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Osteocytes, the most numerous bone cells, are thought to be actively involved in the bone modeling and remod-eling processes. The morphology of osteocyte is 
hypothesized to adapt according to the physiological mechanical loading. Three-dimensional micro-CT has recently been used to study osteocyte lacunae. In 
this work, we proposed a computationally efficient and validated automated image analysis method to quantify the 3D shape descriptors of osteocyte lacunae 
and their distribution in human femurs. Thirteen samples were imaged using Synchrotron Radiation (SR) micro-CT at ID19 of the ESRF with 1.4 μm isotropic 
voxel resolution. With a field of view of about 2.9 × 2.9 × 1.4 mm3, the 3D images include several tens of thousands of osteocyte lacunae. We designed an 
automated quantification method to segment and extract 3D cell descriptors from osteocyte lacunae. An image moment-based approach was used to calculate 
the volume, length, width, height and anisot-ropy of each osteocyte lacuna. We employed a fast algorithm to further efficiently calculate the surface area, the 
Euler number and the structure model index (SMI) of each lacuna. We also introduced the 3D lacunar density map to directly visualize the lacunar density 
variation over a large field of view. We reported the lacunar morpho-metric properties and distributions as well as cortical bone histomorphometric indices on 
the 13 bone samples. The mean volume and surface were found to be 409.5 ± 149.7 μm3 and 336.2 ± 94.5 μm2. The average dimen-sions were of 18.9 ± 4.9 μm 
in length, 9.2 ± 2.1 μm in width and 4.8 ± 1.1 μm in depth. We found lacunar number density and six osteocyte lacunar descriptors, three axis lengths, two 
anisotropy ratios and SMI, that are significantly correlated to bone porosity at a same local region.
The proposed method allowed an automatic and efficient direct 3D analysis of a large population of bone cells and is expected to provide reliable biological 
information for better understanding the bone quality and diseases at cellular level.

Introduction

Intensive studies have been carried out over the last decades to
explain the bone fragility in diseases such as osteoporosis. Bone mass
measurement has proved to be a valuable parameter in the evaluation
of bone fragility. However, bone mass could explain only a fraction of
change in bone strength among individuals [1]. Other factors known

as bone quality factors are believed to have an impact on bonemechan-
ical properties [2]. They include both bone microstructure and the
materials properties of bone tissue at different scales.

At the cellular scale, the osteocyte system is raising increasing inter-
est since it is hypothesized to have an important role in bone adaptation
to stresses [3,4]. The osteocytes, which represent about 90% of the bone
cells are the mechanosensory cells that translate mechanical stimuli
into electrical or biochemical signals and orchestrate the osteoclasts
and the osteoblasts to perform bone resorption and formation [5–7].
The osteocytes also regulate bone metabolism, for example bone
phosphate metabolism [8], and were recently shown to remodel
their pericanalicular matrix [9]. However, the exact mechanisms in-
volved in the osteocytes activity are not precisely elucidated and remain
controversial.
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Osteocytes have been less studied than osteoblasts and osteoclasts,
partly because of their anatomical location [4]. While osteoblasts and
osteoclasts are performing their duties on the surface of bone, the oste-
ocytes are deeply embedded in the bonematrix. The latter are encysted
in cavities called lacunae, and they connect to each other and to bone
cells at surface through slender dendritic processes located in tunnels
called canaliculi. The geometry of the lacuno-canalicular network
(LCN) is believed to affect themagnitude of bonefluid shear stress load-
ed on the osteocyte [10–12], which in turns affect the process of
mechanosensation and mechanotransduction [7]. We believe that a
better investigation on the morphology of LCN will lead to a better un-
derstanding of bone tissue regulation and bone mechanical properties
at the cell level.

Direct observation of osteocytes is difficult and there are relatively
few quantitative data on their morphology [13]. In the past, osteocytes
were mainly examined using microscopic modalities such as light
microscopy [14], confocal microscopy [15,16], scanning electron mi-
croscopy (SEM) [17,18] and transmission electron microscopy (TEM)
[19,20]. These techniques provide only 2D observations or are limited
to at most several hundreds of micrometers in depth. To overcome
this limitation, several 3D imaging techniques have recently been
proposed. Novel 3D imaging techniques, such as focused ion beam/
scanning electron microscopy (FIB/SEM) [21] and ptychography [22]
look promising for very high resolution imaging of the LCN, but remain
limited to the analysis of one or a few osteocyte lacunae. Recently, the
feasibility of commercialized nano-CT was also demonstrated to visual-
ize the 3Dmorphology of osteocyte lacunae [16,23]. Coupling micro-CT
to synchrotron sources (SR) permits the use of parallel monochromatic
high flux X-ray beams. Thus, SR micro-CT possesses several advantages
over conventional desktop micro-CT in terms of signal to noise ratio,
spatial and density resolution [24]. Moreover, due to the high brilliance
source, the acquisition time is considerably reduced. Early 3D observa-
tions of osteocyte lacunae in trabecular bone were reported with SR
micro-CT at a spatial resolution around the micrometer [13,25,26].
More recently, quantitative properties of osteocyte lacunae in the
midshaft of human femoral cortical bone were measured from SR
micro-CT images [27,28].

Quantitative morphometric data on osteocytes or osteocyte lacunae
were mostly obtained from 2D images, most of the time by manual
measurements. Osteocyte lacunae are typically described as flattened
ellipsoids [29] with a size of a few micrometers. They were reported
to have a long and a short axis respectively about 20 and 9 μm from
2Dmicroscopic images [30]. However,when observed from2D sections,
theremay be incertitude in their actual 3D dimensions due to the slicing
direction. Although geometric models for the osteocytes have been
established to extrapolate the 2D measurements to 3D quantitative
values [30–32], this method can lead to unpredictable errors if these
ideal model assumptions are not verified. Since some results could
turn out to be contradictory [33], direct 3D measurements are required
to get unbiased results.

Such 3D morphometric data on osteocyte lacunae were first obtain-
ed with confocal microscopy. McCreadie [33] provided a method to
evaluate osteocyte lacunar shape and size in 3D among 600 lacunae.
However, this imaging modality presents some inherent artifacts
impacting quantification. First, the lower spatial resolution in depth
may yield inaccuracies. Second, the limited field of view (FOV) in
depth also restricts the region of interest. Besides, since the osteocyte la-
cunae are deeply embedded in the bonematrix, some osteocyte lacunae
may be lost during the staining process, thus yielding to an underesti-
mation of lacunar density. Micro and nano-CT imaging overcome
these drawbacks and provide 3D images with isotropic voxels without
requiring staining. Van Hove [16] and Vatsa [23] measured lacunar vol-
ume, surface area, degree of anisotropy from the SkyScan nano-CT de-
vice. Recently, Hannah [27] reported morphometric parameters, such
as volume, long axis length and orientation angle, and mean nearest
neighbor distance in 11 non-branched osteons from SR micro-CT

images. He observed a bimodal distribution of osteocyte lacunar size
in human femoral cortex [27]. Carter [28] reported volume, orientation,
equancy, elongation, and flatness of osteocyte lacuna at different loca-
tions in one healthy male femur. He reported that lacunae were more
flattened in the anterior and posterior regions than in the medial and
lateral regions. Nevertheless, in the previous works, there has not
been a lot of focus on themethod to extract lacunar descriptors, neither
in its description nor on its validation, and the numbers of samples and
subjects analyzed so far, were quite limited.

The aim of this work is to describe a clear and reproducible method-
ology to quantify large population of osteocyte lacunae and report new
data on human cortical bone samples to improve our knowledge about
the 3Dproperties of osteocyte lacuna in human bone. Our approachwas
(1) to use SR micro-CT at 1.4 μm, a good candidate for imaging such a
network since it provides images with isotropic voxel size over large
FOV (2.9 × 2.9 × 1.4 mm3) allowing to enclose between 105 and 106

cells [28], (2) to develop a fast and efficient image analysis method for
the automatic quantification of the 3D cell morphometry, (3) to extract
reliable statistical morphological descriptors from 13 samples in human
midshaft cortical bone and look for correlations between those descrip-
tors and bone porosity.

Material and methods

Sample description

Thirteen human cortical bone specimens were prepared from the
femoral mid-diaphysis of two female donors (seven specimens from
donor A with death age of 78 years and six specimens from donor B
with death age of 80 years). Ethical approval for the collection of
samples was granted by the Human Ethics Committee of the Centre
du don des Corps at the University Paris Descartes (Paris, France).
Informedwritten consentwas signed by the donors or their legal guard-
ians to provide the tissue for investigation in accordance with legal
clauses stated in the French Code of Public Health. The specimens were
wet machined (Isomet 4000, Buehler GmbH, Düsseldorf, Germany)
as parallelepiped beams (50 × 4 × 2 mm3), defatted [34] and stored at
−20 °C until experiments.

Synchrotron radiation microtomography (SR-μCT)

SR micro-CT was performed on beamline ID19 at the ESRF
(European Synchrotron Radiation Facility, Grenoble, France). For each
sample, 3000 projection images were recorded over a total angle of
360° at a fixed energy of 25 keV. A 3D image volume with an isotropic
spatial resolution of 1.4 μm was reconstructed by a filtered back-
projection algorithm. To decrease the computational burden and to
avoid geometrical distortion at the periphery of the image, a volume
of interest (VOI) was selected with size of 1000 × 1000 × 251 voxels,
which corresponds to a physical size of 1.4 mm × 1.4 mm × 0.35 mm
(see Fig. 1(a)). Fig. 1(b) illustrates a reconstructed slice from the VOI,
the light gray part of the images corresponds to mineralized cortical
bone. The large black pores are cross sections of Haversian canals
and Volkmann's canals. Fig. 1(c) shows a zoom around on an osteon,
where the small black cavities scattered around the Haversian canal
on the gray background are osteocyte lacunae.

Image processing

The method was developed to extract parameters at two levels, the
cell level and the tissue level. At the cell level, we calculated the three-
dimensional descriptors on individual cells: length (Lc.L1), width
(Lc.L2), depth (Lc.L3), anisotropy, surface area (Lc.S), Euler number
(Lc.χ), structure model index (Lc.SMI). At the tissue level, we quantified
the following parameters: bone volume fraction (BV/TV), canal volume
fraction (Ca.V/TV), and the number and volume of osteocyte lacunae
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(N.Lc and Lc.TV) and its 3D density. Furthermore, properties charac-
terizing the distance of the mineralized matrix to canals and lacunae
were computed. To obtain these parameters, the following steps were
performed.

Segmentation of osteocyte lacunae

First, by using a Gaussian low pass filter and a simple thresholding,
it was straightforward to acquire a mask volume including the bone
cortex and excluding the canals, Fig. 2(a). Thismask volumewas further
used to calculate the bone volume (BV). Then, to segment the osteocyte
lacunaewithin the region of themask volume, a hysteresis thresholding
with two thresholds was employed [35]. The first lower threshold was
used to select the voxels belonging to osteocyte lacunae with a high
confidence. Then a second higher threshold was used to refine the seg-
mentation by selecting the voxels with higher intensity values but only
if theywere connected to the previously detected voxels. After rescaling
the reconstructed images between 0 and 255, the segmentation of lacu-
nae was achieved by setting the two hysteresis thresholds respectively
to 40 and 70. As a result, a binary volume of osteocyte lacunae was
acquired Fig. 2(b).

Labeling, number of lacunae (N.Lc)

To quantify each individual cell, a connected component process
was first performed to assign a label to each of them. Considering the
large dimensions of the 3D images to be processed, an efficient labeling
method was chosen. Hoshen and Kopelmanm proposed a fast labeling
algorithm for 2D images requiring scanning the image only twice [36].
We extended and implemented this algorithm for labeling 3D images.
In this work, the labeling was performed with a connectivity of 26

(meaning that each voxel was connected to its 26 3D neighbors).
Fig. 2(c) illustrates some labeled osteocyte lacunae around an osteon.
After labeling, all lacunae connected to the image borders were deliber-
ately erased from the labeled volume to avoid biasing the results that
could be related to truncated lacunae. The total number of labels corre-
sponds to the number of lacunae and is denoted N.Lc.

Calculation of 3D individual osteocyte lacunar descriptors

At the cell level, a number of descriptors were calculated for each
labeled lacuna. Let L(x,y,z) be the labeled image where (x,y,z) are the
spatial coordinates belonging to a finite domain of ℕ3. Let Xn denote
the nth labeled osteocyte lacuna composed of the set of voxels labeled
as n. We extracted two classes of descriptors, respectively associated
to second order moments and intrinsic volumes.

Volume of lacuna (Lc.V)

The volume of lacuna Xn is denoted Lc.V(Xn) and can be simply ob-
tained by counting the number of voxels labeled as n.

Distance distribution of lacunae, Lc.Dist50 Lc.Dist95
The distribution of the distance map of the lacunae was used to ex-

plore their spatial arrangement [37]. It depicts what is the distance of
the bone matrix from the nearest osteocyte lacuna, denoted as Lc.Dist.
First, we calculated the distance map of binary lacunae image, giving
at each bone voxel its shortest distance to the surface of the nearest
osteocyte lacuna. Second, the normalized cumulative histogram of the
distance map is calculated. Finally, the values corresponding to 50%
and 95% of the distribution, denoted as Lc.Dist50 and Lc.Dist95, are deter-
mined. The two calculated parameters show that 50% and 95% of the

Fig. 1. (a) A 3D rendering of the reconstructed image (1000 × 1000 × 251 pixels). (b) A slice of reconstructed image from SR-CTwith voxel resolution of 1.4 μm(image size: 1000 × 1000

pixels). (c) Zoom around a Haversian canal.

Fig. 2. (a) A slice of bone matrix mask. (b) Binary segmented osteocyte lacunae around an osteon. (c) Labeled osteocyte lacunae around an osteon.
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bone matrix are located within a distance of Lc.Dist50 and Lc.Dist95 from
the nearest lacunae.

Moment based descriptors, length (Lc.L1), width (Lc.L2), depth (Lc.L3),

and anisotropy

Since the shape of osteocyte lacunae is generally assumed to be ellip-
soidal, second order moments can efficiently be used to find the main
orientations and the lengths of themain axis of the best fitting ellipsoid.
First, we defined the second-order central moments μpqr of Xn, with
p + q + r = 2 for (p,q,r) ∈ [0,2] given by:

μpqr ¼
X

x;y;zð Þ∈Xn

x−xnð Þ
p
� y−ynð Þ

q
� z−znð Þ

r
ð1Þ

where the xn; yn; znð Þ is the center of mass of Xn.
The second order moment matrix can be expressed as:

M Xnð Þ ¼
μ200 μ110 μ101
μ110 μ020 μ011
μ101 μ011 μ002

0

@

1

A ð2Þ

Let λ1 ≥ λ2 ≥ λ3 be the eigenvalues of M(Xn). It can be shown that
the half axes of the best fitting ellipsoid are:

ak ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

5λk=Lc:V Xnð Þ
p

; k ¼ 1;2;3 ð3Þ

The sizes of the osteocyte lacunae sorted in descending order, that
will be referred as length, width, and depth, can thus be given by:

Lc:L1 Xnð Þ ¼ 2a1; Lc:L2 Xnð Þ ¼ 2a2; Lc:L3 Xnð Þ ¼ 2a3 ð4Þ

The ratio between the volume of the actual osteocyte lacunae and
the fitting ellipsoid is given by:

τ ¼ 3Lc:V Xnð Þ
5=2

=20π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

5λ1λ2λ3

p

ð5Þ

The major orientation of the lacuna is given by that of the eigenvec-
tor associated to λ1. The anisotropy of the lacunae can also be quantified
by the ratios of axis lengths Lc.L1/Lc.L2 and Lc.L1/Lc.L3.

Intrinsic volumes based descriptors: surface area (Lc.S), Euler number

(Lc.χ), structure model index (Lc.SMI)

To further quantify each object Xn, we calculated the surface area
Lc.S(Xn), the Euler number Lc.χ(Xn) and the structure model index
(SMI) Lc.SMI(Xn) of the lacuna Xn. The Euler number and SMI are geo-
metric invariant features (i.e. features that are not modified by geomet-
ric transformations like translation, rotation and scaling) independent
of the geometric size of the object, widely used in computer vision.
The Euler number is used to depict the topological property of the lacu-
na. It is equal to thenumber of connected componentminus the number
of tunnels plus the number of cavities. The SMI [38] characterizes the
lacunar shape with values of 0, for a pure plate, 3 for a rod and 4 for a
sphere. The lacunar surface, Euler number and SMI were calculated
from the intrinsic volumes V0(Xn), V1(Xn), V2(Xn) by applying Eq. (6)
[39]. These intrinsic volumes, which are also geometric invariants,
were computed by a fast algorithm basically requiring only one scan
of the 3D volume to deduce the three quantities V0(Xn), V1(Xn), V2(Xn)
(see [39–42] for details).

Lc:S Xnð Þ ¼ 2V2 Xnð Þ; Lc:χ Xnð Þ ¼ V0 Xnð Þ;

Lc:SMI Xnð Þ ¼ 12πLc:V Xnð ÞV1 Xnð Þ=Lc:S Xnð Þ
2

ð6Þ

Calculation of tissue indices

At tissue level, bonehistomorphometric indiceswere calculated. The
bone volume (BV) was evaluated from the 3Dmask image already used

in the stage of lacunae segmentation. The tissue volume (TV) was ob-
tained by taking the convex hull algorithm of the mask volume. The
Haversian and Volkmann canals volume (Ca.V) was evaluated as TV
minus BV. This allows evaluating the bone volume fraction BV/TV,
the canal volume fraction Ca.V/TV or bone porosity. The total lacunar
volume Lc.TV can be obtained either directly from the binary image of
lacunae or by summing the individual volume of each lacunae. The lacu-
nar number density, denoted as N.Lc/BV and N.Lc/TV, and the lacunar
volume density, denoted as Lc.TV/BV and Lc.TV/TVwas also calculated.

In addition, we also calculated the distance distribution of the
Haversian canal. It depicts the average distance of the bone matrix
from the nearest Haversian canal. First, we calculated the distance
map of the binary Haversian canal image, giving at each bone voxel its
shortest distance to the surface of the nearest Haversian canal. Second,
the normalized cumulative histogram of the distance map is calculated.
Finally, the values corresponding to 50% and 95% of the distribution,
denoted as Ca.Dist50 and Ca.Dist95, are determined. The two calculated
parameters represent that 50% and 95% of bone matrix are located
within a distance of Ca.Dist50 and Ca.Dist95 from the nearest Haversian
canal.

Artifacts elimination

The hysteresis thresholding provided a binary image but, as in every
automatic segmentation method, there may be artifacts, for instance
due to ring artifacts, micro-cracks or noise. These artifactual structures
have different shapes than that expected for lacunae. Thus we took
advantage of the descriptors calculated on each object to eliminate
them. The objects with volume smaller than 82 μm3 (30 voxels) were
removed considered as noise. The objects, which volumes were within
the top 1% of the distribution, were assumed to be artifactual lacunae,
such asmicro-cracks and canals, andwere removed. Besides, the objects
with an anisotropy ratio Lc.L1/Lc.L2 larger than 5, which often appeared
to be ring artifacts, were also eliminated. Furthermore, the 3D Euler
number Lc.χ was exploited to control the topology of the structure.
Finally, the rule applied to filter out artifactual components was the
following

Lc:VNLc:V within the top 1% and Lc:Vb82 μm
3
; Lc:L1=Lc:L2N5;

Lc:χb0 and Lc:χN2
ð7Þ

The method was evaluated by comparison to a semi-manual seg-
mentationon a volume of interestmadeof 2003 voxels in representative
micro-CT image. To this aim, we used a semi-interactive process based
on region growing. For each lacuna, we selected interactively a seed
close to the center of gravity of the lacunae. Then a region growing
starting from this seed was performed using MeVisLab (Version 2.1).
The resulting binary image was overlapped with the original image
using ImageJ (version 1.45 s). A manual refinement was performed on
individual lacuna to achieve the ideal segmentation result by a manual
modification on the binarized lacuna compared with the same lacuna
in original image.

To compare the automatic segmentation with respect to the manu-
ally segmented image, we used the Dice coefficient, conventionally
used in medical imaging and defined as twice the number of voxels
common to both images by the sum of the voxels in each image [43].
An ideal segmentation corresponds to a Dice value of one. Sensitivity
and specificity were calculated as well. We also compared the descrip-
tors extracted from the automatic and manually segmented images.

Local analysis

Qualitative analysis

In order to study the lacunar density variation with respect to the
bone porosity, we introduced a 3D lacunar density map. First, we calcu-
lated a local lacunar density N.Lc(r)/BV(r) at the gravity center of each
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lacuna. This parameter was calculated in a local region which was de-
fined by a bounding box with length of 2r + 1 voxels. The number of
lacunae N.Lc(r) and the bone volume BV(r) were calculated within the
local region. After that, each lacuna was labeled with the value of the
local density. The 3D local lacunar density map gives a 3D image, the
intensity of which represented the local lacunar density. It was used to
visually identify the local regions with high or low lacunar density.

This analysis was performed on two of the thirteen samples. Since
the density analysis is not sensitive to the shape of lacunae, a larger
VOI (1000 × 1500 × 261 voxels) was cropped from the reconstructed
3D image. Minimum intensity projections of these two samples are
shown in Figs. 6(a) and (b). It can be clearly seen that in one sample
there are large variations of bone porosity, while the second one is
quite homogenous. To calculate the 3D lacunar density map, we used
a region of 22.28 × 10−3 mm3 (r = 140 μm) around each lacunar
gravity center, which is appropriate to reflect the density variation
across the whole region of interest.

Quantitative analysis

To quantitatively evaluate the relationships between local bone
porosity and lacunar density and descriptors, the sample, containing
variations of local bone porosity, was divided into seven sub-volumes
with size of 300 × 1500 × 261 voxels. Each of them owns different
bone volume fraction (BV/TV) ranging from 67% to 97% (Fig. 7). The
lacunae were segmented, and the artifacts were eliminated according
to Eq. (7). Besides bone volume fraction (BV/TV), lacunar density (N.Lc/
BV), axes length (Lc.L1, Lc.L2, Lc.L3), anisotropy (Lc.L1/Lc.L2, Lc.L1/Lc.L3),
structural model index (Lc.SMI), volume (Lc.V) and surface (Lc.S) of osteo-
cyte lacunae were calculated from each sub-volume.

Statistics analysis

Descriptive statistics were used to describe the features on the
quantification result of the thirteen samples. For the local quantitative

analysis, we used StatView® 5.0 to perform the linear regression analy-
sis between bone porosity and lacunar descriptors extracted from the
seven sub-volumes. F-test was used to check the significance of the
overall fit, followed by t-test on the significance of slope and intercept.
The significance level was measured using a p-value p b 0.05.

Results

Evaluation of the segmentation method

From a visual point of view, the hysteresis method seemed to per-
form well. However a more detailed observation revealed the presence
of artifacts. Figs. 3(a) and (d) respectively illustrate a 3D rendering
and an overlay of a reconstructed slice and the result of hysteresis
thresholding. Ring artifacts are visible on both displays. Figs. 3(b) and
(e) show the same images after artifact elimination, showing that the
ring artifacts have successfully been eliminated. Figs. 3(c) and (f)

Fig. 3.Comparisonof before and after artifact eliminationwith the reference image. (a) Before artifact elimination. (b)After artifact elimination. (c)Reference image. (d)–(e) The corresponding

results of (a)–(c) in 3D.

Table 1

Segmentation validation.

Descriptor Segmentation Reference

image

Ratio DICE Sensitivity Specificity

N.Lc 328 357 91.9% 94.57% 92.10% 99.98%

Lc.V(μm3) 357.36 350.66 98.1%

Lc.S(μm2) 314.66 308.16 97.9%

Lc.L1 (μm) 18.46 18.04 97.7%

Lc.L2 (μm) 9.08 9.02 99.3%

Lc.L3 (μm) 4.70 4.64 98.7%

Lc.L1/Lc.L2 2.16 2.12 98.1%

Lc.L1/Lc.L3 4.17 4.13 98.8%

N.Lc—number of lacunae.

Lc.V—lacunar volume (μm3).

Lc.S—lacunar surface area (μm2).

Lc.L1, Lc.L2 and Lc.L3—length, width and depth of lacuna (μm).

Lc.L1/Lc.L2 and Lc.L1/Lc.L3—anisotropy of lacuna.
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present the semi-manually segmented images, which look close to the
final segmentation result. The quantitative evaluation of the method is
reported in Table 1. The Dice coefficient reflected a satisfactory segmen-
tation compared with the reference image. The ratios of the main de-
scriptors were above 98% which indicate highly reliable statistical
results. There were about 8% of cells missing after segmentation. This
was mainly due to the loss of the cells which were connected to the
artifacts.

Figs. 4(a) and (b) show a top and a side 3D view of one of the sub-
volume, with the Haversian and Volkmann canals and the segmented
lacunae. From Fig. 4(a), the osteocyte lacunae can be clearly recognized
as they were distributed in concentric circles around the Haversian
canals. Fig. 4(c) shows a zoom around one osteon. By using the tensor
field visualization rendered by Avizo® (version 6.1), it was possible to
visualize the best fitting ellipsoid of each osteocyte lacunae calculated
from the second order matrix (Fig. 4(d)). This display shows that the
fitting was in agreement with the original data.

Histomorphometry parameters of the bone tissue

Table 2 reports the descriptive statistics features of the bone tissue.
Of the thirteen samples, the average number of lacunae was 12,791,
with the total lacunar volume of 0.013 mm3. The bone volume fraction
(BV/TV) and canal volume fraction (Ca.V/TV) are of 89.6% ± 9.3% and
10.4% ± 9.3%. The average and standard deviation of lacunar number
densities were 20,573 ± 2850/mm3 (N.Lc/BV) and 18572 ± 3675/mm3

(N.Lc/TV). The lacunar volume densities were 0.84% ± 0.17% (Lc.TV/BV)
and 0.76% ± 0.19% (Lc.TV/TV). The 50% and 95% of bone voxels are locat-
ed within a distance of 64.6 ± 7.9 μm and 134.2 ± 12.5 μm from the
nearest Haversian canal.

3D shape descriptors of osteocyte lacunae

Table 3 reports the descriptive statistics features of the osteocyte la-
cunar descriptors. The average lacunar volumewas 409.5 ± 149.7 μm3.
The lacunar surface was 336.2 ± 94.5 μm2. With the length of
18.9 ± 4.9 μm and the width of 9.2 ± 2.1 μm and the depth of
4.8 ± 1.1 μm, the average anisotropy (length: width: depth) of the
osteocyte lacuna was approximately 4:2:1. The average and standard
deviation of ratio (τ) between the volume of the actual osteocyte lacu-
nae and the fitting ellipsoid was around 93.1% ± 6.6%. The lacunar
structural model index was 3.3 ± 0.3. The 50% and 95% of bone voxels
are located within a distance of 13.8 ± 1.0 μm and 27.5 ± 2.5 μm
from the nearest lacuna. Besides, we also calculated the orientation of
each lacuna. The results showed that the main direction of each cell
was mainly in the direction of the Haversian channels. Fig. 5 illustrates
the distributions of lacunar descriptors over 13 samples.

Osteocyte lacunar density distribution

To visualize the lacunar density variation, Figs. 6(c) and (d) show
the 3D local lacunar density maps of the two samples. It appeared that

Fig. 4. 3D rendering of segmented image (1000 × 1000 × 251) (rendered by Avizo v6.1) (a) (b) Top view and side view of the volume. The Harversian canal (white) is surrounded by

osteocyte lacunae (yellow) (c) A 3D rendering of an osteon (d) A corresponding 3D rendering of (c) with equivalent ellipsoids of osteocyte lacunae.
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osteocyte lacunar densitywas higher in the bonematrixwhere the bone
porosity was lower, Fig. 6(c). As a comparison, the lacunar density
remains more homogenous in the sample, which is more uniform in
term of porosity, Fig. 6(d).

Correlations between bone porosity and osteocyte lacunar features

A quantitative evaluation of the relationships between osteocyte
density and bone porosity was conducted on the sample displayed
in Fig. 6(c). Lacunar density and lacunar descriptors were extracted
from the seven sub-volumes displayed on Fig. 7. The linear regression
analysis shows that several descriptors were strongly correlated with
the BV/TV (Table 4 and Fig. 8). Among the correlations, lacunar number
density, the three axes length of lacunae (Lc.L1, Lc.L2, and Lc.L3) and the
anisotropy of the lacunae (Lc.L1/Lc.L2 and Lc.L1/Lc.L3) were significantly
correlated with the bone volume fraction (BV/TV). The volume and sur-
face of the lacunae were not correlated to bone porosity.

Discussion

In this paper, after describing the imaging conditionswith SRmicro-
CT and the segmentation of osteocyte lacunae, we proposed an auto-
mated method for extracting 3D shape descriptors on each osteocyte
lacuna.We also introduced the 3D local lacunar densitymap to visualize
the lacunar density variation within the bone sample. We reported the
distribution and statistics on various morphological descriptors. Several
strong correlations between osteocyte lacunar descriptors and bone
porosities were also reported for the first time in 3D quantification.

The osteocytes are deeply enclosed in the compact bone matrix,
making their quantification challenging with conventional imaging
techniques. The proposed method has three main features: first it is
based on a gold standard 3D imaging technique, second, it describes
a robust segmentation of lacunae, and third, it rigorously defines and
extracts 3D descriptors of lacunae. We want to emphasize that a well-
controlled methodology, at each step of the process, is required to be
able to draw reliable biological conclusions.

CT coupled to synchrotron radiation is considered as a gold standard
for imaging the micro- and ultra-structure of the bone tissue [44]. It has
recently been used to quantify the morphometry of osteocyte lacunae
[27,28]. Using SR-micro CT to image the osteocyte lacuna has many ad-
vantages compared to other imaging techniques. First, it provides a 3D
image with isotropic spatial resolution, allowing accurate and direct
3D measurements without any destruction of the sample. Most of the
conventional studies on osteocyte lacunae were based on 2D imaging
of thin section. However, the mechanical sectioning of the sample
does not guarantee keeping the integrity of the structure. Nevertheless,
with the rapid development of imaging techniques, the acquisition of
three dimensional images of the osteocyte network has become possi-
ble The FIB/SEM technique has been demonstrated to deliver a very
high resolution in depth and looks promising to quantify the osteocyte
LCN at the order of tens of nanometers [13,21], but it still requires the
physical destruction of the sample and the imaging process is quite
time consuming. Second, SR-micro CT allows to image relatively large
fields of view containingmore than ten thousands of osteocyte lacunae.
Therefore one can expect that the estimate of the average of the mean
properties of lacunae to be improved compared to smaller populations.
This can be assessed by the standard error of themean (SEm) defined as
the standard deviation divided by the square root of the number of
analyzed lacunae. For example to give an order of the magnitude, in
our study according to Tables 2 and 3, the SEm of the lacunar volume
in A1 is 1.4,while it can be estimated to be 15.5 in thework of Sugawara.
Comparatively, 3D confocal laser scanningmicroscopy (CLSM) has been
successfully applied in several studies [15,16,23,33]. It has the advan-
tages of high resolution and no ionizing radiation damage on the sam-
ple, but due to the limited penetration of light, up to now, the field of
view within bone tissue has been confined to a maximum depth of
100–150 μm [45]. Third, the high X-ray flux available on synchrotron
sources, which is several orders of magnitude higher than conventional
X-ray, permits to acquire images with high signal to noise ratio (SNR) in
relatively short scanning time. Although new generations of high reso-
lution desktop CTs have also been demonstrated to analyze lacunae
[16,23], they suffer from a lower SNR, making the segmentation of

Table 2

Histomorphometry parameters of the bone tissue from 13 specimens.

Sample

ID

N.Lc Lc.TV

(mm3)

BV

(mm3)

TV

(mm3)

BV/TV

(%)

Ca.V/TV

(%)

Lc.TV/BV

(%)

Lc.TV/TV

(%)

N.Lc/BV

(mm3)

N.Lc/TV

(mm3)

Ca.Dist50
(μm)

Ca.Dist95
(μm)

A1 12,177 0.0054 0.59 0.69 86.4% 13.6% 0.91% 0.79% 20,471 17680 58.8 123.2

A2 13,673 0.0055 0.65 0.69 94.6% 5.4% 0.85% 0.80% 20,981 19852 60.2 120.4

A3 10,851 0.0046 0.57 0.69 82.4% 17.6% 0.82% 0.67% 19,122 15755 56.0 114.8

A4 12,578 0.0046 0.63 0.69 92.1% 7.9% 0.72% 0.67% 19,836 18262 61.6 138.6

A5 16,808 0.0069 0.62 0.69 89.9% 10.1% 1.11% 1.00% 27,155 24404 60.2 128.8

A6 13,613 0.0048 0.63 0.69 91.5% 8.5% 0.76% 0.70% 21,607 19765 64.4 128.8

A7 16,449 0.0083 0.67 0.69 97.8% 2.2% 1.23% 1.20% 24,429 23883 79.8 155.4

B1 6499 0.0025 0.43 0.69 62.6% 37.4% 0.58% 0.36% 15,084 9436 50.4 123.2

B2 13,505 0.0052 0.67 0.69 96.8% 3.2% 0.77% 0.75% 20,259 19608 68.6 134.4

B3 12,477 0.0054 0.67 0.69 96.9% 3.1% 0.80% 0.78% 18,693 18116 72.8 144.2

B4 11,913 0.0049 0.60 0.69 87.2% 12.8% 0.81% 0.71% 19,839 17297 68.6 149.8

B5 13,477 0.0051 0.66 0.69 95.7% 4.3% 0.77% 0.74% 20,445 19568 67.2 134.4

B6 12,266 0.0049 0.63 0.69 91.2% 8.8% 0.79% 0.72% 19,528 17809 71.4 148.4

Mean A 13,736 0.0057 0.62 0.69 90.7% 9.3% 0.92% 0.83% 21,943 19943 63.0 130.0

Std.A 2195 0.0014 0.04 0.00 5.1% 5.1% 0.19% 0.20% 2856 3187 7.8 13.5

Mean B 11,690 0.0047 0.61 0.69 88.4% 11.6% 0.76% 0.68% 18,975 16972 66.5 139.1

Std.B 2624 0.0011 0.09 0.00 13.2% 13.2% 0.09% 0.15% 2004 3810 8.2 10.2

Mean.All 12791 0.0052 0.62 0.69 89.6% 10.4% 0.84% 0.76% 20,573 18572 64.6 134.2

Std.All 2531 0.0013 0.06 0.00 9.3% 9.3% 0.17% 0.19% 2850 3675 7.9 12.5

N.Lc—number of osteocyte lacunae.

Lc.TV—total lacunar volume (mm3).

BV—bone volume (mm3).

TV—tissue volume (mm3).

BV/TV—bone volume fraction (%).

Ca.V/TV—canal volume fraction or bone porosity (%).

Lc.TV/BV and Lc.TV/TV—lacunar volume density (mm−3).

N.Lc/BV and N.Lc/TV—lacunar number density (mm−3).

Ca.Dist50—average distance of 50% of bone matrix to the nearest Haversian canal (μm).

Ca.Dist95—average distance of 95% of bone matrix to the nearest Haversian canal (μm).
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Table 3

Osteocyte lacunar descriptors from 13 specimens “*” parameters reported with standard deviation and range [minimum, maximum].

Sample ID Lc.V (μm3)* Lc.S (μm2)* Lc.L1 (μm)* Lc.L2 (μm)* Lc.L3 (μm)*

A1 446.2 ± 153.5 354.9 ± 94.4 20.1 ± 4.9 9.0 ± 2.1 5.0 ± 1.0

[82.3,965.9] [93.2,761.7] [6.9,43.8] [3.7,21.1] [1.9,10.1]

A2 405.4 ± 147.7 330.5 ± 92.4 19.1 ± 4.8 8.7 ± 2.0 4.9 ± 1.0

[82.3,902.8] [97.9,734.0] [7.5,40.5] [3.8,18.2] [1.0,9.9]

A3 427.0 ± 140.3 340.7 ± 86.5 19.8 ± 4.8 8.6 ± 1.9 5.1 ± 1.0

[82.3,839.7] [95.0,661.2] [8.0,41.3] [3.6,18.6] [1.5,9.7]

A4 364.3 ± 147.1 311.5 ± 95.9 17.6 ± 4.7 9.1 ± 2.0 4.9 ± 1.2

[82.3,954.9] [93.1,724.7] [6.4,40.9] [3.3,19.0] [1.4,10.8]

A5 410.0 ± 130.3 342.9 ± 85.7 18.9 ± 4.9 9.7 ± 2.0 4.9 ± 1.2

[82.3,834.2] [94.8,735.0 [6.4,45.2] [3.6,19.1] [1.5,10.4]

A6 353.3 ± 142.5 300.5 ± 90.3 18.4 ± 4.9 8.3 ± 1.9 4.6 ± 0.9

[82.3,798.5] [90.1,622.5] [7.3,39.5] [3.7,18.7] [1.9,9.3]

A7 502.3 ± 151.2 386.5 ± 96.7 20.7 ± 5.6 9.5 ± 1.9 5.2 ± 1.0

[82.3,902.8] [96.8,738.7] [8.0,40.3] [3.7,18.0] [0.7,11.1]

B1 386.2 ± 175.6 323.1 ± 112.1 18.4 ± 4.9 9.3 ± 2.3 4.4 ± 1.0

[82.3,974.1] [95.3,770.8] [7.2,41.6] [3.6,20.4] [1.0,10.0]

B2 381.9 ± 138.1 312.7 ± 82.6 17.6 ± 4.0 9.1 ± 2.0 4.8 ± 1.0

[82.3,902.8] [96.4,688.5] [7.4,37.2] [3.5,20.4] [1.6,10.3]

B3 430.5 ± 149.9 348.5 ± 92.4 19.1 ± 4.6 9.5 ± 2.0 4.8 ± 1.0

[82.3,935.7] [96.9,711.5] [6.9,39.0] [3.3,18.3] [1.4,10.5]

B4 409.7 ± 137.4 349.0 ± 93.4 19.2 ± 4.9 10.0 ± 2.1 4.6 ± 1.1

[82.3,974.1] [93.8,800.8] [7.0,42.7] [3.9,20.5] [1.5,10.7]

B5 377.4 ± 129.7 320.1 ± 86.1 17.8 ± 4.4 9.6 ± 2.0 4.8 ± 1.1

[82.3,880.8] [93.2,742.0] [6.7,46.5] [3.9,19.2] [1.0,11.1]

B6 402.6 ± 146.5 334.1 ± 91.2 18.8 ± 4.5 9.5 ± 2.1 4.5 ± 0.9

[82.3,809.5] [95.9,680.3] [7.6,36.6] [4.0,18.4] [0.9,10.1]

A 417.6 ± 152.4 339.7 ± 95.8 19.3 ± 5.1 9.0 ± 2.0 5.0 ± 1.1

[82.3,965.9] [90.1,761.7] [6.4,45.2] [3.3,21.1] [0.7,11.1]

B 398.4 ± 145.2 331.4 ± 92.5 18.5 ± 4.6 9.5 ± 2.1 4.7 ± 1.0

[82.3,974.1] [93.2,800.8] [6.7,46.5] [3.3,20.5] [0.9,11.1]

All 409.5 ± 149.7 336.2 ± 94.5 18.9 ± 4.9 9.2 ± 2.1 4.8 ± 1.1

[82.3,974.1] [90.1,800.8] [6.4,46.5] [3.3,21.1] [0.7,11.1]

Sample ID Lc.L1/Lc.L2* Lc.L1/Lc.L3* Lc.SMI* Lc.Dist50 (μm) Lc.Dist95 (μm) Ratio (τ)

A1 2.4 ± 0.8 4.2 ± 1.2 3.3 ± 0.2 14.0 28.0 94.8% ± 5.0%

[2.8,7.2] [1.3,11.3] [2.4,4.0]

A2 2.3 ± 0.8 4.1 ± 1.3 3.4 ± 0.2 14.0 26.6 94.5% ± 5.2%

[2.8,7.1] [1.3,14.9] [2.3,4.3]

A3 2.4 ± 0.8 4.1 ± 1.2 3.4 ± 0.2 14.0 28.0 95.3% ± 4.8%

[1.0,5.0] [1.3,12.3] [2.2,4.1]

A4 2.0 ± 0.7 3.8 ± 1.5 3.3 ± 0.3 14.0 29.4 88.1% ± 8.6%

[2.8,6.8] [1.2,27.5] [2.3,4.4]

A5 2.1 ± 0.8 4.1 ± 1.6 3.3 ± 0.3 12.6 23.8 89.1% ± 7.6%

[2.8,6.9] [1.1,12.6] [1.9,4.3]

A6 2.3 ± 0.8 4.1 ± 1.3 3.4 ± 0.2 14.0 26.6 94.6% ± 4.8%

[2.8,7.1] [1.4,14.3] [2.3,4.4]

A7 2.3 ± 0.8 4.1 ± 1.4 3.3 ± 0.2 12.6 23.8 94.8% ± 4.9%

[2.8,7.5] [1.2,34.9] [2.3,4.4]

B1 2.1 ± 0.7 4.3 ± 1.3 3.3 ± 0.3 16.8 33.6 95.0% ± 5.4%

[2.8,6.5] [1.3,16.7] [2.2,4.0]

B2 2.1 ± 0.7 3.8 ± 1.2 3.4 ± 0.2 14.0 28.0 94.5% ± 5.3%

[2.8,7.1] [1.3,12.8] [2.4,4.1]

B3 2.1 ± 0.7 4.2 ± 1.3 3.3 ± 0.2 14.0 28.0 94.5% ± 5.5%

[2.8,7.2] [1.4,15.5] [2.4,4.1]

B4 2.0 ± 0.7 4.5 ± 1.6 3.2 ± 0.3 14.0 26.6 90.1% ± 7.4%

[2.8,6.8] [1.2,15.5] [2.0,4.2]

B5 1.9 ± 0.7 4.0 ± 1.5 3.3 ± 0.3 14.0 26.6 90.5% ± 7.4%

[2.8,6.9] [1.2,18.8] [2.1,4.3]

B6 2.1 ± 0.7 4.3 ± 1.3 3.2 ± 0.2 14.0 28.0 95.6% ± 4.3%

[2.8,7.1] [1.2,21.1] [2.2,4.1]

A 2.3 ± 0.8 4.1 ± 1.4 3.3 ± 0.2 13.5 ± 0.7 26.3 ± 2.1 92.9% ± 6.7%

[1.0,7.5] [1.1,34.9] [1.9,4.4]

B 2.0 ± 0.7 4.2 ± 1.4 3.3 ± 0.3 14.3 ± 1.1 28.0 ± 2.6 93.2% ± 6.5%

[2.8,7.2] [1.2,21.1] [2.0,4.3]

All 2.2 ± 0.8 4.1 ± 1.4 3.3 ± 0.3 13.8 ± 1.0 27.0 ± 2.5 93.1% ± 6.6%

[1.0,7.5] [1.1,34.9] [1.9,4.4]

Lc.V—lacunar volume (μm3).

Lc.S—lacunar surface area (μm2).

Lc.L1, Lc.L2 and Lc.L3—length, width and depth of lacuna (μm).

Lc.L1/Lc.L2 and Lc.L1/Lc.L3—anisotropy of lacuna.

Lc. SMI—structural model index of lacuna.

Lc.Dist50—average distance of 50% of bone matrix to the nearest lacuna (μm).

Lc.Dist95—average distance of 95% of bone matrix to the nearest lacuna (μm).

Ratio (τ)—volume ratio of lacuna to fitting ellipsoid (%).
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small objects such as lacunae more difficult. Apart from the advantage
mentioned above, SR micro-CT techniques can also reach nanometric
resolution [22,46,47] to image lacunae and canaliculi but this was out
of the scope of this work.

In this work, we detailed a robust automatic method based on
hysteresis thresholding followed by a step of artifact elimination to seg-
ment the osteocyte lacunae from the SR micro-CT images. The need for

an automatic method is clear when considering that the 3D images
enclose thousands of lacunae.With a voxel size of 1.4 μm, the osteocyte
lacunae appear as quite small structures. By applying the hysteresis
thresholding on the reconstructed image, the osteocyte lacunae with
various grey values could be well preserved. By taking into account
the morphology of the osteocyte lacunae, artifacts, such as noise, ring
artifacts, and irregular shaped objects were well eliminated, thus the

Fig. 5. Lacunar descriptor distributions of group A (blue curve) and group B (pink curve). (a)–(d): Average distribution (line) and standard deviation (bars) of lacunar volume (a), main

axis length (b), anisotropy (c) and structure model index (d). (e)–(f): Average distance distribution from bone matrix to osteocyte lacunae (e) and from bonematrix to Haversian canals

(f).
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method is robust to noise. This automatic method was compared to
a semi-manually segmented image. The quantitative results indicate
reliable results since the Dice indexwas 94.6% and the relative errors be-
tween the descriptors calculated on the segmented and on the reference
image differed by less than 2%. It would be desirable to validate the
method on more reference images but the manual segmentation is
not a trivial task since it requires a lot of user interaction. The reference
image segmented here contained 357 lacunae, which is already a large
number compared to most manual studies (for instance in [30], there
were only 75 lacunae per sections). Thus, the manual segmentation of
more images would be a hugely time-consuming task and subject to
bias from human fatigue and subjectivity. Our method also excluded

those fragmented lacunae on the border of the 3D image, which might
not be done in previous studies [27,28]. The removal of these
fragmented lacunae is important, since they can influence the lacunae
descriptors distribution on thewhole population. Actually, the segmen-
tation is a crucial stepwhen quantitative parameters are expected since
an incorrect segmentation may bias the results. To the best of our
knowledge, no other segmentation method of osteocyte lacunae has
so far been evaluated. In previous works based on 2D imaging, the seg-
mentation of the osteocyte lacunae wasmostly performed interactively
by using 2D commercial image processing software [15,16,23,33,45].
In other works based on 3D imaging, simple thresholdingwas generally
used. For instance, in Carter [28], lacunae were extracted from global

Fig. 6. (a) and (b)minimumof projection of 61 slides of the reconstruction images. The bone porosity of (a) (sample A3) varies a lot, while in comparison, the bone porosity of (b) (sample

B2) remains quite homogeneous. (c) and (d) are the corresponding 3D lacunar densitymaps (N.Lc(r)/BV(r)) (r = 140 μm) of (a) and (b). The unit of the colored legend bar is #/mm3. The

cold color (blue) represents a low lacunar density, and warm color (red) represents a high lacunar density.
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thresholding, followed by the elimination of noise based only on the
volume of each object, but the authors did not report validation results.

At the tissue level, on average, 12,791 ± 2531 lacunaewere success-
fully segmented from a tissue region of 1.4 mm × 1.4 mm × 0.35 mm,
corresponding to a density of 20,573 ± 2850 lacunae per mm3. This
finding is in range of previous 3D reports on the number of lacunae
per bone volume both at high (580 nm) [16] and lower (1.4 μm) [28]
spatial resolution. We also reported the distances reflecting the distri-
bution of Haversian canals. To the best of our knowledge, it is the first
time that these values are reported in human. The results are similar
to that found by Shahar in dogs and horses by using 2D microscopic
images [48]. These parameters, for which estimation is more reliable
in 3D, may be important indicators of how efficiently blood can support
the nutrient for the bone tissue.

We calculated a number of direct 3D lacunar descriptors. In general,
many studies highlighted the important role of the osteocyte in
mechanotransduction and in controlling bone remodeling. However,
relatively few descriptive parameters on the size, shape, density and
spatial organization of the osteocyte lacunae are available in 3D. It is
known that these morphological characteristics impact the biomechan-
ical parameters. For instance, it was shown that the mechanical envi-
ronment of the stress-sensitive osteocyte varies with the geometry of

the osteocyte lacuna [33]. More recently the shape of the osteocyte
was found to have a direct impact on elasticity and mechanosensing
[10]. In addition, most theoretical biomechanical models require
assumptions about the density, shape and size of lacunae. In a simula-
tion study, Mullins et al. showed the impact of varying lacunar porosity
on themacroscopic properties of cortical bone [11]. Thus the descriptive
parameters we provide can further be used as realistic input to biome-
chanical models.

In addition, this study provides an analysis of the spatial organiza-
tion of lacunae within bonematrix that could have some interpretation
in terms of the bone mineral homeostasis process. While the role of
osteocytes in this process is still a subject of debate [49], a recent work
suggests that osteocytes contribute directly to the calcium homeostasis
by removing their surrounding mineral matrix [9]. We found that
although the total lacunar volume is smaller than that of the Haversian
canals, their spatial distribution put them closer to the mineral matrix
than the Haversian canal. This spatial organization might be important
for the interplay of the cell network and the bone matrix.

Three dimensional measurements are more accurate than those de-
rived from 2D images, generally based on ideal geometric assumption.
For example, Mullender estimated the 3D lacunar density from 2D lacu-
nar density based on the spherical shape assumption [30]. By simulating
a 2D image from our 3D binary lacunar image by stacking 4 consecutive
slices (equivalent slice thickness 5.6 μm), we used the same method to
extrapolate 2D density measurements in 3D. We obtained a 2D density
of about 380 mm−2, and an extrapolated 3D density of 30,600 mm−3,
while the actual 3D lacunar density (N.Lc/BV) was 20,471 mm−3. This
illustrates the bias than can be introduced by an incorrect model as-
sumption. In addition, the lower lacunar 3D density values obtained in
Mullender's work can be related to the fact that when counting manu-
ally in 2D, only the large lacunae may be kept, thus underestimating
the density.

In this study, the average and standard deviation of the lacunar vol-
ume was 409.5 ± 149.7 μm3, and its surface was 336.2 ± 94.5 μm2.
The lacunar volume measured in the current study is consistent with
previously reported values. For instance, Carter [28] measured lacunae
volumes between 378 and 409 μm3 at different anatomic locations
within a healthy young male femoral shaft from SR micro-CT images.
McCreadie also found a similar average value (476 μm3) on 609 lacunae
from 28 women femoral head using 3D CLSM image [33]. Regarding
the lacunar surface in 3D, this parameter was less often reported. Van

Fig. 7. A series of regions with different tissue porosities from a single sample.((a)–(g): BV/TV ranging from 67% to 97%).

Table 4

Regression statistics on the parameters calculated on the seven subvolumes displayed in

Fig. 7 “*” indicate parameters reported with p b 0.05.

Regression statistics BV/TV R2 Slope Intercept

N.Lc/BV Positive 0.85* 10,461.* 10,345.*

Lc.L1 Negative 0.69* −4.24* 23.26*

Lc.L2 Positive 0.95* 1.05* 7.81*

Lc.L3 Positive 0.95* 0.95* 4.28*

Lc.L1/Lc.L2 Negative 0.78* −0.77* 3.02*

Lc.L1/Lc.L3 Negative 0.93* −1.59* 5.38*

Lc.SMI Positive 0.95* 0.15* 3.24*

Lc.V Positive 0.12 25.13 410.43*

Lc.S Negative 0.05 −10.37 351.38*

N.Lc/BV—lacunar number density (mm−3).

Lc.L1, Lc.L2 and Lc.L3—length, width and depth of lacuna (μm).

Lc.L1/Lc.L2 and Lc.L1/Lc.L3—anisotropy of lacuna.

Lc. SMI—structural model index of lacuna.

Lc.V—lacunar volume (μm3).

Lc.S—lacunar surface area (μm2).
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Fig. 8. Correlation of bone porosity with osteocyte lacunar density (a), axes lengths (b)–(d), anisotropy (e)–(f), SMI (g), volume(h) and surface area(i).
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Hove [16], found lacunar surfaces between 94.6 ± 2.8 μm2 to 211.9 ±
14.4 μm2 from desktop nano-CT images in three human proximal tib-
ial bone samples, from osteopenic, osteoarthritic and osteopetrotic
patients. Compared to previous studies, we may note that differ-
ences existed in donor age and sex, anatomic location of the measure-
ments and the imaging modality between the current and previous
studies.

We found that the axis lengths were on average 18.9 ± 4.9 μm,
9.2 ± 2.1 μm and 4.8 ± 1.1 μm. The ratio of the three axis lengths is
quite close to 4:2:1. These values are quite in agreement with the result
reported by Van Hove [16]. Defining the anisotropy as the ratio of
minimum to maximum dimensions, McCreadie [33] found the similar
degrees of anisotropy (0.271 and 0.279) of osteocyte in female femoral
fracture and controlled samples, which is quite similar to the value we
reported (0.254). Our findings also support the result of Vatsa [23]
who found a stretched structure of osteocytes in fibular bone, where
osteocyte were aligned along the direction of loading, whereas osteo-
cytes in calvarial bone, which do not bear a mechanical loading, had a
more spherical shape with ratio of 2.1:1.3:1, and were not aligned to a
particular direction. Carter [28] did not directly report the axis lengths
but three eigenvalues (EV) supposed to be the square of half-length of
each main axis. However, the corresponding half-length values derived
by using this relationship seem to give underestimated axis lengths
compared to the literature. Besides, Carter also reported a degree of
equancy (1−EV3/EV1), a degree of elongation (1−EV2/EV1) and a de-
gree of flatness (1−EV3/EV2) to describe the shape of lacunae. By using
the same definition, we found a similar average degree of elongation
(0.760) but flatter lacunae (0.725).

Besides the usual parameters, such as volume, surface, axis lengths
and anisotropy, we also calculated other descriptors: the 3D Euler num-
ber depicts the lacunar topology, the SMI characterizes the plate-rod
like nature of the lacuna, and the distance map describes the distance
of bone matrix to the nearest osteocyte lacunae. In theory the Euler
number of an ideal lacuna is 1. However, in practice, due to noise and
artifacts in image acquisition,we observed different values (for instance
for irregularly-shaped artifact which are not lacunae). Thus the 3DEuler
number wasmainly used to eliminate this kind of noise. The Lc.SMI was
on average 3.3 ± 0.3 showing a structure between a cylinder and a
sphere [38]. The average distance of bone matrix to the nearest osteo-
cyte lacunae is larger than the value found by Kerschnitzki [37]. He
reported that 80% of the bone matrix is within a distance of 10 μm to
the adjacent osteocyte in sheep. The difference could be explained by
the different species used in the experiment. The reported Lc.Dist50
and Lc.Dist95 might be a well-suited descriptor which summarizes not
just the amount of pores, but also their spatial distribution which is of
importance in term of calcium homeostasis and its microenvironment
remodeling [9]. These descriptors are generally not reported since
they are not available in standard commercial software.

Furthermore, ourmethodprovides the statistical distribution of each
descriptor (see Fig. 5). The distribution of the lacunar volume did not
appear to be bimodal contrary to what was found by Hannah [27].
Two potential reasons might explain that. First, our study included the
lacunae from both osteon and interstitial tissue in female subjects,
while Hannah's one restricted to osteons on a younger male subject.
Second, in our study, the truncated lacunae at the periphery of the vol-
ume were excluded. Keeping the truncated lacunae could contribute in
a second artifactual peak in the volume distribution.

Proper 3D display is a powerful method for exploratory research. By
introducing 3D renderings of the local density of osteocyte lacunae
(N.Lc(r)/BV(r)) (Fig. 6), it was easy and intuitive to find the possible
relationship between osteocyte lacunar density and bone porosity
even before doing any statistical studies. Fig. 6(c) reveals that lacunar
density can be quite low (2700/mm3) close to very porous region and
can rise up to 30,000/mm3 arounddense bonematrix regions. However,
such large density variations were not observed in more homogenous
bone regions (Fig. 6(d)).

The quantitative study on different bone porosity regions showed
that lacunar density (N.Lc/BV) was strongly correlated (R2 = 0.845,
p = 0.0034) with the change of bone porosity. The linear regression
showed thatwith every 1% increase of bone porosity, the lacunar densi-
ty decreases of 104.61/mm3. Such negative correlation between bone
porosity and lacunar density is in agreement with the work of Power
[50] conducted in 2D using light microscopy. His work was based on
several regions across different sites of bone including superior, inferior,
anterior and posterior regions on female femoral neck across biopsy
(fractured) and post-mortem (controlled) samples. A strong correlation
between lacunar density and BV/TV bone porosity, was reported by
Vashishth et al. [51,52], who conducted the study with a series of differ-
ent aged subjects using light microscopy. Our results, although limited,
support the hypothesis that the lacunar density determines the bone
volume fraction. More interestingly, we also found that several other
lacunar descriptors correlated with BV/TV. The lacunar anisotropies
(Lc.L1/Lc.L2 and Lc.L1/Lc.L3) were significantly larger in a more porous
bone region. The increase of anisotropy was mainly due to the increase
in the length of lacunae in the more porous bone region, as the width
and depth were slightly decreased in contrast. The correlation between
BV/TV and Lc.SMI also confirm that the lacunae were on average more
rod-like structures than sphere-like in regions of higher bone porosity.
Information on lacunar shape might be important since they might
reflect the mechanical properties of the cortical bone [53].

There are some limitations of this study. First, although thirteen
samples were analyzed, we acknowledge that they arise from only
two donors thus limiting the generality of the results. Also, the correla-
tion study between the bone porosity and lacunar density was based on
a single sample but with diverse porosities. However, our results are
quite consistent with previous work conducted in 2D [50–52]. Since
our results were 3D descriptors calculated from SR CT images on a
large number of cells, they can be more reliable. The lacunar character-
istics as well as their correlations to porosity need to be further studied
on more samples of different individuals and at different anatomical
locations. Second, the voxel size of 1.4 μm could be limited to image
very small lacunae, but it was our choice to provide a large field of
view that allows the analysis of a large population of cells. Third, the
imaging technique used in this study can only detect the hard tissue.
Therefore, it was impossible to image and quantify the osteocytes inside
the lacunae.We believe that reporting descriptive data on the osteocyte
lacunae contributes to the field since there are relatively few 3D data
available in the literature. But it is difficult to give an extensive interpre-
tation of the results since we have relatively few information on the
donors. In further study, we plan to compare osteocyte lacunae in
samples from healthy donors and diseased patients.

To summarize, in this study, we presented an automatic and well
controlled methodology for quantitative analysis on a large popula-
tion (more than 150,000) of osteocyte lacunae. The 3D images
were acquired through a SRmicro-CT system, which is currently con-
sidered a gold standard for the observation of the osteocyte lacunae.
We delivered an automated method to perform the segmentation,
parameters extraction and statistics. Considerations, such as artifact
elimination and partial lacunae removal, were carefully handled in
the process. Since the calculation on each parameter was performed
directly in 3D, unbiased results can be delivered compared to the
previous results derived from ideal model assumptions. The results
were compared with a reference image, and were proved to be reli-
able. We developed our own software, including novel parameters
regarding the shape of lacunae. By introducing the 3D local lacunar
densitymap, it was possible to visualize the lacunar density variation
over large field of view. Further, by using these tools, we found sev-
eral significant relationships between the osteocyte lacunar descrip-
tors and bone porosity at the same local region in 3D.We believe that
using such method will boost the efficiency on the investigation of
osteocyte lacunar shape analysis over a large number of specimens.
Therefore, it will help the researchers to investigate the bone related
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problems associated with the reliable statistical data at cell level more
directly, effectively and quantitatively.
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