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Abstract Small-animal models are useful for the in vivo

study of particle-induced osteolysis, the most frequent

cause of aseptic loosening after total joint replacement.

Microstructural changes associated with particle-induced

osteolysis have been extensively explored using two-

dimensional (2D) techniques. However, relatively little is

known regarding the 3D dynamic microstructure of parti-

cle-induced osteolysis. Therefore, we tested micro-

computed tomography (micro-CT) as a novel tool for 3D

analysis of wear debris-mediated osteolysis in a small-ani-

mal model of particle-induced osteolysis. The murine

calvarial model based on polyethylene particles was utilized

in 14 C57BL/J6 mice randomly divided into two groups.

Group 1 received sham surgery, and group 2 was treated

with polyethylene particles. We performed 3D micro-CT

analysis and histological assessment. Various bone mor-

phometric parameters were assessed. Regression was used

to examine the relation between the results achieved by the

two methods. Micro-CT analysis provides a fully automated

means to quantify bone destruction in a mouse model of

particle-induced osteolysis. This method revealed that the

osteolytic lesions in calvaria in the experimental group were

affected irregularly compared to the rather even distribution

of osteolysis in the control group. This is an observation

which would have been missed if histomorphometric

analysis only had been performed, leading to false assess-

ment of the actual situation. These irregularities seen by

micro-CT analysis provide new insight into individual bone

changes which might otherwise be overlooked by histo-

logical analysis and can be used as baseline information on

which future studies can be designed.
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Aseptic loosening resulting from particle-induced osteoly-

sis has been the subject of intensive research because of its

catastrophic effect on the outcome of total joint replace-

ment [1]. Particles, especially ultrahigh-molecular weight

polyethylene particles (UHMWPE) emerging from shear

and frictional forces, affect the surrounding tissues by

reaching into the articular cavity and via phagocytosis into

the newly originated capsule. Depending on the number of

particles, this initiates an aseptic inflammatory response,

which can be compensated for initially but subsequently

leads to inflammatory destruction of the bone when the

number of particles increases [2].

Several animal models have been established to examine

particle-induced osteolysis. Shanbhag et al. [3] used an in

vivo model of a rabbit in which they implanted a mixture
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of particles consisting of polyethylene, titanium alloy, and

cobalt-chromium alloy into the hip joint. The in vivo

examination in the small-animal model, primarily estab-

lished by Merkel et al. [4] and Schwarz et al. [5],

particularly demonstrated the advantage of observing par-

ticle-induced osteolysis achieved by a brief invasive

procedure over a short period of time. They used titanium

particles and inhibited particle-induced osteolysis using

bisphosphonates. Our group [6] altered the animal model

by applying UHMWPE particles.

The large variability observed in the mechanism cannot

be evaluated unless structural properties of reactive bone

are included in the analysis. Histomorphometry is still a

necessary source used to analyze particle-induced osteol-

ysis and osteolysis in general within the range of the

midline suture of mouse skulls in many studies [5, 7, 8].

However, histomorphometry allows only two-dimensional

(2D) analysis of bone structures. Moreover, cutting a

sample into thin slices distorts the intact volume and a

repeated evaluation of the specimen by any other method is

made very difficult, if not impossible. Micro-computed

tomography (micro-CT), which has been used in research

on osteoporosis, allows 3D visualization and analysis of

bone structures, including assessment of bone volumetric

parameters.

Based on previous studies carried out by our group [9,

10] in which we observed increased osteolysis in mouse

skulls that had been treated with UHMWPE particles, this

study is intended to evaluate the potential of micro-CT as a

new method for assessment of particle-induced osteolyis.

Materials and Methods

Animal Model

We used a calvarial model of UHMWPE particle-induced

osteolysis in 14 12-week-old C57BL/J6 male mice. The

murine calvarial model was recently introduced by our

group and is based on the original model of calvarial

osteolysis [4, 11]. The animals were divided into two

groups randomly. The animals in group 1 (n = 7) under-

went sham surgery only, and the animals in group 2 (n = 7)

received UHMWPE particles. The animal experiment was

approved by the university’s ethics committee and the local

authorities according to official guidelines.

Particles

Clariant (Gersthofen, Germany) supplied the commercially

pure UHMWPE particles (Ceridust VP 3610). More than

34% of the particles were smaller than 1 lm, with a mean

particle size (given as equivalent circle diameter) of

1.74 ± 1.43 lm (range 0.05–11.6) [9].

For decontamination of endotoxins, particles were

washed twice in 70% ethanol at room temperature for 24

hours. Testing for endotoxins using a quantitative limulus

amebocyte lysate assay (Charles River, Margate, UK) at a

detection level of \0.25 EU/mL was negative. The parti-

cles were washed in phosphate-buffered saline and

afterward dried in a desiccator.

Surgical Procedure

Before surgery, mice were anesthetized by intraperitoneal

injection. A 10-mm incision was made over the calvarial

sagittal midline suture. A 1.0 x 1.0 cm area of periosteum

was exposed and left intact. In sham controls (group 1) the

incision was closed without any further intervention. Group

2 received 30 lL of dried polyethylene particles (2 x 108

particles/1,000 lL; the dosage was established through

previous experiments [9]), which were distributed over the

periost using a sterile sharp surgical spoon. The incision

was sutured. Water and food were given ad libitum.

Fourteen days after operation, the animals were killed in a

CO2 chamber as our previous research had shown that

particle-induced osteolysis can be detected from this time

point [12, 13].

Micro-CT

In this study, a high-resolution micro-CT (Skyscan 1072;

Skyscan, Aartselaar, Belgium) was used to perform quali-

tative and quantitative analyses of murine calvarial bone in

order to ascertain whether this method is also suitable for

obtaining evidence of the degree of osteolysis in mouse

skulls.

Technical Specifications of the Micro-CT

The micro-CT system is based on a scanner developed for

high-resolution imaging (up to 4 lm cubic voxels) of sample

sizes up to 2 cm3. The scanner uses a field X-ray tube with an

8 lm spot size and expected lifetime of[10,000 hours. The

tube operates between 20 and 100 keV with a current of up to

100 lA. For scanning, the samples are placed between the

microfocus X-ray source and a charge-coupled-device

(CCD) detector (matrix size 1,024 x 1,024 pixels, field of

view 25 mm2). In order to prevent the samples from moving

during scanning, the plain heads are placed in a tightly fitting

rigid plastic tube. In the scanner’s chamber the specimens are

placed in a pile on a computer-controlled precision stage,
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which is rotated in equiangular steps of 0.9� around an angle

of 180�. When placed between the X-ray source and the CCD

detector, the cone-beam of X-rays passes the object and then

hits the CCD detector, thus acquiring 2D X-ray images. A

personal computer is used to control the scanner and to store

the CCD image data recorded at each angle of view during

the scanning process.

Tomographic Image Reconstruction

The X-ray projection data of the scanned samples are then

submitted to the resident reconstruction program (Cone-

beam Reconstruction, Skyscan), which is based on a

Feldkamp filtered backprojection algorithm [14, 15],

resulting in a volume image of up to 10,243 voxels, each

cubic voxel being 4–19 lm on a side, depending on how

much of the specimen had to be imaged.

Parameters of Micro-CT Analysis

For qualitative analysis, 3D images of the mice heads were

then reconstructed from the cross-sectional slices using

Analyze1 software (version 6.0; Biomedical Imaging

Resource, Mayo Clinic, Rochester, MN). In order to

visually illustrate the effect of UHMWPE particle-induced

osteolysis on the osseous properties of the mouse skulls, a

constant fixed threshold level (the minimum threshold

value at 5 and the maximum threshold value at 200) was

used for rendering the 3D images of the skulls (Fig. 1).

For quantitative analysis of UHMWPE particle-induced

osteolysis, a square-shaped region of interest (ROI) of

approximately 2 x 2 mm with the midline suture of the

skull in its center was placed in one of the 2D-recon-

structed slices, as described by Perilli and Baruffaldi [16].

In the next step, 100 ROIs were combined in order to create

a volume of interest of about 2 x 2 x 2 mm in size.

Then the resident quantitative analysis software (CTAn,

Skyscan) was used to obtain the following parameters:

bone volume (BV), bone surface (BS), and BS/BV. As

osteolysis is expressed by a loss in BV, the term ‘‘osteolytic

lesion’’ can be appropriately used rather than ‘‘decreased

BV.’’ The analysis was then repeated using the same ROI

chosen for the first assessment to calculate smaller piles of

10 slices each. Finally, a reference curve was assessed

using the average BV values.

Specimen Retrieval and Histological Processing

The calvaria of all animals were removed as an elliptical

plate of bone defined by the foramen magnum, auditory

canals, and orbits. Sections (4 lm) were taken in the

frontal plane centered over the area of particle-induced

osteolysis. These sections were stained with Goldner dye

[4, 11]. The Goldner-stained sections were analyzed by

transmission light microscopy (Axiophot, Zeiss, Germany).

The existence and dimension of granulomatous foreign

body reaction and bone resorption were evaluated.

Bone Histomorphometry

Using a standard high-quality light microscope, the speci-

mens were photographed with a digital camera (Camedia

C-5060 WZ; Olympus, Hamburg, Germany). A histomor-

phometric analysis was made by image analysis software

(UTHSCA Image Tool, IT version 3.0; University of

Texas, San Antonio, TX). The area of soft tissue, including

any bone resorption pits in the midline suture, was traced in

Goldner sections to determine the eroded surface in the

midline suture [17]. Using one microscopic field at a

magnification of x20, the ROIs, i.e. the nonosseous tissue

areas adjacent to and in continuity with the midline suture,

were encircled by the operator. For bone thickness

Fig. 1 Reconstruction of a

C57BL/J6 mouse skull. a After

surgery without UHMWPE

particle implantation (group 1).

b Following UHMWPE particle

implantation (group 2). The 3D

pictures show that the skull

surface of the animal that

underwent particle implantation

appears more lacerated than the

skull of the control mouse
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measurements, the specimens were divided into four 0.5-

mm steps to the left and four equivalent steps to the right

side of the midline suture. Bone thickness was measured at

the chosen sites and in the midline suture.

Statistical Analysis

Data are reported as mean ± standard deviation (SD).

Pearson’s correlation coefficient was used to assess the

relationship between the 2D diameter from histological

sections and the 3D diameter from micro-CT. Linear

regression analysis was used to assess the linear relation-

ship between BV and BS determined by micro-CT, both in

the control group and in the experimental group. Student’s

t-test was used to analyze the difference in osteolysis

between the two groups. Analysis of variance (ANOVA)

was used to compare the interblock difference of bone loss

in mice. Differences were considered significant at the 0.05

level.

Results

Quantitative Assessment of Total Bone Loss

One mouse in the control group did not recover from

anesthesia; all the other mice tolerated the experimental

procedures well. There were no problems with wound

healing.

The results were obtained via micro-CT and quantitative

histomorphometry, with BV as a general value obtained by

micro-CT-analysis and the eroded surface of the mouse

skull as a value obtained by histomorphometry and an

associated image analysis system.

For the control group, the eroded surface values mea-

sured from histological sections and BV obtained via

micro-CT were 0.04 ± 0.0126 mm2 and 0.984 ± 0.0245

mm3, respectively. For the experimental group, the eroded

surface values measured from histological sections and BV

obtained via micro-CT were 0.26 ± 0.0830 mm2 and

0.842 ± 0.0682 mm3, respectively. In an initial comparison

of the values, BV was significantly larger (P \ 0.05) in the

animals that did not receive particles and the eroded sur-

face of the control mice was significantly smaller

(P \ 0.05).

There was a strong negative correlation between the

eroded surface and BV (R2 = 0.966, P \ 0.01), indicating

that an enlarged eroded surface area of the midline suture is

accompanied by a decrease in BV and vice versa. This

observation suggested that the quantity of bone loss could

be assessed by either histomorphometric or micro-CT

analysis.

Spatial Distribution of Bone Loss in the Sagittal Plane

Direction

Distributional micro-CT analysis was performed for a

capacious cubic area within the mouse skull, consisting of

100 slices subdivided into ten smaller blocks consisting of

only ten slices each. The pooled values of these blocks are

illustrated in Fig. 2 for each mouse in the control group.

Distribution of bone mass within the cubic area seems to be

regular for each mouse in the control group. Furthermore,

the mice in the control group seemed to react very similarly

to each other, as demonstrated by the reference curve based

on average values of BV (Fig. 3).
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y is the BV of the cubic area; x is the number of the cubic

area in the sagittal direction

a ¼ 1:095 � 10�2; b ¼ 8:31 � 10�1;

x0 ¼ 5:15; y0 ¼ 8:737 � 10�2

In comparison, the widespread irregularity of osteolytic

lesions seen in particle-treated animals makes evaluation of

a reliable reference curve impossible. Therefore, the indi-

vidual observations noted in animals of the experimental

group are shown in Fig. 4, in which the variances of the

blocks in each mouse are compared to the reference curve

for the control group. The volume of bone loss of the

blocks ranged from –0.00729 to 0.026390 mm3. One-way

ANOVA was used to analyze the differences in bone loss

between every two blocks in the particle-treated animals.

Due to the obvious irregularity in the distribution of oste-

olytic lesions in each mouse, an accompanying significant

(P \ 0.05) irregularity of bone loss was found (Fig. 5).

Analysis of the distribution of bone loss revealed that

there was one animal in which the osteolytic lesions were

evenly distributed, which contrasted with what we

observed in the other animals of the experimental group.

All the steps of the experimental setup were reviewed, and

no abnormality was detected. This controversial observa-

tion could not be attributed to any known factors.

Linear regression analysis revealed that there was a

significant linear relationship between BV and BS, both in

the control group and in the experimental group (P \ 0.05)

(Fig. 6). However, the inclination of the straight lines

indicating the relationship between BV and BS of the

particle or the control group was different. The inclination

was 31.25 in the experimental group, which is smaller than

the value of 48.77 in the control group. Thus, a decrease in

BS is accompanied by a decrease in BV, and this effect was
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less distinctive in the particle-treated group than in the

control group. In conclusion, there was more BS in the

particle-treated animals associated with irregular interblock

osteolysis. In other words, the higher the osteolytic varia-

tion, the bigger the interblock differences of the individual

mouse. Hence, the irregularity of the osteolytic lesions

induces changes in the BS.

Spatial Distribution of Bone Loss in the Coronal Plane

Direction

We also investigated the distribution of osteolysis in the

coronal direction. Here, we initially describe the investi-

gations obtained by histomorphometric analysis in which

the thickness of the skull was evaluated.

The thickness of the calvaria was measured histomor-

phometrically at different radii (0, 0.5, 1.0, 1.5, 2.0 mm),

with the midline suture in its center. The difference in the

thickness of the control calvaria and the particle-treated

calvaria was then evaluated using two-way ANOVA.

Comparison revealed that significant changes in calvarial

thickness only occurred close to the midline suture (Fig. 7).

There was no distinct significance at the edge of the cal-

varial specimens.

Micro-CT analysis of spatial distribution of osteolysis in

the coronal plane revealed the following findings. Calvarial

BV was also assessed at different distances from the

midline suture, and two-way ANOVA was used to analyze

the differences between the control and experimental

groups. There was significant osteolysis in the central

section of the skull but not in the parietal bone. In contrast

to histomorphometric analysis, micro-CT analysis revealed

a significant difference in bone loss between the particle-

treated group and the control group at a distance of 1.5 mm

from the midline suture (Fig. 8). These findings suggest

that significant details of particle-induced bone loss may

remain undetected when osteolysis is evaluated by means

of histological sections with a section-to-section distance

of 200 lm, as used in the present and multiple previous

studies.

Discussion

Aseptic loosening is initiated by an aseptic inflammatory

response to phagocytosis of implant wear particles [1].

When the prosthesis head is placed into the socket, shear

and frictional forces lead to the production of numerous

implant wear particles. The amount of implant wear par-

ticles exceeds the removal capacity of the lymphatic

system, and extensive formation of granulation tissue

occurs, leading to fibrous necrosis. When the newly created

capsule starts to participate in the inflammatory response to

the debris, BV progressively decreases due to osteolysis

[18, 19]. If the released wear particles are distributed uni-

formly throughout the periprosthetic tissues, the number of

particles per unit volume of tissue can be related directly to

the wear volume [20]. However, because of the variation in

permeability of these tissues and the limited pathways

available for particle access, it is unlikely that the distri-

bution is uniform. A local accumulation of wear particles

could produce local osteolysis, even though the overall

density of particles is low. Many studies [21, 22] have

revealed that, in contrast to the uniform bone loss seen in

osteoporosis, the quantity of bone loss varies in the dif-

ferent parts of the tissue surrounding prostheses. The

distribution and extent of osteolysis related to the type and

magnitude of wear particles seems to be a key factor in

Fig. 2 Distribution of BV in the chosen ROI in the control group

(group 1). Each block consisted of ten micro-CT slices

Fig. 3 Average BV evaluated for each of the ten blocks within the

ROI. The reference curve illustrates the similar behavior of the bone

in the control group (group 1). The formula of the curve was

calculated by the data of each block of the mice in the control group
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avoiding particle-induced osteolysis, and a great deal of

research has focused on this issue. Pronounced osteolysis

was reported in the femoral environment. As the femoral

bone is shaved down using a rasp, there is only cortical

bone left at the distal two-thirds of the femoral component,

whereas the proximal third retains cancellous bone.

Therefore, the research on particle-induced osteolysis in

the femur mainly concentrates on the loss of cortical bone

caused by particles emerging from the implant. Until now,

many studies [23, 24] focusing on the morphology of

osteoporosis have been carried out with micro-CT. How-

ever, the morphology of cortical bone differs from that in

trabecular bone. Furthermore, as mentioned above, distri-

bution of osteolysis differs from that of osteoporosis. For

these reasons, the following parameters (i.e., the bone

volume fraction [BV/TV], trabecular thickness [Tb.Th],

trabecular separation [Tb.Sp], trabecular number [Tb.N],

and degree of anisotropy [DA]) stated for trabecular bone

Fig. 4 Average BV assessed

for each mouse in the particle-

treated group (Group 2). The

reference curve at the top of

each histogram indicates the

overall reference curve

calculated for the control group

(Group 1) with the exception of

one animal (*). There was a

significant irregular distribution

of the inter-block osteolysis in

the mice belonging to the

experimental group (Group 2).

Compared to the reference

curve for the control group, the

volume of osteolysis of the

blocks ranged from –0.00729

mm3 to 0.026390 mm3

C. Wedemeyer et al.: Particle-Induced Osteolysis 399

123



in previous trials [25–27] focused on osteoporosis were

excluded.

Since we have not found any other studies about parti-

cle-induced osteolysis concentrating on analysis of the

correlation between micro-CT technology and histomor-

phometry, the locations chosen for histomorphometric

analysis, equivalent to the ones used in former studies,

were reassessed by micro-CT analysis. Firstly, the total

bone loss within the ROI was found to be significantly

different as confirmed by both micro-CT and histomor-

phometry, and close correlation was found between the

parameters from the two methods. Secondly, the analysis

of interblock bone loss was based on the data revealed by

micro-CT, which showed that the bone loss was irregularly

distributed, as stated above. At the same time, the distri-

bution of bone loss was also evaluated by the thickness of

the calvaria using histomorphometric analysis. This

revealed the unexpected finding that bone loss in the range

of the parietal skull was less pronounced, as confirmed by

2D histomorphometry. However, there were significant

differences when 3D micro-CT analysis was applied. We

considered that our results did not negate the fact that the

resolution in light microscopy is far higher (\1 lm) than

that of micro-CT, which is only 20 lm. However, it was

almost impossible to analyze so many sections using his-

tomorphometry with a chosen section-to-section distance

of 1 lm. The histomorphometric analysis in our, and many

other, studies was based on several sections with a distance

of more than 20 lm. The large distance between the sec-

tions may have lost some details because the distribution of

bone loss due to osteolysis was not uniform.

This finding confirmed that micro-CT is a fast and

reliable method for morphological analysis of experimental

particle-induced osteolysis and could become a valuable

substitute for histology. It enables construction of 3D

images of either the entire specimen or only a small block

within the ROI for subsequent investigations. Compared

with histological sections analyzed in two dimensions with

the sutures located perpendicularly to the longitudinal axis,

CT images are versatile as they can be inspected in either

two or three dimensions.

The animal model used in our research was introduced

by Merkel et al. [4]. The particles were directly implanted

in the periosteal space instead of according to the ‘‘replace

the joint with implant’’ [28] principle. With the ready-made

wear particles, the osteolysis was detected in a short time.

However, the simulation of the distribution and local

accumulation of wear particles in different parts around the

implant was limited. In clinical research [29, 30] it was

found that high wear rates may not lead to osteolysis when

the implants are so well fixed to the bone that debris cannot

penetrate the fixation interfaces. As shown in this study,

micro-CT technology makes it possible to reveal the non-

uniform bone loss linked to varied accumulation of

particles in different parts; we did not expect to find new

Fig. 5 Distribution of volume of bone loss in the experimental group

(group 2). Bars represent mean ± SD. Statistically significant differ-

ences of bone loss between the first and the fifth blocks (*P \ 0.05)

as determined by one-way ANOVA

Fig. 6 Linear relationship between BV and BS in the control group

(a) and the experimental group (b), assessed by micro-CT. The

evaluated inclination was 31.25 in the experimental group and 48.77

in the control group. The effect, a decrease in BS accompanied by a

decrease in BV, is less distinctive in the particle-treated group and

attributed to irregular interblock osteolysis
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potential pathways for particle disease and accumulation

via micro-CT in such an animal model, resulting in the

development of implants well fixed to bone.

Furthermore, research on the distribution of osteopenia

led us to focus on another unknown factor. In other current

studies by our group [12, 13] we confirmed by means of

micro-CT that mice which were null for the Tac1 gene and

a-CGRP knockout mice did not show significant particle-

induced osteolysis. This finding was attributed to lack of

substance P and a -CGRP. In this study micro-CT exami-

nation detected one animal in the particle-treated group

which, in contrast to the other animals, showed an even and

not irregular distribution of osteolytic lesions. This

abnormal phenomenon, which might otherwise not have

been revealed, encourages us to investigate in greater detail

other unknown factors related to osteolysis.

In conclusion, the main advantages of micro-CT tech-

nology for evaluation of particle-induced osteolysis include

(1) a fully automated means to quantify bone destruction

within the entire specimen or ROI chosen, leading to more

objective and faster results, and (2) 3D construction based

on numerous slices with a section-to-section distance of

less than 20 lm, which allows detection of even small

changes.
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