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ARTICLE INFO ABSTRACT
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Intervertebral disc (IVD) degeneration is suspected to affect the distribution of stress and strain near the vertebral
endplates and in the underlying bone. This scenario is worsened by the presence of metastatic lesions on the
vertebrae (primarily thoracic vertebrae (60-80 %)) which increase the risk of fracture. As such, this study aimed
to evaluate the effect of IVD degeneration on the internal volumetric strains and failure modes of human met-
astatic vertebral bodies.

Five human thoracic spinal segments including one vertebra with lytic metastases and one radiologically
healthy vertebra (control) were in situ tested in pure compression within a pCT scanner (isotropic voxel size =
39um). Each specimen was tested in the elastic regime before and after inducing mock IVD degeneration
(enzymatic degeneration with collagenase); and at failure after IVD degeneration. The volumetric strain field was
measured using a global Digital Volume Correlation approach (BoneDVC).

After IVD degeneration, larger maximum (4187 %, P = 0.002, 95 % CI= [-4447, -1209]) and minimum (+174
%, P = 0.002, 95% CI= [1679, 4258]) principal strains were observed in both metastatic and control vertebrae,
with peak differences in correspondence of the IVD anulus fibrosus. IVD degeneration caused a transversal
fracture pattern in the vertebrae with failure location onset in the middle portion of the vertebral body and in the
cortical shell.

In conclusion, IVD degeneration was found to be a key factor in determining the failure mode, suggesting the

clinical relevance of including IVD level of degeneration to assess patients’ risk of spinal instability.
Statement of significance: Vertebrae can be affected by pathologies, like bone metastases, while intervertebral
discs tend to degenerate during life. Generally, these structures and pathologies are studied separately. In this
study, we explored the effects of artificial intervertebral disc degeneration on the mineralised tissues of the
vertebrae with metastases. We observed that the induced intervertebral disc degeneration changes the me-
chanical behaviour of the vertebral trabecular bone. We believe that the findings of this study may influence the
scientific community to develop new clinical tools for the prediction of the risk of fracture in vertebrae with
spinal metastases, including the degeneration of the intervertebral discs as a parameter.

Failure mode

1. Introduction

A wide prevalence (20-80 %) of oncological patients, especially
affected by lung, breast, prostate, kidney and bladder cancers, develop
lytic, blastic or mixed bone metastases [1,2]. The spine is one of the most
common sites affected by bone metastases (87 % [3]): primarily thoracic
vertebrae (60-80 %), followed by lumbar (15-30 %) and cervical

vertebrae (<10 %) [4]. In this respect, lytic metastases disrupt the
optimized microstructure of the vertebrae focally reducing the bone
mineral density [5-7] and may lead to loss of spinal integrity, low back
pain, fractures and, in the worst case (i.e. collapse of the upper thoracic
vertebrae), to quadriplegia. Pathological fractures may occur in up to 75
% of patients with spinal metastases [8] affecting their mobility and
quality of life [9].
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We lack reliable tools [10-12] to help clinicians predict the risk of
fracture in metastatic patients to manage them with preventive treat-
ments (i.e. vertebroplasty or stabilisation through rods and screws).
Indeed, there is a lack of understanding of how the metastatic vertebrae
fail and which features of the metastatic spine are associated with the
vertebral failure.

Ex vivo and in silico studies highlighted the impact of the type, size
and position of the metastases on the mechanical properties of the
vertebrae, to improve the clinical assessment of the risk of fracture [5,
13-16]. The size of the lytic lesions was found to explain 72 % of the
variability in superficial strains experimentally measured with Digital
Image Correlation (DIC) [14]. Vertebral-specific finite element models
based on high-resolution micro-Computed Tomography (uCT) images
were able to explain 76 % of the variability of the compressive failure
load of metastatic vertebral body sections [13]. However, these studies
used simplified loading conditions, ignoring the distribution of the loads
transmitted by the intervertebral discs (IVDs), and did not consider the
degeneration level of the IVDs adjacent to the metastatic vertebrae. As
regards the loading conditions, ex vivo experimental studies showed that
different behaviours were observed when vertebrae were loaded with or
without IVDs. Whereby loading the vertebrae through acrylic cement
pots after the removal of the IVD was associated with a marked and
uniform increase of the principal strains [17], lower shear strains [17,
18], higher stiffness and higher ultimate force [18] with respect to
loading the vertebrae through the IVDs. Moreover, during the lifetime of
an individual, their IVDs may undergo structural changes that lead to
their degeneration. Indeed, degeneration starts with changes to the
nucleus pulposus (NP), which becomes dehydrated, more fibrotic and
less gel-like, and continues by affecting the annulus fibrosus (AF),
making it stiffer, weaker with irregular, bifurcated and interdigitated
lamellae and interlamellar fissures [19-22]. These structural changes
are reflected in different IVD mechanical behaviours and load transfer
between the IVD and the vertebral endplate: the compressive load
bearing is shifted from the NP toward the AF, creating regions with high
stress gradient in the AF [19,23-26]. When loaded through healthy
IVDs, the trabecular tissue underneath the centre of the endplates of
healthy [27,28] and osteoporotic [29-31] vertebrae experienced higher
stresses, as a result of the larger load transferred by the NP. Conversely,
degenerated IVDs resulted in a larger load applied to the cortical shell,
with a consequent increase of the stress/strain at the periphery (i.e.
anterior or posterior regions) [29,30,32].

IVD degeneration may be exacerbated by bone metastases [33,34] in
both thoracic and lumbar spine [35], interfering with the diffusion of
nutritive from the vertebral body to the adjacent IVD or invading
degenerated IVD through a complete or incomplete rupture of the
vertebral endplate [33,36-38]. These findings suggest the importance of
considering the level of IVD degeneration in the assessment of the me-
chanical behaviour of the spine and the volumetric strain distribution in
the metastatic vertebrae. Indeed, the conjoined degeneration of the bone
microstructure and the IVDs may lead to different load sharing between
the vertebral body and the IVD, leading to different failure modes and
location with respect to healthy spine segment [15,27]. To date, the
impact of IVD degeneration on the mechanical behaviour of metastatic
vertebrae has not been investigated yet.

This study hypothesises that IVD degeneration affects the internal
distribution of strain experienced by the vertebral body with metastatic
lesions. As such, this study aimed to evaluate the effect of IVD degen-
eration on the volumetric strain field and failure location in human
metastatic thoracic vertebral bodies tested under axial compression.

2. Materials and method
2.1. Study design

This study was approved by the ethics committee of the University of
Bologna (n.113053, 10/05/2021) and of the University of Sheffield (n.
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031782, 22/6/2020) and was performed in accordance with the
Declaration of Helsinki.

Human metastatic spine segments were prepared from patients with
different types of primary tumours. The spine segments were tested in
the elastic regime before and after the degeneration of the IVD,
combining in situ mechanical testing, micro-Computed Tomography
(pCT) imaging and Digital Volume Correlation (DVC) analysis. Enzy-
matic IVD degeneration was induced via needle puncture and injecting
collagenase type II in the IVD. Finally, the localization of failure in the
vertebral bodies was evaluated.

2.2. Donors and specimen preparation

Three spines from human donors with previous history of spinal
metastases, spread from different primary tumours, were obtained
through an ethically approved donation programme (Anatomy Gifts
Registry, USA). Donors with a history of spinal surgery and spinal fix-
ation, osteoporosis, and fracture signs were excluded. The spines were
scanned with a quantitative Computed Tomography (qCT, AquilionOne,
Canon Medical Systems Corporation (Toshiba Medical Systems Corpo-
ration), Otawara, Tochigi, Japan) using a scanning protocol optimized
for bone [14] (voltage: 120KVp, current: 200 mA, slice thickness 0.5
mm, in-plane resolution around 0.5 mm) to identify the metastatic
vertebral bodies. In addition, for each metastatic vertebra, the size and
the location of the metastases were evaluated by manually segmenting
the qCT images (Amira2021, ThermoFischer Scientific, USA) [14]. The
size of each metastasis was calculated as a percentage of the vertebral
body (Table 1).

Five thoracic spinal segments including four vertebrae each were
prepared from the three donors (Table 1). Each spine segment consisted
of one vertebra with lytic metastases, one adjacent control vertebra
without any radiologically relevant sign of metastases from the qCT; and
two vertebrae at the extremities. Specimens were prepared by removing
all soft tissues (e.g. anterior longitudinal ligaments, periosteum, muscle)

Table 1
Specimens’ details.

Spine segment ID 1 2 3 4 5

Donor A A B B C

Type of Primary Lung Lung Bladder  Bladder  Breast
tumour

Age 79 79 88 88 57

Sex M M M M F

Segment T2-T5 T8-T11 T1-T4 T8-T11 T5-T8

Metastatic T3 T9 T3 T10 T6
vertebra

Type of the lytic lytic lytic lytic lytic
metastasis

Size of the 4 5 17 20 19
metastasis (%)

Anatomical Posterior/ Anterior/ Central Central Anterior/
position of the Left Central Central
metastasis /Posterior

Enzymatic 0.85 0.8 0.82 1.6 0.85
solution
injected (ml)

Physiological 1265 1238 671 1030 1757
Load (N)

Fracture Load (N) 1951 2050 1079 1917 4044

Apparent 963 796 868 732 1600
Structural
Stiffness intact
condition (N/

mm)

Apparent 1000 683 716 839 1624
Structural
Stiffness
degenerated
condition (N/

mm)
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without damaging the IVDs. The posterior elements of each segment
were removed using a hand saw in order to fit the specimen into a
custom-made radio-transparent loading device [39,40] for mechanical
testing inside the pCT. Then specimens were aligned [41] and the two
vertebrae at the extremities of the segment were partially embedded in
Poly-Methil-Methacrylate (Technovit 4071, Kulzer-technik, Germany).
Specimens were kept frozen at —28 °C, thawed for at least 8 h at 4 °C and
left at room temperature wrapped in gauzes soaked in Phosphate Buffer
Saline (PBS) 1 hour before the test. Each segment was subjected to a
maximum of three freezing-thawing cycles to minimise the effect of
storage on the mechanical properties of the IVDs [42,43].

2.3. Assessment of intervertebral disc degeneration

In order to assess the initial level of IVDs degeneration, the speci-
mens were scanned with a 1.5T Magnetic Resonance (MR) (Philips
Medical System “Ingenia,” Germany) using an acquisition protocol
optimized for the IVD: Sagittal T2-weighted Turbo Spin Echo (slice
thickness = 3.5 mm). All the sequences were acquired without fat
saturation. Due to the small size of the specimen, a knee coil was used to
fit the specimen inside the MR and each spine segment was immersed in
ultrasound gel to increase the signal-to-noise ratio and to mimic the
surrounding soft tissues [44,45].

The Pfirrmann Scoring System [46], based on MRI, was assessed for
each IVD of the spine segment (Table 2) by a radiologist. Since the
Pfirrmann score is mainly developed for lumbar IVDs and could induce a
bias when used in thoracic IVDs, the radiographic grading system
developed for thoracic IVDs [47] was used to assess the level of the IVDs
degeneration. To use Liebsch’s grading system, surrogate sagittal X-rays
were obtained by projecting the 3D qCT images (slice thickness 0.5 mm,
in-plane resolution around 0.5 mm) onto the 2D sagittal plane. The
variables “height loss” of each IVD with respect to normalized values
[48,49] and the variable “osteophyte formation” were measured on
Horos (Horos Project LGPL 3.0; GNU Lesser General Public License,
Version 3) following the reported method [47] (Table 2).

2.4. Artificial intervertebral disc degeneration

A validated biochemical model of IVD degeneration was used to
degrade the collagen fibres of the NP and reduce the disc height [S0-53].

Table 2
Intervertebral disc height and level of degeneration.
Specimen ID 1 2 3 4 5
Cranial IVD T2/ T8/T9 T1/ T8/T9 T5/
T3 T2 T6
Initial height (mm) 3.18 3.95 3.46 3.65 2.01
Initial Pfirrmann Score (from 1 2 4 2 4 2
to 5)
Initial Liebsch Score (from 0 to 1 1 1 1 1
3)
Central* IVD T3/ T9/T10 T2/ T9/T10 T6/
T4 T3 T7
Initial height (mm) 3.02 3.50 3.04 4.23 3.78
Initial Pfirrmann Score (from 1 2 2 2 2 2
to 5)
Initial Liebsch Score (from 0 to 1 1 1 1 1
3)
IVD height reduction under 0.1 0.1 0.2 0.2 0.2
load [mm]
Caudal IVD T4/ T10/ T3/ T10/ T7/
TS T11 T4 T11 T8
Initial height (mm) 2.90 4.74 2.77 2.89 3.88
Initial Pfirrmann Score (from 1 2 2 2 2 2
to 5)
Initial Liebsch Score (from 0 to 1 1 1 1 1
3)

" The central IVD is the one between the metastatic and control vertebra of
each specimen.
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Enzymatic digestion of the collagen types I and II [54] was obtained by
puncturing (20 G needle) and injecting a solution of Collagenase Type II
(Gibco™, 125 U/mg) and PBS with a concentration of 2 mg/ml within
the NP of the central IVD of each specimen. Puncturing was performed
on the posterior or lateral side (Fig. 1) of the specimens to improve the
collagenase solution diffusion, until maximal injection volume was
reached, determined by initial solution leakage from the injection site.
The amount of injected solution for each IVD is reported in Table 1. Prior
to enzymatic IVD degeneration, the specimens, wrapped in gauzed
soaked in PBS, were preheated at 37 °C for at least 30 min. After the
injection, the specimens were sealed in double plastic bags and left for 2
h in a cell culture incubator at 37 °C.

The height reduction under load (Table 2) of the central IVD after the
injection of collagenase was calculated as the minimum distance be-
tween the vertebral endplates, before and after degeneration, in physi-
ological loading condition from the pCT images (see paragraph 2.5 for
details).

A qualitative assessment of the macroscopic effects of the enzymatic
degeneration in the tested specimens was performed by dissecting two
(ID2, ID5) out of five specimens in the degenerated disc and adjacent
non-degenerated discs after the mechanical tests. The disc with the
adjacent vertebra was fixed in 4 % v/v neutral buffered formalin.
Following fixation, the specimens were decalcified in 20 % w/v ethyl-
enediaminetetraacetic acid (EDTA) pH 7.4 solution until clear on pCT.
Following decalcification, tissues were embedded in paraffin wax and 4
um sections were prepared and mounted onto positively charged slides.
Each slice was stained using Haematoxylin and Eosin (H&E) for tissue
morphology, Masson’s trichrome for collagen staining, and Alcian Blue/
Fast Red for proteoglycans as per standard protocols [55]. Images were
captured using an Olympus BX60 microscope and CellSens Entry v1.14
software (Olympus, Southend-on-Sea, UK) and qualitatively evaluated.

2.5. Biomechanical testing

In order to test the different specimens under comparable conditions,
a preliminary strain analysis was performed to identify the specimen-
specific load. Details of the protocol were widely discussed in [14].
Briefly, an electrodynamic spine simulator (MIB 4.0, Italy) was used to
axially compress the specimens (displacement control). 3D Digital
Image Correlation (Zeiss Aramis Adjustable, GOM Correlate, Braunsch-
weig, Germany, with four 12 MegaPixels cameras, 75 mm f4.5 lenses)
was used to measure the minimum principal strain on the anterior sur-
face of the control vertebra, in real-time, while compressing the spec-
imen. A 50 N preload was initially applied to the specimen, to ensure its
stability into the testing machine, followed by ten preconditioning cy-
cles between 0 and 300 N. Each specimen was then loaded with a
monotonic compressive ramp (0.05 mm/s) until the minimum principal
strains on the anterior portion of the control vertebral body surface
reached the magnitude typically associated to physiological activities (i.
e. averaged value measured in vivo on animals around —2500 pe
[56-58]). Once the DIC measured that strain target, the associated load
was assumed as the “physiological load” (Table 1).

Each spine segment was tested in axial compression within a
manually operated jig able to fit into the pCT scanner. The jig was
equipped with a 10 kN load cell (1-C9C/10 kN, HBM, Germany) and a 20
mm Linear Variable Displacement Transducer (WA20, HBM, Germany).
Signals were acquired using an external amplifier and acquisition system
(Spider6, HBM, Germany). Each specimen was kept wrapped in gauzes
soaked in PBS during the entire test. The cranial pot was fully con-
strained in the jig while the caudal pot was allowed to axially move to
compress the specimen. Any possible bending or torsional movements
were related to the compliance of the segment including three IVDs. The
loading protocol consisted of i) preloading (50 N) the specimen (load
ramp at 0.05 mm/s), ii) preconditioning and loading (load ramp) the
specimen before degeneration until the physiological load in 10 s; iii)
preconditioning and loading (load ramp) again the specimen after
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2500
Scan1 Scan 2 o Collagen Scan 3 Scan4
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3
=11000
500 preload
g *
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Time(hour)
Displacement/time during stepwise loading
5
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€ preload physiological g physiological fracture
E 3 load @ load load
1=
[}
E 2
(5§ —
©
a
Kz
o 1
[ T *
0 1 2 3 4 5 6 7 8 9
Time(hour)

10mm

Caudal pot

Fig. 1. Example of the load/time and displacement/time curves acquired during a time-lapsed test of a spine segment. The definition of the physiological load for
each specimen was reported in [14]. The injection of collagenase within the central intervertebral disc (IVD) of the specimen is displayed on the bottom left. The

custom jig for in situ mechanical tests is displayed on the bottom right.

degeneration until the physiological load (the same load reached before
degeneration) in 10 s; iv) loading (load ramp at approximately 0.1 mm/
s) the specimen until failure, which was identified as the first abrupt
drop of the axial load (Table 1). After the application of each of these
load steps, the loading plate was left in the corresponding position
(preload, physiological load, or failure load) for 15 min to allow spec-
imen relaxation (around 85 % of the initial force was lost after 15 min of
relaxation), and the specimens were puCT scanned (VivaCT80, Scanco,
Switzerland) [15].

Specimens were scanned in preloaded condition (Scanl), in physio-
logical loading condition before degeneration (Scan2), in physiological
loading condition after degeneration (Scan3) and at failure (Scan 4)
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(Fig. 1). Scans were performed using an acquisition protocol optimized
for vertebral bodies [15,16,40] (i.e. current 114 mA, voltage 70 kVp,
integration time 300 ms, power 8 W, 750 projection/180°, isotropic
voxel size 39 pm). Reconstruction was performed using the software
provided by the manufacturer, which included a polynomial beam
hardening correction equation obtained with a 1200 mg HA/cm® den-
sity phantom [59].

A global DVC algorithm, BoneDVC [60], was used to measure the
full-field displacement and strain distribution in metastatic and control
vertebrae, in elastic regime (before and after degeneration) and at fail-
ure. The DVC operating principles [61-63] and its measurement un-
certainty [64] are largely reported in the literature, also for similar
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specimens [6].

Before the application of the DVC algorithm, the images were pre-
processed as previously reported [6]. A binary volume-of-interest
mask (background equal to 0 and bone equal to 1) was created for the
application of the DVC only in the vertebral bodies. A measurement
spatial resolution of 100 voxels (3.90 mm) was used for the measure-
ment of the strain field in the elastic regime (Standard Deviation of the
Error equal to 291 pe [6,65]). A measurement spatial resolution of 50
voxels (1.95 mm) was used for the measurement of the strain field at
failure (Standard Deviation of the Error equal to 530 pe) [6].

2.6. Assessment of the mechanical behaviour of the vertebral bodies

The maximum principal strains (Epsl) and the minimum principal
strains (Eps3), within the vertebral bodies, were measured before (later
referred to as “intact condition™) and after (later referred to as “degen-
erated condition™) IVD degeneration, in physiological loading condition.
Strains in intact condition and degenerated condition were compared to
evaluate the changes in the mechanical behaviour of the vertebrae.

In order to evaluate the local effects of IVD degeneration, each
vertebra was divided into 27 subregions of interest (subROIs) (Fig. 2),
using a custom-made MATLAB (MathWorks, USA) script [40,66]. First,
the vertebral body was equally divided into three axial regions of in-
terest (ROIs) according to the distance from the central IVD: far, middle,
and close. Subsequentially, to characterize the different sub-regions of
the vertebral body, the cross-section of each ROI was divided into nine
subregions of interest (subROIs): anterior left (AL), anterior (A), anterior
right (AR), left (L), central (C), right (R), posterior left (PL), posterior
(P), posterior right (PR). Principal strains were computed for each
subROI. To avoid local peak strains, subROIs including <8 DVC nodes
were excluded [60].

The Percentage Median Strain Difference (PMSD) [14] due to the
degeneration of the IVD was evaluated as the difference between the
median strain measured in intact condition and degenerated condition,

ROlIs division subROls division
anterior
cranial endplate central
posterior
metastatic far anterior
vertebra middle central
close posterior
caudal endplate anterior
‘ central
central IVD posterior
. anterior
cranial endplate
central
posterior
anterior
control
vertebra central
posterior
caudal endplate anterior
central
10mm posterior

Fig. 2. Left: Division of the vertebra in three ROIs close, middle and far from
the central disc of each segment. Right: Division of each ROIs in nine subROIs in
the anterior (AL, A, AR), central (L, C, R) and posterior (PL, P, PR) portion of the
vertebral body.
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divided by the median strain calculated in the same region in intact
condition. The PMSD was calculated for the entire metastatic and con-
trol vertebral bodies, and in the different subROIs of the vertebra.

Epsl and Eps3 were measured at failure and 3D colour maps of Eps3
were analysed to identify the location of the failed tissue. In order to
visualise the failure location in three dimensions (3D), “Scan4” was
aligned and rigidly registered to “Scanl” (Amira2021, ThermoFischer
Scientific, USA, alignment of principal axis and Lanczos interpolation).
Then the images were processed as reported in [15]: they were binarized
using the Max Entropy thresholding algorithm on ImageJ and over-
lapped using different colours (red: unloaded scan, green: failure scan,
yellow: overlapped) to highlight the failure location in metastatic or
control vertebrae. The 3D colour maps of Epsl and Eps3 and the over-
lapped pCT scans were reported in the Supplementary Materials for each
specimen to visualise the portions of the vertebrae with the larger strains
and identify the failed region.

2.7. Statistical analysis

Normality of the data distribution (for the entire vertebra and for
each subROI) was tested through the Shapiro-Wilk test. If data met the
normal distribution, homoscedasticity was tested through Levine’s test.
Median, and interquartile range (IQR, exclusive median) were reported
for all data.

Differences in the maximum and minimum principal strains between
the intact and degenerated conditions, in the elastic regime, were
evaluated:

e in the metastatic and control vertebrae (pooled data) using the
Wilcoxon test, since the data did not meet normal distribution.

e in the metastatic vertebrae using the paired t-test, since the data met
normal distribution.

e in the control vertebrae using the paired t-test, since the data met
normal distribution.

e in the subROIs of the metastatic and control vertebrae (pooled data),
using paired t-test when the data met normal distribution and Wil-
coxon test when the data did not meet normal distribution.

For the physiological loading condition, differences in the maximum
and minimum principal strains between the metastatic and control
vertebrae in intact and degenerated conditions, separately, were eval-
uated using the Student t-test for normal and homoscedastic data; and
the Student t-test with Welch correction for normal and heteroscedastic
data.

At failure, differences in the maximum and minimum principal
strains between the metastatic and control vertebrae were evaluated
using Student t-tests, since data were normal and homoscedastic.

All statistical analyses were performed in Jamovi (Version 2.3, The
Jamovi Project 2023) [67] with a significance level set at 0.05 and 95 %
confidence interval (95 % CI).

3. Results
3.1. Validation of the artificial intervertebral disc degeneration

The macroscopic visual investigation showed the key features of
demarcation and fissures, and the absence of the gelatinous NP in
comparison with the adjacent not degenerated IVDs (Fig. 3 A, E). His-
tological examination demonstrated the presence of cracks and fissures
within the NP of collagenase injected (Fig. 3F) with respect to non-
injected (Fig. 3B). Lower staining intensity was found for both Mas-
son’s trichrome (Fig. 3G) and Alcian Blue (Fig. 3H) within the degen-
erated NP with respect to the non-injected NP (Fig. 3C, D), which also
showed regions of low collagen staining, most likely due to some degree
of baseline degeneration. The cartilaginous endplates (CEP) retained
collagen staining even in collagenase injected IVD, demonstrating
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Non-injected
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Collagenase injected
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Masson Trichrome Alcian blue/Fast Red

Fig. 3. Macroscopic images of Non-injected (A) and Collagenase injected (B) IVDs. Histological staining of non-injected (top line) and collagenase (bottom line)
digested IVDs, staining shown with H&E demonstrating overall morphology (B, F), Masson trichrome shows collagens in blue and other tissue components in red (C,
G), and Alcian blue/Fast Red stains proteoglycans blue (D, H). A decrease in collagen staining intensity was observed in collagenase injected discs (G) compared to
non-injected discs (C). This was associated with a small decrease in Alcian blue staining intensity (D, H). Regions labelled: Vertebrae, Cartilaginous Endplate: CEP,
Nucleus pulpous: NP along with a visible region of Schmorl’s node within one disc. Scale bars = 500um.

restraint of collagenase effects within the NP region (Fig. 3F-H).

3.2. Mechanical behaviour in the elastic regime for healthy and metastatic
vertebrae

The maximum principal strains (Eps1) within each specimen before
and after degeneration were not normally distributed. Epsl after IVD
degeneration were significantly larger (when the data of metastatic and
control vertebrae were pooled, +187 % (IQR 99 to 220 %) than in the
intact condition (P = 0.002, 95 % CI = [—4447, —1209]) (Fig. 4). The
metastatic vertebrae experienced 1111 pe (IQR 737 to 2084 pe) and
4289 pe (IQR 2072 to 6764 pe), before and after IVD degeneration. The
PMSD _Epsl ranged 30 %—947 %. The control vertebrae experienced
1297 pe (IQR 585 to 1326 pe) and 3553 pe (IQR 1407 to 4273 pe) before
and after IVD degeneration, with a PMSD_Eps1 between 109 % and 254
%. The Epsl in the same controls were different before and after
degeneration (P = 0.017, 95 % CI= [—3348, —570]) (Fig. 4). No sig-
nificant differences were found between metastatic and control verte-
brae in intact condition and in degenerated condition (P > 0.371). See
Supplementary Materials for details about each specimen (Fig. S1).

The minimum principal strains (Eps3) within each specimen before
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and after degeneration were not normally distributed. Eps3 after IVD
degeneration were significantly larger (when the data of metastatic and
control vertebrae were pooled, +174 % (IQR 96 to 230 %)) than in the
intact condition (P = 0.002, 95 % CI= [1679, 4258]) (Fig. 4). The
metastatic vertebrae experienced —1395 pe (IQR —1095 to —2415 pe)
and —5002 pe (IQR —3071 to —7027 pe), before and after IVD degen-
eration. The PMSD _Eps3 ranged 42 %—640 %. The control vertebrae
experienced —1365 pe (IQR —1250 to 1459 pe) and —3857 pe, (IQR
—2917 to 4223 pe) before and after IVD degeneration, with a
PMSD_Eps3 between 78 % and 202 %. Paired t-test revealed that median
Eps3 before and after IVD degeneration were different for both meta-
static (P = 0.044, 95 % CI= [143, 6570]) and control (P = 0.003, 95 %
CI= [890, 2984]) vertebrae (Fig. 4). No significant differences were
found between metastatic and control vertebrae in intact condition and
in degenerated condition (P > 0.188).

3.3. Mechanical behaviour in elastic regime in the subregions of interest

The number of DVC nodes included in each subROI varied from 14 to
60. The maximum (Eps1) and minimum (Eps3) principal strains before
and after degeneration were not normally distributed within the

Pooled Data in
intact condition

Pooled Data in
degenerated condition

. Metastatic vertebrae in
- intact condition
*P=0.044

*P=0.003 7/, Metastatic vertebraein
— %

degenerated condition

< Controlvertebrae in

p intact condition
= ‘ ontrol vertebrae in
%

degenerated condition

Fig. 4. Boxplot of the Epsl (top) and Eps3 (bottom) in vertebrae, loaded in physiological load, in intact and degenerated conditions reported in solid and stripes
colour, respectively. In yellow, pooled data for metastatic and control vertebrae; in blue, data from metastatic vertebrae; in orange, data from control vertebrae. The
boxes are limited by the first and the third quartile. Whiskers represent the lowest and highest data point in the data set excluding any outliers. Mean and median
values over the group are represented by a cross and a horizontal line, respectively. Statistically significant differences between intact and degenerated conditions are

highlighted with *.
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subROIs of metastatic and control vertebrae. The Epsl and Eps3
measured in each subROI were significantly larger after IVD degenera-
tion for metastatic and control vertebrae (pooled data) (P < 0.05) except
for the anterior left subROI close (P = 0.057) and far (P = 0.133) from
the degenerated IVD.

Epsl increased substantially in the left (L) (+196 %, CI = [97, 243]),
PL (median +193 %, CI = [114, 294]), and the P (+193 %, CI = [111,
289]) subROIs, and increased moderately in the anterior right (AR)
(+117 %, CI = [70, 180]), R (+122 %, CI = [88, 210]) and C (+148 %,
CI = [123, 208]) regions.

Eps3 increased substantially in the PL (median +226 %, CI = [135,
2971), PR (+190 %, CI = [111, 256]), and L (150 %, CI = [124, 205])
subROlIs, and increased moderately in the central (C) (+112 %, CI = [76,
133]), AR (+118 %, CI = [67, 179]) and A (+128 %, CI=[105, 154])
subROlIs.

Despite the lower magnitude of Epsl and Eps3 with respect to the
metastatic vertebrae, the control vertebrae experienced the largest in-
crements of Epsl and Eps3 after degeneration in the lateral (ranged
between +102 % and +232 %, +83 % and +289 %, respectively) and
posterior (ranged between +122 % and +358 %, +89 % and +321 %,
respectively) subROIs (Fig. 5).

3.4. Mechanical behaviour at failure

At failure, the Epsl (median on the vertebral body) ranged from
1739 pe to 12871 pe (IQR 3527 to 11903 pe) and from 2098 pe to 12234
pe (IQR 2854 to 10742 pe) in the metastatic and control vertebrae,
respectively. Median Eps3 ranged from —15876 pe to —2614 pe (IQR
—4197 to —13219 pe) and from —13798 pe to —2429 pe (IQR —3233 to
—13070 pe) in metastatic and control vertebrae, respectively. No sig-
nificant difference was found between metastatic and control vertebrae
for the median Eps1 (P = 0.68, 95 % CI = [-5078, 7391]) and Eps3 (P =
0.871, 95 % CI = [-8015, 6926]).

3D strain colour maps showed those regions of the metastatic and
control vertebrae with strains beyond the bone failure strain (approxi-
mately —10000 pe) (Fig. 6). Epsl strain peaks and regions with strain
concentrations were observed and measured in each metastatic
vertebra. Eps3 strain peaks were observed and measured in all the
metastatic vertebrae except for specimen ID3 which exhibited strain
concentrations of larger magnitude in the control vertebra (see

cranialendplate

far

38

91

middle

10mm G o far 106 155
caudal endplate g 195 189

=
g 196 225
o 62 230
® 101 202

3

3 0
e 3 145 123
§ 193 139
Degenerated IVD 128 116

cranialendplate

3 o o 3
o
12 o @ 1)

196 139
: 198 129
close ©
= 191
middle g -
far hd
112 166
(]
caudal endplate |4 232 201
AL "/’-Au 71»A|3 anterior g 2% | 138
e 3\ c
central 8 283 190
far 160 140
, PL I [ posterior L@%ﬂ 197

Percentage Median Strain
Difference_Eps1 [%]

Degenerated IVD

Acta Biomaterialia 194 (2025) 258-269

Supplementary Materials for details about each specimen, Fig. S2). In
four out of five specimens (ID2, ID3, ID4 and ID5) the failure occurred in
the mid-height of the metastatic and/or control vertebral body, leading
to a shift of the endplate (Fig. 6, see Supplementary Materials for details
about each specimen, Fig. S3, S4, S5, S6). In particular, specimens ID3
and ID4 exhibited strains above the bone failure strain (—10000 pe) [68]
in both the metastatic and control vertebra and localised the failure in
the anterior portion of the cortical shell and in the trabeculae at the
mid-height of the vertebral body (Fig. 6). In addition, in specimen ID3
strain concentrations were also observed in the cranial vertebral end-
plate, close to a non-degenerated IVD. Conversely, in specimen ID1 the
onset failure was in the superior endplate of the metastatic vertebra,
close to a non-degenerated IVD with a strain pattern similar to that re-
ported in [15].

4. Discussion

This study aimed to experimentally explore the consequences of
intervertebral disc degeneration on the local volumetric strain in adja-
cent radiologically healthy and metastatic vertebrae. To achieve this
aim, spine segments in intact condition were mechanically tested in situ
in the elastic regime. Artificial degeneration was induced through
collagenase type II, which targets both collagen types I and II [54]. This
degeneration was relatively quick (2 h) and avoided the degradation of
the adjacent bone structures [69] and of the other IVDs (Fig. 3). Then,
the spine segments were tested again in the elastic regime and up to
failure. This approach allowed us to compare the deformation field in
intact and degenerated conditions in the elastic regime, and to evaluate,
for the first time, the failure location for healthy vertebrae and vertebrae
with metastatic lesions adjacent to degenerated IVDs.

In this study, to confirm the effects of the enzymatic degeneration,
two out of five specimens were characterised using histological staining
(Fig. 3) for the identification of the key features of demarcation and
fissures, and decreased collagen within the NP, typical of a degenerated
disc [21,22].

The main results of the mechanical tests demonstrated that IVD
degeneration significantly affected the mechanical behaviour of the
adjacent vertebrae in the elastic regime, increasing the mechanical
strains in both metastatic and control vertebrae. The utilised sample
showed no significant differences between the averaged strains
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Fig. 5. Median values of the subROI Percentage Median Strain Difference (PMSD) evaluated in the five metastatic (top) and five control (bottom) vertebrae, for Epsl
(left) and Eps3 (right). The PMSD values are reported from the minimum (green) to the maximum (red).
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Fig. 6. Example of a spine segment (Specimen ID4): consisting of a control (radiologically healthy) and a metastatic vertebra. A) Frequency plots of Epsl (top) and
Eps 3 (bottom) are reported, splitting between the metastatic (orange) and the control (blue) vertebrae. B) 3D colour maps of Eps3 beyond —10000 pe in axonometric
view and in the coronal (xy) plane. The degenerated IVD is highlighted by the purple square and the failed vertebra is highlighted by the pink square. C) pCT scans of
the vertebrae before (red) and after (green) failure are overlapped (yellow) in order to highlight the failure location in the coronal (xy) and sagittal (yz) plane. White
arrows highlight the failed regions. D) 3D pCT scans of the vertebrae before (grey) and after (yellow) failure are overlapped in order to highlight the failure location.

White arrows highlight the failed regions.

measured in metastatic and control vertebrae. As explained in previous
studies [14,15], every metastatic lesion affects differently the vertebra
strains in function of its type, size and position, inducing unique local
strain distribution. Therefore, the effects of lesions should be observed in
individual vertebrae (See Supplementary Materials).

In the case of control vertebrae in intact condition, the optimized
microstructure enabled a uniform strain distribution in the vertebral
body, with consequent low heterogeneity of the strain field. This has
already been shown by experimental strain measurements performed on
the cortical shells with strain gauges [17,70]. By contrast, after the
degeneration of the IVD, the different load transferred to the vertebral
body changed the resistance of the trabecular bone, not optimised for
this loading condition. This created high heterogeneity in the strain field
within the vertebral body, which, in vivo in the long term, may lead to
sub-optimal bone remodelling [71]. Within metastatic vertebrae, the
bone trabecular microstructure was partially compromised by the lytic
lesions even in the intact condition where high strain heterogeneity was
observed, especially in or close to the lytic defects [14,15]. In the
degenerated condition, this scenario was worsened, with peak
maximum and minimum principal strains close to failure even when
loaded with the lowest load step (nominally designed to induce de-
formations in the elastic regime in intact condition). This result high-
lighted the potential synergistic destabilising effects of IVD degeneration
and metastatic lesions on the vertebral bone microstructure.

In both control and metastatic vertebrae in degenerated condition,
the strain increased substantially in peripheral regions [29,32] rather
than in the centre of the vertebral body or of the endplates [15,72].
Indeed, the loss of hydration and pressure inside the NP [23,25,27,31,
73,74] was previously reported to concentrate the load onto the poste-
rior half of the vertebra, shifting the load from the inner NP to the outer
AF and, as a consequence, from the inner portion of the endplate to the
outer cortical shell of the vertebra [31]. This effect was observed in the
central (C) subROISs of the vertebrae, anatomically in correspondence to
the NP, that exhibited a moderate increase in the absolute values of Eps1
and Eps3 after IVD degeneration compared to the other subROIs.
Conversely, the outer subROIs, anatomically associated with the AF,
experienced the largest increase in absolute Eps1 and Eps3 values, after
IVD degeneration (Fig. 5). Indeed, while, in the intact condition, strain
concentrations were associated with the position of the lytic metastases

(i.e. in the trabecular bone, without affecting the cortical shell of the
vertebral body), in degenerated condition strain concentrations were
localised also in the outer subROIs of the metastatic vertebral body.
Moreover, it should be noted that these peck strains were localised in the
regions that failed, as observed from the following load step at failure.

Degeneration of the IVDs also affected the mechanical behaviour of
vertebrae with and without metastases at failure. In the current study,
four metastatic (80 %, ID2, ID3, ID4, ID5) and one control vertebra (20
%, ID4) exhibited large strains and failed at the mid-height of the
vertebral body, without affecting the endplates. This behaviour was
clearly different from that of spine segments, with or without lesions,
and loaded through non-degenerated IVDs [15,75-79]. In fact, when the
IVD is not degenerated the majority of the applied load is transferred
through the NP and leads to protrusion of the NP into the adjacent
vertebra, which leads to endplate damage and is likely to occur in
fractures induced by compression and compression-flexion [78,80]. In
particular, in cases of metastatic spine segments without degenerated
IVD, failure was found to involve the endplates and the underlying
trabecular bone, with larger strains usually observed in metastatic
vertebrae (close to the lytic or mixed metastases) compared to the
radiologically healthy controls [15]. As a confirmation of this behav-
iour, in this study, two endplate regions (in ID1, Fig. S3, the superior
endplate of the metastatic vertebra, and in ID3, Fig. S5, the superior
endplate of the control vertebra) adjacent to non-degenerated IVD failed
showing a clear collapse of the endplate and of the underneath trabec-
ular tissue, similarly to what was previously observed [15,81].
Conversely, in the case of degenerated IVDs, the load distribution was
more isotropic and the majority of the applied load was transferred
through the periphery of the endplate [27]. As a consequence, the
trabecular pattern and the curvature of the cortical shell led to a larger
deformation (both Epsl and Eps3) at the mid-height of the vertebral
body of the control and metastatic vertebrae (regardless of the position
of the metastasis), leading to transverse fractures [75,76] (Fig. 6, 7).
Indeed, Epsl and Eps3 in vertebrae with lytic metastases and control
vertebrae were not significantly different and ranged similarly. Strain
peaks and regions with strain concentrations were mainly observed in
vertebrae with metastases rather than in the adjacent controls, at the
mid-height of the vertebral body and in correspondence with the lytic
lesions (Fig. S4, S5, S6). However, despite the lower magnitude and the
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Specimen ID 15 from
Palanca et al. [11]

SpecimenID 3
present study

Control
vertebra

Midplane
transverse

Degenerated IVD fracture

Metastatic
vertebra

- .overlapped 10mm

Endplate
deflection

Fig. 7. Examples of different failures. Left: failure involving the tissue close to
the endplate and the deflection of the endplate in a vertebra with lytic metas-
tases adjacent to a healthy IVD (specimen tested in [15], not reported here).
The health status of the IVDs was evaluated using the scoring systems proposed
by [47,85]: each specimen exhibited no or mild degeneration of the central IVD.
Right: Failure involving the cortical shell and the midplane of the vertebra in a
control vertebra adjacent to a degenerated IVD. Unloaded condition in red
colour, failed condition in green colour, overlap in yellow colour.

smaller region affected, also control vertebrae exhibited deformations
larger than the bone failure strain in the middle region of the vertebral
body and close to the cortical shell. To the best of the authors’ knowl-
edge, the involvement of the cortical shell in the failure process has been
reported only for transcortical metastatic defects [82-84] and the
transverse fracture through the whole vertebra, in its midplane, is re-
ported by Brinckmann et al. [76] as an exception. On the contrary, this
study demonstrated the occurrence of transverse fractures in both con-
trol and metastatic vertebrae adjacent to degenerated IVDs due to failure
of the vertical trabeculae and of the cortical shell, leading to a shift of the
endplate and a loss of vertebrae height. These results highlighted the
impact of IVD degeneration on the redistribution of the loads between
the NP and the AF of the disc, and therefore, between the dense mesh of
trabecular bone locally affected by the metastases and the thin cortical
bone of the vertebral body.

This study has some limitations worth clarifying. Puncturing and
enzymatic degeneration emulate in a controlled and reproducible way
the IVD degeneration but, like any ex vivo models, cannot completely
replicate the complex mechanisms underpinning human IVD degener-
ation. The induction of mock degeneration with collagenase digestion
demonstrated induction of fissures and decreased matrix staining with
histology. However, histological grading of tissues was not possible as
all IVDs had been loaded up to failure prior to histological assessment
and thus grading of histology was not appropriate. Whilst histological
grading of degeneration alone without load would have been beneficial
to confirm the degeneration model, this would have required additional
human samples which are a scarce resource, and the induction of
degeneration with collagenase has been reported previously in ex vivo
animal disc models [50,86]. The effects of the enzymatic degeneration
in the tested specimens were assessed in two out of five specimens
through a visual investigation for the identification of the key features of
demarcation and fissures, and the absence of the gelatinous NP, typical
of a degenerated disc [22]. While in vivo IVD degeneration is typically
associated with bony sclerosis and remodelling [21,87] as a conse-
quence of the different load sharing, this process could not be replicated
in the rapid ex vivo model used in this study [71,88]. Despite this, the
findings of the study are still valuable since the specimens used in this
study were affected by a systematic disease (i.e. lytic bone metastases),
which led to the disruption of the bone homeostasis and the optimized
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trabecular pattern [7], without being driven by a mechanical
adaptation.

The number of specimens is limited. However, to perform a
comparative paired strain analysis, increasing the statistical power to
generalize the findings, the same control and metastatic vertebral bodies
were tested with initially intact IVD and then after the IVD degeneration.
Each specimen in the initial condition acted as its own control. Thus, the
differences in strains observed in the comparison before and after
degeneration were due only to the degeneration of the IVD. Moreover,
data robustness was confirmed by the power analysis. Whereby, setting
alpha (type I error) = 0.05, beta (type II error) = 20 %, effect size
(differences between degenerated and not degenerated specimens) =
2000 pe, and standard deviation of the group (the overall uncertainty) =
500 pe, the minimum sample size requested for paired analysis was 3.

Due to the relatively small field of view of the pCT scanner, it was
possible to test only vertebrae of relatively small size, such as thoracic
vertebrae, without the posterior arches. Despite the anatomical change
and the loss of the mechanical contribution of the posterior element and
the facet joints in axial compression, under physiological loading con-
ditions, only a small portion of the load is borne by the posterior ele-
ments [89,90]. However, the interaction of IVD degeneration and
removal of the posterior elements might change the strain distribution in
the vertebrae.

Unfortunately, investigation of the mechanical behaviour of both the
hard (i.e. vertebrae) and soft (i.e. IVDs) tissues at the same time was not
possible. Indeed, pCT enables imaging of mineralised tissues such as
metastatic and control vertebrae. The analysis of the effects of bone
metastases on the mechanical behaviour of healthy and degenerated
IVDs can be performed through different and more time consuming
imaging modalities (phase contrast or combination with MRI [23]) and
would affect dramatically this in situ mechanical testing procedure.

Axial compression is the loading condition for which the vertebra is
optimized, and the major load direction in physiological conditions (i.e.
standing) [70]. However, more realistic loading conditions, such as
cyclic flexion/extension or torsion, should be further investigated in
future studies to confirm the findings of this study. Moreover, to accu-
rately simulate the clinical scenario involving simultaneous IVD
degeneration and bone metastases, lumbar spine segments should be
included in future studies.

Finally, in this study, the loading rate was slower than that usually
associated with vertebral fractures (approximately 16000 Ns 1) sug-
gesting other possible injury mechanisms [91,92].

5. Conclusion

This study highlighted the relationship between IVD degeneration
and the mechanical behaviour of metastatic and radiologically healthy
human vertebrae. The level of disc degeneration is a key factor in
determining the failure mode and location of metastatic spine segments.
Indeed, non-degenerated IVDs may induce burst fracture or endplate
damage in healthy or metastatic vertebrae. Conversely, IVD degenera-
tion causes transverse fracture in the vertebrae involving the middle
portion of the vertebral body and fracture of the cortical shell. These
results suggest the clinical relevance of introducing MRI imaging and the
evaluation of the IVD level of degeneration in the clinical routine to
assess the risk of spinal instability and fracture and to best stratify
neoplastic patients for treatments.
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