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Despite the fundamental role of intervertebral discs (IVDs) in the biomechanics of the spine, their condition has
never been considered among the possible factors affecting the mechanical behaviour of metastatic vertebrae.
The structure of the IVDs changes over the course of life, leading to alterations of their biomechanical behaviour.
This study aimed to assess if IVD degeneration affects the strains experienced by the adjacent healthy or met-
astatic vertebrae.

Eight human spine segments consisting of four vertebrae, with a healthy and a metastatic vertebra in the
middle and mildly degenerated IVD, were prepared. The segments were biomechanically tested under different
loading configurations: axial compression, flexion, and torsion. An enzymatic IVD degeneration was induced by
injecting a collagenase solution. The degenerated specimens were tested again, following the same loading
protocol. Surface vertebral strains were measured with a 3D-Digital Image Correlation (DIC).

IVD degeneration was found to influence the strain distributions in the adjacent vertebrae. In particular, IVD
degeneration resulted in a significant increase of the median compressive strains experienced by the cortical shell
of the metastatic vertebrae, in both axial compression (+25.6 %) and flexion (+43.7 %), with larger strains close
to the degenerated IVD. Conversely, control vertebral showed less relevant variations between the two condi-
tions. Negligible strain differences were, instead, observed in torsion, for both metastatic and control vertebrae.

This study showed the ability of the healthy vertebrae to withstand loads transmitted in different directions
and highlighted the susceptibility of metastatic vertebrae to even minor alterations in boundary conditions.

1. Introduction

The increased life expectancy of oncological patients (Siegel et al.,
2020) has highlighted the need for advanced tools to avoid or reduce
comorbidities. In the last decade, the morbidity associated with bone
metastases has been a critical concern. Up to 70 % of oncological pa-
tients with advanced cancers develop bone metastases (Siegel et al.,
2012). The spine is the most common anatomical site affected by met-
astatic bone disease (Coleman, 2001) which negatively affects the
microstructure of the vertebrae (Bailey et al., 2020; Burke et al., 2017;
Roodman, 2004), impairs the bone homeostasis, and disrupts the bone
microstructural optimization by locally increasing (i.e., blastic metas-
tases) or reducing (i.e., lytic metastases) the local bone mineral density
(BMD), or by a combination of these two effects (i.e., mixed metastases)

(Cavazzoni et al., 2025a; Roodman, 2004). This impaired structure can
result in locally degraded mechanical competence (Palanca et al., 2023),
reducing the ability of the vertebra to bear loads, and increasing the risk
of vertebral fracture (Burke et al., 2017). Understanding how the me-
chanical behaviour of the vertebra is affected by the metastatic lesions is
a critical biomechanical and clinical challenge.

Biomechanical studies have provided insight about the overall me-
chanical properties of the metastatic vertebrae (Bailey et al., 2020;
Palanca et al., 2021, 2023; Costa et al., 2020; Galbusera et al., 2014;
Cavazzoni et al., 2025b), showing that the features of the lesion (e.g.
metastasis type, size and position) play a fundamental role in defining
the mechanical competence of metastatic vertebrae (Bailey et al., 2020;
Costa et al., 2020; Palanca et al., 2021).

Very little is known about how the conditions of the intervertebral
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discs (IVDs) affect the mechanical behaviour of the adjacent metastatic
vertebrae, although the IVDs are known to provide complementary and
synergistic contributions to the complex mechanical behaviour of the
spine alongside the vertebrae (Oxland, 2016). In a healthy IVD, a uni-
form hydrostatic pressure is distributed from the nucleus pulposus (NP)
across the underlying vertebrae through the endplates (Keller et al.,
1989), while the anulus fibrosus (AF) delivers tensile stress to the
vertebral cortical shell (Adams and Roughley, 2006). Over a lifespan,
IVDs are exposed to pathological, genetic, traumatic and environmental
factors that may trigger degenerative changes (Buckwalter, 1995). IVD
degeneration involves structural degradation of the IVDs (Adams and
Roughley, 2006; Urban and Roberts, 2003): the overall proteoglycan
concentration decreases (Adams and Roughley, 2006; Buckwalter, 1995;
Roughley, 2004), causing the dehydration and the depressurization of
the NP and altering the collagen chains, leading to a more fibrotic and
stiffer NP (Adams and Roughley, 2006; Urban and Roberts, 2003;
Roughley, 2004; Adams et al., 1996; Le Maitre et al., 2021). As a
consequence, the response of the IVD to mechanical loads (Urban and
Roberts, 2003; Adams et al., 1996), and the load transmission across the
endplates of the adjacent vertebrae (Pollintine et al., 2004; Raftery et al.,
2024) is altered. In particular, the reduction of the hydrostatic pressure
in the NP results in a shift of the compressive forces from the inner part
of the vertebral endplates towards the AF (Pollintine et al., 2004; Raftery
et al., 2024; Adams et al., 2006; Tanaka et al., 2001; Homminga et al.,
2012; Neidlinger-Wilke et al., 2014; Techens et al., 2020; Tavana et al.,
2021), leading to an increase of the compressive forces transferred to the
external cortical shell of the adjacent vertebrae (Raftery et al., 2024).

Recently, the consequences of IVD degeneration in the biomechan-
ical behaviour of human healthy (Raftery et al., 2024) and metastatic
spine segments (Cavazzoni et al., 2025b) were explored by means of a
combination of microCT and Digital Volume Correlation. IVD degener-
ation was found to increase the mechanical strains on the trabecular
bone of adjacent vertebrae and to be a key factor in determining the
failure mode of the adjacent vertebrae, suggesting the importance of
considering the level of degeneration in the assessment of the mechan-
ical behaviour of the spine (Cavazzoni et al., 2025b). However, in these
studies, i) due to the technological limitations of combining in situ
mechanical testing and microCT imaging, the posterior arches were
removed from the vertebrae, affecting the load transfer in the spine
segments, ii) only a simplified loading configuration (i.e. axial
compression in stepwise loading) was investigated excluding the most
common failure scenarios, like wedge-fracture.

This evidence highlighted the need to better investigate whether
degenerative changes in IVDs influence the mechanical behaviour of the
adjacent metastatic vertebrae when loaded with more realistic loading
configurations. It has been ascertained that the metastases can weaken
the bone (Palanca et al., 2021, 2023) and that IVD degeneration de-
grades its mechanical competence (Newell et al., 2017). However, the
extent of the possible vertebral strain variation due to IVD degeneration
during physiological loading is still unknown, whether strains close to
failure can be reached by the healthy or metastatic vertebrae, and
whether one loading configuration is more demanding than another.

This study aimed to assess the effect of IVD degeneration on the
strains experienced by the adjacent healthy and metastatic vertebrae, in
different loading configurations, by comparing the strain distribution
before and after IVD degeneration.

2. Materials and methods
2.1. Experimental design

Thoraco-lumbar metastatic spine segments with healthy/mild
degenerated IVDs were biomechanically tested in the elastic regime, in
three different loading configurations. The strains were measured on the
external surface of the vertebral bodies and IVDs with Digital Image
Correlation (DIC). Enzymatic degeneration of the NP (Cavazzoni et al.,
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2025b) was induced by injecting a mix of collagenase type II and
phosphate buffer solution (PBS) in the central IVD of the spine segments.
After degeneration, the specimens were tested again, using the same
loading protocol. Effect of the IVD degeneration on the vertebrae was
assessed comparing the strains experienced by the vertebrae when
loaded by intact IVD (ie. intact condition) and degenerated IVD (ie.
degenerated conditions, Fig. 1).

2.2. Donors and specimens’ preparation

The study was performed in accordance with the Declaration of
Helsinki and approved by the ethical committee of the University of
Bologna (Prot. n. 113053, May 10, 2021). Six fresh frozen human spines
from donors (Table 1) with a history of spinal metastasis were obtained
through an ethically approved donation programme (Anatomic Gifts
Registry, Hanover, USA).

The entire spines were imaged with a quantitative Computed To-
mography (qCT) (AquilionONE, Canon Medical System Corporation,
(Toshiba Medical System Corporation), Otawara, Tochigi, Japan) to
assess the metastatic vertebrae. The following scanning protocol opti-
mized for bone was used: voltage 120 kVp, current 200 mA, slice
thickness 0.5 mm, in-plane resolution around 0.45 mm (Palanca et al.,
2021), with the European Spine Phantom (ESP) for bone density
calibration.

The spines were dissected removing fat, muscles and the anterior
longitudinal ligaments, without damaging the vertebrae, the posterior
facet joints, and the IVDs. Eight segments (Table 1) were harvested from
the thoracolumbar spines. Each segment consisted of four vertebrae: a
metastatic vertebra and an adjacent control (i.e. without any radiolog-
ically relevant sign of metastases) vertebra in the middle, and a cranial
and caudal vertebra at the extremities to fix the specimens in the testing
machine and apply the loads. Each spine segment was aligned following
the protocol used in (Newell et al., 2019; Palanca et al., 2021). The most
cranial and caudal vertebrae of the spine segments were partially
embedded in Poly-Methyl-Methacrylate (PMMA) (Technovit 4071,
Kulzer Technique, Germany). To avoid deterioration of the tissues, the
specimens were kept frozen at —28 °C when not in use and subjected to a
maximum of three freeze-thaw cycles (Dhillon et al., 2001; Tan and
Uppuganti, 2012).

Additionally, to test the repeatability of the mechanical tests, an
extra specimen (dummy specimen, not listed in Table 1) with a meta-
static (ie. blastic metastases) and a control vertebra was prepared, as
reported above, and repeatedly tested only in intact condition.

2.3. Assessment of the metastatic lesion

For each metastatic vertebra, type, size and position of the lesion
were determined analysing the qCT images (Table 1) (Palanca et al.,
2021).

The type of metastatic lesion (lytic, blastic, or mixed) was deter-
mined based on the local BMD variations observed in the qCT images.
Lytic lesions were identified as focal regions of decreased BMD
compared to the surrounding bone, whereas blastic lesions as regions of
increased BMD. Mixed lesions exhibited features of both.

The size of the metastatic lesion was quantified through a manual
segmentation, using dedicated image processing software (AMIRA2021,
Thermo Fisher Scientific). The procedure is described in (Palanca et al.,
2021). Briefly, for each specimen, the volumes of the vertebral body and
the metastasis were evaluated manually segmenting the qCT image
slice-by-slice. The size of the metastatic lesion was then reported as the
percentage of the metastasis volume with respect to the vertebral body
volume.

The position of the metastatic lesion was defined with respect to the
anatomy of the vertebral body looking at the qCT images.
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Fig. 1. Study design - human metastatic spine segments with healthy or mildly degenerated IVDs were mechanically tested, in the elastic regime, in three different
loading configurations. Controlled enzymatic IVD degeneration was induced in the NP of the central IVD. After IVD degeneration, the specimens were tested again,
with the same loading protocol. To quantify the effect of IVD degeneration on vertebrae, the strain distributions were compared between intact and degen-
erated conditions.

Table 1
Donors’ and specimens’ details. For each donor, age, sex and primary tumour are reported. For each specimen, the control and metastatic vertebrae are specified. For
each metastatic vertebra, the lesion type, size and position are reported.

Donor Age  Sex  Primary Specimen Segment  Control Metastatic Lesion Lesion size (% of the Lesion Position
D tumour ID vertebra vertebra type vertebral body)
A 79 M Lung 1 L2-L5 L4 L3 Lytic 2 Top - Posterior Right
B 88 M Bladder 2 T11-L2 T12 L1 Lytic 41 Whole height - Centre/
Posterior
3 L2-L5 L3 L4 Lytic 30 Whole height - Centre/
Posterior
C 57 F Breast 4 T9-T12 T11 T10 Blastic 100 Whole height - Entire
body
D 59 M Lung 5 L3-S1 L4 L5 Blastic 9 Middle/Top - Anterior
Right
E 70 F Breast 6 T11-L2 T12 L1 Blastic 7 Bottom/Middle -
Anterior Left
F 76 M Prostate 7 T11-L2 T12 L1 Blastic 100 Whole height - Entire
body
8 L2-L5 L3 L4 Blastic 100 Whole height - Entire
body
2.4. Assessment of the IVD degeneration and increase the signal-to-noise ratio, the specimens were wrapped in a

plastic bag filled with physiological solution and imaged using a knee
Magnetic Resonance Imaging (MRI) (Ingenia 1.5 T, Philips, The coil. The sagittal T2-weighted Spin-Echo sequence (repetition time (TR)

Netherlands) scans were acquired for each specimen to assess the initial = [3800-4800] ms, echo time (TE) = 100 ms, flip angle = 90°, voxel size
degeneration level of the IVDs. To mimic the surrounding soft tissues (1.8 x 1.5 x 3.5) mm®) was used. The initial IVD degeneration level was
Table 2

Donors’ and specimens IVDs details. For each specimen, the treated IVD, its volume and the injected collagenase solution are specified. The baseline degeneration level
is reported for each IVD of each specimen using both the Pfirrmann and the radiographic scores (Liebsch et al., 2022; Pfirrmann et al., 2001; Wilke et al., 2006). All
included IVDs exhibited mild degeneration before enzymatic treatment.

Donor Most cranial IVD Central IVD (i.e. treated IVD) Most caudal IVD

1D Specimen Segment  Pfirrmann Radiographic Treated IVD Injected Pfirrmann Radiographic Pfirrmann Radiographic
D Score” Score” IVD volume collagenase Score” Score” Score” Score”

(cm®) (em®)

A 1 L2-L5 1 1 L3L4 22 1.8 1 1 1 1

B 2 T11-L2 1 1 T12L1 11 1.6 2 2 2 2
3 L2-L5 1 1 L3L4 22 3.5 2 2 2 1

C 4 T9-T12 2 2 T10T11 8 0.8 2 1 2 1

D 5 L3-S1 2 1 L4L5 18 5.0 2 1 1 1

E 6 T11-L2 1 1 T12L1 9 0.3 1 2 2 2

F 7 T11-L2 2 1 T12L1 13 2.5 1 1 1 2
8 L2-L5 1 2 L3L4 23 3.3 1 2 2 2

@ The Pfirrmann score ranges from grade 1 (no degeneration) to grade 5 (severe degeneration).
Y The radiographic scores range from grade 0 (no degeneration) to grade 3 (severe degeneration).
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assessed (Table 2) from MRI images using the Pfirrmann scoring system
and its adaptation for lumbar and thoracic IVDs, respectively (Pfirrmann
et al., 2001).

In addition, the radiographic scoring systems proposed by Liebsch
et al. (2022) for thoracic IVDs and by Wilke et al. (2006) for lumbar IVDs
was used. Radiographic images were obtained projecting the 3D qCT
images onto the 2D sagittal plane. The three main radiographic signs of
IVD degeneration: “Height Loss’’, “Osteophyte Formation’’ and “Diffuse
Sclerosis’ were measured using Horos (Horos Project LGPL 3.0; GNU
Lesser General Public License, Version 3), following the procedure re-
ported in (Liebsch et al., 2022; Wilke et al., 2006).

2.5. Artificial IVD degeneration

An enzymatic degeneration to degrade the collagen type I and type II
fibres in the NP was induced in the IVD between the control and the
metastatic vertebra, following a procedure (Cavazzoni et al., 2025b;
Rustenburg et al., 2020; Rivera Tapia et al., 2022) previously validated
on human IVDs (Cavazzoni et al., 2025b). A solution of collagenase type
II (Gibco™, 125 U/mg) and PBS with a concentration of 2 mg/ml was
used since it allowed rapid degeneration of the IVD without damaging
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the nearby bone tissue (Rustenburg et al., 2020). For the sake of clarity,
the nomenclature of the collagenases (i.e. Collagenase type II) does not
indicate substrate specificity (Basatvat et al., 2023).

The specimens were preheated at 37 °C for 30 min, wrapped in PBS-
soaked gauzes. The collagenase solution was injected within the NP of
the IVD, puncturing the AF with a syringe with a 20 G needle until the
solution leaked through the injection site. Specimens were double sealed
in a plastic bag with PBS-soaked gauzes to keep the IVDs hydrated and
placed in a thermostatic bath at 37 °C for 2 h. This incubation time
allowed to limit the degeneration to the NP (Cavazzoni et al., 2025b).
For each treated IVD, the IVD volume was quantified through manual
slice-by-slice segmentation of the MRI images (AMIRA2021, Thermo
Fisher Scientific) and the injected collagenase solution recorded
(Table 2).

2.6. Biomechanical tests

Before testing, the specimens were thawed in PBS solution overnight
at 4 °C and subsequently left at room temperature wrapped in soaked
gauze for 1 h to ensure it was fully thawed. A white speckle pattern was
prepared on the surfaces of both the vertebral bodies and the IVDs to
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Fig. 2. Example of Load vs Time curves applied to the specimen ID4 (representative specimen) for axial compression (top), flexion (middle) and torsion (bottom),
before (left) and after (right) IVD degeneration. Ten preconditioning cycles between 50 N and 300 N in axial compression or between 0.1 Nm and 2.0 Nm for flexion
and torsion were applied. Then, a monotonic ramp to the target load was applied in 10 s.
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enable the Digital Image Correlation (DIC) measurements over the entire
spine segments. A matt white water-based paint (Q250201 Bianco
Opaco, Chreon, Italy) diluted at 40 % with water was sprayed with an
airbrush-airgun (AZ3 THE 2, nozzle 1.8 mm, Antes Iwata, Italy). The
spraying distance was set to 1m and the pressure to 1 kPa to obtain the
desired dot size, and to minimize the scatter of dot dimension (Lionello
and Cristofolini, 2014). The median dot size of the obtained speckle
pattern was equal to 0.19 mm (3.2 pixels).

The specimens were tested using a state-of-the-art electrodynamic
spine simulator (MIB4.0-MAS2-S, MIB, Italy) equipped with a 6-axes
load cell (HBM K-MCS10-010-6C, HBK, Germany) (Fig. 2). The speci-
mens were loaded, in the elastic regime, in three loading configurations:
axial compression, flexion and torsion. During the mechanical tests, the
six components of loads, the displacement along the cranio-caudal di-
rection, and the rotations around the cranio-caudal and medio-lateral
axes were acquired at 100 Hz. The full-field strains were measured on
the external surface of the vertebral bodies and IVDs using a 3D-DIC
system (Aramis Adjustable 12M, Zeiss, Braunschweig, Germany). The
DIC system consisted of four cameras (12 MegaPixels 4096 x 3000
pixels, 8 bit) equipped with high-quality 75 mm lenses (f4.5, TitanarB,
Schneider-Kreuznach, Germany). The cameras were approximately
1200 mm far from the specimen, with a field of view equal to 260 mm x
190 mm, resulting in a nominal pixel size of 0.063 mm. DIC images were
acquired at 25 Hz.

The specimens included in this study exhibited considerable vari-
ability in metastatic lesions and bone structure, as well as differences in
the spinal levels and donor anthropometry (Table 1, Table 2). To be able
to compare results across specimens with different vertebral level and
size, the applied load was adapted to induce similar strain values across
the sample (Danesi et al., 2016; Palanca et al., 2021). To reach this
objective, each specimen was loaded in each configuration until the
anterior region of the healthy vertebra reached an average minimum
principal strain equal to —2000 pe. This value is consistent with the
strains typically associated with physiological loads (i.e. range:
—1500/-3000 pe) (Ehrlich and Lanyon, 2002; Lanyon, 1987), and is
approximately 20 % of the failure strain for cortical bone (Bayraktar
et al., 2004). For each specimen in each loading configuration, a target
load (i.e., force for axial compression and moments for flexion and
torsion, Table 3) was identified by increasing the load until the average
minimum principal strain measured by the DIC on a 15 x 15 mm? sur-
face on the anterior side of the control vertebra reached the target strain
level (i.e. —2000 pe).

After this tuning, ten preconditioning cycles between 50 N and 300 N
for axial compression or between 0.1 Nm and 2.0 Nm for flexion and
torsion were applied (Fig. 2). Then, each specimen was preloaded in
axial compression at 50N (in all loaded configurations) to grant stability
of the specimen inside the testing machine and loaded with a monotonic
ramp, at a rate to reach the previously determined target load, in
approximately 10 s (Fig. 2).

After artificial IVD degeneration, each specimen was tested again
following the same loading protocol, with its target load and rate used
before IVD degeneration (Fig. 2), in order to assess the strain variation as
a solely consequence of the IVD degeneration. The specimens were
tested under the same room temperature and humidity to avoid changes

Table 3
Specimen-specific target loads applied for each loading configuration.
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in the mechanical properties of the IVDs.

2.7. Strain measurement uncertainty and repeatability

DIC parameters were set in order to provide the best compromise
between measurement spatial resolution and measurement uncertainty
(Palanca et al., 2015, 2016, 2018). DIC strain measurement un-
certainties were quantified by analysing repeated images acquired in
unloaded configuration (“Zero-strain configuration™), as reported in
(Palanca et al., 2015). Strains along the axial direction and transverse
direction of the spine segments were evaluated on the dummy specimen.
Any strain different from zero was accounted as an error. The systematic
error was assessed in the axial direction and the transversal direction,
separately. They were computed as the average of the strains measured
on the measurement points of each spine segment. Similarly, the random
error was assessed in the axial and transversal directions, separately, and
they were computed as the standard deviation of the strains. Facet size
equal to 32 pixels and grid spacing equal to 15 pixels, enabled a mea-
surement spatial resolution equal to approximately 2 mm.

Since the same specimen was tested twice, the intra-specimen
repeatability of the testing protocol was assessed on the dummy spec-
imen to account for potential variability arising from specimen
handling, rehydration state, and repositioning within the testing ma-
chine. The repeatability was quantified by testing the same dummy
specimen with the loading protocol described above five times,
mounting and dismounting the set up. Prior to each test session, the
specimen was rehydrated in PBS at room temperature for an hour and
manually repositioned into the testing machine. The maximum and
minimum principal strains were computed at the target force. The
repeatability of the mechanical test was calculated as the standard de-
viation of the maximum and minimum principal strains, separately, over
the surface of the control vertebra, for all the test repetitions. Repeat-
ability was evaluated on the surface of the control vertebra in order to
isolate the measurement from any additional variability.

2.8. Metrics and statistical analysis

For each DIC acquisition, the regions including the anterior surface
of the vertebrae and of the IVD were manually selected, making use of
the anatomical landmarks, the CT and MRI images.

In this study, vertebrae were grouped into control vertebrae (without
any metastatic features visible from the qCT scans) and metastatic
vertebrae (accounting for all vertebrae with microstructural alterations
due to the metastasis, regardless the type).

The maximum and minimum principal strains were computed on the
external surface of the control and of the metastatic vertebral body, for
each loading configuration, before (referred to as “intact condition™)
and after IVD degeneration (referred to as “degenerated condition™). The
3D colour maps of maximum and minimum principal strains on the
vertebral surfaces (Supplementary Material 1) and on the intervertebral
discs (Supplementary Material 2) were analysed.

Coefficients of variation (CV) of the maximum and minimum prin-
cipal strains, for each loading configuration, in each condition, were
measured for each vertebra to account for the strain heterogeneity.

Donor ID Segment Control vertebra Metastatic vertebra Target force in compression (N) Target moment in flexion (Nm) Target moment in torsion (Nm)
A L2-15 L4 L3 (lytic) -850 —4.0 -3.0
B T11-L2 T12 L1 (lytic) —1000 —-4.4 -9.0
L2-L5 L3 L4 (Iytic) —1500 —4.0 -4.0
C T9-T12 T11 T10 (blastic) —2600 -6.0 -11.0
D L3-S1 L4 L5 (blastic) —-1070 -5.7 -3.4
E T11-L2 T12 L1 (blastic) —1440 -5.0 -6.0
F T11-L2 T12 L1 (blastic) —8000 -17.0 —30.0
L2-15 L3 L4 (blastic) —8000 -17.0 -30.0
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Moreover, to locally assess the effects of the IVD degeneration, a local
analysis was performed on each vertebra. The cortical surface was
longitudinally divided into three rectangular regions of interest (ROIs);
they were: the “adjacent ROI” which is the region adjacent to the
degenerated IVD, the “nonadjacent ROI” which is the farthest region
from the degenerated IVD and the “middle ROI” which is the one be-
tween the adjacent ROI and nonadjacent ROIL Only adjacent and
nonadjacent ROIs were used for the local analysis (Fig. 3) (Palanca et al.,
2021).

Differences between the control and metastatic vertebrae in the
intact conditions were evaluated for all loading configurations for both
the maximum and the minimum principal strains. Strain measurements
between intact and degenerated conditions were compared for i) the
adjacent control and metastatic vertebrae (pooled data), ii) the control
vertebrae, iii) the metastatic vertebrae, iv) the ROIs of control vertebrae
adjacent/nonadjacent to the degenerated IVD, v) the ROI of metastatic
vertebrae adjacent/nonadjacent to the degenerated IVD.

To assess the normality and homoscedasticity of the data, the
Shapiro-Wilk test followed by Levene’s test were performed.

Data in the intact condition were compared against the degenerated
condition through a non-parametric paired test (Wilcoxon test, for non-
normally distributed data) or a parametric paired test (paired t-test, for
normally distributed data). All statistical analyses were performed in
Jamovi (Version 2.3, The Jamovi Project, 2023) , with a significance
level set at 0.05. When the alterations were statistically significant, the
effects were quantified as percentage variation of strain.

Average maximum and minimum principal strains and strains maps
(Supplementary Materials 2) on the intervertebral discs, in the different
loading configurations, and different conditions were evaluated.

3. Results
3.1. Repeatability and measurement uncertainties

The strain systematic errors measured on the dummy specimen were
10 pe and 37 pe in the axial and transversal directions, respectively. The
random errors were 148 pe and 137 pe in the axial and transversal di-
rections, respectively.

The intra-specimen variability in strain measurements was

Cranial
Vertebra /®
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Fig. 3. The ROIs near the degenerated IVD were defined as adjacent ROIs.
Similarly, the furthest ROIs were defined as nonadjacent ROIs. The reference
system was created using the antero-posterior (AP), medio-lateral (ML) and
cranio-caudal (CC) directions.
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comparable to the estimated strain measurement uncertainties. Specif-
ically, repeatability, quantified as the standard deviation across
repeated tests, yielded the following values: under axial compression,
the standard deviations for maximum and minimum principal strains
were 46 pe and 93 e, respectively; during flexion, these values were 68
pe and 71 pe; and in torsion, they were 171 pe and 154 pe.

3.2. Effect of IVD degeneration on adjacent vertebrae

After IVD degeneration, a wider range of the maximum and mini-
mum principal strain magnitude on the surface of the adjacent vertebrae
was observed (pooled data for control and metastatic vertebrae), for all
the loading configurations (Fig. 4).

Maximum principal strains (pooled data for control and metastatic
vertebrae) were larger, after IVD degeneration, in flexion configuration
(absolute increase: +29.4 %, p = 0.05). Conversely, the maximum
principal strains after IVD degeneration were not different in axial
compression (p = 0.10) and torsion (p = 0.06), than in the intact con-
dition (pooled data for metastatic and control vertebrae) (Fig. 4).

Minimum principal strains (pooled data for control and metastatic
vertebrae) were significantly larger after IVD degeneration in axial
compression (absolute increase: +24.0 %, p = 0.006) and flexion (ab-
solute increase: +37.0 %, p = 0.003) than in the intact condition, while
no difference was found in torsion (p = 0.21) (Fig. 4).

The boxes are limited by the first and the third quartile. Mean and
median are represented by the cross and the horizontal line, respec-
tively. The whiskers represent the lowest and highest data points in the
data set excluding any outliers (dots).

3.3. Effect of IVD degeneration on healthy and metastatic vertebrae

When analysing control and metastatic vertebrae separately, a sig-
nificant effect of IVD degeneration was only observed in metastatic
vertebrae (Fig. 5). The minimum principal strains in the degenerated
condition were significantly larger than those in the intact condition:
+25.6 % in axial compression (p = 0.032) and +43.7 % in flexion (p =
0.020), while no statistically significant differences were found in tor-
sion (p > 0.05) (Fig. 5). The maximum principal strains were not sta-
tistically different in metastatic vertebrae under any of the loading
configurations.

By contrast, the control vertebrae did not show any statistically
significant difference between the intact and degenerated condition,
both for maximum and minimum principal strains, under any of the
loading configurations (p > 0.05) (Fig. 5).

3.4. Local strain analysis of the vertebrae

The local strain analysis revealed a significant increase, after IVD
degeneration, in minimum principal strains under flexion in the ROIs
adjacent to the degenerated IVD, for both control and metastatic
vertebrae (Fig. 6).

In the control vertebrae, the minimum principal strains in the
degenerated condition were significantly larger than those in the intact
condition on adjacent ROIs (absolute increase of the magnitude: 36.6 %,
p = 0.023). Conversely, no differences were found in the nonadjacent
ROIs (p > 0.05) (Fig. 6). The same effect was observed in the metastatic
vertebrae, with an even greater increase on the adjacent ROIs (absolute
increase of the magnitude: 67.8 %, p = 0.040), while no differences were
observed in the nonadjacent ROIs (Fig. 6). No significant effects in
minimum principal strains were found for axial compression and torsion
loading configuration, in any of the ROIs or vertebral group (p > 0.05).

No significant variations were found for the maximum principal
strains between intact and degenerated conditions, under any of the
loading configurations, for the ROIs adjacent and nonadjacent to the
degenerated IVD on both the control and the metastatic vertebrae (p >
0.05).
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Fig. 4. Maximum and minimum principal strains measured on the entire surface of the adjacent vertebrae (pooled data for control and metastatic vertebrae) to
provide an overall comparison of strain magnitude before (intact IVD) and after (degenerated IVD) degeneration of the IVD.

3.5. Strain distribution in the vertebral body

3D strain colour maps were created for each specimen
(Supplementary Materials 1 and 2) to qualitatively analyse the spatial
distribution of the maximum and minimum principal strains (Fig. 7). A
general strain concentration was observed predominantly localized
adjacently to the degenerated IVD. This effect was more marked in
metastatic vertebrae particularly under axial compression and flexion
(Fig. 7 and Supplementary Materials 1), where the strain peaks were
observed.

The control vertebrae exhibited negligible differences in the CV of
the minimum principal strains between the intact and degenerated
conditions, for the different loading configurations (p = 0.36 in axial
compression, p = 0.92 in flexion and p = 0.93 in torsion). The metastatic
specimens showed negligible differences in the CV for the strain calcu-
lated for axial compression (p = 0.89) and torsion (p = 0.11). Larger
differences were found between the CVs calculated for flexion (p =
0.057) (Fig. 7 and Supplementary Material 1).

Strain maps of the other specimens are reported in the Supplemen-
tary Materials 1 and 2.

4. Discussion

The aim of this study was to evaluate how IVD degeneration affects
the strain distributions of the adjacent vertebrae. Eight spine segments
including metastatic vertebrae were tested under different loading
configurations (i.e. axial compression, flexion and torsion), before and
after inducing an artificial IVD degeneration through injection of
collagenase type II. DIC was used to measure the strains on the external
surface of the IVDs, and of the adjacent control and metastatic vertebral
bodies.

The results demonstrated that the IVD degeneration is well tolerated
by control (healthy) vertebrae, and it is associated with larger surface
strain magnitude on metastatic vertebrae, especially nearby the IVD. In
fact, the radiologically healthy vertebrae showed similar strains in the

intact and degenerated conditions. A significant increase of the strains
was observed, in the degenerated conditions, only on the regions adja-
cent to the IVD, under flexion, suggesting that IVD degeneration changes
the load transfer (i.e. direction and local magnitude) to the healthy
vertebrae. Nonetheless, the healthy vertebra can bear it without signif-
icant strain alterations. This insight is in line with the observed behav-
iour of a healthy vertebra loaded in axial compression by a degenerated
IVD, where the trabecular bone experienced a different load distribution
(Pollintine et al., 2004; Simpson et al., 2001) with consequent increase
of the strains in the anterior and peripheral regions (Cavazzoni et al.,
2025b; Raftery et al., 2024). Because of this enhanced strain magnitude
in the nearby of the endplates, a new trabecular pattern will be designed
by the bone remodelling. This could explain why in older spines,
reasonably affected by IVD degeneration, the BMD in the trabecular
bone adjacent to the endplates is greater than in the central region of the
vertebral body (Briggs et al., 2006).

In the metastatic vertebrae, instead, the IVD degeneration further
strained the already compromised structure of the vertebra, which
experienced strains close to the cortical failure threshold (i.e. —10000 pe
in axial compression and —7000 pe in tension (Bayraktar et al., 2004)).
Among the different loading configurations, flexion is the riskiest task
for the metastatic vertebra, followed by axial compression (Cavazzoni
et al., 2025b). The greatest increase in the minimum principal strains
was experienced by the vertebral regions close to the degenerated IVD,
whereas the vertebral regions far from the degenerated IVD did not show
any relevant variation. These findings can be explained by the altered
load distribution within the IVDs after degeneration. In the intact IVDs,
the pressurized NP evenly distributes the load to the trabecular bone of
the adjacent vertebrae through the entire endplate (Adams et al., 1996;
Neidlinger-Wilke et al., 2014; Oxland, 2016; Simpson et al., 2001) and
preserves a functional distance between the vertebrae endplates, thus
guaranteeing controlled mobility and preserving physiological motion.
After IVD degeneration, the path of load transmission is altered: the
reduced hydrostatic pressure within the NP causes a shift of the load
towards the AF (Adams et al., 2006; Homminga et al., 2012), thus
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Fig. 5. Maximum and minimum principal strains measured on the entire surface of the vertebral body but differentiates between control and metastatic vertebrae,
allowing for an examination of how IVD degeneration affects strain magnitude in each group independently.

The boxes are limited by the first and the third quartile. Mean and median are represented by the cross and the horizontal line, respectively. The whiskers represent
the lowest and highest data points in the data set excluding any outliers (dots). Statistically significant differences are highlighted with *.

increasing the load transferred to the external cortical shell of the
vertebrae (Kurowski and Kubo, 1986), and reduces the functional dis-
tance between the vertebrae endplates, as showed in a previous study
performed on similar specimens (Cavazzoni et al., 2025b). This altered
load sharing in the vertebrae characterized by a sub-optimal trabecular
pattern and reduced competence, like the metastatic ones (Palanca et al.,
2023) independently by the metastasis type, can result in failure strains.
In both cases of small lesions and large lesions, strain heterogeneity and
strain concentrations are expected. Indeed, from a material properties
perspective, the higher bone mineral density of the blastic tissue is not
always correlated with higher elastic modulus or strength (Stadelmann
et al., 2020). From a geometrical point of view, a parallelism could be
done considering the vertebroplasty. Several studies (Chevalier et al.,
2008; Tan et al., 2020) demonstrated that vertebroplasty is effective
only when both endplates are reached by bone cement. Otherwise, the
vertebra could result weaker. No differences were observed after IVD
degeneration in torsion, both in control and metastatic vertebrae, since
torsional loading is primarily governed by the layered collagen structure
of the AF (far from the IVD axis), which was not involved in the
biochemical degeneration.

This study has some limitations that must be acknowledged. First,
although the effectiveness of the enzymatic degeneration used in the
present study was validated through visual inspection and histology in a
previous study from our group (Cavazzoni et al., 2025b), the degener-
ation obtained was only partially representative of a real degeneration.
Indeed, aside from the localised damage at the needle puncture site, this
degeneration model focuses on the NP and does not emulate the struc-
tural damage to the outer collagen network of the AF (Cavazzoni et al.,
2025b; Rivera Tapia et al., 2022). However, the findings highlighted in

this study are still relevant since the degeneration of the NP is the first
sign of IVD degeneration (Adams and Roughley, 2006).

Second, the redistribution of the loads between NP and AF occurring
in vivo as a result of the IVD degeneration triggers a remodelling of the
vertebral architecture, with consequently local changes in the bone
microstructural properties (Keller et al., 1993). For the healthy verte-
brae, this is a major limitation as the actual adaptation cannot be
considered in an in vitro study, and thus this leads to a bias of the IVD
degeneration effects. By contrast, the metastatic vertebrae are charac-
terised by an altered bone homeostasis per se, where the systemic disease
is the leading cause of the microstructural changes (Bussard et al.,
2008).

Third, the sample is characterised by a wide variability (donors’
body anthropometry, types of metastases, vertebral level, etc). Despite
this, our approach (strain-based condition, and specimen-specific target
load) allowed us to reduce the confounding factors, increasing the sta-
tistical power. Indeed, each specimen acted as its own control. Data
robustness was confirmed by the power analysis. Whereby, based on the
physiological strains experienced by the vertebrae and the uncertainty
of the experimental pipeline, setting alpha (significance level which is
the probability of making a type I error) = 0.05, beta (probability of
making a type II error) = 20 %, effect size (minimal differences between
degenerated and not degenerated specimens) = 500 pe, and standard
deviation of the group (the overall uncertainty) = 200 pe, the minimum
sample size requested for paired analysis was 6 (3 pairs). In this study, 8
specimens were tested twice (degenerated and not degenerated) grant-
ing results reliability. Further element of weakness related to our
experimental approach is that multiple tests were performed on each
specimen. However, the repeatability tests showed that the impact of
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Fig. 7. Maximum and minimum principal strains measured on the external surface of the control and metastatic vertebrae of the specimen ID4 (representative
specimen), in axial compression, flexion and torsion configurations. Specific scale bars were adopted for each loading configuration to magnify the effects of the IVD
degeneration.

multiple tests on the strain measurements is below the strain measure- degeneration. More complex loading configurations would have been
ment uncertainty. Thus, in this study, the observed changes in the me- more representative of daily physiological motor tasks. However, in
chanical behaviour can be attributed to the effect of the IVD order to decouple the effects related to the different loading
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configurations and reducing the confounding factors, as most of the
experimental studies do (Brandolini et al., 2014) and as recommended in
the literature (Wilke et al., 1998), we opted for simplified loading con-
figurations (ie. axial compression, flexion and torsion). Another exper-
imental issue could be in the relative position of the metastatic and
control vertebrae. In six out of eight cases, the metastatic vertebra is
caudal with respect to the control vertebra, and this could bias the re-
sults. In fact, the superior endplate is adjacent to the treated IVD, and
typically, the superior endplate is thinner than the inferior endplates,
showing a high failure likelihood (Zhao et al., 2009). However, as we
showed in (Cavazzoni et al., 2025b), failure location in case of degen-
erated IVD moves from the trabecular bone of the endplate to the
cortical shell, reducing the importance of separating the data between
the endplates.

The sample was not divided into groups with different types of me-
tastases (i.e. vertebrae with lytic/blastic/mixed metastases). To gener-
alise our findings, the vertebrae were classified as without any visible
sign of metastases (i.e. radiographically healthy) and with a compro-
mised trabecular structure (i.e. metastatic). Properly accounting for the
combined effect of the different types of metastases and the IVD
degeneration would have required a larger sample size. Thus, we
refrained from discussing the specific effect of the IVD degeneration on
each different metastatic vertebra, and we evaluated if the IVD degen-
eration level is negligible or not as a potential factor among those for
assessing the risk of fracture in metastatic vertebrae. However, this
scientific question was partially answered in previous studies (Costa
et al., 2020; Galbusera et al., 2018; Palanca et al., 2021), where the
effect of the type, size and position of the metastasis on the biome-
chanics of the vertebra was investigated.

Another limitation is related to the displacement and strain fields
measured only on the surface of the specimens. For a more compre-
hensive and detailed characterization of the effects of IVD degeneration,
quantification of the internal strain is necessary. Internal strains can be
estimated by using DVC (Cavazzoni et al., 2025b), and findings from the
two approaches can be merged. An advantage of DIC over DVC
(Cavazzoni et al., 2025b) is that it enables investigation of the strain
during tests in a dynamic regime rather than a quasi-static one.

5. Conclusion

This study highlighted the effect of IVD degeneration on the strain
experienced by the adjacent healthy and metastatic human vertebrae on
the anterior cortical shell. IVD degeneration results in higher strains on
the external cortical shell of metastatic vertebrae. In particular, the
metastatic vertebrae experience strains close to the failure threshold in
regions adjacent to the degenerated IVD, during axial compression and
flexion. Therefore, if the metastatic lesion involves the cortical shell near
to the IVDs, failure may occur. Conversely, for healthy vertebrae the
changes in terms of experienced strains are negligible, in all loading
configurations.
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