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A B S T R A C T

Human cortical bone has a complex hierarchical structure that is periodically remodelled throughout a lifetime.
This microstructure dictates the mechanical response of the tissue under a critical load. If only some structural
features, such as the different porosities observed in bone, are primarily studied, then investigations may not
fully consider the osteonal systems in three-dimensions (3D). Currently, it is difficult to differentiate osteons
from interstitial tissue using standard 3D characterization methods. Synchrotron radiation micro-computed
tomography (SR-μCT) in the phase contrast mode is a promising method for the investigation of osteons. In the
current study, SR-μCT imaging was performed on cortical bone samples harvested from eight human radii (fe-
male, 50–91 y.o.). The images were segmented to identify Haversian canals, osteocyte lacunae, micro-cracks, as
well as osteons. The significant correlation between osteonal and Haversian canal volume fraction highlights the
role of the canals as sites where bone remodelling is initiated. The results showed that osteocyte lacunae
morphometric parameters depend on their distance to cement lines, strongly suggesting the evolution of bio-
logical activity from the beginning to the end of the remodelling process. Thus, the current study provides new
data on 3D osteonal morphometric parameters and their relationships with other structural features in humans.

1. Introduction

Bone fragility generated by diseases such as osteoporosis is known
to be associated with structural changes in the tissue [1].

The difficulty in predicting such increases in fragility is mainly due
to the highly complex organization of the tissue. Bone structure is made
up of different features observed at different length scales, from the
collagen fibril up to the osteonal system, which includes osteocyte la-
cunae and vascular canals [1–4]. All of these length scales are assumed
to be involved in cortical bone crack propagation mechanisms such as
micro-cracking or crack deflection [5–10]. However, despite several
qualitative observations regarding the implication of osteons in the
crack deflection mechanism [11,12], only a few studies provide quan-
titative 3D data due to the difficulty in quantifying their morphometric
properties [9,13,14].

Osteonal areas arise in cortical bone through a remodelling process
at the surface of osteonal canals [15–18], and as such, they surround
these canals. The remodelling process consists of the formation of
young tissue to replace older, damaged tissue through cellular me-
chanisms [19,20]. As mineralization increases with time [21–23], new

remodelled tissue is less mineralized than older tissue. As such, the
osteon is different from its surrounding tissue, referred to as interstitial
tissue. The osteonal and interstitial tissues are separated by an interface
called the cement line (CL), which is assumed to have a specific mi-
neralization [24–27]. In reality, the area of cortical bone called inter-
stitial tissue is composed of fragments of older osteons in which mi-
neralization has highly increased with time [28]. This mixture of
different fragments of osteons made them no more distinguishable be-
tween each other, thus random organization is observed. It has been
suggested that osteocyte lacunae may have different properties within
the osteon according to their distance to this CL [29–31]. Similarly,
there are different types of lamellae that exist with different structural
and mechanical properties [29,32–37]. This finding strongly suggests
the evolution of biological activity during osteon formation and ma-
turation of the tissue through mineralization.

Despite the differences in mineralization in the osteon compared to
interstitial tissue, it is still difficult to identify osteons using standard
characterization methods. In previous studies, analysis of osteons was
mainly done manually using micro-radiography [38–40], histology
[14,41], polarized light microscopy [42], or electron microscopy [13].
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These techniques provide 2D data of the osteonal system; however,
bone has a complex 3D architecture [4,43,44].

Absorption Synchrotron Radiation Micro-Computed Tomography
(SR-μCT) images allow for the visualization of contrast in osteons. To
further segment osteons, a dedicated segmentation method had been
proposed [45]. Hannah et al. also segmented osteons through 3D SR-
μCT by averaging tomographic slices over 835 μm in order to enhance
the sensitivity to density variations [30]. However, this method pro-
vides osteonal features that have the same geometry over 835 μm,
which may not be representative of reality. In 2011, Cooper et al.
showed that the phase contrast enhancement mode in 3D SR-μCT could
be beneficial to the segmentation of osteons [46]. By placing the sam-
ples at some distance from the detector, one can enhance the edges
around the borders of osteons. However, in their study, Cooper et al.
only investigated the femoral diaphysis of a unique human donor, thus
providing a good feasibility study, but insufficient data for quantitative
analysis. Use both the phase contrast enhancement mode and quanti-
tative phase retrieval improves contrast or osteons [11,25]. Never-
theless, despite increasing contrast, automatic segmentation of osteons
remains challenging and there is currently very little 3D quantitative
data.

Understanding of the bone remodelling process still remains a
challenging topic, as it is a continuous process that occur throughout
one's lifetime. It is now clearly assumed that such a process is initiated
to replace a damaged area of the tissue in order to keep the whole organ
healthy [20]. To better understand this process, the study of the os-
teonal and interstitial areas appears to be increasingly interesting, as it
will provide a frozen picture of this renewal mechanism at a given time
in the process. Investigating the properties of osteocyte lacunae [43], as
well as mineralization on both sides of the cement line, will improve
our knowledge of the relationship between bone 3D architecture and
the role of osteons and cement lines in the orchestration of bone re-
modelling. In this study, we hypothesize that the cement line is a real
structural and biological barrier that separates two different tissues
having specific structural properties and that these properties reflect
specific biological activity. Thus, the aim of this study is to assess the
morphometric parameters of the osteonal system on eight human radii
cortical bone samples using SR quantitative phase μCT to investigate
the whether there is an observable and quantifiable difference in terms
of osteocyte lacunae morphological organization between the osteonal
and the interstitial tissue.

2. Materials and methods

2.1. Bone samples

In this study, bones samples were prepared from eight female do-
nors (70.3 ± 13.7 y.o.; min/max: 50/91). The whole radii were ex-
tracted from fresh cadavers (French Ministry of Education and
Research, authorization no. DC-2015-2357). The bones were provided
by the Departement Universitaire d'Anatomie Rockefeller (Lyon,
France) through the French program on voluntary corpse donation to
science. No information regarding donor' disease or medication history
was available, except for the absence of hepatitis and human im-
munodeficiency virus. The bones were frozen at −20 °C and covered
with a saline-soaked gauze to maintain hydration until sample pre-
paration.

2.2. Sample preparation

A rectangular sample was harvested from each radius using a low
speed saw with a diamond-coated blade (ISOMET 4000, Buehler, USA).
The samples were taken from the anterior region of the bone at nearly
70mm from the proximal epiphysis in the middle area between the
endosteum and the periosteum. This area corresponds to that used in a
previous study involving the characterization of bone using guided

waves [47]. Before performing SR-μCT imaging at the sub-micrometer
scale, the samples were dehydrated to avoid blur artefact in the image.
The preparation protocol used was the same as in a previous study [48],
where this protocol was shown to produce artefactual microdamage of
about 25% in trabecular bone. The samples were placed in acetone,
rinsed in water, fixed in 70% ethanol solution and then dehydrated in a
gradually increasing concentration of ethanol (from 70% to 100%
spread over 48 h), thus minimizing damage or cracks. The final di-
mensions of the samples used for imaging were W=2.02 ± 0.09mm
in the periosteum – endosteum direction, B=1.00 ± 0.06mm in the
direction tangential to the bone section, and approximately 12.5mm in
the direction parallel to the long axis of the diaphysis in order to ensure
proper clamping of the sample during images acquisition.

2.3. Synchrotron radiation micro-computed tomography (SR-μCT)

Image acquisition was performed on beamline ID19 at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France. A “pink
beam” filtered undulator radiation with an effective energy of 31 keV
was used. It was obtained from a single-harmonic undulator U17.6 with
an undulator gap set to 11.5mm with a 5.6mm-thick Al filter and a
1mm diamond filter. Under these conditions, the FWHM was estimated
to 6 keV. The detector was made of a scintillator screen, a visible light
microscope, and a CCD camera. The effective pixel size on the detector
was 0.7 μm, and the detector's field of view was 1.4× 1.4mm2. A total
of 2000 projection images were recorded over a rotation of 360°, with a
counting time of 0.3 s resulting in a scan time of 14min for each
sample. The sample-to-detector distance was set to 40mm to record
phase contrast. The images were reconstructed with and without phase
retrieval. Phase retrieval was performed using Paganin's method [49],
with the value of δ/β set at 572. The volume reconstructions for the
eight samples were performed using a filtered-back projection algo-
rithm yielding 3D images with 20483 voxels. The size of the bone
samples' Volume Of Interest (VOI) was approximately
1×1.4×1.4mm3, with the 1mm dimension corresponding to thick-
ness B of the sample (cf. 2.2) (Fig. 1).

2.4. Image segmentation

Image analysis consisted of an investigation of osteonal canals, os-
teons, lacunae, and micro-cracks within the VOIs.

2.4.1. Segmentation of the canals
Segmentation of these different structural features was performed

automatically on the 1×1.4×1.4mm3 volumes using the same
method, as stated in a previous study [43].

We first separated the osteonal canals from other porosities. A bone
mask was generated by applying a median filter to the volume and a
threshold using the Otsu method. Lacunae and micro-cracks (< 30 μm)
were removed by applying a threshold on the size of each object after
performing a connected component analysis. The canal mask was then
considered as the complement of the bone mask.

2.4.2. Segmentation of the osteons
Osteon segmentation was performed manually using Avizo software

(Thermal Fischer Scientific) on the phase-retrieved volume. For each
osteon, the interface between osteonal and interstitial tissue was deli-
neated in slices perpendicular to the main axis of the bone diaphysis.
The segmented objects were defined by all of the pixels within the
delineated interface. An interpolation tool provided by the software
was used to avoid performing contouring on each slice. The inter-
polation step depended on the shape evolution of each osteon, from
5 μm when the osteon's shape changed considerably in relation to the
slice (for example, when two osteons joined together) to 50 μm when
the shape of the osteons was almost constant along the diaphysis (al-
most cylindrical). A complete segmentation of the VOI provides a
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binary volume with all of the segmented objects. Then the canals mask
was subtracted from this binary volume in order to only have the os-
teons mask and its complementary volume, which would be the inter-
stitial tissue mask (Fig. 1). A similar procedure has been applied by
Maggiano et al. [50].

Osteons can be distinguished from interstitial tissue due to their
differences in gray levels, which correspond to their differences in
mineralization, which is enhanced in a X-ray phase CT (Fig. 1). For
some cases, two different osteons could be seen around a single canal,
showing that bone remodelling is a dynamic process. In such a case, the
osteon that was closer to the canal (meaning the younger osteon
(Fig. 1b)) was chosen.

2.4.3. Segmentation of lacunae and micro-cracks
Lacunae and micro-cracks were then segmented automatically using

the following process. First, hysteresis thresholding was applied to the
volume within the bone mask, resulting in a binary volume containing
both lacunae and micro-cracks (Fig. 1g) [43]. From this volume, a
connected component analysis was performed to label each object (ei-
ther lacuna (Lc) or micro-crack (μCr)), and geometric descriptors of
these objects were calculated [3]. In this study, each object is

considered as an ellipsoid with three main axes (L1, L2, and L3 in μm).
Lacunae and micro-cracks were then separated into two classes of ob-
jects distinguished by morphometric criteria such as volume (V in μm3),
thickness (Th in μm), aspect ratios or Structural Model Index (SMI), or
Euler number (χ) [51]. The calculations for these parameters are given
in [3,43]. The micro-crack criteria used in the current study were in-
spired by the criteria used in [43], with some slight differences. Table 1
gives a summary of the criteria used for the segments for only osteo-
cytes lacunae or micro-cracks.

After the automatic segmentation, manual refinement was per-
formed within the micro-cracks volume to eliminate any artefacts, such
as large lacunae that look like micro-cracks.

2.5. Image analysis

The nomenclature for the analysed parameters in the current study
were defined according to bone histomorphometry standardization
[52,53].

2.5.1. Canals analysis
Osteonal canals –(On.Ca) were analysed using CTAn (CT Analyser

Fig. 1. a.: VOI phase contrast slice from a radius sample of a female donor (50 y.o.), b.: Cropped image of a single osteon. Note the two interfaces (white and black
arrows). The chosen interface is the one closer to the canal pointed by the black arrows. Following figures: binary-segmented volumes of c.: Haversian or Volkmann
canals mask, d.: total osteon mask, e.: osteons mask (canals subtracted), f.: interstitial mask, g.: Lacunae and micro-cracks mask. Scale bars= 100 μm. Note the
distinct osteons around the canals in darker gray than the surrounding interstitial tissue.
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Software V 1.14.4, Skyscan NV, Kontich, Belgium). On these VOIs, the
canal volume fraction On.Ca·V/TV (%) was quantified. Total Volume
(TV, in mm3) was measured by adding the voxels of the canal mask
On.Ca·V (mm3) and those of the bone mask BV (mm3). Mean canal
diameter On.Ca.Dm (μm) was also measured as the value of the max-
imal fitting sphere within the structure [54].

2.5.2. Osteon analysis
Osteons were also analysed using CTAn (CTAnalyser Software V

1.14.4, Skyscan NV, Kontich, Belgium). Osteonal volume On.V (mm3)
was measured as the sum of the voxels of the osteonal mask. Osteonal
volume fraction was measured both as a function of total volume On.V/
TV (%) and as a function of bone volume On.V/BV (%) because they are
present in bone tissue. Diameter On.Dm (μm) was also measured using
the same method as that for the canals and thus was included the canal.
Finally, the total perimeter of the osteonal system, On.Pm (mm), was
calculated as the average value of the perimeter measured slice by slice.
This value is an estimation of the total length of the cement line on each
slice. For the latter, the volume including both osteons and canals was
used (Fig. 1d).

The volume of the interstitial tissue It.V (mm3) was also calculated.

2.5.3. Lacunae and micro-cracks analysis
Regarding lacunae, the dimensions of the three main axes of the

best-fitting ellipsoid were analysed for Lc.L1, Lc.L2, and Lc.L3 (μm)
[3,43]. The ratios Lc.L1/Lc.L2 and Lc.L1/Lc.L3 were also computed.
Their volume fraction Lc.V/BV (%) and density Lc.N/BV (mm−3) were
quantified. These parameters were measured with respect to Bone Vo-
lume (BV).

To analyse the differences between the osteonal and interstitial
tissue, the lacunae included in the osteonal volume and in the inter-
stitial volume were separated, and their properties were calculated
separately. For volume fraction and density, lacunar volume and
number were divided by either osteonal volume (for lacunae within
osteons) or interstitial volume (for the other lacunae) (Lc.V/On.V (%),
Lc.N/On.V (mm−3) or Lc.V/It.V (%), Lc.N/It.V (mm−3), respectively).

Micro-cracks volume fraction μCr·V/BV (%) was also measured.
As for the lacunae, micro-cracks within the osteons or within the

interstitial tissue were then analysed separately and provided the fol-
lowing quantities: μCr·V/On.V (%) or μCr·V/It.V (%).

2.5.4. Bone mass density
Bone mass density, ρ (g·cm−3) was calculated from the re-

constructed image using the following equation [25]:

= =g cm µ with cf( · ) · . 10
4 . 1.3.

572 ( . 2.3),3
1

(1)

where μ (mm−1) is the linear attenuation coefficient obtained directly
as the output of the reconstructed software, and λ (Å) is the wavelength
of the X-ray beam (λ=0.400 Å at 31 keV).

Bone mass density was calculated for the complete volume of bone
(BV), osteonal volume (On.V), and interstitial volume (It.V) excluding
all porosities (canals, lacunae or micro-cracks).

2.5.5. Distribution of the lacunar properties with respect to the cement lines
(CL)

In order to analyse the distribution of the lacunae's properties on
both sides of the CL, a CL mask was first created by calculating the
morphological derivate of the osteons mask (i.e., subtracting the dilated
and eroded images). We then calculated the Euclidian distance map of
the CL and the Euclidian distance map from the osteonal canals'
boundaries, which provide a volume of the shortest distance to the CL
and a volume of the shortest distance to the canals. For each lacuna in
an osteon, the ratio between its distance to the canal boundaries (value
for the canal distance map) and the distance between the canal and the
CL (value for the canals mask's distance map + value for the CL's dis-
tance map) was assigned at its barycentre. A value of 1 corresponds to a
lacuna that is at the cement line, whereas a value of 0 is at the canal
boundary. For each lacuna within the interstitial tissue, the ratio be-
tween its distance to the canal (value for the canals mask's distance
map) and the distance between the canal and the CL (value for the
canals mask's distance map – value for the CL's distance map) was as-
signed at its barycentre. A value of 1 corresponds to a lacuna that is on
the CL, a value of 2 corresponds to a point at which the distance to the
canal is twice that of the distance from canal boundary to CL. In the
following, the value assigned to each lacuna is called the normalized
distance.

The distance maps were then partitioned into bins of 0.02. For ex-
ample, the first bin is composed of voxels with a value of a distance
ratio ranging from 0 to 0.02. Lacunae parameters were averaged on
each of these bounded volumes. Lacunar density was also measured by
dividing the number of lacunae within the bin (N.Lc) by the number of
voxels within the bin (Bin.V (mm3)). Voxels included in the canals mask
were not considered in these bins, because there was no lacuna found in
these canals.

For the bone mass density, the relative difference (Δρ in %) between
the values of ρ within the bin and the mean value obtained for the bone
volume was investigated.

Values from 0 to 1 correspond to osteons and values from 1 to 2
correspond to interstitial tissue (see Fig. 3).

2.6. Statistical tests

A non-parametric Friedman test for independent samples was ap-
plied before applying a Wilcoxon test for paired samples using StatView
(SAS Institute Inc., USA) to analyse differences between osteonal and
interstitial tissue. Correlations were analysed by measuring the
Spearman coefficient. Results with p-value < 0.05 were considered as
significant.

The Spearman's coefficient between the osteonal morphometric
parameters and osteonal canals, lacunae, and micro-cracks parameters
was measured.

3. Results

Fig. 2 shows the 3D rendering of the VOI obtained from the radius of
a female donor after segmentation (50 y.o.).

Table 1
Inclusion morphometric criteria for the segmentation of the osteocyte lacunae (Lc) or of the micro-cracks (μCr) [43].

Osteocytes lacunae Micro-cracks

Lc.V > 82 μm3 and Lc.V < 10,000 μm3 μCr·V > 500 μm3

Lc.L1/Lc.L3 < 15 and Lc.L2/Lc.L3 < 8 μCr.L1μCr.Th > 15, μCr.L2/μCr.Th > 11 and μCr.L3/μCr.Th > 1.5
Lc.SMI > 1.6 μCr.Th < 4
0 < Lc.χ < 2 μCr.SMI < 2.5
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3.1. Canals analysis

Morphometric values measured for Haversian canals are given in
Table 2.

3.2. Osteon analysis

Morphometric values obtained for osteonal system are given in
Table 3.

3.3. Lacunar and micro-cracks analysis

Tables 4 and 5 show lacunar and micro-cracks morphometric
parameters, respectively, for the total volume, in osteons and in inter-
stitial tissue.

There were significant differences between the lacunar properties in
osteons and those in the interstitial tissue. Lacunar density is 11.8%
higher in the osteonal tissue compared to the interstitial tissue. Lc.L1 is
6.4% higher in the interstitial tissue resulting in a Lc.L1/Lc.L2 10%
higher in the interstitial tissue and a Lc.ρ1 15.8% higher in osteonal
tissue.

85% of the micro-cracks were observed within interstitial tissue

3.4. Bone mass density

Table 6 shows bone mass density values obtained for bone volume,
osteonal and interstitial volumes. There was a significant difference
measured between osteonal and interstitial volumes, with an osteonal

Fig. 2. 3D rendering of the VOI from a donor (50 y.o.) under two orientations. a. phase contrast; b.: segmented volume. Note in olive-green the osteons, in yellow the
osteocytes lacunae and in red the micro-cracks. Scale bar= 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Table 2
Morphometric parameters of Haversian canals.

Morphometric parameters Average (SD)

On.Ca·V/TV (%) 4.5 (2.1)
On.Ca.Dm (μm) 64.7 (23.1)

Table 3
Morphometric parameters of osteons.

Morphometric parameters Average (SD)

On.V/TV (%) 40.9 (6.8)
On.V/BV (%) 43.2 (8.4)
On.Dm (μm) 184.0 (13.3)
On.Pm (mm) 5.6 (0.8)
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value of mass density 5.6% lower.

3.5. Correlations

Table 7 gives the Spearman's coefficient between morphometric
parameters of osteons and the other structural features.

A significant correlation was observed between the canal and osteon
volume fraction.

Regarding he osteocyte lacunae, there were significant correlations
between the osteonal volume fraction On.V/BV and Lc.L1, Lc.L1/Lc.L2
and Lc.ρ1. The osteonal perimeter On.pm also has a strong correlation
with Lc.N/BV, Lc.L1, Lc.L1/Lc.L2 and Lc.L1/Lc.L3. There was no sig-
nificant correlation for osteonal diameter On.Dm.

Finally, the micro-cracks volume fraction is significantly correlated
with the osteonal volume fraction, but there was no correlation be-
tween crack volume fraction and osteonal diameter or perimeter.

There was no correlation between any of the morphometric para-
meters and the age of donors.

3.6. Distribution of the lacunar properties with respect to the CL

Fig. 3 gives an example of the distributions of lacunae properties
within the osteon expressed as a function of the normalized distance to
the canal. Fig. S1 in the supplementary materials shows the gathered
data for all the donors. These curves are reported from one female
donor (50 y.o.), but they are representative of all of the distributions
obtained for the eight donors. For all of the parameters, variation is
seen within the osteon and almost no variation is observed in the in-
terstitial tissue.

Lacunar density (Fig. 3a) increases by almost 100%, from 15,000 to
30,000mm−3, near the cement line before decreasing at the cement

line. The bell part of the curve ranges from 0.75 to 1.
The variation for Lc.L1 (Fig. 3b) in the osteon is a bell curve that

ranges between the canal and the CL, with a maximum value at the
middle of the osteon and drops close to the CL. The values at the canal
and at the CL are nearly the same.

Lc.L2 (Fig. 3c) and Lc.L3 (Fig. 3d) show the same kind of variation,
with a maximum value near the CL and a slight decrease before the
canal. For Lc.L3, the decrease increases near the canal, from a distance
ratio of 0.15 to 0.

The aspect ratio Lc.L1/Lc.L2 (Fig. 3e) has the same kind of variation
as Lc.L1, thus highlighting the higher variation of Lc.L1 than Lc.L2.

Regarding Δρ (Fig. 3f), the interesting point is an increase at the CL.

4. Discussion

This study investigated the 3D properties of the osteonal system in
human cortical bone samples extracted from the radius of eight female
donors using SR-μCT. To the best of our knowledge, this is the first time
that such a data set on bone microstructure has been obtained.

Previous data on cortical bone osteons were mainly obtained using
2D techniques, which makes it difficult to compare to our results. In
2000, Yeni et al. performed histological analyses on samples harvested
from femoral necks [41]. The values of canal and osteonal volume
fractions found in the current study are of the same order of magnitude
as the values of canal and osteonal area fractions found by Yeni et al.
(4.1 ± 2.1%/43.2 ± 8.4% in the current study, 6.75 ± 2.62%/
48.17 ± 14.57%, in [41], respectively, for the canal/osteonal frac-
tions). In the previous study, analyses were performed on human fe-
moral neck samples compared to the human radii in the current study,
which can partly explain the slight differences. In the same way, the
diameters of the Haversian canals and the osteons obtained in the
current study in 3D (On.Ca.Dm=64.7 ± 23.1 μm/
On.Dm=184.0 ± 13.3 μm) are of the same order of magnitude as the
previous results found in 2D using histology (On.Dm=193.35 ±
10.98 μm in [14]) or scanning electronic microscopy (On.-
Ca.Dm=69.71 ± 35.95 μm/On.Dm=156.31 ± 51.09 μm in [24]).
These two previous studies investigated human femoral diaphyses
[14,24]. Since the authors previously found evidence of significant
differences in the canal's architecture in the radius compared to the

Table 4
Lacunar morphometric parameters. Note that for the osteon and interstitial
tissue, BV=On.V or It.V, respectively (Average (SD)).

Morphometric parameters Bone Osteon Interstitial tissue

Lc.V/BV (%) 1.2 (0.1) 1.1 (0.4) 1.3 (0.1)
Lc.N 32,609 15,035 17,574
Lc.N/BV (mm−3) 19,621 (2171)a 20,832 (2522) 18,621 (1682)
Lc.L1 (μm) 25.3 (2.5)a 24.5 (2.0) 26.2 (3.3)
Lc.L2 (μm) 10.9 (0.7) 11.22 (1.0) 10.8 (0.6)
Lc.L3 (μm) 5.3 (0.2) 5.3 (0.2) 5.3 (0.3)
Lc.L1/Lc.L2 2.3 (0.3)a 2.2 (0.2) 2.4 (0.3)
Lc.L1/Lc.L3 4.8 (0.5) 4.7 (0.4) 5.0 (0.8)

a + bold: Significant difference between osteonal and interstitial tissue (p-
value < 0.05).

Table 5
Micro-cracks morphometric parameters. Note that for the osteon and interstitial
tissue, BV=Ost.V or Inter.V, respectively (Average (SD)).

Morphometric parameters Bone Osteon Interstitial tissue

μCr·V/BV (%×103) 8.3 (7.4)a 2.4 (2.9) 12.2 (10.2)

a + Bold: Significant difference between osteonal and interstitial tissue (p-
value < 0.05).

Table 6
Bone mass density. Note that for the osteon and interstitial tissue, BV=Ost.V
or Inter.V, respectively (Average (SD)).

Morphometric parameters Bone Osteon Interstitial tissue

ρ (g·cm−3) 1.68 (0.04)a 1.62 (0.06) 1.72 (0.03)

a + Bold: Significant difference between osteonal and interstitial tissue (p-
value < 0.05).

Table 7
Spearman's coefficient between osteonal tissue and Haversian canals, lacunar
and micro-cracks morphometric parameter.

Haversian canals

On.Ca·V/TV On.Ca.Dm

On.V/BV 0.88⁎ 0.67
On.Dm 0.47 0.48
On.Pm 0.56 0.33

Osteocytes lacunae

Lc.V/BV Lc.N/BV Lc.L1 Lc.L2 Lc.L3 Lc.L1/Lc.L2 Lc.L1/Lc.L3

On.V/BV 0.17 0.60 −0.71⁎ 0.31 −0.24 −0.91⁎ −0.57
On.Dm −0.41 −0.24 0.05 −0.17 −0.40 0.04 0.08
On.Pm 0.31 0.83⁎ −0.95⁎ 0.07 0.19 −0.81⁎ −0.91⁎

Micro-cracks

μCr·V/BV

On.V/BV −0.74⁎

On.Dm 0.18
On.Pm −0.69

⁎ p-Value < 0.05.
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femoral diaphysis [43], the differences in osteons can be expected at
these two anatomical locations.

It is interesting to observe that the volume fraction of osteons is
correlated with the volume fraction of the osteonal canals. This corre-
lation highlights that tissue with a high amount of Haversian porosity
will present a higher amount of osteons than tissue with a lower
Haversian porosity. This result is consistent, since the osteons arise

through a bone remodelling process that is initiated at the osteonal
canals. When the signal is sent to remodel a damaged area, osteoclasts
initiate the resorption step along osteonal canals. Once this resorption
step is concluded, the cement line is deposited, and bone deposition by
osteoblasts initiates along the bone surface available in the osteonal
canals [16,18,55]. Bone tissue with a higher amount of Haversian ca-
nals will present more sites for the initiation of the remodelling process.

Fig. 3. Distributions of the lacunar morphometric parameters from the CL for a radius sample of a female donor (50 y.o.). Values between 0 and 1 correspond to the
osteon; the CL is at the ratio distance 1. a.: lacunar density in each bin, b.: Lc.L1, c.: Lc.L2, d.: Lc.L3, e. Lc.L1/Lc.L2 and f.:Δρ.
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Still no correlation was found between the osteonal and Haversian ca-
nals diameters (On.Dm and On.Ca.Dm). This is consistent with the way
in which the bone remodelling process is undergone. In the early stage
of the remodelling process, osteoclasts first initiate resorption, which
yield to the creation of a cutting cone, and then this cutting cone is
widened in order to resorb all of the damaged tissue. The formation of
bone is then initiated on the wall of the cutting cone. This process
shows that the size of the cutting cone will vary all along its length
[16,56].

The averaged values for the osteocytes lacunae obtained have al-
ready been discussed in [43]. The values are slightly different because,
in the current study, a larger volume of interest was analysed (e.g.,
Lc.L1= 25.3 (2.5) μm in the current study and Lc.L1= 25.7 (2.2) in
[43]). We found significant differences in the lacunae density, lacunae
main length, and anisotropy between the osteonal and interstitial tis-
sues. To the best of our knowledge, there is no equivalent data in the
literature. Some studies have nevertheless been performed to assess the
lacunae morphometric parameters within the osteonal tissue alone,
without investigating the differences with the interstitial tissue
[29–31,57,58]. We can state that the significant differences between
properties of the osteonal and interstitial tissues arise mainly due to
variations observed within osteons. For example, lacunar density is
nearly constant in osteonal tissue close to the canal or in interstitial
tissue, but a high peak is observed close to the CL. This peak increases
the averaged value measured in the osteonal tissue. Similar results re-
garding variation in lacunar density have already been observed in the
past, both in 2D [31] and in 3D [30]. In these studies, a variation of
lacunar density was measured as a function of the distance to the ce-
ment line of the osteon. In particular, a decrease in this density was
measured as we move away from the cement line. However, these
studies were performed on only one subject, either in 2D [31] or in 3D,
assuming a constant contour along 835 μm [30]. The current study
involves 3D VOIs obtained from eight donors involving an average of
32,609 lacunae on each VOI. Moreover, the segmentation of osteons is
more realistic than in that of [30]. It is known that osteocytes are
former osteoblasts that are embedded within the bone matrix after
deposition of tissue [59,60]. The bone deposition rate by the osteoblast
during the bone remodelling process decreases from the beginning until
the end of the deposition process, and the osteocytes density was re-
lated to the deposition rate [61–64]. As the CL is the interface at which
bone deposition begins [65], the higher osteocyte lacunae density near
this CL may reflect the higher activity of these osteoblasts at the be-
ginning of the bone remodelling process. In a previous study, Repp et al.
investigated the spatial heterogeneity of the canaliculi within the os-
teons [66]; the canaliculi are small canals < 0.40 μm in diameter that
connect the osteocytes between them and form the lacuna-canalicular
network [67]. Their results showed that the density of canaliculi vary
from the canal surface to the cement lines in the opposite way com-
pared to the lacunae density in the current study, the density of cana-
liculi is higher near the Haversian canal surface [66]. It would be in-
teresting to investigate the relationships between the canaliculi density
and osteocytes morphometric parameters measured in the current
study. However, the parameters used for the imaging protocol in the
current study do not allow the investigation of such features.

In a previous study, Atkinson et al. also observed that the lacunae
near the CL were larger than the lacunae near the canal [57]. As their
study was performed in 2D and perpendicular to the osteon, the long
axis of lacunae that they consider corresponds to Lc.L2 measured in the
current study [3]. Our results show a slight increase of Lc.L2 from the
canals boundary to the CL (Fig. 3). In a previous study, Ardizzoni ob-
served a relation between a decrease in the thickness of the lamellae
that made bone tissue from the CL to the canal and lacunae size [29].
He assumed that lamellae are thinner near the canal because of the
decrease in the size of osteocytes and, more specifically, the decrease in
the size of the former osteoblasts before their differentiation in osteo-
cytes. Our results regarding Lc.L1 and for Lc.L1/Lc.L2 and Lc.ρ1 are

original, as most previous studies were performed in 2D on a section
perpendicular to the osteon, whereas osteocyte lacunae are oriented
parallel to the osteon [3]. Considering the previous hypothesis that
osteocytes dimensions have an influence on bone deposition, these re-
sults strongly suggest that bone formation goes through different steps
between the start of the deposition at the cement line until the end of
the process, as reflected by the bell curves in Fig. 3. The importance of
the CL in terms of lacunar system organization is also highlighted due to
the correlations found between osteonal and lacunar parameters, more
specifically with the osteons perimeter (see Table 7).

The lack of variation in the lacunar geometry observed within the
interstitial tissue uncovers several questions. One explanation could be
that, since the interstitial tissue is in reality a mixture of fragments of
older osteons, the possible variations of lacunar geometry properties
could be averaged when considering only the distance to the cement
line. Another explanation for the differences in the lacunar geometry
between the osteonal and interstitial tissue, but also regarding the
variation within one osteon, could be found in the perilacunar re-
modelling that might occur in the local environment of the osteocytes,
meaning that remodelling (resorption/deposition of bone tissue) might
still occur after the differentiation of osteoblasts into osteocytes. This
topic has long been a topic of discussion, but recent studies demonstrate
that such a process occurs in bone tissue [67–72]. Under this hypoth-
esis, the geometry of the osteocyte lacunae, once embedded in the bone
matrix, can evolve over time [73]. This perilacunar remodelling can
occur either in the osteon or in the interstitial tissue.

The micro-crack volume fraction obtained in the current study is
larger than the value found in a previous study on smaller VOIs
(8.3× 10−3 ± 7.4× 10−3% in the current study,
24.32×10−3 ± 17.66×10−3% in [43]). The differences might be
explained by the slight difference in the choice of the morphometric
criteria and manual refinement of the segmentation that was performed
in the current study. This refinement was not performed in [43] because
of the large number of analysed volumes. Moreover, in the current
study, the size of the VOIs is much larger than in the previous study.
Still, the value of μCr·V/BV is very small. In the current study, we ob-
served a large difference of 75% between the osteonal and interstitial
tissue. This is in accordance with previous results showing that micro-
cracks are mainly initiated in the interstitial tissue that is more mi-
neralized, whereas cement lines act as barriers to these cracks
[8,74,75]. Schaffler et al. also found that 85% of the micro-cracks in-
cluded in bone are observed in the interstitial tissue. This observation
might be explained by the difference in mineralization between the
interstitial and the osteonal tissue. A more mineralized tissue (i.e. a
stiffer tissue [76]) is indeed a preferential area for the initiation and the
propagation of cracks [77].

The mass density values obtained in the current study are compar-
able to the bone mass density data obtained in a previous study from
our group investigation of cortical bone sample using SR-μCT [25]. The
difference in the bone mass density found between osteonal and in-
terstitial tissue was expected, since osteon is a younger tissue that arises
from the remodelling process [21–23,28]. However, this difference is
small (5.6%), which explains the difficulty in automatically segmenting
osteons from interstitial tissue. A study by Langer et al. revealed a
higher density at the CL that was not observed in the current study [25].
In this previous study, the resolution was higher than in the current
study (pixel size of 60 nm in [25] and 0.7 μm in the current study). This
higher resolution allows for better visualization of these cement lines,
as they are interfaces that are< 5 μm in thickness [55].

It should be noted that the current study has been performed on the
radius of eight female donors aged from 50 to 91 y.o. It is widely known
that anatomical location [43,78], gender [79,80], and age [14,81] in-
fluence bone microstructure. This means that the results obtained cor-
respond to a specific population and cannot be generalized to a larger
population of younger or male donors.

It is also worth noting that, in such cortical bone samples, what is
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called interstitial tissue is composed of different fragments of old os-
teonal tissue that, with time, have reached a higher level of miner-
alization and are less distinguishable, as seen in Fig. 1. The results of the
current study were obtained by selecting only the smaller osteon ad-
jacent to each canal, referring to the smaller osteon in the case that
there are two concentric osteons. This means that our osteon data set
represents a population of new osteons (see Fig. 1b).

The author acknowledge that the cutting and preparation protocols
are likely to introduce micro-cracks. The influence of ethanol drying
procedure as used in the current study was shown to induce artefactual
micro-cracks of about 25% (of 100% detected) when analysed using
optical microscopy [48]. As this past study was done on trabecular and
not cortical human bone, the proportion of pre-existing and induced
micro-cracks cannot be elucidated in the present study but may be in a
similar range. The size of the VOIs used in the current study can also be
considered as small (1× 1.4× 1.4mm3). A previous study revealed
that there was no difference between osteonal canals morphometric
parameters measured on two contiguous VOIs of 1×1.4×1.4mm3, as
in the current study. Even if the osteonal canals are smaller than os-
teons, they are correlated (see Table 7). This conforms to the results
obtained in the current study on the osteonal system.

The number of donors used in this study is small (eight donors). In a
previous study, we performed a total of 48 scans on paired femoral
diaphyses, femoral necks, and radial diaphyses both on control and
fractured VOIs [12,43]. But as the manual segmentation of the osteons
is highly time consuming, the authors chose first to perform the in-
vestigation on a sub-population of these 48 scans. Regarding the results
obtained, it is obvious that enlarging the study to include femoral
diaphyses and necks would be of great interest to assess the influence of
anatomical location. Furthermore, the investigation of the influence of
the osteonal system on bone crack propagation mechanisms would also
be of great interest to better understand the bone fracture process.

5. Conclusions

The current study investigated the osteonal systems of eight female
donor radii in three dimensions. Novel results were obtained regarding
the morphometric parameters of the osteons. The morphometric para-
meters of osteocyte lacunae appear to follow a specific distribution
between the Haversian canal surface and the cement line. The im-
portance of cement lines in bone architecture has been highlighted. The
structural differences on both sides of the cement lines strongly suggest
a different biological activity between osteonal and interstitial tissue.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2019.07.028.
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