.[15] It is necessary to have interconnectivity between the pores in order to permit 
bone ingrowth.[16] There is, however, an upper limit in the porosity due to the restrictions 
associated with mechanical strength properties.[17] In general, a high porosity is related to an 
increased pore size. With respect to pore size, a diameter of at least 100 µm is needed to allow 
bone ingrowth and eventually vascularisation.[18]  Although the optimal pore size has yet to 
be determined, it is evident that this parameter too affects bone ingrowth.[17] 
The aforementioned surface characteristics of cementless implants can be modified by various 
techniques, such as plasma spraying or sintering of metal powder and fibers. A particularly 
promising and relatively new technology to produce new surface geometries is Electron Beam 
Melting (E-beam).[19-22] Based on rapid prototyping technology, implants are built up from 
metal powder in a ‘layer-by-layer’ fashion. Each layer is melted by electron beam exposure to 
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reproduce the geometry defined by a 3D CAD model. The E-beam technology enables the 
production of specimens with both solid and porous zones, which makes it possible to produce 
a solid implant with a porous surface structure in one manufacturing step.[21]  
For this study two new E-beam engineered surface topographies were produced. It was 
hypothesized these two structures referred to as the ‘wave’ and ‘cubic’ topographies would 
provide for both high frictional properties and adequate bone ingrowth characteristics.
This resulted in the following research questions: 1) Do the new surface structures provide 
enough friction at the bone-implant interface in order to achieve initial stability? 2) Do the 
new surface structures allow good bone ingrowth compared to conventionally made implant 
surfaces? 

Figure 1. Specimens. On 

top the specimens for  the in 

vivo experiment, below the 

specimens for the friction 

test. A = wave structure, B = 

cubic structure, C = plasma 

spray coating and D = 

sandblasted surface.  (bar  = 

10 mm)
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Materials and methods

Implants
The implants were made out of Ti6Al4V powder and produced with E-beam technology 
(Eurocoating SpA, Trento, Italy). In total 28 flat specimen were produced for the friction 
experiment and 24 cyclindric specimens for the in-vivo experiment. The powder size used in 
the E-beam process ranged from 45 to 100 µm. The E-beam specimens were created using a 3D 
CAD model which was segmented into layers of 0.1 mm in order to generate layer information. 
Subsequently, a homogeneous powder layer was applied on the process platform in a vacuum 
chamber at constant high temperature (±700°C). The electron beam scanned the powder 
layer line by line and melted the loose powder particles at programmed locations forming 
a compact layer in the desired shape. The process platform was then lowered by one layer 
thickness (0.1mm) and a new powder layer (of 0.1 mm thickness) was applied after which the 
process is repeated.[19;20] Upon completion, all specimens were sandblasted with corundum 
and cleaned in a specific washer for medical devices. Subsequently the specimens are dried, 
packed and steam sterilized in an autoclave. The overall accuracy of the E-beam technology in 
terms of computer model reconstruction, and thereby the tolerance of the E-beam specimens, 
is ±0.15 mm. The adhesive strength (test described in ASTM F1147) of the specimens was 
>50MPa and the taber abrasion test (as described in ASTM F1978) showed a weight loss after 
100 cycles of 44.00 ± 8.42mg for the wave and 27.78 ± 4.51 mg for the cubic structure.
Four different specimens were made with the E-beam technique. Two experimental, porous 
specimens, each with a unique surface topography (either “wave” or “cubic”, Figure 1). And 
two solid, control specimens; one with a commercially available conventional titanium plasma 
spray coating (TiPore, thickness 350µm) [23] and one that was only sandblasted in order to 
remove particulate debris). (Figure 1) To characterize the topographic surface structures, the 
specimens were embedded in methylmethacrylate (MMA) and analyzed by light microscopy 
(Axioplan 2, Zeiss, Oberkochen, Deutschland). Surface roughness values of the specimens were 
determined using a Universal Surface Tester (UST) (Innowep, Wurzburg, Germany).

Friction experiment
Friction at the bone-implant interface of the 2 new surface structures and the 2 control surfaces 
was evaluated using 7 specimens from each group. The surface structure was applied on one 
side of the flat specimen (7x55x4mm), whereas the other side was polished.
A complete femur was obtained from a fresh frozen human cadaver provided by the Anatomy 
department of the Radboud University Nijmegen Medical Center according to Dutch law. 
Box shaped bone samples (12x20x4 mm) were machined from the cortical bone of this 
femur.  A DEXA scan (QDR  4500, Hologic Inc., Bedfort, MA, USA) was performed to define the 
bone mineral density of each bone sample (average BMD = 0.371 g/cm2, SD = 0.047 g/cm2). 
Subsequently each specimen was assigned to a specific bone sample, randomizing for BMD. 
The bone sample was securely placed in a jig and the specimen was positioned against the 
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bone sample, clamping it with a low-friction roller bearing. Subsequently this setup was placed 
in a 37°C water basin and stabilized by a counterweight providing a normal force (Fn, 40N). 
(Figure 2). 
A material testing system (MTS 458.2 MicroConsole™, Minneapolis, MN, USA) was used to rub 
the titanium specimens alongside the bone specimen with a fixed displacement rate (0.33 mm/
sec) over a distance of 30 mm. The required force was measured and divided by the normal 
force in order to define the friction coefficient. 

In-vivo experiment
Surgery was performed on six (sample size calculation: power = 0.8, α = 0.05) female, skeletal 
mature goats (Capra Hircus Sana), weighing 47-72 kg (mean 55 kg). Each goat received 
four different cylindrical implants (Ø 8 mm, length 10 mm), two with the new topographic 
structures and two controls. Three different implantation areas on each of the hind legs were 
used: the lateral femoral condyle, the medial femoral condyle and the region dorsal of the 
femoral trochlea. The used model was combined out of two existing models[24;25] in order to 
maximize the amount of specimens in each goat. The new and control surface structures were 

Figure 2. Friction test apparatus. A picture and schematic drawing of the friction apparatus. A roller 

bearing (R) was used to position the specimen (S) on the bone sample (B). A normal force (Fn) was 

used to stabilize the specimen on the bone. The specimen was pushed alongside the bone sample 

by the MTS (Fmts).
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equally divided among the implantation areas, by which two out of six implantation areas in 
each goat were not used. 
The goats were anaesthetized with propofol (4 mg/kg, B.Brown, Melsungen, Germany),  
intubated and anesthesia was maintained using isoflurane. The goats were placed in a supine 
position and the implantation procedure was performed under strict sterile conditions. The 
knee was approached medially, visualizing the origin of the medial collateral ligament. Just 
proximal to the origin a hole was drilled into the medial condyle. Sharp cannulated drills with 
an increasing diameter (Ø 6.0 and 8.0 mm) were used. Saline was used during the drilling to 
prevent heat induced necrosis. The hole was inspected to guarantee the specimen would be 
completely surrounded by trabecular bone. The implant was inserted into the hole and the 
facia and skin were closed separately with resorbable sutures. This procedure was repeated 
on the lateral condyle and a third area located proximal to the hole in the lateral condyle, 
perpendicular on the cortex. In this way the specimen was implanted dorsal of the femoral 
trochlea. The goats received postoperative ampicillin (7.5 mg/kg Intervet, Boxmeer, The 
Netherlands)  during 4 days and were housed at a farm. Fluorochromes were administered by 
subcutaneous injection at 2 (Tetracyclin), 4 (Xylenol Orange) and 6 weeks (Calcein green) after 
surgery during two days in order to make it possible to assess bone ingrowth at these time 
points. Goats were sacrificed 6 weeks and 2 days post-operative by an overdose of sodium 
pentobarbital (Euthesate, Ceva Santa Animale, Libourne, France). This study was approved by 
the animal ethics committee of the Radboud University Nijmegen and the NIH principles of 
laboratory animal care were followed.

Figure 3. Measurement method for bone ingrowth depth and direct bone-implant contact. The 

arrow represents the maximum bone ingrowth depth of this quadrant. Direct bone-implant contact 

was projected onto a circle representing the circumference of the implant in order to determine the 

percentage of direct bone-implant contact.
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Histological analysis
After sacrificing the animals, the distal femurs were retrieved. Each specimen and the 
surrounding bone tissue was fixed in phosphate-buffered 4% formaldehyde solution for 4 
days and embedded in MMA. Slices of ca. 40 µm, perpendicular to the length of the specimen, 
were cut using a sawing microtome (SP 1600, Leitz, Wetzlar, Germany) . Quantitative analysis 
of bone ingrowth was performed using fluorescence microscopy on unstained slices and light 
microscopy on Hematoxylin/Eosin (HE) stained slices. 
Each slice was analyzed using AnalySIS (AnalySIS 3.2 Soft Imaging System, Münster, Germany). 
For the bone ingrowth depth measurement, the sectioned specimen was divided into 4 
quadrants and bone ingrowth depth after 4 and 6 weeks was measured in each quadrant. 
The ingrowth depth used for analysis was defined as the average of the maximum ingrowth 
depth for bone (distance from the outline of the specimen to the deepest fluorochrome label, 
figure 3) in each of these quadrants. The surface areas of bone and pores inside the specimen 
were measured. Subsequently the percentage of bone (bone area %) in the porous area of the 
specimen was calculated by bone area / porous area. It was not possible to measure ingrowth 
depth and bone area % for the sandblasted and the plasma sprayed coated specimens, due to 
the solid structure of these control specimens.
Direct contact between bone and the specimen inside the pores was projected on the 
circumference of the implant. The percentage of direct bone-implant contact was defined as 
the sum of these projections divided by the circumference of the specimen. (Figure 3)

Statistical analyses
An unpaired T test was used to compare the friction coefficients of the new surface structures 
with the controls. SPSS (16.0, SPSS Inc., Chicago, USA) was used to perform a multivariate 
regression analysis of friction, with surface structure and BMD as predictor variables.
Statistical analysis of the in vivo experiment was performed using a Mann-Whitney U test for 
both ingrowth depth and bone area percentage. An univariate analysis of variance of the 
ranked results was performed for direct bone-implant contact using the following fixed factors: 
surface structure, implantation area and goat. Statistical significance was set at p<0.05.

Results

Implant characterization
Analysis of the embedded specimens by light microscopy showed that the wave and cubic 
structures had average pore sizes of 0.9 mm and 1.2 mm and porosities of 49% an 77%, 
respectively. The nominal thickness of the porous layer was 1.35 mm and 1.95 mm for the wave 
and cubic structure, respectively.
The results of the roughness measurements showed an average surface roughness (Ra) of 
6.34 for the wave structure, 5.22 for the cubic structure, 6.09 for the titanium plasma sprayed 
surface and 3.52 for the sandblasted surface.
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Friction experiment
The average friction coefficient was 0.68 (SD = 0.04) for the wave structure and 0.63 (SD = 0.03) 
for the cubic structure. The average friction coefficient of the controls was 0.64 (SD = 0.04) and 
0.49 (SD = 0.06) for the titanium plasma sprayed and the sandblasted specimen, respectively. 
The friction coefficient of the sandblasted specimen was significantly (p<0.001) lower than the 
new surface structures and the titanium plasma sprayed control. (Table 1)
The multivariate regression analysis showed that the variation in BMD had no significant 
influence on the frictional properties of the surface structures. 

In vivo experiment

Clinical evaluation
No intraoperative complications occurred during surgery. All goats were fully weight bearing 
within 1 week after surgery. Swelling of the knee was seen in three goats, without causing 
general illness of the goats. This indicates that there was no infection, which was confirmed by 
post-mortem tissue cultures beside the implantation locations.

Histology
The HE stained slices showed bone ingrowth into the pores of the new surface structures. 
(Figure 4) The results for ingrowth depth at 4 and 6 weeks (as measured using the Xylenol 
orange and Calceine green fluorochrome labeling, respectively), bone area percentage and 
direct bone-implant contact (both measured on HE stained sliced) are listed in Table 1. 
The bone ingrowth depth of the cubic structure was greater compared to the wave structure 
at 4 and 6 weeks after surgery (1.18 vs 0.78 and 1.47 vs 0.98 mm respectively, p = 0.009). 
Contrastingly, the wave structure showed better results for bone area percentage than the 
cubic (p = 0.009). (Table 1) 
The bone-implant contact of the new topographic surface structures was comparable to the 
titanium plasma sprayed control. No significant differences in bone-implant contact were 
observed throughout the four tested surfaces (p = 0.400), due to a large variation for the wave 
structure and the control surfaces. (Table 1)
Statistical analysis showed that differences between the goats did not affect the bone-implant 
contact (p = 0.195). However the location of the implantation had an effect on the bone-implant 

Table 1. Friction coefficients (n=7) and bone ingrowth characteristics (n=6)

Specimen	 Friction	 Ingrowth depth (mm)	 Bone area (%)	 Bone implant 

	 coefficient	 4 weeks	 6 weeks		  contact (%)

Wave	 0.68 (0.04) *	 0.78 (0.19)*	 0.98 (0.29)*	 18.1 (3.6)*	 23.9 (11.6)
Cubic	 0.63 (0.03) *	 1.18 (0.10)*	 1.47 (0.20)*	 13.9 (4.7)*	 24.5 (5.6)
Ti-coated	 0.64 (0.04) *	 NA	 NA	 NA	 25.5 (13.3)
Sandblasted	 0.49 (0.06) *	 NA	 NA	 NA	 18.2 (16.0)

Results and SD. * p= <0.05
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contact; it appeared that the direct bone implant contact was less in specimens implanted 
dorsally of the femoral trochlea relative to the two condyle areas. (p = 0.027) 

Discussion

Electron beam melting is a relatively new technique capable of producing complex 
3-dimensional geometries.[21] With this technique many possible surface characteristics 
can be engineered thus aiding in the development of an optimal surface structure for bone 

Figure 4. Qualitative analysis of bone ingrowth. HE stained slices of the wave (a) and cubic structure 

(b) with extensive bone ingrowth into the pores. Bone ingrowth on the titanium plasma sprayed (c) 

and sandblasted (d) control. (bar = 1mm)
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4ingrowth for cementless prostheses. In this study two controls were selected; a titanium plasma 
sprayed and a sandblasted specimen. The titanium plasma spray coating was selected as this 
coating is already widely used on femoral stems. Coated stems produce good medium- to 
long-term survival rates[23] and they perform better than uncoated cementless stems.[26] The 
plain sandblasted control was chosen to determine the effect of the E-beam technology itself.
Some limitations of the present study should be acknowledged. First of all, the frictional 
properties in contact with cortical bone were determined, whereas a prosthetic surface is also 
in contact with trabecular bone. The friction coefficient of a metal surface on cortical bone is 
generally lower than the same specimen on trabecular bone.[27-29] Therefore, the reported 
friction values are probably in the lower range of frictional values that occur around a hip 
prosthesis. Secondly, no chemical surface analysis was performed. Thirdly, the results for bone 
ingrowth showed a large variability, partly due to the rather large tolerance of the E-beam 
technology and differences in implantation location. Although not statistically significant it is 
likely that in between goat differences, overall biological variability and unavoidable differences 
in surgical precision (i.e. the quality of the press fit implantation) will affect this.
In this study the frictional properties of the surfaces were determined as these values have 
a direct effect on the stability potential of the metal surface relative to the bone surface. 
Obviously, the friction is influenced by the roughness of the metal structure and we considered 
quantifying the roughness of the investigated surfaces. However, it appeared to be impossible 
to define the roughness of the new surface structures accurately, because of the three 
dimensional character of the new surface structures. 
The friction coefficients of the new E-beam specimens were significantly higher compared to 
the sandblasted specimens and are in the same range of the titanium plasma sprayed control. 
Since implants with a titanium plasma sprayed surface have a high survival rate (indicating 
sufficient initial stability)[23], it can be deduced that the two new surface structures can also 
provide sufficient initial stability (albeit that this will also largely depend on prosthetic shape). 

Table 2. Frictional properties of coatings for orthopedic implants

Author	 Coating	 Friction coefficient

		  Cortical bone	 Trabecular bone

Heiner[28] 	 Sintered spherical titanium beads	 0.63(0.10)	 1.18 (0.39)
Fitzpatrick[27]	 Porous tantalum	 0.74 (0.07)	 0.88 (0.09)
Zhang[29]	 Porous tantalum	 0.74 (0.07)	 0.88 (0.09)
Dammak[9]	 Vitallium beaded porous surface 		  0.68 (0.09)
Shirazi[31] 	 Titanium bead		  0.58 (0.12)
	 Titanium fiber mesh		  0.60 (0.11)
Rancourt[30] 	 Sintered titanium beads		  0.53 (0.07)
	 Titanium fiber mesh		  0.47 (0.03)
Current study	 Wave	 0.68 (0.04)
	 Cubic	 0.63 (0.03)
	 Ti plasma sprayed coating	 0.64 (0.04)
	 Sandblasted 	 0.49 (0.06)

Results and SD.
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Several other studies have reported the frictional properties of coatings for orthopedic implants. 
(Table 2) [9;27-31] Although the values of the friction coefficient may depend to some extent 
on the testing method which vary amongst the different studies, comparison to our results 
indicate that the new surface structures result in relatively high friction coefficients. 
In this study three different methods were used to quantify bone ingrowth; all have advantages 
and disadvantages with regard to the interpretation of the results. For example bone ingrowth 
depth is restricted by pore depth and measuring direct bone-implant contact is the only 
method which enables comparison of porous and solid specimens. 
The amount of direct bone-implant contact of the E-beam produced surface structures 
appeared to be comparable to the titanium plasma sprayed control. Hence, the new surface 
structures have the potential to be successful surface structures for orthopedic implants.
The cubic structure showed greater bone ingrowth depth compared to the wave structure. On 
the contrary, the wave structure showed better results for bone area percentage. This difference 
in outcome can be explained by differences in the structure of the coating. The cubic specimen 
has a high porosity and large pores deep inside the core material, which were too deep for the 
bone to reach in the limited post-operative time (six weeks) of the study. Consequently bone 
area percentage of the cubic specimen was less than the wave specimen. 
Furthermore, the importance of pore size and porosity influencing bone ingrowth is supported 
by the differences in bone ingrowth between the 3-dimensional surface structures and the 
rough E-beam control. Although made of the same material and manufactured using the same 
methods, the bone ingrowth of the new surface structures (large pores, high porosity) was 
greater compared to the sandblasted (plain) E-beam control. 
Although it is clear that pore size affects bone ingrowth, the optimal pore size has yet to be 
determined. Bobyn et al.[32] considered 100 to 400 µm as the optimum pore size range for 
bone ingrowth, but revealed no significant differences in bone ingrowth between pore sizes 
in this range and larger pores at twelve weeks after implantation. Similar results were found 
by Fisher et al.[33] Bobyn et al. showed that the extent of ingrowth of implants with pores of 
710 µm was significantly greater compared to those with pores of 550 µm at four and sixteen 
weeks after implantation.[15] This indicates that 400 µm is not the maximum pore size to 
enhance bone ingrowth. 
One set back of a larger pore size and a higher porosity is the length of time it takes for full 
integration of bone into the implant. Hing et al.[34] showed that the volume of bone ingrowth 
and the bone-implant contact of specimens with high porosities (80%) increases gradually 
from five, thirteen and twenty-six weeks after implantation. Bobyn et al.[15] demonstrated the 
same effect for pore sizes of 430 and 650 µm. These observations concur with the results of 
our study showing that the ultimate bone ingrowth is not accomplished for the new E-beam 
structures in the six weeks study period. Based on the current results bone ingrowth is likely 
to continue after the six weeks study period and will further anchor the implant to the bone. 
However, one can expect that ingrowth beyond a certain depth does not enhance the strength 
of the bone-implant interface, similar as seen for the cement-bone interface.[35]
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One of the few studies on E-beam engineered surfaces in the orthopedic literature is reported 
by Ponader et al. [22] They demonstrated a reduced proliferation of human fetal osteoblasts on 
porous E-beam produced surfaces, compared to smooth and unprocessed E-beam surfaces. 
However, in that same study, SEM analysis demonstrated that the cells attached and spread 
well on all surfaces.[22]  This indicates that the E-beam produced material itself does not 
hamper cell viability and proliferation, but that this may be influenced by the micro and macro 
geometrical characteristics. In contrast to the study of Ponader et al.[22] the E-beam produced 
surface structures used in this study were superior compared to a sandblasted E-beam 
produced specimen. 
Several explanations can clarify this difference; differences in finishing surface treatment, 
testing methods and surface characteristics. With respect to the finishing treatment, an 
additional step was added in the surface structures tested in this study. Before biological 
cleaning and sterilization a sandblasting step was performed in order to remove all residual 
powder particles. Regarding the method of testing, it is questionable whether the examination 
of pre-osteoblastic cell proliferation of Ponader et al.[22] provides valid data for bone ingrowth 
of prosthetic components. In this process stroma cells probably play a more prominent role.
[36] Concerning surface characteristics, two out of the three surface structures tested by 
Ponader et al.[22] had smaller pores than the structures used in this study. The pore size of 
the third surface structure was comparable. Additionally, the porosity of these structures was 
lower as well. The superiority of our structures suggests that a large pore size and high porosity 
enhance bone ingrowth and support the importance of surface characteristics influencing 
bone ingrowth. 
In conclusion, the newly developed surface structures engineered in this study provide 
sufficient friction at the bone-implant interface thus achieving initial stability. The ultimate 
bone ingrowth was not accomplished in this study, due to the high porosity and large average 
pore size of the new E-beam surface structures. However, the bone ingrowth into the new 
surface structures appears to be comparable to more conventionally made surfaces of clinically 
successful implants at six weeks after surgery. 
The results of these study are promising as bone ingrowth is likely to continue after the six 
weeks allotted for this study. Testing of bone ingrowth for an extended period is necessary 
to support our hypothesis that the new surface structures can provide improved fixation 
properties compared to conventionally made surfaces.
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Assessment of bone ingrowth potential 
of biomimetic hydroxyapatite and 
brushite coated porous E-beam 
structures
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Abstract

The bone ingrowth potential of biomimetic hydroxyapatite and brushite coatings applied on 
porous E-beam structure was examined in goats and compared to a similar uncoated porous 
structure and a conventional titanium plasma spray coating. Specimens were implanted in 
the iliac crest of goats for a period of 3 (4 goats) or 15 weeks (8 goats). Mechanical implant 
fixation generated by bone ingrowth was analyzed by a push out test. Histomorphometry 
was performed to assess the bone ingrowth depth and bone implant contact. The uncoated 
and hydroxyapatite-coated cubic structure had significantly higher mechanical strength 
at the interface compared to the Ti plasma spray coating at 15 weeks of implantation. 
Bone ingrowth depth was significantly larger for the hydroxyapatite- and brushite-
coated structures compared to the uncoated structure. In conclusion, the porous E-beam 
surface structure showed higher bone ingrowth potential compared to a conventional 
implant surface after 15 weeks of implantation. Addition of a calcium phosphate coating 
to the E-beam structure enhanced bone ingrowth significantly. Furthermore, the calcium 
phosphate coating appears to work as an accelerator for bone ingrowth.
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Introduction

Total hip arthroplasty is one of the most successful medical procedures. However, 5 to 10 
percent of the cementless implants still fail within 10 years of implantation. [1, 2] The frequency 
of failure is likely to increase due to the implantation in younger and more active patients. [3] 
The long term success of cementless orthopaedic implants depends on biological fixation by 
new bone formation. [4, 5, 6] Surface topography (e.g. pore size, porosity) and coating influence 
the process of bone ingrowth and by that the fixation in the critical postoperative period. 
It is evident that the size of the pores affects bone ingrowth, although there is still debate 
about the optimum pore size.[7, 8, 9] A minimum pore diameter of 100 µm is needed to allow 
vascularisation and bone ingrowth. [10] The maximum pore size has yet to be determined. It 
has been shown that enhanced fixation strength can be obtained by increasing the porosity of 
an implant up to 75-80%. [11] However, full bone ingrowth takes more time in implants with 
increased porosity, whereas fast bone formation permits more rapid loading of the implant. 
[12]
Electron beam melting is a rapid prototyping technology that can be used to produce implants 
with computer designed surface characteristics. The implant is build up out of metal powder 
to reproduce a geometry defined by a 3-dimensional CAD model. The technique enables 
for production of the solid core and the porous surface in one manufacturing step, with the 
capability to engineer a large variety of complex 3-dimensional structures as implant surface.
[13, 14, 15] Ponader et al. showed that osteoblastic cells attach, proliferate and differentiate 
well on new developed E-beam produced surface structures.[16] Previous work of our group 
showed that the bone ingrowth potential of these porous E-beam surface topographies was 
comparable to a clinical used, conventionally made surface. However, as can be expected for 
a highly porous surface, complete bone ingrowth was not reached in a post operative period 
of 6 weeks.[17] 
Calciumphosphate (CaP) coatings have been successfully applied on orthopedic and dental 
implants.[18, 19, 20, 21] Stimulation of new bone formation around CaP coated implants is 
based on dissolution of the coating soon after implantation followed by formation of a bone-
inductive carbonated calcium phosphate layer.[20] The biological advantages of these coatings 
include the enhancement of bone formation and accelerated bonding between the implant 
surface and the surrounding bone.[22, 23, 20] Calcium phosphate coatings can be applied on 
porous implant surfaces in order to enhance the bone ingrowth potential.[22, 21] Furthermore, 
the acceleration of bone ingrowth that can be achieved by these coatings could be beneficial 
regarding to shortening the post-operative partial weight-bearing and rehabilitation periods.
[18]
Although the calciumphosphate coatings are applied successfully on implant surfaces, current 
direct coating techniques failed to mineralize on the deep surfaces of complex 3-dimensional 
structures.[24] Biomimetic coating deposition is a relatively new coating technique with the 
possibility to produce a homogeneous coating on these complex 3-dimensional structures. The 
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coating is deposited under physiological temperatures, which makes it possible to incorporate 
functional biological agents, such as growth factors, in the coating. In addition, the CaP ratio 
and coating thickness can be varied, and the structure of the formed crystals is more akin to 
bone mineral than those produced in conventional ways.[18, 24]
For this study a porous E-beam structure was combined with two biomimetic CaP coatings. It 
was hypothesized that these CaP coated E-beam structures would provide for accelerated and 
enhanced bone ingrowth. Therefore the goal of this study was to characterize the materials 
in detail and to assess the mechanical strength of the bone-implant interface and the bone 
ingrowth potential of a porous E-beam implant surface structure coated with a hydroxyapatite 
and brushite calciumphosphate coating and to compare this to an uncoated E-beam structure 
and a conventionally made implant surface.

Materials and Methods

Specimens
The implants were made out of Ti6Al4V powder and produced with E-beam technology 
(Eurocoating, Trento, Italy). The powder particles used ranged from 45-100 µm and were melted 
by the electron beam into the desired shapes based on CAD data. In short, a homogeneous 
powder layer was applied on the process platform in a vacuum chamber at high temperature 
(±700°C) and scanned by the electron beam. The powder particles were melted at the 
programmed locations. The process platform was lowered by one layer thickness (0.1mm) 

Figure 1. Surfaces. Cubic 

structure (top) and TiPS 

(bottom).
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after the melting of each layer and the process was repeated.[25, 13] Upon completion, all 
specimens were sandblasted and cleaned according to protocols for medical implants. The 
overall accuracy of the E-beam technology in terms of computer model reconstruction is ±0.15 
mm.
A 3-dimensional structure with quadrangular pores (cubic) was used as surface topography for 
all E-beam specimens. The cubic structure has a pore size of 1.2 mm and a porosity of 77%. The 
structure was applied on two opposite sides of the specimens, the other two sides were closed. 
The adhesive strength (test described in ASTM F1147) of the E-beam specimens was >50MPa 
and the taber abrasion test (as described in ASTM F1978) showed a weight loss after 100 cycles 
of 27.78 ± 4.51 mg. One group of cubic specimens was left uncoated (cubic), two were coated 
afterwards with CaP coatings. As a control, a commercially available titanium plasma spray 
coating (TiPS) was tested [26]. (Figure 1)

Coatings
A biomimetic coating was applied on two groups of cubic E-beam specimens. In the biomimetic 
coating process, a bioactive coating was produced using an electrodeposition system. A 
calciumphosphate layer was formed on the metallic specimen after immersion in an artificially 
prepared supersaturated calcium/phosphate electrochemical solution (Eurocoating, Trento, 
Italy).[19] The brushite coating obtained with this method, has a high solubility. With a two-
step procedure, this high soluble coating can be modified to a hydroxyapatite coating.[27]
One group of cubic E-beam specimens was coated with a biomimetic brushite coating 
(cubicBR). The other group was coated with biomimetic hydroxyapatite (cubicHA). 

Material characterization

Scanning electron microscopy (SEM) 
The surface morphology and coating thickness were examined by scanning electron microscopy 
(SEM, SEM6310, Jeol, Tokyo, Japan). The SEM was coupled with an Energy Dispersive X-ray 
Spectroscopy (EDS, JSM-5500, Jeol, Tokyo, Japan) which was used to determine the elemental 
composition of the biomimetic coatings.

Roughness 
Surface roughness values of the specimens were determined using a Universal Surface Tester 
(UST) (Innowep, Wurzburg, Germany). 

In vitro coating dissolution 
The dissolution behavior of the hydroxyapatite and brushite coating was evaluated in vitro. For 
each group 10 samples (cylindrical, 25 mm height, Ø 10mm) were tested in pH 5.5 (n=5) and in 
pH 7.3 (n=5). The specimens were positioned in polyethylene bottles filled with 250 ml buffer 
solution [28] with a pH of 5.5 and 7.3, using continuous stirring (200 ± 10rpm) for 21 days. 
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The bottles were kept at 37.0 ± 0.1°C under nitrogen atmosphere. The pH, Ca and P content 
were determined daily by drawing 0.5 ml aliquot of each solution. 0.5 ml buffer solution was 
then added to the bottles to compensate the sampling. The supernatant aliquots were then 
diluted to be analyzed by inductively coupled plasma atomic emission spectrometry (ICP-AES 
76004527, Spectro analytical instruments, Kleve, Germany).

Animal experiment
Surgery was performed on twelve female, skeletal mature goats (Capra Hircus Sana), weighing 
43-62 kg (mean 55 kg). The specimens (4x4x10 mm) were implanted in the trabecular bone of 
the iliac crest.[29] Each goat received 8 specimens in total (one set of 4 specimens for the push 
out test and one set for histology). The location of the implants was alternated systematically 
between goats with a random start.
The goats were anaesthetized with propofol (4 mg/kg B.Brown, Melsungen, Germany), intubated 
and anesthesia was maintained using isoflurane. The goats were placed in a prone position 
and the implantation procedure was performed under strict sterile conditions. A transverse 
skin incision was made over the iliac crest. The incision was continued subcutaneously to the 
periosteum. The periosteum was opened, after which the iliac crest was fully exposed. Four 
implant areas were created in the iliac crest using a sharp drill (Ø 4.0mm). Saline was used 
during the drilling to prevent heat induced necrosis. A quadrangular osteotome (4x4mm) was 
used to shape the drilled hole to the size of the specimen. The implantation area was inspected 
to guarantee the specimen was completely surrounded by trabecular bone. The specimens 
were inserted press-fit into the holes and the periosteum and skin were closed separately with 
resorbable sutures. This procedure was repeated on the contralateral side. 
The goats received postoperative ampicillin (7.5 mg/kg Intervet, Boxmeer, The Netherlands) 
during 4 days and were housed at a farm. The goats were killed by an overdose of sodium 
pentobarbital (Euthesate, Ceva Santa Animale, Libourne, France). Four goats were sacrificed 
3 weeks after surgery, eight goats 15 weeks after surgery. After sacrificing the animals, the 
iliac crests were retrieved. The goats that were sacrificed 15 weeks after surgery received 
fluorochromes at 5 (Calcein green, 25 mg/kg) , 10 (Xylenol Orange, 30 mg/kg) and 15 weeks 
(Tetracyclin, 25 mg/kg). After sacrificing contact x-rays (Faxitron 43805N, Hewlett Packard, Palo 
Alto, California, USA) were taken of the iliac crests to evaluate the position of the implants. 
The two medial implants of each iliac crest were used for mechanical testing and the two on 
the lateral side were used for histological analysis. All procedures have been approved by the 
animal ethics committee of the Radboud University Nijmegen.

Mechanical testing
The specimens and the surrounding bone were stored in the freezer until the test was 
performed. Based on the X-ray images the surrounding bone was sawed into a cube with 
the implant surrounded by bone, the top and bottom of the specimen free of tissues and the 
implant exactly perpendicular to the surfaces of top and bottom. Subsequently this cube was 
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placed in a jig, which supported only the surrounding bone and not the implanted specimen. 
The clearance between specimen and support by the jig was 0.7 mm.[30] The load (MTS, load 
cell 1kN) was placed on top of the specimen and pushed the specimen out the surrounding 
bone with a fixed speed (1 mm/min) and continuous load versus displacement data were 
recorded. The maximum force was identified in order to define the mechanical strength of the 
bone-implant interface.  

Histological analysis
The specimens for histology were fixated in phosphate-buffered 4% formaldehyde solution 
for 4 days and embedded in polymethylacrylate (PMMA). 10 sections of 30 µm thickness, 
perpendicular to the length of the specimen, were prepared using a sawing microtome (SP 
1600, Leitz, Wetzlar, Germany). 
Quantitative analysis of bone ingrowth was performed using fluorescence microscopy on 
unstained slices and light microscopy on Hematoxylin/Eosin (HE) stained slices. Each slice 
was analyzed blinded in random order using specialized software (AnalySIS 3.2 Soft Imaging 
System, Münster, Germany). For each specimen all ten sections were analyzed, subsequently 
the data were pooled.
Bone ingrowth depth was measured at 5, 10 and 15 weeks using fluorescence microscopy 
(group sacrificed at 15 weeks). A line was drawn from the outline of the specimen to the 
deepest fluorochrome label (perpendicular to the outline of the specimen). The ingrowth 
depth was defined as the average of this measurement on each side of the specimen. Due to 
the solid structure of the plasma spray coating, it was impossible to measure bone ingrowth 
depth for this control. The direct bone-implant contact (BIC) was determined by direct bone 
surface contact divided by the total surface perimeter of the implant.

SEM analysis of coating dissolution
The implanted hydroxyapatite and brushite coated specimens and their surrounding bone 
(after implantation), were analyzed by SEM for coating dissolution after sawing sections and 
polishing the surface of the specimens.

Statistical analysis
Both mechanical (push-out test) and histological (bone ingrowth depth and bone-implant 
contact) datasets were evaluated non-parametrically, as a normal distribution could not be 
assumed. Since each goat received all implants types (cubic, cubicHA, cubicBR, and TiPs), the 
experiment has a paired design with four groups. All datasets were evaluated with Friedman’s 
repeated measures analysis of variance by ranks followed by Wilcoxon’s signed-rank test. For 
all datasets, differences between medians were considered statistically significant for p-values 
<0.05. Statistical analysis was performed using SPSS 16.0 software (SPSS Inc., Chicago, IL, US). 
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Results

Surface characterization
The surface morphology before implantation showed the characteristic appearances of non-
coated and HA and brushite coated cubic specimens. (Figure 2) The coating thickness of both 
coatings analyzed by SEM was 15±5µm. EDS analysis confirmed the presence of hydroxyapatite 
and brushite on the cubicHA and cubicBR surfaces, respectively. (Figure 3) The roughness 
measurements showed an average surface roughness (Ra) of 5.77 µm for the cubic structure, 
4.43 µm for the cubicHA, 5.29 µm for the cubicBR and 6.64 µm for the titanium plasma sprayed 
surface.
The in vitro coating dissolution analysis showed that the dissolution behavior presented 
periods of dissolution and recrystallization during the in vitro test with predominance of 
dissolution. The biomimetic coatings presented dissolution immediately after their immersion 
in pH 5.5. Both hydroxyapatite and brushite showed almost full dissolution of the deposited 
layer within the first days of immersion in pH 5.5. In pH 7.3 the dissolution process did not start 
immediately. (Figure 4) The brushite coating was completely dissolved after exposure to pH 

Figure 2. Surface characterization. SEM images of the cubic (a), cubicHA (b), cubicBR (c) and TiPS (d) 

implant surfaces. Bar = 50 µm 
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7.3 at the end of the test, but HA coated specimens exposed to pH 7.3 showed that the coating 
is not completely dissolved after 21 days. (Figure 5)

Mechanical testing
At 3 weeks after implantation no differences in mechanical strength of the bone implant 
interface were found. At 15 weeks the cubic (p = 0.043) and cubicHA structure (p = 0.043) 
had significantly higher mechanical strength at the interface compared to the Ti plasma spray 
coated specimens. (Figure 6a)

Histology (Figure 7)
The bone ingrowth depth at 5 and 15 weeks after implantation was significantly larger for 
cubicHA (p=0.028 and p=0.018 respectively) and cubicBR (p=0.028 and p=0.018 respectively) 

Figure 3. EDS analysis. EDS analysis confirming the presence of hydroxyapatite and brushite on the 

cubicHA (a)  and cubicBR (b) surfaces

Figure 4. Ca and P concentration after immersion. Ca and P concentration after immersion of the 

specimens in pH 5.5 and pH 7.3. Periods of dissolution and recrystallization occur during the in vitro 

test with predominance of dissolution.
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compared to the cubic. At 15 weeks ingrowth depth of cubicBR was significantly higher than 
cubicHA (p=0.043). (Figure 6b)
With respect to direct bone implant contact no significant differences between the four groups 
of implants were found. (Figure 6c)  

Coating dissolution
SEM analysis of the embedded hydroxyapatite and brushite coated specimens and their 
surrounding bone showed that the HA coating was still visible in some areas 3 weeks after 
implantation. In other areas no HA coating could be detected. At 15 weeks very little spots with 
HA coating were seen as most of the coating was dissolved. With respect to the brushite coated 
specimens, no coating could be found at 3 and 15 weeks. 

Figure 5. Images of in vitro 

coating dissolution. Pictures 

of the specimens before 

and after immersion for 

the in vitro dissolution test.  

Both hydroxyapatite and 

brushite were completely 

dissolved after exposure to 

pH 5.5. After exposure to 

pH 7.3, the brushite coating 

was completely dissolved, 

but the HA coating was 

not completely dissolved 

at the end of the test. (The 

remaining CaP coating on the 

substrate has a light-opaque 

colour, bar = 100 µm)
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Figure 6. Results. Results  

of mechanical (a) and 

histological analysis of 

bone ingrowth. Histological 

analysis consisted of bone 

ingrowth depth (b) and 

percentage direct bone 

implant contact (c) †p=0.043  

*p<0.05
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Discussion

Two different CaP coatings were added to E-beam structures to enhance the bone ingrowth 
potential in an attempt to overcome the disadvantage of the prolonged time in which full 
bone ingrowth can be reached in highly porous structures. Although no differences between 
the coated and uncoated cubic structure were found for direct bone-implant contact and 
mechanical push out strength, addition of hydroxyapatite or brushite to the E-beam structure 
resulted in significantly greater bone ingrowth depth. Thus, addition of biomimetic CaP 
coatings appears to enhance bone ingrowth. With respect to the acceleration of bone ingrowth, 
significantly greater ingrowth depth at 5 weeks suggests the acceleration of bone ingrowth by 
addition of a calcium phosphate coating to the porous E-beam structure. 
The absence of load in this model is a limitation of this study. Especially with regard to early 
bone ingrowth (and its acceleration) load bearing is an important factor [31, 6]. Furthermore 
only one 3-dimensional E-beam structure was tested. 

Figure 7. Histology. Histological images of cubic (a), cubicHA (b), cubicBR (c) and TiPS (d). bar = 

2mm
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Several groups tested porous structures in combination with CaP coatings and reported 
similar findings as the present study. Bone ingrowth of a porous tantalum structure with a 
biomimetic coating was significantly higher for coated specimens than for uncoated specimens 
at different time points.[22] Tsukeoka et al. [21] investigated the effect of the incorporation 
of hydroxyapatite into a titanium fiber mesh and found an increased push-out strength at 
3 and 5 weeks, whereas after 8 weeks, no differences between specimens with and without 
hydroxyapatite were found. Porous titanium plugs implanted in a rabbit femur showed a 
significant increase in bone ingrowth for HA coated implants compared to uncoated implants 
after 6 weeks.[19] Furthermore, the study of Tsukeoka et al [21] supports our findings with 
regard to the speed of bone ingrowth, that suggests that calcium phosphate coatings work as 
an accelerator of bone ingrowth.  
Dissolution analysis in vitro and in vivo show that the brushite coating was completely dissolved 
after 3 weeks, whereas only a minority of the hydroxyapatite coating was present at that time. 
However, in vivo the effect of the addition of both CaP coatings was still visible after 15 weeks. 
This prolonged effect could be explained by initial osteoblast activation induced by coating 
degradation and release of calcium and phosphate ions, that also might act as a reservoir for 
new synthesis of HA.[32, 33]  
The attachment between the biomimetic coating and the implant might be weaker than the 
attachment between the bone and the coating. This can be seen in other calcium phosphate 
coatings as well. However, because of the intended use of this coating on porous, 3-dimensional 
structures, where the long term fixation will be maintained by the interlock between bone and 
implant, this weaker attachment of the coating to the implant appears to be not a problem.[34] 
Part of the coating might chip off during press-fit implantation due to the weaker attachment 
between the coating and the implant. This loss of coating may not be so disadvantageous 
because the fragmented coating will remain in the surroundings of the implant.[35]
Three different methods to assess bone ingrowth potential were used in the present study; a 
push-out test for mechanical evaluation of the bone-implant interface and two methods for 
histological analysis (bone ingrowth depth and percentage direct bone implant contact). Both 
histological methods have a different focus and it is difficult to say which one best defines 
bone ingrowth. Therefore, these two methods become more valuable when compared with 
the results of the push-out test that represents the actual mechanical strength at the bone-
implant interface. In our study there was less agreement between the BIC measurements 
and the push out test. One could suggest therefore that BIC is not a good method to assess 
the effect of bone ingrowth on mechanical strength. This suggestion has been reported in 
literature as well.[36] Correlation between bone ingrowth depth and mechanical strength of 
the bone-implant interface is likely to be influenced by the fact that ingrowth beyond a certain 
depth does not enhance the strength of the bone-implant interface, similar as seen for the 
cement-bone interface.[37]
In conclusion, the porous E-beam surface structure showed higher bone ingrowth potential 
compared to a conventional titanium plasma spray coating after 15 weeks of implantation. 
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Based on histology findings, addition of a biomimetic calcium phosphate coating to the 
E-beam structure enhances bone ingrowth significantly. The biomimetic calcium phosphate 
coating appears to work as an accelerator of bone ingrowth. 
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In vivo assessment of bone ingrowth 
potential of three-dimensional E-Beam 
produced implant surfaces and the effect 
of additional treatment by acid etching 
and hydroxyapatite coating
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Abstract

The bone ingrowth potential of three-dimensional E-beam-produced implant surfaces was 
examined by histology and compared to a porous plasma-sprayed control. The effects of 
acid etching and a hydroxyapatite (HA) coating were also evaluated by histology. Specimens 
were implanted in the distal femur of 10 goats. Histological analysis of bone ingrowth was 
performed 6 weeks after implantation. The E-beam-produced  surfaces showed significantly 
better bone ingrowth compared to the plasma-sprayed control. Additional treatment of the 
E-beam surface structures with a HA coating, further improved bone ingrowth potential 
of these structures significantly. Acid etching of the E-beam structures did not influence 
bone ingrowth significantly. In conclusion, the HA-coated, E-beam-produced structures are 
promising potential implant surfaces.
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Introduction

Although total hip arthroplasty is a very successful orthopaedic procedure, 5 to 10 percent 
of the cementless implants still fail within 10 years of implantation, mainly due to aseptic 
loosening.[1;2] The frequency of failure is likely to increase due to the implantation in younger 
and more active patients.[3] 
The long term success of cementless prostheses depends on fixation by bone ingrowth 
in the early postoperative period.[4] Bone ingrowth is influenced by the implant surface 
characteristics, such as pore size and porosity. Although the optimal pore size has yet to be 
determined, it is evident that this parameter too affects bone ingrowth.[5] It has been shown 
that a substantial increase in fixation strength can be obtained by increasing the porosity of 
implants to 75-80%.[6] Furthermore, interconnectivity between the pores is crucial in order to 
permit bone ingrowth.[7] Bone ingrowth into a porous structure might increase the strength 
at the bone-implant interface. However, one can expect that ingrowth beyond a certain depth 
does not enhance the strength of the bone-implant interface, similar as seen for the cement-
bone interface.[8]
Electron beam melting is a rapid-prototyping technique that can be utilized to produce a solid 
implant and a porous surface structure in one manufacturing step. The implant is build up 
out of metal powder to reproduce a geometry defined by a 3-dimensional CAD model.[9;10] 
Therefore, it is possible to design implant surfaces with many different surface characteristics. 
By adapting the surface characteristics bone ingrowth could be further enhanced, resulting in 
better bone ingrowth than conventional implant surfaces.  
Several (post-production) implant surface modifications are investigated in an attempt 
to improve bone ingrowth, including application of a calciumphoshpate coating (e.g. 
hydroxyapatite) and texturing by chemical etching.[11] Hydroxyapatite (HA) has been applied 
on porous implant surfaces in order to enhance the bone ingrowth potential.[12;13] The 
process of bone formation onto HA coated implants might be mediated by dissolution of the 
coating soon after implantation followed by formation of a carbonated calcium phosphate 
layer and bone growth towards the implant.[14]
Acid-etching of the surface has been shown to enhance the bone ingrowth potential of porous 
implant surfaces.[15] The topography of an etched implant relies on acid mixture, etching time, 
temperature and topography prior to etching.[11] However, the treatment results in relatively 
low roughness values.[16;17]
The goal of this study was to evaluate the bone ingrowth potential of 3 new E-beam produced 
structures and compare this to a highly porous titanium plasma spray coating. Furthermore 
the influence of addition of hydroxyapatite and acid-etching was tested.
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Materials and Methods

Specimens
The specimens (8 x 4 x 10 mm3, Eurocoating Spa, Trento, Italy) were produced by electron 
beam melting. In this rapid prototyping process, the implants were build up out of Ti6Al4V 
powder. The powder size used in the E-beam process ranged from 45 to 100 µm. The E-beam 
specimens were created using a 3D CAD model which was segmented into layers of 0.1 mm in 
order to generate layer information. Subsequently, a homogeneous powder layer was applied 
on the process platform in a vacuum chamber at constant high temperature (±700°C). The 
electron beam scanned the powder layer line by line and melted the loose powder particles at 
programmed locations forming a compact layer in the desired shape. The process platform was 
then lowered by one layer thickness (0.1mm) and a new powder layer (of 0.1 mm thickness) 
was applied after which the process is repeated [9;10]. Upon completion, all specimens were 
sandblasted with corundum and cleaned in a specific washer for medical devices. 
Three different 3-dimensional E-beam surface structures were developed; the gyroid structure, 
the star small structure and the cubic enlarged structure. The design of the gyroid structure is 
based on the mathematical gyroid surface (infinitely connected periodic surface containing no 
straight lines). The star structure consisted of 3-D cross-shapes and the cubic enlarged structure 
had large quadrangular pores. (Figure 1) As a control a highly porous titanium plasma spray 
coating (Ti sponge) and a plain, rough E-beam surface with hydroxyapatite coating (Osprovit®, 
Eurocoating Spa, Trento, Italy) were tested. (Figure 2)
To evaluate the effect of further treatment of the E-beam structures, an acid-etching procedure 
(with a mixture of nitric and fluoridic acid solution) was performed on the gyroid and star 
small structure. For the star small structure only the etched form was tested, for the gyroid 
structure an untreated surface was tested as well. Furthermore the cubic enlarged structure 
was tested with and without a hydroxyapatite coating (applied by plasma spray technique, 
coating thickness 70 ± 10 µm). All surfaces and their treatments are listed in Table 1. 
Two different surfaces were combined on 1 specimen except for the titanium plasma sprayed 
sponge coating, resulting in 4 different specimens.  

Table 1.  The 3D surface structure, production process and additional treatment of the tested surfaces.

Surface	 Structure	 E-beam produced	 Additional treatment

Gyroid	 Gyroid	 yes	 none
Cubic enlarged	 Cubic enlarged	 yes	 none
Gyroid etched	 Gyroid	 yes	 etching
Star etched	 Star	 yes	 etching
Cubic enlarged HA	 Cubic enlarged	 yes	 HA
Rough HA	 none	 yes	 HA
Ti sponge 	 plasma spray coating	 no	 none
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6Surface characterization
MicroCT analysis (SCANCO Medical, Switzerland, resolution 50µm) was performed to define 
the pore size, porosity, pore connectivity and surface area of each specimen. 
Surface roughness values of the specimens were determined using a Universal Surface Tester 
(UST) (Innowep, Wurzburg, Germany).

Experimental design 
Surgery was performed on ten female, skeletal mature goats (Capra Hircus Sana), weighing 49-
67 kg (mean 55 kg). The specimens were implanted in the trabecular bone of the distal femur. 
Each goat received 2 specimens; one in the medial and one in the lateral condyl of the right 
leg. The different implants were equally divided among the goats and implantation areas (n=5 
for each group).
The goats were anaesthetized with propofol ((4 mg/kg B.Brown, Melsungen, Germany), intubated 
and anesthesia was maintained using isoflurane. The goats were placed in a lateral position 
and the implantation procedure was performed under strict sterile conditions. The knee was 
approached lateral, visualizing the origin of the lateral collateral ligament. Approximately 1.5 cm 
from the origin a hole (Ø 4.0 mm) was drilled reaching into the medial condyle. Saline was used 

Figure 1. CAD-files. The CAD-files of the elements forming the gyroid, cubic enlarged and star 

E-beam structures (from left to right).

Figure 2. 3-dimensional E-beam structures. From left to right: gyroid, cubic enlarged and star 

E-beam structure, the Ti sponge and rough HA surface. Bar = 10 mm
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during the drilling to prevent heat induced necrosis. Sharp osteotomes with increasing size 
(4x4mm to 4x8mm) were used to shape the hole to the size of the specimen. The implantation 
area was inspected to guarantee the specimen would be completely surrounded by trabecular 
bone. Just above the origin of the lateral collateral ligament a second implantation area was 
created (in the lateral condyl). The specimens were inserted press-fit into the holes and the 
facia and skin were closed separately with resorbable sutures. 
The goats received ampicillin (7.5 mg/kg Intervet, Boxmeer, The Netherlands) for 4 days after 
surgery. Fluorochromes were administered by subcutaneous injection at 2 (Calcein green, 
25 mg/kg), 4 (Xylenol Orange, 30 mg/kg) and 6 weeks (Tetracyclin, 25 mg/kg) after surgery 
during two consecutive days in order to generate ingrowth data of different time points for 
each animal. Goats were sacrificed 6 weeks post-operative by an overdose of barbiturate 
pentobarbital (Euthesate, Ceva Santa Animale, Libourne, France). This study was approved by 
the animal ethics committee of the Radboud University Nijmegen.

Histological analysis
The thickness of the coating on the cubic enlarged HA surface and rough HA surface was 
measured on 10 slices.

Statistical analysis
Statistical analysis was performed with a one way ANOVA and a LSD post hoc test using SPSS 
(16.0, SPSS Inc., Chicago, USA). A p-value less than 0.05 was considered significant.

Results

Surface characterization
The pore size of the E-beam produced surfaces ranged from 0.40 to 1.35 mm. All E-beam 
produced surfaces had a relatively high porosity (44 to 73%). The titanium sponge control 
had a pore size of 0.23 mm and a porosity of 34%. All surfaces had a good pore connectivity 
index and a large surface area. (Table 2)  The surface morphology before implantation showed 
the characteristic appearances of E-beam surfaces without additional treatment (A, B), with 
additional treatment (acid-etched and HA coated surfaces (C, D and E, F respectively) and the 
titanium plasma sprayed control (G). (Figure 3,4)
The roughness measurements showed that the roughness decreased after the etching 
treatment and increased after application of a hydroxyapatite coating. (Table 3)

Histomorphometric analysis (Figure 5)
One Ti sponge specimen was implanted too close to the intercondylar notch and was not 
surrounded by trabecular bone. Therefore this specimen was excluded for further analysis. 
Histological analysis of the specimens showed no sign of infection or metal debris.
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The cubic enlarged surface structure and the cubic enlarged HA surface showed best bone 
ingrowth depth. Bone ingrowth depth of the cubic enlarged structure was significantly greater 
compared to the gyroid (at 4 and 6 weeks, p=0.01 and p=0.002 respectively) and the Ti sponge 
surface (at 2, 4 and 6 weeks, p=0.03, p=0.003 and p=0.002 respectively). (Figure 6) 
With respect to percentage direct bone implant contact, the cubic enlarged HA, rough HA 
and cubic enlarged surface scored best. The percentage direct bone implant contact was 
significantly better for the cubic enlarged structure than for the gyroid structure (p=0.03). 
Coating with HA significantly increased the bone implant contact of the cubic enlarged 
structure (p=0.01). This cubic enlarged HA surface was significantly better compared to the 
Ti sponge control (p<0.001). The rough HA surface showed significantly higher bone implant 
contact than the gyroid structure (p<0.001) and the Ti sponge surface (p=0.001). No significant 
effect of chemical etching on bone implant contact was seen, although both etched surface 
structures showed a low amount of bone implant contact. (Figure 7)
The thickness of the HA coating after 6 weeks implantation was 61.6 µm (±10.7) for the cubic 
enlarged HA surface and 64.3 µm (±10.5) for the rough HA surface.

Table 2. Surface characteristics. The pore size (mm), porosity (%), pore connectivity (1/mm3) and surface area 
(mm2) of the tested surfaces.

Surface	 Pore size (mm)	 Porosity (%)	 Pore connectivity (1/mm3)	 Surface area (mm2)

Gyroid	 0.40	 44	 2.71	 328
Cubic enlarged	 1.35	 73	 1.73	 239
Gyroid etched	 0.47	 61	 4.52	 306
Star etched	 0.67	 70	 0.82	 169
Cubic enlarged HA	 1.23	 61	 0.65	 297
Ti sponge 	 0.23	 34	 6.35	 423

Figure 3. Micro-CT images. From left to right: gyroid, cubic enlarged, star and Ti sponge surface
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Figure 4. Surface characterization. SEM images of 

the gyroid (A), cubic enlarged (B), gyroid etched 

(C), star etched (D), cubic enlarged HA (E), rough 

HA (F)  and Ti Sponge (G) implant surfaces. Left 

colomn: bar = 500 µm, right colomn: bar = 50 µm

Figure 5. Histomorphology. Microscopic 

images of histology slides of  gyroid (A), cubic 

enlarged (B), cubic enlarged HA (C), rough HA 

(D), star etched (E), gyroid etched (F) and Ti 

Sponge (G) implant surfaces. Bar = 1 mm.
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Discussion

In the current study, the bone ingrowth potential of E-beam produced surface structures 
were compared to a Ti plasma spray coating with similar porosity. Furthermore the effect of 
additional treatment, hydroxyapatite and chemical etching, was investigated. 
This experiment was limited to surface characterization and histological analysis. No tests for 
mechanical strength of the bone implant interface were performed. Although many implant 

Table 3. Surface roughness. The surface roughness (Ra) (µm) of the tested surfaces.

Surface	 Roughness (Ra) (µm)

Gyroid	 3.92
Cubic enlarged	 4.43
Gyroid etched	 3.34
Star etched	 5.62
Cubic enlarged HA	 4.52
Rough HA	 4.39

Figure 6. Bone ingrowth 

depth. Graph showing bone 

ingrowth depth for the 

different implant surfaces at 

2, 4 and 6 weeks after surgery. 

Significance is indicated by*.

Figure 7. Bone implant 

contact. Graph showing the 

percentage of bone implant 

contact for the different 

implant surfaces. *p < 0.05, 

** p < 0.005.
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surfaces were evaluated with a limited amount of goats, the choice of the surfaces implicated 
some restrictions. In some cases it was not clear whether the effect on bone ingrowth was 
caused by the E-beam structure or by the additional treatment. The surface characterization 
by microCT analysis is limited by the resolution, which means that pores under 50 µm cannot 
be detected. This will affect the measurements on the Ti sponge surface the most, due to the 
design of the surface (with the smallest pores). The absence of weight bearing in the model is 
a limitation of this study as well.
The cubic enlarged surface showed a significant better bone ingrowth compared to the gyroid 
structure and Ti sponge surface. No additional treatment was used for all these surfaces. 
Therefore one could say that differences in bone ingrowth potential between these surfaces 
are due to either the E-beam technology itself or the surface characteristics. Comparable results 
of the E-beam gyroid structure and Ti sponge (with similar pore size and porosity), made clear 
that the E-beam technology itself does not benefit or harm the bone ingrowth potential. The 
superior bone ingrowth of the cubic enlarged structure compared to the gyroid structure is 
therefore likely to be caused by its surface topography. This structure has a large pore size 
(1.35 mm) and a high porosity (73%). So there is a clear beneficial effect of large pore size 
and high porosity on the bone ingrowth potential, which is supported by the literature.[6;18] 
Recently, various authors have showed that besides porosity, pore interconnectivity is a critical 
factor for bone ingrowth.[7;19] However, Otsuki et al.[7] found no differences in vascularization 
between two groups with different interconnectivities and suggested that the number of 
interconnections is a more important factor compared to the size of the interconnections. 
Nevertheless, no clear influence of the amount of interconnections, as determined by microCT 
analysis, on the amount of bone ingrowth could be concluded from this study.
Concerning the effect of additional treatments, HA significantly increased the bone ingrowth 
potential of a porous E-beam structure. This enhancement in bone ingrowth was visible in 
the early postoperative period, suggesting that HA accelerates bone ingrowth as well. The 
acceleration of bone ingrowth achieved by the HA coating could be beneficial with regard 
to post-operative partial weight-bearing and rehabilitation.[20] The fact that hydroxyapatite 
enhances and accelerates bone ingrowth when applied on implant surfaces is well known.
[12-14;21] However, in this study, both these positive effects are achieved with a plasma spray 
technique on a porous surface. 
No beneficial effect of the etching procedure on bone ingrowth could be found. This is in 
contrast to other studies.[11;15] This difference could be explained by the fact that in our study 
the acid etching was performed on a 3D surface structure. Furthermore, as explained earlier, 
the success of acid etching is influenced by acid mixture, etching time and temperature.[11] 
However, although the acid etching procedure did not enhance bone ingrowth, the procedure 
did not harm the bone ingrowth as well.
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Conclusion

In conclusion, the E-beam technique provides the ability to promote enhanced bone ingrowth 
compared to a porous, conventionally made control specimen. Additional treatment of the 
3-dimensional E-beam implant surface structures with a hydroxyapatite coating (applied by 
plasma spray technique), further improves the bone ingrowth potential of these structures. 
Acid-etching of the E-beam structures did not influence bone ingrowth. 
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produced trabecular-like implant 
surfaces with and without a biomimetic 
coating
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Abstract

The bone ingrowth potential of trabecular-like implant surfaces produced by either 
selective laser melting (SLM) or electron beam melting (EBM), with or without a 
biomimetic calciumphosphate coating, was examined in goats. For histological analysis 
and histomorphometry of bone ingrowth depth and bone implant contact specimens 
were implanted in the femoral condyle of goats. For mechanical push out tests to analyse 
mechanical implant fixation specimens were implanted in the iliac crest. The follow up 
periods were 4 (7 goats) and 15 weeks (7 goats).
Both the SLM and EBM produced trabecular-like structures showed a variable bone 
ingrowth after 4 weeks. After 15 weeks good bone ingrowth was found in both implant 
types. Irrespective to the follow up period, and the presence of a coating, no histological 
differences in tissue reaction around SLM and EBM produced specimens was found. 
Histological no coating was detected at 4 and 15 weeks follow up. At both follow up periods 
the mechanical push out strength at the bone implant interface was significantly lower for 
the coated SLM specimens compared to the uncoated SLM specimens. The expected better 
ingrowth characteristics and mechanical fixation strength induced by the coating were 
not found. The lower mechanical strength of the coated specimens produced by SLM is a 
remarkable result, which might be influenced by the gross morphology of the specimens or 
the coating characteristics, indicating that further research is necessary.
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Introduction

The long term success of cementless prostheses depends on primary stability and thereafter 
fixation by bone ingrowth in the early postoperative period.[1] Implant surfaces, as scaffolds for 
osteogenesis, should mimic bone morphology and structure in order to optimize integration 
into the surrounding tissue.[2] Human trabecular bone has a porosity of 50-90% [3] with pore 
sizes in the order of 1 mm in diameter.[4] The importance of mimicking human trabecular 
properties for implant surfaces is confirmed by research that showed that a substantial increase 
in fixation strength can be obtained by increasing the porosity of implants to 75-80%.[5] 
Using rapid prototyping techniques, implants and porous trabecular bone like surfaces can be 
produced in one manufacturing step. With these techniques the implants are built up out of 
metal powder in a layer-by-layer fashion based on CAD data. This enables the development of 
a large variety of complex 3-dimensional structures. Rapid prototyping is therefore perfectly 
suited to produce a trabecular-like implant surface.[6] Electron beam melting (EBM) and 
selective laser melting (SLM) are rapid prototyping techniques in which the metal powder is 
melted by an electron beam and laser beam respectively.[6] SLM is a more accurate technique 
than EBM, which means more delicate structures can be build. 
Previous work of our group showed good attachment, proliferation and differentiation of 
mesenchymal stem cells on E-beam produced surfaces.[7] The bone ingrowth potential of 
EBM produced surfaces was comparable to, and after 15 weeks better than, the bone ingrowth 
of a titanium plasma spray coating.[8] Warnke et al. showed that SLM specimens were 
biocompatible, with good vitality and spreading of human osteoblast on the specimens.[9] 
New bone formation on the surface of SLM specimens was demonstrated when implanted in 
the femoral condyles of rabbits.[10] To the best of our knowledge, a direct comparison of bone 
ingrowth potential between electron beam and laser melting has never been published. 
Calciumphosphate (CaP) coatings have been successfully applied on orthopedic and dental 
implants. The advantages of these coatings are enhancement of bone formation and accelerated 
bonding between implant and bone. With biomimetic coating techniques it is possible to apply 
a CaP coating on  porous and irregular surfaces.[11] Addition of a CaP coating to 3-dimensional 
EBM produced surfaces has been shown to significantly increase bone ingrowth.[8]
The goal of this study was to investigate and compare the bone ingrowth potential of 
trabecular like implant surfaces produced by either EBM or SLM, with and without the addition 
of a biomimetic hydroxyapatite coating.

Materials and methods

Specimens:
Surfaces structures were produced by SLM or EBM (Figures 1 A, B and 2 A, B for SLM and EBM, 
respectively). The pore size was 250-800 μm for the SLM build specimens and 350-1400 μm for 
the EBM build specimens, whereas the porosity was 63% and 49%, respectively. The thickness 
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of the trabecular layer was 1800µm for the EBM and 1500µm for the SLM. The specimens used 
for histological analysis were composed of two separate specimens produced by SLM and EBM 
which were held together by small titanium pins. For each production technique (SLM and 
EBM) surfaces were coated with a calciumphosphate coating or were left uncoated. (n=7) 

Electron beam melting:  
EBM is a rapid prototyping process, in which the implants are build up out of Ti6Al4V powder. The 
powder size used in the E-beam process ranged from 45 to 100 µm. The EBM specimens were 
created using a 3D CAD model which was segmented into layers of 0.1 mm in order to generate layer 
information. Subsequently, a homogeneous powder layer was applied on the process platform in a 
vacuum chamber at constant high temperature (±700°C). The electron beam scanned the powder 
layer line by line and melted the loose powder particles at programmed locations forming a compact 
layer in the desired shape. The process platform was then lowered by one layer thickness (0.1mm) 
and a new powder layer (of 0.1 mm thickness) was applied after which the process is repeated.[12-
14] EBM specimens were grossly cleaned by residual beads by shotpeening after manufacturing 
with the same powder used in the process. The overall accuracy of the EBM technology in terms of 
computer model reconstruction is specific geometry dependent (e.g. ±150 μm).

Figure 1. SEM micrographs of SLM produced specimens. A, B uncoated specimens, C and D coated 

specimens. Notice the globular surface at high magnification (D).
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7
Figure 2. SEM micrographs of EBM produced specimens. A, B uncoated specimens, C and D coated 

specimens. Notice the globular surface at high magnification (D).

Figure 3. Push-out mechanical data of SLM and EBM specimens after 4 and 15 weeks.
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Selective laser melting:
SLM is a rapid prototyping process, using a laser beam as energy source for the consolidation 
of Ti6Al4V powder. As all rapid prototyping techniques, SLM uses CAD data and layer-by-layer 
generation of the specimens. The powder size used in the SLM process ranged from 20 to 50 
µm. In contrast to the EBM process, in selective laser melting no preheating of the powder 
is used whereas a thermal post treatment on the produced specimens is essential to allow 
the material to be in compliance with applicable norms. [15;16] SLM specimens were grossly 
cleaned by residual beads by corundum sandblasting after manufacturing. The accuracy of 
the selective laser melting technique is geometry dependent but substantially lower than EBM 
(e.g. ±50 μm). 

Figure 4 A-H. Histology 

of samples implanted in 

femoral condyles. A, C with 

biomimetic coating, B and 

D non-coated specimens. In 

all figures the EBM coating 

is at the top and the laser 

at the bottom. A and B 4 

weeks follow up, C and D 15 

weeks follow up. E, G and F, 

H magnifications of C and D, 

respectively. Bar in A-D is 1 

mm, bar in E-F is 1.5 mm.
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Calciumphosphate coating:
The calcium phosphate coating was applied by immersing specimens in a calcifying solution 
for a few hours (pH 7.2, 370 C). The coating (5-10 µm) consists of two layers, a homogeneous 
layer directly on the metal and a surface layer of globular aggregates (Figures 1 C, D and 2 C, D). 
[17] The resulting coating appeared to be hydroxyapatite nano-crystalline. 

Experimental design:
Specimens were made in two different sizes and shapes. Cylindrical specimens of Ø 4mm and 
height 10 mm with one surface were used for mechanical push out testing and specimens of 
5x6.5x10 mm were used for histological analysis (n = 7 for each time point). Surgery was performed 
on 14 female, skeletal mature goats (Capra Hircus Sana), weighing 42-72 kg (mean 60 kg). The 
goats were divided in two groups, one group (7 goats) was sacrificed 4 weeks after surgery and 
the second group (7 goats) 15 weeks after surgery. 4 specimens (one of each surface, intended 
for mechanical testing) were implanted bilaterally in the iliac crest of each goat. Furthermore, 
each goat received 2 specimens, one with and one without coating (intended for histological 
analysis) in the distal femur; one in the medial and one in the lateral condyle of one knee joint. 
The goats were anaesthetized with propofol (4 mg/kg B.Brown, Melsungen, Germany), 
intubated and anesthesia was maintained using isoflurane. The goats were placed in a prone 
position and the implantation procedure was performed under strict sterile conditions. For 
the implantation of the push out specimens, a transverse skin incision was made over the 
iliac crest. The incision was continued subcutaneously to the periosteum. The periosteum was 
opened, after which the iliac crest was fully exposed. Two implant areas were created in the 
iliac crest using a sharp drill (Ø 4.0mm). The specimens were inserted press-fit into the holes 
and the periosteum and skin were closed separately with resorbable sutures. This procedure 
was repeated on the contralateral side. 
For implantation of the histology specimens the knee was approached lateral, visualizing the 
origin of the lateral collateral ligament. Approximately 1.5 cm from the origin a hole (Ø 5.0 
mm) was drilled reaching into the medial condyle. A sharp osteotome was used to shape the 
hole to the size (6.2 x 6.4mm) of the specimen. Just above the origin of the lateral collateral 
ligament a second implantation area was created in the same way (in the lateral condyle). 
The specimens were inserted press-fit into the holes and the facia and skin were closed 
separately with resorbable sutures. In both locations, iliac crest and distal femur, saline was 
used during the drilling to prevent heat induced necrosis and the implantation areas were 
inspected to guarantee that the specimens were completely surrounded by trabecular bone. 
The goats received ampicillin (7.5 mg/kg Intervet, Boxmeer, The Netherlands) during 4 days 
after surgery. 
Goats were sacrificed 4 or 15 weeks post-operative by an overdose of pentobarbital (Euthesate, 
Ceva Santa Animale, Libourne, France). After sacrificing of the animals, the distal femurs and 
iliac crests were retrieved. This study was approved by the animal ethics committee of the 
Radboud University Nijmegen.
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Mechanical testing:
The specimens from the iliac crest with surrounding bone were stored in the freezer until the 
test was performed. Based on X-ray images (Faxitron), the surrounding bone was sawed into a 
cube with the implant surrounded by bone, the top and bottom of the specimen free of tissues 
and the implant exactly perpendicular to the surfaces of top and bottom. Subsequently this 
cube was placed in a jig, which supported only the surrounding bone and not the implanted 
specimen. The clearance between specimen and support by the jig was 0.7 mm.[18] The load 
(MTS, load cell 1kN) was placed on top of the specimen and pushed the specimen out the 
surrounding bone with a fixed speed (1 mm/min) and continuous load versus displacement 
data were recorded. The maximum force was identified in order to define the mechanical 
strength of the bone-implant interface.  

Histological analysis:
Each femoral specimen with surrounding bone tissue was fixated in phosphate-buffered 
4% formaldehyde solution for 4 days and embedded in PMMA. Serial slices of ca. 40 µm, 
perpendicular to the length of the specimen, were cut using a sawing microtome (SP  
1600, Leitz, Wetzlar, Germany). Quantitative analyses of bone ingrowth depth and bone-
implant contact were performed on 5 hematoxylin/eosin (HE) stained slices which were 
homogeneously distributed over the length of the implant. Each slice was analyzed using 
computer assisted image analysis (AnalySIS 3.2 Soft Imaging System, Münster, Germany). 
For the measurement of bone ingrowth depth at 4 and 15 weeks a line was drawn from the 
deepest bone ingrowth to the outline of the specimen. The direct bone-implant contact (BIC) 
was determined by the linear extent of direct bone apposition divided by the total surface 
perimeter of the implant.

Statistical analysis: 
All mechanical and histological datasets were evaluated non-parametrically, as normal 
distribution could not be assumed for all parameters. Within time point comparisons of 
mechanical strength of the bone-implant interface, ingrowth depth and bone-implant 
contact were performed with a Wilcoxon Signed Rank test. Differences between medians were 
considered statistically significant for p-values <0.05. Statistical analysis was performed using 
SPSS (16.0, SPSS Inc., Chicago, USA).

Results

Mechanical testing
7 samples intended for push-out testing were excluded, 6 due to faulty placement of the 
samples, and 1 due to errors during preparation for push out test. Authors (PB, GH) involved in 
exclusion of the samples were blinded. Of the 7 exclusions, 1 belonged to the uncoated SLM (4 
weeks group), 2 to the SLM-HA (1 sample of the 4 weeks group and 1 sample of the 15 weeks 
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group), 1 to the uncoated EBM (4 weeks group), and 3 to the EBM-HA group (2 samples of the 
4 weeks group and 1 sample of the 15 weeks group). At both 4 and 15 weeks no differences in 
mechanical strength of the bone implant interface between the specimens produced by EBM 
or SLM were found. For the EBM produced specimens no significant differences in push out 
force were found between specimens with and without a HA coating. However, the uncoated 
SLM specimen had a significantly higher mechanical strength compared to the HA coated SLM 
specimens, at both 4 (p=0.03) and 15 weeks (p=0.03) of implantation. (Figure 3) 

Histological analysis
Five surfaces intended for histology and histomorphometric analysis were excluded due to 
faulty placement of the samples. Authors (PB, GH) involved in exclusion process were blinded. 
Of the 5 excluded surfaces, 1 belonged to the uncoated SLM (15 weeks group), 3 belonged to 
the SLM-HA (1 surface of the 4 weeks group and 2 surfaces of the 15 weeks group), and 1 to 
the EBM-HA (15 weeks). 
At 4 weeks after implantation a variable bone reaction was found around the specimens (Figure 
4 A,B). One surface ( coated SLM) was completely covered by a rather thick reactive tissue 
membrane. This membrane was ca 1-2 mm in thickness and of fibrous nature. New woven 
bone was formed in the membrane but no direct bone implant contact or only very limited 
bone ingrowth onto the specimen was found. The other specimens showed direct contact 
with bone. The bone ingrowth depth was variable between different specimens but quite 
constant for the two surfaces of one implant (Figure 4 A, B). No effect of the coating, such as 
osteoconduction along the surface or isolated bony spots on the surface of the implants that 
were not directly connected with host bone were seen. Also no differences in ingrowth depth 
and bone-implant contact were found between the two groups. The “trabeculae” of all other 
EBM and SLM surfaces were intimately connected to the host bone (Figure 4 C-H). Particularly 
the outer layer of metal “trabeculae” was almost completely surrounded by new host bone. No 
qualitative differences in the bone morphology were seen between the coated and uncoated 
surfaces. 
Histomorphometry indicated that the uncoated EBM specimens showed significantly higher 
bone-implant contact compared to the uncoated SLM produced specimens at 15 weeks 
follow-up (p = 0.03). The addition of a biomimetic coating did not result in a significant change 
in ingrowth depth and bone-implant contact as compared to the uncoated samples (Figures 
5 and 6). 

Discussion

In this study the bone ingrowth potential of a trabecular like implant surface produced by 
either electron beam melting or selective laser melting was investigated. The original design 
of the trabecular implant surface was similar for both production techniques. However, the 
SLM and EBM specimens that resulted after production were different in gross morphology 

22282_Liesbeth Biemond binnenwerk.indd   99 27-08-2012   11:47:02



 

100

Figure 5. Ingrowth depth after 4 and 15 weeks. 

Figure 6. Proportion of bone implant contact after 4 and 15 weeks
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and surface texture. In the EBM specimens the individual titanium granules could be clearly 
seen whereas this was not the case in the SLM specimens. The macroscopic surface of the SLM 
specimens was flatter as compared to EBM produced surfaces. Also the gross morphology and 
the porosity of the specimens clearly differed. Both the surface post treatments protocols and 
the difference in accuracy between the production technologies might have been responsible 
for these differences. This is a major limitation of this study. 
A second limitation is the different models used for mechanical push out analysis and the 
model for histological evaluation. This does not allow the direct comparison between push 
out data and the qualitative and morphometric evaluation of the ingrowth potential. The push 
out model have been previously published. The femoral model has been previously used in our 
group, however, not to place square samples. The trauma reaction associated with placing the 
samples might have played a role in the variation in results observed in the 4 week specimens. 
Moreover the ingrowth measurements in these square samples makes a direct comparison 
with similarly produced structures with different geometries or implanted at different locations 
in the body difficult. 
Several trabecular like implant surfaces have been developed during the last decade and are 
currently commercially available. One of them, based on tantalum metal, has been widely used 
as implant surface, mainly in revision surgery with or without bone defects.[19] Implants with 
such a ‘trabecular metal’ surface show good mid-term survival in primary arthroplasties [20] 
and good short-term survival in revision arthroplasties [21]. A comparison between the results 
of previously published animal experiments with this commercially available, successful 
‘trabecular metal’ and the current study cannot be made due to differences in measurement 
methods and animal models used. 
The direct comparison between SLM and EBM in this experiment showed no differences 
except for the higher bone-implant contact of EBM specimens at 15 weeks of implantation. 
A difference was not found in the push-out test, which reflects the actual strength at the 
bone implant interface. We do not know what caused the discrepancy between the higher 
bone implant contact and the similar push out strength. Of course a direct comparison is not 
possible since the push out strength and bone implant contact were analysed in different 
models with potentially a different bone ingrowth pattern to the implant. However, based on 
all histological and push-out test results, it can be concluded that there are no large differences 
in bone ingrowth potential between SLM and EBM produced implant surfaces with the same 
design.
The second goal of the study was to evaluate the effect of the addition of a biomimetic coating 
to the SLM and EBM produced trabecular surface structures. At 4 and 15 weeks of implantation 
the push out force was significantly lower for the SLM-HA specimens compared to the uncoated 
SLM specimens. Although this effect on the push out strength of the biomimetic coating was 
not significant in the EBM specimens, there was also a non-significant trend towards a lower 
mechanical push out force in the 15 week follow up EBM-HA specimens. This is a remarkable 
result, which is in contrast with previous work of our group with biomimetic coatings on EBM 
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specimens. However, a coating with different characteristics had been used in that study [8]. In 
literature the results of biomimetic coatings are in general positive on the interface strengths 
of bone with the implant[22;23], but not all coatings induce a better fixation.[24] Yang et al. 
performed removal torque tests in rabbit femurs of a biomimetic phosphate coating on a 
titanium implant and compared these results to electrochemically deposited HA and uncoated 
implants. The biomimetic coating did not increase the torque values compared to the uncoated 
implants, whereas the electrochemically deposited HA did increase torque values.[24]
Possible explanations for the lower push out strength of the biomimetic coated specimens in this 
experiment can be multifactorial, involving the thickness of the coating, the fixation strength 
of the coating to the metal, the chemical nature of the coating and the dissolution speed. The 
coating used in this experiment was rather thin (5-10 µm) and if the dissolution speed was fast 
the positive postoperative effect of the coating could have been lost before bone progenitors 
were in the direct vicinity of the implant. In this respect it should also be mentioned that the 
model used in this experiment to analyse the histological response towards the implants was 
rather invasive. A round drill hole was manually shaped with sharp osteotome into a square 
hole, which might have induced a rather large trauma reaction in the bone. A resorptive phase 
associated with such reaction might have obscured a potential positive effect of a coating with 
a rapid dissolution speed, which might explain the lack of histological detectable effect of the 
coating. Furthermore it is known that a coating can chip off during the press-fit implantation 
of the specimen. However, the coating inside the pores will nevertheless not be affected by 
the implantation. Even when chipped off the coating could have had a beneficial effect on 
bone ingrowth. Furthermore the bonding between the porous implant and the coating can 
be a point of concern, as seen by Yang et al, who found that the biomimetic coating failed at 
the implant � coating interface whereas the electrochemically deposited HA failed at the bone 
during the torque test [24].
Since the numerous listed variables that could play a role in the lower push out force of the 
SLM produced specimens compared to the EBM specimens, further research is needed before 
a final assessment of the effect of coatings on bone ingrowth can be made. 

In conclusion

SLM and EBM produced specimens showed variable bone ingrowth after 4 weeks but showed 
good bone ingrowth characteristics after 15 weeks. Non-coated SLM specimens have a superior 
push out strength compared to the coated specimens. Further investigations are needed how 
to further improve the biological and mechanical responses of the EBM and SLM produced 
specimens. 
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Chapter 1

Although the overall results of total hip replacement are good, 5 to 10 percent of the 
cementless implants still fail within 10 years of implantation, mainly due to aseptic loosening. 
The frequency of failure is likely to increase due to implantation in younger and more active 
patients. Revision surgery after failure of an implant creates a large burden for both the patient 
and society, indicating an urgent need for improvement of cementless implants in order to 
avoid aseptic loosening. 
The long term success of cementless implants is dependent on bone ingrowth, whereby 
the initial press fit fixation transfers to a secondary mechanical fixation. Bone ingrowth has 
been shown to be influenced by several factors, including the surface characteristics of the 
implants.
In chapter 1 an overview of the basic science and current state of techniques to produce porous 
implant surfaces is presented, and relevant items such as additional treatments are discussed.

Chapter 2

In chapter 2 the long term survival of the cementless Spotorno (CLS) femoral component was 
evaluated in a consecutive series of 85 patients (100 hips) under 50 years of age. The mean 
follow-up was 12.3 years. The survival rate of the CLS stem was 96.9% (93.6%-100%) after 13 
years based on revision of the stem for any reason. The survival of the stem with revision for 
aseptic loosening as the end point was 97.9% (95.1%-100%) at 13 years. The mean Harris hip 
score at time of follow-up was 94. According to consensus in literature this is an excellent 
survival of the CLS stem in young patients. 

Chapter 3

In order to achieve successful bone ingrowth, a series of events on cellular level should occur, 
consisting of cell attachment, proliferation and differentiation of stem cells or pre-osteoblasts. 
Surface characteristics, like roughness, pore size and porosity play a key role in these processes 
leading to bone ingrowth.
In chapter 3 two newly designed highly porous E-beam engineered surface structures were 
evaluated with respect to attachment, proliferation and differentiation of human mesenchymal 
stem cells (hMSCs). These results were compared to those of a solid sandblasted control. 
SEM analyses showed that the E-beam structures allowed cells to attach and spread. Proliferation 
on the new surface structures was comparable to the solid control. Furthermore, differentiation 
of the hMSCs into cells with a bone phenotype on the 3D structures was comparable to the 
control specimen. When culturing the hMSCs for 10 days, one of the structures showed a 
significantly higher differentiation rate compared to the control specimen, indicating that the 
newly designed surfaces supported a bone differentiation of stem cells.
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Chapter 4

Directly after press-fit implantation the prosthesis will be stabilized by friction at the bone 
implant interface. Sufficient frictional stability will reduce micromotion at the bone implant 
interface and enable bone ingrowth into the surface of the implant, resulting in a long lasting 
mechanical interlock of the implant and optimal secondary mechanical stability.
In chapter 4 two new 3-dimensional E-beam surface structures were examined with respect 
to frictional properties and in vivo bone ingrowth potential. A commercially available titanium 
plasma spray coating and a plain, sandblasted E-beam surface were used as controls. The 
structures and the controls were pushed alongside human cortical bone in order to define 
the friction coefficient. Furthermore the E-beam structures and controls were implanted into 
the femoral condyles of 6 goats. Six weeks after surgery the goats were sacrificed and the 
percentage direct bone-implant contact was measured using histomorphometry.
The frictional and bone ingrowth properties of the new E-beam produced surface structures 
were similar to the plasma sprayed control. However, due to the high porosity and large pore 
size, the maximal bone ingrowth had not been reached for the E-beam structures during the 
relatively short-term period (6 weeks), although it is not clear if extra bone ingrowth would 
have increase the interface strength.

Chapter 5

Calciumphosphate (CaP) coatings have been successfully applied on orthopedic and dental 
implants. The advantages of these coatings are enhancement of bone formation and 
accelerated bonding between implant and bone. With the biomimetic coating technique it is 
possible to apply a CaP coating on  porous and irregular surfaces.
In chapter 5 the bone ingrowth potential of two biomimetic CaP coatings (hydroxyapatite 
and brushite) applied on a porous E-beam structure was examined and compared to a similar 
uncoated porous structure and a conventional titanium plasma spray coating. Specimens 
were implanted in the iliac crest of goats for a period of 3 (4 goats) or 15 weeks (8 goats). 
Mechanical implant fixation strength generated by bone ingrowth was analyzed by a push out 
test. Furthermore, histological analysis was performed to assess bone ingrowth potential. 
The uncoated and hydroxyapatite-coated E-beam structure had significantly higher mechanical 
strength at the interface compared to the Ti plasma spray coating at 15 weeks of implantation. 
Bone ingrowth was significantly larger for the hydroxyapatite- and brushite-coated structures 
compared to the uncoated structure at 5, 10 and 15 weeks after implantation. 
In conclusion, the porous E-beam surface structure showed higher bone ingrowth potential 
compared to a conventional implant surface after 15 weeks of implantation. Addition of a 
calcium phosphate coating to the E-beam structure enhanced bone ingrowth significantly. 
Furthermore, the calcium phosphate coating appears to work as an accelerator of bone 
ingrowth. 
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Chapter 6

In chapter 6 the bone ingrowth potential of new E-beam structures was examined and compared 
to a porous plasma spray control. Furthermore the effect of additional treatment by application 
of a hydroxyapatite coating and acid etching was evaluated. Specimens were implanted in the 
distal femur of goats for 6 weeks. The structure with a large pore size and high porosity showed 
the best bone ingrowth. The E-beam produced surface showed significantly more bone ingrowth 
compared to the control surface. Additional treatment of the E-beam surface structures with 
a hydroxyapatite coating further improved the bone ingrowth potential of these structures 
significantly. Acid-etching of the E-beam structures did not influence bone ingrowth.

Chapter 7

In chapter 7 the bone ingrowth potential of a trabecular-like implant surface produced by 
either selective laser melting or electron beam melting with and without a biomimetic coating 
was investigated. A goat model was used, in which specimens were implanted in the iliac crest 
and distal femur for mechanical push out testing and histological analysis respectively. The 
goats were sacrificed after 4 and 15 weeks. 
Both the laser and E-beam produced trabecular-like structure showed good bone ingrowth, 
with no clear difference between the two production methods. The mechanical strength at the 
bone implant interface of the laser produced specimens was significantly lower for the coated 
specimens compared to the uncoated specimens. Histological analysis showed no significant 
difference between the specimens with and without the coating. The lower mechanical 
strength of the coated laser-produced specimens is however a remarkable result, indicating 
further research is necessary.

Closing remarks and future perspectives

Due to an ageing population the estimated number of total hip replacements will rise 
substantially to approximately 25.000 in 2020 in the Netherlands [1] and approximately 65.000 
total hip arthroplasties in the United Kingdom in 2026.[2] The growing number of total hip 
replacements in younger and more active patients will increase this number even further. The 
combination of joint arthroplasty in young patients and an increased life expectancy in general 
demands enhanced survival of prostheses.
The hip prostheses that are on the market nowadays show good survival according to the 
current standards.[3] However, concerning the aforementioned, these standards might have 
to be extended in the future. A higher survival at 10 years and a prolonged follow up may be 
required although the last will be difficult due to the constant innovation and design of new 
implants by the medical device industry. There is a need for advanced implant surfaces with 
enhanced bone ingrowth properties to meet the extended standards.
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Numerous implant surfaces (mostly coatings) have been developed in an attempt to achieve 
this enhanced bone ingrowth, some with good results, others with no effect on the fixation 
by bone ingrowth.[4] Drawbacks of the use of a coating are the risk of loose particles, the 
enlargement of the surface area and subsequently the prolonged time needed for bone 
ingrowth. 
Theoretically, a true mechanical interlock between bone and the 3-dimensional porous surface 
of an implant should provide fixation for life. This is the idea behind the development of the 
new porous implant surfaces examined in this thesis.
The bone ingrowth potential of the new porous implant surfaces, produced by rapid prototyping 
techniques with and without additional calciumphosphate coatings were compared to more 
conventionally produced implant surfaces. The new surfaces showed a comparable bone 
ingrowth potential at a short follow-up period as compared to a well-performing conventional 
surface. After a relatively long period the new surfaces showed even better bone ingrowth.
However, it is not clear whether the observed increase in bone ingrowth in animal models will 
lead to prolonged survival of prostheses implanted in patients. The survival may be limited by 
other factors, such as wear. The downside of full bone ingrowth is the difficulty to remove the 
implant when necessary.
The possibilities with implant surfaces produced by rapid prototyping techniques are endless; 
in this thesis variations in technique, surface geometry, the use of acid etching and addition 
of calciumphosphate coating have been investigated. Although the design of new surfaces 
by rapid prototyping is an opportunity, the number of potential structures is large and direct 
comparison is complicated, which implies that it is hard to define which implant structure 
is the best. A pre-screening by in vitro mechanical testing or by finite element modelling 
could potentially select optimal structures that can be further tested in animals. Further 
possibilities to improve the biology of surfaces produced by rapid prototyping techniques are 
the incorporation of growth factors such as bone morphogenetic proteins, or other modifying 
drugs into the coating. Also the application of specific designed 3-dimensional implant 
surfaces for different parts of the prostheses could induce an optimal local tissue behaviour. 
An example if thus would be a coating on the proximal part of a hip prosthesis that would 
avoid stress shielding. 
Furthermore, with rapid prototyping it is possible to design a prosthesis based on patient data, 
a so called personalized prosthesis. This is probably the application with the highest potential. 
In future, it might be possible to develop and produce a customized, personalized prosthesis 
which offers enhanced bone ingrowth especially in the more demanding areas of this specific 
patient, for example in patients with osteoporosis. It is known that the initial fixation may be 
compromised in osteoporotic bone.[5;6] With a surface geometry or coating in the area of, for 
example Gruen zone 7, a cementless implant can be successful in patients with osteoporosis.
[7] Patients with substantial bone defects, in revision or tumour surgery, are a second group 
that can benefit from such a personalized prosthesis. 
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To achieve the aforementioned clinical use, further research is necessary. First of all, the field 
of personalized implant design has to be developed to a higher level. Currently a customized 
femoral stem, which can correct leg length, anteversion and deformation of the femur as seen 
in, for example Perthes disease is on the market. Although this customized femoral stem shows 
promising results, long term survival is not available yet. Patient selection for the customized 
stem is also challenging.[8]  With this personalized femoral component only the shape of 
the implant is customized, not the implant surface. It would be interesting to customize 
the implant on both CT data and bone mineral density measurements, in order to facilitate 
enhanced bone ingrowth in areas with bone defects and osteoporosis. Furthermore the ideal, 
patient independent areas to apply 3-dimensional implant surfaces on the prosthesis are 
not yet known. Finite element modelling and eventually animal experiments are necessary 
to define the ideal areas for fixation, optimizing the balance between bone ingrowth, stress 
shielding, revisability, etc. 
Secondly, micromotions were not taken into account in this thesis. The relative motion 
between the prosthesis and bone evoked by weight bearing might influence bone ingrowth 
in a negative way[9] Although the effect is patient specific, each surface has a different 
vulnerability for micromotion and therefore the bone ingrowth potential of the new surface 
structures should be tested under controlled micromotion. Unfortunately, all current animal 
models to investigate the effect of micromotion on bone ingrowth of an implant surface have 
their limitations, such as external parts, the inability to control force and displacement and 
the inability to monitor the displacement. So, in fact a new micromotion model has to be 
developed.
Finally, a new implant surface, probably fitted in a personalized joint arthroplasty design should 
be tested thoroughly in animal experiments and after that in patients. Hopefully, in this way, 
rapid prototyping finds its place to improve the outcome of joint arthroplasty.
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Hoofdstuk 1

De resultaten van de operatie waarbij een versleten heup wordt vervangen door een kunstheup, 
ook wel totale heup arthroplastiek genoemd, zijn goed. Toch faalt nog steeds 5 tot 10 procent 
van de ongecementeerde implantaten binnen 10 jaar na implantatie, voornamelijk door 
aseptische loslating. Het is aannemelijk dat het percentage implantaten dat faalt gaat stijgen 
omdat steeds meer jonge en actieve patiënten worden geopereerd. Revisie van de gefaalde 
component(en) is een grote belasting voor de individuele patiënt en de samenleving. Er zijn 
dus betere ongecementeerde implanten nodig, die een lagere kans hebben op aspetische 
loslating. Het succes van ongecementeerde prothesen op de lange termijn is afhankelijk van de 
verbinding die de prothese met het bot aangaat. Een initiële ’press fit’ mechanische fixatie gaat 
op termijn over in een permanente secundaire fixatie waarbij de botingroei de mechanische 
stabiliteit levert. De botingroei wordt beïnvloed door verschillende factoren waaronder de 
karakteristieken van het poreuze oppervlak van de prothese. 
In hoofdstuk 1 werd een overzicht gegeven van de wetenschappelijke achtergrond en huidige 
staat van technieken om poreuze implantaat oppervlakken te maken en werden relevante 
zaken zoals additionele coatings besproken.

Hoofdstuk 2

In hoofdstuk 2 werd de lange termijn overleving van de ongecementeerde Spotorno (CLS) 
femorale component (Zimmer Inc., Warsaw, USA) onderzocht in een opeenvolgende serie van 
85 patiënten (100 heupen) jonger dan 50 jaar. De mediane follow up was 12,3 jaar. 
De overleving van de CLS femorale component was 96,9% (93,6% tot 100%) na 13 jaar, 
gebaseerd op revisie voor alle redenen. De overleving van de steel met revisie voor aseptische 
loslating als eindpunt was 97,9% (95,1% tot 100%) na 13 jaar. De mediane Harris Hip Score was 
94 ten tijde van de follow up. Dit is een uitstekende lange termijn overleving van de CLS steel 
bij patiënten jonger dan 50 jaar.

Hoofdstuk 3

Succesvolle botingroei begint op cel-niveau; Stamcellen of pre-osteoblasten moeten hechten 
op het implantaat en vervolgens prolifereren, differentiëren en botmatrix gaan maken. De 
oppervlak karakteristieken van het implantaat, zoals de ruwheid, grootte van de poriën en 
mate van porositeit, spelen een belangrijke rol in deze cellulaire processen.
In hoofdstuk 3 is de hechting, proliferatie en differentiatie van humane stamcellen op twee 
nieuwe poreuze E-beam oppervlak structuren en een niet-poreuze gezandstraalde controle 
getest. SEM analyse wees uit dat de stamcellen zich hechten aan en zich uitstrekken op de 
E-beam structuren. De proliferatie en differentiatie op de nieuwe 3-dimensionale structuren 
was vergelijkbaar met die op het controle oppervlak. De differentiatie van de stamcellen op 
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één van de E-beam structuren was zelfs significant beter in vergelijking met de gezandstraalde 
controle wanneer de cellen gekweekt werden gedurende 10 dagen. Dit toont aan dat de nieuwe 
E-beam oppervlak structuren differentiatie van stamcellen naar bot kunnen stimuleren. 

Hoofdstuk 4

Tijdens het implanteren van een ongecementeerde prothese wordt een perfecte aansluiting 
tussen prothese en bot nagestreefd (press-fit implantatie). De prothese wordt vanaf het 
moment van deze press-fit implantatie gestabiliseerd door wrijving op het bot-implantaat 
oppervlak. Voldoende wrijving is een voorwaarde voor botingroei in de prothese, welke zorgt 
voor een langdurige mechanische vergrendeling tussen de prothese en het omliggende bot 
en dus een optimale secundaire stabiliteit.
In hoofdstuk 4 werden twee nieuwe E-beam structuren onderzocht met betrekking tot 
hun wrijvings- en botingroei kwaliteiten. Een commercieel verkrijgbare titanium plasma 
spray coating en een gezandstraalde E-beam oppervlak werden gebruikt als controle. De 
wrijvingscoëfficient werd bepaald door de E-beam structuren en de controles langs menselijk 
corticaal bot te schuiven. Tevens werden de implantaten van alle 4 de groepen gedurende 
6 weken in het distale femur van 6 geiten geplaatst. Na het offeren van de geiten werd de 
hoeveelheid botingroei bepaald in histologische coupes door middel van histomorphometrie. 
De wrijving- en botingroei kwaliteiten van de nieuwe E-beam oppervlak structuren zijn 
gelijk aan die van de plasma spray controle. Door de hoge porositeit en grote poriën was de 
maximale botingroei waarschijnlijk nog niet bereikt in de relatief korte periode (6 weken) van 
dit onderzoek. Het is niet zeker of een eventuele toename van botingroei ook nog tot een 
sterkere bot-implantaat interface leidt.

Hoofdstuk 5

Calciumfosfaat (CaP) coatings worden al succesvol toegepast op tandheelkundige en 
orthopedische implantaten. Deze coatings bevorderen de botvorming en versnellen de 
hechting tussen implantaat en bot. Met de biomimetische coating techniek is het mogelijk om 
een CaP coating aan te brengen op poreuze en onregelmatige prothese oppervlakken. 
In hoofdstuk 5 werd de botingroei capaciteit onderzocht van twee biomimetische CaP coatings 
(hydroxyapatite en brushite) welke zijn aangebracht op een poreuze E-beam structuur. De 
ongecoate versie van deze structuur en een implantaat met een conventionele titanium 
plasma spray coating werden gebruikt als controles. De specimens werden geimplanteerd 
in de bekkenkam van geiten. Na 3 (4 geiten) of 15 weken (8 geiten) werd de mechanische 
fixatie sterkte van het implantaat aan het bot bepaald door middel van een ‘push out’ test. Een 
histomorphometrische analyse werd verricht om de botingroei capaciteit te bepalen.
De ongecoate structuur en structuur met hydroxyapatite coating hadden na 15 weken beiden 
een significant hogere mechanische fixatie sterkte van het implantaat aan het bot in vergelijking 
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met de titanium plasma spray coating. De botingroei was na 5, 10 en 15 weken significant 
groter voor de implantaten met een hydroxyapatite of brushite coating in vergelijking met de 
ongecoate implantaten.
Concluderend heeft de poreuze E-beam oppervlak structuur na 15 weken een hogere botingroei 
capaciteit in vergelijking met een conventioneel prothese oppervlak. Het aanbrengen van een 
calciumfosfaat coating op de E-beam structuur bevordert de botingroei significant en lijkt de 
botingroei te versnellen.

Hoofdstuk 6

In hoofdstuk 6 werd de botingroei capaciteit van nieuwe E-beam structuren onderzocht en 
vergeleken met een poreuze plasma spray coating. Ook werd het effect van nabehandeling 
van de prothese oppervlakken door middel van toevoegen van een hydroxyapatite coating 
en etsen onderzocht. Implantaten werden in het distale femur van geiten geplaatst voor een 
periode van 6 weken. De E-beam structuur met grote porieën en een hoge porositeit liet de 
beste botingroei zien. De E-beam structuur had significant betere botingroei in vergelijking 
met het controle implantaat. Nabehandeling van de E-beam structuren met een hydroxyapatite 
coating verhoogde de botingroei verder. Het etsen van de E-beam structuren had geen invloed 
op de botingroei.

Hoofdstuk 7

In hoofdstuk 7 werd het vermogen tot botingroei van een oppervlak structuur in de vorm van 
trabekels onderzocht. De structuur was geproduceerd met zowel selective laser melting als 
electron beam melting en met en zonder biomimetische coating. Er werd gebruik gemaakt 
van een geitenmodel, waarbij de implantaten in de bekkenkam en het distale femur werden 
geplaatst voor respectievelijk een push out test en histologie. De geiten werden geofferd na 
4 en 15 weken. 
Zowel de laser als E-beam oppervlak structuur in de vorm van trabekels toonde goede botingroei, 
zonder duidelijk verschil tussen de twee productie technieken. De mechanische sterkte op de 
bot-implantaatinterface van de laser geproduceerde implantaten was significant lager voor 
de gecoate implantaten in vergelijking met de ongecoate implantaten. Histologische analyse 
toonde geen verschil tussen de gecoate en ongecoate implantaten. De lagere mechanische 
sterkte van de laser geproduceerde, gecoate implantaten is een opmerkelijk resultaat, wat 
verder onderzocht moet worden.

Afsluitende opmerkingen en toekomstig onderzoek

Volgens schattingen zal door de vergrijzing van de bevolking het aantal totale heup prothesen 
substantieel stijgen tot ongeveer 25.000 in 2020 in Nederland[1] en ongeveer 65.000 in het 
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Verenigd Koninkrijk in 2026.[2] Deze aantallen zullen zelfs verder toenemen door het groeiende 
aantal heupprothesen dat wordt geplaatst bij jonge en actieve patiënten. De combinatie 
van heupartroplastiek / totale heupvervanging in jonge patiënten en de toegenomen 
levensverwachting van deze patiënten vraagt langere overleving van prothesen.
De heupprothesen die nu op de markt zijn, hebben volgens de huidige richtlijnen een goede 
overleving.[3] Echter, gezien het bovenstaande, moeten de eisen in deze richtlijnen mogelijk 
naar boven moeten worden bijgesteld in de toekomst. Een betere overleving na 10 jaar en een 
langere follow-up is wenselijk, alhoewel dit laatste lastig zal zijn door constante innovatie en 
de ontwikkeling van nieuwe implantaten door de medische industrie. Nieuwe geavanceerde 
prothese oppervlakken met verbeterde botingroei-eigenschappen zijn nodig om te voldoen 
aan de bijgestelde richtlijn(en). 
Vele prothese oppervlakken (vooral coatings) zijn ontwikkeld in een poging om deze 
verbeterde botingroei te verwezenlijken, sommige met goede resultaten, andere zonder 
effect op de fixatie door botingroei.[4] Nadelen van het gebruik van een coating zijn de kans 
op losse partikels, de vergroting van de oppervlakte en dientengevolge de verlengde tijd die 
nodig is voor botingroei.
In theorie zou een echte verankering tussen bot en een 3-dimensionaal poreus prothese 
oppervlak een levenslange fixatie geven. Deze gedachte vormt het idee achter de nieuwe 
oppervlak structuren die onderzocht zijn in dit proefschrift.
De botingroei in nieuwe poreuze prothese oppervlakken, die gemaakt zijn met een ‘rapid 
prototyping’ techniek met en zonder toevoeging van een calcium-fosfaat coating zijn vergeleken 
met conventionele prothese oppervlakken. De botingroei van de nieuwe oppervlakken is 
vergelijkbaar met de botingroei in het goed presterende conventionele oppervlak. Na een 
langere periode was de botingroei in de nieuwe oppervlakken zelfs beter.
Toch is het niet duidelijk of een betere botingroei in diermodellen ook een langere overleving 
van de prothese bij patiënten betekent. De overleving kan worden beperkt door andere 
factoren, zoals slijtage. Een nadeel van volledige botingroei is dat het moeilijk is om de prothese 
te verwijderen wanneer dit nodig zou zijn.
De mogelijkheden met prothese oppervlakken die geproduceerd zijn met ‘rapid prototyping’-
technieken zijn eindeloos. In dit proefschrift worden variaties in techniek, geometrie, 
gebruik van zuren om het oppervlak te etsen en toevoegen van een calcium-fosfaatcoating 
onderzocht. Hoewel het produceren van nieuwe oppervlakken door ‘rapid prototyping’ 
kansen biedt, is het aantal mogelijke structuren zeer groot wat directe vergelijking moeilijk 
maakt en het bepalen welke structuur het beste is haast onmogelijk. Een voorselectie door 
in vitro mechanische experimenten of eindige elementen analyse kan mogelijk de meest 
optimale structuren opleveren, die vervolgens getest kunnen worden in dierproeven. Andere 
mogelijkheden om de biologie van ‘rapid prototyping’ implantaatoppervlakken te verbeteren 
zijn het inbedden van groeifactoren zoals bot morfogenetische eiwitten in de coating. Ook het 
gebruik van 3-dimensionale oppervlakken op verschillende delen van de prothese kan leiden 
tot een optimale weefselreactie rond het implantaat. Een voorbeeld hiervan is een coating op 
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het proximale deel van de femurcomponent van een heup prothese zodat stress-shielding kan 
worden voorkomen. 
Verder is het met ’rapid prototyping’ mogelijk om een prothese te ontwerpen aan de hand van 
patiënt informatie om zo een patiënt-specifieke prothese te maken. Deze patiënt-specifieke 
prothese is waarschijnlijk de meest veelbelovende toepassing van de ’rapid prototyping’ 
techniek in de gewrichtvervangende operaties. In de toekomst is het wellicht mogelijk om 
een patiënt-specifieke prothese te ontwikkelen en te produceren welke vergrote botingroei 
induceert in de meer precaire plaatsen bij deze patiënt, bijvoorbeeld bij patiënten met 
osteoporose. Het is bekend dat de initiële fixatie verminderd kan zijn in osteoporotisch bot.
[5;6] Met een oppervlak geometrie of coating in het gebied van bijvoorbeeld Gruen zone 7, 
kan een ongecementeerde prothese succesvol zijn in patiënten met osteoporose.[7] Patiënten 
met substantiële botdefecten, bij revisie- of tumorchirurgie, zijn een tweede groep die baat 
kunnen hebben bij zo’n patiënt-specifieke prothese.
Om het bovengenoemde klinische gebruik van patiënt-specifieke prothesen te kunnen bereiken, 
is verder onderzoek noodzakelijk. Ten eerste moet het concept van de patiënt-specifieke prothese 
verder ontwikkeld worden. Er is inmiddels een patiënt-specifieke femorale steel op de markt, 
die kan corrigeren voor beenlengte, anteversie en deformatie van het femur, zoals ontstaat bij 
bijvoorbeeld de ziekte van Perthes. Hoewel deze patiënt-specifieke prothese veelbelovende 
resultaten laat zien, zijn er nog geen lange termijn resultaten beschikbaar. De selectie van patiënten 
voor deze prothese vormt een uitdaging.[8] Bij deze patiënt-specifieke femorale component, 
kan alleen de vorm van de prothese worden aangepast aan de patiënt, niet het implantaat 
oppervlak. Het zou interessant zijn om het implantaat aan te passen op basis van zowel CT 
gegevens als botdichtheidsmetingen, om zo vergrote botingroei in gebieden met osteoporose en 
botdefecten te faciliteren. De meest ideale, patiënt-onafhankelijke gebieden om 3-dimensionele 
implantaatoppervlakken aan te brengen, zijn nog niet bekend. Eindige elementen studies en 
uiteindelijk dierproeven zijn noodzakelijk om de ideale gebieden voor fixatie te bepalen, waarbij 
botingroei, stress-shielding, de mogelijkheid tot reviseren, enz. in balans zijn.
Ten tweede zijn microbewegingen niet meegenomen in dit proefschrift. De relatieve beweging 
tussen de prothese en het bot welke wordt veroorzaakt door het belasten van de prothese 
heeft mogelijk een negatief effect op de botingroei.[9] Alhoewel dit effect patiëntspecifiek 
is, heeft elk protheseoppervlak een eigen kwetsbaarheid voor microbewegingen en moet 
de botingroei van nieuwe prothese oppervlakken getest worden onder blootstelling aan 
gecontroleerde microbewegingen. Helaas hebben alle diermodellen die tot nu toe gebruikt 
worden om het effect van microbewegingen te testen beperkingen, zoals de onmogelijkheid 
om kracht en verplaatsing te controleren en de verplaatsing te monitoren. Er is daarom 
behoefte aan een nieuw model om het effect van microbewegingen te meten.
Tot slot zal een nieuwe implantaatoppervlak, mogelijk toegepast in een patiënt-specifieke 
gewrichtsprothese uitgebreid getest moeten worden in dierexperimenten en daarna in 
patiënten. Hopelijk zal op deze manier het gebruik van ’rapid prototyping’-technieken een 
plek vinden om de resultaten van gewrichtsvervanging te verbeteren.
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AList of abbreviations
3D	 3-dimensional
AL	 Aseptic loosening
ALP	 Alkaline phosphatase
AVN	 Avascular Necrosis
BIC	 Bone implant contact
BMD	 Bone mineral density
CAD	 Computer aided design
CaP	 Calciumphosphate
CLS	 Cementless Spotorno
CT	 Computed tomography
DNA	 Deoxyribonucleic acid
Ebeam	 Electron beam melting
EBM	 Electron beam melting
HA	 Hydroxyapatite
HE	 Hematoxylin/Eosin
HHS	 Harris hip score
hMSCs	 human mesenchymal stem cells
MTS	 Material testing systems
NICE	 National Institute for Health and Clinical Excellence
NSAID	 Non-steroidal anti-inflammatory drug
OA	 Osteoarthritis
(P)MMA	 (Poly)methylmethacrylaat
PT	 Posttraumatic
SD	 Standard deviation
SEM	 Scanning electron microscopy
SLM	 Selective laser melting
THR	 Total hip replacement
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great collaboration during the last 4 years. Without your pioneering work on implant surfaces 
and the funding this thesis would not exist. I do appreciate your patience and faith in the work 
we performed together. I really enjoyed the visits to Italy and will not forget the Italian lunches 
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Dean, tijdens mijn coschappen heb je me enthousiast gemaakt voor het meewerken aan jouw 
onderzoek. Een rijdende trein beloofde je me. En dat was ook zo, vrij gemakkelijk hebben 
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mij gedaan hebben!
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zou gaan. Als ik weer eens een (vaag) plan had voor een apparaat/osteotoom/boortje enz, 
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grote netwerk op de universiteit. Ik heb het (net) gered om klaar te zijn voor je pensioen, dank 
je wel voor alle hulp.

Léon, je hebt voor mij oneindig veel coupes geplastificeerd, gezaagd, gekleurd en gemeten. 
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