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Bone health depends on the bone mineral density and mechanical strength, characterised quantitatively and inferred through qualitative 

parameters such as the trabecular and cortical micro-architecture, and other parameters describing the bone cells. Among these cells, the 

osteocyte has been recognised as the orchestrator of bone remodelling, playing a key role in directing osteoblastic and osteoclastic activities. 

Conventional optical and electron microscopies have greatly improved our understanding of the cell physiology mechanisms involved in different 

osteoarticular pathophysiological contexts, especially osteoporosis. More recently, imaging methods exploiting synchrotron radiation, such as 

X-ray tomography, ptychography, and deep ultraviolet and Fourier transform infrared spectroscopies, have revealed new biochemical, chemical 

and 3D morphological information about the osteocyte lacuna, the surrounding matrix and the lacuna–canalicular network at spatial length scales 

spanning microns to tens of nanometres. Here, we review recent results in osteocyte lacuna and lacuna–canalicular network characterisation by 

synchrotron radiation imaging in human and animal models, contributing to new insights in different physiologic and pathophysiological situations.
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Introduction
During the last decade, since the physiological role of the 
osteocyte has been known, osteocytes and their lacuna–
canalicular network (LCN) have been characterised by 
synchrotron radiation facilities. Here, we report at first, 
the involvement of this cell in bone physiology. Second, 

we present conventional ex vivo microscopic imaging 
methods devoted to the osteocyte. Third, we present 
the advantages of using synchrotron spectroscopy to 
optimise the characterisation of this cell. Last, we present 
and discuss the results obtained thanks to these different 
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modalities. To date, conventional synchrotron-based 
computed tomography has been predominantly used 
in different healthy and pathologic models; meanwhile, 
spectral modalities such as deep ultraviolet (DUV) 
and infrared spectroscopies, and X-ray ptychography 
are beginning to provide new chemical, biochemical 
and 3D geometrical data about osteocyte lacuna, their 
surrounding matrix and its LCN.

Focus on osteocyte biology and 
physiology
Osteocytes, the main cell constituent of mamma-
lian bones, represent more than 95 % of all bone cells 
(20,000–80,000 cells/mm3 in bone tissue). For a long 
time, the function of osteocytes was unknown and, 
consequently, their importance was underestimated. 
Over the last two decades, however, many publications 
have highlighted the role of this cell in bone homeostasis. 
Regarded for a long time simply as a cell at the end of its 
lifespan, the osteocyte is now considered as the initiator 
of the bone remodelling process.1 Indeed, osteocytes 
embedded in the mineral matrix form an interconnected 
network of cells in bone structure, which detect mechan-
ical pressures and loadings.

Osteocytes have a dendritic morphology, while their 
cell body has a fusiform shape in long bones or some-
times rounded in flat bones.2 These cells are located in 
an osteocytic lacuna and have been buried in the matrix.3 
They present some cytoplasmic extensions, dendrites, 
which extend into channels in the matrix called “cana-
liculi”. Osteocytes communicate with each other and 
with the lining cells and osteoblasts at the surface of the 
bone tissue via these dendrites.4 The lacuna–canalicular 
system, which represents only 1 % of interstitial fluid 
volume, constitutes a molecular exchange surface area 
which has been estimated at 400-fold higher than the 
Havers and Volkmann system and 133-fold higher than 
the trabecular bone system.

In the differentiation lineage, an osteocyte is an old 
osteoblast buried in the matrix that it has itself produced. 
Some of the pre-osteoblastic and osteoblastic biomarkers, 
such as osteopontin and integrin β3, remain detectable in 
these cells. During the process of bone formation, some 
osteoblasts are left behind in the upwardly advancing 
newly formed osteoid material and become entombed in 

the matrix as an “osteoid osteocyte”. During the process 
of burial, the future osteocyte maintains contact with the 
advancing osteoblasts and bone lining cells at the surface 
by extending dendrites,5 while the surrounding osteoid 
matrix becomes mineralised.5 Aubin has suggested that 
only 10–20 % of osteoblasts differentiate into osteo-
cytes.5

Cells at this early stage of osteoblast-to-osteocyte 
differentiation have been variously named as “large oste-
ocytes”, “young osteocytes”, “osteoid osteocytes” or “pre-
osteocytes”.6 They are larger than mature osteocytes and 
have numerous ribosomes, a well-developed endoplasmic 
reticulum and a wide Golgi complex, both involved in the 
synthesis of proteins and mucopolysaccharides.7 The 
study of the different differentiation markers allows for 
the profiling of osteocytes to determine the stage of cell 
maturation, i.e. young vs mature osteocyte.7 Osteocyte 
differentiation is accompanied by the progressive reduc-
tion of several bone markers (alkaline phosphatase, bone 
sialoprotein, osteocalcin, collagen type I, Runx2), the 
preservation of some markers (osteopontin, β3 integrin, 
E11/gp38 antigen) and the appearance of new markers 
[CD44, dentin matrix protein 1 (DMP1), matrix extracel-
lular phosphoglycoprotein (MEPE)]7 (see Figure 1). Once 
the osteoid mineralises, osteocyte ultrastructure under-
goes further changes, including a reduction in the endo-
plasmic reticulum and Golgi apparatus corresponding to 
a decrease in protein synthesis and secretion.8 At this 
stage, many of the previously expressed bone markers 
are downregulated in the osteocyte (including alkaline 
phosphatase, bone sialoprotein, osteocalcin, collagen 
type I and Runx2).8

The osteocyte and its mechano-sensing properties 
are now considered as the cell at the centre of and the 
initiator of the bone remodelling process.1 Indeed, osteo-
cytes form an interconnected network of cells having the 
capacity to detect mechanical pressures and loads.

Theoretical models and experiments strongly suggest 
that the lacuna–canalicular interstitial fluid flow varies 
with extra-vascular pressure and with variations of 
mechanical loading applied to bone tissue and osteo-
cytes.9 Thus, mechanical forces applied to the bone 
provoke interstitial fluid movements along canaliculi and 
osteocyte lacunae, and, as a consequence, cause shear 
stress at the cell level and deformation of the osteocyte 
plasma membrane.10,11

Mechanical information might be directly detected 
by ciliar or flagellar structures of the cell membrane.12 
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Whatever the mechanism of this mechano-reception, 
osteocytes are able to respond to mechanical stimulation 
by modulating the expression and the secretion of many 
molecules, including insulin-like growth factors (IGF-I and 
IGF-II),13 osteocalcin,13 sclerostin,14 c-fos,13 the synthesis 
prostaglandin enzymes G/H,13 prostanoids15 and nitric 
oxide (NO).16 Osteocyte mechano-reception may stim-
ulate the Wnt/Lrp pathway as a negative regulator of 
sclerostin secretion,14 whereas the sclerostin itself is a 
negative regulator of the bone formation.

Osteocytes are cells that not only play a physiolog-
ical role during their lifetime, but also achieve functions 
through their apoptosis. Micro-cracks have a deleterious 
effect on the bone tissue if they are in excess, with possi-
bilities of micro-fissures, micro-fractures and fractures 

due to bone deficiency. However, the micro-cracks and 
the breaking of the lacunar network seem to play an 
important physiological role.17 It has been observed 
that pro-apoptotic molecules are elevated in osteocytes 
found in the vicinity of the micro-crack, whereas anti-
apoptotic molecules are expressed 1–2 mm from the 
micro-crack,17 suggesting that the apoptotic area may be 
restricted to the neighbourhood of the micro-crack.

The message transmitted by osteocyte apoptosis 
travels through the canalicular network to the surface of 
the bone tissue and is sent on to the progenitor cells. The 
real nature of this message is not known. It may consist of 
fluid movement, biochemical signals or electrical stimuli. 
This message leads to the initiation signals for remodel-
ling.

Figure 1. Conventional microscopic osteocyte imaging methods. A: epifluorescent microscopy—CD44 (differentiation 
marker) immunolabelling of the osteocyte in transversal cortical bone sections, in the upper half of the tibial diaphysis in 
an alcohol-induced osteoporosis rat model (PhD of Delphine Maurel, Université d’Orléans, France) (white scale bar repre-
sents 10 µm). B: osteocytes lacunae observed with bright field microscopy on transversal tibial slices stained by toluidine 
blue in male Wistar rats. The objective magnification for the cortical bone was ×40 (white scale bar represents 10 µm). C: 
osteocyte morphology in female Wistar rats by TEM (black scale bar represents 2 µm). The sections were then observed 
with a JEM 1011 electron microscope (Jeol, Tokyo, Japan) equipped with a Gatan digital camera driven by Digital Micro-
graph software (Gatan, Pleasanton, CA, USA). D: epifluorescent microscopy—phospho-paxilline immunolabelling of the 
osteocyte in transversal cortical bone sections, in the upper half of the tibial diaphysis in an alcohol-induced osteoporosis 
male Wistar rat model (PhD of Delphine Maurel, Université d’Orléans, France) (white scale bar represents 10 µm). E, F, 
G: confocal images of osteocytes were obtained on tibial slices (from male Wistar rat controls) fixed in formalin, cut with 
a high-speed rotatory tool (Dremel) and stained with a CD44 immunolabelling (middle image: F), a Zeiss Laser Scanning 
Microscope LSM 510 Meta confocal system attached to a Zeiss inverted microscope (Axiovert 200M; Zeiss) was used (40× 
oil immersion objective lens) (E: left image: bright field, G: right image: merge). The red scale bar represents 5 µm.
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In phosphate and vitamin D metabolism, osteocytes 
produce FGF23 in response to high rates of 
di-hydroxylated vitamin D, and this production causes an 
inhibition of the renal reabsorption of phosphate from the 
distal tubule and a reduction in di-hydroxylated vitamin 
D production.18 In addition, the binding of osteocyte 
FGF23 on parathyroid glandular cells will induce a 
suppression of parathyroid hormone (PTH) secretion 
leading to increased calciuria and phosphaturia.19 In 
summary, FGF23 produced by osteocytes in response to 
increased rates of di-hydroxylated vitamin D will act on 
the kidneys and parathyroid gland through Klotho and 
lead to a decrease of phosphatemia.

An excess of FGF23 leads to a hypophosphatemia and 
can lead to an osteomalacia. FGF23 is secreted in excess 
by some mesenchymal tumours.20 Constitutively, FGF23 
is mildly expressed by osteocytes and its synthesis is 
tightly controlled by the combined and inhibiting action 
of the DMP1 and PHEX proteins.

Conventional ex vivo 
microscopic imaging methods
Some of these methods are presented in Figure 1.

Light microscopy
“Standard” light microscopy (LM)
Much work has been carried out using LM on stained 
histological bone sections, which is fundamentally a 2D 
observation method.21,22 Indeed, an adequate spatial 
resolution of microstructural imaging techniques is 
needed to resolve the detail of the cell processes.

Nevertheless, specialised techniques such as reflected 
polarised LM have been used to quantify canaliculi.21 As in 
all light-based microscopy methods, the spatial resolution 
is restricted by the diffraction limit of visible light to around 
200 nm.21,23,24 The spatial resolution of LM is insufficient 
to image the osteocyte and the LCN completely, as the 
dendrites’ diameters are around 100 nm.25

Confocal laser scanning microscopy (CLSM)
In CLSM, a point source laser light excites tissue which is 
either autofluorescent or has been stained with fluores-
cent dyes specific for cell components.

Stacking contiguous 2D optical sections produces 3D 
representations of internal bone microstructures. CLSM 

images have a spatial resolution of at best 200 nm in-plane 
and slightly worse (up to 450 nm) out-of-plane.23,24 As in 
standard LM, this is not sufficient to image the osteocyte 
and LCN. The limitations of CLSM when imaging in dense 
mineralised tissue include the limited working distance 
(90–300 μm) imposed by high-quality, high-numerical 
aperture objectives, and the decrease in signal with depth 
resulting from light absorption and scattering.

The practically achievable penetration depth of 
CLSM in mineralised tissue is 100–150 μm.26 The 
difference in resolution in the x/y-direction and the 
z-direction can also complicate the quantification 
and interpretation of 3D reconstructions. CLSM 
requires tissue to be cut, processed and cleared, 
thus departing from its native state. CLSM has 
been successfully used to characterise the spatial 
organisation, orientation and morphology of the 
osteocyte and LCN.2,27–29

Non-linear optical imaging methods devoted to 
intravital imaging of osteocytes
Due to their intrinsic optical sectioning and higher pene-
tration depth compared to confocal microscopy, non-
linear optical imaging methods, such as two-photon 
excitation fluorescence (2PF) and second harmonic 
generation (SHG) microscopies, are increasingly used in 
bone research studies.

Moreover, 2PF microscopy has been previously used 
to show the LCN by in vivo calcein30 and rhodamine B 
staining.31

Meanwhile, fluorophores have a tendency to 
photobleach, especially where high illumination power is 
necessary to clearly observe weak fluorescence signals 
such as those associated with canaliculi. Another strategy 
that recently evolved in microscopic imaging is the 
use of parametric processes, such as second and third 
harmonic generation, which do not require absorption 
and, moreover, do not provoke photochemical reactions 
leading to photobleaching.

Third harmonic generation microscopy is a very 
recent method devoted to non-invasive high-resolution 
osteocyte intravital imaging.31,32

It can be applied for high-resolution imaging of the LCN 
in calvaria in living mice.31 By performing third harmonic 
generation (THG) imaging in combination with two- and 
three-photon fluorescence microscopy, Torkaz et al.31 
have shown that the THG signal produced from the 
bone–interstitial fluid boundary of the lacuna was higher 
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than the THG signal from the interstitial fluid–osteocyte 
cell boundary.

Moreover, Torkaz et al.31 have used THG as a label-free 
imaging technique to examine structural variations in the 
LCN of live mice deficient in both histone deacetylase 4 
and 5 (HDAC4, HDAC5). The three-dimensional analyses 
have revealed statistically significant differences between 
the HDAC4/5 double knockout and wild type mice in the 
number of osteocytes per volume and the number of 
canaliculi per lacunar surface area.

More recently, Genthial et al.32 have investigated the 
impact of microgravity on the 3D LCN structure in mice 
following space flight. They have built a specific analytical 
procedure to extract the LCN from THG images, which 
was described for ex vivo studies of femoral sections.32

We can consider that the use of THG microscopy thus 
offers a promising alternative to other methods such as X-ray 
microtomography, which requires synchrotron radiation 
to achieve sufficient spatial resolution, and is shown to 
provide suitable data for quantitative and qualitative 
analysis in a biomedical context. Tokarz et al. have noted 
that the point spread function is near to 0.5 µm laterally 
and 3.0 µm axially; since canaliculi diameters (95–550 nm) 
are below the resolution of this microscope, canaliculi size 
cannot be determined with the Tokarz microscope. Data 
obtained by Genthial et al.32 suggested that the LCN was 
little modified by the microgravity during their used time 
scale (one month), they estimated that it was possible 
that this did not reflect changes in the osteocyte network. 
However, this inference may not be supportable given the 
spatial resolution limitation of the method.

Electron microscopy
Electron microscopy (EM) takes advantage of the shorter 
wavelength of electrons compared to visible light to 
extend resolving power. In practice, the best spatial 
resolution for biological tissue is near or below to 2 nm 
according to the EM method.33

Transmission electron microscopy
In  t ransmiss ion e lectron microscopy (TEM) , 
electromagnetic lenses focus a beam of electrons which 
is transmitted through an ultrathin (≤100 nm) section of 
fixed, stained, dehydrated and resin-embedded tissue, 
where some electrons pass through the tissue and others 
are scattered to form an image. This has been the best 
technique for high-resolution imaging of osteocyte 
ultrastructure. For TEM, tissue must be prepared as 

ultrathin sections capable of withstanding low pressure 
and bombardment by high-energy electrons. This 
requires involved sample processing using chemicals and 
heat that can introduce artefacts such as shrinkage. Bone 
presents the further challenge of a hard, mineralised 
matrix requiring an additional step of decalcification to 
facilitate sectioning. Cryofixation is known to preserve 
tissue in a more life-like state, but has the drawback 
that only small (~200 μm deep) volumes of tissue can 
be preserved. It has been used to investigate tethering 
fibres between osteocytes and the pericellular matrix on 
a nanoscopic scale.25,34

Serial section TEM is technically difficult and time 
consuming, but provides high-resolution results,35,36 such 
as those used to elucidate the 3D shape of osteocytes.4 
TEM tomography involves imaging a section repeatedly 
while it is incrementally tilted around its axis.37,38 The 
series of projections is used to reconstruct a 3D image 
of the sample. One disadvantage is the “missing wedge” 
caused by the limited tilt range of about 60 ° in most 
TEMs. Ultra-high voltage electron microscopy (UHVEM) 
is not widely available and can only be used to image 
small samples (typically 3–5 μm sections).39

Nevertheless, UHVEM studies have produced 3D 
images of osteocyte processes at 16 nm resolution40 and 
portions of the canaliculi down to around 2 nm resolu-
tion, providing significant information which contradicts 
previous studies.41

Scanning electron microscopy
The 2D technique of scanning electron microscopy 
(SEM) has been used to evaluate the number density of 
canaliculi in human bone.21 Resin-cast and acid-etched 
samples have been examined using SEM, showing the 
distribution, size and surface details of osteocyte lacunae.

Volume SEM
Serial section SEM is a complex technique where 
multiple ribbons of serial ultrathin sections of tissue were 
collected on a substrate and subsequently viewed by 
SEM.42 This technique is suitable for examining large 
areas at high x-y-resolution.

Both serial focused ion beam (FIB) SEM and serial 
block face (SBF) SEM produce high-resolution 3D data 
using automated sectioning techniques; x/y-resolution 
is comparable to TEM (<5 nm), whereas the z-resolution 
is limited by the sectioning technique, typically 
10 nm for serial FIB SEM and 15 nm for SBF SEM. A 
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proof-of-concept study by Schneider et al. for serial FIB 
SEM on bone tissue has successfully imaged parts of two 
adjacent osteocyte lacunae.33

X-ray imaging
Conventional X-ray computed tomography
Unlike light, X-rays penetrate bone easily and without 
causing image artefacts. Attenuation of X-rays by 
bone tissue provides image contrast for (2D) X-ray 
projections at different angular positions, which are used 
to reconstruct the 3D map of the specimen. Sample 
preparation requirements are minimal, the technique is 
non-destructive and once set up, operator involvement is 
low. Bone can be imaged and analysed at different levels 
(organ, tissue, cell) using micro-computed tomography 
(μCT) at isotropic resolutions down to 1 μm and below.43

Lab-based X-ray μCT systems do not reach the 
resolution of EM. Thus, μCT allows visualisation of 
lacunae, but not the fine detail of canaliculi. Commercially 
available μCT systems with improved spatial resolution 
have recently become available, some of which claim 
voxel sizes in the order of 50 nm (e.g., ZEISS Xradia 810 
Ultra). Studies using this equipment have investigated 
differences in morphology of lacunae from different sites 
in the mouse2 and compared morphology of lacunae in 
humans with different bone diseases, where significant 
variations have been observed between osteoarthritis, 
osteopenia and osteopetrosis.2,44 A drawback of CT at 
these particular low voxel sizes below the micrometre 
range is the long acquisition time of many hours.

Synchrotron radiation imaging 
methods that have been used to 
study osteocytes
X-ray synchrotron radiation computed 
tomography
Synchrotron radiation (SR) sources, operated as large-
scale electron accelerators at a small number of sites 
worldwide, offer quasi-monochromatic X-rays and much 
higher photon fluxes with small X-ray source spot sizes, 
providing higher spatial resolution than conventional 
micro-CT which are sufficient to resolve trabecular and 
internal bone microstructures at the micrometric scale.45

Contrast absorption SR-CT has been used to investigate 
trabecular and cortical bone micro-structure46,47 and 

osteocyte lacunae.48,49 Thanks to the monochromaticity 
of an X-ray beam, there is no beam hardening artefact, 
the result is that images can be considered as a map 
of the linear attenuation coefficient within the sample. 
Consequently, the attenuation coefficient can be easily 
used to estimate the degree of mineralisation of bone. 
In addition to X-ray absorption-based CT, coherent 
synchrotron light allows to can also image the internal 
properties of bone with a higher spatial resolution and 
intensity than laboratory-based techniques because 
the system can fully exploit phase contrast.50,51 Phase 
contrast takes advantage of the fact that bone, marrow 
and air have different refractive indices.

The technique is particularly useful for enhancing the 
contrast of surfaces and interfaces in samples, which 
would not be visible using conventional absorption CT.

Phase-contrast SR-CT is the only suitable non-
destructive 3D imaging technique for visualising and 
quantifying micro-damage of bone in high resolution 
without any contrast agents. To obtain phase contrast 
at very high resolution, three systems can be used, 
the easiest to implement is in-line propagated based 
X-ray imaging, the second one is ptychography and the 
third is Talbot interferometry. In holotomography the 
acquisition of the phase CT images consists of recording 
several scans at different detector distances. However, 
in some cases, single distance phase can be used by 
employing the frequency filtering method.52 Indeed, with 
this latter method and a voxel size of 760 nm, it was 
possible to assess the morphology, the 3D distribution 
and propagation of micro-cracks under different loading 
conditions in a large sample size (>3 mm),53 while 
confocal microscopy can be used to produce 3D images 
of micro-damage but only at a depth of about 200 µm. In 
addition, the observation of the 3D organisation of the 
LCN was obtained with a voxel size about 60 nm based 
on acquisitions at four different focal spots.54

Synchrotron ptychographic X-ray CT
Ptychographic X-ray nanotomography (PXCT) exploits the 
penetrating power of hard X-ray diffraction patterns, it is 
a coherent diffraction microscopy, or “lens-less imaging” 
system, that produces absorption and phase-contrast 
images, which can be directly converted into quantitative 
3D images of the electron density within objects.55 With 
this new tool, it was possible to characterise the LCN 
(Figure 2) with a resolution of tens of nanometres, for 
bone specimens up to 100 µm in diameter.
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The last setup to provide phase contrast is to use a 
Talbot interferometer consisting of two gratings, one 
phase grating, placed after the sample, and an analyser, 
placed at the “Talbot distance” behind the phase 
grating, respectively. Acquisition is performed with the 
interferometer, and again without after shifting the lens 
downstream.56 Grating-based phase-contrast has been 
used to analyse the degree of bone mineralisation in 
mouse cortical bone around the LCN.

Synchrotron DUV fluorescence spectroscopic 
microscopy
While most biomolecules do present a contrast in 
DUV transmission microscopy, a few of them will fluo-
resce. Autofluorescence is important to contribute 
to a better discrimination of molecules. Furthermore, 
directly following autofluorescence opens the possibility 
to conduct label-free studies of molecules of interest 
without any external probes which could impair activity 
of the molecule of interest.57,58

While many studies were conducted with DUV fluo-
rescence spectroscopy as a diagnosis tool, mainly for 
cancer,59 very few were conducted on DUV fluorescence 
microscopy or micro-spectrofluorimetry on biopsies and 
tissues. Most of them used excitation wavelengths longer 
than 350 nm, mostly due to the lack of laser lines below 
this value, despite very promising sensibility and sensi-
tivity using DUV excitation.60 Indeed, many endogenous 
fluorophores have an absorption/excitability maximum in 
the DUV below 350 nm, especially tryptophan.59

To assess bone quality (bone micro-architecture, 
collagen content) at subcellular resolution, synchro-
tron DUV spectroscopy can give information about the 
biochemical content of the osteocyte lacunae and their 
surrounding matrix, osteocytes being considered as the 
orchestrator of bone remodelling.61 In a rat experimental 
model of alcohol-induced osteoporosis, osteocytes 
lacunae/surrounding matrix autofluorescence images 
were investigated of the cortical bone of the tibia.62

Synchrotron UV micro-spectroscopy was performed 
at the DISCO beamline at the SOLEIL SR facility (Saint-
Aubin, France). Monochromatised UV light (typically 
between 270 nm and 330 nm) was used to excite 
cortical tibial sections through a 40× ultrafluar objective 
(Ultrafluar, Zeiss, Germany). The fluorescence emission 
spectrum arising from each excited pixel is recorded. 
Raster-scanning of the sample allows one to record 
x, y, l, I maps of interest. Mapping of 20 × 20 µm2 was 
performed with a 2 × 2 µm step size: the step size was 
chosen to provide a field of view containing several 
cells with a 5 s acquisition time per spectrum. Regions 
of Interest (ROIs) were selected, both centred around 
an osteocyte and in the surrounding matrix. For each 
rat sample, three maps were measured, containing 
both osteocyte ROIs and matrix ROIs. Each map was, 
therefore, a matrix of 100 spectra from which noise 
and spikes were removed using a home-made routine in 
MATLAB (Mathworks Inc.) available at DISCO beamline. 
The spectra were classified into subsets corresponding 
to osteocyte or matrix, using masks created from the 
transmission images (Figure 3).

Thereafter, all spectra from all ROIs were loaded in Igor 
Pro (Wavemetrics Inc.), the baselines were zeroed and 
the integral of the three peaks were measured as follows: 
area 1 for tyrosine (290–317 nm), area 2 for tryptophan 
(322–370 nm) and area 3 for collagen (380–440 nm). The 
collagen signal originates from the cross-links between 
the amino acids.

Figure 2. Ptychographic osteocyte and LCN imaging. 
Three-dimensional iso-surface rendering of the internal 
morphology of a sample of cortical rat bone from the 
tibial diaphysis, showing the lacuna–canalicular network 
around at least two osteocytes. This structure is revealed 
non-destructively, by segmenting a quantitative 3D elec-
tron density map with voxel size of 44 nm3 that has been 
reconstructed from ptychographic X-ray coherent dif-
fraction tomography data55 obtained at the SLS, cSAXS 
beamline. The black scale bar represents 10 µm.
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For each mapping, the ratios tyrosine/collagen (Tyr/
Coll), tryptophan/collagen (Trp/Coll) and tyrosine/
tryptophan (Tyr/Trp) were calculated. The duration of 
each mapping was 8 min. The sensitivity of UV micro-
spectroscopy on tissue was on the order of micromolar. 
Autofluorescence spectra were deconvoluted using 
Labspec software (Jobin-Yvon, France).

The fluorescence emission spectra present three peaks 
situated at 305 nm, 333 nm and 385 nm, attributed to 
tyrosine, tryptophan and collagen, respectively. The 
ratio between tyrosine and tryptophan is dependent 
on the site in the cortical bone tissue (osteocyte lacuna 
vs surrounding matrix) (Figure 3). From our knowledge, 
no other tissue presents a similar high level of tyrosine 
fluorescence.

Synchrotron FT-IR spectroscopic imaging
Fourier transform infrared micro-spectroscopy (FTIRM) 
is commonly used to investigate the structural features 
of organic molecules found in bone by examining the 

frequency at which molecular bonds vibrate (i.e. stretching 
and bending).63–65 Moreover, vibrational spectroscopy in 
the mid-infrared (IR) region provides molecular structure 
information about mineralised and non-mineralised 
connective tissue.66 In addition, the FTIRM system, in 
which the spectrometer is coupled to a light microscope, 
enables investigators to record spectra at discrete 
points within a thin tissue section. This methodology 
has several advantages compared to other approaches 
such as X-ray diffraction, nuclear magnetic resonance or 
high-performance liquid chromatography. First, it allows 
the use of the same sample for other investigations 
(histomorphometry, quantitative backscattered electron 
imaging, nanoindentation) and, second, it enables a 
precise investigation of tissue material properties in a 
specific location of the bone sample (between double 
tetracycline labels as for example).

In previous work,67 tibial sections were embedded in 
polymethylmethacrylate resin to prepare samples to be 
adapted to synchrotron infrared excitation on the SMIS 

Figure 3. UV spectroscopy results from osteocyte and surrounding matrix ROI. A: transmission microscopy image acquired 
at the DISCO beamline, Synchrotron SOLEIL, showing ROIs. B: UV intensity spectrum originating from one matrix ROI 
pixel (indicated with an arrow). C: UV intensity spectrum originating from one osteocyte ROI pixel as shown. D: UV 
spectroscopy Tyrosine/Collagen (Tyr/Coll) and Tryptophan/Collagen (Trp/Coll) mean ratios ± SD in osteocyte and matrix 
acquired in the cortical part of tibial diaphysis, in male Wistar rat (age: 30 weeks) control samples (n = 11), NS: not signifi-
cant, the critical p-value for statistical significance was p = 0.05.
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beamline at the Synchrotron SOLEIL. The photon energy 
range requested is 2200–3000 cm–1.

For IR SR requested on the SMIS beamline, the authors 
needed a subcellular high resolution to achieve a mapping 
step of 6 × 6 μm2 to obtain specific chemical information 
in osteocyte lacunae.67 Resolution is limited in a conven-
tional source by the brightness of the source between 
15 µm and 150 µm, thanks to the synchrotron source, by 
the diffraction, the resolution is improved to between 
3 µm and 12 µm, in the mid-infrared.

On this beamline, the acquisition mode was trans-
reflection. Bone pieces were placed on IR-transparent 
windows such as BaF2 or ZnS. The spectral resolution 
used was 4 cm–1. The spatial resolution was adapted to 
discriminate osteocyte lacunae and bone matrix: 6 × 6 μm2 
to obtain points in the osteocyte lacunae, and obviously 
a greater number of points acquired in their surrounding 
matrix. A minimum of six acquisitions for each rat in each 
experimental group (alcohol-induced osteoporotic group 
versus control), for both the osteocyte lacunae and the 
matrix needed to be imaged to obtain statistically valid 
results. The post-treatment analysis, chemical mapping 
and area ratios cwere obtained with Omnic-Atlus soft-
ware (Thermo Fisher Scientific).

Results and discussion
Synchrotron-based CT results applied to 
human bone samples
SR micro-CT is a technology which provides highly accu-
rate 3D images for analysis at micrometre or better reso-
lutions. SR micro-CT has been utilised to examine human 
bone and has the ability to explore a large field of view.54 
The main advantages compared to standard CT are that it 
can offer a high signal-to-noise ratio, higher spatial reso-
lution45 and monochromaticity facilitating segmentation 
and quantitative analysis. Moreover, the high photon flux 
allows a significant decrease of the scanning time68 and 
no advanced staining and sample preparations are neces-
sary. The main parameters used are presented in Table 1.

Results obtained in healthy bones samples
Carter et al.69 have achieved SR micro-CT acquisitions 
(Argonne 2BM) with a voxel size of 1.47 µm at an energy 
of 27.9 keV.

The most significant results were the reduction in 
lacunar volume in the older women, when dividing the 

subjects into groups of women younger or older than 
50 years. The osteocyte lacunar volumes were approxi-
mately 30 % larger in the younger than in the older 
women with no significant changes in osteocyte lacunar 
density according to age.69 Under 50 years old, bone 
is characterised in flatter and less circular lacunae than 
those of the older group which are more equal in dimen-
sions.70

With the same acquisition parameters, they compared 
four quadrants (anterior, posterior, medial and lateral) 
in seven mid-cortical femoral diaphysis. They found a 
dramatic difference of 54 % in lacunar density between 
the anterior and medial region.70 A preliminary study 
from the same group at 26.4 keV, studying one individual 
found differences between medial and anterior/poste-
rior regions.71 Lacunae from the anterior region were 
more elongated and less flat than those from the medial 
and lateral regions. Lacunae from the posterior region 
were significantly more elongated and less flat than those 
from the medial, but not the lateral regions.70 This study 
demonstrated a lower number of more elongated spaces 
along the anterolateral axis and an increase in less elon-
gated but flatter lacunae in the tension and compression 
zones (lateral–medial).70 Anterior blocks from the mid-
diaphysis of 30 women aged from 20 to 86 years were 
studied. No significant variation of lacunar density was 
found according to age, but a significant reduction in 
volume of lacunae was observed.71

Hannah et al.72 achieved SR micro-CT acquisitions of 
the femoral diaphysis (voxel size of 1.47 µm), at the energy 
of 26.4 keV (Argonne 2BM). Osteocyte density varied 
from 40,000 per mm3 close to the Haversian canals to 
about 900,000 per m3 at 80 % of the osteon radius.72 
They found two distinct peaks of osteocyte lacunae, one 
at 200 µm3 and one at 330 µm3. The distance between 
lacunae was an average of 23 µm.72

Bash-Gansmo et al.73 studied the osteocyte lacunar 
properties of the iliac crest cortex according to age and 
sex, at the Swiss Light Source (TOMCAT beamline), at a 
voxel size of 0.65 µm, and at the energy of 35 keV. They  
found that the lacunar volume was unaffected by both 
age and sex, the osteocyte density did not differ between 
men and women with only a significant decrease with 
age when pooling data from both sexes.73

Dong et al.74 carried out SR micro-CT at the European 
Synchrotron Radiation Facility (ESRF, Grenoble, France) 
ID19 beamline, with a voxel size of 1.40 µm. In 13 
cortical mid-diaphysis cortical samples from female 
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donors without precision of the measurement sites, 
the mean volume was found to be 409 ± 150 µm3 with 
average dimension length 18.9 ± 4.9, 9.2 ± 2.1 µm in 
width, 4.8 ± 1.1 µm in depth.74 The main direction of each 
osteocyte was in the direction of the Haversian canals.74 
Lacunar number density, the three axes of the lacunae 
and the anisotropy of lacunae were significantly corre-
lated with Bone Volume/Tissue Volume (BV/TV) % and, 
in the most porous region, the increase of anisotropy was 
mainly due to the increase in length of lacunae while the 
width and depth slightly decreased.74

To study the weight bearing influence on the 3D lacunar 
morphology, Gautier et al. studied paired femoral diaph-
ysis, neck and radius at 0.7 µm of resolution from eight 
female donors.68 They achieved SR micro-CT acquisitions 
at ESRF ID19 at a voxel size of 0.70 µm, at an energy of 
31 keV.

The lacunar density was 18 % lower in the radial diaph-
ysis than in the femoral neck, the amount of lacunae 
within the femoral neck was significantly higher than 
in femoral or radial diaphysis. Shapes of lacunae in the 
radius were sharp (with Lc.L1 and Lc.L2 lower) than the 
femoral diaphysis and femoral neck whereas no differ-
ence for Lc.V between the three locations.68

Langer et al.54 studied the LCN structure in mid-
diaphysis of two female donors with phase contrast. They 
achieved SR micro-CT acquisitions at ESRF ID22NI at a 
voxel size of 60 nm, at an energy of 17 keV. The main 
finding was that the lacunae had similar size and shape in 
osteonal and were highly connected in osteons, whereas 
in the interstitial tissue all the lacunae were disconnected 
with variable size and shape.54

Results obtained in bone physio-pathological 
context
Osteonecrosis
In the most recent study by Hesse et al.,75 bone 
samples were extracted from human female jawbone 
sections originating from four healthy subjects (aged 
19, 40, 42 and 47 years) and four patients suffering 
from Bisphosphonate‐Related Osteonecrosis of the Jaw 
(BRONJ) (aged 40, 70 and 72 years). The aim of the 
study was to investigate the spatial distribution of mass 
density in the perilacunar and pericanalicular bone matrix 
and to explore how these densities are influenced by 
tissue aging. Phase nano‐computed tomography (PNCT) 
measurements were carried out on beamline ID 22NI at 
the ESRF at four distances between focus and sample. 

The voxel size was 50 nm. The energy of the beam was 
set to 16.874 keV.

Average canalicular porosity was found to be around 
2  %, with large variability between the individual 
volumes of interest (VOIs). The average Ca.Dm, Ca.S/BV 
and Ca.Dist50 (distance to canaliculi boundary in which 
50 % of BV is located) of all analysed VOIs were found to 
be 0.38 ± 0.04 mm, 0.12 ± 0.04 µm–1 and 1.3 ± 0.4 mm, 
respectively. Furthermore, the canalicular surface 
density (Ca.S/BV) showed significant correlation with 
Ca.V/BV, Ca.Dm and Ca.Dist50.75 Their results provide 
evidence that mass density results in negative gradients 
with respect to the distance from both lacunae and 
canaliculi, which diminish with increasing tissue age in 
healthy bone. The values for the lacunar volumes tend 
to be higher than those reported previously for similar 
samples at a lower imaging resolution, suggesting that 
the spatial resolution and segmentation methods of the 
imaging setup have a strong impact on the apparent 
lacunar pore volumes.71

In a previous study by Hesse et al.,76 five human 
jaw bone sections (cubes of about 1 mm3 in size) were 
extracted from three female donors suffering from 
BRON (Bisphosphonate Related OsteoNecrosis) (aged 
43, 63 and 76 years) during the treatments necessary 
due to the course of the necrosis. Healthy control 
samples were obtained from debris during wisdom 
tooth removal from two female donors (aged 25 and 
52).76 SR-μCT measurements were performed in air 
at the ESRF ID19 with X-ray beam energy 19.1 keV. 
They found that, on average, 50 % and 95 % of the 
mineralised tissue is located within less than 12 µm 
and 24 μm distance of the closest lacuna, respectively. 
Comparing the average lacunar volume Lc.Vs between 
the whole samples and the segmented osteonal regions, 
they revealed that osteonal regions contain significantly 
smaller lacunae. The lacunar density in these jaw bones 
ranged from about 16,000 to 50,000 per mm3 and 
was different to the density reported in femoral sites, 
probably a consequence of the high bone turnover of 
the jaw.73

The size and shape measurements of the lacunae in jaw 
bones were found to be in line with those reported for 
other human bone sites.71,72,74 The Lc.Vs decreased with 
donor age76 and the average values of Lc.Vs of BRONJ 
specimens were within the range of sizes found for the 
two healthy donors.76 The authors presented quantitative 
3D data on how the bone matrix is located in terms 



14	 New Insights in Osteocyte Imaging by Synchrotron Radiation

of distance to the lacunar boundaries. The distances 
found in human jaw were smaller than those reported 
for femur.76

Hesse et al.77 extracted 19 human jaw bone sections 
(blocks of about 1–3 mm3 in size) from 12 female and 7 
male donors (8 female and 2 male donors were suffering 
from BRONJ). The healthy control samples were from 
debris obtained during tooth removal. Besides, 7 cadaver 
specimens originating from the human femoral midshaft 
and 3 cadaver specimens from the human tibia midshaft 
of other donors were included in this study. The SR µCT 
data were obtained at ESRF at beamline ID22NI. The 
isotropic voxel size was 350 nm3, the energy was set to 
16.874 keV.

The average lacunar volume ranged from 194 mm3 
in the tibia samples to 277 mm3 in the bone jaw. Both 
median values and variances were significantly higher in 
the jaw bone compared to the other anatomical sites. The 
average distance, in which 50 % of the tissue matrix with 
respect to the closest lacunae was located (Lc.Dist50); 
was the highest in the femur, followed by the jaw bones 
and the lowest in the tibiae.77

For all investigated sites, the average lacunar density 
(N.Lc/BV) was found to be larger than or equal to 
20,000 mm–3. Variations between the anatomical sites 
reflected those observed for Lc.Dist50, i.e. the lacunar 
density was the highest in the tibia and the lowest in the 
femur. The lacunar density in the jaw bones was between 
those of the other two sites.

Significantly lowest lacunar densities (p < 0.028) were 
observed in the BRONJ samples group. Pronounced 
differences were observed between jaw bones in 
comparison to the two peripheral skeletal bone sites. 
This may be explained by the different embryologic 
origin of the cells and the different remodelling 
rates in those tissues, or the different mechanical 
environment.77

On average, the samples treated with bisphosphonates 
had a lacunar density 14.8 % lower than the healthy 
jaw bone controls, but still 15 % higher than the femur 
samples.77

Osteogenesis imperfecta
Albert et al.78 have described the effects of the 
Osteogenesis Imperfecta (OI) on osteocyte lacunae 
density modulation. Twelve cortical bone specimens were 
collected from long bone diaphysis of nine children with 
OI. They showed that average osteocyte lacunar density 

was 35,661 mm−3 (standard deviation 13,118 mm−3). 
Finally, vascular porosity, osteocyte lacunar density and 
volumetric tissue mineral density were not significantly 
associated with donor age. Moreover, the bone mate-
rial properties were not associated significantly with 
osteocyte lacunar density or volumetric tissue mineral 
density.78

Although, no significant association between lacunar 
density and age in the current paediatric OI population 
was found. These results are within the range previously 
observed in young adult bone (e.g., 20,000–90,000 
lacunae/mm3).69,71,72

The role of osteocyte lacunar properties in bone adapta-
tion and disease is not still understood. Indeed, Mullender 
et al.79 showed a decrease in areal lacunar density for 
osteoporotic females compared to adult controls, when 
McCreadie and Hollister80 found no significant difference 
in lacunar size or shape compared to controls.

Conventional synchrotron-based CT applied 
to rat bone samples
Healthy rat bone samples
Wittig et al. aimed to link the evolution of bone with age 
across length scales ranging from the material to the organ 
level to test whether there is a coupled age-dependence 
of the osteocyte lacunar geometry or number and, e.g., 
the quality and mechanical properties of the whole bone 
in healthy female Wistar rats.81

In their work, 42 animals were sacrificed 0, 4, 8, 12, 16 
or 28 weeks after study start (ages from 14 to 42 weeks). 
The global average value of lacunar volume taken over all 
individuals and age groups is 273 ± 29 μm3.

SR μCT data at the mid-diaphysis of the femora was 
acquired at the beamline for TOmographic Microscopy 
and Coherent rAdiology experimenTs (TOMCAT) at the 
Swiss Light Source. X-ray energy used was 18.0 keV and 
the voxel size of 0.325 × 0.325 × 0.325 μm3.

For the lacunar stretch Lc.St distribution and average, 
the age groups did not differ from each other. The lacunar 
oblateness Lc.Ob distribution and average revealed no 
significant differences between the age groups. The 
orientation Lc.Or with respect to the bone long axis, did 
not reveal differences between age groups. The high 
resolution studies of osteocyte lacunar geometries 
showed no significant changes in osteocyte lacunar 
volume Lc.V, ellipsoidal radii, Lc.St, Lc.Ob or Lc.Or with 
animal age, despite the changes observed on the organ 
and tissue level.81
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Pathologic rat bone samples
Bach-Gansmo et al.73 investigated whether osteocyte 
lacunar properties change during immobilisation and 
subsequent recovery. They used a female Wistar rat 
cortical bone model with negligible Haversian remodelling 
effects with temporary immobilisation of one hindlimb 
induced by botulinum toxin. Their study covered the age 
span of 14 to 42 weeks of age. After sacrifice, SR μCT 
data were collected on the proximal half of the femora of 
the immobilised and the contralateral legs, at the beam-
line for TOMCAT at the Swiss Light Source (SLS, Paul 
Scherrer Institute, Villigen, Switzerland) with an X-ray 
beam energy of 18 keV and an isotropic voxel size of 
0.325 μm. This method was applied to 1.85 million osteo-
cyte lacunae. Their results showed that no significant 
changes in osteocyte lacunar volume, density, oblateness, 
stretch or orientation were detected upon immobilisation 
or subsequent recovery. They concluded that only the 
bone architecture and not osteocyte lacunar properties 
dominate the immobilisation response as well as the 
subsequent recovery.73

Previously, Britz et al. also studied the effect of a 
prolonged unloading in growing rats on cortical osteo-
cyte lacunar density and volume at the distal tibia.82

The tibiae from 30-week-old female Sprague–Dawley 
rats (n = 6) that had undergone sciatic neurectomy (immo-
bilised group) at three weeks of age, were compared 
against the left tibiae from six normal age- and sex-
matched rats (control group).

Scanning of the samples was performed at the 
BioMedical Imaging and Therapy bending magnet beam-
line (BMITBM; 05B1-1) at the Canadian Light Source. A 
23 keV monochromatic beam was employed.

Mean lacunar density was found to be significantly lower 
(p < 0.05) in immobilised bones. Mean lacunar volume was 
significantly lower for immobilised bones (209 ± 72 μm3) 
compared to control bones (284 ± 28 μm3).82 Their results 
seem to demonstrate that extreme differences in loading 
conditions, such as those created by paralysis, do indeed 
result in changes in osteocyte lacunar density and volume, 
and so were contradictory with the Bach-Gansmo et al. 
study.73

Tommasini et al.83 have quantified 3D changes in cortical 
osteocyte lacunae and other small porosities induced 
by estrogen withdrawal and two different osteoporosis 
treatments in female Sprague–Dawley rats. In their 
study, six-month old female Sprague–Dawley rats were 
separated into either age-matched control, untreated 

ovariectomised (OVX), OVX treated with subcutaneous 
injections of PTH 1–34 (15 μg/kg/d), or OVX treated 
with subcutaneous injections of alendronate (ALN) 
(100 μg/kg/2×/wk).

Femoral diaphysis were scanned with SR μCT at 
Argonne National Laboratory, 2-BM Advanced Photon 
Source (APS) beamline images were acquired at a photon 
energy of 20.98 keV with a 750 nm isotropic voxel size.

Across the overall thickness of the medial cortex, 
lacunar volume fraction (Lc.V/TV) was significantly lower 
in ALN-treated rats compared to PTH. In the endosteal 
region, average osteocyte lacunar volume (Lc.V) of 
untreated OVX rats was significantly lower than in age-
matched controls, indicating a decrease in osteocyte 
lacunar size in bone formed on the endosteal surface 
after estrogen withdrawal. The effect of treatments (OVX, 
ALN, PTH) on the number of lacunae per tissue volume 
(Lc.N/TV) was dependent on the specific location within 
the cortex (endosteal, intracortical, periosteal). In both the 
endosteal and intracortical regions, Lc.N/TV was signifi-
cantly lower in ALN than in untreated OVX, suggesting a 
site-specific effect in osteocyte lacuna density with ALN 
treatment.

Conventional synchrotron-based CT applied 
to mice bone samples
Healthy samples
A few publications have recently characterised osteocyte 
lacunae and Lc.N tomographic parameters in healthy 
mice.56,84,85

Núñez et al.85 studied the distribution of the osteo-
cyte lacunae in cortical bone and the influence of age 
at the tibiofibular junction in 15-week- and 10-month-
old female C57BL/6J mice. The tibiae were scanned 
using SR-CT at the TOMCAT beamline of the SLS with a 
photon energy of 18.5 keV, and a voxel size of 0.65 μm. 
They did not observe differences for osteocyte lacunar 
number density (N.Lc/Ct.BV) between both experimental 
groups. Mean lacunar distance distribution to the nearest 
bone surface (Lc.S.Sp) was significantly higher in the old 
group versus the young group. Most of the osteocyte 
lacunae were located within ~40 μm from the nearest 
bone surface in young cortical bone.85

Nango et al.56 used a Talbot-defocus multiscan tomog-
raphy using the synchrotron X-ray microscope to study 
the LCN in mouse tibiae from 12 to 16-week-old female 
C57BL/6J mice, at the undulator beamline 20XU in the 
SR facility Super Photon ring 8 GeV (SPring-8) in Hyogo, 
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Japan. Imaging was carried out using monochromatic 9 keV 
X-rays, with a pixel size of 4.34 μm. For both ages, they 
have shown that the high mineralisation zone observed 
near the periosteum and endosteum corresponded to 
the lamellar zone. The low mineralisation zone located 
at the centre of the cortical bone corresponded to the 
non-lamellar (turbulent) zone. Near the endosteum and 
periosteum in the lamellar zone, lacunae were oriented 
longitudinally and aligned parallel to the bone surface, 
and canaliculi ran parallel to each other extending toward 
or away from the bone surface. In contrast, at the middle 
of the cortical bone in the turbulent zone, lacunae orien-
tations were irregular.56

Matsuo et al.84 investigated the non-growth plate type 
of endochondral ossification of the malleus by SR X-ray 
CT imaging, with a monochromatic X-ray beam (9.0 keV) 
at the beamline BL20XU of SPring-8 (for Super Photon 
ring-8 GeV) (Hyogo, Japan), with a voxel size of 0.22 μm. 
They assessed the arrangement of osteocytes around 
capillaries and examined osteocyte lacunae in the malleal 
processus brevis (mPb) in two adult strain mice (wild 
type and transgenic mice) which constitutively or induc-
ibly expressed Fosl1 (because of the fos1 functions in 
assembly of endothelial cells into capillary tubes).84

In both mice strains SR X-ray tomographic micros-
copy of the isolated malleus enabled them to visualise 
both capillaries and osteocyte lacunae in reconstructed 
3D images. Interestingly, elongated osteocyte lacunae 
tended to be located along a capillary loop. Furthermore, 
they detected concentric distribution of osteocyte 
lacunae around capillary segments.

Mice pathologic samples
Some publications have described osteocyte lacunae and 
Lc.N tomographic parameters in different pathologies (OI, 
osteoporosis, hypercorticism, Sost deficiency, osteopet-
rosis…).49,56,86–90

Carriero et al.86 investigated changes in cortical bone 
tissue porosity of a mouse model of the disease, OI, in 
comparison to a wild type (WT-C57BL/6). Scanning of 
tibiae and humeri from wild type mice (C57BL/6), and 
male OI mice (B6C3Fe a/a-Col1a2oi/oi from a maintained 
local colony), all 8-weeks-old and male were achieved at 
the beamline for tomographic microscopy and coherent 
radiology of the SLS, TOMCAT beamline, at a nominal 
resolution of 700 nm, with a photon energy of 17.5 keV.

Carriero et al.86 presented morphometric parameters/
measures for the lacunar system, including number of 

lacunae (N.Lc), lacunar number density (N.Lc/Ct.TV), total 
lacunar volume (Lc.V), lacunar porosity (Lc.V/Ct.TV) and 
mean lacuna volume (bLc.VN = Lc.V/N.Lc). The best-fit 
ellipsoid gave lacuna major axis (Lc.λ1), lacuna interme-
diate axis (Lc.λ2) and lacuna minor axis (Lc.λ3), which 
correspond to the lacuna’s principal axes. From these 
values we calculated the mean lacunar equancy (sphe-
ricity) (Lc.EqN = Lc.λ3/Lc.λ1), mean lacunar elongation (Lc.
El = 1 − Lc.λ2/Lc.λ1), mean lacunar flatness (Lc.Fl = 1 − Lc.
λ3/Lc.λ2).

The bone matrix of the OI bone showed a substantial 
increase in lacuna number density (N.Lc/Ct.TV, p < 0.001) 
and lacunar porosity (Lc.V/Ct.TV, p < 0.001), while the 
mean lacuna volume (Lc.V) was similar in both mouse 
groups. The lacunar structure and organisation in the 
OI cortex differed to that in the WT cortex. In OI bone, 
osteocyte lacunae were more spherical, but less elon-
gated and flat.

Karunaratne et al.87 developed a female mouse model 
with an N-ethyl-N-nitrosourea-induced corticotrophin 
releasing hormone promoter mutation (Crh–120/+) that 
developed hypercorticosteronaemia and osteoporosis. 
Female Crh−120/+ mice on a C57BL/6 genetic background 
(third generation) were used in all experiments; littermate 
WT mice were used as controls. they were sacrificed at 
26 weeks of age. SR µCT was performed at the imaging 
beamline I13-2 at Diamond Light Source (Harwell, UK) 
to evaluate osteocyte lacunae density at the tibial diaph-
ysis. The effective scanning voxel size was 1.6 μm3. Their 
results indicated a significant reduction in lacunae density 
(p < 0.001) in Crh−120/+ mice bones. Furthermore, Crh−120/+ 
mice bones exhibited some unmineralised tissue.

Nango et al.56 analysed bone samples for bone mineral 
density distribution around the lacuno–canalicular 
system to assess osteocytic mineral metabolism. To this 
end, they prepared posterior cortical tibial diaphysis from 
7-week-old C57BL/6J mice to fit into a limited view field 
of synchrotron X-ray tomographic microscopy. Talbot-
defocus multiscan X-ray microscopy was performed as 
previously described using a monochromatic light beam 
of 9 keV at the beamline 20XU at the SR light facility 
SPring-8 (Hyogo, Japan). Spatial resolution was submicron 
for defocus phase-contrast tomography. They evaluated 
the degree of mineralisation around canaliculi in a sagittal 
section, which vertically spanned the endosteal and peri-
osteal surfaces of tibial cortical bone. Quantitative anal-
ysis indicated that mineral density decreased from the 
periphery to the canaliculus in a pattern reminiscent of a 
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V-shaped valley. Bone mineral is dissolved around a cana-
liculus. Seven-week-old C57BL/6J mice were infused 
with human PTH 1–34 (Peptide Institute, Inc., Osaka, 
Japan) at 40 μg/kg/day for 6 days.

To validate pericanalicular demineralisation, they 
analysed tibiae of PTH-infused and control animals, since 
continuous infusion of PTH-related peptide (PTHrP) 
induces osteocytic remodelling particularly in trabec-
ular bone. On tibial coronal sections, PTH-infused mice 
showed more prominent pericanalicular mineral disso-
lution than did controls. To determine whether osteo-
clasts are required for pericanalicular dissolution, they 
examined mineral density distribution around canaliculi 
in osteopetrotic mice, which are devoid of osteoclasts. 
To do so, they used mutant mice lacking either the tran-
scription factor c-Fos (Fos−/− mice) or RANKL (Tnfsf11−/− 
mice), both of which exhibit osteopetrotic phenotypes. 
In samples from Fos−/− mice, they observed low mineral 
density areas along canaliculi in both coronal and sagittal 
sections. Tnfsf11−/− mice (mice lacking RANKL) also 
showed pericanalicular demineralisation.

Mader et al.89 introduced a framework for the quantita-
tive characterisation of millions of osteocyte lacunae and 
their spatial relationships in 3D. Indeed, they presented 
the proposed lacunar descriptors for femoral bones 
extracted from bones of four different mouse strains.  
The four mouse strains were namely C57BL/6J (B6) and 
C3H/HeJ (C3H) with a mutation in the growth hormone 
releasing hormone receptor (Ghrhr, allele symbol = lit): 
C57BL/6J-Ghrhrlit/J (B6-lit/+), C57BL/6J-Ghrhrlit/
Ghrhrlit (B6-lit/lit), C3H/HeJ-Ghrhrlit/J (C3H-lit/+) and 
C3H/HeJ-Ghrhrlit/Ghrhrlit (C3H-lit/lit). They employed 
SR-CT at the TOMCAT beamline of the SLS to image the 
mid-diaphysis. The data were acquired and reconstructed 
at a 1.4 μm isotropic voxel size, at an X-ray energy of 
17.5 keV. Mader et al.89 have shown that because in the 
case of C3H, the growth hormone had a strong effect 
on the distribution of the osteocyte lacuna. The Lc.N 
parameter was significantly higher in the C3Hlit/+ group 
according to the C3Hlit/lit group (respectively 53,287 
lacunae vs 33,799, p = 0.01). The lacuna lengths and 
consequently volume were the highest in C3H. The Lc.V 
(μm3) was significantly higher in C3Hlit/+ group versus 
the C3Hlit/lit (577 vs 378, p < 0.01).

Schneider et al.49 have evaluated different 3D quanti-
tative morphometric osteocyte lacunar indices such as 
number of lacunae (N.Lc), lacuna number density (N.Lc/
Ct.TV), lacuna volume (Lc.V) and lacuna volume density 

(Lc.V/Ct.TV), in two inbred strains of mice by SR µ- and 
nano-CT, at the femoral mid-diaphysis, with nominal 
resolutions ranging from 3.5 nm to 700 nm.

To partition bone quality into its regulatory pathways, 
they chose a mouse model called little (C57BL/6J-
Ghrhrlit/J), wherein regulation of bone morphometry is 
independent of growth hormone and insulin-like growth 
factor-I (IGF-I) by a mutation. The congenic strain C3.B6-
Ghrhrlit/J (C3.B6-lit/lit) was created by backcrossing the 
little mutation from the original B6 background to C3H. 
The result of introgressing the little mutation onto the 
C3H background is that C3.B6-lit/lit mice have higher 
bone mineral density (BMD) than B6-lit/lit. Schneider et 
al.49 have shown that in C3.B6-lit/lit, the mean lacuna 
volume Lc.V was larger than in B6-lit/lit. On the other 
hand, lacuna number density (N.Lc/Ct.TV) was propor-
tionally smaller in C3.B6-lit/lit, so that there is more bone 
matrix per osteocyte lacuna compared with B6-lit/lit mice. 
The lacuna volume density (Lc.V/Ct.TV) was constant at 
1.3 % for both mouse strains.

Gerbaix et al.90 have recently exposed to one-month 
spaceflight on board the Russian Bion-M1 satellite two 
groups of five C57BL/6N male mice. The weightless 
environment during spaceflight induces site-specific 
bone loss. The 30-day Bion-M1 mission offered a unique 
opportunity to characterise the skeletal changes after 
spaceflight and an 8-day recovery period in mature male 
C57/BL6 mice. To evaluate the impact of spacecraft 
housing, two groups of ground control mice were inves-
tigated. A ground habitat control group (Habitat Control) 
was placed in the same module under the same climate 
and food conditions as in the spacecraft, and a standard 
control group was placed in standard housing condi-
tions (Control). Five cortical femur sections per group 
were scanned using SR μCT on beamline ID19 at ESRF 
with a 0.7 μm isotopic voxel size, at a fixed energy of 
26 keV. The total lacunar volume (Lc.V) was measured 
directly by summing the individual volume of each lacuna. 
The lacunar number density (N.Lc/TV) and the lacunar 
volume density Lc.V/TV (%) were also assessed. This 
method allowed for the extraction of the 3D descriptor 
of lacunae: length (Lc.L1), width (Lc.L2) and depth (Lc.L3). 
The shape of the lacunae was evaluated by the ratios 
of the axis lengths Lc.L1/Lc.L2 and Lc.L1/Lc.L3. They 
observed that in the flight animal group, the osteocyte 
lacunae displayed a reduced volume and a more spherical 
shape, and empty lacunae were highly increased (+344 % 
versus Habitat Control).
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Mosey et al.88 hypothesised that Sost deficiency results 
in altered osteoblast-to-osteocyte transition and vascular 
network formation. They imaged tibiae from Sost KO 
mice and their WT counterparts with high-resolution 
CT to examine whether lack of sclerostin influences the 
morphometric properties of lacunae and vascular canal 
porosity relating to osteocytes and vessels.

Male Sost KO and WT mice (n = 6/group) were sacri-
ficed at 12 weeks of age. Samples were imaged by using 
benchtop and synchrotron nano-computed tomography 
at the tibiofibular junction. Tibiofibular junctions were 
scanned using SR-CT at the TOMCAT beamline of the 
SLS at a voxel size of 0.65 μm. The photon energy was 
18.5 keV.

Mosey et al.88 have shown a greatest total number of 
osteocyte lacunae (N.Lc; p < 0.001) in Sost KO compared 
with WT mice, in images obtained from nano-CT and 
synchrotron. The average lacunar volume (Lc.Avg.V), 
total lacunar volume occupied by all lacunar pores (Lc.
Tot.V) and lacunar diameter (Lc.D) were not significantly 
different in datasets of either imaging modalities between 
Sost KO and WT mice, at the tibiofibular junction. They 
concluded that the significant increases in bone mass 
induced by Sost deficiency are not accompanied by any 
significant modification in the density, organisation or 
shape of osteocyte lacunae.

Ptychographic X-ray CT
Very few publications have recently characterised oste-
ocyte lacunae and LCN ptychographic parameters in 
rats.91–93 Main parameters used are presented in Table 1.

Kerschnitzki et al.91 visualised and topologically quanti-
fied the osteocyte network in mineralised bone sections 
with CLSM. At the same region of the sample, synchro-
tron small‐angle X‐ray scattering was used to determine 
nanoscopic bone mineral particle size and arrangement 
relative to the cell network. To do that, native ovine 
fibrolamellar (plexiform) bone samples were collected 
from the midshaft region of the femur of a mature 5‐year‐
old sheep. Bone samples were scanned at the Nanofocus 
beamline ID13 at ESRF using a monochromatic 14‐keV 
X‐ray beam with a beam size of 500 nm.

They demonstrated that the distribution of the shortest 
distance of a network voxel to its adjacent osteocyte 
showed that almost 70 % of the canalicular network is 
within a transport distance of only 10 µm. The mean 
canalicular length (travel distance) between the nodes 
was about 2.15 µm. The processed osteocyte network 

data also contained quantitative information about the 
amount of mineral residing in the vicinity of the osteo-
cyte network. They found that within a distance as small 
as 1 µm, 60 % of the mineralised matrix were located, 
and within 1.4 µm, 80 % of the mineralised matrix were 
located.

Ciani et al.92,93 applied SR ptychographic X-ray CT 
to characterise the lacunae and LCN in a male Wistar 
rat model of glucocorticoid-induced osteoporosis 
(GIO). After acclimation, at 19 weeks of age, the 
rats were randomly assigned to a control group 
(SHAM) or a methylprednisolone-treated group (GIO). 
Methylprednisolone (Sigma, France) was injected 
subcutaneously at 5 mg kg–1, five times per week. The 
control rats were subcutaneously injected with vehicle 
(saline) twice a week. The protocol lasted nine weeks. 
Transverse sections from upper half of the tibial diaphysis, 
approximately 1 cm-diameter, were sliced using a rotary 
diamond saw (Dremel 300), then manually sectioned 
to ~50 × 50 × 150 µm3 and mounted on needles. For 
ptychography X-ray CT image acquisition, a total of 11 
such free-standing bone specimens were analysed by 
this method; 6 samples from the GIO group belonging 
to 4 different rats, and 5 samples from the SHAM group, 
belonging to 5 different rats.

The samples were imaged at the cSAXS beamline of the 
SLS in three different rounds of experiments. The X-ray 
photon energy, E, was 6.2 keV in all cases. The voxel side 
length belongs to the interval (39–44) nm (Figure 2). The 
measured parameters were as follows.

The volume of each lacuna was calculated by two 
methods. LcV1: number of empty voxels excluding cana-
liculi, LcV2: volume lacuna obtained by a fitting proce-
dure. The optimised fit residual, Lc.Fopt is the root-mean-
square (rms) difference between the best-fit ellipsoid 
and the lacuna surface,92 which gives a measure of the 
surface irregularity of the lacuna, Ca.Dm = canaliculi 
diameter, Ca.V/MV = microporosity as the ratio of the 
volume occupied by canaliculi to the total matrix tissue 
volume; Ca.Nb = number of canaliculi originating from 
the lacuna per ellipsoidal surface unit; Ca.Pr = mean 
number of primary canaliculi directly connected to the 
lacuna; Ca.Db = length of the first dendritic branching 
distance.

The ptychographic images revealed significant differ-
ences in the number of canaliculi originating from the 
lacuna per ellipsoidal surface unit, Ca.Nb (p = 0.0106), and 
the 3D morphology of the lacuna (p = 0.0064), between 
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GIO and SHAM groups. Moreover, the mean canalicular 
diameter, Ca.Dm, was slightly statistically non-signifi-
cantly smaller in GIO (152 ± 6.5) nm than in the SHAM 
group (165 ± 8) nm (p = 0.053).

Synchrotron deep ultraviolet fluorescence 
spectroscopic microscopy
Concerning the DUV micro-spectroscopy, this technique is 
used for investigating autofluorescent components in bone 
tissues, especially to analyse the osteocyte composition 
and the surrounding matrix. Pallu et al.62 have observed 
three fluorescents peaks corresponding to tyrosine 
(305 nm), tryptophan (333 nm) and collagen (385 nm) 
and two ratios, tyrosine/collagen ratio and tryptophan/
collagen ratio, to analyse the effects of alcoholism in a rat 
model (Figure 3). They have shown that tyrosine/collagen 
and tryptophan/collagen ratios were higher in the strong 
alcohol consumption group according to control rats. 
Tryptophan might be related to the serotonin metabolism 
involved in bone formation, while tyrosine is involved 
in the activity of tyrosine kinases and phosphatases in 
osteocytes, translating a change in bone remodelling.62,94 
Among the two doses of alcohol used in Pallu et al.,67 the 
lower dose (A25 % v/v) induced a statistically significant 
difference for the tyrosine/collagen ratio (osteocyte vs 
matrix: 0.96 ± 0.10 vs 1.11 ± 0.12, p = 0.0025) and for the 
tryptophan/collagen ratio (osteocyte vs matrix: 1.89 ± 0.18 
vs 2.24 ± 0.20, p = 0.0001). Main parameters used are 
presented in Table 1.

Pallu et al.,62,67 have clearly demonstrated that tyrosine/
collagen and tryptophan/collagen ratios were higher in 
the strong alcohol consumption group. Tryptophan might 
be related to the serotonin or 1-25 dihydroxyvitamin D 
metabolism involved in bone formation, while tyrosine 
is involved in the activity of tyrosine kinases and 
phosphatases in osteocytes.

To provide quantitative biochemical targets in the 
osteocyte lacuna and its surrounding matrix in bone 
healthy and osteoporotic samples, imaging at the micron 
scale gives innovative information on the role of biological 
targets (such as amino acids) in the bone remodelling 
process; through the Proteins Tyrosine Kinases (PTK)/
Proteins Tyrosine Phosphatases balance, or through other 
signalling transduction pathways involved in the bone 
metabolism such as serotonin, 1-25 dihydroxyvitamin 
D, osteostatin.62 These metabolic pathways might be 
involved in the deleterious effects of the osteoporosis 
and could contribute to the identification of new 

therapeutic targets for this pathology, as well as for other 
osteo–articular diseases.

The use of synchrotron light as a source of UV permitted 
the excitation light to be tuned to correspond with 
the absorption of endogenous fluorochromes (NADH, 
collagen, tyrosine, tryptophan, lipo-pigments, elastin, 
pyridoxins). Since the DUV has short wavelengths, its 
best resolution is around 120 nm. Further, as for FT-IR 
micro-spectroscopy, this method is not precise enough 
to characterise quantitative amounts of the different 
biochemical targets at the canaliculi scale.

Synchrotron FT-IR spectroscopic imaging
Bone components were also measured using synchrotron 
FTIRM. As previously explained, FTIRM is the fluores-
cence-assisted synchrotron Fourier transform infrared 
micro-spectroscopy. FTIRM is usually used to investi-
gate the structural features of bone organic molecules 
by examining the frequency at which molecular bonds 
vibrate (stretching and bending).

The phosphates (650–500 cm–1), carbonates (905–
825 cm–1), proteins (amide I) (1668–1623 cm–1) and 
collagen cross-links are obtained.

IR spectral data are presented as ratios of phosphate/
protein (overall matrix mineralisation) and carbonate/
protein (substitution of carbonate into hydroxyapa-
tite). The carbonate/phosphate ratio is used to judge 
phosphate substitution by carbonate and indicates the 
degree of mineralisation. The collagen cross-linking is 
determined using FT-IR micro-spectroscopy, it is the 
1660/1690 cm–1 ratio which corresponds to the ratio of 
non-reducible to reducible collagen cross-links in bone. 
This non-reducible cross-link/reducible cross-link ratio is 
an indicator of maturity of collagen. Mineral features such 
crystallite and perfection (crystallinity) are also obtained 
using synchrotron FTIRM.

These ratios are used in different models (mouse, 
rabbit, rat, monkey…), tissues (osteonal vs insterstitial 
bone or cortical vs trabecular bone), age or pathology 
(osteoporosis, fibrous dysplasia). To analyse the bone 
mineralisation process in healthy subjects, bone 
components and mineralisation were obtained in young 
mice aged 1 to 40 days, compared to adult (450 days).64 
The degree of mineralisation (phosphate/protein ratio) 
and the mineral crystallinity increase with age of mice 
without carbonate substitution and collagen cross-
linking changes. The progression of mineralisation in this 
osteonal bone has also been observed in young rabbits 
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by Fuchs et al.95  rapidly in the first 18 days, then slower 
until it was stabilised around 350 days. An early post-
ovariectomy model of osteoporosis was proposed by 
Huang et al.96 They demonstrated that new cortical 
bone formed in ovariectomised monkeys had a higher 
phosphate content, a lower carbonate content and more 
mature collagen cross-links compared to the SHAM-
operated group. In contrast, trabecular bone had no 
change in phosphate content, a lower carbonate and 
immature cross-linking. These results suggest that during 
remodelling after ovariectomy, the quality and quantity of 
newly formed tissue is affected. Kazakia et al.97 proposed 
a model mimicking the effects of fibrous dysplasia of the 
bone in transgenic mice. They have observed a lower 

mineral/matrix ratio, a higher carbonate/phosphate 
ratio, a lower crystallinity and a lower cross-link ratio in 
transgenic mice compared to wild type at 6 or 15 weeks. 
They concluded that activation of osteoblasts leads to 
deposition of quantities of immature bone with reduced 
mineralisation.

The common point of all these studies is to understand 
the mineralisation and matrix composition of bone tissue 
mainly at the osteon level. A study looking at a lower 
scale in cortical bone in an alcohol-induced osteoporosis 
model, described the relationship between osteocyte 
lacuna and surrounding matrix for this chemical point 
of view67 (Figure 4). The main parameters used are 
presented in Table 1.

Figure 4. ROI from transmission microscopy acquisition in osteocyte lacunae and surrounding matrix ROI. Acquisitions 
were performed at the SMIS beamline, Synchrotron SOLEIL, at the spectral resolution of 4 cm–1. A: ROI from transmission 
microscopy acquisition in control Wistar male rats (acquisition from the upper half of the cortical tibial diaphysis). B: ROI 
from transmission microscopy acquisition in alcohol-induced osteoporotic Wistar male rats (acquisition from the upper 
half of the cortical tibial diaphysis) (PhD of Delphine Maurel, Université d’Orléans, France). C: FT-IR spectra acquired in 
osteocyte lacuna and its surrounding matrix.
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FT-IR microscopy and spectroscopy on the SMIS 
beamline at the Synchrotron SOLEIL helps to evaluate 
collagen mature/immature ratios, Phosphates/Amide 
I, Carbonates/Amide I ratios, crystallinity ratios both 
in the osteocyte lacuna and in its surrounding matrix. 
Synchrotron light is 1000 times brighter than conventional 
IR light sources, which improves the spatial resolution and 
signal-to-noise ratio of the micro-spectrometer, allowing 
data to be acquired at the diffraction limit.

This methodology at a such resolution is not sufficiently 
precise to characterise quantitative amounts of the 
different chemical ratios at the canaliculi level, but can 
discriminate between the osteocyte lacunae and their 
surrounding matrix. These data could be collected both 
in control condition, and the osteoporotic experimental 
context, and could also constitute an interesting target 
for a better understanding of the effect of the pathology 
or its treatments at the micron scale.

Conclusion
What is the best choice of imaging techniques for 
the assessment of the osteocyte in its lacuna and its 
lacuna–canalicular network among the different 2D and 
3D methods? This choice needs to evaluate the most 
adequate bone surface or volume of interest, the degree 
of difficulty to prepare the samples, the resolution, the 
duration of the acquisitions, the nature of the information 
obtained (geometric, chemical, biochemical data), the 
capacity to bring information on both osteocyte lacuna 
and its LCN or not, among the different methods. A 
synthesis on these different technics is presented in 
Table 2.

Among the 2D imaging methods, in terms of resolution, 
the best method remains the TEM method with a 
resolution <1 nm. Meanwhile, this method has many 
limitations, such as requiring cryofixation of ultrathin 
bone sections, complex sample preparation and a 
limited field of view. The second-best method is the 
SEM with a resolution of 3 nm. These two methods bring 
ultrastructural 2D parameters on osteocyte lacunae and 
canaliculi (Table 2).

Among the 3D imaging methods, in terms of resolution, 
the best methods to characterise both the osteocyte 
lacuna and its LCN remain ptychographic X-ray CT 
with a highest resolution of 16 nm98 and volume SEM 
with a x/y-resolution of <5 nm and a z-resolution near 

to 10–15 nm. However, ptychographic X-ray CT’s main 
limitation is the long acquisition time per bone sample 
(Table 2). Volume SEM’s main limitation is the fact that 
it is a complex method and it needs bone serial ultrathin 
sections.

In synchrotron DUV and FT-IR micro-spectroscopy, 
the resolution used is only adapted to, respectively, 
discriminate between biochemical and chemical 
composition of the osteocyte lacuna versus its 
surrounding matrix. Both methods do not have enough 
resolution to characterise the LCN.
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Table of abbreviations
FT-IR: Fourier transform infrared
LCN: lacuno–canalicular network
CD 44: cluster differentiation 44
DMP1: dentin matrix protein 1
MEPE: matrix extracellular phosphoglycoprotein
IGF: insulin-like growth factor
NO: nitric oxide
FGF: fibroblast growth factor
LM: light microscopy
CLSM: confocal laser scanning microscopy
EM: electron microscopy
TEM: transmission electron microscopy
UHVEM: ultra-high voltage electron microscopy
SEM: scanning electron microscopy
SHG: second harmonic generation
FIB: focused ion beam
SBF: serial block face
μCT: micro-computed tomography
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DUV: deep ultraviolet
FTIRM: Fourier transform infrared micro-spectroscopy
HPLC: high-performance liquid chromatography
BV/TV: bone volume/tissue volume
Lc.L1: length of the axis 1 of the lacuna
Lc.L2: length of the axis 2 of the lacuna
Lc.V: mean volume of the lacuna
BRONJ: bisphosphonate‐related osteonecrosis of the 
jaw
PNCT: phase nano‐computed tomography
ESRF: European Synchrotron Radiation Facility
BRON: bisphosphonate related osteonecrosis
SR: synchrotron radiation
Lc.Dist50: distance within which 50 % of the mineralised 
bone tissue is located with respect to the closest lacunar 
surface.
N.Lc/BV: average lacunar density
OI: Osteogenesis Imperfecta
TOMCAT: TOmographic Microscopy and Coherent rAdi-
ology experimenTs
Lc.St: lacunar stretch
Lc.Ob: lacunar oblateness
Lc.Or: lacunar orientation
BMITBM: BioMedical Imaging and Therapy bending 
magnet beamline
OVX: Ovariectomised
PTH: parathyroid hormone
ALN: alendronate
APS: Advanced Photon Source
Lc.V/TV: lacunar volume fraction
Lc.N/TV: number of lacunae per tissue volume
N.Lc/Ct.BV or N.Lc/Ct.TV: osteocyte lacunar number 
density
Lc.S.Sp: mean lacunar distance distribution to the nearest 
bone surface
mPb: malleal processus brevis
WT: Wild Type
Lc.V/Ct.TV: lacunar porosity
SLS: Swiss Light Source
N.Lc: number of lacunae
Lc.Avg.V: average lacunar volume
Lc.Tot.V: total lacunar volume occupied by all lacunar 
pores
Lc.D: lacunar diameter
GIO: glucocorticoid-induced osteoporosis
LcV1: number of empty voxels corresponding to the 
volume of each lacuna excluding canaliculi
LcV2: volume lacuna obtained by a fitting procedure

Lc.Fopt: root-mean-square difference between the 
best-fit ellipsoid and the lacuna surface
Ca.Dist50: distance to canaliculi boundary in which 50 % 
of the BV is located
Ca.Dm: canaliculi diameter
Ca.V/MV: microporosity as the ratio of the volume occu-
pied by canaliculi to the total matrix tissue volume
Ca.Nb: number of canaliculi originating from the lacuna 
per ellipsoidal surface unit
Ca.Pr: mean number of primary canaliculi directly 
connected to the lacuna
Ca.Db: length of the first dendritic branching distance
Ca.S/BV: surface of the canaliculi according to the bone 
volume
2PF: two-photon excitation fluorescence
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