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A B S T R A C T

Unique mechanical properties of cortical bone are defined by the arrangement and ratio of its organic and 
inorganic constituents. This arrangement can be influenced by ageing and disease, urging the understanding of 
normal and deviant morphological patterns down to the nanoscale level, as much as the exploration of tech
niques able to grant that knowledge. Here, the ultrastructure and composition of seven samples taken from the 
femoral neck cortical bone of a single donor (52 y.o. female, no metabolic bone disease) is assessed with 
emerging characterization techniques. Laboratory-based nanoscale X-ray computed tomography providing ~50 
nm spatial resolution at (16 nm)3 voxel size resolves not only the lacuno-canalicular network but also the mineral 
ellipsoids associated with mineralized collagen fibrils (MCF). Site-matching 3D data with quantitative polarized 
Raman spectroscopy provides, in turn, complementary information on relative mineral and organic composition, 
while both techniques allow to quantify the MCF orientation. Bone matrix composition and lacuna-canalicular 
network organization are shown to vary between the osteonal and interstitial zones. Both plywood and 
gradual oscillating motifs of bone lamellation are observed, in line with existing theories. By combining these 
two methods, future studies can concentrate on other bone ultrastructural units of interest like interlamellar and 
cement interfaces, the structure of MCF around lacunae and near Haversian channels, as well as the influence of 
metabolic diseases on bone ultrastructure.
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Statement of significance: This study provides new insights into bone hierarchical organization, revealing local 
composition and lacuno-canalicular network organization within osteonal and interstitial bone zones, as well as 
their mineralized collagen fiber (MCF) orientation within the lamella. Synchrotron-like resolution was achieved 
on a laboratory-based nano-CT by exposing the volumes of interest from the bulk sample and applying machine 
learning segmentation algorithms. Site-matched analysis with quantitative Polarized Raman spectroscopy (qPRS) 
provided indirect access to relative mineral and organic composition variations and local MCF out-of-plane 
angle, with good agreement between the two methods. The proposed correlative experiment workflow greatly 
facilitates the characterization of bone ultrastructure and can be applied to other fields dealing with ordered 
hierarchical materials of similar feature sizes.

1. Introduction

Bone is a complex biological nanocomposite, combining toughness 
and strength with a low weight. Such remarkable material properties are 
characteristic of nature’s hierarchical materials and are driven by the 
complex arrangement of their constituents from macro- down to the 
nanoscale [1–5]. Advances in characterizing these materials are crucial 
for understanding and mimicking their properties.

The material properties of bone are explained by its evolutional 
adaptation to provide mechanical support and organ protection in ver
tebrates. In bone, inorganic components primarily govern stiffness and 
compressive strength, while organic fraction promotes flexibility and 
toughness [6–8]. However, it is the hierarchical arrangement of the bone 
constituents that gives rise to its outstanding combination of mechanical 
properties [9]. This hierarchical complexity of bone tissue along with 
other natural materials has been a beacon of knowledge and inspiration 
for material scientists [10,11]. Adapting bone structure solutions to 
bio-mimetic man-made materials is a successful strategy throughout 
many research fields, including examples like bone anisotropy-driven 
hierarchical scaffolds for biomedical engineering [12], osteon- or com
pact/spongy bone-inspired composites for energy storage [13] or human 
femur loading patterns in civil engineering and architecture [14].

At the macroscale, cortical and trabecular types of bones can be 
distinguished. Cortical bone plays a prominent role in defining the 
overall tissue mechanical properties [15]. It forms the hard exterior 
(cortex) of bones, which is found on almost all bone surfaces, accounting 
for approximately 80 % of the total mass of the human skeleton [6]. In 
humans and other large mammals, cortical bone volume is permeated 
with cylindrical structures called osteons, typically 150–250 µm in 
diameter [16]. Interstitial tissue surrounds osteons and is composed of 
fragments of older osteons with higher mineralization [17,18]. Each 
osteon is made of concentric coaxial layers about 3–7 µm thick, called 
lamellae, that encompass the central canal – the Haversian canal. Blood 
vessels and nerves travel through this canal to supply the osteocyte cells 
with nutrients. Osteocyte cells reside inside lacunae, distributed within 
the volume of osteons, they connect through canaliculi, forming an 
extensive lacuno-canalicular network (LCN). Bone lamellae consist of 
stacks of sheets made of aligned mineralized collagen fibrils (MCFs), 
about 30–300 nm in diameter. MCF is often referred to as a main 
building block of bone, made of staggered collagen molecules with intra- 
and extra-fibrillar inclusions of hydroxyapatite (HA) crystals. Thereby, 
at the lowest scale bone is made of mineral crystals (HA, 50–60 wt. %), 
proteins (mainly collagen type I, 30–40 wt. %), and water [19–22].

The lamellar arrangement of cortical bone has been extensively 
studied for over a century [22–30], yet there is a lack of knowledge on 
the sub-lamellar organization of bone and its evolution with age or in the 
presence of a metabolic disease. Two models have been proposed to 
describe the bone lamellae organization. The first follows the work of 
Gebhardt [23] and states that bone lamellae are made of densely packed 
and aligned MCFs layers. Based on the predominant MCFs orientation 
pattern within the lamellae, three types of morphology can be distin
guished: (1) longitudinal or (2) transverse (aka dark and bright 
lamellae) [31], where the principal MCFs orientation is parallel or 
orthogonal to the osteon main axis, respectively, and (3) alternating, 

where MCF orientation interchanges between transverse and longitu
dinal to the osteon axis [32–34]. According to the second model of 
Marotti [35], the bone lamellae have an interwoven texture of the MCFs 
and the bone lamellation appears due to the alteration of collagen-rich 
(dense) and collagen-poor (loose) lamellae. In its turn, a lamellar unit 
is thought to be a composite of ordered (dense) and disordered (loose) 
materials made of mineralized collagen fibrils with different degrees of 
alignment [22,30,36]. Despite the experimental evidence for both bone 
lamellation patterns, Gebhard’s model is the most largely accepted.

Through the recent advances in biomedical imaging, various tech
niques have been used to assess bone’s ultrastructure organization. 
These methods could be classified as light-based (polarized light mi
croscopy, polarized Raman and Fourier transform infrared spectroscopy, 
polarized second harmonic generation, confocal laser scanning micro
scopy), X-ray-based (small- and wide-angle X-ray scattering (SAXS, 
WAXS); X-ray computed tomography), and electron-based (electron 
diffraction, electron backscatter diffraction; scanning and transmission 
electron microscopy (SEM, TEM)) [20]. Besides imaging, a quantitative 
assessment of the 3D ultrastructural organization is key to the under
standing of structure-function relationships in bone tissue. However, 
only a few of the abovementioned techniques are suitable for this pur
pose, namely: synchrotron phase-contrast X-ray nanotomography [37,
38], ptychography [39,40], SAXS and WAXS tensor tomography 
[41–43]. Moreover, serial sectioning using focused ion beam SEM 
(FIB-SEM) [22,44], electron tomography [45–47] and atomic probe 
tomography [48] techniques provide the highest imaging resolution but 
the last two operate on small volumes that are insufficient for statistical 
quantitative analysis, while FIB-SEM sectioning is inherently destruc
tive. Still, both methods require the high brilliance of synchrotron ra
diation, causing sample degradation [49]. Today, synchrotron 
resolution capabilities can be reached using laboratory nanoscale X-ray 
computed tomography (nano-CT), entering a more cost-effective tech
nique where the queues for high flux beamline time are replaced by 
slower in-house measurements with the laboratory X-ray sources. With a 
spatial resolution down to 50 nm and lower radiation doses, Zernike 
phase-contrast nano-CT yields high potential for the reproducible 
nanostructural analyses of natural and engineered biomaterials. This 
emerging technology has never yet been applied to cortical bone but was 
used, e.g., in a study of crack propagation in elephant tusk dentin [50].

Another technique, relevant for bone ultrastructure characterization 
is polarized Raman spectroscopy (PRS). As was shown recently, 
following careful calibration, this technique can be upgraded to quan
titative PRS (qPRS), applicable for the quantitative 3D analysis of bone 
MCF orientation [51], besides the usual information on the bone organic 
and mineral composition at a sub-micron resolution. Raman techniques 
have shown great potential for clinical use when it comes to bone tissue. 
There have been many developments of spatially offset Raman spec
troscopy (SORS) for in vivo determination of bone strength and 
composition [52] going as far as showcasing a proof-of-concept clinical 
setup used subcutaneously and on surgically exposed bone on live 
human subjects [53].

In the current work, we combine qPRS with the unique capabilities of 
a laboratory-based X-ray Zernike phase-contrast nano-CT using the state 
of art 3D data processing tools with machine learning algorithms to 
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collect a vast quantity of data on the MCF orientation. Following pre
viously presented proof-of-concept for correlative study of intersecting 
measurement regions [54], we aim to quantitatively assess and verify 
the complex interplay between composition and 3D ultrastructure of 
cortical bone down to the sub-lamellar level.

2. Materials and methods

2.1. Human cortical bone samples

Human cortical bone samples were extracted from a single femoral 
neck slice, previously collected during total hip arthroplasty at the 
University Hospital of Bern [55] (Ethical approval 2018-01815, Kant
onale Ethikkommission Bern). The bone donor (52 y.o., female) had no 
reported bone-related diseases. The femoral neck slice was mechanically 
cleaned with a scalpel, further cut with a diamond band saw under 
constant water irrigation (Exakt, Norderstedt, Reichert-Jung), and 
cleaned additionally with a water jet (Braun Oxyjet). Two bone samples 
(further referenced as samples A and B) were cut from the mid-cortex 
region of the femoral neck, from the inferior quadrant. Each of the 
samples had a hexahedral shape with approximately 3 mm × 3 mm 
surface area and 3–5 mm side length, matching the direction of the 
femoral neck main axis (schematically shown in Fig. 1). Samples were 
left to dry in a desiccator overnight, then glued into specially designed 
aluminum SEM stubs with a 2-component epoxy resin adhesive 
(Schnellfest, UHU, Germany). No chemical sample fixation was used. 
Protruding square side of the sample was polished with progressive 
grades of silicon carbide paper and finished manually on a soft cloth 
with a 1 μm diamond suspension followed by 0.04 μm SiO2 suspension.

Free-standing bone micropillars were fabricated on the polished 
sample surface using ultrafast pulsed laser ablation [56]. A femtosecond 
laser system (SATSUMA HPII, Amplitudes Systemes) with 515 nm laser 
wavelength and a pulse repetition frequency of 3 kHz was used. With the 
maximum output laser power of 2 W, the resulting pulse energy and 
peak fluence were approximately 3.96 µJ and 5.14 J cm− 2, respectively. 
Micropillars were fabricated at the scanning laser mode, where the 
zones without ablation corresponded to the micropillars volumes. 2 × 2 

pillar arrays were fabricated on each of the two bone samples. However, 
one micropillar from sample B was lost due to the underlying Haversian 
canal. As a result, 7 micropillars were used in this study as listed in 
Table S1, Supporting Information. The average pillar diameter and 
height were approximately 25 µm and 60 µm accordingly with ~14 ◦

taper. To remove the material redeposition after laser ablation, the bone 
samples were cleaned in an ultrasonic bath with NaCl solution (9 g l− 1) 
for approximately 30 s and dried later at room temperature.

2.2. Nanoscale X-ray computed tomography

Prior to tomography acquisition, micropillars were decorated with 
gold microparticles (Alfa Aesar 0.8–3.0 µm, 99.96+ %) acting as fiducial 
markers for the alignment software of the microscope as well as for 
future position matching tasks. Reference light microscopy (LM) images 
of gold particle positions were acquired using Nikon Eclipse LV100ND. 
Samples were placed in the optical path of the nano-CT microscope 
several hours prior to the experiment to suppress the sensitivity of bulk 
base to room humidity levels and consecutive drift during tomography 
acquisition.

The nano-CT experiments were performed with a ZEISS Xradia 810 
Ultra laboratory-scale X-ray microscope. It is equipped with a 5.4 keV 
rotating anode Cr source and operates with quasi-monochromatic X-rays 
at constant photon energy with parallel beam geometry. A phase 
contrast regime introduces a phase ring in the beam path after the 
objective. The phase ring shifts the phase of the background light rela
tive to the light scattered by the specimen. The interference of the two 
beams in the detector plane turns phase shifts into intensity variation, 
which enables Zernike phase contrast imaging [57,58].

All the nano-CT data volumes in this study were acquired using the 
Zernike phase contrast regime in high-resolution (HRES) mode associ
ated with a field of view of 16 μm × 16 μm with an optical resolution 
down to 50 nm. Data was acquired at 16.09 nm pixel size with exposure 
time of 180 s per projection. For some samples, several tomography 
volumes were recorded and stitched during post-processing. Details on 
nano-CT measurement conditions for different samples can be found in 
Table S1, Supporting information. Direct positions of measurements 

Fig. 1. Cortical bone samples were extracted from the middle region of the inferomedial femoral neck quadrant, and free-standing bone micropillars were prepared 
using femtosecond laser ablation. Positions for resultant volumes of interest are marked on the light microscopy images showing the original surfaces of the bone 
samples (A, B). Within the volume of bone micropillars, quantitative Polarized Raman Spectroscopy (qPRS) maps were collected together with the nano-CT. 
Combination of the two techniques gives assess to the bone tissue composition as well as lamellae organization and mineralized collagen fibrils (MCF) orientation.
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compared to qPRS sites are displayed in Figure S6, Supporting 
Information.

Nano-CT data collection exposes the sample to the X-ray radiation. 
Here, samples were continuously exposed to 5.4 keV at 0.9 kW power for 
up to 75 h during a single measurement. In spite of that, we have not 
observed known radiation damage markers (browning, micro-cracking) 
or any considerable differences in first/last taken nano-CT projections, 
nor in the common area of two intersecting nano-CT measurements of 
samples A2 Indigo and A3 Green taken several months apart. The control 
Raman spectra taken before and after the nano-CT measurements have 
not indicated any sign of collagen cross-linking suggested by literature 
on X-ray radiation damage [49].

All collected tilt series were aligned using the adaptive motion 
compensation procedure (AMC), implemented in the native acquisition 
software (ZEISS XM-Controller) [59]. All volumes were individually 
reconstructed with the same parameters using the in-house Python 
script based on Astra Toolbox [60] utilizing the simultaneous iterative 
reconstruction technique (SIRT) algorithm. Reconstruction results in a 
stack of virtual horizontal slices through the recorded object volume.

Nano-CT scans were collected from four VOI in sample A and one 
volume from sample B (pillar 2). Throughout the text, we implement 
sample notation in a form ‘A1 Red’ etc. composed of Sample (A/B) +
VOI# (1–4) + Color (Red/Indigo/Green/Cyan/Magenta) according to 
Fig. 1 in order to ensure traceability through different graphic repre
sentations. See Table S1, Supporting Information, for details.

2.3. 3D data processing

The main software used for 3D data handling was Arivis Vision4D, 
version 3.3.0 (further on Arivis). Arivis plots 3D data using a right-hand 
extrinsic ZYX coordinate system (XY is the horizontal plane of the main 
slice direction for the dataset and Z is the direction of the stack). The 
software offers a Transformation Gallery operation to change the direc
tion of the main slice plane. Reconstructed horizontal stacks were thus 
imported and resliced into a stack of vertical slices parallel to assumed 
femoral neck axis where the anisotropic character of material contrast 
was best observed (in a common XY plane orientation for all pillars in 
sample A and in an arbitrary chosen for B2 Magenta).

For samples A2 Indigo and A4 Cyan, vertical slice stacks of two 
overlapping tomography volumes were white-balanced using ImageJ 
and stitched manually using a Tile sorter import function in Arivis 
Vision4D software. A2 Indigo joined volume has also been stitched to a 
third acquired tomography volume (see Table S1, Supporting Informa
tion) for extended LCN representation in Video SV2, Supporting Infor
mation. Tile sorter is a rather rudimentary stitching solution, and it has 
resulted in a certain level of edge artifacts in the overlap region; at the 
same time, extending the investigated volume proved very insightful in 
studying the lamellar structure and LCN propagation.

2.4. Segmentation

Manual segmentation of the lamellar volumes was conducted by 
visualizing the contrast evolution while navigating through the 2D sli
ces. An orientation of vertical slicing was found that appeared orthog
onal to these changes as shown in Videos SV3–5, Supporting 
Information. Corresponding areas were traced using Draw objects tool, 
and thus-defined sub-volumes of the bone were separated using the 
drawn objects in a Mask operation.

Segmentations of nano-CT volume in order to isolate structures of 
interest were impeded by the inhomogeneity of bone material and 
resulting fluctuations in contrast levels throughout the 3D volume 
rendering intensity thresholding-based methods impossible. This hurdle 
has been overcome by using Machine Learning functionality of the Arivis 
software that employs the Random forest algorithm based on the open 
source tool Ilastik [61]. The LCN for all the samples have been 
segmented at the default ‘Fluorescence and EM Robust’ preset. Since 

several spaces between mineral ellipsoids had comparably low intensity 
levels, it has been challenging to distinguish between these areas of low 
mineralization, laser ablation pores and parts of discontinuous canal
iculi. In the LCN reconstructions, only the thin channels having a visible 
connection to a bigger canaliculus were kept.

For MCF segmentation (or rather for the segmentation of co-oriented 
mineral ellipsoids), we chose a custom ‘Orientation’ feature-based mode 
of the tool to encourage the choice of elongated objects. Teaching was 
performed separately for each dataset and segmentation parameters of 
(acceptance) Threshold and Smoothing were chosen individually to ach
ieve the best representation. The discoverability of fibril segments is 
heavily influenced by the teaching examples, intensity values of the 
dataset and the angle between the slice plane and true lamella plane. In 
case of lamella-segmented datasets, the same segmentation training and 
parameters were used to compare MCF orientation between the lamellar 
volumes.

The error of segmentation and orientation determined by the soft
ware was assessed using a Python-generated 3D phantom with known 
orientations as commented in Supplementary chapter S11, Supporting 
Information.

2.5. Quantitative polarized Raman spectroscopy

Raman spectroscopy is a non-destructive method used to probe the 
local tissue composition. It relies on collecting inelastically scattered 
(Raman) photons from the specimen upon excitation. By incorporating a 
polarizer into the system and performing careful calibration, the spatial 
orientation of the molecules can be estimated based on the anisotropic 
spectral response. The resulting quantitative polarized Raman spec
troscopy (qPRS) method enables not only the traditional characteriza
tion of tissue composition but also offers quantitative insights into the 
orientation of MCF. qPRS measurements were performed on each bone 
pillar surface, ~5 µm underneath the pillar top. Raman spectra were 
acquired using a confocal Raman microscope (WITec Alpha 300 R) in 
backscattering geometry. Linearly polarized 785 nm laser at 30 mW 
power was used in combination with 50× objective (0.80 numerical 
aperture), resulting in a laser spot of ~1 µm in diameter. Spectra were 
registered using 400 mm lens-based spectrometer with a 300 g mm− 1 

grating equipped with a cooled deep-depletion CCD. qPRS measure
ments were collected at different excitation polarizations from 0◦ to 
180◦ with a 10◦ polarization angle step and 30 s integration time, 
resulting in 19 polarized Raman spectra per measurement spot. On each 
bone pillar, a qPRS map was collected, consisting of a 5 × 5 (9 × 9 for 
sample B) grid of measurement locations with a 3.5 µm step (1 µm step 
for sample B).

The following Raman parameters were collected from each location: 

1. in-plane and out-of-plane orientation angle of mineralized collagen 
fibrils, estimated from the spectral anisotropy of amide I and III 
bands following the previously established methodology (see Sup
plementary chapter S8 in the Supporting Information and [51] for 
more details);

2. mineral to matrix ratios, estimated from the Raman band integral 
area ratios of primary phosphate (ν1PO4, 920–990 cm− 1) over 
collagen amide I band (1570–1740 cm− 1). Ratios were estimated at 
each laser polarization and the mean value was taken, avoiding 
possible effects of the polarization [62];

3. mineral crystallinity was assessed from FWHM− 1 (inverse value of 
full width at half maximum) of the ν1PO4, fitted at each laser po
larization and the mean value was taken, avoiding possible effects of 
the polarization;

4. to assess the collagen quality, the ratios of amide I (1640/1670 
cm− 1) and amide III (1245/1270 cm− 1) sub-bands were collected, as 
proposed by Unal et al. [63,64]. Again, ratios were estimated at each 
laser polarization and the mean value was taken, avoiding possible 
effects of the polarization.
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Raman spectra processing was done using Python v3.8 [65]. Detailed 
description of the spectra processing steps can be found in the Supple
mentary chapter S8, Supporting Information.

2.6. ROI and MCF angle correlation analysis

Due to the different physical principles of the nano-CT segmentation 
and qPRS calculations, extensive measures were taken to combine and 
compare the results of both, including the measurement position cor
relation and transformations to the common coordinate system.

Raman datapoint positions are tied to pixel coordinates of LM im
ages. In their turn, objects segmented in nano-CT analysis are defined by 
voxel coordinates in nano-CT reconstruction. In horizontal plane their 
positions can be described by pixel positions in a horizontal virtual slice. 
These positions were matched following the description in Supplemen
tary chapter S5, Supporting Information, using LM reference images of 
micropillars decorated with gold nanoparticles. Features such as gold 
particles and pillar edge perimeter were used to align the images 
determining the position and orientation of nano-CT dataset. Based on 
this relationship, a series of MATLAB scripts [66] were utilized to 
compute and manipulate position data of measurement and 
segmentation.

The intersecting information of both measurements was found by 
selecting the MCFs segments from the nano-CT scans fully or partially 
located at the extended volumes of qPRS measurement. qPRS mea
surement points were approximated as parallelepipeds with acceptance 
parameters εXZ and εY. Expected lateral resolution of qPRS measurement 
is ~1 µm and depth resolution <2 µm. Since MCF are expected to keep 
their orientation on the length scales much extending theses and for 
better statistical representation, we set both εXZ and εY acceptance 
ranges at 2 µm.

For the correlative analysis of the MCFs angles, both measurements 
were transformed into the right-hand Tait-Bryan angle notation [67], 
where in-plane rotation is characterized by angle ψ ∈[− π,π], and 
out-of-plane rotation is characterized by angle θ ∈[0,π/2]. MCFs were 
considered as cylinders, possessing radial symmetry, the rotation (φ) 
around the main MCFs axis is irrelevant for our measurement. For per
forming averaging and statistics of orientation data achieved from seg
mentation, a MATLAB Circular statistics toolbox [68] has been 
implemented.

The details of translation operations between coordinate systems and 
angular notations of individual measurements are given in Supplemen
tary chapter S5, Supporting Information.

2.7. Statistical analysis

Statistical analysis was done in R version 4.3.1 [69], rstatix package 
[70]. Compositional comparison between the two cortical bone zones 
was done via the two-tailed t-test, following the Shapiro-Wilk normality 
test. Correlative analysis between the out-of-plane MCFs angles assessed 
via qPRS and nano-CT was done through the linear regression analysis 
(lmtest package) [71].

3. Results and discussion

3.1. Bone tissue appearance in nano-CT

Investigated bone volumes were located on two cortical bone sam
ples, prepared from a single human femoral neck slice. The volumes of 
interest (VOI) were exposed from the bulk sample using femtosecond 
laser ablation, leaving the freestanding microscale bone pillars (Fig. 1) 
with an approximate height of 60 µm and diameter of 25 µm. Removing 
surrounding bulk tissue allowed us to isolate the VOI and increase the 
quality of nano-CT measurement by avoiding interior tomography 
artifacts.

Reconstructed virtual cylindrical volumes of 16 µm in diameter and 

16 µm in height were resliced vertically, parallel to the assumed femoral 
neck axis (XY plane). Videos SV1–5, Supporting Information, demon
strate the resulting XY planes for each of the samples. In these slices, as 
well as in Fig. 2B, appearing dark voids with bright halos (marked in 
dashed circles in Fig. 2B) are the traversing canaliculi channels, which 
will be discussed in the next section.

In addition to that, the XY slices through the nano-CT reconstruction 
exhibit a contrasting pattern given by bright elliptical features that seem 
to have a preferred orientation. Fig. 2A-B demonstrates two orthogonal 
planes, sliced as indicated in Fig. 2A. The patterns seen in XY and ZY 
planes have been termed as a “filamentous motif” (Fig. 2D) and “rosette 
(orthogonal) or lacy (intermediate) motif” (Fig. 2C) by Reznikov et al. 
[72]. By now these motifs are known to compose together 
three-dimensional prolate ellipsoidal (or marquise-shaped) [73] mineral 
clusters [74] of nanosized apatite crystal platelets (also called mineral 
ellipsoids [75], spherulites [76] or tesselites [77] by different authors) 
that accompany mineralized collagen fibrils.

It is generally accepted that the long axis (crystallographic c-axis) of 
mineral ellipsoids is co-oriented with the MCF, as concluded from 
various scattering techniques [78] and evident from TEM studies [79].

A characterization of mineral ellipsoids themselves has not been a 
goal of the present study. At the same time, a statistically relevant 
amount of data has been acquired on their respective morphological 
parameters throughout the various segmentations (see Materials and 
Methods). An interested reader is invited to follow this data in Supple
mentary Chapter S3, Supporting Information. In summary, for the 
mineral ellipsoid size, we record mean values measured over several 
thousands of objects as 842±412 nm for the length and 428±205 nm for 
the largest orthogonal diameter (Table S3, Supporting Information).

Previous studies of mineral ellipsoid size show broad distribution of 
values. Shah et al. have measured around 300 marquise-shaped mineral 
clusters in deproteinized rat cranium as seen in SEM images to lay in a 
size range of 0.6–3.5 µm in length and 0.2–1.5 µm in diameter [73]. A 
review study of “rosette” cross-sections performed through numerous 
high-angle annular dark-field scanning transmission electron micro
scopy (HAADF-STEM) images capturing human bone in femur, spine 
and maxilla regions has identified 83 structures with the sizes ranging 
from 101 to 1187 nm with an average size of 692±196 nm [75]. With 
the development of 3D measurement techniques and corresponding 
analysis tools, volume segmentations of these structures became 
possible. Buss et al. demonstrated very elaborate segmentation results of 
thousands of tessellated ellipsoids from a FIB-SEM serial sectioning of 
mouse tibia, reporting sizes of 2–2.5 µm length and 0.5–1 µm diameter in 
healthy mice [77]. At the same time, available 3D data of mineral el
lipsoids in human bone is not as statistically rich. Binkley et al. have 
measured the sizes of 8 ellipsoids recognized from FIB-SEM serial 
sectioning of human femur [74]. Values there vary between 850 and 
1575 nm for the length and 450 to 875 nm for the widths averaging at 
1.1 µm of length and 700 nm of maximal diameter. HAADF-STEM to
mography of a TEM lamella, included in the abovementioned work of 
Micheletti et al., presented three mineral ellipsoids with diameters of 
306, 363 and 632 nm [75]. There is no doubt that the ellipsoids dis
cussed in our study are the same structural features as described in 
abovementioned works. There is also a good agreement between the 
aspect ratios reported. Ours of 2.03±1.39 is very close to 2.05 of Buss 
et al. [77] and comparable to ~2.4 reported by Shah et al. [73].

There is a practical explanation for generally lower size values 
resulting from our segmentations. Mineralization studies have shown 
ellipsoids to grow out of their dense center as distinct structures, then 
tesselate and connect into an interwoven mesh [73,77]. Whereas most 
other authors have done their calculations on the tissue at the early 
stages of mineral apposition with discrete ellipsoids in view, our 
investigated bone volumes would be at the later, completely interwoven 
stage characteristic of the skeletally mature donor [73], where ellipsoid 
boundary contrast is obscured and smeared by interconnected mineral 
matrix. Nano-CT measurements operate at a resolution much inferior to 
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that of electron microscopy and cannot define a fine boundary of 
nanoscale mineral platelets composing the ellipsoids. Thus, where other 
authors pursued to capture the precise morphology of the ellipsoids, we 
were only interested in their orientation. Consequently, we have kept 
our segmentation (acceptance) Threshold parameter rather high to select 

the feature boundary slightly smaller than estimated by operator, in 
order to avoid false recognition and to have better chances of separating 
individual objects in the full volume. For estimating the difference in 
approach, one can compare the selection in Figure S3, with only the 
bright core of an ellipsoid being approved, to the complete area 

Fig. 2. Nano-CT slices of B2 Magenta in two orthogonal planes (XY and ZY) oriented following the sketch in (A). Green arrow marks femoral neck direction. Two 
orthogonal planes are shown in subfigures (B) and (C). Solid circles (B) are marking canaliculi voids. Inset in subfigure (C) reveals a rosette motif; the framed region 
from (B) enlarged in (D) reveals aligned elliptical features (traced in the upper left corner by a dashed line) and visible periodical intensity fluctuations in areas 
marked with arrowheads. Line intensity profiles taken between arrowheads (E) and (F) are shown in respective subfigures, the mean period is 83±26 nm.
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coverage in Figs. 4–5 of Buss et al. [77].
The interfibrillar mineral within the MCF is arranged periodically 

within the gaps of collinear collagen molecules, creating the charac
teristic gap and overlap regions at a 67 nm periodicity, known as the D- 
spacing period of the collagen fibril [80]. Normally, the expected 
D-spacing period of collagen would be at the very limit of the nano-CT 
nominal resolution (50 nm). However, as a closer inspection of param
eters at play has shown [81], the oversampling at (16 nm)3 voxel size 
with good quality reconstruction (Simultaneous Iterative Reconstruc
tion Technique, SIRT) allows to distinguish features separated by lesser 
distances. Additionally, Zernike phase contrast enhances morphology 
contrast, which helps indicate the intensity pattern even when the in
dividual spacing stays at the edge of the resolution limit. In some areas of 
lamella-oriented virtual slices (see areas between arrowheads in 
Fig. 2C), the intensity variation along the long axis of the elliptical 
features suggests the possible D-spacing pattern. Typical line profiles 
through such intensity fluctuations are given in Fig. 2D and E. As 
measured over 47 minima through 7 recorded profiles (Figure S2, 
Supporting Information), a mean periodicity of 83±26 nm is observed, 
which is in rough agreement with the expected D-spacing period of 67 
nm given the 16 nm pixel size.

Consequent to these considerations, we hereafter assume that the 
mineral ellipsoids are intimately connected to collagen fibrils, presum
ably overlapping or enclosing in them, and further recognize their 
orientation as that of MCF. Other X-ray studies following the same hy
potheses [38] have achieved the results of MCF orientation in good 
agreement with those established on demineralized samples [82].

3.2. Structural and compositional variation between interstitial and 
osteonal zones

As can be seen in light microscopy images in Fig. 1, and sketches of 

magnified pillar positions in Fig. 3, examined bone volumes include both 
osteonal and interstitial regions. Pillars 2 and 4 from Sample A (A2 In
digo and A4 Cyan), as well as pillar 3 from Sample B (B3), are located 
within secondary osteons. Meanwhile, pillar 1 and 3 from Sample A (A1 
Red and A3 Green) as well as pillar 1 and 2 from Sample B (B1 and B2 
Magenta) are located inside interstitial bone regions, which consist of 
older osteonal tissue resulting from earlier bone remodeling cycles. On 
the scale of several micrometers, we observe distinct morphological 
differences between the probed bone volumes that are summarized in 
Table 1.

Zonal dependence is observed in lacuno-canalicular network (LCN) 
appearance within osteonal and interstitial regions (Fig. 3). LCNs in the 
individual pillar samples have been segmented from vertical cross- 
sectional slices of nano-CT reconstructions. Videos SV1–5, Supporting 

Fig. 3. The volumes of interest chosen within the interstitial (int) and osteonal (ost) regions of cortical bone samples, as marked on the upper sketch, created from 
the light microscopy images A and B, Fig. 1. The top views of the nano-CT volumes follow the orientation of the sketch, while the bottom views show the recon
structed volumes from the side and follow the presumed femoral neck main axis, with planar orientation in ZY (perpendicular to the presumed lamellar plane XY). 
For A2 Indigo and A3 Green, an overlay with a second dataset is used to demonstrate the extending LCN pattern. Scale bar is 5 µm.

Table 1 
Summary of the observed differences between the interstitial and osteonal bone 
volumes.

Interstitial Osteonal

Lacuno- 
canalicular 
network

Appearance Irregular orientation 
with a high degree of 
branching and 
kinking

High 
directionality

Propagation Along the femoral 
neck axis

Orthogonal to the 
femoral neck axis

​ ​ ​ ​
Local 

composition
Crystallinity  
(v1PO4 

FWHM− 1)

Higher Lower

Collagen 
disorder/order 
ratio (I1670/I1640)

Higher Lower
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Information demonstrate LCN rendering for each pillar sample, and the 
comparison between the different pillars can be seen in Fig. 3. Within 
interstitial regions of volumes A1 Red, A3 Green and B2 Magenta, the 
LCN demonstrates irregular orientation with a high degree of branching 
and kinking. Most canaliculi are thick and run along the femoral neck 
axis. In samples A1 Red, A3 Green, we observe several discontinuous 
broken canaliculi that may be examples of canaliculi pruning. It is 
reasonable to think that some channels would gradually degrade and 
dissolve with age, replaced by ongoing mineralization [83]. While our 
study focused on a mature bone sample (52 years old), incorporating 
data from younger patients or different loading scenarios [84] would 
offer valuable insights into the progression of LCN structural 
configuration.

The detected canaliculi in osteonal regions A2 Indigo and A4 Cyan 
appear orthogonal to the main axis of the femoral neck (Fig. 3). A4 Cyan 
demonstrates a vascularization pattern of several small canaliculi 
running in parallel, with their cross sections lying on the same circum
ference (Video SV4 Planes 300–600, Supporting Information). The high 
directionality of the LCN within the osteonal bone regions is in line with 
previous studies [36]. Following the work of Repp et al. [85], most of the 
osteonal canaliculi (about 64 %) are expected to be oriented towards the 
osteon center, while the lateral canaliculi lie parallel to the osteonal axis, 
often following the predominant MCF orientation of the lamellae.

Remarkably, the volume of a secondary osteon within the pillar A2 
Indigo presents a dense canalicular network visible in the volume 
rendering in Fig. 3 and Video SV2, Supporting Information. Numerous 
canaliculi run perpendicular to the assumed femoral neck axis, while 
connected by a thick row of junction points. Junctions are comparatively 
small (in our case under 4 µm in diameter), connecting several 
branching strands of canaliculi. In contrast to such junctions, an osteo
cyte’s lacuna in the case of human cortical bone is usually about 10–15 
µm in diameter with hundreds of individual canaliculi sprouting from 
the lacunae volume [86]. Canaliculi junctions are reported as a common 
LCN feature in both humans and rodents [87]. Observed here pattern of 
an aligned row of canaliculi junction points appears extremely similar to 
the one observed by Reznikov et al. [82] in rat tibia. Bortel et al. [86] 
have classified the junctions in human bone, suggesting they serve the 
redundancy of nutrient transport in case of tissue damage, but have only 
considered junctions close to lacunae.

Polarized Raman spectroscopy further highlighted the zonal differ
ences within cortical bone. In Fig. 4, a typical Raman spectrum of 
cortical bone as measured in the current study is shown. Raman bands 
that correspond to the mineral (v1PO4, v2PO4) and organic (amide I, 
amide III) components are marked accordingly. Relative mineralization 
is assessed via mineral to matrix band ratio v1PO4/amide I [63,88,89], 
averaged over different laser polarization [62]. As shown in Fig. 4A, the 
mineral to matrix ratio (v1PO4/amide I) is comparable between the 
osteonal and interstitial zones, suggesting that the investigated volumes 
underwent the bone formation cycle at similar points in time. Another 
parameter that characterizes the mineral fraction of bone is the mineral 
crystallinity. It is assessed as the inverse full width at a half maximum 
(FWHM) of the primary phosphate band, averaged over different 
incoming laser polarizations [88,90,91]. In line with available studies 
[55,92], crystallinity is significantly higher within the interstitial re
gions of bone when compared to the osteonal (Fig. 4B). In the latter 
regions, a wider distribution of crystallinity values is observed, sug
gesting varying tissue age within the studied osteons [93]. Raman bands 
corresponding to the organic fraction of bone gave access to the local 
MCF spatial orientation [51] as well as the relative measure of the 
collagen secondary structure orderliness [63,64]. Collagen disorder/
order ratio is extracted as the sub-band intensities ratio for both amide I 
(1670 cm− 1/1640 cm− 1) and amide III (1245 cm− 1/1270 cm− 1). The 
amide I sub-band ratio demonstrated a significant increase for the 
interstitial bone (Fig. 4C-D), suggesting a less ordered collagen fibril 
arrangement [55,63,64,89]. An overlay of the qPRS measurement out
puts (out-of-plane angle, mineral/matrix ratio, amide I sub-bands ratio) 

over the measurement sites/positions are summarized in Figure S10, 
Supporting Information.

3.3. Lamellar structure and MCF orientation

Nano-CT data has provided us with two paths to gain insight into 
lamellar arrangement of bone material in the imaged volumes. The first 
one has offered itself upon the examination of nano-CT XY slices (an 
example of such slice is shown in Fig. 5A). As we virtually slice through 
the bone volume, we follow local areas where the material contrast 
visually appears to follow different propagation patterns than the area 
next to it. Although we have observed some indication of lamellar pat
terns in all five samples, we have chosen three volumes (A3 Green, A4 
Cyan and B2 Magenta), where we were able to find a plane running 
through the areas of different material contrast, so that the position of 
the boundaries between areas remained unchanged. The boundaries 
between areas appeared as straight lines and roughly parallel to one 
another, likely to reflect the lamellar structure of bone, as indicated in 
Figs. 5A and E. The reader is invited to follow these changes themselves 
through Videos SV3 and SV4, Supporting Information, where we used 
the difference in propagation direction to segment samples into lamellar 
sub-volumes. Fig. 5A and E feature the orthogonal view of the proposed 
lamellar segmentation for A3 Green and A4 Cyan, featuring in each case 
3 parallel lamellar volumes (LV) with both boundaries traceable through 
the slices as well as edge volumes (EV) of the dataset, extending out
wards from the utmost left and right identified boundaries. Recognized 
layers lay at 9◦ inclination in case of A4 Cyan to an expected femoral 
neck main axis. In A3 Green, however, the layers lay at almost 45◦ The 
thickness of the LV layers is measured as 2.3 to 3.6 µm for A3 Green and 
2.4 to 4.5 µm for A4 Cyan as reflected in Table 2.

The second path is laid out by the MCF orientation estimated from 
the orientation of segmented mineral ellipsoids in the nano-CT re
constructions (Figs. 5B,C,D,F,G). In the aforementioned cases of A3 
Green and A4 Cyan, the orientation distribution of MCF angles seen in 
color-mapped 3D renderings seems to correlate with proposed lamellar 
division achieved by the first path. Fig. 5 and Videos SV3 and SV4, 
Supporting Information use a ‘Spectrum’ color scale (Fig. 5C) to reflect 
the orientation of the segments respective to the XY plane of segmen
tation (XY angle measured clockwise from horizontal X axis as plotted in 
Fig. 5D). In A4 Cyan, color fluctuations between yellow (~ 30◦ to 50◦) 
and green (~ 10◦ to 40◦)-dominating areas resemble the identified 
lamellar layers. At the same time, the layers formed by color variations 
appear to be of equal width of roughly 3.2 µm (measured from 3D views) 
contrary to the span of 2.4 to 4.5 µm measured in segmented layers (first 
path described in the above paragraph). For the sample A3 Green, the 3D 
view in Fig. 5G suggests three layers based on color distribution, namely 
yellow-green (ca. 10◦ to 50◦) corresponding to EV2 and LV3, purple-blue 
(~ − 90◦ to − 10◦) corresponding to LV2 and LV1 and cyan (~ − 30◦ to 
0◦) corresponding to EV1. Under closer inspection, yellow-green (~ 10◦

to 50◦) layer at the edge of the pillar changes again to cyan (~ − 30◦ to 
0◦), however, due to laser ablation damage at the edges, the orientation 
of segments there is less reliable. Statistics corresponding to MCF 
orientation are plotted in Fig. 5H and I and summarized in Table 2.

Observed bone lamellae motifs both in osteonal and interstitial zones 
confirm existing theories of bone lamellation [34,38,79]. For the 
osteonal tissue in A4 Cyan, we observed a subtle periodic variation with 
an amplitude of ~6.5◦ between the successive layers (Fig. 5B, C), 
somewhat similar to the local observations of Varga et al. [38] and 
Schrof et al. [94]. In contrast to these gradual oscillations, interstitial 
tissue in A3 Green demonstrates a drastic change in MCF orientation 
between LV2 and LV3, as evident both from color contrast in Fig. 5F, G 
and the segment statistic in Figure 5 I. Median angle values in these two 
layers are − 26.2◦ and 29.7◦ suggesting a 55.5◦ switch in orientation 
(Fig. 5E, D), in line with the proposed spiral twisting of Wagermaier at el 
[34]. The angle change between EV1 and LV1 within A3 Green is less 
extreme. The co-existence of both twisting and oscillating plywood 
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Fig. 4. Compositional comparison between the interstitial and osteonal zones as assessed via Raman spectroscopy. Top: representative Raman spectrum of cortical 
bone, coloring corresponding to different spectral regions, from which the following Raman parameters were extracted: mineral to matrix ratios (A), crystallinity (B), 
amide III (C) and amide I (D) sub-band intensity ratios. Boxplots (A-D) summarize the distribution of the Raman parameters within interstitial and osteonal zones, p- 
values from the two-tailed t-test are shown upon significant differences between the zones.
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Fig. 5. Segmentation of lamellar structure. (A, E) - lamellar volumes (LV) and edge volumes (EV) identified following Videos SV4 and SV3 for samples A4 Cyan and 
A3 Green, respectively. (B,C) and (F,G) – 3D views of respective samples showing segment orientation in XY plane according to the color scale in (C; D) – Examples of 
2D views in XY plane featuring a change of orientation between LV2 and LV3 in A3 Green; (H, I) – statistics of the segment orientation throughout the lamellar 
volumes; each is accompanied by a distribution histogram following the color scale from (C). Data is represented as a boxplot with median values marked by a line 
and mean values by a dot. Note different angle range of (H) and (I). Scale bars are 5µm.
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patterns is also possible and was observed by Varga et al. [38] and 
Schrof et al. [94]. within neighboring bone regions (<100 µm). 
Following the rather broad angle value distribution in Fig. 5I and F-G, 
the LV1 layer supposedly includes an overlap region between two 
lamellae or a disordered interlamellar zone. According to the light mi
croscopy images (Fig. 1), this layer may contain an interface between 
two interstitial zones, hence including a disordered region.

We have observed visible changes in MCF orientation in sample B2 
Magenta (Fig. 6) as well, as seen in the slice through and MCF seg
mentation in Video SV5, Supporting Information. However, the sup
posed lamellar division shown in Fig. 6A appeared less regular 
compared to the abovementioned samples, with an inclination angle of 
lamellar layers changing from 34◦ to 17◦ with the insertion of a half- 
layer (H-L). This sample shows the best match between two methods 
of studying lamellar arrangement with all layers from nano-CT slices 
segmentation (Fig. 6A) being directly reflected by orientation color 
mapping (Fig. 6B). Unfortunately, due to lamellar structure complexity, 
we could not perform a new LV-specific MCF orientation segmentation 
and calculate MCF angle variations similar to the aforementioned 
samples.

We did not observe significant variations in the density of segmented 
MCFs between the lamellae within the examined nano-CT volumes 
(Table S4, Supporting Information), opposing to the model supported by 
Marroti [35] and observations of Reznikov et al. [22,82]. However, this 
might be due to the character of our manual segmentation of lamellar 
borders, where some of the proposed lamellar layers may include or in 
their entirety may be composed of disordered regions. The thickness of 
the measured lamellae varied from 2.3 µm to 4.5 µm as seen from the 
nano-CT slices and from 2.0 µm to 6.9 µm as hinted by MCF orientation 
distribution; these values are consistent with earlier reported results [22,
34,35]. Moreover, we only examined the inferomedial site of the 
femoral neck, thus the observed bone ultrastructure might be a result of 
life-long exposure to the compressive loads [95]. While the extracted 
sample volumes were predominantly co-aligned with the main axis of 
the femoral neck, their precise orientation is impeded by macroscale 
variations in femur morphology. It is of high interest to expand the 
number of investigated volumes and different skeleton sites in potential 
follow-up studies.

Knowing the geometry of bone lamellae, it is interesting to explore 
their mutual orientation with the LCN. Fig. 6d-G renders chosen LV to 
reflect their interaction with canaliculi. For the osteonal tissue in A4 
Cyan, the canaliculi are running roughly orthogonal to the lamellae and 
seem to slowly converge in the direction of LV1 (Fig. 6D), most likely to 
a lacuna outside of the imaged volume. In the interstitial tissue A3 Green 
and B2 Magenta the structural co-localization of LCN and lamellae ap
pears more complex. The majority of canaliculi still run orthogonally, 
for example those penetrating LV1 in B2 Magenta (Fig. 6E) or LV2 in A3 
Green (Fig. 6F). At the same time, the thick canaliculus propagating 
between EV1 and LV2 in A3 Green, as well as lots of branches in both 

samples follow a different direction. Fig. 6F shows thin discontinuous 
channels running parallel to the lamellar boundary of LV3 and LV2 layer 
in A3 Green. Notably, it is also the region where the abovementioned 
switch in MCF orientation between LV2 and LV3 occurs. In B2 Magenta 
most branching occurs in the space between LV1 and LV3 volumes 
(Fig. 6E), where the MCF direction is closer to horizontal (orthogonal to 
the femoral neck axis). Notably, the insertion of a half-layer between 
LV3 and LV4 also seems to start at a canaliculus, running parallel to the 
lamellae (see dashed circles in Fig. 6A, E and joined 3D render in Video 
SV5, Supporting Information). The appearance of LCN units thus seems 
to be connected to the changes in lamellar structure [96,97], however 
the exact relationship is not apparent. The local MCF orientation anal
ysis in the vicinity of the canaliculi and exploration of other structures 
related to ion transport, such as the recently reported cortical nano
channel network [98], fell below the resolution limit of the nano-CT 
setup. High-resolution methods like electron tomography would be 
more applicable for such tasks in the future [45,99].

3.4. MCF orientation correlative analyses

The spatial orientation of the mineralized collagen fibrils was 
assessed and compared between both techniques: nano-CT and qPRS. 
The latter method based on polarized Raman spectroscopy gives indirect 
information about the orientation of the MCFs, as estimated from the 
polarization-dependence of the ratio of amide I/amide III Raman band 
integral areas, following careful calibration of the setup on mineralized 
turkey leg tendon as model material [51,100]. MCF orientation was then 
mapped over the cortical bone area of interest, approximately 5 µm 
underneath the sample top surface. Due to focal spot size of the Raman 
spectrometer, each analyzed point represents a volume of ~(1 µm)3, 
from which the mean local orientation of the MCFs was estimated. This 
data was compared to the estimated MCF orientation from segmented 
mineral ellipsoids in nano-CT scans.

For the correlative analysis of the MCFs angles, both measurements 
were transformed into the right-hand Tait-Bryan angle notation [67], 
where in-plane rotation (relative to the plane of qPRS measurement) is 
characterized by angle ψ ∈[− π,π], and out-of-plane rotation is charac
terized by angle θ ∈[0,/2]. MCFs were considered as cylinders, pos
sessing radial symmetry, thus the rotation (φ) around the main MCFs 
axis was irrelevant for our measurement. The intersecting locations of 
both measurements were found by selecting the MCFs segments from the 
nano-CT scans fully or partially located in the extended volumes of qPRS 
measurement (see Materials and Methods section 2.4 and Supplemen
tary chapter S5, Supporting Information). We chose a larger accepting 
volume (2 × 2 × 2 µm per measurement point), to increase the minimum 
number of ellipsoid segments contained within the intercepting volume 
for better statistical representation. For each point of qPRS measurement 
map, the averaged orientation of the matching MCFs segments in the 
nano-CT reconstructions (n = 2-29 per point, see Table S7, Supporting 

Table 2 
Summary on mineralized collagen fibrils (MCF) orientation within lamellar volumes (LV), edge volumes (EV) and half- layers (H-L), measured for A4 Cyan, A3 Green 
and B2 Magenta samples.

Sample A Property EV1 LV1 LV2 LV3 EV2

A4 
Cyan

MCF XY angle median [◦] 31.0 37.9 31.7 38.1 27.8
MCF XY angle mean [◦] 28.0 36.0 28.3 32.5 22.3
Lamellar thickness estimated from nano-CT slices [µm] – 2.4 4.5 2.5 –
Lamellar thickness estimated from color mapping [µm] – 3.2 3.2 3.2 –

A3 Green MCF XY angle median [◦] − 14.7 − 15.5 − 26.2 29.7 25.7
MCF XY angle mean [◦] − 8.5 − 6.7 − 16.7 14.5 19.0
Lamellar thickness estimated from nano-CT slices [µm] – 3.6 2.5 2.3 –
Lamellar thickness estimated from color mapping [µm] – 6.9 4.2 –

Sample B Property EV1 LV1 LV2 LV3 H-L LV4 EV2

B2 Magenta Lamella angle (to Y axis) [◦] – 25 28 34 28 17 –
Lamellar thickness estimated from nano-CT slices [µm] – 2.0 3.2 2.3 – 1.9 –
Lamellar thickness estimated from color mapping [µm] – 2.5 3.2 2.0 – 3.0 –
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Information) was extracted and compared to the qPRS data. Fig. 7 re
veals the positions of intersecting sites and compares the qPRS compo
sition analysis and nano-CT lamellation study for sample A3 Green. 
Overlays of measurement sites for other samples, together with qPRS 
point numbering scheme can be seen in Figure S6, Supporting Infor
mation. Overlays of the qPRS measurement outputs (out-of-plane angle, 
mineral/matrix ratio, amide I sub-bands ratio) over the pillars top can be 
found in Figure S6, Supporting Information.

Point-by-point polar maps comparing in-plane ψ and out-of-plane θ 
angle values between both methods for each singular measurement 
point in A-series samples are plotted in Figure S9, Supporting Informa
tion. For the majority of measurement sites, both ψ and θ angle mea
surements between two techniques appear to correlate. Because the 
qPRS method was, strictly speaking, only calibrated for the out-of-plane 

θ angles of the MCFs [51], we further discuss only that parameter. The 
summarized comparison of the out-of-plane MCFs angles θ estimated 
from the qPRS and nano-CT methods across all samples and datapoints is 
shown in Fig. 8. Depicted angular errors for nano-CT represent the in
dividual standard deviations of the segment orientations, while the error 
from the qPRS method for all points was equal to 9.7◦, which is the error 
from the calibration function [51]. The collected angular values 
concentrate in the 15◦ - 60◦ range, with the largest number of values for 
the B2 Magenta sample, where a dense qPRS map was collected (81 vs. 
25 points as for other samples). The correlation efficiency between the 
two techniques was estimated as the root means square error (RMSE) in 
relation to 1–1 line. The B2 Magenta sample exhibited generally higher 
RMSE values of 13.8◦, when compared the 12.9◦ for the remaining 
samples. In particular, angular values for B2 Magenta are consistently 

Fig. 6. Relative orientation of bone lamellae and LCN: (A) - lamellar structure identified following Video SV5 for B2 Magenta, (B, C) - 3D views showing segment 
orientation throughout the nano-CT volume. (D, E, F) – joined 3D renders of LCN and MCF orientation segmentation in A4 Cyan, B2 Magenta and A3 Green, 
respectively. (D) features a common color scale reflecting segment orientation in XY plane (see Fig. 5D). In (D) and (C), intermediate LV are omitted to simplify the 
view of LCN; in (B), since no individual sub-volumes were segmented, only the segments of angle values below − 45◦ are displayed, being the main constituents of LV 
1,3 and 4. Dashed circles in (A) and (E) indicate a canaliculus at the origin of H-L. Scale bars are 5 µm.

T. Kochetkova et al.                                                                                                                                                                                                                            Acta Biomaterialia 198 (2025) 302–318 

313 



over-/underestimated between qPRS and nano-CT techniques, indi
cating a possible influence of the sample inclination differences between 
the measurements. Nevertheless, the collective sample RMSE = 13.5◦

was close to the error of the qPRS method (9.7◦) [51].

3.5. Methodological insights and limitations

Site-matched qPRS and nano-CT offer complementary insights on 
bone structural organization at sub-lamellar resolution. Raman spec
troscopy is, however, limited by the sample turbidity [101], providing 
mostly 2D data on the MCF orientation in contrast to 3D analysis from 
nano-CT scans. Moreover, the different operating principles of the 
techniques yield different spatial resolution: ~50 nm for nano-CT vs. ~1 
µm spot size for qPRS. At the same time, Raman spectroscopy enables to 
scan larger areas in a shorter time, while providing both structural and 

compositional information. However, qPRS mapping seems to be failing 
to detect interlamellar regions due to the low SNR from MCF collagen 
bands. In that regard, nano-CT is better suited to the lamellation pattern 
analysis, providing volumetric data on MCFs orientation. Phase-contrast 
nano-CT proved an excellent tool for imaging native unstained bone 
material, capable of resolving individual mineral ellipsoids while 
providing a vast amount of data for their quantification and a good 
overview of LCN and lamella boundaries.

It is important to keep in mind that nano-CT measurements give only 
an indirect estimation of the MCF orientation through the long axis of 
mineral ellipsoids. The latter is generally accepted to be co-aligned with 
the main axis of the MCF as concluded from earlier studies [78,79]. 
Here, we moreover confirm the co-alignment of the MCF with the 
segmented mineral ellipsoids via the qPRS technique. qPRS was previ
ously calibrated and validated on a model material with the gold 

Fig. 7. Example of site-matched nanoCT+qPRS measurements within the A3 Green volume: Raman measurement points (A) and the respective composition maps (C- 
E) are shown in the context of imaged nano-CT volumes and derived lamellation pattern in the light microscopy top-view image (A) and in the 3D rendering of the 
lamella-segmented nano-CT volume (B). In (A,B), the cubes representing coinciding volumes, have a wall size of 1 µm. In (C), the estimated MCF orientation is shown 
with arrows; the length and the color of the arrows represent the out-of-plane MCF angle (90◦ matches the femoral neck main axis), while the arrow direction 
matches the in-plane MCF orientation. (D) and (E) is the mineral to matrix ratio and the Amide I sub-band ratio (lower values (blue) indicate a higher ordering) 
respectively (cf. Fig. 4).
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standard SAXS method for MCF orientation estimation [51]. However, it 
would also be interesting to further validate the co-orientation of the 
mineral ellipsoids detected with the nano-CT with the true MCF orien
tation via ultra-high-resolution modalities like electron tomography and 
atom probe tomography.

Given the structural heterogeneity of bone, it is crucial to place the 
sampled small volumes into the proper biological contest [5]. 
Herein-described utilization of nano-CT could benefit from a combina
tion with a large field-of-view technique such as confocal scanning laser 
microscopy or third harmonic generation microscopy to provide 3D 
context of lacunae and osteonal division [102]. The nano-CT instrument 
used in this study possesses, apart from the applied high-resolution 
(HRES) mode, a second large-field-of-view (LFOV) mode with 64 µm x 
64 µm field of view at 150 nm nominal resolution. Future studies 
applying scale-bridging nano-CT (by first cutting larger pillars for LFOV 
and subsequently milling them down for HRES) are very promising, as 
that would allow positioning high-resolution volumes with respect to 
lacunae and trace orientation changes throughout multiple adjacent 
lamellae. Laser ablation was extremely helpful in isolating bone volumes 
for nano-CT imaging to improve SNR and avoid interior tomography 
artifacts. On the downside, it has introduced surface damage of about 
1.5–2.5 µm to the utmost edge of fabricated pillars that compromised 
and impeded the identification and analysis of bone-building blocks in 
this zone. Alternative to the laser ablation, micro-lathe milling of cy
lindrical samples can be utilized for a high-throughput sample prepa
ration [103]. The inclusion of sample surface markup grids via laser 
ablation is another promising approach to facilitate sample navigation 
and orientation when correlating numerous methods for bone ultra
structure characterization [104]. With these remarks in mind, the 
measurement approach using nano-CT described in this study has a high 
potential in further analysis of the bone ultrastructure in laboratory 
settings.

This study would not have been possible without advanced 3D data 
treatment tools. Transformation operations of the slicing plane were 
imperative to discover the lamellar arrangement. Machine learning 
segmentation of mineral ellipsoids became the backbone for their 
orientation study, providing a more feature-specific alternative to 
Fourier transform [36] or greyscale gradient tensor [105]-based ap
proaches, and allowing subsequent morphological analysis. Improving 
on these tools and enhancing the feature segmentation with machine 
learning algorithms, including deep learning schemes [106,107], will 
allow for more efficient use of 3D data and better representation of 
studied objects. Quantitative orientation studies in 3D space using 3D 

analysis software could be eased by adding customizability to coordi
nate system choices as well as direct export of rotation matrices or open 
scripting.

This work utilized a bone sample from a single donor and anatomical 
site. While this approach was appropriate for the current exploratory 
study, future research would benefit from a larger, more diverse sample 
to examine variations across different anatomical sites and disease 
conditions.

4. Conclusion

This exploratory study highlights important details on the lamellar 
and sub-lamellar bone organization, namely zonal variations between 
osteonal and interstitial types, LCN structure, MCF arrangement and 
lamellar organization. Sample preparation method based on 
femtosecond-laser ablation allowed pinpointing volumes of interest, and 
improving quality of collected tomography data. Imaging capabilities of 
laboratory-based Zernike phase-contrast nano-CT together with 
employed machine learning segmentation algorithms, enabled visuali
zation of MCF organization at a high spatial resolution. Performing site- 
matched nano-CT and qPRS allowed us to combine structural and 
compositional datasets. The measured MCF out-of-plane angles were in 
good agreement between the two methods (13.5◦ RMSE), approaching 
the resolution limit of qPRS (~9.7◦).

Data treatment strategies and correlative experiment workflows 
described here could be adapted to other fields concerning ordered hi
erarchical materials of similar feature size, such as cellulose- and chitin- 
based nature-derived materials as well as man-made filler-enhanced 
composites and architected materials. In future studies of human bone 
ultrastructure, including more patients and VOIs should allow a statis
tically sound analysis of trends and differences presented in the current 
work. Furthermore, other bone ultrastructural units of interest like 
interlamellar and cement interfaces could be focused on, and the 
structure of MCF around lacunae and near Haversian channels could be 
studied in more detail. Moreover, the influence of bone metabolic dis
eases on the bone ultrastructure could be investigated.
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