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“My dear Buchholz, nothing leaks out of a stone.”   

 

– Sir John Charnley, 1970 





Contents 

 

Chapter 1 Backgrounds of antibiotic-loaded bone cement and prosthesis-

related infection 

 1

Chapter 2 The release of gentamicin from acrylic bone cements in a simulated 

prosthesis-related interfacial gap 

25

Chapter 3 Bacterial survival in a simulated prosthesis-related interfacial gap in 

gentamicin-loaded acrylic bone cements before and after initial 

elution 

39

Chapter 4 Bone cement loaded with clindamycin or fusidic acid in addition to 

gentamicin and survival of gentamicin-resistant coagulase-negative 

staphylococcal strains in a simulated prosthesis-related interfacial 

gap 

53

Chapter 5 The influence of cyclic loading of gentamicin-loaded acrylic bone 

cements on gentamicin release 

63

Chapter 6 Increased release of gentamicin from acrylic bone cements under 

influence of low-frequency ultrasound 

79

Chapter 7 General discussion 93

 Summary 105

 Samenvatting 113

 Dankwoord & Curriculum vitae 121

 Appendix 129

 



 



  

Backgrounds of  

antibiotic-loaded bone cement and 

prosthesis-related infection 

 

  
Chapter 1 

 

Chapter 1 is accepted for publication in Biomaterials. Hendriks JGE, Van Horn JR, 

Van der Mei HC, Busscher HJ. 

 





Backgrounds of antibiotic-loaded bone cement 

 3  

Introduction 

Antibiotic-loaded bone cements have been used for a long time in clinical orthopaedics, 

despite the fact that we are still in the phase of trying to understand how and why these bone 

cements work.
1
 

 

In the first part of this chapter, the progress made in the various scientific fields 

involved in the development of bone cement will be shown. In the second part, prosthesis-

related infection is described as a devastating failure scenario of a cemented orthopaedic 

implant. The use of antibiotic-loaded bone cement is one of several methods applied in the 

prevention and treatment of prosthesis-related infection and the third part of this chapter will 

therefore focus on bone cement loaded with the antibiotic gentamicin. As the greater part of 

antibiotic loaded in bone cement remains there for years, the fourth part will explore physical 

methods that could augment its efficacy, especially after several years. The final part of this 

chapter will describe the research objectives of this thesis that aim to better understand the 

behaviour of antibiotic-loaded bone cement under simulated physiological conditions. 

Backgrounds of bone cement 

Clinical application 

The history of current cemented arthroplasty begins with Charnley who started using self-

curing acrylic bone cement to bond femoral head prostheses into the femur in 1958.
2
 The 

cementing technique of that time involved mixing the liquid monomer and granular polymer 

components with a spatula in an open bowl. The surgeon would knead the resulting doughy 

mass, prior to finger packing and thumb pressurizing it into place.
3
 Subsequently the 

prosthesis was inserted and the bone cement was allowed to polymerize. Figure 1-1 shows 

(A) an X-ray of a cemented total hip arthroplasty and (B) a removed prosthesis with 

surrounding bone cement mantle. 

 

This initial technique showed a survival rate of about 85% after 15 years of follow-up, 

which left room for improvements.
4
 Later generation cementing techniques mainly evolved 

from clues from post-mortem studies and laboratory models of the cement bone interface in 

earlier generation cementing techniques.
5
 Second generation techniques aimed at improving  
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A) 

 

  B) 

 
Figure 1-1. Bars represent 5 cm. 

A) X-ray in a frontal view of a patient with a cemented total hip replacement. The arrow indicates a region 

where the bone cement has loosened from the bone.  

B) Photograph of a similar cemented prosthesis after removal from the patient. The bone cement was still firmly 

attached to the prosthesis. 

 

the contact of the bone cement with the bone.
5,6

 The introduction of porosity reducing 

measures marked the start of third generation cementing techniques. Other third generation 

developments in cementing techniques were the use of prosthesis positioning devices, such as 

centralizers, that ensure correct placement of the prosthesis and a reliable thickness of the 

bone cement mantle. With these new techniques cemented total hip arthroplasty currently 

shows survival rates of 85 to 90% at 15 years and 80 to 85% at 20 years.
7-9

  

Biological properties of bone cements 

The implantation of non-compatible materials in the human body is limited by a so-called 

foreign body reaction. This is an inflammatory response due to the foreign body that may 

lead to migration and rejection of the implanted material. Furthermore, such materials may 

exude harmful substances. Therefore, any material applied in the human body should be able 

to perform with an appropriate host response in a specific application.
10

 In other words, it 

should show a high degree of biocompatibility. 

 

Bone cement mainly consists of polymethylmethacrylate (PMMA). This polymer was 

reportedly first used in a medical application in the late 1930’s as a means to cover skull 

defects.
11

 Further hints of the excellent biocompatibility of this polymer in tissues came from 

World War II fighter pilots that had been injured during aircraft crashes. Pieces of the PMMA 
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canopy were sometimes found in their body tissues, without significant tissue reaction.
12,13

 

Due to its excellent biocompatibility and ease of manipulation, PMMA is used in many 

medical applications such as blood pumps and reservoirs, membranes for blood dialysers and 

in vitro diagnostics.
14

 Its optical properties also make it ideal for implantable ocular lenses 

and contact lenses and its physical and colouring properties make it a good denture 

material.
13

 

 

PMMA gained fame in orthopaedics due to the Judet brothers who pioneered a hip 

prosthesis that was made of heat-cured PMMA.
15

 Thereafter, PMMA was used as cement to 

fix prostheses to bone. Bone cement mainly consists of a mixture of methylmethacrylate 

(MMA) and PMMA that is allowed to polymerize in the patient. In the first years of its use, 

the failures of cemented prostheses were ascribed to the leaching out of residual monomer 

from the bone cement.
16

 This led to a clinical situation that resembled infection, but in most 

cases no bacteria could be cultured. Charnley demonstrated indirectly, that the failures were 

actually the result of bacterial contamination at the time of operation.
17,18

 It is currently 

widely accepted that the effect of leaching out of residual monomer is negligible,
19

 although 

there is still no certainty about the possible long-term side effects of residual monomer.
20

  

Chemical properties of bone cements 

The application of PMMA as a biomaterial was preceded by extensive research in the 

chemical field. Reportedly, 1843 marked the discovery of ‘acide acrylique’. This is derived 

from ‘acreolan’, the Latin word for vinegary, acid or acrid and it refers to the penetrating 

smell of the monomer.
21

 Research into the polymerization products of acrylic acid led to the 

founding of the company Röhm und Haas that has marketed Plexiglas
™

 since 1940.
22

 

Separately, the comparable Perspex
™

 came on the market in England.
23

 

 

The structural formula of MMA and the form of its repeating unit in PMMA are given 

in Figure 1-2. In 1936 it was found that mixing ground PMMA powder with a liquid 

monomer results in the formation of a doughy substance.
11

 This is due to excellent mixing of 

the PMMA in its monomer. Polymer chains from the PMMA become available for 

entanglements with newly formed chains leading to an intimate connection between the 

newly formed PMMA with what was initially present. 
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Figure 1-2. Scheme of the polymerization reaction from the monomer methylmethacrylate to the polymer 

polymethylmethacrylate. 

 

All commercially available bone cements have two components. The first is a powder 

that consists mainly of a polymer based on MMA. The second component is mainly liquid 

MMA (see Appendix). The dough phase resulting from mixing these components is 

important for bone cements for a variety of reasons. To start, it offers the possibility of 

moulding and being used to support a prosthesis, while allowing its insertion. Furthermore, 

the initial presence of PMMA enables the use of less monomer for obtaining the same 

amount of end product. Finally, this mix of PMMA and MMA means that undesirable effects 

of polymerization are reduced. Firstly, use of less monomer leads to less heat production. 

Secondly, polymerization from a monomer necessarily leads to a decreased volume and 

increased density due to the fact that the molecules take up less space in a polymer than in 

their liquid monomer. If less polymerization occurs, the volumetric shrinkage is 

proportionally lower. 

 

Apart from these main components, other substances are required to achieve a 

controlled polymerization at body temperature. N,N dimethyl-p-toluidine dissolved in the 

monomer is a tertiary amine,
21,24

 enabling cold curing of the polymer, instead of the required 

preheating to 100°C needed up to 1943.
11

 It reacts with the benzoyl peroxide in the powder to 

create free radicals that can break part of the C=C bond and start the addition 

polymerization.
25

 Furthermore hydroquinone and chlorophyll are additives that prevent 

premature polymerization under exposure to light or elevated temperatures.
24

 

 

The presence of barium sulphate and zirconium(IV)oxide in the powder is necessary 

for a clinical reason. The first bone cements not containing these could not be visualized on 

radiographs. These agents are so-called radiopacifiers and make the bone cement visible on 
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radiographs. Palacos R and Palamed also contain chlorophyll that gives it a green colour. 

This allows better distinction from body tissues during surgery. 

Prosthesis-related infection 

Introduction to prosthesis-related infection 

Infectious complications of a cemented prosthesis lead to a deterioration of function and 

pain.
18

 The natural history of a prosthesis-related infection was shown to be devastating in 

1977 with 16% mortality after treatment of a prosthesis-related infection and only 13% of the 

survivors left with a functioning prosthesis.
26

 The current low infection rate after primary 

joint replacement of around 1% to 2% is no reason to be content.
27,28

 Infection remains a 

serious problem, as it generally requires multiple operations, if a positive outcome can be 

achieved at all. Amputations or mortality sometimes remain unavoidable in the treatment of 

these infections.
29-31

 

 

Diagnosis of overt, early postoperative infection is not a problem. However, there are 

difficulties in diagnosing less overt infection around an implant.
32

 Clues for the presence of 

infection are many,
33-36

 but unfortunately, most of these are not specific for infection as they 

can also be seen in a-septic or mechanical loosening. There are obvious dangers related to 

treating an unrecognized infection without adequate antibacterial treatment at revision 

arthroplasty. The new prosthesis would be implanted into a field contaminated with a 

bacterial strain that has already been shown to be pathogenic in that environment. Therefore 

it was already suggested in 1979 that every loose prosthesis should be assumed to be infected 

until proven otherwise.
37

 

 

The rate of deep infection around implants may have been underestimated. A role for 

bacteria has been suggested in a proportion of the supposed a-septic loosening of prostheses. 

It has been noted that peri-operative measures against infection not only lead to a decrease in 

infections but also in the number of a-septic loosenings.
17,38

 Furthermore, the risk of infection 

after revision arthroplasty is higher than after primary arthroplasty.
27,28

 A combination of 

mechanical and infectious loosening may also be a cause of the prosthesis failure.
39

 This is 

further supported by evidence from improved methods of infection detection.
40-42
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Obtaining proof of infection, i.e. culturing the causative organism from the implant 

site, is problematic. Negative cultures from an aspiration of the joint fluid or from tissue 

cultures do not rule out infection.
33,43

 Apart from failure to get the correct sample, this may be 

due to altered bacterial metabolism.
44

 Bacteria in a biomaterial-related infection are difficult 

to culture as they are in a biofilm mode of growth.
36

 These bacteria do not grow 

exponentially, but rather exist in a slow-growing or starvation state.
45,46

 In addition, these 

bacteria can produce an extracellular matrix (slime) that offers protection from a hostile 

environment. This not only enables them to evade the host immune system and antibiotic 

treatment, but also causes problems in detecting these bacteria by standard laboratory 

methods.
46

  

 

Increased attention for ‘new pathogens’ in biomaterial-related infections is emerging. 

Culturing coagulase-negative staphylococci (CNS), multiple strains, small colony variants 

and anaerobic bacteria was once regarded as proof of contamination of the sample.
47

 

However, these are increasingly reported as the causative agent of prosthesis-related 

infections.
18,27,29,43,47-55

 Improved methods specifically tailored to detect biofilm infections 

may become an important tool in improving the outcome of prosthetic surgery. Positron 

emission tomography (PET) can already be used to identify foci of infection after removal of 

the prosthesis.
56

 Advances in laboratory techniques and molecular biological methods, such 

as polymerase chain reaction (PCR) techniques, may provide powerful new diagnostic 

capabilities.
42,43

 So far, the clinical implications of these techniques have yet to be 

evaluated.
39

 

Aetiology of prosthesis-related infection 

In order to go from detection of the infection to developing prevention and treatment 

strategies, it is important to understand the way an infection starts. The microbial source of 

infections can be grouped according to the mechanism of bacterial inoculation:
57

  

• direct contamination of the biomaterial or the surrounding tissues; 

• contamination by the spread of a superficial infection;  

• blood-borne contamination. 

 

 Detailed knowledge of the relative importance of these groups is scarce, due to the 

currently very low rates of prosthetic joint infection.
58
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The evidence for the importance of direct contamination is mostly circumstantial. 

Charnley supposed that the reason for his unacceptably high initial failure rates was not 

related to a toxic effect of the bone cement.
16

 Instead he hypothesized that the failures were 

due to contamination in the operating theatre. Clean air enclosures were introduced to prevent 

direct contamination of the wound and the biomaterial. This resulted in a clear drop in the 

amount of colonies growing on agar plates situated near the patient. This decrease was 

mirrored in a reduction of subsequent infections from 10% to around 1%.
17,18

 In addition to 

developing clean air enclosures, a whole range of other methods was initiated to further 

ensure the sterility of the air in the operating theatre. Attempts were made to prevent both the 

patient and the surgical team from being a source of intra-operative contamination.
16,59

  

 

Despite all of these precautions, in 10% of all cases there is bacterial contamination of 

the femoral head allografts removed during arthroplasty. This contamination almost certainly 

came from handling in the operating theatre.
60

 Furthermore, contamination of surgical 

instruments was recently found in 63 out of 100 arthroplasties.
61

 However, the clinical 

significance of these findings is not yet clear. At follow-up of these contaminations only one 

patient with deep infection was identified, with the infecting organism differing from the 

contaminant found earlier. 

 

Wound infection, although superficial in appearance, is known to predispose to deep 

infection.
49,62-64

 The aetiological and clinical relevance of this correlation is not yet clear. 

There is no convincing evidence that these wound infections led to deep infection and 

revision over the first two postoperative years.
65

 

 

Many reports link late prosthesis-related infection to a temporally related infectious 

source.
27,66-69

 In individual cases the deep infection is sometimes clearly linked to an earlier 

bacteraemia.
67,70

 Particularly, patients with chronic skin ulcers and rheumatoid arthritis 

appear to be at risk.
71

 Dental procedures have also been implicated in late prosthesis-related 

infections, although direct proof of this link is often lacking.
72

 In fact, in over half of the 

acclaimed haematogenous infections no comparative culture was shown as evidence.
69

 

Moreover, in otherwise healthy patients transient bacteraemia is not related to deep 

infection.
71

 

 

Animal experiments have shown that a haematogenous route to an implant exists for 
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aerobic as well as anaerobic bacteria.
73,74

 However, often very large doses of bacteria given at 

a point soon after the operation are needed repeatedly before sufficient animals get an implant 

infection. There are no animal models described in literature that aim at mimicking 

contamination due to spread of a superficial infection. On the other hand, animal models in 

which an implanted biomaterial is inoculated at operation show that in this way, an infection 

can be reliably caused with low amounts of bacteria.
73,75,76

 

 

In conclusion it can be said that, although bacteraemias from diverse origin can and 

do cause late infections, the relative importance of this aetiological group still has not been 

elucidated.
77

 The role of contamination by spread from a superficial site is also not yet clear. 

Direct contamination is likely to cause the greater part of prosthesis-related infections. 

Measures against prosthesis-related infection 

A prosthesis-related infection is difficult to treat. Standard antibiotic protocols that are 

effective against other infections, such as pneumonia, generally fail to achieve cure in this 

case. The immuno-incompetent zone around an implant,
78

 the reduced sensitivity of bacteria 

growing in a biofilm mode of growth
44

 and the relatively poor availability of antibiotics from 

the blood stream at the site of infection probably all contribute to this fact.
79

 Although 

combinations of antibiotics for early recognized infections have been reported to be 

successful, the mainstay of treatment has revolved around the removal of the infected 

prosthesis since the early years.
51,80,81

 Sometimes indefinite continuation of systemic 

antibiotics can cause cessation of the symptoms of the infection, in which case the infection is 

termed latent infection. 

 

Antibiotic treatment can only be expected to achieve success after removal of all 

foreign body materials. Usually this is accompanied by a thorough surgical debridement of 

the infected area at the time of prosthesis removal. Next, a prolonged course of antibiotics 

aimed at the causative bacteria is indicated. These antibiotics can be administered 

systemically but also locally. Local administration of antibiotics can be achieved by 

implanting antibiotic-releasing carriers such as antibiotic bead chains
82-84

 or antibiotic-loaded 

bone cement.
85

 These methods aim at reaching and maintaining local antibiotic concentration 

at a level that cannot be attained using systemic administration without side effects. Surgical 

therapy can occur either in a one stage or a multiple stage procedure, depending on the 

extensiveness of the infection.
86
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The Endo-Klinik reported a success rate of 77% for exchange arthroplasty, in which 

the old prosthesis is replaced by a new one, cemented with antibiotic-loaded bone cement.
87

 

Performing a second exchange arthroplasty increased the success rate to 90%.
88

 Another 

group indicated a failure rate of 13% due to re-infection after one-stage exchange 

arthroplasty.
48

 The patients that had a re-infection were subsequently successfully treated 

with a temporary implantation of antibiotic-loaded bead chains prior to re-implantation of a 

third prosthesis. 

 

The interval between two operations means impaired mobility and pain for the 

patient. The joint in question stiffens.
50

 Instead of implanting antibiotic bead chains, a more 

or less functional spacer made of antibiotic-loaded bone cement can be used. Ideally, the 

antibiotics can be selected on the basis of culture results. With this method less than 5% re-

infection was seen after a minimum follow-up of two years.
89

 Alternatively, a spacer 

containing a combination of vancomycin, gentamicin and cefotaxime was used in the absence 

of a culture of the causative organism with its sensitivity. This led to similar results.
90

 A 

specifically designed PROSThesis of Antibiotic-Loaded Acrylic Cement (PROSTALAC) 

was introduced in the late 1990’s. A study of this PROSTALAC for the knee showed a 9% 

re-infection rate at four years.
91

 For the hip combined use of antibiotic bead chains in the 

femur and an antibiotic-loaded bone cement spacer the acetabulum resulted in a re-infection 

rate of 8% after more than five years of follow-up.
92

 

 

Despite these ongoing advances in treatment options for established prosthesis-related 

infections, the results are moderate at best and achieved at considerable cost to the patient and 

to society. The best treatment may still lie in prevention of infection. 

Antibiotic-loaded bone cement 

Concept of antibiotic addition to bone cement 

The concept of using the bone cement as a depot for antibiotics makes sense, as it allows 

delivery of antibiotics directly to the site of (imminent) infection.
93

 Buchholz and 

Engelbrecht first reported on the possibilities of mixing antibiotics in bone cement in 1970.
94

 

They considered gentamicin sulphate to be the antibiotic of choice because of its wide-

spectrum antimicrobial activity, its excellent water solubility, its thermal stability and its low 
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allergenicity.
95

 Furthermore, gentamicin could still be found in tissues surrounding the 

implant for over five years.
85

 This was thought to confer long-term protection against 

haematogenous infections. 

 

Gentamicin is a naturally occurring antibiotic produced by the bacterial strain 

Micromonospora purpurea and has been in clinical use now for over 50 years. It is a so-

called aminoglycoside and this class of antibiotics has a concentration-dependent 

antibacterial activity.
96

 This means that if the antibiotic concentration is high enough, all 

bacteria will die within a short period of time. Under these conditions the eradication of 

bacteria is only a function of drug concentration. This is different from the class of beta-

lactam antibiotics, to which the well-known penicillin belongs, for which the time that a 

certain concentration of antibiotic is maintained also dictates bacterial killing.
96

 

 

Apart from gentamicin, other antibiotics have also been used as an additive to bone 

cement.
21,73,97-102

 Erythromycin and colistin are examples of those that made it to a 

commercial product, but these have two drawbacks compared with gentamicin. The 

antibacterial spectrum is narrower and it inhibits bacterial growth instead of killing 

bacteria.
103

 However, due to emerging antibiotic resistance there is now a renewed interest 

for the addition of other antibiotics to bone cements, such as tobramycin, vancomycin, 

clindamycin and fusidic acid.
104-107

 Combinations of these antibiotics are also added to bone 

cements.
90,108,109

 

Experience with antibiotic-loaded bone cement 

There has been a veritable host of publications on antibiotic-loaded bone cements over the 

last 30 years. The value of antibiotic-loaded bone cements in the treatment of established 

prosthesis-related infections was already discussed above. Nevertheless, its place in clinical 

practice is still debated. 

In vitro studies 

Antibiotics are released from bone cement in a typical bi-phasic fashion. At first there is a 

peak release followed by a long, tail of low release that continues for days to months. As the 

relative amount of antibiotic included in the bone cement is increased, the total amount 

released goes up as well.
110

 The addition of a second antibiotic also leads to an increased 

release. This is possibly the effect of the action of the extra antibiotic as a soluble additive 
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that leaves a network of voids behind, enhancing further release.
107,109

 In fact, addition of 

soluble lactose similarly leads to an increased antibiotic release.
110

 Furthermore, the amount 

of antibiotic released is known to increase with increased surface area and was found to 

correlate with surface roughness
102,111-114

 The bulk porosity of the bone cement is mostly 

correlated with the total release.
111

 A smaller amount of elution fluid leads to higher 

concentration.
115

 In vitro experiments have so far failed to demonstrate a complete 

eradication of bacteria adherent to a biomaterial by the application of antibiotic-loaded bone 

cement.
108,116,117

  

Animal studies 

The release characteristics of an antibiotic from bone cement applied in rabbits,
118,119

 

dogs,
100,113,120

 rats,
102,120

 mice
102

 and sheep,
121,122

 correspond largely with the findings of 

laboratory tests. Concentrations in serum peaked within a few hours at a level that was 

always below toxicity levels and dropped to below measurement threshold within one 

day.
76,100,102,113,120,122

 Haematoma concentrations dropped after days.
100

 Local concentrations 

were much higher than the serum concentrations,
76,119

 and reported to be measurable up to 

weeks to months.
100,105,113,120,122

 After months of implantation, the bone cement was found not 

to release further antibiotics, unless the samples were sawed or broken.
121

 

 

Contrary to in vitro experiments, however, antibiotic-loaded bone cement appears to 

prevent infection from intra-operative challenge in all
75,102,118,123,124

 or most cases.
73,76,119,125

 

When compared with systemic administration of antibiotics local application had similar
75,125

 

or better effects.
124

 Local rinses with solutions containing an antibiotic, however, were found 

to be less effective.
124

 Antibiotic-loaded bone cement generally prevented attempts to infect 

the bone cement haematogenously, if this challenge occurred within an hour after 

implantation.
73,102

 If the challenge was postponed for weeks, this protective effect no longer 

existed.
73,126

 

Clinical studies 

The knowledge of human pharmacokinetics of antibiotics released from bone cement is 

almost exclusively based on Palacos containing gentamicin.
85,120,127-132

 For other products, 

only the release in patients of some cephalosporins from Simplex,
97

 vancomycin
105

 and 

gentamicin
133,134

 from low viscosity bone cements is described. The findings are essentially 

the same as those of the in vitro and in vivo experiments described above.  The nature of the 
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release was again bi-phasic with a peak release in the first hours, followed by a steadily 

decreasing but ongoing release that can be measured for months.
85,128,131

 Rinsing the 

operative area with antibiotic containing solutions only resulted in adequate concentrations 

for less than 24 h,
127

 where antibiotic-loaded bone cements achieve these for a few 

days.
127,129,130

 

 

Despite the ongoing low release, there is still almost 80 % of the antibiotic locked in 

the bone cement after many years.
135,136

 It has been shown that after such a period, 

gentamicin concentrations in tissues are only just measurable, unless the bone cement is 

disrupted, which causes much higher levels of antibiotic concentration.
85,136

 

 

Performing experiments in clinical practice in which the patient is deliberately 

contaminated with bacteria is obviously unethical. A prospective, randomized and controlled 

study would appear to be the next best thing. In such a study antibiotic-loaded bone cement is 

used in one group of patients and plain bone cement in another group, the control group. A 

difference in favour of the antibiotic-loaded bone cement was found in the short term.
137,138

 

This difference was no longer statistically significant at 10 years.
38

 An even bigger effect was 

present in a retrospective study when a systemic antibiotic was used in addition to antibiotic-

loaded bone cement.
139

 

 

The effectiveness of antibiotic-loaded bone cement in preventing infections is further 

illustrated by the following observations. In the periods prior to and after the start of addition 

of antibiotics to Palacos bone cement in the Endo-Klinik a drastic decrease of deep infection 

was noted.
94

 Also, even when using a clean air technique there was an additional drop in 

infection rate after primary procedures if the gentamicin-loaded bone cement was used.
140

 

Similarly, in the case of revision surgery, there was an additional benefit from antibiotic-

loaded bone cement.
141

 

Problems with antibiotic-loaded bone cement 

Despite these promising reports on the value of antibiotic-loaded bone cements their sale is 

prohibited by the Food and Drug Administration in the United States.
142

 In Europe antibiotic-

loaded bone cements are commercially available, but routine prophylactic use of these bone 

cements remains a subject of controversy. 
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The fundamental background of this release remains a matter of conjecture to the 

biomedical field, although there are a lot of publications describing the release characteristics 

of antibiotics from acrylic bone cements. The consensus would seem to be that the antibiotic 

is first released directly from the surface and subsequently from a supposed network of cracks 

and voids in the bone cement.
110,111,143,144

 Nevertheless, it is well-known that PMMA swells 

on absorption of water, indicating that water can enter the solid matrix.
145

 Some authors have 

argued that this may occur in bone cement as well and is related to the low release phase.
99,144

 

Others feel that this will not likely lead to significant antibiotic release.
121

 Furthermore, the 

volume taken up by dissolvable compounds in antibiotic-loaded bone cement is not expected 

to result in an extensive interconnected network, allowing the release of most antibiotics.
146

 

 

For a clinician there are other factors that influence the debate on antibiotic-loaded 

bone cement. Differences in outcome of various prophylactic measures are difficult to 

determine, especially due to the low infection rates. Furthermore, problems in accurately 

diagnosing deep infection hamper randomized prospective studies.
1,58

 The results of 

antibiotic-loaded bone cement may not warrant the additional costs of antibiotic-loaded bone 

cement.
66

 The addition of antibiotics to bone cement may result in lower mechanical 

properties such as breaking strength,
94

 although some studies have failed to show statistical 

significance of a decrease in compressive and tensile strengths with the amounts of 

antibiotics added.
100,147

 There are also difficulties in selecting the appropriate antibiotic for 

addition to bone cement, since prosthesis-related infection can be caused by a range of 

bacteria with different sensitivities.
103

 

 

The prolonged low release is also a source of worry. It is well-known that for 

effective prophylaxis there have to be optimal antibiotic concentrations present at the 

potential site of infection during the surgical procedure. There is no evidence that antibiotics 

given after surgery have any beneficial effect.
148

 It could have side effects, however. Allergic 

reactions have been reported, but never to the extent that the depot of antibiotic had to be 

removed. Damage to the kidneys by gentamicin is also a potential side effect. Especially in 

patients developing severe renal insufficiency, the presence of an unstoppable source of 

gentamicin may well cause further damage to the kidneys and other organs, as gentamicin 

concentrations rise.
149
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Another risk of antibiotic-loaded bone cement may be the emergence of resistance in 

subjected strains.
150

 It is, however, not clear to what extent, if any, this is occurring.
149

 

Tunney et al. found gentamicin-resistant bacteria in prosthesis-related infections.
151

 It has 

also been appreciated that subsequent infections in cases where gentamicin-loaded bone 

cement had been used earlier, were more likely to be with a resistant organism.
48

 However, 

this does not necessarily imply that gentamicin resistance is caused by gentamicin-loaded 

bone cement. The fact that gentamicin-resistant bacteria are predominantly found in 

connection with use of gentamicin-loaded cement may simply be explained by the fact that 

gentamicin-sensitive strains will not have survived the initial high peak and are thus not 

found later at revision. 

Physical methods to augment antibacterial activity of 

antibiotics 

In response to the decreased effectiveness of antibiotics against bacteria, many lines of 

research attempt to find ways to counteract this. New antibiotic agents are hunted for, both by 

chemically engineering from existing compounds and by exploration of still unrecognized 

naturally occurring antibiotics. A specific field addresses the possibilities of physical methods 

to increase antibacterial activity of the antibiotics currently in use. These entities are 

particularly applied to biofilm bacteria. The application of a relatively weak electric field, 

that by itself has no effect, was shown to increase the action of antibiotics on a biofilm.
46

 It 

was hypothesized to be due to an increased delivery of oxygen to the biofilm due to local 

electrolysis.
152

 Similar observations were made with the application of a magnetic field.
153

 

 

With the use of ultrasound an enhanced antimicrobial effect of antibiotics was also 

found, particularly for the combination of gentamicin and low-frequency ultrasound.
154

 This 

phenomenon was entitled the bio-acoustic effect and it was also confirmed in in vivo 

studies.
155,156

 An analysis of the collective data indicated that the bio-acoustic effect could not 

likely be attributed to enhanced gentamicin transport through the biofilm matrix or to surface 

shear stresses induced by the ultrasound. It could, however, be caused by enhanced bacterial 

membrane transport of gentamicin or changes in gene expression inside the bacterium.
157

 

 

Interestingly, ultrasound with similar frequencies and intensities has recently been 

implied in novel drug delivery systems.
158

 So-called microbubbles are known to interact with 
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ultrasound. Bubbles containing a drug can be disrupted by ultrasound, releasing the drug 

locally where wanted.
159

 Furthermore, ultrasound has been successful in enhancing drug 

transport across barriers, such as the cornea and the skin, which would otherwise be relatively 

impervious.
160,161

 However, the mechanisms that cause this are not yet clarified and further 

studies are still needed to find the optimal ultrasound parameters. 

 

Considering that the majority of antibiotics remain locked in the bone cement and that 

there are porosities in the bone cement, ultrasound could play a role in accessing the 

antibiotic reservoir in the bone cement. In the case of prosthesis-related infection this could 

cause a local release of antibiotic that could be made more effective by the bio-acoustic effect 

at the same time. 

Aims of this thesis 

The aim of the work described in this thesis is to gain insight in the mechanism of action of 

antibiotic-loaded bone cement. Two in vitro models were developed to determine specifically 

(1) the possibility of a local build-up of high local antibiotic concentrations, (2) the effect of 

high local antibiotic concentrations on bacteria and (3) the effect of cyclic compression on 

antibiotic release. A secondary aim is to study the possibility of accessing the antibiotic 

reservoir in antibiotic-loaded bone cement by use of ultrasound. 
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Introduction 

After the introduction of polymethylmethacrylate bone cement for the fixation of total hip 

arthroplasties in orthopaedic surgery, the possibility of using bone cements as a depot carrier 

for the antibiotic gentamicin was reported.
1
 The aminoglycoside gentamicin was supposed to 

act not only as a prophylactic drug at the time of operation, but also as an agent protecting 

against haematogenous infection at this infection prone site for years after.
2
 Subsequently, 

gentamicin rapidly evolved as the most widely used antibiotic in bone cements due to its 

wide-spectrum antimicrobial activity, stability under high temperatures such as during 

polymerization of the cement and the relatively low incidence of allergic response.
2,3

 

 

Numerous studies on gentamicin release from bone cements were published. 

Unfortunately, key factors, such as the mixing procedure of the antibiotic with the bone 

cement, preparation technique, shape and surface area of the sample blocks employed, type 

and volume of the elution fluid as well as the methods applied for detection of the amount of 

gentamicin released differed from study to study.
4-12

 However, as a general finding the 

sample surface area exposed to fluid was found to be closely related to the amount of 

gentamicin released.
7,8,10

 A recent study using Palacos R, Palamed and CMW bone cement 

blocks with a surface area of 1.2 cm
2
, described release characteristics in relation to the 

physical properties of these bone cements. The initial release into a volume of 10 ml was 

mostly influenced by the surface roughness, whereas the total release correlated best with the 

porosity of the bulk.
11

 Only 4% to 17% of the total gentamicin content of a sample block 

eluted and concentrations reached were low in the range of 0.3 – 13 µg/ml, coinciding with 

earlier works by others.
9,12

 As a major drawback of nearly all studies in the field, it is 

impossible to assess on the basis of the experimental results what concentration would 

actually have been reached in a narrow interfacial gap between bone and bone cement in the 

body. Moreover, and most importantly, it cannot be determined from these studies, whether 

this concentration would exceed the minimal inhibitory concentration (MIC) of potentially 

infecting micro-organisms under in vivo conditions. 

 

The boundary layer between bone cement and bone or prosthesis in a cadaveric pig 

femur has widths generally less than 100 µm along 15% of the interfacial circumference, but 

at instances this width exceeds 500 µm.
13

 A post-mortem study of the femoral prosthesis stem 
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– bone cement interface found an unvascularized fibrous tissue layer with similar widths.
14

 

This prosthesis-related gap matters most in implant infection, as it is considered to be the 

immuno-incompetent zone.
15

 Inside only a small volume is in contact with a relatively large 

bone cement surface. Antibiotic release into the limited volume of these interfacial gaps may 

well be different from the release into the large volumes, as studied in the literature. This 

problem has been described as early as in 1977, but strangely enough no method to assess the 

release of antibiotics from bone cement into this boundary layer has been proposed.
12

 

 

The aim of this study was firstly to describe the development of a method allowing 

measurement of antibiotic release from bone cements in a narrow space simulating a 

prosthesis-related interfacial gap. Secondly, we report on the concentrations of gentamicin 

that can be obtained inside such a gap for various commercially available gentamicin-loaded 

bone cements. 

Materials and methods 

Bone cements and preparation method 

Table 2-1 displays the amounts of powdered polymer, gentamicin and liquid monomer for the 

bone cements used in the present study. The preparation of the bone cements started with 

mixing the powder with the liquid, strictly according to the manufacturer’s instructions. This 

was performed manually with a spatula in a ceramic bowl, under atmospheric pressure and at 

ambient temperature. At the time specified for start of application, as stated in the respective  

 

Table 2-1. Gentamicin-loaded bone cements used in this study, together with their distributors and amounts of 

the components mixed per sales unit for each bone cement. All values are in grams as taken from 

manufacturer’s information. 

 Powder Liquid Distributor 

 Gentamicin base* Total   

CMW 1 Radiopaque G 1.0 40 18.37 DePuy CMW, United Kingdom 

CMW 3 G 1.0 40 17.90 DePuy CMW, United Kingdom 

CMW 2000 G 1.0 40 18 DePuy CMW, United Kingdom 

CMW Endurance G 1.0 40 18.88 DePuy CMW, United Kingdom 

Palacos R-G 0.5 40.8 18.8 Schering-Plough, The Netherlands 

Palamed G 0.55 44.92 18.78 Ortomed, The Netherlands 

*
 as gentamicin sulphate 
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Figure 2-1. A) Polytetrafluoroethylene mould used for sample preparation, showing 200 µm thick stainless steel 

strips fitted into the slots of the mould for creating the gap. B) Resulting sample block with dimensions. 

 

manuals, the bone cement was spread over a polytetrafluoroethylene mould as exemplified in 

Figure 2-1. Prior to this, the mould had been fitted with stainless steel strips with a width of 

200 µm. 

 

After application of the bone cement, the mould was compressed between two glass 

plates, covered with copier overhead film (MC 110, Océ, The Netherlands) to facilitate 

removal after hardening. The glass plates were manually compressed up to the time specified 

for final hardening, after which they were left in place for 24 h. The stainless steel strips were 

subsequently removed and the bone cement blocks were gently punched out of the mould. 

This yielded bone cement blocks with a central gap as detailed in Figure 2-1. The gap had a 

surface area of 0.612 cm
2
 and a volume of 6 all. The blocks were macroscopically examined 

and those with visibly entrapped gas bubbles in proximity of the surface were discarded. 

Elution conditions 

The gaps were exposed to two different volumes of phosphate buffered saline (PBS – NaCl 

8.76 g/l, K2HPO4 0.87 g/l, KH2PO4 0.68 g/l, pH 7.0), as shown in Figure 2-2. All experiments 

were performed in triplicate and the temperature was maintained at 37°C. The first leg of the 

experiments involved filling only the gaps in five sample blocks for each bone cement with 6 

µl of PBS using a standard pipette (see Figure 2-2 A). Capillary forces contained the fluid 

inside the gap. After 5, 15, 30, 60 and 120 min in a humid environment the gap was aspirated 

using a strip of filtration paper (Schleicher & Schuell, No 602h, Germany). Subsequently the 

filtration paper was put in 5 ml of PBS and after 24 h, an aliquot was taken out and stored at 

4°C for later measurement of the gentamicin concentration. 
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In the second leg of the experiments, the outer surface of six fresh sample blocks for 

each bone cement was coated with four layers of a commercially available red nail polish. 

Each layer was left to dry for 24 h before application of the next layer. The gaps of these 

blocks were again filled with 6 µl of PBS, after which the entire block was submersed in a 

bulk volume of 10 ml of PBS (see Figure 2-2 B). At 1, 2, 6, 24, 72 and 168 h, a sample block 

was removed from the bulk fluid and an aliquot of the bulk fluid was taken. 30 s after 

removal, a strip of filtration paper was inserted into the gap to aspirate the volume retained 

there. This strip was put in 650 µl of PBS and left submersed for 24 h before an aliquot was 

pipetted off. Aliquots were stored at 4°C prior to measuring the gentamicin concentration. In 

a separate experiment it was ascertained that no gentamicin was retained within the filtration 

paper. Also, in another experiment, it was observed that three layers of the nail polish fully 

inhibited gentamicin elution for at least one week. 

Measurement of gentamicin concentrations 

The aliquots stored were analysed for gentamicin concentration using an automated 

fluorescence polarization immuno-assay (AxSYM, Abbott Laboratories, U.S.A.). This device 

allows accurate measurement of gentamicin base concentrations in the range of 0.30 to 10.00 

µg/ml. Aliquots taken from the gaps were therefore diluted and the values reported were 

corrected for the dilution factor applied to represent the actual concentration in the gap.  

 

Figure 2-2. Schematic representation of the two forms of gentamicin release evaluated in this chapter. A) 

Gentamicin release directly into a gap filled with 6 µl phosphate buffered saline. B) Gentamicin release into the 

filled gap with the possibility of further diffusion into the bulk fluid. The outer surface of the sample block was 

effectively covered to prevent gentamicin elution from other surfaces than in the gap. 
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Figure 2-3. Gentamicin concentration (closed symbols, right y-axis) and gentamicin release rate (open symbols, 

left y-axis) for CMW bone cements (top graph) and Palacos and Palamed (bottom graph) as a function of time of 

exposure to 6 µl of phospate buffered saline in a gap. Error bars denote the average standard deviation over 

three separate experimental runs. 
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Results 

Gap measurements 

Figure 2-3 summarizes the release of gentamicin from the bone cements into the gap, for the 

situation in which only the gap is filled with fluid. As can be seen for the CMW cements 

(Figure 2-3, top graph), the initial release rates are high but level off within 30 – 40 min.  

 

Gentamicin release from Palacos R and Palamed (Figure 2-3, bottom graph) levels off 

more slowly, possibly as a result of the lower gentamicin concentration in these bone cements 

(see Table 2-1). The concentrations that can be reached within the gaps are high and amount 

to about 4000 µg/ml for the four different CMW and Palamed cements. Palacos R attains a 

lower concentration in the gap, which may be a result of its slower release kinetics. The total 

release into the gap after 2 h, expressed relative to the amount of gentamicin incorporated, is 

0.7%, 0.8% and 1.3% for the CMW cements, Palacos R and Palamed respectively. 

Bulk measurements 

Figure 2-4 shows the gentamicin release from the bone cement into the bulk fluid. As release 

into the bulk fluid involves an additional diffusion step out of the gap into the bulk fluid, the 

initial release rates decrease on a slower time scale (compare Figures 2-3 and 2-4). 

Consequently, after 2 h several hundred-times lower antibiotic concentrations are reached in 

the bulk than in the gap. After one week 1.7%, 1.1% and 3.1% of the total gentamicin content 

of a sample block was released for the CMW cements, Palacos R and Palamed, respectively. 

 

The concentrations in the gap, after removal from the bulk fluid in which a bone 

cement sample had been submersed, were close to the detection limit and could not be 

reliably measured. On average, however, the concentration of gentamicin left in the gaps was 

approximately 80 µg/ml, independent of submersion time and bone cement type. 

Discussion 

This study describes a method allowing measurement of antibiotic release from bone cements 

in a simulated prosthesis-related interfacial gap. Creation of the gap in bone cement samples 

is relatively simple and the gentamicin concentration achieved in the gap can be reliably  
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Figure 2-4. Gentamicin concentration (closed symbols, right y-axis) and gentamicin release rate (open symbols, 

left y-axis) for CMW bone cements (top graph) and Palacos and Palamed (bottom graph) as a function of time of 

exposure to 10 ml of phospate buffered saline. Error bars denote the average standard deviation over three 

separate experimental runs. 
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measured by aspirating the gap contents with filtration paper. Furthermore, the loss of 

gentamicin from the gap between bone cement and bone through diffusion to the serum, as 

occurring in a clinical situation, is simulated by submersing a total sample block into a larger 

fluid volume, therewith allowing gentamicin to diffuse from the gap into this larger volume. 

Up to what extent the rate at which the gentamicin leaves the prosthesis-related interfacial 

gap inside the body corresponds with the present rate of diffusion from the gap in to the bulk 

fluid is not known, although the gap dimensions are realistic.
13,14

 

 

Most in vitro methods used to study gentamicin release from bone cements do not 

allow determination of the final concentration of gentamicin that can be obtained in vivo. For 

gentamicin-loaded Palacos R cement, however, in vivo measurements have been performed. 

On the first day after surgery, wound drainage fluids showed gentamicin concentrations of 

almost 50 µg/ml and 10 µg/ml for the deep and superficial drains, respectively, while on the 

second day these concentrations had dropped to about a quarter of these values. Concurrent 

serum concentrations peaked to below 1.5 µg/ml in the first hour and were undetectable after 

the first day, suggesting that soft tissues constitute a barrier to gentamicin diffusion.
16

 

Gentamicin concentrations in gaps after removal from the larger volume as found in the 

current study are comparable with those measured clinically in the deep drains, attesting to 

the clinical value of the model described. 

 

More importantly, the concentrations of gentamicin found inside isolated gaps within 

2 h are about 1000 times higher than MIC’s for staphylococci (4 µg/ml),
17

 being the most 

important species in orthopaedic implant infection.
15,18,19

 This may be expected to effectively 

decontaminate the prosthesis-related interfacial gap directly after implantation, as also 

reflected by the fact that gentamicin-loaded Palacos R yields better short-term results than its 

unloaded counterpart in combination with systemic antibiotics.
20

 Higher concentrations may 

even be undesirable, as this could adversely affect osteoblasts. For the aminoglycoside 

tobramycin it has been shown that concentrations between 1000 and 10000 µg/ml have a 

deleterious effect on osteoblasts.
21

 

 

Thus, the potential danger of using antibiotic-loaded bone cements may be confined 

to the uncontrolled, prolonged low release of antibiotics from bone cements, as also seen in 

our model. It has been speculated that this would lead to developing antibiotic resistance 

among infecting micro-organisms.
22

 Based on the extremely high concentrations of 
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gentamicin that can be achieved in the interfacial gaps with currently marketed antibiotic-

loaded bone cements, further improvements of these products need not focus on achieving a 

higher local antibiotic concentration, but instead on limiting this potentially harmful extended 

low release. 

 

In conclusion, this study describes a novel method allowing measurement of antibiotic 

release from bone cements in a simulated prosthesis-related interfacial gap. The gentamicin 

concentrations that were measured inside such gaps for all tested gentamicin-loaded bone 

cements were approximately 1000-fold the bacterial MIC values and several hundred-times 

higher than those found in less realistic antibiotic release models. 
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Introduction 

Gentamicin has been added to bone cement utilized in joint arthroplasties for over three 

decades. The purpose of this admixture is to reduce the risk of implant failure due to 

infection. At first it was claimed that the initial release would eliminate intra-operative 

contamination and the release observed up to months postoperatively would be effective in 

preventing haematogenous infection.
1
 Despite the lack of detailed knowledge about the 

mechanism of release and therefore long-term risks, such as the development of resistance 

among silently residing biofilm bacteria or haematogenously infecting bacteria,
2
 it is widely 

being used as a routine prophylactic measure.
3
 

 

One of the main concerns involves recognition of the biofilm mode of growth, as the 

preferred mode of bacterial growth in nature.
4
 Bacteria in a biofilm possess increased 

antibiotic resistance as compared to organisms in suspension. This has often been ascribed to 

protection offered by bacterial slime,
5
 but may also be due to physiological changes of 

bacteria in an adhered state.
6-8

 This phenomenon has spurred caution against routine 

prophylactic use of antibiotic-loaded bone cement, particularly as to the long-term low 

release that has been associated with the development of gentamicin resistance.
9,10

  

 

Several in vitro studies have indeed shown bacterial growth on antibiotic-loaded bone 

cements,
11-16

 although one may wonder whether the geometry of the surfaces evaluated in the 

experimental set-ups used has an influence on these results. Most geometries used differ 

greatly from the situation in the close vicinity of an implanted gentamicin-loaded bone 

cement mantle in vivo, which impedes the build-up of high antibiotic concentrations in close 

proximity of the bone cement. In a cadaveric pig femur it has been shown that the boundary 

layer between bone cement and bone had widths of 50 to 500 µm along 15% of the interfacial 

circumference.
17

 Inside a simulation of such a prosthesis-related gap, the attained antibiotic 

concentrations have been shown to be much higher than those reached in geometries in which 

release was studied so far.
18

  

 

The aim of the current study was to investigate bacterial survival in a simulated 

prosthesis-related interfacial gap, with a geometry closely similar to the clinical situation 

using gentamicin-loaded and plain versions of commercially available bone cements. This 
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was performed with bone cement blocks before (“pre-elution”) and after (“post-elution”) 

initial elution, in analogy with high initial burst release intra-operatively and the long-term, 

low release postoperatively. 

Materials and methods 

Bone cements and preparation method 

The following bone cements were used in the present study as donated by their respective 

distributors: CMW 1 Radiopaque G, containing 1.7 w/w% gentamicin base, plain CMW 1 

Radiopaque (DePuy CMW, United Kingdom), Palacos R-G containing 0.84 w/w% 

gentamicin base, Palacos R (Schering-Plough, The Netherlands), Palamed G, containing 0.86 

w/w% gentamicin base and Palamed (Ortomed, The Netherlands) (see also Table 2-1). Bone 

cements were prepared by mixing the powder with the liquid, strictly according to the 

manufacturer’s instructions and maintaining sterile conditions. This was performed manually 

with a spatula in a ceramic bowl, under atmospheric pressure and at ambient temperature. At 

the time specified for start of application, as stated in the respective manuals, the doughy 

bone cement was spread over a polytetrafluoroethylene (PTFE) mould, fitted with stainless 

steel strips with a thickness of 200 µm. 

 

After application of the bone cement, the mould was covered with copier overhead 

film (MC 110, Océ, The Netherlands) and compressed between two glass plates. The film 

facilitated removal of the glass plates after hardening of the bone cement. The glass plates 

were compressed up to the time specified for final hardening, after which they were left in 

place for 24 h. The stainless steel strips were subsequently removed and the bone cement 

blocks were gently punched out of the mould. This yielded blocks with a central gap, as 

detailed in Figure 3-1. The gap had a surface area of 0.61 cm
2
 and a volume of 6 µl. The 

blocks were macroscopically examined and those with visibly entrapped gas bubbles or other 

defects in proximity of the surface were discarded. 

 

The blocks were divided in two groups. One part was kept in dry storage, designated “pre-

elution” bone cement. The other part was submersed in a surplus volume of phosphate 

buffered saline (PBS = NaCl 8.76 g/l, K2HPO4 0.87 g/l, KH2PO4 0.68 g/l; pH set at 7.0) for 3 

weeks at 37°C using a Gyrotory
®
 Water Bath Shaker (Model G 76, New Brunswick 
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Scientific Co. Inc., U.S.A.). Finally, these blocks (called “post-elution” bone cement), were 

separated from the fluid and left to dry for 3 days, while observing sterility precautions.  

Bacterial strains, gentamicin susceptibility and growth conditions 

Six bacterial strains (Table 3-1) isolated from patients with orthopaedic prosthesis infections 

treated in the University Hospital of Groningen, were used in this experiment. E-tests (AB 

Biodisk, Sweden) were used to establish the gentamicin susceptibility of the strains. The 

strains were chosen to reflect the spectrum of causative bacteria in deep infections,
19

 but also 

to cover a range of gentamicin susceptibilities. 

 

The bacteria were cultured from cryopreservative beads (Protect, Technical Service 

Consultants Ltd., United Kingdom) onto blood agar plates at 37°C in ambient air for 3 days. 

From these plates, one colony was sub-cultured on blood agar plates for another 24 h to 

insure purity of the culture. One colony from this plate was used to create a pre-culture in 10 

ml tryptone soy broth (TSB, Oxoid, United Kingdom) under the same incubating conditions, 

yielding a mean growth density after 24 h for all bacteria of 2.1 x 10
8
 cfu / ml, as determined 

by counting the number of colony forming units after growth of serial dilutions on TSB agar 

plates. This pre-culture was subsequently diluted in TSB at 1:10, to provide new nutrients, 

prior to filling the gaps in the bone cement with 6 µl of this dilution. These inoculated bone 

cement blocks were incubated for 24 h in a water vapour saturated environment at 37°C 

before microbiological evaluation. This procedure was performed both for the pre-elution and 

 
Figure 3-1: Sample block after removal from polytetrafluoroethylene mould and 200 µm thick stainless steel 

strips, including dimensions. 
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for the post-elution bone cement samples. 

Quantification of biofilms 

After biofilm growth in the gaps, the bone cement blocks were broken to expose the gap 

surface and both sides were scraped with a stainless steel surgical blade to harvest the 

bacteria adhering to the biomaterial surface. The blade was wiped with a soaked cotton swab 

which was then put in 4.5 ml of 9 g/l sodium chloride, vortexed and sonicated for 60 s in a 35 

kHz ultrasonic bath (Transsonic TP 690-A, Elma
®
, Germany). Serial dilutions were made and 

poured on TSB agar plates for overnight incubation at 37°C and enumeration on the next day. 

The agar plates that had not shown any growth on the first day were left in the incubator for 

up to one week, after which they were checked again. This was done in order to detect 

possible slowly growing sub-populations that can be seen after exposure to a hostile 

environment such as a high antibiotic concentration.
20

 

 

All results were expressed in 
10

log cfu / cm
2
 and experiments were carried out in 

triplicate with separately cultured strains, unless bacterial growth was fully absent on the 

gentamicin-loaded variant in the first experiment. 

Statistical analysis 

To determine effects of the antibiotic on bacterial survival and growth, 
10

log cfu / cm
2
 values 

for gaps in gentamicin-loaded bone cements were compared with those for the plain bone 

cement, employing a one-tailed Student’s t-test for paired samples. 

Results 

Gentamicin susceptibility 

All strains used are shown in Table 3-1, together with their gentamicin susceptibility. Two 

strains, a coagulase-negative staphylococcus (CNS) 7334 and Staphylococcus aureus 7323, 

were sensitive to gentamicin. Two strains, Pseudomonas aeruginosa 5148 and CNS 7353, 

had intermediate sensitivities to gentamicin (1-4 µg/ml), of which the latter was able to show 

resistant sub-populations with a gentamicin susceptibility up to 32 µg/ml, while two other 

strains, CNS 5234 and CNS 5115, were gentamicin-resistant with a sensitivity above 4 

µg/ml.
21
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Quantification of biofilms on bone cement samples 

A summary of the number of colony forming units harvested from the bone cement surfaces 

is provided in Table 3-1 as well. The procedure applied to create so-called post-elution 

samples did not affect biofilm formation. On the plain bone cements, results were similar for 

pre-elution and post-elution samples. Hence, both data sets were averaged and displayed in 

one column in Table 3-1. Sizeable numbers of bacteria were found on all plain bone cements 

(
10

log cfu /cm
2
 ranged from 5.2 for CNS 7334 on Palacos R to 7.2 for P. aeruginosa 5148 on 

Palamed). 

 

However, neither the two gentamicin-sensitive strains nor the two strains with 

intermediate gentamicin susceptibility were able to survive in gaps in pre-elution gentamicin-

loaded bone cements. Also the resistant sub-population of CNS 7353 and the resistant CNS 

5234 did not survive after 24 h of incubation. The two gentamicin-sensitive strains and the 

intermediately sensitive P. aeruginosa 5148 were also unable to survive in gaps made in 

post-elution gentamicin-loaded cements, despite the absence of the high initial burst release 

of antibiotics. The other intermediately sensitive strain, CNS 7353, showed significantly 

reduced survival on post-elution CMW 1 Radiopaque G (p=0.008), Palacos R-G (p=0.004) 

and Palamed G (p<0.001) as compared with the plain counterparts. 

 

Table 3-1. Clinically isolated bacterial strains used in this study with their gentamicin susceptibility. Also the number of 

colony forming units (
10

log cfu / cm
2
) harvested from gaps prepared in both pre-elution (+ pre) and post-elution  

(+ post) gentamicin-loaded and plain (-) bone cements is shown. Results are averages from three separate 

experiments, with an average standard deviation of 0.6 
10

log cfu / cm
2
, unless no growth was found in the gentamicin-

loaded bone cement. The value for the - groups represents the average of pre-elution and post-elution plain bone 

cements. 

Bacterial strain MIC CMW 1 Palacos R Palamed 

 (µg / ml) + pre + post - + pre + post - + pre + post - 

CNS 7334 0.25 -a - 5.8 - - 5.2 - - 6.0 

S. aureus 7323 1.0 - - 7.1 - - 6.5 - - 6.7 

P. aeruginosa 5148 2 - - 7.0 - - 7.1 - - 7.2 

CNS 7353 3 – 4 (32)b - 0.6 5.5 - 0.4 6.1 - - 5.7 

CNS 5234 24 - 2.2 6.0 - - 5.9 - 1.6 6.0 

CNS 5115 > 256 6.0 6.8 6.8 6.1 6.5 6.4 5.4 6.3 6.6 

a
 : below detection. 

b
 (32) indicates a resistant sub-population 
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The highly gentamicin-resistant strain CNS 5115 showed reduced survival in gaps 

made in pre-elution gentamicin-loaded bone cements compared with plain bone cements. In 

post-elution samples however, this difference was not present. CNS 5234, being less resistant 

than CNS 5115, did not survive in pre-elution gentamicin-loaded bone cements, but showed 

reduced growth in gaps made in post-elution blocks, with respective p-values of 0.098, 0.006 

and 0.062 for CMW 1 Radiopaque G, Palacos R-G and Palamed G.  

Discussion 

In the present study, differences in bacterial survival have been investigated on gentamicin-

loaded and plain bone cements in an in vitro simulation of a prosthesis-related interfacial gap. 

Earlier in vitro studies have shown statistically significant reductions in bacterial growth on 

antibiotic-loaded bone cements as compared with plain bone cements, but bacterial survival 

and growth was generally not below detection as in the present study.
11-16

 Moreover, since 

antibiotic-loaded bone cements remain in situ for many years post-surgery while showing 

long-term release of minor amounts of antibiotic, experiments were also done with bone 

cements after the initial burst release of antibiotics. Interestingly, in gaps in pre-elution bone 

cements only the highly resistant CNS 5115 strain could survive, but in these post-elution 

bone cements survival was also possible for less resistant strains. 

 

The difference between the earlier in vitro studies and the simulated prosthesis-related 

gap model centres around a different ratio of exposed area of bone cement (A) over the 

volume (V) involved  (see Table 3-2 for a summary of area over volume ratios in the 

literature). For studies with bone cement samples in a test tube, the area over volume ratio 

(A/V) is between 0.30 and 3.0 cm
-1

,
11,12

 while in a modified Robbins device the area to 

volume ratio ranges from 0.030 to 0.00041 cm
-1

.
13-16

 In the gap model as applied here the 

area to volume ratio is much higher and equals 100 cm
-1

. Previously,
18

 we have shown that 

such a high area over volume ratio yields gentamicin concentrations up to 4000 µg/ml in gaps 

in pre-elution bone cements. This exceeds the MIC’s of the 5 non-surviving strains in this 

study by at least two orders of magnitude, but is only about 15 times higher than the MIC of 

the surviving CNS 5115. 

 

Bacterial killing in gaps in post-elution bone cement occurred only in sensitive strains 

and to a lesser extent in progressively more resistant strains. Using identical methods as 
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employed previously for the pre-elution bone cements,
18

 gentamicin concentrations in post-

elution gaps were measured. After 2 h of release, gentamicin concentrations for CMW 1 

Radiopaque G, Palacos R-G and Palamed G of 75, 180 and 650 µg/ml could be measured, 

respectively. This approaches or even exceeds the MIC values of the strains involved in this 

study. Consequently, this study shows that gentamicin-sensitive strains, able to survive in 

earlier models with a lower area to volume ratio, were eliminated in a simulated prosthesis-

related interfacial gap, both in pre-elution as in post-elution bone cements. 

 

Table 3-2. Summary of in vitro studies on the survival of bacteria on antibiotic-containing bone cements, together 

with an estimate of the area to volume ratios (A/V) in the experimental set-ups employed. 

Bone cement Antibiotic Bacterial strains A/V (cm-1) Survival Reference 

CMW 

Palacos R 

 

Gentamicin S. aureus 

 

0.00041 Yes 14 

CMW 1 

CMW 3 

CMW 2000 

CMW Endurance 

Palacos R 

Palamed 

 

Gentamicin S. aureus 

 

0.00091 Yes 15 

CMW 3 

Palacos R 

 

Gentamicin S. aureus 

 

0.0012 Yes 16 

PMMA bone cement 

 

Tobramycin  CNS  ~ 0.03 Yes 13 

Simplex P 

Palacos R 

 

Tobramycin  

Vancomycin  

S. aureus 

CNS 

~  0.3 Yes 11 

PMMA and orthodontic 

resin liquid 

 

Gentamicin  CNS 

Proteus mirabilis 

~ 3 Yes, except for 

CNS 

12 

CMW 1 

Palacos R 

Palamed 

Gentamicin S. aureus 

CNS 

P. aeruginosa 

100 No, except for 

resistant strain 

This study 

~ signifies approximately 
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From a clinical point of view it is important to discuss on the basis of the present 

results, whether gentamicin-loaded bone cement is useful in primary arthroplasty and in 

revision arthroplasty. Examinations in animals after primary simulated arthroplasty have 

indicated that prophylactic use of antibiotic-loaded bone cements protects against infection 

after intra-operative challenge with gentamicin-sensitive bacteria.
22-25

 Randomized controlled 

prospective clinical trials have also shown that antibiotic-loaded bone cements provide a 

protective effect against deep infection.
26-28

 This is further supported by recommendations to 

use gentamicin-loaded bone cement in combination with systemic antibiotics in primary 

arthroplasty, based on a cost-effectiveness analysis and an empirical analysis.
29,30

 The current 

study also points at an efficacy of gentamicin-loaded bone cement. However, it also indicates 

that gentamicin-loaded bone cement may select for gentamicin-resistant strains. Similar 

observations have been made in clinical practice.
9,31

 In summary, gentamicin-loaded bone 

cement can be considered to be effective in primary arthroplasty. The current trend of adding 

‘last resort’ antibiotics, such as vancomycin, to bone cement must be considered as a 

dangerous one, as it may lead to a similar selection of vancomycin-resistant strains in 

subsequent infections.
32

 

 

Revision arthroplasty is known to have a higher infection risk than primary 

arthroplasty.
33

 If gentamicin-loaded bone cement has been used in primary surgery, bacteria 

involved in these infections may already have survived a high gentamicin concentration 

inside a prosthesis-related gap and are probably gentamicin-resistant. Subsequent use of 

gentamicin-loaded bone cement would therefore be less efficacious, whilst still carrying the 

risk of further selecting resistance. Obviously, this does not apply to revision arthroplasty in 

the absence of previous use of gentamicin-loaded bone cement. 

 

In conclusion, the current study offers a fundamental background for evaluating the 

efficacy of use of gentamicin-loaded bone cements in clinical orthopaedics. Inside a 

simulated prosthesis-related interfacial gap, high gentamicin concentrations can be attained. 

Both in pre-elution and in post-elution bone cements these concentrations appear to be 

successful in killing commonly infecting bacterial strains with MIC’s that are over 100-fold 

lower. However, concurrently a selection of resistant strains can be seen. 



Bacterial survival in a simulated interfacial gap 

 49

References 

 1.  Wahlig H, Dingeldein E. Antibiotics and bone cements. Experimental and clinical long-term 

observations. Acta Orthop Scand (1980) 51: 49-56. 

 2.  Wahlig H, Buchholz HW. Experimentelle und klinische Untersuchungen zur Freisetzung von 
Gentamycin aus einem Knochenzement. Chirurg (1972) 43: 441-445. 

 3.  Heck D, Rosenberg A, Schink-Ascani M, Garbus S, Kiewitt T. Use of antibiotic-impregnated cement 

during hip and knee arthroplasty in the United States. J Arthroplasty (1995) 10: 470-475. 

 4.  Costerton JW, Lewandowski Z, Caldwell D, Korber D, Lappin-Scott H. Microbial biofilms. Annu Rev 

Microbiol (1995) 49: 711-745. 

 5.  Arizono T, Oga M, Sugioka Y. Increased resistance of bacteria after adherence to polymethyl 
methacrylate. An in vitro study. Acta Orthop Scand (1992) 63: 661-664. 

 6.  Naylor PT, Myrvik QN, Gristina A. Antibiotic resistance of biomaterial-adherent coagulase-negative and 

coagulase-positive staphylococci. Clin Orthop (1990) 261: 126-133. 

 7.  Brown MR, Allison DG, Gilbert P. Resistance of bacterial biofilms to antibiotics: a growth-rate related 

effect? J Antimicrob Chemother (1988) 22: 777-780. 

 8.  Mah TF, O'Toole GA. Mechanisms of biofilm resistance to antimicrobial agents. Trends Microbiol 
(2001) 9: 34-39. 

 9.  Tunney MM, Ramage G, Patrick S, Nixon JR, Murphy PG, Gorman SP. Antimicrobial susceptibility of 

bacteria isolated from orthopedic implants following revision hip surgery. Antimicrob Agents Chemother 

(1998) 42: 3002-3005. 

 10.  Van de Belt H, Neut D, Van Horn JR, Van der Mei HC, Schenk W, Busscher HJ. ...or not to treat? Nat 
Med (1999) 5: 358-359. 

 11.  Kendall RW, Duncan CP, Smith JA, Ngui YJ. Persistence of bacteria on antibiotic loaded acrylic depots. 

A reason for caution. Clin Orthop (1996) 329: 273-280. 

 12.  Chang CC, Merritt K. Microbial adherence on poly(methyl methacrylate) (PMMA) surfaces. J Biomed 

Mater Res (1992) 26: 197-207. 

 13.  Oga M, Arizono T, Sugioka Y. Inhibition of bacterial adhesion by tobramycin-impregnated PMMA bone 
cement. Acta Orthop Scand (1992) 63: 301-304. 

 14.  Poelstra KA, Busscher HJ, Schenk W, Van Horn JR, Van der Mei HC. Effect of gentamicin loaded 

PMMA bone cement on Staphylococcus aureus biofilm formation. Biofouling (1999) 14: 249-254. 

 15.  Van de Belt H, Neut D, Schenk W, Van Horn JR, Van der Mei HC, Busscher HJ. Staphylococcus aureus 

biofilm formation on different gentamicin-loaded polymethylmethacrylate bone cements. Biomaterials 

(2001) 22: 1607-1611. 
 16.  Van de Belt H, Neut D, Schenk W, Van Horn JR, Van der Mei HC, Busscher HJ. Gentamicin release 

from polymethylmethacrylate bone cements and Staphylococcus aureus biofilm formation. Acta Orthop 

Scand (2000) 71: 625-629. 

 17.  Wang JS, Franzen H, Lidgren L. Interface gap after implantation of a cemented femoral stem in pigs. 

Acta Orthop Scand (1999) 70: 234-239. 

 18.  Hendriks JGE, Neut D, Van Horn JR, Van der Mei HC, Busscher HJ. The release of gentamicin from 
acrylic bone cements in a simulated prosthesis-related interfacial gap. J Biomed Mater Res - Applied 

Biomaterials (2003) 63: 1-5. 

 19.  Tsukayama DT, Estrada R, Gustilo RB. Infection after total hip arthroplasty. A study of the treatment of 

one hundred and six infections. J Bone Joint Surg Am (1996) 78: 512-523. 

 20.  Neut D, Van de Belt H, Stokroos I, Van Horn JR, Van der Mei HC, Busscher HJ. Biomaterial-associated 
infection of gentamicin-loaded PMMA beads in orthopaedic revision surgery. J Antimicrob Chemother 

(2001) 47: 885-891. 

 21.  De Neeling AJ, Van Leeuwen WJ, Schouls LM et al. Resistance of staphylococci in The Netherlands: 

surveillance by an electronic network during 1989-1995. J Antimicrob Chemother (1998) 41: 93-101. 

 22.  Rodeheaver GT, Rukstalis D, Bono M, Bellamy W. A new model of bone infection used to evaluate the 

efficacy of antibiotic-impregnated polymethylmethacrylate cement. Clin Orthop (1983) 178: 303-311. 
 23.  Schurman DJ, Trindade C, Hirshman HP, Moser K, Kajiyama G, Stevens P. Antibiotic-acrylic bone 

cement composites. Studies of gentamicin and Palacos. J Bone Joint Surg Am (1978) 60: 978-984. 

 24.  Nijhof MW, Dhert WJA, Fleer A, Vogely HC, Verbout AJ. Prophylaxis of implant-related 

staphylococcal infections using tobramycin-containing bone cement. J Biomed Mater Res (2000) 52: 

754-761. 

 25.  Petty W, Spanier S, Shuster JJ. Prevention of infection after total joint replacement. Experiments with a 
canine model. J Bone Joint Surg Am (1988) 70: 536-539. 



Chapter 3 

   50   

 26.  Josefsson G, Gudmundsson G, Kolmert L, Wijkstrom S. Prophylaxis with systemic antibiotics versus 

gentamicin bone cement in total hip arthroplasty. A five-year survey of 1688 hips. Clin Orthop (1990) 

253: 173-178. 
 27.  Josefsson G, Kolmert L. Prophylaxis with systematic antibiotics versus gentamicin bone cement in total 

hip arthroplasty. A ten-year survey of 1,688 hips. Clin Orthop (1993) 292: 210-214. 

 28.  Chiu FY, Chen CM, Lin CF, Lo WH. Cefuroxime-impregnated cement in primary total knee 

arthroplasty: a prospective, randomized study of three hundred and forty knees. J Bone Joint Surg Am 

(2002) 84: 759-762. 

 29.  Espehaug B, Engesaeter LB, Vollset SE, Havelin LI, Langeland N. Antibiotic prophylaxis in total hip 
arthroplasty. Review of 10,905 primary cemented total hip replacements reported to the Norwegian 

arthroplasty register, 1987 to 1995. J Bone Joint Surg Br (1997) 79: 590-595. 

 30.  Persson U, Persson M, Malchau H. The economics of preventing revisions in total hip replacement. Acta 

Orthop Scand (1999) 70: 163-169. 

 31.  Hope PG, Kristinsson KG, Norman P, Elson RA. Deep infection of cemented total hip arthroplasties 

caused by coagulase-negative staphylococci. J Bone Joint Surg Br (1989) 71: 851-855. 
 32.  Beeching NJ, Thomas MG, Roberts S, Lang SD. Comparative in-vitro activity of antibiotics incorporated 

in acrylic bone cement. J Antimicrob Chemother (1986) 17: 173-184. 

33. Berbari EF, Hanssen AD, Duffy MC et al. Risk factors for prosthetic joint infection: case-control study. 

Clin Infect Dis (1998) 27: 1247-1254. 



Bacterial survival in a simulated interfacial gap 

 51



 

 

 



 

Bone cement loaded with 

clindamycin or fusidic acid in 

addition to gentamicin and  

survival of gentamicin-resistant 

coagulase-negative staphylococcal 

strains in a simulated prosthesis-

related interfacial gap 

 

  
Chapter 4 

 

Chapter 4 is submitted to FEMS Immunology and Medical Microbiology. Hendriks 

JGE, Neut D, Van Horn JR, Van der Mei HC, Busscher HJ. 

 





Effect of an additional antibiotic in bone cement 

55   

Introduction 

Biomaterial-related infections constitute a major threat to the current use of biomaterials.
1
 In 

orthopaedics, use of bone cement loaded with one antibiotic to prevent and treat prosthesis-

related infections is widespread, but still controversial. Animal and clinical studies indicate 

that it is effective,
2-5

 but a correlation with the emergence of antibiotic resistance has also 

been shown.
6-8

 The mechanism by which this resistance evolves is not clear and different 

options have been reported, including mutation,
9
 selection

10
 and the biofilm mode of growth. 

In the latter form bacteria may become refractory to antibiotics due to slime formation or 

slow metabolism,
11,12

 although increased resistance of bacteria adherent to the base material 

of bone cement, polymethylmethacrylate (PMMA),
13

 has been shown to persist after 

adhesion.
14

 

 

A model simulating the in vivo interfacial gap,
15

 existing between bone cement and 

bone or prosthesis was developed earlier.
16

 High concentrations of antibiotics were achieved 

in such gaps made in commercially available gentamicin-loaded bone cements. Gentamicin-

sensitive bacterial strains were not able to survive in the gap model,
10

 whereas in a model 

with a smaller area to volume ratio, such as the modified Robbins device, gentamicin-

sensitive strains could grow on these bone cements.
17

 On the other hand, a highly gentamicin-

resistant strain (sensitivity > 256 µg/ml) was able to survive in a gap environment, indicating 

the possibility of selection as a basis for the gentamicin resistance seen after use of 

gentamicin-loaded bone cement.
10

 

 

Emerging antibiotic resistance in total joint arthroplasty is a threat to current clinical 

practice and thus new treatment strategies are considered.
18

 These encompass more careful 

prescription of antibiotics
19-21

 and combinations of antibiotics.
22-24

 The latter has also led to 

further research in the incorporation of multiple antibiotics in bone cements,
25-29

 and recently 

in a commercially available bone cement (Copal, Biomet Merck, The Netherlands). Studies 

on combinations of antibiotics included in bone cements using the interfacial gap model 

could be useful to estimate the clinical value of these combinations, especially for highly 

gentamicin-resistant strains, not affected by bone cements loaded with gentamicin as a single 

antibiotic. The aim of this study is therefore to evaluate bacterial killing of highly 

gentamicin-resistant bacteria in a gap, made in bone cements containing only gentamicin 
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compared with bone cements in which half of the gentamicin is replaced by the 

corresponding activity equivalent of clindamycin or fusidic acid. 

Materials and methods 

Three experimental bone cements were donated by Johnson & Johnson DePuy CMW (United 

Kingdom). The first bone cement was loaded with 2.8 w/w% gentamicin sulphate (G), the 

second with 1.4 w/w% gentamicin sulphate and 1.0 w/w% clindamycin hydrochloride (C) 

and the last bone cement with 1.4 w/w% gentamicin sulphate and 1.8 w/w% sodium fusidate 

(F). The method for preparing bone cement blocks with a 200 µm gap is detailed elsewhere.
16

 

In short, the bone cement dough resulting from mixing the powder and liquid components 

was applied to a polytetrafluoroethylene (PTFE) mould fitted with 200 µm wide stainless 

steel strips. After 24 h the blocks were removed from the moulds and the strips. Blocks with 

superficial surface defects were discarded. Sterile precautions were observed throughout this 

procedure. 

 

Three coagulase-negative staphylococci (CNS) with a gentamicin sensitivity of > 256 

µg/ml (E-test, AB Biodisk, Sweden) were used, all isolated from patients with orthopaedic 

prosthesis-related infections treated in the University Hospital of Groningen (The 

Netherlands). All strains were similarly sensitive to clindamycin and fusidic acid, as 

estimated from the inhibition zones around the relevant bone cement sample in a modified 

Kirby-Bauer test.
30

 The gaps were filled with 6 µl of a 1:10 dilution in Tryptone Soya Broth 

(TSB, Oxoid, United Kingdom) of a 24 h preculture of the strain in TSB. The inoculated gaps 

were incubated for 24 h at 37°C, after which the blocks were broken. The gap surfaces were 

scraped off and the scrapings were resuspended in 9 g/l sodium chloride. After serial 

dilutions, TSB agar plates were used to quantify the number of colony forming units (cfu) 

that had survived in the different gaps. Plates were incubated for 7 days to allow detection of 

slowly growing colonies after antibiotic exposure. A similar serial dilution and plating 

technique had been used to quantify the inoculum and the percentages of surviving bacteria 

with respect to the initial inoculum were calculated. All experiments were carried out in 

triplicate and the differences between the survival percentage in G were compared with that 

in C and F using Student’s t-test for paired samples, since the inoculum size for each bone 

cement was identical in one run, but not between runs. 
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Results 

The average inoculum sizes per gap differed per strain and amounted 3.3 x 10
6
 cfu for CNS 

5115, 0.8 x 10
6
 cfu for CNS 7347 and 3.5 x 10

6
 cfu for CNS 7391. The percentages of these 

inocula that survived in the gaps after 24 h of inoculation are presented in Table 4-1. There 

was a trend of more reduced survival in the bone cement containing gentamicin and 

clindamycin compared with that containing only gentamicin, but not for the bone cement 

containing gentamicin and fusidic acid. Taking into account that the results are subject to 

microbiological variations, the lowest p-value of 0.09 for CNS 5115 in C can be considered 

to be statistically significant. The relative survival for CNS 7347 was approaching the 

detection limit in all three bone cements, possibly as a consequence of the four times lower 

inoculum size. Differences in gentamicin sensitivity could also play a role, although this was 

>256 µg/ml for all strains. 

Discussion 

Combinations of antibiotics in bone cements have been suggested as an option to counter the 

emerging antibiotic resistance with the use of only gentamicin. In this study, the survival of 

highly gentamicin-resistant bacterial strains from prosthesis-related infections was studied in 

simulated prosthesis-related interfacial gaps in bone cements with gentamicin alone and 

gentamicin complemented with clindamycin or fusidic acid. The choice of these additional 

antibiotics can be rationalized. Susceptibility to clindamycin of bacteria adherent to PMMA 

has not been shown to change due to growth in the adhered state.
31,32

 The combination of 

gentamicin and clindamycin in bone cement has recently been shown to be able to produce a 

Table 4-1. Survival percentages of inocula after 24 h inoculation in a gap in antibiotic-loaded bone cements for 

the highly gentamicin-resistant bacterial strains used in this study. The p-values as calculated with a two-tailed 

Student’s t-test for paired samples are also given. 

Strain Survival %  p-value 

 G C F  G vs. C G vs. F 

CNS 5115 0.154 0.006 0.265  0.09 0.15 

CNS 7347 0.008 0.003 0.000  0.42 0.22 

CNS 7391 0.106 0.009 0.009  0.19 0.19 

G indicates bone cement with 2.8 w/w% gentamicin sulphate 

C contains 1.4 w/w% gentamicin sulphate and 1.0 w/w% clindamycin hydrochloride 

F contains 1.4 w/w% gentamicin sulphate and 1.8 w/w% sodium fusidate. 
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larger zone of inhibition than bone cements with only gentamicin.
29

 Fusidic acid, with its 

steroid-like structure, is a lipophilic antibiotic that could be applied as a ‘slime buster’.
29

 It 

has good efficacy against staphylococci and good bone penetration and has therefore been 

suggested as a promising agent against bone infections.
33

  

 

Clindamycin has been reported to have release characteristics from bone cement that 

are superior to those of gentamicin,
34

 but the opposite has also been found.
35

 Literature is 

equally divided as to the release of fusidic acid from bone cement.
25,34,35

 The combination of 

gentamicin and fusidic acid in bone cement was found to have an unexpected short effect, 

which was ascribed to incompatibility of these compounds in solution due to the acidity of 

gentamicin in solution.
25

 After finding conflicting results between a modified Kirby-Bauer 

test and a bacterial adhesion assay using a bone cement containing gentamicin and 

clindamycin, it was suggested that the value of such a bone cement must be proven in vivo.
29

  

 

The simulated prosthesis-related interfacial gap model offers an additional in vitro test 

that could be used to estimate the value of antibiotic additions to bone cement.
10

 The results 

of the current study show that all inocula are reduced to less than 0.3 % of their original 

viability. Although it might be concluded at this stage that the three bone cements used in the 

current study have adequate bacterial killing, any micro-organism surviving the initial burst 

release can be expected to lead to a biofilm infection. Highly gentamicin-resistant strains, 

able to survive for 24 h in a gap environment in gentamicin-loaded bone cement, are only 

moderately more efficiently killed if half of the gentamicin is replaced with fusidic acid or 

clindamycin, despite good sensitivity of the selected strains to these antibiotics. In one strain 

a limited increase in survival was even seen with combined use of fusidic acid and 

gentamicin. In conclusion, this study shows that use of a combination of antibiotics in bone 

cement does not uniformly lead to better results than use of gentamicin as a single antibiotic, 

although the combination of clindamycin and gentamicin showed reduced survival for all 

three strains. 
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Introduction 

The use of acrylic bone cement is a successful means of fixation of the femoral component in 

total hip arthroplasty.
1
 Bone cement is applied as a filler between prosthesis and bone to 

provide stability to the implant. Total hip arthroplasty is now performed routinely around the 

world and has good long-term results.
2
 Aseptic loosening and infection are the major threats 

to prolonged survival. Antibiotics have been added to the bone cement both to reduce 

infection rates and to treat infections.
3,4

 Antibiotic release from antibiotic-loaded bone cement 

is related to the surface area exposed.
5
 Surface roughness is particularly involved with the 

initial burst release of antibiotics from bone cement. The subsequent low release is more 

closely related to bulk porosity,
6
 although the majority of the antibiotic remains isolated in 

the bulk even after years of implantation.
7,8

 

 

When walking on a cemented prosthesis, the bone cement is loaded cyclically. This 

leads to fatigue cracks and ultimately bone cement mantle failure. This was confirmed by 

examination of bone cement mantles that were retrieved post-mortem,
9,10

by in vitro cyclic 

loading models
11-13

 and by finite element analyses.
10,14

 All cracks constitute fresh surface area 

of bone cement. Consequently, a renewed burst release of antibiotics could be expected from 

the crack surface and ongoing fatigue crack initiation and propagation would therefore 

theoretically result in a progressive liberation of otherwise isolated antibiotics from 

antibiotic-loaded bone cement. However, so far there is no evidence that more antibiotic is 

released from bone cement that is loaded cyclically, although disruption of the bone cement 

at revision surgery is known to cause additional antibiotic release.
7
  

 

The goal of this study is to investigate to what extent cyclic loading results in 

increased antibiotic release from three commercially available gentamicin-loaded bone 

cements. For this purpose, gentamicin release from modelled femoral bone cement mantles 

was measured in a cyclically loaded and in a non-loaded situation. 
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Materials and methods 

Model 

In order to study the effect of cyclic loading on gentamicin release, it is necessary for the 

bone cement to have direct contact with an elution fluid. The model was therefore only based 

on the frontal aspect of the femoral part of a total hip arthroplasty. This frontal plane was 

extruded in a sagittal direction for 20 mm. This allowed the major loads to be applied, while 

the frontal and dorsal aspect of the bone cement could remain available for contact with the 

fluid. The femoral component was a simplified collarless, tapered femoral stem made of 

stainless steel. The femoral shaft was mimicked by a tapered aluminium support (Figure 5-1, 

right side).  

 

This combination of prosthesis and support was placed in a frame made of 

construction steel (Figure 5-2). The frame had an arm with an angle of 23° to the horizontal 

in order to simulate the direction of the maximum resultant joint reaction force in the hip.
15

 

All other dimensions in the model were scaled down by a factor 3. Further down-scaling was 

avoided, as this would yield the bone cement mantle to become thinner than 3 mm, which 

likely results in bone cement mantle fracture,
9,16,17

 since thinner parts of bone cement mantles 

are known to be responsible for the majority of cracks leading to mantle failure.
18

 

 

Figure 5-1. Photograph of the various parts of the assembly. On the right side the support can be seen with 

cemented prosthesis. The delineation of the bone cement has been emphasized to show the absence of contact 

of the bone cement mantle with the bottom of the support, resulting in a communication canal between the 

containers on either side of the support. At the back of this support, one container is already attached to it. On the 

left side the inside of the other container can be seen, prior to assemblage to the support. 
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Cementing procedure 

At the start of the cementing procedure, the open sides of the support were temporarily closed 

by transparent plates covered with copier sheet (MC 110, Océ, The Netherlands), kept in 

place by hand screws. This was necessary to prevent bone cement extrusion from these 

aspects. A 4 mm thick plate was fitted at the bottom of the aluminium support, in analogy 

with the femoral bone cement plug used in a clinical situation. The following bone cements, 

kindly donated by their respective distributors, were used: CMW 1 Radiopaque G (1.7 w/w% 

gentamicin base, Johnson and Johnson, DePuy, CMW, United Kingdom), Palacos R-G (0.84 

w/w% gentamicin base, Schering-Plough, The Netherlands) and Palamed G (0.86 w/w% 

gentamicin base, Ortomed, The Netherlands). Mixing was done manually in ceramic bowls at 

ambient temperature. The bone cement was introduced in the mock femoral shaft in the 

dough phase. An external guide, controlling the depth of implantation and the angulation of 

the prosthesis, was used to ensure correct prosthesis positioning. This led to comparable bone 

cement mantle dimensions in all experiments. 

 

Two prostheses were cemented from each batch of bone cement; one for the 

determination of gentamicin release under loading, the other as a control for determination of 

gentamicin release without loading. Bone cement was left to harden for 7 days, after which 

the plates covering the open sides of the support and the distal plate were removed. 

Release conditions 

Subsequently, aluminium containers were placed at the non-supported sides of the support. 

These were fitted with rubber strips to prevent leakage of water and fixed with 6 bolts (Figure 

5-1). The absence of contact of the bone cement mantle with the distal end of the support, 

after removal of the distal plate, resulted in a canal enabling communication of the containers 

on either side of the prosthesis (Figure 5-1). 18 ml of demineralized water was put into this 

assembly. 

 

All three different bone cements were loaded simultaneously in separate frames. The 

controls were run at the same time. Loading was performed pneumatically at a maximum 

pressure of 4 bar. The load was delivered through a clamping module (EV-40-5, Festo AG & 

Co., Germany), that was mounted on the arm of the frame (Figure 5-2). An adjustable pulse 

oscillator (VLG-4-1/8, Festo AG & Co., Germany) generated a sinusoidal wave with a  
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frequency of 5 Hz, as it has been shown that test frequencies between 1 and 10 Hz do not 

influence the in vitro fatigue life of acrylic bone cements.
19

 Using a quasi-3D numerical 

simulation of the current set-up, based on the finite element method, a stress analysis of the 

model was made. The software package ANSYS
®
 was used with a Quad 8node 84 element 

and this predicted stresses between – 2 MPa just distally of the tip and + 6 MPa proximally 

on the bone cement stem interface, which coincides with computations by others.
11

 After 600 

h, 10.8 million cycles will have passed, which is the equivalent amount of steps taken during 

Figure 5-2. Schematic lateral view of the whole model, shown without containers for improved clarity. The 

prosthesis cemented in the support and the bone cement mantle is only supported from the medial and lateral 

sides, while distally a communicating canal remains free (A). On the lateral side of the support, the separation 

line (B) connecting the lateral pillar to the medial side of the support is visible. The assembly is fixed to the frame 

with screwed clips. The loading arm is displayed with the clamping module (C) below the two load cells (D). 
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five to twelve years.
20,21

 The applied loads were monitored online with two load cells per unit 

(BC 303, DS Europe, Italy) in all three systems (Figure 5-2). These data were used to 

regulate the cycling frequency. Loads were constant throughout the experiments. 

Measurement of released gentamicin 

The entire fluid volume was extracted from the assembly to follow the gentamicin release 

from the bone cements as a function of time at 1, 2, 6, 24, 120, 216, 312, 408, 504 and 600 h 

after the start of an experiment. In the case of the loaded sample, loading was temporarily 

halted. The extracted volume was measured and a 500 µl sample was taken for determination 

of the gentamicin concentration. This sample volume and eventual losses were recorded and 

supplemented with demineralized water to the original volume and the assembly was refilled. 

This was done to ensure a relatively constant immersion depth of the bone cement mantle. 

Losses were negligible at all times and probably only caused by priming of the assembly and 

evaporation. 

 

The gentamicin concentration was measured with a fluorescence polarization 

immuno-assay (AxSYM, Abbott Laboratories, U.S.A.) after appropriate dilution. From this 

concentration the cumulative amount of gentamicin released could be calculated at each 

sampling point, taking into account the recorded volume losses. Statistical analysis was 

performed after plotting the gentamicin release as a function of time and subsequently 

summarizing the serial measurements of individual bone cement mantles in one parameter: 

the area under the curve.
22

 Subsequently a one-tailed Student’s t-test was performed on the 

resulting areas for each bone cement, comparing the loaded and unloaded release per run. 

Bone cement analysis 

After final extraction of the volume at 600 h, the containers were removed from the assembly 

and the supports containing the bone cement mantle with the prosthesis were submersed in an 

aqueous red dye (Red food colouring, Goodall’s, Ireland) that was diluted 1:3. This was left 

in a vacuum tank for 24 h, after which the screws holding the lateral pillar of the support 

were removed (separation line visible in Figure 5-2) and the remaining support with bone 

cement mantle and prosthesis were put in a – 80°C freezer for 30 min. At removal from the 

freezer, the bone cement was no longer bonded to the metal parts. The bone cement mantles 

were weighed and their thicknesses were measured medially and laterally with a digital 
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caliper. Furthermore, all accessible surfaces of the bone cement were studied with a 

microscope under 200-fold magnification, which was shown to enable visualization of cracks 

in bone cement mantles.
18

 All cracks found were recorded and their lengths measured 

digitally. Finally, the bone cement mantles were sawed longitudinally twice with a band saw 

in order to reveal possible penetration of the dye into the bulk of the material. 

 

All experiments were conducted at ambient temperature and were performed in 

triplicate with separate batches of bone cement. 

 

 

 

Figure 5-3a. Cumulative gentamicin release for CMW 1 Radiopaque G bone cement as a function of the number 

of cycles of loading. Error bars denote the average standard deviation over all time points in three separate 

experimental runs. 
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Results 

Measurement of released gentamicin 

Figures 5-3a, 5-3b and 5-3c show the cumulative amount of gentamicin released as a function 

of the number of loading cycles, averaged over three runs for CMW 1 Radiopaque G, Palacos 

R-G and Palamed G respectively. It is apparent that the gentamicin release of the first two 

bone cements is not affected by cyclic loading (Figures 5-3a and 5-3b). The gentamicin 

release from Palamed G, however, was significantly (p = 0.025) higher for the cyclically 

loaded samples than for the unloaded samples (Figure 5-3c). 

Bone cement analysis 

The average weight of the bone cement mantles was 7.26 g (standard deviation 0.16 g) and 

Figure 5-3b. Cumulative gentamicin release for Palacos R-G bone cement as a function of the number of cycles 

of loading. Error bars denote the average standard deviation over all time points in three separate experimental 

runs. 
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the average thickness of the bone cement mantles was 3.14 mm (standard deviation 0.20 

mm). There were no differences in weight and mantle thickness between the various cements 

or between the loaded and unloaded situations. 

 

Figure 5-4 shows an example of a crack seen in Palamed G under 200-fold 

magnification. Cracks like this were only found near the distal tip of the prosthesis in the 

unsupported sides of the bone cement. These were equally found in loaded and unloaded  

samples of the different bone cements. For CMW 1 Radiopaque G, the total crack length in a 

bone cement mantle, averaged over three loaded and three unloaded samples, was 434 µm 

(standard deviation 565 µm), in Palacos R-G it was 269 µm (standard deviation 296 µm) and 

in Palamed G it was 764 µm (standard deviation 454 µm). After sectioning of the specimens, 

no red dye was found to have penetrated into the bulk of the bone cement. 

Figure 5-3c. Cumulative gentamicin release for Palamed G bone cement as a function of the number of cycles of 

loading. Error bars denote the average standard deviation over all time points in three separate experimental 

runs. 
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Discussion 

The long-term release of gentamicin from bone cement under clinical conditions is hardly 

understood and was suggested to be a result of cyclic loading and subsequent fatigue crack 

formation in the bone cement, facilitating release. In our model, no additional release of 

gentamicin was seen for two bone cements upon cyclic loading. For Palamed G, cyclic 

loading resulted in a statistically significant increase in release of gentamicin, mainly 

originating during early loading of the bone cement (Figure 5-3c). 

 

According to the hypothesis new surface presented by cracks due to loading would 

result in increased release of gentamicin. The cracks found in the cement mantles of all bone 

cements however, appeared to be unrelated to the type of bone cement or to the loading 

history. It has been noted in other experiments on fatigue cracking of bone cement that most 

cracks form early on in the loading history with a reduction in the rate of new crack 

formation upon further cycling.
11

 This was ascribed to the possibly stress relieving nature of 

early fractures, occurring mostly at locations of high stress intensity, such as the sharp tip of a 

prosthesis. Furthermore, it is possible that the cracks in the bone cement are rapidly arrested 

by a microstructural feature and then become dormant.
23

 Another experiment also indicated 

 

Figure 5-4. Micrograph at 200x magnification of a crack in Palamed G bone cement after 10.8 x 10
6
 loading 

cycles. The crack was situated at the tip of the prosthesis and ends in a pore on the surface. The scale bar 

indicates 50 µm. 
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that early cracks appeared at the interfaces between bone cement and support, whereas with 

more load cycles the majority of cracks was observed in the bulk of the bone cement.
12

 It is 

therefore likely that most surface-related cracks occur early on in the loading regimen. In 

order to focus on the early origin of cracks, one additional run was undertaken in which all 

bone cements were subjected to only 0.1 x 10
6
 cycles in 6 h, or not loaded as a control. 

Cracks with a similar length and location as observed in the 600 h experiment occurred in all 

bone cements, including Palamed G. The similarity of these crack parameters for both 

unloaded bone cements and bone cements loaded with 0.1 or 10.8 x 10
6
 cycles indicate an 

independence from cyclic loading. In fact, it seems likely that these cracks occur before the 

loading regimen, since the unloaded bone cements showed similar cracks.  

 

This could be ascribed to so-called pre-load cracks caused by residual stresses in the 

bone cement after curing.
24

 Pre-load cracks are thought to be due to shrinkage after stress-

locking at the maximum temperature achieved during curing.
24,25

 It has been calculated that 

these stresses are in the order of 4 – 7 MPa, which is sufficiently high to initiate cracks when 

stress risers are present.
24

  

 

Despite the fact that the model appeared to result in relevant stresses, the only cracks 

observed in the current model were at or near the tip of the prosthesis (Figure 5-4). 

Examination under a 20-fold magnification stereoscope, as described by others,
13

 did not 

reveal microcracks on the bone cement surface in our model. This could be due to the fact 

that other studies predominantly study crack initiation and propagation at the interface of one 

material with another in a situation where the whole bone cement mantle is supported,
11

 

whereas in our model, two sides were left unsupported to allow gentamicin release. The 

increased release of gentamicin from Palamed G could not be explained by analysis of the 

bone cement mantle. However, it is interesting to note that the release characteristics of 

gentamicin from Palamed G also diverged from CMW bone cements and Palacos R-G in 

another study.
26

 

 

Even in the case of Palamed G there was no progressive increase in release with 

further cyclic loading, although this would intuitively be expected in a non-linear damage 

accumulation scenario.
13

 However, studies of retrieved bone cement mantles showed fatigue 

cracks at the core of the bone cement mantle.
9,27

 Loading of bone cement in a true three-

dimensional construct also resulted in most fractures occurring not only at the interface 
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between bone and bone cement but also mid-mantle.
28

 Furthermore, fully reversed tension-

compression testing of bone cement samples submersed in water also revealed that all fatigue 

fractures emanated from internal pores.
27

 Finally, stresses due to shrinkage after curing of the 

bone cement are reportedly higher in the bulk of the bone cement than on the interfaces.
11

 

This could also result in more pre-load cracks in the inaccessible bulk of the bone cement 

than on the outer surface. Although we were not able to investigate the presence of internal 

cracks after sawing, the absence of red dye in the bulk of the bone cement indicates that 

eventual internal cracks in the current model would not have been accessible to the elution 

fluid. Therefore such cracks would not influence the antibiotic release and this could explain 

a failure to achieve progressive increase of antibiotic release upon cyclic loading in the bone 

cements studied.  

 

In summary, an initial effect of cyclic loading on the release of antibiotics from bone 

cements was only observed in Palamed G, but not in CMW 1 Radiopaque G and Palacos R-

G. Even for Palamed-G, there was no progressive increased release with further cyclic 

loading. The absence of communication between internal cracks in the bulk with the elution 

fluid is probably causative to the absence of prolonged effects of cyclic loading on antibiotic-

release from bone cements.  
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Introduction 

Bone cement is used in orthopaedic surgery to achieve fixation of joint prostheses to bone.
1
 

Antibiotics released from bone cement can effectively kill bacteria and hence antibiotic-

loaded bone cement is used as a measure against prosthesis-related infections.
2
 The release 

profile of antibiotics from bone cements follows a typical curve. A high initial release rate 

allows high initial concentrations, particularly in close contact with the bone cement.
3,4

 

Subsequently the release rate declines sharply, and a low long-term release follows.
5-7

 

Despite the fact that the release of antibiotics continues for a long time, for practical purposes 

it can be considered to be incomplete. After years of implantation it has been shown, that 

over 80% of the antibiotic incorporated initially is still present isolated in the bone cement.
8,9

 

 

These release characteristics are not ideal for optimal bacterial killing by gentamicin, 

as this requires a high peak concentration delivered once per day.
10-12

 Although higher kill 

rates of staphylococci can be achieved using progressively higher gentamicin concentrations, 

this effect is only found in the first hour after antibiotic exposure.
13

 Extended presence of 

antibiotics, as a result of the release characteristics described above, has not been shown to be 

as effective as the initial release and has even been implicated in development of 

antimicrobial resistance among bacteria.
14,15

  

 

Low-frequency ultrasound has been implied in targeting or controlling drug release.
16

 

Furthermore, ultrasound has been documented to more efficiently allow drugs to cross 

barriers such as the skin and the cornea, which are otherwise nearly impermeable.
17,18

 Low-

frequency ultrasound is also known to enhance the effectiveness of gentamicin against 

bacteria.
19

 This is suggested to be due to a destabilization of bacterial membranes.
20

 

Ultrasound has already found wide application in the medical diagnostic and 

physiotherapeutic fields and is considered to be safe.
21

 In this study we aim to establish the 

effect of the application of low intensity low-frequency ultrasound on the release of 

antibiotics from bone cement. Of particular interest was the possibility of accessing 

antibiotics otherwise remaining isolated in the bone cement. 
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Materials and methods 

Bone cement samples 

The following bone cements were used in this study: CMW 1 Radiopaque G, containing 1.7 

w/w% gentamicin base (DePuy CMW, United Kingdom), Palacos R-G containing 0.84 

w/w% gentamicin base (Schering-Plough, The Netherlands), Palamed G, containing 0.86 

w/w% gentamicin base (Ortomed, The Netherlands). All were kindly donated by the 

respective distributors.  

 

Mixing of the liquid monomer and granular powder was performed manually with a 

spatula in a ceramic bowl at ambient temperature and under atmospheric pressure. At the 

time specified for start of application of the bone cement, as stated in the respective manuals, 

the still doughy bone cement was spread over a polytetrafluoroethylene (PTFE) mould. After 

application of the bone cement, the mould was compressed between two glass plates, covered 

with copier overhead film (MC 110, Océ, The Netherlands) to facilitate removal after 

hardening. The glass plates were manually compressed up to the time specified for final 

hardening, after which they were left in place for at least 24 h. Cylindrical samples with a 

diameter of 6 mm and a height of 3 mm could be removed from the mould by gentle pressure. 

 

Part of the bone cement samples were submersed in phosphate buffered saline (PBS, 

NaCl 8.76 g/l, K2HPO4 0.87 g/l, KH2PO4 0.68 g/l; pH 7.0) for three weeks with refreshment 

of the PBS twice a week. During this time the bottles with submersed samples were placed in 

a Gyrotory
®

 Water Bath Shaker at 37°C (Model G 76, New Brunswick Scientific Co. Inc., 

U.S.A.). This was intended to simulate the situation where bone cement would have been 

implanted for some time. Between refreshments there was on average 50 ml of PBS per 

sample block. This prevented the build-up of a high concentration of gentamicin that could 

limit further release. These samples will be referred to as post-elution samples.  

Insonation device 

The following insonation set-up was developed for these experiments. A 46.5 kHz sinus 

signal produced by a function generator (3314A, Hewlett Packard, U.S.A.) was amplified by 

a custom-built multichannel amplifier. The amplified signal was sent to a 46.5 kHz 

transducer (0995/000 massager, Morgan Electro Ceramics, United Kingdom) encased in a 
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watertight housing. Voltages during insonation were monitored on a digital oscilloscope (PM 

3394, Philips, The Netherlands). The transducer was suspended in a container filled with 

degassed, demineralized water (Figure 6-1). Degassing was performed by exposure of the 

water to a 10 mm Hg vacuum for 18 h prior to insonation. The dimensions of the container 

were chosen so that reverberation was prevented. To the same end a 10 mm thick rubber slab, 

covering the wall into which the ultrasound beam was directed, was used as an attenuator. 

Measurements with an active hydrophone (MK II, Medisonics, United Kingdom) indicated 

that the ultrasound field had an acoustic intensity of 500 mW/cm
2
 at the position of the 

sample in the test tube. The continuous signal was switched between 3 transducers so that 

each transducer had a 1:3 duty cycle with an on time of 2 ms. The time average acoustic 

intensity was 167 mW/cm
2
. 

 

Figure 6-1. Ultrasound set-up, showing the transducer in its housing and the test tube. The container can be filled 

with degassed water. The screws on the top of the rig allow changing the distance between the transducer and 

the sample in order to adjust ultrasound intensity at the sample. 
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Release conditions 

Fresh bone cement samples were put in test tubes with 12 ml PBS. Post-elution samples were 

put in the minimum workable amount of 1.5 ml PBS, in order to achieve gentamicin 

concentrations above the measurement threshold. The test tubes (PS-tube 16.0/152mm 

Greiner Bio-one, Germany) used were made of polystyrene and had shown smaller 

absorption and reflection of the ultrasound used than standard glass test tubes. One sample of 

fresh and post-elution bone cement was insonated for 18 h, while another sample of each type 

was left in the same room without insonation as a control. Prior to start of the insonation, the 

acoustic output was measured by the hydrophone and the distance between the test tube and 

the transducer was changed to set the peak acoustic intensity to 500 mW/cm
2
. Furthermore, 

the ambient temperature and the temperature of the water in the containers were recorded 

prior to and after the insonation. The elution fluid was appropriately diluted and the 

gentamicin concentration was measured with a fluorescence polarization immuno-assay. 

(AxSYM, Abbott Laboratories, U.S.A.) The gentamicin concentration was multiplied with 

the elution volume to obtain the total amount of gentamicin released over 18 h. For each bone 

cement the insonation and control groups were directly compared using a two-tailed 

Student’s t-test for independent samples. All experiments were performed at ambient 

temperature and in 9-fold. No increase in temperature was measured in the water bath due to 

the applied ultrasound. The same batches of bone cement were used for each repeat study.  

 

Furthermore, the results from fresh bone cements were pooled and used to construct a 

linear regression model using the software package Statistical Package for Social Sciences 

(SPSS 10 for Windows, SPSS Inc., U.S.A.). This allows a more general statement regarding 

the ultrasound effect on gentamicin release from all three bone cements. The dependent 

variable was the amount of gentamicin eluted from a sample in 18 h. As independent 

variables the insonation status (off = 0, on = 1), the average bath temperature (°C), the bone 

cement type (coded in two dummy variables: for CMW 1 Radiopaque G both dummies were 

0, for Palacos R-G dummy 1 was 1 and dummy 2 was 0 and for Palamed G dummy 1 was 0 

and dummy 2 was 1) and the interactions between the dummy variables and insonation status 

were entered. Subsequently, stepwise removal of variables that were not significant 

predictors was used and the smaller models were tested against the previous model. Finally, 

the normality and the spread of the residuals of the best model were verified. 
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Results 

The fresh bone cement samples showed that the average gentamicin release was higher in the 

insonated samples for all three bone cements, although none of these differences were 

statistically significant (Table 6-1). Palamed G showed the largest difference between the 

insonated and control samples, but the difference in CMW 1 Radiopaque G had a lower p-

value, likely due to the larger standard deviation in Palamed G. For the post-elution samples 

gentamicin concentrations occasionally dropped below the measurement threshold, despite 

the decreased volume in which the release was allowed to take place. Contrary to the results 

in the fresh samples, the averages of the amount of gentamicin released were not higher upon 

insonation in any of the three bone cements (Table 6-2). 

Table 6-1. Average amount of gentamicin released (µg / sample) from fresh samples for each bone cement with 

or without ultrasound and their standard deviations. Experiments were performed in 9-fold. The p-values for the 

difference in each bone cement from the two-tailed Student’s t-test are also given. 

Bone cement US off US on p-value 

 Average SD Average SD  

CMW 83.6 10.5 93.3 13.0 0.10 

PC 45.6 4.7 48.3 4.8 0.32 

PM 68.0 31.2 84.6 14.2 0.17 

CMW indicates CMW 1 Radiopaque G 

PC indicates Palacos R-G 

PM indicates Palamed G 

 

US off/on signifies the ultrasound insonation status. 

SD indicates standard deviation 

 

Table 6-2. Average amount of gentamicin released (µg / sample) from post-elution samples with smooth surfaces 

for each bone cement with or without ultrasound and their standard deviations. Experiments were performed in  

9-fold. The p-values for the difference in each bone cement from the two-tailed Student’s t-test are also given. 

Bone cement US off US on p-value 

 Average SD Average SD  

CMW 0.63 0.61 0.39 0.32 0.31 

PC 1.09 0.57 1.32 0.61 0.42 

PM 0.84 0.53 0.86 0.43 0.94 

The abbreviations used can be found in Table 6-1. 
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The best linear regression model showed a prediction of the results with an adjusted 

coefficient of determination (R
2
) of 0.81 and is summarized in Table 6-3. The insonation 

status and the average bath temperature were both significant predictor variables with 

positive coefficients, indicating that insonation or an ambient temperature rise resulted in 

increased release. Although dummy 2 was not significant it could not be removed from the 

model. Elimination of the dummy variables is necessarily combined and resulted in a poorer 

model. The assumption of normality and spread of the residuals in the final model was found 

to be satisfactory. 

Discussion 

In the present study, the influence of ultrasound on gentamicin release from bone cements 

was investigated. By means of a purpose-built insonation facility fresh or post-elution 

samples of three commercially available bone cements were insonated. The amount of 

gentamicin released under these conditions was compared with that of similar samples that 

were not insonated. Use of ultrasound with similar parameters as in the present study was 

found to be safe in in vivo experiments, although higher power levels gave rise to skin 

problems.
17,19

 

 

There was a striking trend of increased release upon insonation from fresh samples 

made of all three bone cements, although there were no statistically significant differences 

when directly comparing the insonated and non-insonated groups (Table 6-1). This trend was 

substantiated by the construction of a valid linear regression model in which the effect of 

Table 6-3. Linear regression model for the effect of ultrasound on antibiotic release from fresh samples. 

Regression coefficients are given under B with their standard errors (SE). Dummies 1 and 2 were used to code 

the type of bone cement (0,0 is CMW; 1,0 is PC and 0,1 is PM). The significance of each predictor is also shown. 

Predictor variables Regression coefficients Significance 

 B SE  

Constant 29.1 16.7 0.090 

Insonation status 7.5 3.2 0.026 

Average bath temperature 2.6 0.75 0.002 

Dummy 1 - 44.2 3.7 < 0.001 

Dummy 2 - 5.5 4.0 0.171 

SE indicates standard error 

Further abbreviations used can be found in Table 6-1. 
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ultrasound had a positive coefficient and was significant with a p-value of 0.026 (Table 6-3). 

Combining the results from all bone cements allowed this linear regression model. Such an 

analysis allows more precise examination of all factors leading to the result. In this method 

part of the variation between the samples is ascribed to factors other than the factor 

ultrasound, while at the same time the predictive effect of ultrasound gains confidence. The 

linear regression model clearly indicated that ultrasound promoted the release of gentamicin 

from bone cement in general. The moderately higher amount of gentamicin released due to 

ultrasound could result in substantially higher concentrations if it is released in a small 

volume, such as in a prosthesis-related interfacial gap.
4
 

 

The amount of gentamicin released in 18 h from post-elution bone cement, that had 

been allowed to release gentamicin for three weeks, was only a fraction of that released from 

fresh bone cements (cf. Tables 6-1 and 6-2). This is in line with earlier experiments that 

indicated that the long-term release is far below the initial burst release.
5-7

 Exploration of the 

ultrasound effect on gentamicin release from samples that have been allowed to release 

gentamicin for several hours or days, could reveal a breakpoint in time after which ultrasound 

effects are no longer significant. 

 

The mechanism of improved release of gentamicin from bone cements due to 

ultrasound remains unclear. Micro-streaming due to stable cavitation caused by high and low 

pressure areas in a fluid could enhance solute transport and may be of influence.
22

 On the 

other hand, it is interesting to note that the effect of a rise in temperature of 1°C would result 

in an increase of gentamicin release of 2.6 µg according to the model, while the effect of 

insonation would be an increase of 7.5 µg (coefficients under B in Table 6-3). Hence, a 

temperature rise of 3°C at the sample would theoretically result in a similar increase in 

gentamicin release as caused by ultrasound. Although ultrasound did not result in a 

measurable increase in the temperature of the water bath, a temperature rise of a few °C at the 

sample site cannot be excluded. Exploration of ultrasound parameters, like the frequency 

used and the total energy transmitted, whilst measuring the local temperature at the sample 

could further elucidate the mechanism of increased release and may lead to optimization of 

the ultrasound effect. 
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Biomaterial-related infections pose a threat to future use of biomaterials.
23

 Both the 

recognition of the importance of biofilms in biomaterial-related infections and the current 

emergence of bacterial resistance to antibiotics have increased this threat.
24,25

 This has 

spurred an increased interest in physical methods that can affect bacterial adhesion, growth 

and can even disrupt established biofilms. Examples are positively charged surfaces,
26

 

coatings with poly(ethylene oxide) brushes,
27

 bubble-induced detachment of bacteria,
28

 bio-

electric,
29

 bio-magnetic
30

 and bio-acoustic
31

 effects. The latter refers to low intensity low-

frequency ultrasound that can reduce bacterial biofilm growth in conjunction with 

gentamicin.
19,20

 

 

In conclusion, this study shows that there is an increased release of gentamicin from 

fresh gentamicin-loaded bone cement under influence of low intensity low-frequency (46.5 

kHz) ultrasound. An ultrasound effect could not be found in post-elution samples. The 

mechanism behind the improved release from fresh samples is suggested to involve micro-

streaming or localized temperature rises. In combination with the bio-acoustic effect, these 

findings might be valuable for clinical orthopaedics.  
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On the mechanism of release of antibiotics from antibiotic-

loaded bone cements 

This thesis is concerned with gaining insight in the mechanism of action of antibiotic-loaded 

bone cement. The prerequisite for an antibiotic to act against bacteria is that it has to attain a 

sufficiently high concentration to be effective against bacteria. If the antibiotic is loaded in 

bone cement, it has to be released from the bone cement before this can occur. However, 

there are still many unanswered questions regarding the release component of the mechanism 

of action of antibiotic-loaded bone cements. Antibiotic release from bone cement can be 

considered to be composed of two steps. Firstly, the surrounding medium gains access to the 

antibiotic in the bone cement and secondly, the antibiotic dissolves in the medium and 

diffuses along the concentration gradient. All antibiotic particles on the surface of the bone 

cement rapidly dissolve in the surrounding medium, causing the initial burst release. 

 

The origin of the subsequent low release, however, is less clear. One theory assumes a 

network of interconnecting cracks, pores and voids (i.e. the imprints of substances that have 

already been dissolved) in the bone cement.
1
 Antibiotic particles lining these ‘internal 

surfaces’ would dissolve in the medium filling this network and diffuse out of the bone 

cement. The slower kinetics could be explained by: 

a) the time needed for the medium to penetrate the network 

b) the slower dissolution of antibiotic due to a higher local concentration in the 

network 

c) the time needed for the antibiotics to diffuse out of the network. 

 

This assumption dictates that, unless the network is so widespread that antibiotic 

particles inside the bone cement have access to a surface (external or internal), a set 

proportion of antibiotic remains isolated in the bone cement indefinitely, whilst only the 

complementary proportion of antibiotic will be released from the bone cement.  

 

An alternative theory is based on the fact that the matrix of PMMA, the basic polymer 

of bone cement, is permeable to water; much like rock or clay is permeable to rain or 

groundwater.
2
 Upon contact with water the antibiotic will dissolve and diffuse away from the 

antibiotic particle as dictated by the concentration gradient. Naturally, the amount of water 
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that accesses such a particle and that allows transport of dissolved molecules is 

microscopically little but, in this way, water will at some point in time gain access to all the 

antibiotic particles in the bone cement. Contrary to the network model, in this case eventually 

all antibiotic would be released from the bone cement. 

 

These two theories are not mutually exclusive and it is not unlikely that both apply. 

The relative importance of both theories is subject to conjecture. Many reports have 

discredited use of antibiotic-loaded bone cement because of this long-term release although 

the mechanism behind the release remained unresolved and to date few attempts have been 

made to further understand this low release. During the course of this PhD project, an 

association with the Department of Physics was initiated to provide a theoretical background 

for the release of antibiotics from bone cement. The experiments described briefly below 

were performed within this framework. 

 

The penetration of water into a porous substance can be revealed by addition of an 

indicator to the porous substance. The indicator, once reached by the penetrating water, will 

dissolve and change colour, indirectly revealing the presence of water. The indicator alizarin 

Red-S was added to three antibiotic-loaded bone cements (Figures 7-1 A 1 and B 1). 

Similarly sized samples as used in Chapter 6 were submersed in a buffered solution and 

examined periodically. 

 

In the first hours, the red colour, revealing penetration of the buffer, was seen 

intensely only in regions that had contact with the external surface – both through direct 

association and through the presence of irregularities extending up to 100 µm into the bone 

cement (Figures 7-1 A 2 and B 2). After the first days, no intense colour changes were 

observed in deeper layers of the bone cement. Interestingly however, the indicator appeared 

to bleed out into the surrounding bone cement in the course of a few weeks. For CMW 1 

Radiopaque G the whole of the bone cement was coloured evenly (Figure 7-1 A 3), but for 

Palacos R-G and Palamed G, the bleeding out occurred only in the neo-polymerisate, outside 

the polymer spheres that were present in the powder (Figure 7-1 B 3). In the first week, the 

colour change extended on average some 30 µm into the bone cement. Toward six weeks the 

colour gradient became too vague to allow adequate distinction. 
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These observations attest to both the first and the second model. The ‘shortcuts’ taken 

initially, by way of irregularities, could be interpreted as the network of cracks, pores and 

voids from the first model. The paucity of these shortcuts indicate that such a network has 

 

Figure 7-1. Schematic presentation of the penetration of an aqueous buffer into antibiotic-loaded bone cements, 

with colour indicators, with the top surface exposed to buffer. 

 

A 1 through A 3: observations for a CMW bone cement  

B 1 through B 3: observations for Palacos or Palamed bone cement 

A 2 and B 2 show the situation during early exposure. The indicator is intensely coloured upon contact with the 

liquid, but has not yet entered the polymer matrix. 

A 3 and B 3 show that after weeks the indicator has bled out into the matrix. For Palacos / Palamed (B 3) it is 

clear that the polymer spheres that were initially present do not take part in this process. 
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only very limited interconnectivity and cannot be assumed to be percolating. This was 

confirmed by mercury intrusion porosimetry, in which the volume of mercury that entered 

networks with dimensions ranging from 1 to 50 µm – the diameter of the pores observed in 

electron micrographs of bone cement – was hardly detectable. The ‘bleeding out’ in the 

indicator experiment could be seen as fluid entering the bone cement matrix and moreover 

transporting a tracer molecule as hypothesized in the second model. Since the dissolvability 

and molecular weight of alizarin Red S and gentamicin are comparable, it is likely that the 

same could hold for gentamicin. 

 

Chapter 5 showed that cyclic loading increases the amount of gentamicin released 

from Palamed G bone cement initially, but not for CMW 1 G Radiopaque and Palacos R-G. 

This was not understood in terms of crack formation, as none of these bone cements showed 

a progressively increasing release upon cyclic loading as would be expected if a non-linear 

damage accumulation scenario were relevant for antibiotic release. These results can now be 

interpreted in the light of the synthesis of the two theories above. It would seem that the value 

of cracks in contributing to antibiotic release is secondary to the value of the transport 

mechanism that uses the PMMA matrix, particularly after the initial phase. Incidentally, the 

curves in Figure 5-3 show that the release has not yet come to an end by 3.5 weeks, as 

corroborated by others.
3,4

 This is also expected in the long run in the second theory of 

antibiotic release. 

 

A secondary aim of this thesis was to access the proportion of the antibiotic that was 

isolated inside the bulk of the bone cement by means of ultrasound. In the case of a network 

of canals filled with a liquid, the pressure waves of low-frequency ultrasound might cause a 

micro-streaming or thermal effect in these canals that could add to diffusion effects, speeding 

up antibiotic release. However, the dense matrix of polymer chains would allow far less 

micro-streaming. The fact that ultrasound was only shown to have an effect in the fresh 

samples and not in post-elution samples in Chapter 6, is also in line with the synthesis model 

described above.  

 

Ultrasound could speed up diffusion of the antibiotic in the initial phase when 

antibiotic release was taking place from surface irregularities (Figure 7-1). However, after 

three weeks this compartment can be considered to be empty and no further difference is 

noted due to ultrasound.  
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On the methodological aspects of this thesis 

The title of this thesis contains the phrase ‘under simulated physiological conditions’. The 

methodology used to simulate two aspects of the physiological environment of bone cement 

is described in Chapters 2 through 4 for the prosthesis-related interfacial gap model and in 

Chapter 5 for the cyclic loading model. The lack of prior research on the influence of 

ultrasound on antibiotic release from bone cement necessitated more fundamental research 

before applying this new method to more physiological conditions.  

 

There are two discrepancies between the clinical situation of bone cement and the 

simulated prosthesis-related interfacial gap model. First, the gap in the latter is lined on both 

sides with antibiotic-loaded bone cement, whereas in the body this is obviously the case on 

only one side. The width of the gap between bone cement and bone however, ranged from 50 

to 500 µm.
5
 The simulated gaps have a width of 200 µm, so it may be clear that the area over 

volume ratio of the physiological situation and the simulation are similar. Secondly, in the 

clinical situation, the antibiotic is likely to diffuse out of the interfacial gap, resulting in a 

drop of the concentration. A high concentration can be reasonably assumed to persist for the 

first day or so, in keeping with the elevated antibiotic concentrations in the wound drainage 

fluids, although it is not known at what rate the antibiotic is drained from the gap. 

 

Chapter 2 showed that the gentamicin concentrations inside the gap could not be 

reliably measured after one week of submersion. Nevertheless, Chapter 3 indicated that the 

concentrations inside a gap after 3 weeks of submersion were still sufficiently high to kill 

some bacterial strains. This could be due to the fact that in Chapter 2 the measurement was 

taken after only 30 s, whereas in Chapter 3 the gaps were left undisturbed for 24 h, in which 

time a higher concentration could result from the low release. Chapter 4 indicated that the 

efficacy of new developments in antibiotic-loaded bone cements could be tested in this gap 

model. Further comparative animal studies would help showing the validity of the gap model 

for bone cements loaded with two antibiotics. 

 

Chapter 5 introduced a cyclic loading model of the femoral component of a hip 

replacement. To our knowledge, this model is the first that allows determination of 

gentamicin release due to the major stresses in the bone cement mantle. The determination of 

gentamicin release during loading required that a liquid had access to the bone cement. 
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Application of torsional loads, which have been considered to be of importance for bone 

cement mantle failure,
6
 would require a much more complicated model. In view of the 

apparent lack of influence of cyclic loading on the long-term antibiotic release described 

above, development of such a model would not appear to have priority as a research goal. 

 

The gentamicin release from the bone cement mantles in the cyclic loading model 

showed considerable variation between individual specimens. This could not be correlated 

with the weight and dimensions of the bone cement mantles. The extent of debonding of the 

bone cement mantle from the aluminium support, however, may well have contributed to this 

variation. In fact, after removal from the support, the amount of red dye clinging to the free 

surface was quantified by means of counting the proportion of red pixels. This parameter 

generally correlated well with the total gentamicin release at 600 h. Since this debonding 

process influences both the area of bone cement exposed and the volume of the gap that is 

created, focus on the extent of debonding of antibiotic-loaded bone cement from its support 

due to cyclic loading, but also due to polymeric and thermal shrinkage, would seem to be in 

order. 

 

The conclusion of Chapter 6 was that the insonation status and the average bath 

temperature were significant factors in the multiple linear regression model (Table 6-3). It 

was suggested that a local temperature rise at the sample due to insonation may be 

responsible for the ultrasound effect and elucidation of this matter could lead to further 

understanding of this ultrasound effect. This will require a further experiment in which the 

temperature in a sample can be measured by cementing the sample around a sensitive thermal 

probe. Monitoring the temperature during insonation would allow further estimation of the 

part of the increased gentamicin release due to ultrasound that can be ascribed to heating.  

On the clinical significance of this thesis 

The research described in this thesis has been demonstrated to have meaning for the 

understanding of the fundamental issues regarding antibiotic release from bone cement and 

for further developing new methods of study. It is also interesting to extrapolate from the 

conclusions from this work to the clinical situation. This has value in validating the 

experiments performed for this thesis, but also in better understanding some of the clinical 

debates. 
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The first debate is on the additional value of antibiotic-loaded bone cement over other 

methods of preventing and treating prosthesis-related infections. This has only scarcely been 

shown in a sound clinical study, although a host of publications based on limited surveys 

argue in favour of antibiotic-loaded bone cement. The difficulty in executing a proper 

randomized placebo-controlled clinical trial is that the infection rate is so low, that 

prohibitively large amounts of patients would need to be studied in order to reach a decisive 

conclusion. Added to this problem is the incongruity of the results from animal studies that 

generally show good efficacy of antibiotic-loaded bone cement and in vitro studies that tend 

to show bacterial survival on antibiotic-loaded bone cement. This has led to a poor 

understanding of the mechanism of action of antibiotic-loaded bone cement. 

 

Chapter 3 offers an explanation for this discrepancy. The presence of a prosthesis-

related interfacial gap can be assumed in the clinical and animal models, but not in the in 

vitro studies so far. Such a gap allows the build-up of a high local concentration of antibiotic, 

affecting the viability of bacteria. In addition, it was shown that the antibiotic concentration 

in a gap rises very quickly, leaving little or no time for bacteria to adopt a more resistant 

phenotype after adhesion to a surface. In this respect, it should also be borne in mind that the 

effect of aminoglycoside antibiotics, like gentamicin, relies more on the peak concentration 

achieved than the time during which a high concentration is maintained and that in this way 

gentamicin is a good choice of antibiotic to add to bone cement. 

 

The second issue of controversy in clinical orthopaedics is the risk of antibiotic-

loaded bone cement. Recently, antimicrobial resistance among bacteria found after use of 

antibiotic-loaded bone cement infections has been causatively ascribed to antibiotic-loaded 

bone cements.
7-9

 This conclusion may be premature, considering the lack of details on the 

fundamental background of the release pattern of antibiotics from bone cement and also on 

the origin of prosthesis-related infections as shown in Chapter 1. In view of the fact that up to 

25% of bacterial strains can be gentamicin-resistant, the finding that only gentamicin-

resistant bacteria are able to survive the gap environment offers a good alternative hypothesis 

explaining the correlation described. This line of reasoning is not a novelty in this thesis, 

since it has been voiced as early as 1983, although this was apparently based on an intuitive 

understanding of the presence of very high initial levels of gentamicin adjacent to the bone.
10
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This hypothesis may further be supported by the fact that the relationship between 

gentamicin use and resistance has not been reported to be mutational and possibly selected 

for during therapy, as it has been shown for Enterobacter species and beta-lactam 

antibiotics.
11,12

 Clinical bacterial isolates of gentamicin-resistant staphylococci commonly 

show enzymatic modification of aminoglycosides.
13

 Adaptive resistance is also seen, 

particularly in bacteria that get a chance to downregulate its aminoglycoside uptake after 

surviving the first exposure.
14,15

 Resistance could theoretically also result from ribosomal 

mutations, but due to the fact that gentamicin appears to bind to multiple sites high level 

resistance is rare and cannot be selected by a single mutational step.  

 

This thesis supports the use of antibiotic-loaded bone cement as an effective method 

in orthopaedic surgery. Nevertheless, the value of antibiotic-loaded bone cement to the 

clinician would seem to be confined to the first days after implantation. Years later, there 

may still be an ongoing low-level release of antibiotics that serves no purpose, but could have 

some side-effects. Therefore, there is still room for the development of a more optimal 

antibiotic carrier for orthopaedic surgery. Until such a time as this would be available, routine 

use of antibiotic-loaded bone cement remains a sub-optimal effort. 

General conclusion 

In conclusion, it has become clear that, over thirty years after the first use of antibiotic-loaded 

bone cement, this can still be considered to be a pragmatic approach. The work described in 

this thesis proved the possibility of a local build-up of high local antibiotic concentrations. 

These were found to be effective in killing relevant bacterial strains, provided that they were 

sensitive to the antibiotic in question. This offered an alternative explanation for the 

observation of increased resistance of bacteria after use of antibiotic-loaded bone cement, 

since only resistant strains could survive the initial burst release. Although there was a 

limited effect of cyclic compression on antibiotic release from one bone cement, this was not 

a general finding. Particularly, there was no progressive increase in release of antibiotics as 

was intuitively expected. Ultrasound is related to an increased release of antibiotics from 

fresh bone cement samples. Unfortunately, no access to the antibiotics isolated in the bone 

cement could be shown. 
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Antibiotic-loaded bone cement has been in use for over thirty years for the fixation of total 

joint arthroplasties, although its mechanism of action is still poorly understood. Chapter 1 

reviews the backgrounds of acrylic bone cements, prosthesis-related infection and antibiotic-

loaded bone cements. The rate of deep infection around implants of around 1% to 2 % may 

be underestimated with classical microbiological techniques. Direct contamination is likely to 

cause the majority of these infections, which are difficult to treat due to the biofilm mode of 

growth of bacteria.  It is shown that antibiotic-loaded bone cement has a significant effect on 

bacteria, decreasing the likelihood of infection and improving the efficacy of infection 

treatment. However, recently antimicrobial resistance among bacteria has been ascribed to 

the antibiotic-loaded bone cement. The nature of the release of gentamicin from bone cement 

is bi-phasic with a peak release in the first hours, followed by a steadily decreasing but 

ongoing release that can be measured for months. The fundamental background of this 

release remains a matter of conjecture to the biomedical field. The unresolved issues both 

regarding the action of antibiotic-loaded bone cement and the nature of the antimicrobial 

resistance necessitate further research into the interaction of antibiotic-loaded bone cement 

and bacteria. Many lines of research try to counteract the decreased effectiveness of 

antibiotics against bacteria in biofilms. The use of ultrasound is an example of such a line of 

work. With the use of low-frequency ultrasound an enhanced antimicrobial effect of 

antibiotics was found, called the bio-acoustic effect. Similarly, ultrasound has been implied in 

drug delivery systems. Considering that the majority of antibiotics remain locked in the bone 

cement, ultrasound could play a role in accessing this reservoir 

 

The aim of the work described in this thesis therefore is to gain insight in the 

mechanism of action of antibiotic-loaded bone cement. Specifically, antibiotic release in 

simulated physiological conditions and the effect this has on bacteria has been researched. A 

secondary aim was to study the possibility of accessing the antibiotic reservoir in antibiotic-

loaded bone cement by use of ultrasound. 

 

Numerous studies have been published on gentamicin release from bone cements, but 

none have been able to estimate the local concentrations in the prosthesis-related interfacial 

gap, present after implantation. In Chapter 2 the aim was to develop a method allowing 

determination of antibiotic release in such a gap. 200 µm wide gaps with a volume of 6 µl and 

a surface area of 0.6 cm
2
 were created by inserting stainless steel strips in gentamicin-loaded 

bone cement plugs prior to polymerization. After hardening, the gap surface was exposed to 6 
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µl or 10 ml of phosphate buffered saline (PBS). Within 2 h, gentamicin concentrations in the 

gaps reached around 4000 µg/ml for four different gentamicin-loaded CMW and Palamed 

bone cements and 2500 µg/ml for Palacos R-G. Concentrations measured in the larger 

volume were several hundred-times lower than in the gaps. This simulated prosthesis-related 

interfacial gap model offers new insights in the clinical efficacy of antibiotic-loaded bone 

cements. It is demonstrated that concentrations up to 1000-fold the antibiotic resistance levels 

for most bacterial strains causing implant infection can be achieved in a realistic in vitro 

model. 

 

Clinical experience and in vivo studies indicate a beneficial effect of antibiotic-loaded 

bone cement, although in vitro studies have shown biofilm formation on these bone cements. 

The latter studies, however, have neglected the possibility of a build-up of a high local 

antibiotic concentration in the gap between bone cement and bone. In Chapter 3 bacterial 

survival in a simulated prosthesis-related gap was investigated. Similar samples with a gap as 

in Chapter 2 were made of three different commercially available bone cements (CMW 1 

Radiopaque, Palacos R and Palamed) both with and without gentamicin (plain bone cement). 

These were stored dry (‘pre-elution’) or submersed in PBS to simulate initial gentamicin 

release (‘post-elution’). Gaps were subsequently inoculated with bacteria isolated from 

infected orthopaedic prostheses after estimation of their gentamicin sensitivity. Bacterial 

survival was measured 24 h after inoculation. All strains survived in plain bone cements. In 

pre-elution gentamicin-loaded bone cements only the most gentamicin-resistant strain 

survived, but in post-elution samples more strains survived. The high gentamicin 

concentrations demonstrated inside the gaps in Chapter 2, sufficed to kill only gentamicin-

sensitive strains. Clinically, this could explain the increased prevalence of prosthesis-related 

infections with gentamicin-resistant bacteria. 

 

More generally, such biomaterial-related infections with antibiotic-resistant strains 

threaten the use of biomaterials. In orthopaedics, this led to use of bone cement loaded with 

multiple antibiotics. In Chapter 3, a highly gentamicin-resistant strain showed survival in a 

gap environment in gentamicin-loaded bone cement. Chapter 4 therefore aims to evaluate 

survival of such strains in bone cements with two antibiotics, in which half of the gentamicin 

is replaced by clindamycin or fusidic acid. Three highly gentamicin-resistant, but 

clindamycin and fusidic acid sensitive, coagulase-negative staphylococcal strains from 

orthopaedic prosthesis-related infections were used. There was a trend toward less survival 
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for the combination of gentamicin and clindamycin, but not for that of gentamicin and fusidic 

acid. In conclusion, a combination of antibiotics in bone cement does not uniformly lead to 

better results than use of gentamicin as a single antibiotic. 

 

The release of antibiotics is incomplete and mainly confined to the surface. Walking 

results in cyclic loading, which may lead to cracks in bone cement. These cracks would 

present new surface for further antibiotic release. The goal of Chapter 5 was to compare 

antibiotic release from cyclically loaded bone cement with release from unloaded bone 

cement. Two models of the frontal aspect of a femoral stem were cemented with CMW 1 

Radiopaque G, Palacos R-G and Palamed G. Both were immersed in water, and the 

gentamicin concentration in the water was monitored. One model was cyclically loaded at 5 

Hz during immersion achieving relevant stresses in the bone cement mantle. After 10.8 x 10
6
 

cycles, equivalent to five to ten years walking, the bone cement mantles were analysed. 

Cyclic loading resulted in increased initial release of gentamicin from Palamed G, but not 

from CMW 1 Radiopaque G and Palacos R-G. The release characteristics could not be 

related to cracks, but Palamed G has been demonstrated before to have an aberrant antibiotic 

release profile as compared with the other two bone cements. There was no progressive 

increased release with further cyclic loading in any of the bone cements, as expected on the 

basis of a non-linear damage accumulation scenario. This may be explained by the absence of 

communication between internal cracks in the bulk with the elution fluid. 

 

The release profile of antibiotics from antibiotic-loaded bone cement, used to prevent 

infections in total joint arthroplasty, is neither complete nor ideal. Ultrasound has been used 

to allow drugs to cross otherwise impermeable barriers. The aim of Chapter 6 was to 

establish a possible effect of ultrasound on antibiotic release from bone cements. Samples 

were made of the same commercially available gentamicin-loaded bone cements as in 

Chapters 3 and 5. Part of the samples was allowed to release gentamicin for 3 weeks before 

insonation. An insonation device was specifically developed and produced an ultrasound field 

with a time average acoustic intensity of 167 mW/cm
2
 at a frequency of 46.5 kHz. The 

samples were exposed to the ultrasound field or not exposed to it as a control. The amount of 

gentamicin released was measured by fluorescence polarization immuno-assay. There was a 

limited increase of gentamicin release with application of ultrasound in fresh samples, but not 

in the samples that had been allowed to release gentamicin. For fresh samples, a linear 

regression model showed that this ultrasound effect was statistically significant. The 
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mechanism behind these observations is not clear, but it is suggested that micro-streaming or 

localized temperature rise may be involved. 

 

In the general discussion, Chapter 7, a more fundamental approach is taken to the 

mechanism of release of antibiotics from acrylic bone cements. The results from a study 

performed in association with the Department of Physics indicate that the initial burst release 

is caused by the dissolution of antibiotic particles that are readily available on the surface of 

the bone cement either directly or through surface irregularities. The long-term release 

appears to be the result of the water very slowly entering the polymer matrix and carrying the 

antibiotic to the surface. These findings are corroborated by the findings of Chapters 5 and 6. 

Next, the methodological aspects of the experiments performed for Chapters 2 till 6 are 

critically reviewed. From this analysis further experiments are suggested. Finally, the 

conclusions from this thesis are extrapolated to the clinical application of bone cement. 

 

This thesis suggests that use of antibiotic-loaded bone cement is effective. 

Nevertheless, the value of antibiotic-loaded bone cement to the clinician is not likely to 

extend beyond the first days after implantation. The ongoing low-level release of antibiotics, 

that may have limited side-effects, calls for the development of a more optimal antibiotic 

carrier for orthopaedic surgery. 
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Botcement wordt al ruim 40 jaar gebruikt voor het verankeren van gewrichtsprotheses aan 

bot. De laatste 30 jaar wordt ook botcement gebruikt, waaraan een antibioticum is 

toegevoegd, met het doel infecties tegen te gaan. Het werkingsmechanisme van 

antibioticumhoudend botcement wordt echter nog steeds slecht begrepen. In Chapter 1 wordt 

een beschouwing gegeven van de achtergronden van botcement, prothesegerelateerde 

infecties en antibioticumhoudende botcementen. Het infectiepercentage van 1% tot 2% van 

alle implantaten, zoals dat gevonden wordt met klassieke microbiologische methoden, zou 

wel eens een onderschatting kunnen zijn. Besmetting tijdens de operatie is waarschijnlijk de 

belangrijkste bron van deze infecties. Zulke infecties zijn berucht om hun slechte 

genezingspercentages vanwege het feit dat de bacteriën leven in een zogenaamde biofilm. 

Hierin vormen bacteriën na aanhechting op een oppervlak een slijmlaagje, waardoor ze 

beschermd worden tegen het verdedigingssysteem van het lichaam, maar ook tegen 

antibiotica. Antibioticumhoudend botcement heeft tot gevolg dat minder bacteriën kunnen 

overleven, waardoor de kans op infectie afneemt en de genezingspercentages bij 

infectiebestrijding stijgen. Echter, recent is het optreden van antibioticaresistentie onder 

bacteriën in verband gebracht met het gebruik van antibioticumhoudend botcement. 

 

Een antibioticum wordt in twee fasen uit botcement afgegeven; een piekafgifte in de 

eerste uren, gevolgd door een gestaag dalende, maar doorgaande afgifte die nog maanden 

meetbaar is. De verklaring van dit patroon blijft een raadsel voor biomedici. De onopgeloste 

vraagstukken wat betreft het werkingsmechanisme van antibioticumhoudend botcement 

enerzijds en de aard van de antibioticaresistentie anderzijds maken verder onderzoek naar de 

interactie tussen antibioticumhoudend botcement en bacteriën noodzakelijk. Veel 

onderzoekslijnen proberen ondertussen de verminderde gevoeligheid van biofilm bacteriën te 

doorbreken. Gebruik van ultrageluid is een voorbeeld van zo een poging. Ultrageluid is 

geluid met een toonhoogte die boven het hoorbare bereik ligt. Dit heeft op zich geen effect op 

biofilms. Als dit ultrageluid echter gecombineerd wordt met een bepaald antibioticum blijkt 

dat het antibioticum effectiever wordt. Dit wordt wel het bio-acoustisch effect genoemd. 

Soortgelijk ultrageluid wordt de laatste tijd wel gebruikt in systemen waarin een 

geneesmiddel langzaam uit een andere stof wordt afgegeven. Gezien het feit dat veel van de 

antibiotica die in botcement zitten er tot in lengte van jaren in vast blijven zitten, zou 

ultrageluid een rol kunnen spelen in het aanboren van dit anders nutteloze reservoir. 
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Het doel van het werk, dat in dit proefschrift wordt beschreven, is daarom inzicht te 

krijgen in het werkingsmechanisme van antibioticumhoudend botcement. Meer in detail werd 

de afgifte van antibiotica onder nagebootste levensechte omstandigheden en het effect dat 

deze afgifte had op bacteriën onderzocht. Een tweede doelstelling is het onderzoeken van de 

mogelijkheid het antibioticumreservoir, dat in antibioticumhoudend botcement blijft zitten, 

door middel van ultrageluid aan te boren. 

 

Er zijn talrijke onderzoeken gepubliceerd over de afgifte van het antibioticum 

gentamycine uit verschillende botcementen. Tot op heden heeft geen enkele van deze 

onderzoeken de werkelijke antibioticumconcentratie aan het oppervlak van het botcement in 

het lichaam kunnen schatten. In het lichaam bestaat er een spleet van slechts 0,2 mm tussen 

het oppervlak van het botcement en dat van het bot. Het doel van onderzoek, dat voor 

Chapter 2 werd uitgevoerd, was om een methode te ontwikkelen die het mogelijk maakt om 

de antibioticumconcentratie in een soortgelijke spleet te meten. Spleten met een breedte van 

0,2 mm, een oppervlakte van 0,6 cm
2
 en een inhoud van 0,006 ml werden gemaakt door 

roestvrijstalen strips in uithardend gentamycinehoudend botcement te plaatsen. Na het 

uitharden werd het oppervlak van deze spleet blootgesteld aan 0,006 ml of 10 ml van een 

zoutoplossing, die overeenkomsten vertoont met lichaamsvloeistoffen. Binnen twee uur 

waren de gentamycineconcentraties in de spleet opgelopen tot 4 mg/ml in vier verschillende 

gentamycinehoudende CMW botcementen en Palamed G en 2,5 mg/ml in Palacos R-G. In 

het grotere volume waren de concentraties een paar honderd keer zo laag als in de spleet. Dit 

nagebootste prothesegerelateerde spleet model geeft nieuw inzicht in de klinische effectiviteit 

van antibioticumhoudende botcementen. De in dit realistische laboratoriummodel gevonden 

concentraties liggen tot 1000 keer boven de antibioticaresistentie niveaus van de meeste 

klinisch relevante bacteriestammen. 

 

De klinische ervaring en proefdieronderzoeken geven aan dat er een gunstig effect is 

van antibioticumhoudend botcement, hoewel laboratoriumonderzoeken aan hebben gegeven 

dat eerder genoemde biofilms zich kunnen vormen op deze botcementen. De 

laboratoriumonderzoeken hebben de mogelijkheid van het ontstaan van hoge 

antibioticumconcentraties in de spleet tussen botcement en bot verwaarloosd. In Chapter 3 

wordt het onderzoek naar de overleving van bacteriën in een nagebootste 

prothesegerelateerde spleet beschreven. Soortgelijke botcementblokjes als gebruikt als in 

Chapter 2 werden gemaakt uit drie commercieel verkrijgbare botcementen (CMW 1 
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Radiopaque, Palacos R en Palamed) zowel met als zonder gentamycine. Een deel van deze 

botcementblokjes werd droog bewaard, een ander deel werd drie weken lang in een 

fysiologische zoutoplossing bewaard om het antibioticum te laten uitlekken. Hierdoor werd 

de aanvankelijke piekafgifte weggevangen. De spleten in al deze botcementblokjes werden 

vervolgens beënt met bacteriën, die infecties van orthopaedische protheses hadden 

veroorzaakt. Van deze bacteriën was eerst de gevoeligheid voor gentamycine gemeten. Het 

bleek dat alle bacteriestammen konden overleven in botcement, zo lang het geen gentamycine 

bevatte. In de droog bewaarde gentamycinehoudende botcementen bleek alleen een hoog 

resistente stam te kunnen overleven, terwijl er in de uitgelekte botcementen meer stammen 

konden overleven. De hoge gentamycineconcentraties in de spleten die werden gevonden in 

Chapter 2, bleken niet in staat om de meest resistente bacteriestammen te doden. Dit zou een 

verklaring kunnen zijn voor het vinden van infecties met gentamycineresistente bacteriën bij 

gebruik van gentamycinehoudend botcement in de klinische praktijk. 

 

Biomateriaalgerelateerde infecties met antibioticaresistente stammen bedreigen het 

gebruik van biomaterialen. In de orthopaedische chirurgie heeft dit geleid tot de ontwikkeling 

van botcementen met meerdere antibiotica. In Chapter 3 werd duidelijk dat een 

gentamycineresistente stam kon overleven in een spleet in gentamycinehoudend botcement. 

In Chapter 4 was het doel de overleving van soortgelijke stammen te onderzoeken in 

botcementen waarin de helft van de gentamycine vervangen was door een ander antibioticum 

(gentamycine + clindamycine en gentamycine + fusidinezuur). Drie bacteriestammen met een 

hoge resistentie tegen gentamycine, maar verder goede gevoeligheid voor clindamycine en 

fusidinezuur, waren gekweekt als veroorzaker van infecties van orthopaedische protheses. 

Het ging om zogenaamde coagulase-negatieve stafylokokken. Met deze bacteriën werden 

opnieuw spleten in botcement beënt. Er bleek wel een trend voor het verminderd overleven 

van deze bacteriestammen bij de combinatie van gentamycine met clindamycine, maar niet 

bij die van gentamycine met fusidinezuur. Concluderend kan daarom gesteld worden dat het 

combineren van antibiotica in botcement niet vanzelfsprekend leidt tot betere resultaten dan 

bij het gebruik van gentamycine als enige antibioticum. 

 

De afgifte van een antibioticum uit botcement is onvolledig en blijft beperkt tot een 

oppervlakkige laag. Lopen op een gecementeerde prothese leidt tot een cyclische belasting 

van het botcement, waarin vervolgens scheurtjes kunnen ontstaan. Het oppervlak van een 

dergelijke scheur heeft nog niet direct met vloeistof in contact gestaan en zou zo een vers 
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oppervlak voor afgifte van het antibioticum kunnen vormen. Het doel van het onderzoek 

beschreven in Chapter 5 was om de afgifte van gentamycine uit cyclisch belast botcement te 

vergelijken met die uit onbelast botcement. Twee schaalmodellen, gebaseerd op het 

vooraanzicht van een heupprothese, werden gecementeerd met dezelfde drie commercieel 

verkrijgbare gentamycinehoudende botcementen als in Chapter 3. Beide modellen werden 

aan water blootgesteld om gentamycine te kunnen afgeven. Het ene model werd niet belast, 

terwijl het andere cyclisch werd belast met een frequentie van 5 Hz. Hierbij traden relevante 

spanningen op in de botcementmantel. Na 600 uur waren ruim tien miljoen cycli verstreken. 

Dit komt overeen met het aantal stappen dat een mens zet in vijf tot tien jaar. Cyclische 

belasting had alleen bij Palamed G gezorgd voor een toegenomen piekafgifte van 

gentamycine. Dit afgifteprofiel kon niet in verband worden gebracht met het optreden van 

scheurtjes in het botcement. Bij geen enkel botcement bleek er sprake te zijn van een 

voortdurend toenemende afgifte van gentamycine, zoals verwacht was op basis van het in het 

begin van deze paragraaf beschreven scenario. Dit zou verklaard kunnen worden door een 

mogelijke afwezigheid van contact tussen de scheurtjes middenin het botcement met het aan 

water blootgestelde oppervlak. 

 

Zoals al eerder beschreven is het afgifteprofiel van antibiotica uit botcement, gebruikt 

om infecties in gewrichtsvervangende operaties te voorkomen en behandelen, ideaal noch 

volledig. Ultrageluid wordt wel eens gebruikt om geneesmiddelen barrières te laten passeren, 

die anders onoverbrugbaar zijn. Het doel van Chapter 6 was daarom om een mogelijk effect 

van ultrageluid op de afgifte van antibiotica uit botcement vast te stellen. Er werden 

botcementblokjes gemaakt van dezelfde drie gentamycinehoudende botcementen als in 

Chapters 3 en 5. Een deel werd weer droog bewaard, terwijl een ander deel drie weken in een 

zoutoplossing werd bewaard. Specifiek voor dit experiment werd een ultrageluidopstelling 

ontwikkeld. Deze kon de botcementblokjes bestralen met een gemiddelde intensiteit van 167 

mW/cm
2
 op een frequentie van 46,5 kHz. De blokjes werden wel of niet aan het ultrageluid 

blootgesteld. Er bleek een beperkte toename van afgifte te zijn bij toepassing van ultrageluid 

op droog bewaarde blokjes. Dit was niet het geval bij de andere blokjes. Voor de 

eerstgenoemde botcementblokjes werd in een lineair regressiemodel aangetoond dat het ging 

om een statistisch significant effect. Het mechanisme achter deze observaties is nog 

onduidelijk, maar het aanwezig zijn van roeren op microniveau door het ultrageluid of een 

lokale temperatuursstijging zouden hierbij betrokken kunnen zijn. 
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In Chapter 7, de algemene discussie, wordt een meer fundamentele benadering 

genomen om achter het afgiftemechanisme van antibiotica uit botcement te komen. De 

resultaten van een onderzoek, dat samen met de afdeling natuurkunde is uitgevoerd, geven 

aan dat de aanvankelijke piekafgifte veroorzaakt wordt door het oplossen van 

antibioticumdeeltjes die gemakkelijk bereikbaar in de buurt van het oppervlak liggen, zowel 

direct als via een oppervlakteonregelmatigheid. Op de lange termijn blijkt de afgifte het 

resultaat te zijn van het zeer langzaam binnendringen van water tussen de polymeerketens 

van het botcement, dus niet door kanaaltjes in het botcement. Deze bevindingen passen ook 

bij de resultaten van Chapters 5 en 6. 

 

Vervolgens worden de methodologische aspecten van de experimenten, die in 

Chapters 2 tot en met 6 zijn uitgevoerd, kritisch beschouwd. Op basis van deze analyse 

worden vervolgexperimenten voorgesteld. Tot slot worden de conclusies van dit proefschrift 

geëxtrapoleerd naar de klinische toepassing van antibioticumhoudend botcement. Gebruik 

van antibioticumhoudend botcement lijkt effectief te zijn. Niettemin beperkt de waarde van 

antibioticumhoudend botcement zich tot de eerste dagen na implantatie. De langdurige afgifte 

van het antibioticum blijkt niet effectief te zijn, terwijl het wel enige bijwerkingen kan 

hebben. Dit roept om de ontwikkeling van een optimalere antibioticumdrager in de 

orthopaedische chirurgie. 
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Dankwoord 

Het schrijven van een proefschrift gaat gepaard met veel samenwerkingsverbanden. Zonder 

de inzet van mensen van heel diverse achtergronden was dit proefschrift niet zo snel 

afgekomen. De klassieke volgorde van de onderstaande alinea’s, is gekozen omdat er toch 

een volgorde moet zijn en het onmogelijk is om te beslissen wie belangrijker is dan wie. 

 

Prof. dr. J.R. van Horn, beste Jim. In november 1998 belde je me op in de 
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doen naar biofilm infecties in Amerika. Aansluitend zou ik dan in opleiding kunnen komen. 

Het onderzoek in Amerika ging niet door en een paar maand werd ruim een jaar, maar 

uiteindelijk kwam het onderzoek er toch, getuige dit boekje. Ik wil je bedanken voor de rol 

die je hebt gehad in mijn vorming als arts, wetenschapper en mens. 

 

Prof. dr. ir. H.J. Busscher en prof. dr. H.C. van der Mei, beter bekend als Henk en 

Henny. Dank voor de begeleiding door jullie geoliede samenwerking. Zonder jullie beider 

inventiviteit en stimulans, de accuratesse van Henny allereerst bij het labwerk en later bij het 
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onderzoekszijsporen en het doorstrepen van welhaast alle ‘Ciceriaanse’ zinsconstructies (zo 

nu staat er dan toch één in), zou dit promotietraject nooit zo vlot zijn verlopen. 

 

Prof. dr. R.R.M. Bos, prof. dr. J.E. Degener en prof. ir. A.J. Schouten. Mijn dank voor 

jullie bereidheid tot het discussiëren over bepaalde deelaspecten van dit proefschrift en 

natuurlijk voor het plaatsnemen in de beoordelingscommissie. 

 

Paranymf drs. D.P. Bakker, beste Dewi. Jouw rol bij het volbrengen van mijn 

promotietijd is een zeer diverse geweest. Mede-liedjesdichter, mede-Journal Club 

heroprichter, mede-Piet, om er maar een paar te noemen. De voorbereidingen voor deze 

activiteiten speelden zich voornamelijk af op de ijsbaan of op de fiets in het bos, waar je me 

toch heen wist te slepen ondanks het feit dat ik het altijd ‘druk’ had. Bedankt en veel succes 

bij je eigen promotie en je zij-instroom geneeskunde. 
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Paranymf drs. F. Postollec, chère Florence. Als kamergenoot heb je heel wat moeten 

doorstaan. Ik heb me laten vertellen dat niet iedereen tegen zijn computer praat, zeker zo lang 

spraakherkenning nog niet doorgevoerd is. Gelukkig vond je dat niet erg. Bedankt voor de 

gezellige kantoortijd en ook jij succes met je eigen promotie. 

 

Hilbrand van de Belt, Geert Ensing, Bas Knobben, Patrick Maathuis en Daniëlle Neut, 

voorganger in en voortzetters van de onderzoekslijn orthopaedie-BME.  Bedankt voor de tips, 

discussies, gezelligheid tijdens congressen, enzovoort. 

 

De nog niet genoemde co-auteurs: Bart Verkerke, Jan Hazenberg en Jaap Lubbers, 

ook jullie wil ik hierbij bedanken voor jullie kritisch meedenken bij de ontwikkeling van de 

verschillende hoofdstukken van dit proefschrift. 

 

Hans Burgerhoff wil ik bedanken voor de uitleg en beslissingen ten aanzien van de 

statistiek zoals die is toegepast bij Chapter 6. 

 

Aad Naafs, jouw positie als semi-ingewijde was ideaal voor het verkrijgen van een 

ook voor minderingewijden begrijpelijke samenvatting. Ik ben blij dat het mede dankzij jouw 

inspanning gelukt is.  

 

Paulien Boven-Hoorn, bedankt voor je hulp bij het ontwerpen van de omslag. Dit is 

mijn eerste boek in druk. Ik hoop, dat er ooit nog een tweede komt van ons beider hand en 

dan over een iets meer tot de verbeelding sprekend onderwerp. 

 

Ward van der Houwen en Astrid Roosjen, mijn dank voor het ‘even in elkaar zetten’ 

van resp. Figures 2-1 en 1-2. Zonder jullie expertise was dat niet zo snel gegaan. 

 

Dr. Roger Bayston and mrs. Brigit Scammell, FRCS Orth (University of Nottingham, 

United Kingdom), I would like to thank both of you for allowing me to do a research 

fellowship in microbiology and orthopaedics in Nottingham. It offered a chance for me to 

experience the interplay of basic and applied clinical specialties and it taught me respect for 

the microbes. 
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Dr. B.J. Hoenders, beste Bernhard, ondanks aanvankelijke scepsis ten aanzien van het 

natuurkundig modelleren van de afgifte van antibiotica uit botcement zijn we toch een heel 

eind gekomen. Ik hoop dat er in de toekomst nog verdere mogelijkheden tot samenwerking 

zullen zijn. 

 

Jelmer Jongsma durfde het aan om als afstudeerder met bovengenoemd onderwerp 

aan de slag te gaan. Bedankt voor je inzet en inzichten en veel succes in je verdere carrière. 
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stoffen door vaste stoffen. 

 

I would like to thank R. Kowalski, K. Harpman and G. Krause, as representatives of 

the three companies whose bone cements I have tested. You have been very kind in providing 

me with specimens, but also in giving perspective on the history and future of the use of bone 
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Het secretariaat BME, beste Ellen en Ina. Voor alle logistieke vragen kon ik altijd bij 

jullie terecht. Bedankt ook voor de hulp bij de lay-out van artikelen, brieven en hoofdstukken. 

 

Fernando Morales en Ed de Jong, geen computerprobleem zo groot of tenminste een 

van jullie weet wel een oplossing. 

 

Gentamycinemetingen stonden centraal in grote delen van dit proefschrift. Zonder de 

hulp van de apotheekmedewerkers kunt u zich voorstellen dat dit proefschrift een stuk minder 

precies zou zijn geweest. 

 

Hans Kaper, bedankt voor je ondersteuning bij de experimenten ten behoeve van 

Chapters 5 en 6. 

 

Koen Vaartjes wil ik bedanken voor zijn ontwerp van de meerkanaals versterker voor 

Chapter 6. 
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Stellingen 

 

behorende bij het proefschrift 

 

Antibiotic release from bone cement under simulated physiological conditions 

 

 

1. Het venijn van antibiotica afgifte uit botcement zit hem juist niet in de staart. 

dit proefschrift 

antithese van stelling 4 van H. van de Belt 

 

2. De trend om routinematig ‘last resort’ antibiotica aan botcement toe te voegen is 

afkeurenswaardig. 

dit proefschrift 

 

3. Kwikporosimetrie is niet voldoende gevoelig om de porositeiten in botcement te meten. 

dit proefschrift 

 

4. Gebruik van een spectrofotometrische gentamycine analyse gebaseerd op een  

o-phtaldialdehyde reagens is alleen bruikbaar voor concentraties boven de 10 µg/ml. 

dit proefschrift 

 

5. Een belangrijke eigenschap voor een aan botcement toegevoegd antibioticum is, dat het 

slecht in botweefsel doordringt. 

 

6. De farmaceutische industrie laat, waar het gaat om gedetailleerde informatie over 

botcement en de afgifte van antibiotica eruit, bar weinig uitlekken. 

 

7. De aanname dat de afgifte van gentamycine uit botcement substantieel bijdraagt aan de 

ontwikkeling van gentamycineresistentie bij stafylokokken getuigt van klassieke 

hoogmoed van de mensheid. 

 

8. Het bestuderen van oppervlakken is zo ingewikkeld, dat het meestal slechts oppervlakkig 

kan gebeuren. 



 

9. Een spleet van meer dan 500 µm op de prothese-botcement interface, zoals gevonden 

door Wang et al. (1999), kan alleen worden veroorzaakt door implantatie artefacten. 

 

10. Een op trefwoord doorzoekbare database van alle onderzoeksfaciliteiten, die beschikbaar 

zijn binnen de RuG, zou de kwaliteit en productiviteit van het wetenschappelijk 

onderzoek drastisch kunnen verhogen. 

 

11. De complexiteit van de verschillende deelgebieden in de wetenschap leidt er soms toe, 

dat de titel van een wetenschappelijk artikel niet volledig door het onderliggende werk 

wordt ondersteund. 

 

12. In tegenstelling tot het gangbare klinische denken zijn late infecties van biomaterialen in 

het algemeen niet van haematogene oorsprong. 

 

13. De kennis omtrent biofilm en infecties verdient een plaats in chirurgische en 

(bio)materiaalkundige tekstboeken. 

 

14. In de klinische setting is het voorkomen van biofilmvorming nog onmogelijk. 

 

15. Grote registers van orthopaedische implantaten overschatten stelselmatig de overleving 

van een prothese met het sterk wisselende interval tussen het begin van de klachten en de 

datum van de uiteindelijke revisie operatie. 

 

 

 

Groningen, 3 augustus 2003 

 

Hans Hendriks 
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