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1. Introduction 

Since a correlation between osteocyte number and their morphology with bone aging or its 
response to pharmacological treatment appears to exist, a methodology to characterize 
osteocytes from bone biopsies becomes important. In this chapter, the usage of synchrotron 
measurements, algorithms for image analysis (Amira, ZIB), and the finite element method 
using parallelized computational resources for topological analysis of osteocytes is 
explained and discussed. Different routines normally applied for material characterization 
of network-like structures (skeletonization) have been adapted to visualize osteocytes along 
bone cement lines at high resolution (2.174 µm). The different steps concerning to counting 
osteocytes and analyzing the mechanical behavior of bones are illustrated with an example. 

The methods were developed to answer some scientific questions such as: Does bone 
osteocyte distribution, number and volume differ between healthy and osteoporotic bone? 
How much does the osteocytes’ morphology and topology contribute to load transmission 
capacity in bones? Which parameters are useful to characterize bones and their changes due 
to aging? Which strategies can be used to maintain a balance of osteocyte number and 
connectivity in order to balance for minimizing bone aging effects? 

Usage of the combined methodologies from CT up to numerical analysis (fem) are presented 
in this chapter in an easy, feasible and repeatable way allowing osteocytes characterization, 
whose topology is an indicator of bone adaption under different mechanical or 
pharmacological conditions. The interdisciplinary work between Charité Universitätsmedizin 
Berlin (Center for Muscle and Bone Research), BAM (federal Institute for Materials Research 
and Testing) and Zuse Institute Berlin (ZIB) was essential for quantifying and characterizing 
osteocytes at different age stages. The required techniques, advantages and disadvantages of 
the combined methods as well as the expected results are discussed in the chapter. 

1.1 Scientific background 

Osteocytes are differentiated bone cells from osteoblasts, which are embedded into osteons 
and connected in between by means of their processes. There is evidence that osteocytes are 
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not only responsible for sensing mechanical stimuli but also for transmitting the amplified 
signal to the bone surface (You et al. 2001; Cowin 2002; Whitfield 2003; Han et al. 2004; 
Anderson et al. 2008; Jacobs et al. 2010; Cheung et al. 2011). In normal conditions, the sensed 
mechanical stimulus is transduced in biochemical and bioelectrical signals captured for the 
osteoblast and osteoclast thus starting bone formation and bone resorption activities. At a 
macro level, the bone geometry and density is continuously adapted to guarantee bone 
mechanical functionality under physiological loads. It is known that bone adaption follows 
the Wolf’s and Roux’s rules for allowing maximal strength by optimized bone mass. 

A misbalance in this process (osteocytes-mechanosignal transmission-osteoblastic and 
osteoclastic activities) will generate changes in the bone geometry and density distribution 
such as observed in bone diseases. In the elderly, a misbalance between an accelerated 
osteoclastic activity and an incapacity of osteoblasts to form new bone results in a 
progressive reduction of the trabecular bone structures, an increment in the cortical porosity 
and a reduction of the cortical thickness. At a micro-level, bone is a composite material 
formed by hydroxylapatite and collagen. Other alterations in the signal pathway from 
osteocytes to osteoblasts and/or osteoclasts are related with induced changes in the 
hydroxylapatite crystals by increased secretion of Ca. Thereby the hydroxylapatite crystal 
number increases and the collagen content decrease and a glass-like bone structure is 
formed (osteogenesis imperfecta) (Boyde et al. 1999; Roschger et al. 2008; Dong et al. 2010). 
Similarly, an overproduction of collagen fibrils results in a hyper elastic bone material with 
a gummy-like mechanical behavior (osteomalacia) (Feng et al. 2006). In all cases, osteocytes 
generated signals appear to be associated with these bone diseases. Osteoporosis is one of 
the most frequent bone diseases affecting the elderly population, whose number will 
probably sharply increase in the future, thus we will concentrate firstly in the analysis and 
comparison of osteocytes from osteoporotic in comparison with healthy bone biopsies. The 
method explained here is of course applicable independently of the bone biopsies or disease 
type, including bone samples after pharmacological interventions. 

As the signal coming from the osteocytes will stimulate both bone formation and bone 
resorption, many pharmacological interventions try to effect the receptors for these signals: 
osteoblast and osteoclast, more than acting directly on the osteocytes. Additionally, it is 
known that bone resorption velocities are in general higher as required for bone formation 
(Huiskes 2000; Liu 2001; Nabavi et al. 2001; Huang et al. 2010). The pharmacy industry 
develops therefore principally antiresorptive drugs, which will reduce or inhibit 
osteoclastogenesis. The most used antiresorptive drugs are bisphosphonates, estrogen 
receptor modulators (SERMs), calcitonin, parathyroid hormone (PTH), cathepsin K 
inhibitors, Denosumab and strontium ranelate. This last drug might not only have an 
antiresorptive effect but is also able to stimulate osteoblastic activities. However, it is not 
clear how much the hydroxylapatite crystal is morphologically changed by replacement of 
Ca atoms through Sr atoms. Thus it is unclear how much the densitometric measurements 
are affected. Osteocytes characterization from bone biopsies of patient treated with 
strontium ranelate will help to illustrate how osteocytes (and consequently osteoblastic and 
osteoclastic activities) are affected after alteration of the hydroxylapatite bone crystal. 

Bone adaption or its pathological changes in time are nowadays monitored by densitometric 
and in vivo CT or similar radiological measurements. After measurement evaluation, the 
density bone distribution is calculated by comparison of measured absorptiometry 
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coefficients with those from phantom measurements of materials of known density values. 
Cortical bone density and trabecular bone density can thus be determined. After 
segmentation structural bone parameters such as BV/TV and cortical thickness are 
calculated. There are additional structural and geometrical parameters (e.g. trabecular 
thickness, trabecular separation, cortical porosity) that are derived from mathematical 
relations of the density parameters combined with the geometrical contours or bone 
segmentation. 

Osteoporosis implies a fracture risk whose asymptomatic development is not seriously 
considered by the affected population. CT-techniques allow analysis of bone structure, 
geometry and density in time (in vivo) or its detailed analysis in nanometer scales by 
analysis of in vitro CT measurements. Actually clinical CTs possess a resolution of 150 µm. 

Some indicators calculated after reconstruction and evaluation of bones are widely accepted 
to show bone adaption and to estimate its fracture risk. Such parameters are however 
normally given as a mean value over the measured volume. Although these parameters are 
a good indicator of bone morphology, in some cases they are insufficient to show how bone 
is responding under a pharmacological treatment or newly adapted conditions. Osteocytes 
are not only directly responsible for starting bone remodeling regions, but their number, 
sizes and distribution in comparable bone volumes shows how bone has changed by a 
disease or by medication that alter bone mineralization such as strontium ranelate or 
bisphosphonates. We have concentrated on developing a methodology for osteocytes 
characterization using available commercial platforms and adapted algorithms. Radiological 
and tridimensional visualization allows understanding how a pathological condition or an 
alteration of the normal bone conditions is related to the osteocytes morphology and their 
distribution. 

2. Related work 

Evidences of osteocytes (monkeys) ultrastructural changes under microgravity (Rodionova 
et al. 2002) 

Tensile strains regulate stem cell osteogenesis (Kearney et al. 2010) 

Maintenance of subject specific cell mechanosensitivity for prevention of osteoporosis 
(Mulvihill et al. 2008) 

Osteon diameter is related with the strain environment distribution (van Oers et al. 2008) 

Osteocytes apoptosis induce angiogenesis (Cheung et al. 2011) 

Osteonal geometry reconstruction and BMU activity analysis by using SR-CT (osteocytes are 
aligned around osteon cavities) (Cooper et al. 2011)  

Specific location of osteon type structures correlate with its mechanical environment 
(external loads) (Beraudi et al. 2010) 

It appears that osteocytes are physiologically adapted to “sense” its mechanical 
environment by means of its primary cilium (Whitfield 2003) 

Visualizing osteocytes canaliculi network (limited VOI) able to show 2 osteocytes (lacunae) 
(Schneider et al. 2011) 
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It appears that osteocytes networks mimic the orientation of the surrounding extracellular 
bone matrix(Kerschnitzki et al. 2011) 

3. Methodology 

Osteocytes characterization has been made possible by combining radiological, image and 

numerical analysis. We have employed: laboratory micro-CT and Synchrotron radiation CT 

(SR-CT) (Rack et al. 2008) for radiological in vitro measurements, Amira (ZIB) (Stalling 2005) 

for image analysis and the finite element method (Abaqus) for estimating and comparing 

compressive stiffness from healthy and osteoporotic bone biopsies after SR-CT 

measurements. Additional algorithms were implemented in Matlab. Before describing the 

method in detail general considerations for sample preparation will be discussed.  

3.1 General considerations 

The first step is the bone sample preparation. Bone samples are normally fixed in methyl 

methacrylate or in ethanol for tissue conservation. In our study, the biopsies were 

maintained fixed in 70% ethanol and 30% water for allowing posterior histological analysis 

(e.g. von Kossa staining) when required. If subsequent analyses are not planned, biopsies 

embedded in methyl methacrylate guarantee CT measurements free from movement 

artifacts. Some studies have shown that derived bone structural analysis from biopsies first 

fixed in ethanol with those after methyl methacrylate do not present significant differences 

(Perilli et al. 2007). An ethanol fixation allows adapting the container to the requirements of 

the CT acquisition. In case of using an ethanol fixation, the samples should be acclimated to 

the ambient room temperature previous to SR-CT measurements, in order to avoid micro-

movements during the measurement.  

The method from CT measurement up to FE Analysis includes the following steps: 

Task 1:  Bone biopsies extraction 

Task 2:  Laboratory µCT measurements in vitro (minimal resolution: 20 µm) 

Task 3:  3D projections reconstruction  

Task 4:  Standard bone structure and density parameters calculation (e.g. BT/TV, 

 Trabecular Number (Tb.N), Trabecular Separation (Tb.Sp)) 

Task 5:  Selecting bone biopsies for SR-CT (based on compared parameters in task 5 (e.g. 

 samples with a BV/TV variation > 60%) 

Task 6:  Preparation of tailored bone containers for SR-CT measurements 

Task 7:  Repeating Task 3 to Task 5 

Task 8:  Image analysis including 3D stereoscopy (Amira) 

Task 9:  Analysis of osteocytes topology (number and volume) by adapting skeletonization 

 techniques 

Task 10:  Comparison of obtained results in Task 9 

Task 11:  Finite element mesh generation (script in Matlab interface Amira-Abaqus (for 

 Amira version previous to 2010) 

Task 12:  FEA and generation of comparative histograms from mechanical parameters (von 

 Mises, minimum principal strains) 

Task 13:  Comparison of obtained results in Task 12 
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3.2 Detailed methodology description 

3.2.1 Task 1: Bone biopsies extraction 

In our example study an analysis of the jaw was performed. For comparison and results 
interpretation, the regions of interest selected for study need to be biomechanically 
comparable. In our case, bone samples were extracted from region 36. For analysis of 
osteocytes morphological changes after prostheses implantation, it is recommendable not 
only to compare biopsies from the same regions of healthy subjects but with biopsies taken 
from the contralateral bone side of the same subject. The implantation of prostheses implies 
drastic induced changes in the mechanical bone environment, thus significant differences on 
osteocytes morphology could be erroneously measured by comparing with healthy subjects. 
On the other hand, considering that bone biopsies are an invasive procedure, an alternative 
would be to extract the biopsies at least one year after implantation, time in which bone 
adaption velocity achieves normal balanced levels again. After extraction, bone samples 
were maintained under routinely used conditions of constant -20°C temperature. 

Since osteocytes characterization is basically performed by means of SR-CT measurements, a 
highly specialized technique, it is recommendable to pre-select the best biopsies that could 
show typical patterns for the bone disease or bone topic under study. We recommend, 
therefore, a previous image analysis using a typical CT laboratory such as outlined in task 2. 

3.2.2 Task 2: Laboratory µCT measurements in vitro (minimal resolution: 20 µm) 

SR-CT is a specialized CT measurement, which is time consuming and requires knowledge 
and good planning. Therefore, to obtain better results, the regions to be analyzed with this 
technique need to be firstly pre-selected after analysis and comparison of the bone structure 
and density parameters coming from, for example, laboratory CT measurements. In most of 
the cases, biopsies have typical dimensions of 2 mm in diameter and 10 mm in length. Cone-
beam CTs with a resolution between 15 and 20 µm will be sufficient to determine bone 
structure and density. A high-energy X-Ray source will allow good contrast and reduced 
noise, thus improving measurement quality. For our study, we used 20 µm and a cone beam 
CT using 100 kV and 30 µAmpere. Flat and dark exposures were taken before and after the 
measurement, averaged, and used for correcting the projections.  

3.2.3 Task 3: 3D reconstructions 

After projection filtering, maximal and minimal values of the gray values corresponding to the 
attenuation coefficients of the bone are obtained. In general it is not recommendable to 
perform additional Gauss filtering to reduce the noise. This will results in loosing important 
information concerning the bone trabecular structure. Instead, a good segmentation is 
preferred. Analysis of the histograms of the gray value distribution from in the best case a 
random selection including 50% of the samples from each group or at least one sample from 
each group under study (here osteoporotic vs. healthy bone) allows the determination of the 
threshold values required for segmentation. The valleys formed between each peak-value in 
the histograms indicate the appropriate threshold values to be used. Advanced image analysis 
software such as Amira (ZIB) possesses tools (e.g. magic wand) for improving the segmented 
bone/material regions. This threshold needs to remain constant until finalizing the study, 
since calculation of bone structure, geometrical and density parameters depend on it. The 
BV/TV is the most accurately determinable structure parameter. Using the contours at the 
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perimeter in each transversal segmented projection and filling the total area inside, the total 
volume containing the biopsy will be determined (BV). After determination of the bone 
volume from the segmented region, the tissue volume (TV) value will be determined. Thus the 
BV/TV ratio can be calculated. Once the BV/TV has been calculated for all biopsy samples 
and after comparison between the groups under study, it is recommendable to select biopsies 
with a difference larger than 60% in the BV/TV ratio between groups (here healthy vs. 
osteoporotic bone biopsies from the same jaw region (e.g. for our sample 36). 

In a similar way as described above, 3D segmentation after SR-CT measurements can be 
performed.  

3.2.4 Task 4: Standard bone structure and density parameters calculation (e.g. BT/TV, 
Trabecular Number (Tb.N), Trabecular Separation (Tb.Sp)) 

Commercial CTs scanners are able to perform an automatic evaluation of BV/TV and other 
structural and geometrical parameters. The most relevant structural bone parameters are Tb.N, 
Tb.Sp, cortical thickness (Ct.Th.), cortical perimeter (Ct.Pt), and from the density parameters 
group, cortical (Dcomp) and trabecular density (Dtrab). Frequently other parameters are 
reported (e.g. density at the center of the bone section: Dmeta, or immediately near to the 
cortical bone (Dinn) but these are mathematically derived from the Dcomp und Dtrab in 
combination with their geometrical location. In similar form, series of structural parameters 
can be mathematically obtained from BV/TV in combination with superimposed geometrical 
forms (e.g. spheres or ellipses). A linear relation of the measured attenuation coefficient 
distribution to the bone volume allows assignment of density values for each voxel.  

3.2.5 Task 5: Selecting bone biopsies for SR-CT (based on compared parameters in 
task 5 (e.g. samples with a BV/TV variation > 60%) 

As explained above, the BV/TV ratio is easy to calculate, without employment of external 
software. A non-automatic calculation allows following the process and to improve 
segmentation if required. The BV/TV will be calculated from standard laboratory CT-
measurements (at least 20 µm). After that and for synchrotron radiation measurements, 
specimens with a difference of 60% in the BV/TV value between groups (e.g. osteoporotic 
vs. healthy) will be chosen for osteocytes morphology characterization.  

3.2.6 Task 6: Preparation of tailored bone containers for SR-CT measurements 

Containers with dimensions as close as possible to the biopsy dimension need to be selected. 
In our study, the containers were tailored +10% of the biopsy diameter. At such scales, it is 
recommendable first to fill the container partially with the ethanol solution (if applicable) to 
avoid air bubbles formation under the biopsy, to introduce the bone sample, and to continue 
up to complete filling. High temperature variations need to be avoided for suppressing 
possible additional movement artifacts. 

3.2.7 Task 7: Repeating Task 3 to Task 5 (from SR-CT-measurements up to 3D volume 
reconstruction) 

For SR-CT measurements with a pixel size of 2.174 µm of the total biopsy (height ca. 1 cm), 
two stacks each one with 2500 slices are required. Due to the high variability of the beam, 
flat exposures are collected every 100 projections. 
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For each data set the rotational axis can numerically determined. From this, the tilt angle 
and displacement are calculated for eliminating double contours, also allowing correction of 
each slice separately. An important aspect is to control the existence of ring artifacts, which 
in the case of our data is mainly caused by damages of and pollutions of the scintillator. If 
the location of the defect region is known, the attenuation coefficient corresponding to the 
region can be averaged from the neighbors and corrected computationally during the 
reconstruction process. The flatfield corrected projection data are filtered with a 3x3 median 
filter and reconstructed using a standard filtered back-projection algorithm with only a 
ramp filter. Thus the spatial resolution is degraded less than when using a smoothing filter 
(e.g. Shepp-Logan) and the high frequency noise is suppressed sufficiently.  

3.2.8 Task 8: Image analysis including 3D stereoscopy 

After segmentation and assignment of gray value ranges to each specific material, here bone 
and osteocytes, the first characterization parameter related to osteocytes characterization, 
that is their localization, will be obtained. For analysis of osteocytes trajectories, it is highly 
recommendable to use 3D stereoscopic views of the generated osteocyte surfaces embedded 
on the bone tissue. 3D-stereoscopy allows a detailed description of the trajectory especially 
in the trabecular bone volumes, in which the classical circular lamellae around the osteons 
are not visualized. By superposition of the orthoslices and using a minor contrast canal on 
the reconstructed volume, the osteocytes trajectories and patterns can clearly be identified; 
in this form, their relation to the cement lines location becomes understandable. 

3.2.9 Task 9 - 10: Analysis of osteocytes topology (number and volume) by adapting 
skeletonization techniques 

Once the projections from the SR-CT measurements containing the gray values have been 
reconstructed for each stack, this will be positioned and merged to obtain the total CT-
biopsy measurement. A review of the orthoslices can be made for checking ring artifacts. For 
segmentation in Amira, a “label voxel” tool can be used for supplying the limit threshold 
values of the gray scales to separate each material type, or grade of mineralization in the 
bone label. In our study, the different grades of mineralization on the bone volume were not 
segmented separately. Air/Exterior, bone, osteons and osteocytes were segmented. As 
osteons canals, osteocytes (lacunae) and the exterior/air regions will have similar 
attenuation coefficients, making it difficult to determine an appropriate threshold value for 
osteocytes segmentation, it will be simple and semiautomatic to enable the options “voxel 
accuracy” and “bubbles” in Amira (ZIB) using the “label-voxel” toolbox. Thus the osteons 
will be segmented (separated using the magic wand). This tool causes all connected voxels 
with same material properties to be selected, separating osteons from osteocytes. The 
remaining bubble voxels could be adjudicated to “osteocyte” material. Optimal results 
depend on the grade of contrast and reduced noise of the original CT measurement. As 
mentioned above, at this scale, it is not recommendable to use Gauss filters or similar. 
Instead a good segmentation could be used. After segmentation, the number of the voxels 
for each material region (bone, osteons and osteocytes) and its total volume is determined 
(material statistics in Amira). Thus the relations total volume (biopsy volume)/tissue (bone) 
volume and total volume (bone)/tissue (osteocytes) volume are determinate.  

Osteocytes number calculation. The osteocytes number can be calculated after 
skeletonization (Fouard et al. 2006) of the segmented biopsy, in which only the osteocytes 
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are kept. Thus, the other materials should be selected and deleted only for this step (of 
course after saving the original Amira mesh containing all material regions). A skeleton is a 
schematic representation of a solid after extraction of geometrical and topological simplified 
shape features, thus facilitating its analysis on the extracted schema. In biomechanics this 
tool is commonly used for analysis of the nerve or the circular systems (e.g. diameter and 
length distribution of the vessel is obtained). The distant transformation map concept 
introduced by H. Blum calculates the closest boundary (vertices) for each point in the 
represented object. In the case of the osteocytes, this results in a center point inside the 
surface (bubble) at each osteocyte (Fig. 9). For large osteocytes, a two vertices joined by one 
line will be generated. Looking at the skeletonization results, the total number of vertices 
and lines corresponding to the segmented osteocytes are reported. The osteocytes number 
(N) is calculated subtracting the number of vertices (v) from the number of lines (l). This 
simple method was tested and validated by automatic counting compared with a manual 
counting of osteocytes in a reduce volume of the biopsy. 

3.2.10 Task 11: Finite element mesh generation 

After segmentation and previous to osteocytes counting procedure, a surface for each 
material is obtained. For mesh generation the semi-automatic tool from Amira (“tetragen”) 
was employed. The triangular surface is then converted to solid tetrahedrons. Requisite for 
successful 3D meshing are that the triangulated surface fills the criterions of non-
intersection, surface closeness, aspect ratio and non-wrong conserved orientation. Once the 
surface is ready, the tetrahedral mesh is automatically generated using an advancing front 
algorithm implemented in Amira. Prior to mesh generation, it is recommendable to check 
the number of expected finite elements. If the represented geometry is not affected, 
improvements in the mesh generation could be allowed. Finally, the mesh topology 
(coordinates and elements connectivity) can be written in an ASCII format, readable for the 
most common FE solvers (Abaqus, Ansys, etc.). 

3.2.11 Task 12: FEA and generation of comparative histograms from mechanical 
parameters (von Mises, minimum principal strains) 

In our study, the mesh topology was imported in Abaqus. Using Abaqus-CAE the boundary 
conditions, material properties and mechanical material behavior will be imposed in the 
solid model of the bone volume with the osteocytes. A compression test was simulated by 
encastring the nodes (all six degrees of freedom = 0) at the basis of the mesh and a 
distributed load on the top of the model. For comparison with other studies, the material 
properties were taken from literature (Boutroy et al. 2008; Rincon-Kohli et al. 2009; Varga et 
al. 2011; Vilayphiou et al. 2011). The materials were modeled to be isotropic and 
homogeneous and to possess a linear elastic behavior. The Abaqus solver was used to 
calculate the strain and strength tensors. After analysis, reports (ASCII format) containing 
the magnitude of each mechanical parameter amount others (e.g. minimum principal strains 
and von Mises stress distribution) were exported for post-processing analysis. The 
magnitudes were averaged at the centroid of each element. Lists containing the element 
number and corresponding strength/strain values were represented in histograms in pre-
selected thresholds. Logarithms representations of such distributions will conduce to wrong 
results interpretation. Thus, a natural scale of percental number of elements at each interval 
is preferred.  
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3.2.12 Task 13: Comparison of obtained results in Task 12 

Traditionally, the power of the finite element analysis is to show zones of high stress or 
strains concentration, which are indicators of regions susceptible to mechanical failure, thus 
allowing redesigning by re-dimensioning or improving the strength or mechanical 
properties of the materials. For the analysis of biological tissues, it is not only important to 
visualize these zones of high stresses but to compare the effect of pharmacological 
interventions on the bone or the effect of artificial implants and to quantify these effects on 
bone tissues even at short times. Histogram distributions of stress and strains in pre-defined 
thresholds are used for this. Explicitly in the case of osteocytes, the zones of stress 
concentration were visualized and histograms were elaborated for analysis and comparison 
of the effect of the size, number and location on bone strength for osteoporotic and healthy 
biopsies of the jaw. For histograms, interpretation of the translational displacement and the 
picks of the histograms were analyzed. Translational displacement differences between 
groups (osteoporotic vs. healthy bone biopsies) are indicator of the compressive bone 
stiffness. If the histogram curve tends to be localized to the left (Y axis), a high percentage of 
finite elements possesses low stress values, thus indicating that the bone are more 
mechanically stable. On the other hand, the differences of the height of the histogram (Gauss 
distribution) are an indicator of stress concentration, thus under same mechanical boundary 
conditions, a sample experiencing highest magnitudes of stresses (highest pick) is less able 
to resist and to transmit external acting physiological loads, which imply highest damage 
tendency under physiological load (bad mechanical bone quality). The histogram generation 
and their comparisons can be performed by writing a simple Matlab subroutine or amongst 
others using the Python programming language.  

4. Practical example (results) 

Biopsies from osteoporotic and healthy bones were analyzed. The results from each of the 
task described above will be presented. 

4.1 Task 1: Bone biopsies extraction 

No special techniques were employed for bone biopsy extraction and no post-traumatic 
events were registered.  

4.2 Task 2 - 6: Laboratory µCT measurements and 3D reconstruction in vitro 

In an initial step, 20 healthy and 20 osteoporotic bone biopsies were scanned using an isotropic 
resolution of 20 µm. Three-dimensional volume reconstructions and image analyses 
performed using Amira (ZIB) are shown in the Fig. 1. A voxel based density distribution color 
map (red-orange: from low to middle density values and from yellow to white: highest density 
values) was used to identify new bone from old one, as well as the differently mineralized 
bone regions. After analysis of the histogram distributions of the gray values obtained from 
the CT-measurements (segmentation), the BV/TV ratios were calculated using the procedure 
explained above. Exemplarily, the calculated values are reported at the bottom of the figures 1 
and 2. As observed, the highest calculated BV/TV differences were registered for the biopsy 
fr2 (from the healthy group at the center in Fig. 1) with a BV/TV= 0.3426 and for the biopsy fr7 
(from the osteoporotic group at the right in Fig. 2), thus these two biopsies were selected for 
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SR-CT measurements to find out if the number of osteocytes, their volume, and their 
distribution along the cement lines are correlated with aging.  

 

 

TF1, fr9_20   TF2, fr2_20             RC3, fr3_20 

   

BV/TV= 0.33   BV/TV= 0.3426            BV/TV= 0.256 

Fig. 1. Healthy bone biopsies from the jaw: 3D reconstructions and BV/TV determination 
after µCT laboratory measurements (20 µm isotropic resolution). 

4.3 Task 8: SR-CT image analysis including 3D stereoscopy 

4.3.1 Task 8.1: Image analysis 

As explained above, after SR-CT measurements (ca. 5000 slices @2.174 µm isotropic 
resolution), the volumes were visualized using Amira (ZIB) as shown in the Figure 3. It 
appears that the osteocytes are more frequent in the healthy biopsy and that they are shorter 
compared with the osteoporotic one. Outside of osteons the osteocytes are localized along 
the cement lines. Additionally they seem to be more frequent in the high mineralized 
regions (more lightening voxels) as shown in the selected axial and orthogonal slices of the 
Fig. 3. In the Fig. 4, a view of the 3D volume reconstructions (osteoporotic and healthy) and 
a detail from the osteoporotic bone biopsy (fr7) through a slice using an inverse color map 
shows that near the bone surface osteocytes are minor in number and the bone appears to be 
less mineralized. Confirming the initial observations, osteocytes are mainly localized along 
to the cement lines and are less spaced inside the highly mineralized regions. Osteocytes 
distribution (red) embedded in the bone matrix for the healthy bone biopsy (section) are 
shown in the Fig. 5. 
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BSch-M4, fr4_20   BH5, fr5_20   KG7, fr7_20 

   

 

   

 BV/TV = 0.2203   BV/TV = 0.237           BT/TV=0.1791 

 

Fig. 2. Osteoporotic bone biopsies from the jaw: 3D reconstructions and BV/TV 
determination after µCT laboratory measurements (20 µm isotropic resolution). 
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Fig. 3. Axial and orthogonal cuts showing the different grades of mineralization and 
osteocytes location for a healthy (fr2) and an osteoporotic (fr7) bone biopsy of the jaw 
region36 after SR-CT measurements @ 2.174 µm (BESSY). 

4.3.2 Task 8.2: 3D stereoscopy  (Amira ZIB) 

Due to the high resolution of the scans, especially for the healthy biopsies in which a large 
number of osteocytes were visualized, it can be difficult to follow the osteocytes trajectory 
after surface rendering. We found that using stereoscopic views of the segmented and 
subsequently rendered volumes of osteocytes facilitates understanding osteocytes 
morphology. It appears that osteocytes presented an elliptical-like surface and that its major 
radius is mainly aligned with the longitudinal axis of the biopsies, which represents, in the 
case of the analyzed regions, the loading axis. Stereoscopic views are essential to 
understanding how osteocytes are really distributed inside the bone volume (exemplary 
shown for the osteoporotic bone biopsy; osteocytes colored in yellow (Fig. 6)), and their 
trajectory is clearly identifiable (Fig. 7). 
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Fig. 4. 3D Reconstruction of a healthy (left) and an osteoporotic (right) bone biopsy after SR-
CT measurements (2.174 µm). In slice (inverse color map) different mineralized regions and 
osteocytes are shown (bottom: detail).  
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Fig. 5. 3D Volume rendering of a healthy bone biopsy (section) after SR-CT measurements 
@2.174 µm (BESSY), showing osteocytes (in red) embedded in the bone matrix (Amira ZIB, 
bottom: cut). 
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In both samples the osteocytes were localized mainly on the low mineralized regions 
(qualitatively) or enlarge of the cement lines as show exemplary in a cut of the projections 
from the healthy bone biopsy (Fig. 8). 

The size of the osteocytes was higher in the osteoporotic biopsies. After qualitatively 
analysis the center points representing each osteocyte were quantified and compared as 
show in the next section. 

 

 

 

 

 

 

 

Fig. 6. Example of a stereoscopic 3D view for the osteoporotic biopsy section showing the 
osteocytes in yellow aligned in the load direction. 
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Fig. 7. Stereoscopic view of osteocytes path distribution in a healthy (top) and an 
osteoporotic (bottom) bone biopsy section. 
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Fig. 8. Stereoscopic view of the projection from the healthy bone biopsy showing the 
osteocytes aligned along to the cement lines (SR-CT measurements @2.174 µm). 

4.4 Task 9 - 10: Analysis of osteocytes topology 

After using the skeletonization tool from the voxel topology as described in 4.2.9, the osteocyte 
number was determined, which was larger in a healthy bone biopsy. To confirm these findings 
two additional biopsies from the jaw with identical regions, one from an osteoporotic and one 
from a healthy bone, were analyzed following the same protocol. After comparing osteocytes 
number quantification (Fig. 10), it was found that osteoporotic bone could have up to of 85.4% 
(mean comparisons) less osteocytes in the jaw in the same region (36). As healthy bone 
possesses higher bone mass, the osteocytes number related to the analyzed bone volume 
(identical biopsy section) as well as the osteocytes volume related to the bone volume were 
additionally quantified, compared, and shown in Figs. 11 and 12 respectively.  

 

  

Fig. 9. Osteocytes numbers is calculated by counting the center points inside of each 
osteocyte surface. Right: osteoporotic and left: healthy bone sample. 
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Fig. 10. Osteocytes number for healthy and osteoporotic bone biopsies of the jaw (section). 

 

Fig. 11. BV/TV relations. 

 

Fig. 12. Osteocytes number related to the bone volume. 
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4.5 Task 11 - 13: Finite element analysis 

Due to the high computational costs, only a section from the healthy and bone biopsies from 

equivalent anatomical regions were analyzed. After meshing following the protocol 

described in 4.2.10, boundary conditions and material properties were imposed in the FE 

models (Fig. 13 and 14).  

 

  
 

Fig. 13. FEM from a bone biopsy (left) and a zoomed section (right) with a cutting plane 
showing the projection in a false color map and the meshed osteocytes inside in red. 

For osteocytes an elastic Young modulus of 1% of the elastic modulus of bone was given. 
Due to the fact that with the used resolution it was not possible to visualize the canaliculi, 
non-hydrostatic properties were chosen for the osteocytes. Thus for the same reason and 
in order to keep simplicity, the bone was not modeled as biphasic but as homogenous, 
isotropic and linear elastic. To compare with other studies, in which in vivo analysis of 
human µFE-models has been analyzed, material properties and boundary conditions (load 
magnitude and application) were taken from literature. Thus, an E-modulus of 17 GPa, a 

Poisson ratio () of 0.3 and 1.7 GPa and  = 0.45 for bone and osteocytes were used 
respectively. As explained above the differently mineralized regions were not segmented 
and consequently meshed together. Similarly for comparison with other analyses, a 
compression load of 1000 N was applied ramp-like and linear in the step. The step has a 
total time of 100 seconds, and reports of the results were set to be printed each 25 seconds. 
This allows visualization of the first regions that achieve maximal stress and strains 
tensors (Fig. 15). After analysis of the results, under the same conditions the load 
transmission capacity in the osteoporotic bone was reduced up to approx. 23% compared 
with the healthy biopsy after interpreting von Mises stress and minimum principal strain 
distribution. It appears that the size of osteocytes is more important than their number. Of 
course these findings need to be confirmed by analyzing more bone samples not only for 
the same region but other anatomical regions from healthy subjects and osteoporotic 
patients.  
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Fig. 14. Detail (through-view) of the FE-Mesh of the bone and osteocytes embedded in the 
bone matrix. 

 
 

 

 

 

Fig. 15. von Mises stress distribution for a bone section and selected osteocytes with high 
stress values. 
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5. Specific scientific relevance and innovative aspects of osteocytes 
characterization 

CT-Techniques and image analysis already allow bone structure, geometry and density 

evaluation over time (in vivo) or its detailed analysis at the nanometer scale (in vitro). 

However, it appears to be more challenging to describe how bones respond to 

pharmacological treatment or new mechanical conditions. Considering that osteocytes are 

not only directly responsible for starting bone remodeling regions, but that their number, 

size and distribution in comparable bone volumes shows how bone changed due to diseases 

or medications (e.g. as strontium ranelate or bisphosphonates, which alter bone 

mineralization), we have therefore developed a methodology for osteocytes 

characterization. For the first time, the complete method from laboratory CT (using a 

standard resolution of 20 µm), SR-CT (voxel size 2.174 µm) up to their finite element 

analysis was carried out. 

Considering the actual developments in software and hardware, it has become possible not 

only to measure and reconstruct the bone biopsies using both 20 µm (laboratory CT) but also 

for the first time the total volume biopsy (2.2 mm diameter and 1cm length) using 2.174 µm 

isotropic resolution. It was important to visualize osteocytes distribution in their whole 

length and to verify the positioning of the osteocytes inside the total bone volume of the 

biopsy. The evaluation of bone biopsies (e.g. intact vs. unhealthy such as shown in this 

chapter, or after pharmacological treatments) will be a relevant and in the future important 

indicator for bone quality evaluation. 

6. Potential users of the methodology and results 

Once the relation between osteocytes and bone healthiness is understood, the methods 

described in this chapter will be used for the design of technologies to intervene in the 

mechanobiological process directed for the osteocytes. Patient specific pharmacological 

interventions or training conditions will be designed for it. 

The method described here uses commercially available computational software and 

hardware and can easily be reproduced for visualization of the osteocytes lacunae and their 

processes distribution (to visualize this last a higher SR-CT resolution will be needed). In 

general, healthy bone matrix or its alterations due to genetics, aging or reduction in the bone 

mechanical stimuli could be studied and analyzed using this method.  

In the future, the analysis of environment conditions and necessities of each patient will be 

carried out. After SR-CT measurements, its analysis requires advanced computational tools. 

Although the method described here is easy and reliable, it will not be readily available for 

all interested parties. Biopsies are an invasive technique. Maybe in the future and due to the 

continuous development in CTs technologies, reduced volume of bone samples will be 

sufficient for analysis but conserving the requirements of sufficient bone mass with a 

considerable number of osteocytes that allows comparisons and understanding bone 

diseases or bone response after usage of designed pharmacological interventions. However 

it remains speculative to suppose a minimal bone volume size to understand how osteocytes 

are acting. For future studies, it could be interesting for better understanding of osteocytes’ 
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morphology and their role on bone behavior to analyze bone samples from regions with 

high turn-over metabolic process, thus to analyze osteocytes morphology and their 

interconnectivity. We propose the methodology described here as standard method, hence 

comparison between results from different studies will provide valuable knowledge on 

osteocytes nature. 

7. Discussion 

7.1 On the method 

Considering that non necrotic bone tissue was present in the biopsies, it is assumed that in 

each osteocyte lacunae resides a living, active osteocyte with identical and normal 

functionality. Thus, the comparison of osteocytes morphology from bone samples, as e.g. 

osteoporotic and healthy analyzed and reported here, are valid providing information about 

relations between bone mechanics response and osteocytes morphology. 

An obvious requirement is the measurement quality. For laboratory CT measurements, it is 

not critical because after reconstruction, it is possible to repeat the measurement in an 

adequate time. But, at least for the synchrotron measurements at BESSY, it was critical to 

repeat a SR-CT measurement, due to considerable time requirements for measuring and 

projections reconstruction and an inflexible time schedule. Thus, the selection of the biopsies 

and their preparations are not trivial at all. 

One of the principal advantages of CT is its non-destructive nature, implying that 

measurements not only at different CT resolutions of the same samples and regions are 

possible, but it can also be combined with other techniques (e.g. atomic force microscope for 

studying the interaction with proteins). After comparisons of measured parameters at 

different scales, quantitative relations between density, bone structural parameters and 

number of osteocytes can be derived.  

Combined CT techniques for measurement and reconstruction, image analysis and the finite 

element method are adequate to study and analyze osteocytes morphology and their 

relation with bone stiffness. 

7.2 On the findings 

As confirmed in this study the relation BV/TV is a good indicator of the bone quality. 
Considering that as observed in the laboratory µCT measurements (20 healthy and 20 
osteoporotic bone biopsies) and observed in detail in the SR-CT measurements, in most 
cases the highest mineralized regions are localized at the center of each geometrical bone 
structure. Thus the possible effects on the ratios determination due to partial volume effects 
are counterbalanced independently from the scale used for scanning (of course for 20 µm 
and less).  

After analysis of the first two biopsies selected for SR-CT measurements, the number of 
osteocytes for the healthy bone biopsy was clearly larger than for the osteoporotic bone 
sample, as expected, and although a major number of biopsies need to be analyzed this 
finding was confirmed after measurements of two additional samples. But an interesting 
fact was that osteocytes size appears to be smaller in the healthy bone biopsies. 
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8. Conclusion and future direction 

Our findings showed a clear alignment of the osteocytes along the cement lines. 
Interestingly at the regions near the bone surface with reduced mineralization grade 
osteocytes were mainly aligned along the close to high mineralized region. Apparently, not 
only osteocytes number is reduced with aging but their size increases and become sparely 
distributed in comparison with the healthy bone samples from the human mandible. 

Automatic tetrahedron mesh generation using the “tetragen” tool from Amira worked 
adequately for meshing the biopsies with a resolution of 20 µm, but meshing biopsies with 
osteocytes embedded on the bone matrix from the SR-CT samples consumes an enormous 
amount of time, due to necessary adjustments for avoiding intersections and conserving 
model closeness. 

It is important to consider that this study has been initiated in 2008 (first scans with 20 µm) 

and remains an on-going study for performing the rest of SR-CT measurements, and for 

quantifying osteocytes/grade of mineralization. It was given importance to visualize 

osteocytes (lacunae) in the complete bone volume biopsy, and although the method has 

been established, new questions occurred: How is the grade of connectivity between 

osteocytes? Are there changes in the number and direction of the osteocytes dendrites for 

the osteoporotic and healthy bone biopsies? Is it possible that osteocytes for the osteoporotic 

bone samples are large but that all osteocytes possesses more or less the same number of 

processes (canaliculi), such that the number of canaliculi will become an specific 

characteristic of this bone cells? Or will due to aging a general mal-functioning of the 

osteocytes occur, such that only a reduced number of processes will be expected? In this last 

case, the pathway of the mechanical stimuli to osteoblastic and osteoclastic bone cell will be 

interrupted, and bone formation will never be initiated for regions with unconnected 

osteocytes and new bone will not be formed, similarly bone resorption required for 

initiating bone repair will be stopped. 

8.1 Future direction 

To finalize with such speculations, new measurements of the same 4 biopsies measured at 
BESSY with 2.174 µm (results report in this chapter) have been performed using a resolution 
of approx. 0.2 µm. We expect to see the canaliculi network, to perform 3D volume 
visualization and their quantitative analysis, following the established protocol presented 
here. 

Additionally and since in osteoporotic bones osteocytes size appears to be larger as for 
healthy, additional analysis on the sample group included in this study will be performed 
for confirming or neglecting this finding. If the initial finding is true, it could be important to 
analyze if the grade of mineralization and number, size and distribution of osteocytes are 
related. SR-CT is able to show different degrees of mineralization. These analyses will be 
then realized at short time by including additional steps using the skeletonization tool after 
segmentation of the different mineralized regions in Amira, allowing their quantification 
and comparison. 

There are some reports about the morphology and connectivity between osteocytes. 
However it is not clear how they are distributed in relation to the different grades of 
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mineralization. The SR-CT measurements using 0.2 µm spatial resolution will clarify this 
point. 

Although not shown in this chapter, as the analysis has not been completed, we observe 
some micro- fissures whose pattern extended in 3D through complete biopsy, which we will 
be analyzed. 

Visualization of osteocytes in their natural environment facilitates interpretation of the 
findings. Thus one can understand their role in the bone architecture by means of their 
morphological characterization. 
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