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While advanced imaging strategies have improved the diagnosis of bone-related pathologies, early signs
of bone alterations remain difficult to detect. The Covid-19 pandemic has brought attention to the need
for a better understanding of bone micro-scale toughening and weakening phenomena. This study used
an artificial intelligence-based tool to automatically investigate and validate four clinical hypotheses by
examining osteocyte lacunae on a large scale with synchrotron image-guided failure assessment. The
findings indicate that trabecular bone features exhibit intrinsic variability related to external loading,
micro-scale bone characteristics affect fracture initiation and propagation, osteoporosis signs can be
detected at the micro-scale through changes in osteocyte lacunar features, and Covid-19 worsens
micro-scale porosities in a statistically significant manner similar to the osteoporotic condition.
Incorporating these findings with existing clinical and diagnostic tools could prevent micro-scale dam-
ages from progressing into critical fractures.
� 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Bone formation and resorption are vital biological processes
performed by osteoblasts and osteoclasts, respectively, and are
required to maintain bone homeostasis and guarantee bone defect
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healing. These activities are carefully orchestrated by osteocytes,
mechanosensory cells that respond to mechanical loading, play
an integral role in regulating bone regeneration, as well as engag-
ing in perilacunar/canalicular remodeling [1-3]. Osteocyte cell bod-
ies are embedded in micron-sized ellipsoidal pores
(�20 � 10 � 5 lm) named lacunae [4], that are interconnected
through a dense network of canaliculi, slender long channels which
diameters are ranging from 0.15 to 0.55 lm [5].

At the micro-scale, the evolution of damage into a macro-scale
critical fracture is still an obscure point, specifically due to a lack in
understanding the role of lacunae in bone micro-damage. Lacunae
seem to play an antithetical mechanical function, having an effect
on both strength and toughness. In the first instance, lacunae could
be classified as stress concentrators [2,6]. The average tissue strain
around lacunae is 1.5–4.5 times higher than the remote strain
applied to the surrounding tissue, so, lacunar system should con-
tribute to strength decreases. Indeed, experimentally measured
bone matrix strains around osteocyte lacunae can reach peaks in
strain concentration factor of 1.1–3.8with respect to the remote tis-
sue strain, highly influencing crack patterns around the perilacunar
regions [7]. However, considering bone as a damage-tolerant mate-
rial [8,9], meaning that it is able to tolerate the presence of micro-
cracks without reaching the level of critical size defects, lacunae
are able to deviate the crack path, slowing down damage progres-
sion. Toughening phenomena are also visible at the nano-scale,
where bone could become insensitive to defects thanks to specific
arrangements in hydroxyapatite crystals [10]. Recent findings [11]
suggest that both micro-scale toughening and weakening mecha-
nisms could coexist inside the same bone region, highly depending
from lacunar distribution and morphological characteristics.

Despite the enormous interest in identifying early signs of bone
damage [12-14] and in elucidating eventual lacunar-level patho-
logical alterations that result in premature bone deterioration,
the characterization of the lacunar system remains difficult today
due to its location embedded within the opaque, mineralized
matrix and its intricate complexity. Conventional 2D imaging tech-
niques such as light microscopy [15,16], scanning electron micro-
scopy (SEM) [17], transmission electron microscopy [18], and
atomic force microscopy [19] are often destructive and present
several uncertainties because the slicing direction may bias the
results due to missing information about the third dimension. To
overcome this issue, various 3D imaging techniques are explored
to shed light on the lacunar network physio-pathological charac-
teristics [20]. Confocal laser scanning microscopy (CLSM) [21],
multiplexed 3D-confocal imaging combining different fluorescent
stains [22], serial focused ion beam SEM [23,24] allow to generate
3D reconstructions of bone micro-scale architectural features, but
suffer from several limitations, including, as in the case of CLSM,
spherical aberration, that impairs axial resolution in depth
[23,24]. Computed micro-tomography (micro-CT) represents a
powerful tool for acquiring lacunar level scans while keeping sam-
ple integrity [25-28]; however, this technique lacks in phase con-
trast for micro-cracks recognition. Synchrotron radiation, with
sufficiently high photon flux and coherent beam properties, in
combination with in-situ mechanical testing appears as a promi-
nent solution to capture the existent cross-talks between the lacu-
nar network and occurring crack mechanisms at an unprecedently
high resolution [29].

Even if 3D imaging techniques are able to provide volumetric
information and investigate the 3D bone micro-architectural and
structural properties with a non-destructive approach, human
bone data remain scarce and are generally limited to a very small
field of view [30]. On that basis, a complete morphological analysis
of osteocyte lacunae would be of primary interest, since related
alterations appear to have an effect on bone remodeling process
[31]. Preliminary findings obtained specifically via in situ syn-
2

chrotron imaging suggest that there exists a specific correlation
between osteocyte lacunar morphology/distribution changes and
physio-pathological processes. Osteocyte lacunar density seems
to decrease with age [32-37], together with a reduction in size,
and in presence of bone diseases (such as osteoarthritis) [38]. Lacu-
nar sphericity, directly linked to the osteocyte capability to sense
the surrounding tissue strain, appear to increase with age and in
pathological conditions, i.e. osteoporosis [11]. Therefore, it
becomes more and more evident how changes in the lacunae and
perilacunar bone tissue properties could be an early warning sign
of altered osteocyte mechanosensitivity and consequently of
pathology.

Nowadays, an additional high impact wake-up call to shed dee-
per light on this correlation rises from the outbreak of Covid-19
pandemic: a slowdown in the bone formation processes is hypoth-
esized as a direct outcome of the virus infection, which, together
with the increased sedentary lifestyle of the bedridden hospital-
ized patients, lead to a reduction in bone mass and strength [39-
41]. Indeed, recent disruptive preliminary studies [42] focus on
the interaction between the virus and Angiotensin-converting
enzyme (ACE2). ACE2 is a receptor for the spike glycoprotein of
the Covid-19 and it is expressed by osteoclasts and osteoblasts.
When Covid-19 targets to ACE2, this enzyme expression appears
to be downregulated, resulting in an unbalanced bone homeosta-
sis, and an alteration in the lacuno-canalicular network and signal-
ing pathways. If this hypothesis would be confirmed, Covid-19
disease and long-Covid phenomena could have a tremendous
effect on bone micro-scale architecture deterioration, leading to
macro-scale critical fracture [43,44].

However, despite the enormous potentialities of 3D imaging
techniques combined with finite element analyses, these
approaches are limited by the low number of osteocyte lacunae
that can be studied per sample, due to the massive computational
costs linked to the 3D processing. This issue is mainly preventing a
large-scale validation of ground-breaking scientific theories that
elevate lacunar morphological and densitometric variations as
the key for elucidating pathological alterations.

Recently, a novel artificial intelligence (AI)-based tool for auto-
matic large-scale osteocyte lacunar detection and investigation,
based on image-guided failure assessment (IGFA), becomes acces-
sible [45]. The power and rigor of the method in mapping lacunar
distribution in the 3D trabecular space are validated in human
bone samples.

Thanks to this methodical approach, the present study aims, for
the first time, at: (1) elucidating the existent cross-talks between
lacunar shape and density in presence of different load distribu-
tions, as particularly evident in the femoral head where bone struc-
ture is arranged as a response to the external loading scenario; (2)
quantifying the effect of lacunar-level alterations on crack initia-
tion and propagation mechanisms via the aid of multi-scale finite
element strategies; (3) quantifying micro-scale effects of the osteo-
porotic disease; (4) offering ground-breaking insights in long-term
Covid effects on bone health.

Here, we consider 180 female healthy, 180 female osteoporotic,
180 female Covid-19 and 180 male Covid-19 samples harvested
fromfemoralheads afterhip replacement surgery. Synchrotron IGFA
is applied to a total of 60 samples harvested from theproximal,med-
ial and distal zone of the femoral head with respect to the pelvis.
2. Materials and methods

2.1. Patient recruitment and clinical assessment

Human femoral heads (FH) are collected with prior authoriza-
tion from the Ethics Committee (approval date: 13/05/2020,
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ClinicalTrials.gov ID: NCT04787679) of San Raffaele Hospital
(Milan, Italy) and signed approval consent of the patients. The
rationale of sample site choice specifically resides in determining
whether there exists a relationship between lacunar shape and
density in presence of different load distributions. Indeed, while
at the meso-scale it is widely recognized [46,47] that trabeculae
are arranged in the three-dimensional space as a response to the
external loading scenario (Wolff’s law), the micro-scale architec-
tural adaptation to mechanical loadings is still a black box.

Three populations are considered in this study: osteoporotic,
Covid-19 and a healthy control group.

Patients over eighteen years old are recruited if they met the
following criteria: (a) have undergone primary hip replacement;
(b) have a routine preoperative CT scan. Exclusion criteria includes:
(a) bone disease (non-osteoporotic) such as to invalidate sample
analysis, including but not limited to genetic disorders and bone
tumors; (b) patients with contralateral hip replacement and/or
other synthetic bone substitutes/fixation devices in the contralat-
eral hip; (c) Patients with synthetic bone substitutes/fixation
devices in the hip of interest.

Clinical parameters, inclusive of age, are reported in Table 1,
that includes a power analysis too. While considered patients share
approximately the same age, therefore no statistically significant
difference is detected for this parameter, p < 0.05 is identified in
the BV/TV parameter, that is a measure of the meso-scale deterio-
ration of trabecular structures, particularly evident in osteoporotic
subjects. The T-score, defined are the standard deviation of
patient’s bone density (undergoing DXA examination) compared
with a statistical sample of 25–30 years old white women, is eval-
uated in agreement with the World Health Organization (WHO)
guidelines. Therefore, a T-score � -2.5 corresponds to an osteo-
porotic subject.

As concerns Covid-affected patients, they have received, in
accordance to WHO, a diagnosis of SARS-CoV-2 virus made by a
positive antigenic or molecular swab. The clinical picture varies
from patient to patient and the experienced symptoms are
detected at different levels, including the respiratory, cardiovascu-
lar, gastrointestinal trait and even the psychological sphere. All
recruited patients are symptomatic with a positive swab within
12 months prior to the hip replacement surgery.

As pertains healthy and osteoporotic group, only females are
included in the study, while in the Covid-affected population we
consider both males and females in a balanced proportion
(Table 1).
2.2. Bone sample collection and preparation

36 trabecular samples are obtained from each FH by cutting it
along the principal tensile and compressive stress trajectories.
Samples are classified in accordance to their distance from the pel-
vis as P (proximal), M (medial) and D (distal). The cut segments are
then fixed in formaldehyde [48-50] to avoid any bacteria contam-
ination, stored in 70% ethanol, and embedded into epoxy resin end-
Table 1
Clinical information of recruited patients. Data are shown with mean ± standard deviation.
Kruskal-Wallis H tests. b p in Chi-squared test. c p in Mann-Whitney U test.

Groups Healthy Osteoporotic

Number of patients [/] 5 5
Age [years] 74.4 ± 3.2 77.5 ± 5.1
Sex [female/male] 5/0 5/0
T-score / �3.22 ± 0.78
BV/TV [%] 36.12 ± 1.07 28.31 ± 1.23

3

caps. Samples are then kept wet in isotonic saline prior to
mechanical testing and during the experimental procedure.

Bone samples have a square cross-section of 16 mm2 and a total
height of 14 mm. Three samples (one P, one M and one D) for each
FH undergone IGFA inside the synchrotron, the remainders are
subjected to mechanical testing outside the synchrotron.
2.3. In situ image-guided failure assessment (IGFA)

The mechanical testing phase of human bone samples is con-
ducted both outside and inside the synchrotron via an ad hoc
Micro-Compression Device (MCD). The device, described in detail
in [51], is characterized by high maneuverability, due to its limited
weight (<0.75 kg) and height (<115 mm). We use a compact step-
per motor as linear actuator (NA23C60; Zaber Technologies Inc.,
Vancouver, CA), ensuring the possibility to reach 400 N [52], while
for the load control, we exploited a precision miniature load cell
(Model 34, Honeywell Sensing & Control, Columbus, OH, USA).
Bone samples are kept hydrated in a buffer saline solution during
the entire testing phase. The external cylinder and the internal
bone sample housing system made of polymethyl methacrylate
(PMMA, Young Modulus (E) = 3300 MPa [53]) guarantee both
human eye and X-ray transparency, that are helpful in double
checking specimen correct positioning. Bone samples, after an ini-
tial 2–3 N preload, are tested under displacement control. Each
compression step is performed with a step amplitude of 0.1 mm,
a displacement rate of 0.1 mm/s and is followed by 3 min of relax-
ation time during which the imposed displacement is maintained
(see Fig. 1). The instantaneous load measured by the cell is
recorded with a sampling frequency of 10 Hz and plotted in real
time allowing them to be continuously monitored during the test.
With the aim of capturing the cross-talks between lacunar arrange-
ments and micro-crack propagation, we design a specific alter-
nance of tomographic acquisitions and micro-compression steps.
This allows to capture crack evolution, starting from its nucleation,
propagation and final failure of the sample.

IGFA is performed in the experimental hutch of the SYRMEP
beamline (Elettra synchrotron, Trieste, Italy), as described in detail
in [11]. Briefly, experiments are carried out using the white beam
configuration in propagation-based phase-contrast modality with
a sample-to-detector distance of 150 mm, and an X-ray energy of
25.6 keV obtained with a Silicon foil 1.5 mm thick. Projections
are recorded with a camera based on a 16-bit, water-cooled Orca
Flash 4.0 sCMOS detector (2048 � 2048 pixels) coupled to a
17 lm-thick GGG scintillator screen. The synchrotron scans are
performed according to the so-called half acquisition mode (i.e.,
an off-center rotation over 360◦, in order to almost double the
width of the field-of-view) [54], according to the following param-
eters: pixel size = 1.6 lm, exposure time = 0.1 s, number of projec-
tions = 1800, field of view = 3.28 � 3.28 mm. The scan is performed
in fly mode, indeed the MCD continuously rotates on the platform
to which is rigidly coupled, during the acquisition; for each scan
one flat field image (without the sample) and one dark field image
(without X-ray illumination) are taken. With the adopted syn-
In the right column the power analysis is reported. Bold text indicates p < 0.05. a p in

Covid-19 p-value

10
75.1 ± 4.3 p = 0.324 a

5/5 p = 0.036b

/
34.78 ± 1.27 (females) p < 0.001 a

35.78 ± 2.12 (males) p (Covid male-Covid female) = 0.0013c

http://ClinicalTrials.gov
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Fig. 2. Correlation between osteocyte lacunar morpho-densitometric features and meso-scale mechanical characteristics of the samples tested inside the synchrotron,
including normalized Young modulus and normalized ultimate tensile stress. The scatter plots include best fitted lines and related R-square for each physio-pathological
condition. *p-values < 0.001, r p-value < 0.05.
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chrotron scanning parameters, the input radiation dose on the
sample imposed by synchrotron radiation corresponds to 165 Gy.
In literature, it is reported that for bone material a safe level is
between 30 kGy and 35 kGy, while material properties are signifi-
cantly changed above 70 kGy [55-57]. Additionally, research works
conducted by the authors [11,45] with the same experimental
Fig. 1. Meso- and micro-scale bone characteristics in dependence of external loading sce
architecture. At the macro-scale (on the left), the loading distribution is reported (JRF:
iliopsoas muscle, Fvl: force due to vastus lateralis muscle). At the meso-scale, trabeculae
scale, lacunae are the sites where osteocyte reside. B. testing equipment, comprising an ad
the average Young modulus inside healthy (blue dot), osteoporotic (red dot) and Covid-19
tool, specifically a convolutional neural network is exploited for the automatic segmen
visually schematized (including: Lacunar Stretch, Lc.St., Lacunar Oblateness, Lc.Ob., Lac
number density, NLc./BV). C. Meso-scale mechanical curves of healthy, osteoporotic and C
clustered with respect to the harvesting region (proximal, P, medial, M and distal, D). Stan
three physio-pathological conditions with respect to the �, y and z (loading direction)
including stretch and oblateness. F. lacunar densitometric parameters, including lacunar
with mean, median, lower and upper quantile and whiskers. * p-value < 0.05. (For interp
web version of this article.)

3

5

setup and synchrotron radiation parameters evidenced that the
mechanical properties in terms of E of the scanned samples are
within the values detected in the respective femoral head during
mechanical tests outside the synchrotron; thus, validating further
considerations on scanned samples.
nario. A. harvesting site, i.e. femoral heads, and the complexity of femur multi-scale
joint reaction force, Fabd: force due to the abductor muscles, Fip: force due to the
are arranged along principal tensile and compressive groups of fibers. At the micro-
hoc micro-compression device and synchrotron in situ imaging. This allows to map
(green dot) femoral heads (on the left). On the right, an artificial intelligence-based
tation of micro-cracks and lacunae, which morpho-densitometric parameters are
unar Orientation 1 and 2, Lc.Or1,2, lacunar volume density, Lc.V/BV, and lacunar
ovid-19 femoral heads are reported in terms of apparent stress-apparent strain and
dard deviations of data are reported in a lighter shade. D. lacunar orientation of the

axis of the sample and the harvesting region. E. lacunar morphological parameters
volume and lacunar number with respect to the bone volume. Boxplots are shown

retation of the references to colour in this figure legend, the reader is referred to the
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Projections are pre-processed by a single-distance phase-
retrieval algorithm [58] with a d/b parameter (i.e., ratio between
the real and imaginary parts of the material refraction index given
by n = 1 - d - i b) = 20 ± 1, selected for a good visualization of crack
and lacunae details. The reconstruction is then performed using
the conventional filtered back projection algorithm available in
the SYRMEP Tomo Project (STP) v1.4, that is an open-source soft-
ware used and implemented at the SYRMEP beamline [59]. A Mat-
lab code, described in detail in [11], removes artifacts and noises
that could appear in the inter-trabecular voids.

2.4. Image post-processing using AI

A Convolutional Neural Network (CNN) is implemented for
automatic crack and lacunar detection, based on the Keras
VGG16 built-in model [60]. This artificial intelligence (AI)-based
tool has been previously validated in [45]; with the baseline setup,
networks achieve>0.99 level of accuracy for both cracks and lacu-
nae, and>0.87 of the mean Intersection over Union (meanIoU)
adopted as validation metric. This approach is particularly encour-
aging for the development of powerful recognition system to com-
prehend the cross-relationships that exist between micro-
architectural features (such as osteocyte lacunae) and micro-
damages. The method is particularly suitable, being computation-
ally efficient with little memory requirement and suitable for prob-
lems that are large in terms of data/parameters [61].

2.5. Lacunar densitometric and morphological analysis

Lacunar analyses are performed by processing the 3D recon-
structions obtained from the CNN automatic lacunar detection in
the full bone sample. The maximum and minimum lacunar volume
limits are chosen as 300 voxels (corresponding to about 1229 lm3)
and 98 voxels (corresponding to about 400 lm3), respectively.
Threshold range are selected with respect to previous morpho-
densitometric [25] and histological [62] studies on human lacunae.
Both morphological [63] and densitometric lacunar parameters are
considered for the analysis. Morphological parameters are based
on the shape tensor, which describes the shape and orientation
of a single lacuna with respect to its center of volume. Diagonaliz-
ing the symmetric tensor, it is possible to obtain the eigenvectors
and the corresponding eigenvalues linked to the lacunae. We
define the Lacuna Stretch (Lc.St) as the ratio between the largest
and the smallest eigenvalue difference and the largest eigenvalue.
Lacunar stretch could vary from 0 to 1, where 0 corresponds to a
perfectly spherical lacuna, and 1 to an infinitely stretched one.
Lacunar oblateness (Lc.Ob) quantifies the geometrical shape of a
lacuna, with values between �1 and 1, with �1 corresponding to
a perfect prolate rod, and 1 corresponding to a perfect oblate plate.
Lacuna Orientation (Lc.Or), instead, quantifies the directions of the
two larger lacunar semi-axes; indeed, Lc.Or1 refers to the direction
of the longest semi-axis, while Lc.Or2 is the second longest semi-
axis. In prolate lacunae, only Lc.Or1 has meaningful implications,
while in the presence of an oblate lacuna, both orientations should
be considered. In addition to morphological parameters, densito-
metric lacunar parameters include the lacunar volume density
Fig. 3. Lacunar morpho-densitometric feature effects on micro-damage occurrence A. Sy
uncompressed state (named step 0), after four applied displacement levels of 0.1 mm (st
complete failure of the sample (step 3). The radiographs of an exemplificative sample ar
The differences in lacunar morpho-densitometric parameters between Step0 and Step 3
occurring at the micro-scale in all three physio-pathological conditions. In > 60% of the
along xy plane and z direction, corresponding to the applied displacement. D. Crack-tip op
from the quantification of the CTOD and from the finite element analysis. All values in
considering P, M, D zone. Histograms are reported with data standard deviation bars.

3
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(Lc.V/BV), corresponding to the volume fraction of trabeculae occu-
pied by lacunae, and the lacunar number density (NLc./BV), that
gives a quantitative correlation between the number of lacunae
and the extent of analyzed bone portion.
2.6. Crack fracture-mechanics based analysis

As pertains micro-cracks analysis, we exploited a fracture-
mechanics based framework. CNN-based automatic detection on
2D slices and the further 3D reconstruction allow for measuring:
crack length, crack propagation velocity, and crack-tip opening dis-
placement (CTOD). Crack length is measured with a scale set to 1

pixel = 1.6 lm. Crack propagation velocity (v ¼ Dastep nð Þ�stepðn�1Þ
Dtstep nð Þ�stepðn�1Þ

) is

computed by measuring crack length in two subsequent tomo-
graphic acquisitions, where Da is the difference in length (or
height) of the same crack between two subsequent steps, and Dt
is the interval of time corresponding to the applied displacement
at two different levels. The CTOD allows to estimate the separation
of the crack faces near the tip and is directly measured from syn-
chrotron images. From the CTOD we extrapolate the corresponding
toughness values (KCTOD) with the approximated equation
KCTOD�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CTOD 	 E 	 ry

p
, where E is the Young modulus and ry is

the yielding strength of the sample material, derived from the
mechanical tests conducted inside the synchrotron.
2.7. Numerical modeling

Multi-scale numerical models are exploited to quantify the
stress-field alterations due to the presence of different lacunar net-
works and to evaluate the interactions between propagating cracks
and alterations in the lacunar morphology/density.

The output images have all the same dimension and are
imported in software Fiji-ImageJ; BoneJ plugin [14] is applied to
obtain a.STL file to be imported in Abaqus (a 32 to 8-bit downscale
is applied to the whole bone model in order to reduce the compu-
tational costs). Shrink wrap hexaedral mesh is adopted in Hyper-
mesh software to capture local multi-scale heterogeneities [13]
with an element size of 7.5-pixels for the global model. In Abaqus
a linear elastic simulation is performed reproducing the experi-
mental setup, imposing a fixed support at the bottom surface
and a displacement of 0.4 mm at the top one, which corresponds
to the first compression step. The simplification of adopting a lin-
ear elastic numerical strategy, while preventing from modeling
the full mechanical response of bone after trabecular collapse,
has several advantages [11,64], including: i) simplicity: Linear elas-
tic models are computationally efficient, making them well-suited
for modeling bone structures up to the micro-scale; ii) validity for
small deformations: Linear elastic models are valid for small defor-
mations, which is often sufficient for modeling bone structures.
Small deformations can occur during normal daily activities and
are well within the linear range of bone’s mechanical behavior;
iii) Flexibility: Linear elastic models can be easily adapted to differ-
ent bone geometries, making them a versatile tool for studying
bone mechanics both at the meso- and micro-scale. The material
nchrotron image-guided failure assessment conducted at four different stages: i.e.,
ep 1), after additional four applied displacement levels of 1 mm (step 2) and at the
e reported for each step. At step 3, the femoral head bone sample is fully collapsed.
are reported on the right. B. Quantification of toughening and weakening effects

healthy cases is detected the presence of ligament bridging. C. Micro-crack velocity
ening displacement (CTOD) values. E. Stress intensity factor, KI, values extrapolated
dicated in C, D and E are reported for all the three physio-pathological conditions,



Fig. 4. Multi-scale numerical modeling of trabecular bone. A. full bone (global level) and indication of the Bone volume ratio (BV/TV). The yellow dot indicates the critical
zone where average low values of BV/TV are detected. B. localization of the failure band, in the proximity of the maximum principal stresses region. C. localization of the most
stressed/strained trabecula and validation of the models with synchrotron images at increasing applied displacement levels. D. evaluation of the stress state at the lacunar
level by means of a finite element model in the most stressed region of the failure band. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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input for the bone are Young’s modulus, derived from experimen-
tal tests and adjusted in accordance to Schaffler [62], and Poisson’s
ratio of 0.3. The failure band model is characterized by 1.28 mm
8

height and a refined mesh of pixel size equal to 3. The lacunar level
model is performed with a pixel size of 1 and derives its boundary
conditions from the respective failure band model.
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From the numerical models, values of stress intensity factor, KI,
are extrapolated using the LEFM equation (KI ¼ b 	 r 	 ffiffiffiffiffiffiffiffiffiffiffi

p 	 ap
),

where r represents the stress normal to the crack present in the
trabecula. b�1.12 is the shape function of a surface crack (a neces-
sary approximation given the complexity of the problem and
recurrent crack branching phenomena [65]).
2.8. Statistics

Output data obtained from experimental analyses are processed
with the software Minitab. An initial statistical analysis is carried
out using the Shapiro-Wilk normality test, in order to verify
whether or not the data have a normal distribution. Statistically
significant differences among data samples are analyzed consider-
ing their distribution. Normally distributed data are compared
using parametric tests: 2 Sample t-test is used when only two pop-
ulations are compared, while ANOVA is implemented for three or
more populations. Non-normally distributed data are analyzed
using the non-parametric Mann-Whitney test (for comparison
between two populations of data) or Kruskal-Wallis (for compar-
ison among three populations of data). P values below 0.05 are
retained statistically significant. For parameters with P < 0.05 in
Kruskal Wallis H test, post hoc analysis adopting Dunn test with
Bonferroni correction is performed. As concerns the power analysis
in Table 1, Chi-squared test is exploited too, in order to compare
the observed frequencies of two or more groups (frequency of
male/female in healthy, osteoporotic and Covid-19 group) with
the expected frequencies. As pertains correlations between
micro-scale morpho-densitometric parameters and meso-scale
mechanical characteristics, scatter plots include best fitted lines
and related R-square for each physio-pathological condition.
3. Results

3.1. Lacunar network morpho-densitometric features effects on bone
strength

To assess whether bone multi-scale architectural features affect
bone strength, 36 samples from each femoral heads (FH) are har-
vested following the direction of the trabeculae (Fig. 1A) and tested
under compression with an in house designed MCD (Fig. 1B).
Among them, three samples from each FH are selected for IGFA
inside the synchrotron.

The chosen anatomical site (Fig. 1A) is characterized by a multi-
scale complexity: at the macro-scale it is the region where
mechanical loads are transmitted from the pelvis through the coty-
loid cavity, at the meso-scale trabeculae are arranged in the three-
dimensional space along principal compressive and tensile groups.
As a result, morpho-densitometric characteristics of femoral tra-
beculae adapt and optimize themselves to various loads acting
on the hip joint. Consequently, the intrinsic femoral mechanical
properties could show high inter-subject and intra-subject vari-
ability, in agreement with Wolff’s mechano-biological theory
[66], evidencing an adaptation to the physio-pathological loading
scenario. This meso-scale variability is deeply explored in all sam-
ples coming from female FH by evaluating the Young modulus (E),
ultimate tensile strength (UTS), yield strength and ultimate strain
in the proximal (P), medial (M) and distal (D) zone with respect
to the pelvis. The P regions of all the 15 analyzed femoral heads
(Fig. 1C) display higher values of Young’s modulus (E = 126 ± 24 M
Pa, average value for all FH) where the predominant principal com-
pressive group directly sustains the loads transmitted from the
acetabulum (a mapping of average E values is reported in Fig. 1B,
on the left). The D region, characterized by few trabecular bundles,
9

appears less stiff, with Young’s modulus in the range of
71 ± 12 MPa (average value for all FH), significantly lower
(p < 0.05) than the P zone (Fig. 1B, on the left). No statistically sig-
nificant difference is detected between E values of P and M in both
healthy, osteoporotic and Covid FH, respectively; this could be
explained by looking at the anatomical conformation of M zone,
exactly at the interception of the twomain compressive and tensile
groups, resulting in an excellent ability to sustain the applied com-
pressive displacement too. Significant variability is detected in the
E values of the P regions, and it is more evident for all mechanical
parameters in the osteoporotic condition (Fig. 1C). Indeed, not only
the Young modulus, but the ultimate stress, ultimate strain and
yield strength are highly variable in the osteoporotic cases (as fur-
ther detailed in paragraph 3.3 and Fig. 5B). As pertains Covid-19
cases, no statistically significant difference is detected in the meso-
scale mechanical properties if compared to healthy cases; a huge
variability is detected in the intra-population YS values (Fig. 6B),
specifically in the P region.

Moving to the micro-scale, with the aim of assessing eventual
correlations between lacunar characteristics and mechanical
response to external loads, an AI-based tool is exploited (Fig. 1B,
on the right). A convolutional neural network, which accuracy is
demonstrated in [45], allows for automatic lacunar detection, per-
mitting the processing of million lacunae simultaneously. Identi-
fied features cover the micro-porosities three dimensional
orientation (Lc.Or1, that corresponds to the main lacunar semi-
axis) (Fig. 1 D), morphological (lacunar stretch, Lc.St, and lacunar
oblateness, Lc.Ob) and densitometric (lacunar volume, Lc.V/BV,
and number of lacunae, NLc./BV, normalized by the bone volume)
characteristics (Fig. 1E,F). Lacunar orientation does not show a
unique trend: the orientation of the main lacunar semi-axis is pre-
dominantly (frequency > 60% in the proximal and medial zone, fre-
quency > 40% in the distal zone) in the z plane for healthy samples
(Fig. 1D), so the one parallel to the loading direction. As concerns
osteoporotic subjects (Fig. 1D, in red), lacunae are more evenly dis-
tributed, specifically in the D region, with a slight increase
(+9 ± 0.2%) of Lc.Or1 in the xy plane with respect to the P and M
zones. As concerns lacunar morphological parameters (Fig. 1 E),
Lc.St does not show significant variations within P, M, D regions,
appearing more linked to the health status. Indeed, statistically sig-
nificant differences are found when comparing healthy, osteo-
porotic and Covid-19 populations in terms of both Lc.St and Lc.
Ob. Further details are provided in section 3.3 and 3.4. Same con-
siderations could be derived from the analysis of lacunar densito-
metric parameters; indeed, no significant differences are detected
within P, M, D zones and the shown variations are attributed to
the pathological conditions. Both lacunar volume and lacunar
number density present slight internal variability (�5%) within
the same FH. The difference in Lc.V/BV and NLc./BV is proven larger
(�42%) when comparing the physiological to the two pathological
conditions with respect to the intrinsic FH variability. However,
even if a wide number of lacunae is considered, the number of
samples scanned at the synchrotron is three for each FH, pending
for prudent observations when providing correlations to the
physio-pathological state.

To detect whether micro-scale characteristics are a reflection of
the meso-scale mechanical behavior, we report (Fig. 2) the correla-
tions between normalized mechanical characteristics (we reported
statistically significant correlations in terms of E/Emax and US/
UTSmax) and lacunar-level parameters. Lc.St is positively corre-
lated with the normalized Young modulus (R2 > 0.79); an analo-
gous trend is visible for the correlation between the stretch and
the normalized ultimate tensile strain (R2 > 0.80) for all the ana-
lyzed samples (Fig. 2). Oblateness appears negatively correlated
(R2 > 0.81) with both normalized E and UTS, demonstrating that
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a more prolate condition is a synonym of higher mechanical
response. Same negative correlation is evidenced for all densito-
metric parameters.
3.2. Lacunar network morpho-densitometric features effects on micro-
cracks initiation and propagation

The adopted synchrotron IGFA approach is the key for investi-
gating and quantifying eventual cross-talks between lacunar fea-
tures and micro-crack initiation and propagation mechanisms.
Indeed, three samples for each FH are tested and scanned at
increased applied displacement. Step 0 corresponds to the scan
in the uncompressed state, in steps 1 and 2 a displacement of
0.4 mm is gradually applied per step to the sample. The final step
3 aims at capturing bone failure, when additional 0.8 mm displace-
ment is applied before the last tomographic acquisition (Fig. 3A).

Firstly, potential alterations of lacunar morpho-densitometric
features due to mechanical testing are checked (Fig. 3A, on the
right). It is worth highlighting that no local remodeling is expected,
since bone is excised from human donors and is preserved in
formaldehyde, preventing any osteoblasts/osteoclasts/osteocytes
survival. Statistically significant differences in volume are detected
only in Step 3 (p < 0.05) with respect to the uncompressed Step 0;
this could be explained by observing typical Step 3 synchrotron
slices, where micro-scale damages coalesce into meso-scale cracks
that cross the entire trabecula, totally altering the original lacunar
network arrangement. Same trend appears for all the densitomet-
ric parameters; the reduced number of lacunae in Step 3 is
uniquely related to the sample failure into separate fragments. A
slight increase in oblateness is found across Step 1–2-3 (+5% in
total), though no specific trend in stretch behavior can be recog-
nized. Therefore, there is a tendency for lacunae to become oblate
when compressed; this finding is in accordance with the orienta-
tion, indicating an increased preferential orientation through the
steps in the directions orthogonal to the applied displacement.

With the aim of evaluating the interplays between cracks and
lacunae, the implemented CNN for the automatic crack detection
results as a promising tool for the 3D analysis of damage phenom-
ena starting from 1.6 lm resolution synchrotron slices. Indeed, 2D
observations deriving from bidimensional slices are often limited
when looking for micro-scale toughening and weakening phenom-
ena. From a preliminary bidimensional recognition of micro-
porosities and propagating cracks at increased applied displace-
ment, lacunae appear as frequent crack deviators (Fig. 3B), slowing
down its progression in>31% of healthy samples, 26% of Covid-
affected cases and 37% of osteoporotic population. In line with a
previous work [11], ligament bridging phenomenon, meaning the
initiation of parallel not coalescent tiny cracks, occur in the major-
ity (>62%) of the healthy control group, specifically in the samples
harvested from the P region.

Moving to the AI-based 3D reconstruction, we exploit a
fracture-mechanics based framework to quantify lacunar features
effect on bone strength. Specifically, we evaluate crack propagation
velocities (Fig. 3C) along x-y and z direction (corresponding to the
perpendicular and parallel direction with respect to the applied
compressive displacement respectively). No specific trend is found
Fig. 5. Osteoporosis effect of bone meso- and micro-scale morpho-mechanical charac
compression group. The osteoporotic FH are reported with respect to their T-score. B. Me
each FH) of the osteoporotic FHs with respect to the healthy control group. Report
morphological parameters and D. lacunar densitometric parameters of the osteoporotic
stress state in presence of osteoporotic micro-porosities, i.e. roundish lacunae (upper m
level models, boundary conditions are extrapolated from the global full bone model, as
opening displacement (CTOD) and the finite element models for each osteoporotic FH and
and whiskers. * p-value < 0.05. Histograms are reported with data standard deviation b
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when comparing M, P, D samples neither for healthy nor for Covid
cases, while a predominant z direction is highlighted for 89% of the
osteoporotic samples. CTOD measures (Fig. 3D) appear within the
same order of magnitude for all the samples, around 4.6 ± 1.2 l
m. The CNN-based 3D reconstruction of the whole sample at the
lacunar detail permits the implementation of multi-scale numeri-
cal models on the tested specimens, towards the quantification
of the stress intensity factor, KI, due to micro-scale heterogeneities
(Fig. 3E).

At the meso-scale (Fig. 4 A, B), higher values of maximum prin-
cipal stresses are mostly located in the region with the lowest BV/
TV, coherently with the experimental findings that show local
buckling phenomena occurring in the same zone (Fig. 4C). While
trabecular arrangement plays a core role in determining the failure
band, lacunar micro-porosities significantly alter the stress distri-
bution (Fig. 4D). KI values extrapolated from FEM analyses (KI

FEM) in the proximity of lacunae are in line with the KCTOD calcu-
lated from experimental observations. KI values for the two patho-
logical conditions appear higher (�+34%) than the healthy control
group.
3.3. Lacunar morpho-densitometric alterations in presence of
osteoporotic disease and consequences on multi-scale bone strength

The adopted methodological approach, including meso-scale
mechanical testing and combining synchrotron IGFA with the
power of artificial neural networks, allows to shed light on the
physio-pathological response to applied loadings. At the meso-
scale, we test 180 samples harvested from 5 osteoporotic femoral
heads, equally distributed in P, M and D regions. In all considered
FHs, an evident deterioration in both primary compressive and ten-
sile group of trabecular bundles is diagnosed after hip replacement
surgery (Fig. 5A). In just a single case, characterized by a T-score < -
3 corresponding to severe osteoporosis, a degradation in secondary
trabecular patterns is highlighted from clinical observation.

Concerning osteoporotic inter-patient’s variability, all mechan-
ical parameters are normalized with respect to the maximum
value detected in the respective FH, as reported in Fig. 5B. This
allows to neglect intrinsic variations in terms of donor age range
or eventual comorbidities that may locally affect the morphologi-
cal trabecular arrangement. The normalized Young modulus is
characterized by high variability and is statistically significantly
higher than the healthy counterpart (p < 0.05). The reported vari-
ability, visible in all mechanical parameters, is attributable to
two factors: the presence of bone tissue thickening phenomena
due to local arthrosis, or the evidence of bone cysts. These geodeses
appear as pseudocystic cavitary formations with fibromyxoid con-
tent that generate in the subchondral bone of joints, altering local
mechanical response. In terms of intra-patient variability, as antic-
ipated in section 3.1, the P and M regions show significantly higher
mechanical characteristics with respect to the D zone (Fig. 1C), as
elucidated for healthy subjects, indicating that the transmission
of loads continues to occur from the acetabular area to the femoral
shaft gradually passing to the neck region.

To evaluate the effect of osteoporosis on morpho-densitometric
lacunar parameters (Fig. 5C,D), all 15 osteoporotic samples are
teristics. A. progressive deterioration of the principal and secondary tensile and
chanical characteristics (normalized with respect to the maximum value detected in
ed values are: E/Emax, UTS/UTSmax, YS/YSmax and eult/ eult_max. C. Lacunar
FHs with respect to the healthy condition. E. computational models evidencing the
odel) and healthy, i.e. flattened prolate lacunae (bottom model). For these lacunar
detailed in section 2.7. F. stress intensity factors calculated based on the crack-tip
the healthy case. Boxplots are shown with mean, median, lower and upper quantile

ars.



Fig. 6. Covid-19 effects on bone meso-and micro-scale morpho-mechanical characteristics. A. Schematic of Covid-19 hypothesized effects on bone remodeling mechanisms.
Covi-19 targets angiotensin-converting enzyme (ACE2) receptor, producing a downregulation of Angiotensin 1–7/MasR cascade. ACE2 and MasR are expressed by osteoblasts
and osteoclasts, meanwhile, the activation of ACE2/Ang-(1–7)/MasR axis reduce the bone resorptive milieu by inhibiting the expression of receptor activator of nuclear factor-
kappaB ligand (RANKL). B.Meso-scale mechanical characteristics (normalized with respect to the maximum value detected in each FH) of both male and female Covid-19 FH,
with respect to the healthy and osteoporotic cases. Reported values are: E/Emax, UTS/UTSmax, YS/YSmax and eult/ eult_max. C. Lacunar morphological parameters and
lacunar densitometric parameters of the Covid-19 FHs with respect to the healthy/osteoporotic condition. E. stress intensity factor calculated based on the crack-tip opening
displacement (CTOD) and the finite element models for Covid-19 FH and the healthy/osteoporotic cases. Boxplots are shown with mean, median, lower and upper quantile
and whiskers. * p-value < 0.05. Histograms are reported with data standard deviation bars.
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compared at the uncompressed state to the 15 healthy ones. Statis-
tically significant differences are found in several lacunar parame-
ters, i.e. lacunar stretch (p < 0,001), lacunar oblateness (p < 0,001)
and lacunar volume (p < 0,001) when comparing the healthy to the
osteoporotic case. The statistical significance is reached, permitting
to assert that lacunae in the analyzed osteoporotic trabecular
bones are larger, less stretched and less oblate than in the healthy
counterpart. Lacunar density parameters are also investigated,
turning to the assertion that the tested osteoporotic FHs have a lar-
ger lacunar volume and number density compared to the non-
osteoporotic ones (p < 0.001). These findings suggest that the most
critical difference between osteoporotic and non-osteoporotic
cases is the large dimensions and roundish shape of lacunae that
can be found in the former, rather than any specific orientation
of the micro-porosities.

As expected, these morpho-densitometric alterations produce
an effect on bone strength, not only at the meso-scale (as reported
in section 3.1), but at the micro-scale too, generating different
stress distributions and concentration sites. In Fig. 5E we compare
two exemplificative lacunar-level models, characterized by more
roundish (Fig. 5E, upper part) and more flattened and prolate lacu-
nae (Fig. 5E, bottom part), asserting that spherical lacunae signifi-
cantly alter the stress field, rather than the healthy flattened
counterpart. Lacunae play also a role in crack initiation and propa-
gation phenomena, as demonstrated in the evaluation of KI. K I FEM

and KI CTOD, while being comparable and guaranteeing the validity
of the implemented models, permit to assert that osteoporotic
lacunar network generates significantly higher stress intensity fac-
tor sites (p < 0.05) than healthy subjects, resulting in local failures
that generate the whole sample collapse.

3.4. Covid-19 and the bone: An underestimated multi-scale cross-
relationship

The promising results obtained in assessing the intimate
mechanobiological links between micro-scale porosities and dam-
age in osteoporotic patients, open the doors to an unprecedent
investigation. Indeed, clinical hypotheses correlating the short
and long term Covid-19 effects on bone architecture (Fig. 6A) are
still not yet validated, due to limitations in large scale micro-
analysis of bone complex structure. The adopted methodological
strategy, proven effective in automatic segmentation of million
lacunae and cracks is the key for shedding light on eventual alter-
ations on bone multi-scale structure due to the pandemic.

To increase sample size, we harvested 5 FHs from female
patients and 5 FHs from male subjects and we test under compres-
sion a total of 360 samples.

At the meso-scale, if we compare 5 healthy and 5 female Covid
FHs (Fig. 6B), no statistically significant difference is detected in
the normalized Young modulus of the two populations, displaying
slightly higher values (� +4.6%) in the Covid case. Covid-affected
FHs are characterized by higher variability, specifically in E/Emax
and UTS/UTS max. The same trend is detected for all the considered
mechanical parameters. As concerns the comparison between the 5
male and 5 female FHs (Fig. 6B), statistically significant values
(p < 0.05) are reported for E/Emax, which is lower (E/Emax = 0.3
8 ± 0.13) in the case of males. Not a uniform trend could be dis-
played for other mechanical parameters.

Considering micro-scale investigation, impressive results are
obtained from the morpho-densitometric analyses of the lacunar
network (Fig. 6C). The most relevant observation is linked to the
analysis of Lc.St: it appears that statistically significant differences
(p < 0.001) are exhibited by Lc.St between the healthy and Covid-
19 groups. Indeed, lacunae appear more roundish and spherical, as
it is demonstrated for the osteoporotic group. The results also indi-
cate that osteoporotic and Covid-19 lacunae share similar increase
13
in volume and number density, while being less oblated than the
healthy control group. This is a particularly disruptive finding,
since it demonstrates and support, for the first time, the hypothesis
of alterations in the complex bone hierarchical architecture due to
long-term Covid effects. The difference in Lc.V/BV and NLc./BV is
proven larger (�29%) when comparing the Covid to the healthy
condition with respect to the same Covid group variability. Indeed,
lacunae in males appear larger and more flattened than the female
counterpart, but high variability is detected in the considered
parameters.

As pertains fracture mechanics parameters, crack propagation
velocity doesn’t show a statistically significant preferential direc-
tion, as occurs in the healthy state (Fig. 3C). CTOD values are much
higher for the Covid-19 case than the healthy FH (4.7 ± 0.1 in the
first case and 3.8 ± 0.2 in the second one). The exploitation of finite
element multi-scale strategies permits the evaluation of stress
intensity factor sites, due to the presence of micro-scale hetero-
geneities. As an interesting outcome, KI FEM and KI CTOD outcomes
(Fig. 6D) are not only within the same order of magnitude also
for Covid sample models, but are close to the values obtained in
the osteoporotic cases (percentage difference < 6%), with KI FEM

Covid values being slightly lower than the osteoporotic ones.
4. Discussion

Our study exploits, for the first time, the power of in situ image-
guided failure assessment combined with artificial intelligence-
based strategies, to reveal novel insight in human trabecular bone
micro-architectural adaptation to physio-pathological conditions.
The over-arching aim of our work is to demonstrate four clinical
hypotheses, that still lack of scientific validation: i) there exists
an intrinsic variability in trabecular bone morpho-densitometric-
mechanical features and this could be related to the external load-
ing scenario; ii) micro-scale bone characteristics could alter frac-
ture initiation and propagation mechanisms; iii) osteoporosis
signs may start appearing at the micro-scale, correlated to alter-
ation in osteocyte lacunar characteristics; iv) there exists an under-
estimated link between Covid-19 and bone micro-scale alterations
due to long-term direct and indirect pandemic effect. To provide
point by point validation to these theories, we select as anatomical
site of interest the human femoral head, which fractures are among
the most burdening in terms of hospitalization, long-term care and
psycho-social side effects. For these reasons, the adoption of a
micro-scale perspective could be the key to diagnose early signs
of disease determined by alterations at the lacunar level and pre-
vent the catastrophic evolution of micro-damages into macro-
scale fractures.

Regarding the first clinical hypothesis, we exploit a multi-scale
strategy, combining mechanical tests conducted outside the syn-
chrotron, in order to map the mechanical characteristics of the
entire FH, and IGFA analyses at 1.6 lm resolution, to evaluate
eventual cross-talks between the micro-scale architecture and
the harvesting site (Fig. 1). At themeso-scale, mechanical tests con-
ducted under compressive displacement control, result to be in line
with previous studies [51,67-69], that hypothesized notable differ-
ences in the proximal femur structure and thus in its mechanical
properties, specifically depending on the sample harvesting posi-
tion. Indeed, our samples, harvested in the direction of principal
compressive and tensile groups of trabecular bundles, show statis-
tically significant differences in their mechanical response, even
inside the same FH. The distal zone to the acetabular fossa shows
lower value of Young modulus with respect to the neighboring
medial and proximal region, where the majority of the load is
transmitted from the pelvis. Interesting results are found when
analyzing physio-pathological states: significantly higher values
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of E/Emax are detected in all osteoporotic FHs (Fig. 5), demonstrat-
ing that the degeneration in the trabecular groups effectively
translates in a degradation of the mechanical characteristics, as
mentioned in literature studies [46]. Eventually, the higher vari-
ability in E values in osteoporotic P regions is directly linked to
local thickening due to the coexistence of arthritic phenomena,
that are more likely to occur in the proximity of load transmission
zones as a response to the impaired trabecular pattern. No statisti-
cally significant difference is detected when comparing the healthy
control to the Covid-19 group, which normalized Young modulus
values are significantly (p < 0.05) lower than the osteoporotic pop-
ulation, while being higher (but p > 0.05) than the healthy group
(Fig. 6). This means that at the meso-scale Covid-19 population
does not show any critical trabecular deterioration, but the high
variability evidenced in the Young modulus could be an early man-
ifestation of local inhomogeneous trabecular redistribution.

At the micro-scale the determination of site-dependent charac-
teristics and their correlation with mechanical response has been
often impaired by the impressive number of lacunae to be pro-
cessed, resulting in high computational costs. The exploitation of
convolutional neural network, now extended for large scale assess-
ment of crack and lacunae characteristics, results a powerful tool
for automatic identification of micro-scale architectural features
with an accuracy>99%, translating previous literature approaches
conducted on bovine bones [70] to the recognition of human bone
micro-architectural features. Globally, lacunar major axis in
healthy subjects appear mainly oriented in the z direction, so the
one corresponding to the applied displacement. An exception is
represented by samples harvested from the distal region, which
lacunae are more evenly distributed, with a predominance along
the xy plane (Fig. 1). This change of orientation could effectively
result in an unfavorable condition in terms of bone resistance to
external loads, inducing local bending [6]. Intra-group variability
is present as pertains both morphological and densitometric lacu-
nar parameters, but is proven lower with respect to inter-group
one, demonstrating that both osteoporosis and Covid-19 patholo-
gies could play a role on micro-scale architectural features. The
positive correlation (Fig. 2) with R2 > 0.78 for all the three
physio-pathological conditions of lacunar stretch with respect to
the normalized Young modulus and the negative correlation
obtained with the oblateness are a demonstration of the complex
multi-scale cross-talks existing in bone hierarchical structure.

The adopted methodological approach provides interesting
insights in validating the second clinical hypothesis, that focuses
on the correlations between micro-scale features and damage
occurrence. Here, we check that morpho-densitometric lacunar
characteristics alter the stress–strain field of the surrounding bone
tissue. Indeed, the stress concentration factor change with a varia-
tion in the lacunar shape [71], and this could be easily demon-
strated by the simplified bidimensional numerical model that we
report in Fig. 5. We present two cases, corresponding to roundish
lacunae, elliptical lacunae in the direction parallel to the applied
displacement. The most favorable case in terms of stress concen-
tration corresponds to the elliptical lacunae, parallel to the applied
displacement, exhibiting a stretch close to zero, and this case is
typical of healthy subjects.

Lacunae also affect crack initiation and propagation (Fig. 3), in
different ways depending from their size and shape; here, we
demonstrate that micro-porosities, specifically in healthy cases,
could be arranged in the three-dimensional trabecular space to
avoid crack coalescence in ameso-scale fracture (ligament bridging
phenomena). On the contrary, in presence of thinner trabeculae,
typical of osteoporotic subjects, cracks are more prone to cross
the entire trabecula. While crack propagation velocities in �, y, z
are comparable in all three physio-pathological cases, statistically
significant higher velocities are detected along z direction only
14
for osteoporotic cases, as a result of the meso-scale differences,
specifically in the thinner trabeculae and the lower BV/TV values
that this group shows. Additionally, when deriving stress intensity
factors from computational finite element models (Fig. 4), vali-
dated by experimental synchrotron analyses, we calculate that
stress intensity factor in spherical lacunae (KI FEM osteoporotic = 0.6 ±
0.02 MPa

p
m) is higher than the one shown by more ellipsoidal

ones (KI FEM healthy = 0.4 ± 0.03 MPa
p
m). Taylor et al. [72] presented

findings of 1–5 MPa
p
m for a considerable sample population cov-

ering a broad range of ages, including both young and elderly indi-
viduals. It is essential to note that age plays a significant role in the
values of K, leading to lower values for elderly individuals, as seen
in the studied case. Additionally, all samples analyzed were taken
from patients who had undergone hip surgery after being diag-
nosed with bone disease or fracture, indicating that they were
not in normal physiological conditions. It is also noteworthy that
while literature [72] discusses values for cortical human bone, data
for trabecular bone is limited due to its intrinsic complexity, lead-
ing to a reasonable assumption of lower K values in trabecular
bone than in cortical bone.

This last finding gives us intriguing hints for addressing the
third clinical hypothesiswe aim at validating. Indeed, osteoporosis
is here proven to alter the morpho-densitometric characteristics of
the lacunar network, resulting in less flattened, more oblate and
larger lacunae. From the morphological feature perspective, the
presence of more spherical lacunae in patients with lower BV/TV
implies a change in mechanical sensitivity of the lacunar confor-
mation, and consequently on the embedded osteocyte. Indeed, as
mentioned before (Fig. 5) and supported by previous works on por-
ous inorganic materials [73], we estimate that hoop stresses in
spherical geometries are approximately twice as high as those in
prolate ellipsoids. This result is exactly in line with our complex
three-dimensional models in which we considered the 3D distribu-
tion of maximum principal stresses in physio-pathological condi-
tions, reaching to the conclusion that stress concentration in
spherical lacunae is higher than the flattened case. This observa-
tion could be counterintuitive if we observe the mechanobiological
side: indeed, previous studies [74-76] have demonstrated the ben-
eficial effect of lacunar stress amplification and its relevance in the
transduction of cell signaling pathways. So, why osteoporotic lacu-
nae are more able to amplify mechanobiological signals with
respect to the healthy counterpart? Recent biological theories, that
are in support of our biomechanical findings, state that the osteo-
cytes in osteoporotic bone are able to modulate lacunar shape in
zones of lower BV/TV as a compensatory mechanism [77]. How-
ever, this could be effective only at early pathological stages, where
the detrimental effect on principal compressive and tensile trabec-
ular bundles is still at its infancy. It is worth pointing out that the
obtained results in terms of increased lacunar sphericity in osteo-
porotic subjects are in line with other research works [33,62],
demonstrating that lacunar stretch is reduced in presence of
patients with lower BV/TV [27].

From the lacunar densitometric feature perspective, osteo-
porotic micro-porosities are characterized by larger lacunar vol-
ume and number density (Fig. 5) compared to the healthy
control group (p < 0.001). Translating these findings to the cellular
world, this is in accordance with the biological evidence that cor-
relates osteoporosis to a reduced bone matrix production per cell,
resulting in higher lacunar volume. It is worth mentioning that the
state-of-the-art lacunar network in physio-pathological conditions
is a complex research area which is currently still hotly discussed.
As pertains age-related lacunar variations, several studies, while
agreeing in a reduced osteocyte capability to sense variations in
tissue strains in osteoporotic subjects [78], are still debating on
the concurrent effects of age on the lacunar morpho-
densitometric characteristics [33]. Indeed, Müller group
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[25,26,79] evidence that lacunar density decreased in human with
respect to age and also lacunar volume appear smaller than the
younger control group, demonstrating that age reduces lacunar
network functionality, also from a canalicular perspective. How-
ever, other authors [34] highlight that these findings are highly
dependent on the specific bone and on the location within the
bone. The population considered in our research is within the same
age range (p > 0.05, see Table 1); therefore, we can state that the
highlighted modifications in the lacunar network could be mainly
associated to the pathological conditions. However, a wider sample
set will be ultimately needed to prove eventual age-related effects
on bone micro-scale features.

Encouraged by the sensitivity of our methodological strategies
in detecting early signs of bone alterations, we give here crucial
milestones to demonstrate the fourth clinical hypothesis. At pre-
sent, as detailed in the introduction, direct and indirect conse-
quences of the pandemic appear to alter bone remodeling
processes. While at the meso-scale trabecular level, no statistically
significant differences are detected in Covid-affected bone
mechanical characteristics with respect to the healthy control
group, at the micro-scale lacunar morphological features show
variations when compared to the physiological population
(Fig. 6). It is worth highlighting that lacunar shapes appear as more
roundish and oblate than the healthy counterpart, as detected in
the osteoporotic condition. This finding, supported also by alter-
ations in lacunar densitometric parameters analogous to the osteo-
porotic case, is of peculiar importance, demonstrating, for the first
time, that the pandemic could have induced alterations in bone
micro-architectural features [43,44,80]. Even if these modifications
are still not perceivable at the meso-scale, a patient specific ad hoc
monitoring of bone mass and strength in Covid-19 affected
patients appears as highly recommended in the next future.

Thanks to this study, we demonstrate that underestimated bone
micro-scale alterations and adaptations to external mechanical
loadings could result as an early sign of pathology, both for the
well-known osteoporotic condition and the novel post-pandemic
scenario. The performed power analysis allows to confirm that
the detected lacunar-level differences can be evidenced for the
given cohort size and data scatter at a statistically significant
power. In any case, expanding the sample size would be a concrete
benefit for future study perspectives, especially in the context of
investigating the long-term effects of Covid-19 on bone micro-
architecture. One notable advantage is that it can increase the sta-
tistical power of the present study, leading to more precise results
and a reduced likelihood of type II errors. Additionally, enlarging
the sample size can help mitigate the impact of sampling bias,
allowing for findings that are more representative of the broader
population. When examining the long-term effects of Covid-19
on bone micro-architecture, a larger sample size can be particu-
larly advantageous as it enables researchers to assess the hetero-
geneity of this effect across various subgroups. For example,
different age groups, sexes, and comorbidities may exhibit varying
degrees of bone damage, and a larger sample size can provide the
necessary power to detect these differences. Such insights into the
pathophysiology of Covid-19 and its impact on bone health can be
highly valuable in developing effective treatments and preventa-
tive measures.

In this study, some limitations could be evidenced: firstly, this
research does not consider the gray zone existent between healthy
and osteoporotic group, i.e. osteopenic conditions. It would be
worth verifying whether there exists a progressive variation in
both mechanical and lacunar characteristic alteration by expand-
ing sample harvesting procedure. Nevertheless, bone samples from
mild to moderate osteopenia without surgery requirement cannot
be collected due to ethical issue with this same harvesting
approach. Secondly, a critical eye should always be kept in moni-
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toring radiation damage in tested specimens. Indeed, the effects
of radiation on bone can vary depending on several factors, includ-
ing the type and intensity of radiation, the duration of exposure,
and the individual’s age and overall health [29,81,82]. While in
the considered samples Young modulus values fall inside the
respective reference interval for all the femoral heads, a continuous
monitoring should be performed specifically in post-yield mechan-
ical properties and correlations should be drawn extending patient
age dataset. Thirdly, it is necessary to underline that Covid-19
pathology is characterized by a huge number of variants and a
widespread clinical picture. A prudent approach should be
adopted: actually, both direct (downregulation of ACE2 expression
due to the infection and consequent unbalanced homeostasis) and
indirect effects (increased sedentary lifestyle, hospitalization) of
Covid-19 may have generated bone micro-structural deterioration
[44] and it is extremely complex to isolate direct effects of the pan-
demic on the skeletal system. However, all these aspects are a con-
sequence of the pandemic that still haven’t been understood yet.
Further studies at the cellular level are therefore needed to isolate
the direct effects of Covid-19 on bone micro-structure, to highlight
eventual difference in lacunar alterations among Covid-19 variants
and to correlate them with patient symptom severity.

At present, all the discussed findings draw the diagnostical eye
to the recognition of bone micro-alteration early signs, which
could be the key for targeted prevention and treatment.
5. Conclusions

In summary, this work unravels that there exists a strong link
between bone micro-scale level architectural alterations and early
pathology occurrence. Four are the core findings obtained via com-
bining in situ mechanical testing, synchrotron imaging at an
unprecedent resolution and AI-based strategies for automatic bone
lacunae and cracks detection: (1) bone characteristics are highly
varying as mechanobiological response to the external load trans-
mission. At the micro-scale, this results in a variability in lacunar
orientation; (2) lacunar morpho-mechanical characteristics affect
crack initiation and propagation mechanisms, altering local stress
state; (3) osteoporotic lacunae appear larger, less flattened, and
more oblate than the healthy control group, resulting in statisti-
cally significant increased stress intensity factors (KI = 0.6 ± 0.02
MPa

p
m); (4) Covid-19 plays an effect in on both lacunar morpho-

logical and densitometric features, resulting in osteoporotic-like
alterations affecting micro-porosities.
6. Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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