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ARTICLE INFO ABSTRACT

The osteocyte lacunar-canalicular network (LCN) penetrates bone and houses the osteocytes and their processes.
Despite its rather low volume fraction, the LCN represents an outstanding large surface that is possibly used by
the osteocytes to interact with the surrounding mineralized bone matrix thereby contributing to mineral
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I?/[a.nalic;}h . homeostasis. The aim of this study was to quantitatively describe such contributions by spatially correlating the

O‘?era 1zation local density of the LCN with the mineral content at the same location in micrometer-sized volume elements in
steons K . .

Osteocyte human osteons. For this purpose, 65 osteons from the femur midshaft from healthy adults (n = 4) and children

(n = 2) were structurally characterized with two different techniques. The 3D structure of the LCN in the osteons
was imaged with confocal laser scanning microscopy after staining the bone samples with rhodamine.
Subsequent image analysis provided the canalicular length density, i.e. the total length of the canaliculi per unit
volume (um/umg). Quantitative information on the mineral content (wt%Ca) from the identical regions was
obtained using quantitative backscattered electron imaging.

As the LCN-porosity lowers the mineral content, a negative correlation between Ca content and network
density was expected. Calculations predict a reduction of around —0.97 fmol Ca per um of network. However,
the experiment revealed for 62 out of 65 osteons a positive correlation resulting in an average additional Ca
loading of +1.15 fmol per um of canalicular network, i.e. an accumulation of mineral has occurred at dense
network regions. We hypothesize that this accumulation happens in the close vicinity of canaliculi forming
mineral reservoirs that can be utilized by osteocytes. Significant differences found between individuals indicate
that the extent of mineral loading of the reservoir zone reflects an important parameter for mineral homeostasis.

1. Introduction

The osteocyte network in bone is an intriguing example of how
living cells interact with their surrounding environment. Osteocytes are
cells housed in lacunae inside the mineralized bone matrix [1,2]. They
originate from osteoblasts, which get encased in the matrix in the
course of bone formation. During this process, early osteocytes develop
processes interconnecting them with their neighbors and with lining
cells at the bone surface. In the maturated mineralized bone matrix, the
cell bodies of the osteocytes are located in cavities called osteocyte

lacunae which radiate in around 300 nm wide canals, the canaliculi,
that house the dendritic processes [3]. This so-called osteocyte lacunar-
canalicular network (LCN) pervades all bones of mammals displaying a
sophisticated geometry that differs between species [4], skeletal sites
[5], loading and health conditions [6], age [7,8] and is linked to the
orientation of the surrounding collagen matrix [4,5,9,10]. The primary
role of osteocytes and the LCN for bone health is related to its multiple
functions [1,2]. It contributes to the strain-amplification mechanism for
mechanosensing [11,12] and provides an infrastructure for efficient
nutrition and endocrine transport [1,11,13]. Recently, there is growing
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evidence of an important role of the osteocytes in mineral homeostasis
using processes referred to as osteocytic osteolysis or perilacunar/
pericanalicular remodeling [14-16]. Despite the relatively low volume
fraction of the LCN (around 2%), geometrical considerations already
point in this direction since the total surface area of the LCN in an adult
is estimated to be around 215 m? [17]. This is much larger than the
outer bone surface accessible to osteoclasts and osteoblasts [17],
making the LCN more suitable to play an important role in the mineral
homeostasis. Further corroboration is based on the observation that
80% of the mineralized bone matrix is closer than roughly 1.4 pm to the
LCN in sheep bone [9] and around 3 um in human bone [18]. Therefore,
changes in mineral content in such narrow regions around the canali-
culi potentially provide a significant source of mineral.

Studies on mice demonstrated that bone matrix was resorbed
around lacunae and canaliculi during lactation [19] with a subsequent
re-mineralization [20]. After parathyroid hormone (PTH) infusion, a
fringe region with a diameter of a few micrometer of demineralized
bone matrix around canaliculi was also reported in mice [19], while
glucocorticoid treatment appears to inhibit perilacunar remodeling
[21]. It has been speculated that pericanalicular remodeling is caused
by acid secretion starting at the osteocyte dendrites. This is in line with
reports that osteocytes express markers that are usually attributed to
osteoclasts' resorption activities like cathepsin K or tartrate-resistant
acid phosphatase (TRAP) [22]. However, in rats immobilization and
long-term recovery was found not to affect osteocyte lacunar volume or
density [23] but estrogen deficiency revealed to alter lacunar-canaliculi
microenvironment [24].

In human bone it was observed that canaliculi are confined to
narrow regions of loosely packed unordered collagen matrix located
between arrays of well-aligned fibrils using scanning and transmission
electron microscopy [25]. However, second harmonic generation ima-
ging showed that the ordered part of the collagen matrix is coaligned
with the preferred orientation of canaliculi in both human and bovine
bone [5,10]. Using synchrotron phase-contrast tomography, Hesse et al.
found regions of increased mineralization around osteocyte lacunae and
canaliculi in healthy humans. In the perilacunar and the pericanalicular
regions, they observed a peak in mass density while a basal level of
mineral content is asymptotically reached with growing distance to the
interface with the LCN [3]. However, the extent to which the LCN
might contribute to the overall mineralization of bone remains un-
known.

The strategy of the present work is to use a correlative approach to
test the hypothesis that the osteocytes' access to the mineralized matrix
directly influences the degree of mineralization. For this test we in-
vestigate whether network-dense and network-loose regions exhibit
different degrees of matrix mineralization by correlating two quanti-
tative measures: (i) the LCN is imaged with confocal laser scanning
microscopy (CLSM) after rhodamine staining and is characterized by its
length density (Can.Dn') and (ii) the local calcium (Ca) content of the
mineralized matrix is evaluated by quantitative backscattered electron
imaging (qBEI) in the corresponding local domains.

In previous studies focusing on adult human osteonal bone, the
average network density was determined to be 0.074um/um® (i.e.,
74 km per cubic centimeter of bone) exhibiting substantial variations
within the osteons and a decrease in network density with distance to
the Haversian canal [10,18]. To characterize mineral content, over the
last two decades, qBEI has been developed as a standard tool to
quantify spatial variations in the Ca content of bone reported as wt%Ca
[26].

In the present study, our aim is to detect and to quantify bone mi-
neralization with respect to the local LCN density. The rationale of our
investigation is that such a contribution would reveal itself in a spatial

! We modified the more common abbreviation “Ca.Dn” to “Can.Dn” in order
to avoid confusion with the Ca content.
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correlation between the two quantities, network density and Ca con-
tent, evaluated in a multitude of small bone volumes within human
osteons of femoral cortical bone of healthy individuals. The detection of
a network active in mineral homeostasis is crucially facilitated by a
clear baseline defining an inactive, “inert” LCN where matrix miner-
alization is independent of the network. In this case, the network would
manifest itself as locations where bone is simply missing, and conse-
quently the gBEI signal would be lowered proportional to the density of
the network. Assuming a typical diameter of the canaliculi, the re-
ference value for an inactive network will be calculated and compared
to our measurements. By correlating the results of CLSM and gBEI ex-
periments, we will introduce a new parameter describing the increase/
decrease of the local mineral content due to the presence of the LCN as
Ca loading per pm of canalicular network.

2. Material & methods
2.1. Samples and sample preparation

Necropsy samples from the femur midshaft of six female individuals
(four adults, two children) without any known bone-related disease
were analyzed (see Table 1 for individual age and sex). None of the
presented samples or data were presented in previous studies, but three
of the four samples from adults originate from the same individuals as
used by Repp et al. to study the network heterogeneity and co-align-
ment with collagen [10,18]. For our study, 1cm thick pieces of the
femur midshaft diaphysis were cut out of the frozen femurs transver-
sally (i.e., perpendicular to the long axis of the bone). As the majority of
Haversian canals are oriented along the long axis of the femur midshaft,
the osteons exhibit predominately a circular like shape in our cutting
plane. The sample size was further reduced by selecting the cortex from
the lateral part of the femoral midshaft as regions of interest. A dehy-
dration series was performed involving gradually increasing ethanol
concentrations [27,28]. Prior to polymethylmethacrylate (PMMA) em-
bedding, staining with rhodamine was performed. The rhodamine
molecule is small enough (~0.9 nm) to penetrate the cortical bone via
the canaliculi [11] and is known to bind to all inner and outer bone
surfaces. In the staining procedure the samples were put into tubes
(50ml) with a mixture of ethanol and rhodamine (0.417 g rhoda-
mine6G (Acros Organics, Geel — Belgium)/100 ml ethanol). The tubes
were mounted overnight on a low-speed spinning wheel to provide
optimal penetration of the staining fluid. This procedure was repeated
for three times, each time with a fresh ethanol-rhodamine mixture, to
provide the highest possible stain concentrations in the sample. Sub-
sequently, PMMA embedding was performed and the blocks were again
cut transversally in the middle using a low-speed diamond saw (Buehler
Isoment, Lake Bluff, Illinois). The sample surface was ground with sand
paper and polished using a diamond suspension (3 and 1 pm grain size,
Logitech PM5, Glasgow, Scotland). After collecting fluorescent images
at a laser scanning confocal microscope as described below, the samples
were coated with carbon to provide a conducting surface for qBEI
without any additional grinding/polishing (Agar SEM Carbon Coater;
Agar Scientific, Stansted, UK).

All samples were provided by the Department of Forensic Medicine
and the Department of Anatomy of the Medical University of Vienna.
The study was performed in accordance with the ethic commission
board of this institution (EK no. 1757/2013).

2.2. Confocal laser scanning microscopy (CLSM) and image analysis

CLSM was used to visualize the lacunar-canalicular network (LCN)
in 3-dimension, followed by automated image analysis and quantifi-
cation. With a Leica TCS SP5 (Wetzlar, Germany) equipped with an oil
immersion lens (Leica, HCX PL APO 40 X NA 1.25 OIL) the rhodamine-
stained and PMMA embedded bone samples were measured to obtain
the rhodamine-fluorescence signal and therefore the LCN architecture
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Table 1
Samples.
Individual Age Sex # of imaged osteons
Adult 1 55y F 10
Adult 2 50y F 15
Adult 3 56y F 10
Adult 4 48y F 15
Child 1 2.5y F 9
Child 2 1.3y F 6
Total 65

in these regions. The 543 nm line (HeNe-laser) was chosen for rhoda-
mine excitement and the fluorescence signal was measured in a spectral
window between 553 and 705 nm with the airy 1 pinhole of 67.93 um
(3D image stacks) or 200 um (2D overview images). Simultaneously,
also the confocal reflection signal of the 488 nm argon-laser line was
measured with a separate photomultiplier.

To guide the selection of osteons, firstly, 2D overview images from
the sample surface were generated making use of the automated grid
scan and stitching routine of the operating software (Leica LAS AF v
2.64.872). By stitching up to 1444 single images per sample, a region
about 12.5 X 12.5 mm was mapped covering the complete thickness of
the femoral cortex. These rhodamine fluorescence overview images
were used to select osteons of an approximately circular shape with an
intact network covering in the whole cross sectional area of the osteon
for further 3D network evaluation (see Table 1 for the number of in-
vestigated osteons for each individual).

For the 3D assessment of the LCN, the field of view of the obtained
single images (388 x 388 um?, 1024 x 1024 pixel resolution, i.e. pixel
size = 0.379 um) in the image stack was large enough to cover whole
osteons. A scan speed of 200 lines per second without averaging was
used. The depth of imaging was restricted to about 50 um due to the
attenuation of the fluorescent radiation through the fully mineralized
sample. To compensate for the loss of signal when scanning along the
depth, laser intensity and photomultiplier gain were continuously in-
creased. The z-step size (thickness) of 0.3 um resulted in about 170
images per image stack and region. A similar measurement setup was
previously successfully used to gain information about network density
and canaliculi orientation in rhodamine-stained non-embedded human
osteonal bone samples [4,10,18].

For the network characterization we used an established protocol
based on [10,18]: (i) staining the LCN of the bone with rhodamine; (ii)
imaging the LCN with confocal laser scanning microscopy (CLSM); (iii)
thresholding (binarization) of the raw data; (iv) skeletonization, and (v)
network quantification. A key parameter is the Can.Dn which describes
the length of the canaliculi per unit bone volume. The evaluation was
performed using the open source software TINA [29]. What follows is a
succinct description of the image analysis steps, more information can
be found in references [10, 18, 30] and on the TINA website. Binar-
ization is done using a local thresholding algorithm based on the dif-
ference of Gaussians [31] which led to more robust results than using
global thresholding. As lacunae appear as much more bulky objects
compared to the narrow canaliculi, bulkiness is used as criterion for
distinguishing lacunae and canaliculi. Parameters for thresholding and
lacunae segmentation are chosen in order to gain reliable and robust
results accounting for noise and differences in the staining intensity. All
datasets were then evaluated with the same thresholding/segmentation
parameter set. After segmentation of the lacunae and thresholding of
the images, skeletonization is performed by removing voxels from the
structure surface layer by layer as long as the connectivity of the ca-
naliculus is preserved. Hence, canaliculi are then represented as chains
of single voxels located at the center of the channels obtained in the raw
image structures. Outgoing from this skeleton, a network is generated
by converting the pixel structure into nodes (joints of two or more
canaliculi) and edges (lines connecting two nodes) as shown in Fig. 1. It
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should be noted that diameters of canaliculi cannot be quantified with
the spatial resolution of 400 nm provided by optical microscopy since
their diameters range from 290 to 440 nm [32]. Therefore, instead of
the volume fraction of the LCN, the denseness of the canalicular net-
work is evaluated as the canalicular length density, Can.Dn, which is
the total length of all canaliculi per volume of interest [um/um®]. The
volume of interest to characterize spatial variations of the network
density within osteons was chosen to be a cube with a side length of
7.37 um, i.e. a volume of 400 um?>,

2.3. Quantitative backscattered electron imaging (qBEI)

Using qBEI, it is possible to quantify the local Ca content of the
mineralized bone matrix with a spatial resolution in the micrometer
range [28]. Backscattered electron images were obtained from the
seven femur cross-sections, covering all preselected osteons. The images
exhibit a characteristic contrast due to the local average atomic number
(Z) of the target material. To calibrate the system, brightness and
contrast is adjusted so that in 8-bit images the gray levels of carbon and
aluminum reference samples are set to 25 and 225 respectively as de-
scribed in reference [27]. After taking 10 images (about 30 min) the
calibration samples are revisited to monitor the system stability. If
deviations from the calibration values were larger than * 1 gray values,
the measurements were repeated. In the calibrated qBEI images, each
gray value is assigned to a certain Ca content (weight percent Ca, wt
%Ca), where a difference of one gray value corresponds to 0.17 wt%Ca
[27]. gBEI results had been previously validated using energy dis-
persive x-ray (EDX) analysis and are shown to be consistent with the
mineral/matrix ratio obtained with Raman spectroscopy [27,33].

Measurements were performed using a Zeiss Supra40 (Oberkochen,
Germany) scanning electron microscope equipped with a ring-like 4-
quadrant backscattered electron detector. The acceleration voltage for
the electrons was set to 20 kV generating a probe current at the sample
surface of about 290 pA at a working distance of 10 mm. 8-bit images of
1024 x 768 pixels were taken at 65X magnification (1.76 um pixel
resolution). According to the literature, the penetration depth at 20 kV
acceleration voltage can be estimated to 1.5 um in a bone-like material
[34]. Local charging of the sample could cause increased local bright-
ness of the backscatter images and consequently corrupt the gBEI out-
come. Hence, the secondary-electron mode was used in order to assure
that there are no charging effects in the regions of interest.

2.4. Superposition of qBEI and CLSM images

To study the spatial correlation between Ca content and LCN density
(Can.Dn) based on small volumes of interest (voxel) within single os-
teons, it is essential that both parameters are evaluated at the very same
locations. As the imaging contrast is different in rhodamine fluores-
cence and gBEI images, the confocal reflection images from the sample
surface (first slices of the simultaneously acquired reflection stack) are
used to enable an accurate superposition of the images. The confocal
reflection images perfectly match the fluorescent images and have the
advantage to sharply exhibit osteocyte lacunae and the Haversian
canal; features that are also clearly visualized in the qBEI image. The
contour of the Haversian canal and the lacunae can, therefore, be uti-
lized to translate, rotate and scale the qBEI images to precisely match
the confocal reflection images (and therefore the fluorescence signal)
with an uncertainty of around 1pum as also previously described in
reference [35].

For the evaluation of the local network density a cubic evaluation
grid of sub volumes with 7.37 x 7.37 x 7.37 um® was used. The re-
sulting volume of 400 um? is large enough that most of the subvolumes
contain canaliculi and is in the order of the size the osteocyte lacunae.
The same grid is transferred to the superimposed gBEI image and the
average Ca concentration is calculated for each 7.37 x 7.37 um? pixel
as shown in Fig. 2b. Since electrons in gBEI probe only a surface layer, a
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ferred to the web version of this article.)

correlation with values of the Can.Dn has to be restricted to voxels from
the top layer of the 3D grid (Fig. 2c). For pixels/voxels containing os-
teocyte lacunae or located not fully within the mineralized matrix,
average values for the Ca content/Can.Dn over a reduced bone volume
were calculated to minimize partial volume effects. To evaluate the
dependency of the Ca content and Can.Dn as a function of the distance
from the Haversian canal, for each pixel/voxel the shortest distance of
the center of the pixel to the Haversian canal was determined resulting
in a distance map as shown in Fig. 2d.

2.5. Statistics

To perform comparisons between the age groups, the Mann-
Whitney test was used, while the Wilcoxon signed-rank test was per-
formed to test cohorts of osteonal evaluation parameters vs. predefined
values. One way ANOVA and subsequent Bonferroni post-hoc tests were
applied if multiple datasets had to be compared. Whisker plots indicate
median, 25% and 75% percentile, and range of the measurements.
Significance levels are indicated with different numbers of asterisks and
circles and refer to significance levels of p < 0.05, p < 0.005 and
p < 0.0001 respectively. Statistics was performed using GraphPad
Prism 5.

3. Results

3.1. Predicted correlation between Ca content and canalicular density when
assuming a homogenous matrix mineralization

Before presenting the experimental results, a brief theoretical con-
sideration estimates the expected correlation between local Ca con-
centration and local canaliculi density (Can.Dn) for the case of an in-
active canalicular network, i.e. it is assumed that canaliculi with a fixed
average diameter are permeating a homogenous bone matrix

gBEI + CLSM

21.7
[wt%Ca]
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Fig. 1. Quantitative description of the lacunar-ca-
nalicular network (LCN): After acquisition of the
rhodamine fluorescent signal in a confocal laser
scanning microscope (CLSM) 3D data are segmented
by thresholding, skeletonized and converted into a
mathematical network consisting of nodes (small
white sphere in b) and edges. The color of the edges
correspond to their orientation; radial canaliculi
pointing towards the Haversian canal are dark blue,
lateral canaliculi perpendicular to the radial direc-
tion red. a) Shows a typical dataset from an osteon
while in b) a small volume (see white box in a)
around an osteocyte lacunae and its environment is
shown. A movie illustrating the process of data pro-
cessing is included in the Supplementary information
(see SI-Movie-1). (For interpretation of the refer-
ences to color in this figure legend, the reader is re-

mineralization within an osteon. Since the canalicular porosity in-
creases with an increasing density of the network (Can.Dn) thereby
reducing the local Ca content, we expect a negative correlation between
these two quantities.

In gqBEI measurements, canaliculi are not spatially resolved in con-
trast to osteocyte lacunae, which are excluded from the evaluation.
Consequently, the measured gBEI signal is the signal of mineralized
collagen matrix with the Ca content CaConty,yix mixed with the ca-
naliculi filled with an embedding material free of Ca (CaConticy = 0).
Assuming cylindrical canaliculi with an average diameter Can.Dm, the
expected measured CaCont is then,

2
CaCont = CaContMat,ix{l - W(Can.%) -Can. Dn) O

where the definition of Can.Dn as total length of canaliculi per unit
volume makes the term in parenthesis equal to the volume fraction of
mineralized bone matrix. The relationship between CaCont and Can.Dn
is linear with a y-intercept equal to the Ca content of the mineralized
matrix, CaContyaix, and with a SLOPE equal to

Can. Dm )2
SLOPE = (CacOntMm)-n-(M)

2 (2)

Measurements using qBEI reported a most frequent mineral content
Cappak Of 25.95 wt%Ca for femoral midshaft bone of adults [36]. In
order to correct for the presence of LCN porosity in these measure-
ments, we assume a typical canaliculi density for human femur mid-
shaft bone of 0.76 |.lm/um3 [18] and a canaliculi diameter of 360 nm
[3], resulting to a matrix mineralization, CaConty,ix (i-€., y-intercept)
of 28.13 wt%Ca. Using this value for CaContyaeix, the expected SLOPE
is estimated to be —2.9 wt%Ca/pum/um>. This theoretical value for the
SLOPE serves as baseline for the following experimental data. Taking
into account reported variability of Can.Dm between values reported in

d) distance map

0
[um/pm?®]

Fig. 2. a) gBEI and 3D-CLSM images are superimposed and are aligned along the same grid of 7.37 um voxel/pixel edge size. Mean values of the Ca content (b) and
network density (c) are calculated and color coded for each subvolume. (d) To evaluate the radial dependency of the two quantities a distance map is generated
where the gray value codes the shortest distance of each pixel to the Haversian canal. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 3. a) Evaluation of the correlation between canalicular density and Ca
content within a single osteon of adult 1. Each data point corresponds to a
CSLM and gBEI measurement on the same subvolume of edge size 7.37 um,
where the subvolumes cover the whole cross-sectional area of the osteon (see
Fig. 2b) and c)). The red line is the result of a linear regression of the data. The
SLOPE obtained for this osteon is 4.5 wt%Ca/um/um>or 1.67 fmol Ca per pm.
b) Boxplots (line corresponding to median, box to 25% - 75% percentile and
whiskers to data range) of the change in fmol Ca per um of network (left y-axis).
The values for the Ca concentrations were derived from the SLOPE values (right
y-axis) as described in the text above. Data are based on the evaluation of 65
osteons following the evaluation procedure shown in a) and grouping the os-
teons according to the 6 individuals (4 adults, 2 children, see Table 1 for
number of investigated osteons). Bars indicate significant differences between
the individuals (Bonferroni Test). Circles indicate medians significantly dif-
ferent from —0.97 fmol/pm (= —2.9 wt%Ca/(um/um) [3]), the theoretical
reference value for a network within a homogeneously mineralized matrix re-
presented by the blue line in both plots. The blue shaded areas take into account
variations of the reference value due to variations in canalicular diameter and
matrix mineralization. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

literature (290 nm to 440 nm [32]) and variations of the matrix mi-
neralization of 26.39 < CaContyuix < 29.86 (estimated using the
full width at half height of the Ca distribution [36]), we expect to find
SLOPE values between —1.7 and — 4.5 wt%Ca/um/um® (Fig. 3 — blue
area).

Under the assumption that the overwhelming amount of Ca in bone
is present in a mineral phase of bone apatite, it is possible to convert the
SLOPE to a change in the amount of Ca per pm of canalicular length as
follows: The measured values of the Ca content in wt%Ca can be ex-
pressed as a volume fraction of the mineral phase considering the
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differences in the mass density between the mineral and the organic
phase of bone as described in [37]. Assuming pure hydroxyapatite with
10 Ca atoms per unit cell within a unit cell volume of 530 A3 [38],
approximately 1.89 % 10'° Ca atoms are found per um® of pure hydro-
xyapatite. This estimation is only marginally modified when con-
sidering the various chemical substitutions [39] in bone apatite with
respect to hydroxyapatite. This conversion of a change in the Ca content
to a change in the number of Ca atoms per volume, allows us to express
the expected SLOPE as —0.97 fmol Ca/um or 5.8 * 10% Ca atoms/um.
The variations in Ca content and Can.Dm as given above result in an
upper and lower boundary of —0.58 and —1.48 fmol Ca/um, respec-
tively (see Fig. 3b blue dashed lines).

3.2. Measured correlation between Ca content and canalicular density

Fig. 3a shows a plot of the canalicular density and the Ca content
evaluated in around 1000 subvolumes (with edge size 7.37 um) cov-
ering the whole osteon in the femoral cortex (adult 1, see Table 1). This
representative data set shows substantial scattering of the data points. A
correlative analysis results in a highly significant positive correlation
(Fig. 3a, red line, p < 0.0001, SLOPE = +4.5 wt%Ca/um/um?>,
R? = 0.15) indicating increasing Ca content with increasing canalicular
density. For this specific osteon the SLOPE of the linear regression line
in Fig. 3a corresponds to an increase of 1.67 fmol Ca per pm of network.

In 62 out of 65 investigated osteons, we found an increase in the
local Ca content due to a denser network (median + 1.15 fmol Ca/um).
After grouping the osteons, all 6 individuals show significantly higher
values than the reference value for bone with homogenous matrix mi-
neralization (—0.97 fmol Ca/um, Fig. 3b). Significance also remains
preserved when testing versus 0 fmol Ca/um (i.e., no change in Ca due
to the network). Median values for the individuals vary between +0.51
and +1.83 fmol Ca/pm. The small box sizes in Fig. 3b indicate that the
change in stored Ca per network length is a rather conserved quantity in
individuals.

3.3. Radial dependency of Ca content and canalicular density

In the majority of the samples we found a systematic dependency of
the Ca content and of the canalicular density as a function of the
shortest distance of the volume element to the Haversian canal denoted
as R. A representative result for a single osteon (adult 4) is shown in
Fig. 4a) and c) revealing negative correlations for the Ca content
(ACaCont/AR = —0.01 wt%Ca/um, p < 0.0001, R? = 0.26) and the
Can.Dn (ACan.Dn/AR = —0.0004 1/um? p < 0.0001, R? = 0.10)
with the distance to the Haversian canal. Using the correlation values of
the linear regression to quantify the spatial dependency, statistical
analysis confirms significant decreases (p < 0.05) for both quantities
with the distance to the Haversian canal within all adults except for the
Ca content of adult 1 (p = 0.1) (Fig. 4b, d). In children these radial
dependencies are less clear resulting in a significant decrease only of
the canalicular density with the distance to the Haversian canal in both
children (Fig. 4b, d).

The observation of radial dependencies raises the questions if the
increase in the amount of Ca per network length reported above is a
consequence of these radial dependencies. To address this point in
Fig. 4 the values of the radial dependencies of the single osteons are
plotted for both quantities. Most of the osteons exhibit negative cor-
relations of both quantities with the distance of the Haversian canal
(lower left quadrant in Fig. 5), but there is no clear trend that more
negative values in one quantity are correlated with more negative va-
lues in the other. Even more, this lack of correlation between the two
radial dependencies is demonstrated in 8 out of the 65 osteons, in which
the two quantities have an opposite sign. Specifically, a positive radial
dependency of the Ca content is often accompanied by a negative radial
dependency in the canalicular density (upper left quadrant in Fig. 5). A
check confirmed that all of the osteons in this quadrant exhibit an
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Fig. 4. a), ¢): Radial dependency of the Ca content (a) and the canalicular density (c) with the shortest distance to the Haversian canal for one representative osteon
of adult 4. Each data point corresponds to the measurement outcome within one voxel as depicted in Fig. 2d) and b), c), respectively. The red line is the result of a
linear regression of all data points. (b), (d) Boxplots (line corresponding to median, box to 25%-75% percentile and whiskers to data range) of the evaluation of the
radial dependencies for all osteons, where values from the linear regression were obtained like shown in a) and c). Circles indicate significant differences vs. 0
(Wilcoxon signed-rank test), bars differences between the individuals (Bonferroni Test). (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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Fig. 5. Radial dependency of the Ca content (ACaCont/AR) and canalicular
density (ACan.Dn/AR) as evaluated by a linear regression (see Fig. 4a, c), R
denoting the shortest distance to the Haversian canal. The majority of osteons
show a negative correlation for both Can.Dn and Ca content with the distance to
the Haversian canal (lower left quadrant). However, data points in the upper
left and lower right quadrant (denoted by squares) exhibit opposite signs in the
radial dependencies of the two quantities.

increase in the amount of Ca per network length. Consequently, this
increase cannot be explained by a radial dependency of the two
quantities only, and thus, more local correlations must be assumed.

3.4. Average Ca content and canalicular density

Fig. 6 shows the Ca content and canalicular density averaged over
the osteons measured in the 6 individuals. We found median values for
the Ca content between 21.05 and 25.73 wt%Ca (Fig. 6a). Median ca-
nalicular density varies between 0.07 and 0.14 um/um? (Fig. 6b). Even
though samples exhibiting the lowest Ca content and highest canali-
cular density originate from children, it should be noted that the sample
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number is too low to make a general statement regarding the age de-
pendency at this point.

4. Discussion

In this paper, we evaluate two linked structural quantities within
osteons of human femoral bone: the lacunar-canalicular network (LCN)
density (Can.Dn - referring to the length of the canaliculi per unit vo-
lume) and the local calcium concentration (Ca content). To obtain ro-
bust results, we suggest -based on the network geometry- that the
evaluation volume for canalicular density should not be smaller than
400 um® as used in this study. The same spatial resolution was applied
for both experimental methods to study the correlation of the local Ca
content and Can.Dn.

A positive correlation (SLOPE) between Ca content and canalicular
density is found in 62 out of 65 osteons. This can be expressed as an
increase in the amount of Ca per network length (fmol Ca/um). We
found median values between +0.51 fmol Ca/um and + 1.83 fmol Ca/
um. The finding that the Ca content of bone is positively correlated with
length of the network is even more remarkable since theoretical con-
siderations (which estimate the microporosity of the LCN and the re-
sulting reduction of the Ca content) predict a decrease of the amount of
Ca due to the LCN by —0.97 fmol/um. None of the investigated osteons
exhibit values in the expected range. Consequently, the assumption of a
bone matrix with a homogenous mineral content only infiltrated by the
canalicular network leads to contradictions to experimental findings.

An increase in the amount of stored Ca with network length implies
that regions of dense LCN exhibit elevated Ca concentrations. This
consideration assumes an interaction between the LCN and mineralized
matrix and therefore may relates to the questions of osteolytic osteo-
lysis and pericanalicular remodeling. The observed effect can be ex-
plained by two hypotheses: (i) Regions of high canalicular density ex-
hibit overall a higher Ca content, because of improved transport
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properties by a dense LCN and an efficient supply with mineral pre-
cursors. In other words, the density of the canalicular network would
influence the kinetics of secondary mineralization (as defined in re-
ference [26]); (ii) Pericanalicular regions exhibit locally bone of in-
creased Ca content overcompensating the porosity effect of the LCN in
the obtained measurements.

Reznikov et al. observed that canaliculi are mainly located in
narrow regions of loose disordered collagen packing in humans [25,40].
Such disordered arrangement of collagen fibrils could leave more space
for mineral incorporation explaining a local hypermineralization. These
findings support hypothesis (ii) suggesting confined regions around
canaliculi (influencing zone) which can be more or less loaded with
mineral. According to our results one um of network length is asso-
ciated with an average increase of 1.15 fmol of Ca (6.9 * 108 atoms/
um). This value describes the LCN-related increase of mineral density.
This finding of a systemic storage of Ca in relation with the LCN pro-
vides information over a large (osteonal) length scale and therefore
complements the work of Hesse et al. who were employing a high re-
solution method to map the direct vicinity of the canaliculi in osteonal
and interstitial bone [3]. They found a spatial dependency of the mi-
neral content on the distance to the canaliculus with the highest mi-
neral content close to the canaliculus. Bringing together these two
findings characterizing mineral heterogeneities in bone on two different
length scales, we suggest two simple geometrical models to fathom the
consequences of the obtained quantitative correlation between network
density and Ca content. Both models assume typical values for the
diameter of canaliculi and matrix mineralization and a hyperminer-
alized cylindrical influencing zone around each canaliculi in order to fit
the measured data (increase of 1.15 fmol Ca/um). The models differ in
the assumption of the spatial gradient of the Ca content around the
canaliculi (details of the models are provided in the Appendix). Despite
different model assumptions both models agree with a width of the
influencing zone, which is roughly 1.5 times the diameter of canaliculi
(see Appendix).

The experiments combined with theoretical considerations suggest
that the vicinity of the canaliculi could be used by the osteocytes as
easily accessible source of mineral. Osteocytes would then change the
pericanalicular matrix by depositing or resorbing mineral depending on
homeostatic mineral need and the additional Ca loading of the network
could be interpreted as a filling quantity of a mineral reservoir. As the
observed values of the additional Ca loading show relatively low var-
iations within the osteons of a single individual, but show inter-in-
dividual differences, we conjecture that the obtained results are char-
acteristic for the individual mirroring systemic conditions of the
organism.

There is a wide range of unknown factors like age, diseases, hor-
monal balance, dietary and sport activity potentially influencing bone
turnover and therefore mineral content. For example, the investigated
adult bone samples originate all from females at an age close to the
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onset of menopause. Since hormonal changes associated with meno-
pause increase the rate of bone turnover, also the mineral content is
impacted [26]. Little is known about the influence of these factors on
the LCN properties. The larger dimensions of osteocyte lacunae imply
that most studies focused on changes in lacunar density and shape of
the lacunae, nevertheless much progress is made in the description of
the LCN [41,42].

Concerning the canalicular density and its network, a reduced
connectivity is reported for osteoporotic and osteoarthritic bone. In
high fat-fed diabetic mice a higher mean node degree was found ac-
companied with a decreased average edge length [43]. Vashishth et al.
found a decrease of the lacuna density in human cortical bone with age
[44]. Also a mouse model indicates impaired network connectivity and
decreased cell volume during aging [45] what is consistent with find-
ings in humans [7]. Aging and hormonal changes might also influence
the correlations reported in this study. Future projects on bones of
patients with a known hormonal status will show its influence on the
relation between mineral content and LCN density.

While an additional Ca loading of the network is a general char-
acteristic of the investigated osteons, the observed substantial scatter in
the correlation plots (Fig. 3a) requires an extra consideration. Con-
tributors to this scatter are experimental limitations like the finite
measurement time of qBEI [46] and limitations in the spatial resolution,
in particular the depth (z-direction), in confocal microscopy. Further-
more, information depth and the alignment of the evaluation grid onto
two different instruments may induce some errors, and consequently,
the evaluated bone volumes are not fully identical. However, we as-
sume that most of the observed scattering is due to structural hetero-
geneities, e.g. local variations in the diameter of the canaliculi and the
width of the influencing zone of the mineral reservoir. As the measured
differences in mineral content are relatively small compared to what is
observed in the regular mineralization process, it should be noted that
using a backscatter electron technique, typical artifacts that might
occur with other methods can be ruled out as systematic errors. For
example, when using micro-computer tomographic based methods,
beam hardening effects might adulterate the interpretation of material
density and possible artifacts need to be taken into consideration at
sharp interfaces of different material densities when using a phase
contrast setup [47,48].

Besides the finding that the local mineral content is closely linked to
the LCN properties, two further results deserve attention. First, the
lowest Ca content values and highest canalicular densities were ob-
served in bone originating from children (Fig. 6a). This is in line with
reports for trabecular bone, where the bone mineralization density
distribution in children was found to be shifted to lower Ca values [49]
compared to the trabecular reference BMDD for healthy adults [50].
While a change of the mineral content with tissue age is reasonable
considering the mineralization process, less is known about possible
differences in the density of the canalicular network between children
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and adults. Due to the limited sample number in the presented study no regions. A spatial resolution of down to 10nm is, for example,
general statement on the age dependency of the parameters can be achievable with 3D backscattered electron microscopy facilitated by ion
made. beam surface removal (FIB/SEM).

Second, canalicular density and Ca content were found to decrease Supplementary data to this article can be found online at https://

with the distance to the Haversian canal. These radial dependencies are doi.org/10.1016/j.bone.2019.03.018.
consistent with reports in the literature describing a radial decrease of
the network density in human osteons [18] and electron dense material
at regions close to the Haversian canals [51]. Latter appears to be
contradictious with the intensely investigated mineralization kinetics
linking tissue age with degree of mineralization [26,52-54] describing
ongoing mineral crystal growth with tissue age. Since in the formation
of the osteon the bone close to the cement line is formed first and close
to the Haversian canal latest, the expected spatial gradient is exactly the
opposite to what was measured in this study. Martin et al. also reported
higher mineral content close to the Haversian canal showing that this
effect cannot be explained with simple mineral diffusion models [51].
Our explanation is that due to an increased canalicular density closer to
the Haversian canal and the correlation between canalicular density
and Ca content, the tissue age effect might be overcompensated by the
LCN-related increase of mineral content causing a negative miner-
alization gradient moving from the Haversian canal towards the cement
line.

In summary, this study provides evidence for the existence of a
mineral reservoir around the canaliculi, which can be actively ma-
nipulated by osteocytes for a fast-access contribution to mineral
homeostasis. This conclusion is based on a positive spatial correlation
between canalicular density and Ca content in human osteons.
Differences in the mineral load of the reservoir zones between the in-
dividuals indicate individual-specific variations in the utilization of the
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Appendix A

To interpret the obtained values for the increase of stored Ca due to the network in terms of the hypermineralized region around the canaliculi,
we explore two simplified models (Fig. 7): focusing on adult individuals, cylindrical canaliculi of diameter 360 nm are surrounded by an influencing
zone of increased Ca content compared to the matrix Ca content far away from the canaliculi being 25.22 wt%Ca calculated as average intercept of
all adult osteons. In the first model we assume a fixed size of the influencing zone of 0.5 um (Fig. 7b) and ask how large the amount of hypermi-
neralization must be to explain the increase of 1.15 fmol Ca per pm of network. The result is that a homogeneous Ca content of 29.45 wt%Ca in the
influencing zone, i.e. an increase of 16.7% compared to the matrix Ca content, would be sufficient to explain measurements. An increase of 16.7%
seems reasonable and in accordance with the bone structure based on the natural variability of the mineral content as characterized by the bone
mineral density distribution [36]. In the second model (Fig. 7c) we assume an exponentially decreasing Ca content around the canaliculi starting at
the canaliculus surface with the maximal mineral content value of 39.86 wt%Ca (corresponding to pure hydroxyapatite) and ending at the matrix Ca
content of 25.22 wt%Ca far away from the canaliculi. Here the question to answer is how fast the spatial decrease of Ca content must be to explain
the experimental SLOPE value. The answer is that the width of the influencing zone must be 0.61 um as characterized by a 90% decrease of the
exponential function (Fig. 7c). A gradual decay of mineral content is consistent with what was reported before [3].
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Fig. 7. (a) Two simple geometrical models of the canalicular network as cylindrical canals (black/gray) of 360 nm diameter surrounded by an influencing zone of
hypermineralization (red) used for the interpretation of the measured increase of 1.15 fmol Ca per pm of network. (b) In the first model we assume a fixed width of
the influencing zone (0.5 pm) and calculate the amount of hypermineralization necessary within the influencing zone to be in agreement with experiments (result:
29.45 wt%Ca). (c) In the second model an exponential decay of the Ca content is assumed and the distance of 90% reduction of the exponential function is calculated
to characterize the width of the influencing zone (result: 0.61 pm).
Areas highlighted in green correspond to the mineral loading of the reservoir zone. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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