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Abstract 

Aseptic loosening due to mechanical failure of bone cement is considered to be a leading cause 

of revision of joint replacement systems. Detailed quantified information on the number, size 

and distribution pattern of pores can help to obtain a deeper understanding of the bone cement’s 

fatigue behavior. The objective of this study was to provide statistical descriptions for the pore 

distribution characteristics of laboratory bone cement specimens with different amounts of 

antibiotic contents. For four groups of bone cement (Palacos) specimens, containing 0.3, 0.6, 

1.2 and 2.4 wt/wt% of telavancin antibiotic, seven samples per group were micro computed 

tomography scanned (38.97 μm voxel size). The images were first preprocessed in Mimics and 

then analyzed in Dragonfly, with the level of threshold being set such that single-pixel pores 

become visible. The normalized pore volume data of the specimens were then used to extract 

the logarithmic histograms of the pore densities for antibiotic groups, as well as their three-

parameter Weibull probability density functions. Statistical comparison of the pore distribution 

data of the antibiotic groups using the Mann–Whitney non-parametric test revealed a 

significantly larger porosity (p<0.05) in groups with larger added antibiotic contents (2.4 and 

0.6 wt/wt% vs 0.3 wt/wt%). Further analysis revealed that this effect was associated with the 

significantly larger frequency of micropores of 0.1 to 0.5 mm diameter (p<0.05) in groups with 

larger antibiotic content (2.4 wt/wt% vs and 0.6 and 0.3 wt/wt%), implying that the elution of 

the added antibiotic produces micropores in this diameter range mainly. Based on this 

observation and the fatigue test results in the literature, it was suggested that micropore clusters 

have a detrimental effect on the mechanical properties of bone cement and play a major role in 

initiating fatigue cracks in highly antibiotic added specimens. 

Keywords: Palacos bone cement; Telavancin antibiotic; Micro-CT; Dragonfly; Histogram; 

Three-parameter Weibull distribution  
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Introduction 

Joint replacement implants are categorized into two main groups of cementless and cemented, 

where the first group are most suited for younger and more active patients, and the latter for 

older patients with poor-quality (e.g., osteoporotic) bone [1]. In cemented joint prostheses, the 

implant is fixed into the bone by means of polymethylmethacrylate (PMMA) bone cement 

which acts as a grout between the implant and the bone through mechanical micro-interlocks. 

In spite of the high success rate of the cemented joint replacements, they are reported to a have 

limited lifespan, particularly in younger patients; the 10 year survival of cemented hip 

replacement systems has been reported to be 92.2% in the age group 55 to 64 years and 93.6% 

in the age group 65 to 74 years [2]. A leading reason of joint replacement revision is aseptic 

loosening due to mechanical failure of the cement mantel, the bone-cement interface, or the 

implant-cement interface [3]. 

The mechanical strength of PMMA bone cement depends on several factors, including 

molecular weight, ratio of polymers and monomers, grain size, antibiotic elution, defects and 

voids [4]. In particular, bone cement always contains voids and pores of different sizes, which 

affect the bone cement mechanical strength substantially [5-13] . There are several sources for 

formation of pores within the cement mantel. Micropores (diameter < 1 mm) are produced 

mainly as a result of monomer evaporation during polymerization process, as well as elution 

of the added antibiotic [14]. Macropores (diameter > 1 mm), on the other hand, are induced 

mainly due to entrapment of the air during mixing the bone cement and its application to the 

surgery site [14]. The other sources of void formation are polymerization and thermal shrinkage 

of the cement during setting process, in relation to the increased density of the polymerized 

cement and its contraction on the cooling front, respectively, which can form large pores 

particularly at the cement-implant interface [15]. Nevertheless, large pores might be also be 

produced due to incomplete filling of the bone cavity and premature solidification of the 

cement [14]. 

Several laboratory studies have shown that pores and voids are detrimental to the mechanical 

strength of the bone cement. It has been demonstrated that reducing the porosity percentage 

(pores’ volume fraction) of the bone cement by vacuum mixing and centrifuging techniques 

increases its compressive [6, 9, 11] and bending [5, 6, 13] strength significantly. Also, it has 

been shown that the pores can act as crack initiation and propagation sites [8, 12] and the low-
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porosity bone cements exhibit improved fatigue strength in comparison with the high-porosity 

ones [7, 10].  

Recent studies have shown that the bulk porosity percentage alone is not sufficient to describe 

the porosity characteristics of the bone cement in relation to its mechanical strength; more 

detailed information, i.e., the size, number and distribution pattern of pores, are required to 

explain the diversity of fatigue strength results in specimens with the same porosity percentage. 

Hosseinzadeh et al. [16] reported that the pores greater than a critical size can induce high 

stress concentrations and initiate fatigue cracks, while the small pores might work as crack 

arrestors. Also, Ishihara et al. [8], Cristofolini et al. [17] and Hoey et al. [14] found that the 

fatigue strength of bone cement is dramatically reduced as pore size increases, with macropores 

(diameter > 1 mm) being particularly damaging. In addition to the pore size, the distribution 

pattern of the pores, e.g., pores’ collection and clusters, has been also reported to be critical 

since the fatigue failure may initiate by cracking between small pores in close proximity [10, 

18-20]. This behavior has been well demonstrated by simulation of the damage accumulation 

in high density pore cluster areas of bone cement [21]. Also the finite element study of Hoey 

et al. [14] showed that a couple of pores in close proximity can form a large pore of complex 

shape and inevitably a higher stress concentration, initiating the complete failure of the 

material.  

Considering the important role of the pores and voids on the mechanical and particularly the 

fatigue behavior, several studies have investigated the porosity characteristics of the bone 

cement using a variety of techniques. Traditionally, porosity has been investigated using high-

resolution radiography for macropores and light microscopy for micropores [5, 7, 9, 13, 22-

25]. For instance, Wang et al. [26] took radiographs from cement specimens, prepared with 

different vacuum levels and mixing methods, and measured the number, diameter, and volume 

percentage of the macropores, by calibrating the radiographs against that of a metal plate with 

holes of 1-10 mm. They also measured the number and surface density of micropores 

(0.1<diameter<1 mm) on the surfaces of sample slices cut from specimens using an optical 

microscope. In spite of the valuable information provided by these studies, they are limited to 

examining the porosity in two dimensions (2D). Hence, they cannot provide information on 

the nonhomogeneous three-dimensional (3D) distribution pattern of the pores. Moreover, the 

radiography-based measurement of the macropores is subjected to large errors since it 

superimposes the pores onto a 2D plan and provides a mottled image with no clear pore 
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boundaries [27]. Finally, the microscopic study of micropores can be performed on a limited 

number of planar sections only, rather than the whole bulk of the specimen. 

In response to these limitations, recent studies have employed the micro-computed tomography 

(μ-CT) imaging technique which provides information from the 3D distribution of the pores in 

the cement specimens. Most studies, however, have only quantified the bulk porosity 

percentages of the bone cement specimens. For instance, in the work of Cox et al. [27] the 

porosity percentages of the bone cement specimens were measured using both μ-CT imaging 

and traditional techniques, and a poor agreement was found suggesting the insufficiency of the 

latter method. Also, in the works of Pithankuakul et al. [11] and Kim et al. [28] the porosity 

percentages of the bone cement specimens, prepared with different mixing speeds, times of 

antibiotic addition, and amounts of added antibiotic, were quantified and compared. Finally, in 

the work of Hoey et al. [14], the μ-CT images of the cement specimen, mixed either by hand 

or under vacuum, were used to provide 3-D visualizations of the porosity distributions. They 

reported that the hand-mixed specimens contained a large number of micropores with an even 

distribution while the vacuum-mixed specimens included fewer micropores but large singular 

macropores at the boundaries. 

To provide a better understanding of the bone cement behavior during mechanical experiments, 

there is a need for quantified detailed information on the number, size and distribution pattern 

of the pores in the laboratory specimens. This is particularly true for the antibiotic added bone 

cement, where the mechanical properties, including the compressive strength [29-43], flexural 

strength [32-34, 37, 39, 40, 42-45], fracture toughness [39, 42, 44] , and fatigue resistance [33, 

46] , are largely affected by the amount of the antibiotic. This effect is often attributed to the 

increased porosity of the antibiotic added bone cement due to antibiotic elution, as shown in 

previous studies [42, 44]. However, the mechanism through which the antibiotic elusion 

induced porosity influences the mechanical strength is still unknown.  

Moreover, several studies [8, 14, 16, 17, 28] have suggested that the controversial results of 

the fatigue experiments on cement specimens might be only explained in view of detailed data 

on the number, size, and 3D distribution pattern of pores. Previous modeling studies [14, 21, 

28] have also emphasized that such data is critical for more realistic model predictions, 

particularly for developing sophisticated probabilistic models of the bone cement’s mechanical 

behavior, as has been conducted for biological tissues [47]. The objective of this study was to 

analyze the μ-CT images of laboratory bone cement specimens using advanced image 
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processing techniques, in order to provide detailed statistical data of pores’ distribution. More 

specifically, it was intended to compare the number, size and distribution pattern of pores in 

bone cement specimens with different amounts of antibiotic contents to help a better 

understating of the strength deteriorating mechanism of antibiotic elusion. 

Methods 

In order to study the porosity of laboratory bone cement specimens, samples from a previously 

published study [28] were examined. Here a brief description of the material preparation and 

imaging protocols is provided. Four groups of bone cement (Palacos®R) specimens, containing 

0.3, 0.6, 1.2 and 2.4 wt/wt% of telavancin antibiotic (Theravance Biopharma US, Inc., CA, 

USA) were prepared. First, 40 g of cement powder and telavancin were hand mixed in a syringe 

for 1 min and then the blended powder and the cement liquid were vacuum mixed (-5 kPa). 

The mixture was then poured into a semi-open aluminum mold to form a prismatic specimen 

with dimensions of 44 mm length, 5 mm width and 10 mm height with fabricated 5 mm cracks 

at the middle of their lengths according to ASTM-D5045 for plane strain fracture toughness 

tests. The specimens were cured in 1×PBS for 21 days at 21℃ and then subjected to fracture 

toughness testing. After mechanical testing, the broken specimen halves, with approximate 

dimensions of 22 mm length, 5 mm width and 10 mm height (Figure 1) were scanned eight at 

a time using a μ-CT system (MicroXCT400, Xradia, Oberkochen, Germany), with X-ray tube 

setting of 80 kV, 9 W and 100 μA, exposure time of 0.5 s, and frame averaging of 100. For 

each specimen, 400 2D-image slices were obtained with 40 mm fields of view and 38.97 μm 

pixel size and thickness. The total scan time per sample was approximately 1 hour. Seven half 

samples per antibiotic group were imaged. Jo
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Figure 1. Bone cement material test specimen halves containing (a) 0.3, (b) 0.6, (c) 1.2 and 

(d) 2.4 wt/wt% of antibiotic. 

The μ-CT images of the material test specimen halves were first preprocessed in Mimics 

(Innovation Suite 24.0, Materialise NV, Leuven, Belgium). Two masks were created to 

increase the image contrast and improve the pore visualization; a dark mask was applied to the 

whole bulk of the bone cement specimen and a brighter one to the pore-contained bone cement 

(Figure 2). For each specimen, the threshold of the latter mask was systemically changed by 

the operator to reach a state in which a considerable number of single-pixel pores appeared 

simultaneously; both a lower and a higher threshold level would result in a larger number of 

multiple-pixel pores than the single-pixel ones. This method enabled correction of the partial 

volume effect, to some extent, and detection of the micropores with very small sizes. 
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Figure 2. Preprocessing of μ-CT images in Mimics (Materialise NV, Leuven, Belgium). A 

dark mask was applied to the whole bulk of the bone cement specimen and a brighter one to 

the pore-contained bone cement. 

The μ-CT images were imported into Dragonfly (version 2021.1.0.977, Object Research 

Systems, Montreal, Canada) for further processing and analysis. First, internal prismatic 

volumes of interest, with a mean volume of 476.70± 0.87 mm3, were defined to exclude surface 

effects (Figure 3.a). Then, for each slice within the region of interest, the pores were segmented 

automatically based on the thresholding performed in Mimics. The 3D models of the specimens 

containing volumetric pores were reconstrued for visualization (Figure 3.b) and the adjacent 

pores were examined carefully to join those with a single voxel interface manually.  
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(a) (b) 

  

Figure 3. Processing of μ-CT images in Dragonfly (Object Research Systems, Montreal, 

Canada). (a) μ-CT slice of a specimen with region of interest shown in green color, (b) 3D 

rendered model of the specimen. 

 

The 3D models were analyzed in Dragonfly to quantify the pore distribution parameters in the 

bone cement specimens. For each specimen, pores with volumes larger than that of a single 

voxel (5.92E-05 mm3) were identified and their volumes were recorded. Then for each 

antibiotic group, the densities of different pore volumes were found by normalizing the pore 

volume frequency data across the seven specimens of that group to their total bulk volume. The 

results were then imported to MATLAB (R2022b, MathWorks, Natick, Massachusetts) to be 

illustrated as logarithmic histograms of the pore densities. MATLAB was also used to fit three-

parameter Weibull probability density functions (PDF) to the pore distribution data (1): 

𝑓(𝑥|𝑎, 𝑏, 𝑐) = {

𝑏

𝑎
(

𝑥 − 𝑐

𝑎
)

𝑏−1

𝑒𝑥𝑝 (− (
𝑥 − 𝑐

𝑎
)

𝑏

)          𝑖𝑓 𝑥 > 𝑐,

  0                                                                  𝑖𝑓 𝑥 ≤ 𝑐,   
 

(1) 

where a, b and c are the scale, shape and location parameters of the PDF, respectively, 𝑥 is a 

pore volume in mm3 and 𝑓(𝑥|𝑎, 𝑏, 𝑐) represents the probability density of 𝑥.  

In order to compare the porosity distribution characteristics of different antibiotic groups, some 

descriptive statistics were also calculated. The porosity percentages of the specimens of each 

group, found by dividing the total pore volume of each specimen to its bulk volume, were 
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averaged to obtain the bulk porosity percentage of each group. Also, averaged pore size 

distribution bar graphs were produced for each group, based on the pore diameters. First, an 

equivalent diameter was found for each pore by calculating the diameter of a sphere with the 

same volume. Pores with diameters smaller than 1 mm were considered as micropores, and 

those with diameter between 1 mm and 3 mm as macropores. Pores with diameters larger than 

3 mm were considered to be produced due to cementing deficiency and were excluded from 

the analysis. The diameter bins were defined in ranges of 0.01 to 0.05 mm, 0.05 to 0.1 mm, 0.1 

to 0.5 mm, and 0.5 to 1 mm for the micropores, and 1 to 1.5 mm, 1.5 to 2.0 mm, 2.0 to 2.5 mm, 

and 2.5 to 3.0 mm for the macropores. For each antibiotic group, the pore diameter frequency 

data were averaged and the means and the standard deviations of the pore densities of different 

diameter bins were found and compared.  

Statistical comparisons were performed in MATLAB environment. The Kolmogorov-Smirnov 

test showed a non-normal distribution of the data across samples, which was not unexpected 

considering the small number of specimens of each group. The Mann–Whitney non-parametric 

test was hence used to compare the effect of the amount of the added antibiotic on the average-

based distributions parameters of pores, considering the significance level set to p<0.05. 

Results 

Examination of the μ-CT data showed that the images of the 1.2 wt/wt% added antibiotic 

specimens were blurred and insufficient for detecting pores of the minimum sizes (diameter 

range of 0.01 to 0.1 mm). Hence, this group was excluded from further analysis. The 

logarithmic histograms of the other groups of study (0.3, 0.6 and 2.4 wt/wt% of added 

antibiotic) are shown in Figure 4. A singular pore of excessive large size (> 3mm diameter) 

was observed in one specimen of the 2.4 wt/wt% group. The three-parameter Weibull 

probability density functions, with the parameters indicated in Table 1, provided reasonable 

fits with the pore distribution data.  

 

Table 1- Parameters of the three-parameter Weibull probability density functions for bone 

cement specimens of different antibiotic groups. 

Group of Specimens a b c 

0.3 wt/wt% added antibiotic 2.32E-05 0.1962 5.92E-05 

0.6 wt/wt% added antibiotic 2.48E-05 0.1776 5.92E-05 

2.4 wt/wt% added antibiotic 1.40E-03 0.3643 5.92E-05 
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(a) 

  

(b) 

  

(c) 

  

 

Figure 4. Logarithmic histograms (Left) and probability densities (Right) of the pore volumes 

in cement specimens containing (a) 0.3, (b) 0.6, and (c) 2.4 wt/wt% added antibiotic. The red 

curves show the Weibull probability density functions (parameters in Tables 1). 
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The means and standard deviations of the porosity percentages of the specimens of different 

antibiotic groups are shown in Figure 5. The porosity percentage which was 2.0±0.63% for the 

0.3 wt/wt% group increased significantly to 3.4±0.93 % for the 0.6 wt/wt% and to 4.4±2.16% 

for the 2.4 wt/wt% groups (p<0.05). The difference of the porosity percentages of the 0.6 

wt/wt% and the 2.4 wt/wt% groups was not statistically significant. 

 

 

Figure 5. The means and the standard deviations of the bulk porosity percentages of the 

specimens of different antibiotic groups. Asterisks (*) denotes a significant statistical 

difference (p<0.05). 

 

The means and standard deviations of the averaged pore-size distributions data across 

specimens of each of the 0.3, 0.6 and 2.4 wt/wt% added antibiotic groups are illustrated in 

Figure 6. In general, the density of small micropores (diameter <0.1 mm) was consistently large 

in all groups; between 2000/cm3 and 2900/cm3 for pores of 0.01-0.05 mm diameter, and 

1800/cm3 and 2300/cm3 for pores of 0.05-0.1 mm diameter. However, the volume fraction of 

these pores was very small (less than 0.05% in total). For micropores of 0.1-0.5 mm diameter, 

both the density and the volume fraction were considerable in all groups. However, the pore 

density data indicated significantly smaller pore frequencies in the 0.3 and 0.6 wt/wt% added 

antibiotic groups (means: 637±214/cm3 and 668±137/cm3, respectively) than in the 2.4 wt/wt% 
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group (mean: 2304±280/cm3), (p<0.05) (Figure 7.a). A similar observation was also made for 

the resulting volume fractions, with significantly smaller values for the 0.3 and 0.6 wt/wt% 

added antibiotic groups (means: 0.38±0.13% and 0.57±0.13%, respectively), than the 2.4 

wt/wt% group (mean: 1.63±0.48%), (p<0.05) (Figure 7b). The micropores of 0.5-1.0 mm had 

a limited frequency of up to 75/cm3 in maximum, with no significant difference between the 

groups. The volume fractions of this diameter range in the 0.3, 0.6 and 2.4 wt/wt% groups were 

respectively 0.82±0.24%, 1.28±0.41%, and 1.07±0.50%, where only the difference between 

the first two groups was significant (p<0.05).  

The frequency of macropores was rather small in the specimens, with the densities between 

4.5/cm3 and 7.5/cm3 for 1-1.5 mm diameter pores, and 0.9/cm3 and 2.1/cm3 for 1.5-2.0 mm 

diameter pores. Also, the volume fractions were relatively similar (range: 0.37±0.23% to 

0.64±0.45% for 1-1.5 mm diameter and 0.21±0.36% to 0.55±0.41% for 1.5-2 mm diameter 

pores). Larger macropores (> 2mm diameter) were only observed as singular pores in the 0.6 

and 2.4 wt/wt% added antibiotic groups. Statistical comparison of the results of different 

groups revealed no significant effect for the amount of added antibiotic.  
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(a) 

  

(b) 

  

(c) 

  

 

Figure 6. Means and standard deviations of the averaged pore-size distributions data across 

specimens of each of (a)0.3, (b) 0.6, and (c) 2.4 wt/wt% added antibiotic groups. 
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(a) (b) 

  

 

Figure 7. Means and standard deviations of the (a) densities and (b) volume fractions of 

micropores of 0.1-0.5 mm diameter across specimens of 0.3, 0.6, and 2.4 wt/wt% added 

antibiotic groups. Asterisks (*) denotes a significant statistical difference (p < 0.05). 
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Discussion 

The failure of the cemented joint replacement systems is often attributed to the fatigue failure 

of the cement mantle, the bone-cement interface, or the implant-cement interface, leading to 

aseptic implant loosening [3]. Considering the important effect of the pores on the fatigue 

behavior of the bone cement [5-13], this study investigated the number, size and distribution 

pattern of the pores in the material test specimens using μ-CT imaging. In particular, by 

employing advanced image processing techniques, we could detect micropores of small sizes 

which have been often neglected in previous studies [5, 7, 9, 13, 14, 22-27]. Although large 

pores are often considered to be responsible for inducing high stress concentrations and 

initiating the fatigue cracks [8, 16, 17], recent studies [10, 14, 21] have reported that small 

micropores might be equally critical when they are in close proximity and act as clusters. 

Moreover, our study provided quantified detailed information on the distribution 

characteristics of pores, which can help understanding the behavior of bone cement specimens 

during fatigue experiments. The histograms of the pore densities and the associated probability 

density functions for different amounts of added antibiotic (Figure 4), as well as the averaged 

pore-size distributions data (Figure 6). These statistical data are essential for developing 

probabilistic models of the bone cement, in order to obtain more realistic predictions of its 

mechanical and failure behaviors. 

The results of our study for the bulk porosity percentage of the bone cement specimens (Figure 

5) are in general agreement with the previous reports. For instance, Macaulay et al. [48] found 

an average porosity of 1.62% for their vacuum-mixed non-antibiotic added specimens, which 

is comparable with our finding for the 0.3 wt/wt% added antibiotic group (2.0%). Also, Slane 

et al. [39] reported mean porosities in the range of 2.4% to 9.9% for their specimens with 

different amounts of the added antibiotic. Nevertheless, our bulk porosity results are smaller in 

comparison with those reported by Kim et al. [28] for the same specimens; this difference is 

thought to be due to the 3D image processing techniques employed in our study. 

Based on our results for the bulk porosity percentage (Figure 5), a larger amount of added 

antibiotic was associated with a larger porosity in bone cement specimens. This effect was 

statistically significant (p<0.05) when comparing the 2.4 and 0.6 wt/wt% added antibiotic 

groups with the 0.3 wt/wt% group, but not between the 2.4 and 0.6 wt/wt% groups. This 

observation is in agreement with the previous studies which have reported increased porosity 
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[28, 42] and decreased mechanical strength [42] in the bone cement specimens with higher 

contents of the antibiotic. 

An interesting finding of this study was the relationship between the added amount of the 

antibiotic and the pore-size distribution data (Figure 6). Our results indicated relatively similar 

averaged-based pore-size distributions for different amounts of the added antibiotic, except for 

the pores of 0.1 to 0.5 mm diameter (Figure 7). This finding indicates that the increased porosity 

percentage of the bone cement specimens due to the increased content of antibiotic is mainly 

due to the larger frequency of the 0.1 to 0.5 mm diameter micropores, and suggests that the 

elution of the added antibiotic produces micropores in this diameter range mainly. This 

observation is of great importance for interpretation of the fatigue test results of the bone 

cement specimens. Previous studies have often suggested that the decreased fracture strength 

of the bone cement specimens with higher amount of the added antibiotic was due to their 

larger number of macropores, greater than a critical size (typically 1 mm diameter) [8, 14, 17, 

28]. Based on our results, it might be suggested that micropore clusters have a detrimental 

effect on the mechanical properties of bone cement and play a major role in initiating fatigue 

cracks in highly antibiotic added specimens. This finding is supported by the fatigue failure 

mechanism, proposed in previous modeling studies. In the work of Jeffers et al. [21], which 

simulated the damage accumulation process in bone cement, it was shown that damage is 

accumulated in pore cluster areas and can cause premature fatigue failure. Also, in the work of 

Hoey et al. [14], the effect of pore clusters in bone cement was analyzed using the theory of 

critical distances and it was shown the high local stresses between pores in close proximity can 

lead to in-between cracking at a very early stage. This cracking would essentially link the pores 

together, forming a pore of complex shape and inevitably a higher stress concentration, which 

initiates the complete failure of the material. These failure scenarios have been observed by 

fractography analysis using SEM which demonstrated a distribution of small pores with 

occasionally larger pores on the fracture surfaces, indicative of the pores interaction in forming 

crack initiation sites [10, 18-20].  

The findings of this study highlight the importance of taking appropriate measures in clinical 

practice to avoid formation of antibiotic elusion induced pore clusters within bone cement, as 

much as possible. First of all, the amount of the added antibiotic should be kept as low as 

necessary to minimize the number of pores. Moreover, the antibiotic powder shall be 

incorporated into the cement powder such that a homogeneous dispersion of powders is 
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achieved. A uniform distribution of the antibiotic particles would help to prevent formation of 

antibiotic agglomerations and high-density pore clusters, i.e., pores in close proximity. 

Previous studies have reported that the mechanical properties of antibiotic added bone cement 

is improved when the powders are mixed using a turbo blender [49, 50]. 

This study suffers from some limitations which should be addressed in future investigations. 

In our setup, we employed a semi-open mold aluminum design with separated flat top and 

bottom plates, to create gaps that allow for gas release and pressure relief during bone cement 

polymerization. To ensure a precise fit and maintain consistent dimensions, we utilized clamps 

to securely hold the flat plates in place during the molding process. This effectively reduced 

the risk of void formation and ensured better control over the polymerization process. 

However, to compensate for the gaps, we added an extra 1-2mm thickness to the bone cement 

sample, which was later ground down to achieve the desired dimensions and surface finish. 

Despite this controlled fabrication method, it is essential to acknowledge that achieving a 

perfect elimination of voids might remain challenging. The polymerization process is complex, 

involving various chemical reactions, and achieving absolute uniformity in a solidifying 

material is difficult. Additionally, the presence of small air pockets or inconsistencies in the 

bone cement mixture might be difficult to eliminate completely, even with the semi-open 

molding and vacuum mold systems we used.  

Moreover, the numbers of antibiotic groups and the specimens per group were limited in our 

study. This limitation was due to the fact that the specimens and their μ-CT data used in this 

study were obtained from a previous study [28]. The μ-CT data of the 1.2 wt/wt% group 

contained pixelated and blurry images, and unfortunately, the original samples had been 

discarded and were not available for rescanning. Also, the number of samples in the control 

group (0% added antibiotic) was three, with only two with good scan data. More 

comprehensive and statistically reliable data for the effect of the added antibiotic on the 

distribution of the pore densities and the associated probability density functions can be 

obtained in future by examining more antibiotic groups with larger number of specimens.  

Furthermore, considering the partial volume effect, the smallest pore guaranteed to be detected 

in our study (in the worst-case scenario) was a cube of 2×2×2 voxels. With a pixel size of 38.97 

μm, this cube would have a volume of 473E-3 mm3 and an equivalent diameter of 96.70 μm. 

Hence, the number of micropores of smaller sizes reported in our study shall be regarded as an 

underestimation. Nevertheless, the methodology used in our study for setting the threshed level 
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corrected the partial volume effect, to some extent, and enabled detection of a very large 

number of single-voxel micropores (Figure 4). Future studies can provide more accurate results 

for small micropores by employing μ-CT machines with higher resolutions (smaller voxel 

sizes). Finally, our results are limited to one specific type of bone cement (Palacos®R) and 

antibiotic (Telavancin). For generalized conclusions, future investigations should consider 

other types of bone cements and antibiotic contents. This is also true for the radiopacifier 

(zirconium dioxide) content of Palacos®R. Although the radiopacifier particles have no direct 

effect on pore formation, they are reported to reside within the polymerization pores [51], 

which might affect the results of the pore distribution data captured using μ-CT. This effect, 

however, is thought to be negligible considering the small sizes of these particles (typical mean 

diameter of 1 to 2 µm [52]). 

It was concluded that the elution of the added antibiotic produces micropores in the 0.1 to 0.5 

mm diameter range mainly, which considering the fatigue test results in the literature, suggests 

that micropore clusters play a major role in initiating fatigue cracks in highly antibiotic added 

specimens. 
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Highlights: 

• Bone cement with a larger added antibiotic content has a higher porosity  

• Three-parameter Weibull PDF can describe bone cement’s pore distribution  

• Elution of added antibiotic produces 0.5 to 1 mm micropores mainly 

• Diverse fatigue test results might be explained by dissimilar pore distributions  
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