
Abstract—Recent works highlighted the crucial role of the 

osteocyte system in bone fragility. The number of canaliculi of 

osteocyte lacuna (Lc.NCa) is an important parameter that 

reflects the functionality of bone tissue, but rarely reported due 

to the limitations of current microscopy techniques, and only 

assessed from 2D histology sections. Previously, we showed the 

Synchrotron Radiation nanotomography (SR-nanoCT) is a 

promising technique to image the 3D lacunar-canalicular 

network. Here we present, for the first time, an automatic 

method to quantify the connectivity of bone cells in 3D. After 

segmentation, our method first separates and labels each 

lacuna in the network. Then, by creating a bounding surface 

around lacuna, the Lc.NCa is calculated through estimating 3D 

topological parameters. The proposed method was successfully 

applied to a 3D SR-nanoCT image of cortical femoral bone. 

Statistical results on 165 lacunae are reported, showing a mean 

of 51, which is consistent with the literature.  

 

Index Terms— lacunar-canalicular network, automatic 

quantification, SR nano-CT, topological parameters, 

morphological operation 

I. INTRODUCTION 

Bone diseases significantly affect the quality of life 
around the world. However, bone fragility remains partially 
understood despite decades of research in this area. Recently, 
the crucial role of the osteocyte system at the cellular scale 
was highlighted [1]. The osteocyte system, which is 
composed of osteocytes communicating through dendrites, is 
essential in bone mechanosensing and bone 
mechanotransduction and is supposed to orchestrate bone 
adaptation [2]. This system is hosted in the lacunar-
canalicular network (LCN), where osteocytes reside in 
ellipsoidal osteocyte lacunae and their dendritic cell 
processes are enclosed by canaliculi. It has been pointed out 
that the number of canaliculi (Lc.NCa) originating from each 
lacuna is an important indicator of the functionality of the 
bone tissue [3]. 

In previous works, we showed the feasibility of using 
synchrotron radiation nanotomography (SR nano-CT) to 
image the bone cellular network in 3D [4][5]. The SR-CT 
system installed at ESRF ID19 can provide images of bone 
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tissue with a 3D isotropic spatial resolution of 300nm. The 
relatively large field of view (FOV) of about 600µm

3
 may 

include up to hundreds of osteocytes. Our previous works 
have been focused on the segmentation of the LCN from the 
reconstructed images [6][7][8]. After this step, quantification 
methods have to be developed. However, the current 
quantification tools are not adapted to the complexity of this 
network and to handle the large data set (2048

3
) and the large 

population of lacuna and canaliculi. Therefore, due to the 
novelty of the images, new automated quantification 
methods are quite urgently needed.  

Up to now, the assessment of the number of canaliculi 
emanating from lacuna is always based on manual analysis 
of 2D microscopic images. Remaggi measured it per 10µm 
of the lacuna perimeter in different bone species [9]. From 
these 2D measurements, Beno [10] et al. extrapolated the 3D 
total number of canaliculi by assuming an elliptical model of 
the lacuna. The authors reported a low and a high estimation 
of Lc.NCa in human bone, found between 18 and 106. 
However these results can be biased because the methods are 
based on an ideal model. Obviously, direct measurements on 
3D images are necessary to get unbiased results on such 
strongly anisotropic structures. Experimental measurements 
of the 3D Lc.NCa have been reported by using confocal 
microscopy but calculation limited to 10 osteocytes [11]. 
Serial FIB/SEM was used to estimate a number of 78 
canaliculi per in rat bone but this was extrapolated by 
counting only one third of the lacuna [12]. A common 
problem in these reports is that the quite narrow FOV cannot 
provide reliable biological results on the osteocyte network. 

In this paper, we present a novel scheme to automatically 
quantify the Lc.NCa from 3D images on large FOV. This 
method is expected to yield unbiased results. Also, since this 
method is designed without manual interference, it can meet 
the requirement for quantification on the large population of 
cells.  

II. MATERIAL AND METHODS 

A. Samples preparation 

The bone sample was extracted from the middle shaft of 
female femur (92 years old) obtained from a multi-organ 
collection. Sample was cut in nearly cuboid shape with the 
diagonals of transverse sections around 0.4mm and height 
about 1cm. The samples were collected following the 
procedure of the Human Ethics Committee of the “Centre du 
don des Corps” at the University Rene Descartes (Paris, 
France) and consistently with legal clauses stated in the 
French Code of Public Health. 
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B. Acquisition of SR-nanoCT images 

Since the size of canaliculi is at the limit of the spatial 
resolution of the imaging system, it was necessary to 
optimize all its components [4]. To this aim, a 4.5 µm thick 
LSO scintillator coupled to a CCD camera was used. The 
voxel size was fixed to 300nm providing a FOV of about 
600

3
 µm

3
. The X-ray beam energy was set to 18keV. During 

the scan, 2000 projections were recorded by rotating the 
samples around a vertical axis with a total angle of 180°. The 
scan time was around 30 minutes. After scanning, the 3D 
image was reconstructed using a standard filtered 
backprojection algorithm.  

C. Segmentation of LCN 

The segmentation of the LCN is quite challenging due to 
the limited spatial resolution compared to the size of 
canaliculi and low signal to noise ratio of the reconstructed 
image. Here, we applied our previous method to perform the 
LCN segmentation. First, we used a filter to enhance tubular 
structures based on Hessian analysis [13]. Then, a level set 
based method was applied to automatically perform the LCN 
segmentation [14]. Figure 1(b) shows the binaralized 
segmentation result of a region of interest (ROI) in a 
reconstructed slice (Figure 1(a)).  

 
(a) (b) 

Figure 1.  (a) ROI of 512×512 pixels in a single SR-nanoCT slice (voxel 

size 280nm) including a Haversian canal, lacunae and canaliculi. (b) The 

corresponding segmented slice (bone tissue in black and porosity in white) 

D. Quantification of bone cell connections 

Here, we propose an automated scheme for direct 3D 
measurement of the number of canaliculi for each lacuna, 
which is denoted (Lc.NCa). The proposed method first 
discriminates lacunae and canaliculi and then applies the 
counting process for each lacuna. 

1) Discrimination of lacunae and canaliculi 
The first step is to extract lacunae body from the 

networks and label them individually. Morphological 
operations [15] were used to separate lacunae and canaliculi. 
A 3D opening operation is performed to remove canaliculi. 
After that, the extracted lacunae are labeled by applying an 
efficient connected component analysis [16]. Figure 2 
illustrates the original network around 3 lacunae as well as 
the labeled lacunae. 

The segmented LCN image can be formalized as a union 
of all lacunae (Li) with the set of canaliculi (Ci) associated to 
each lacuna: 

    ⋃    ⋃   
 
                                (1) 

where M is the total number of lacunae in the image.  

 
(a) (b) 

 
(c) (d) 

Figure 2.  The quantification scheme on bone cell connections. (a) A 3D 

rendering on three interconnected lacunae and their connected canaliculi. 
(b) The extracted and labeled lacunae. Different colors represent the 

different labels. (c) Bounding surfaces of lacunae at certain distance away 

from the lacuna surfaces. The distances are same for the three labeled 
lacunae. (d) The bounding surfaces with holes. The number of holes on the 

surface equals to the number of canaliculi which penetrate the bounding 

surface. 

2) Counting process 
A counting process is then applied to each lacuna (Li). 

Since previous observations suggested that the canaliculi 
may branch [3], we introduce a parameter n to define the 
distance from the lacuna surface where the number of 
canaliculi is calculated. First, we generate a bounding surface 
around a lacuna at the designated distance n (Figure 2(c)). It 
is denoted as     . This surface is defined using the 
morphological derivative. It can be expressed as the 
subtraction between the n+1 and n times dilated lacuna: 

                                 (2) 

where  denotes dilation, n determines the distance between 
the lacuna surface and the bounding surface, the structuring 
element is a 3×3×3 cube.  

After that, we create a special bounding surface with 
holes, which is denoted as     : 

               ⋂               (3) 

In this special object, which is illustrated in Figure 2(d), 
the number of holes is equal to the number of canaliculi 
which penetrate the bounding surface. The number of holes 
in a 3D object is related to the 3D Euler number, the number 
of the connected component and the number of cavity. 
Therefore, the number of canaliculi per lacuna can be 
calculated through topological parameters.   

In theory, the 3D Euler number of an object in three-
dimensional space can be expressed as: 

                            (4) 
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where β0, β1, β2 are the Betti numbers representing 
respectively the number of connected components, the 
number of tunnels and the number of cavities in the object.  

In practice, when the object is represented as a discrete 
set of voxels, the 3D Euler number can be calculated as [17]: 

                         (5) 

where n0, n1, n2, and n3 are respectively the number of 
vertices, edges, faces, and voxels. 

According to this theory, the number of holes on the 
bounding surface can be calculated as: 

                                         (6) 

By construction,     ,          and          are 
equal to 1. Therefore, the number of canaliculi         for 
lacuna (Li) at the distance n can be calculated as : 

                                        (7) 

where         is obtained from Equation (5). 

III. RESULTS 

A. Validation on a single isolated lacuna 

After testing the method on simple geometrical 
phantoms, the method was validated on a real binary SR 
phantom which was obtained by the manual segmentation of 
one isolated lacuna with all its canaliculi on an experimental 
SR nano-CT image, shown in Figure 3(a). The volume size is 
149×149×85 voxels. Our method was tested on this phantom 
with two dilation parameters n, which equals to 1 and 15. 
The results of calculated numbers of canaliculi were 
respectively 22 and 32.  

To prove the efficiency and accuracy of our method, a 
manual counting was performed. However, since it is 
difficult to achieve because of the complex structure of the 
canaliculi, this was done by a dedicated procedure. First, the 
canaliculi outside the bounding surface were extracted. Then, 
a connected component analysis was used and the labeled 
canaliculi were rendered in different colors using Avizo®. 
Figure 3(b) and (c) illustrate the rendering results for the two 
dilation parameters. The results of the manual check are in 
agreement with the results of our automated method. 

The dilation parameter allows to evidence whether 
canaliculi branch or not. If the number of canaliculi 
calculated at two different bounding surfaces differs, as in 
this example, then some canaliculi branches.  

B. Application to a large LCN network 

The proposed method was applied to a large SR-nanoCT 
image acquired at the ESRF at a spatial resolution of 300nm. 
A Volume of Interest (VOI) made of 1600×1000×256 voxels 
was extracted from a (2048)

3
 reconstructed volume. The VOI 

includes two osteons with over a hundred of lacunae.  

The proposed method allowed estimating statistics on the 
number of connections per bone cells in a large field of view. 
During the process, 165 lacunae were successfully labeled in 
the segmented image, compared with a ground truth of 184 
lacunae. The volume of the lacunae (Lc.V), the number of 
canaliculi per lacuna (Lc.NCa) and the Euler number χ of the 

bounding surface with holes were measured for all lacunae. 
We used a dilation parameter (n) equal to 15 corresponding 
to a distance of 4.2µm as on the isolated lacuna in validation, 
which is smaller than the half of the average distance 
between lacunae [11].  

Table I shows the mean, standard deviation, minimum 
and maximum values of these characteristics from the 165 
lacuna. The mean lacuna volume was 357.76 µm

3
. The mean 

number of canaliculi per lacuna was found to be 50.99 with a 
standard deviation of 26.83 and a mode of 54. The Lc.NCa 
covers a wide range from 0 to 134. Figure 4 illustrates three 
typical lacunae with different numbers of canaliculi cropped 
from the segmented image.  

   
(a) (b) (c) 

Figure 3.  A manually segmented lacuna with fully connected canaliculi. 

Volume size is 149×149×85 voxels. Canaliculi are rendered in different 
colors to simplify the manual check. (a) 22 canaliculi are manually counted 

for dilation parameter n=1 (0.28µm away from the lacuna surface). (b) 32 
canaliculi are manually counted for dilation parameter n=15 (4.2µm away 

from the lacuna surface). 

TABLE I.  STATISTICAL RESULTS OF THE QUANTIFICATION METHOD 

FOR 165 LACUNAE  

n=15 Lc.NCa Size (µm3) χ 

mean 50.99 357.76 -48.43 

std 26.83 108.18 26.64 

min 0 152.52 -132 

max 134 878.72 2 

 

 
(a) (b) (c) 

Figure 4.   3D renderings of three typical lacunae. (a) A lacuna whose 

canaliculi are calculated as 105 (b) A lacuna whose canaliculi are 
calculated as 54 (c) A lacuna whose canaliculi are calculated as 15 

IV. CONCLUSION AND DISCUSSION 

This work aims to provide new tools for the 
quantification of the bone cell network in 3D. In this paper, 
we proposed a new automatic technique to measure the 
numbers of connections departing from each bone cell from 
3D SR-nanoCT images. The method was successfully tested 
on an isolated lacuna surrounded by all its canaliculi. Then, it 
was applied to a larger experimental image of human cortical 
femoral bone. 

~10µm 

~10µm 
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It is the first time that the number of canaliculi is 
measured automatically in 3D from 3D images having an 
isotropic spatial resolution. In this respect, SR nano-CT is an 
attractive new technique providing in one scan, a large 
number of cells. The traditional investigations on bone cell 
connection are based on 2D histological sections analyzed 
manually. Compared to the extrapolation of 2D 
measurements to 3D estimation, based on idealized lacuno-
canalicular models, the present method does not require any 
model assumption. Thus it is expected to measure unbiased 
parameters. Since the method is fully automated, it could be 
applied to a human cortical bone with a large field of view 
including large population of cells.  

The statistical result on 165 lacunae shows a feasibility of 
applying the counting method on large specimens for 
automatic quantification work. The mean number of 
canaliculi per lacuna was found as 51, when calculated at 4.2 
µm away from the lacuna surface. The value of Lc.NCa 
varies between 0 and 134. The very small value might due to 
counting the partial lacuna lying on the boarder of the image, 
as shown in Figure 4(c). Although it is difficult to evaluate 
the accuracy of the result on the large image due to the 
enormous amount of manual segmentation work, the 
reported result is in agreement with the value estimated by 
Beno [10] who reported a mean number of 41 canaliculi per 
lacunae in human bone. Yet, this results need to be further 
confirmed in future work.  

We may note that the results strongly rely on image 
segmentation which itself is dependent of the quality of the 
acquired image. Progresses should be done to improve image 
quality by optimizing the imaging setup and acquisition 
conditions. Progresses should also be done in the 
segmentation step to reduce noise and improve the 
connectivity of the lacuno-canalicular network.  

In our method, the dilation parameter permitted to put in 
evidence the branching of canaliculi, nevertheless the results 
associated to various dilation parameters have to be further 
explored.  

With the advantage of being 3D, automated and model 
independent, it is expected that the proposed method will 
open new perspectives for improving our knowledge on the 
LCN. Furthermore, future work will also be pursued to 
extract additional characteristics of the LCN, such as the 
canaliculi length and the canaliculi density per each lacuna.  
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