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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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