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Abstract

The spine is the first site for incidence of bone metastasis. Thus, the vertebrae have a high
potential risk of being weakened by metastatic tissues. The evaluation of strength of the
bone affected by the presence of metastases is fundamental to assess the fracture risk.
This work proposes a robust method to evaluate the variations of strain distributions due to
artificial lesions within the vertebral body, based on in situ mechanical testing and digital vol-
ume correlation. Five porcine vertebrae were tested in compression up to 6500N inside a
micro computed tomography scanner. For each specimen, images were acquired before
and after the application of the load, before and after the introduction of the artificial lesions.
Principal strains were computed within the bone by means of digital volume correlation
(DVC). Allintact specimens showed a consistent strain distribution, with peak minimum prin-
cipal strain in the range -1.8% to -0.7% in the middle of the vertebra, demonstrating the
robustness of the method. Similar distributions of strains were found for the intact vertebrae
in the different regions. The artificial lesion generally doubled the strain in the middle portion
of the specimen, probably due to stress concentrations close to the defect. In conclusion, a
robust method to evaluate the redistribution of the strain due to artificial lesions within the
vertebral body was developed and will be used in the future to improve current clinical
assessment of fracture risk in metastatic spines.

Introduction

The spine has high incidence of bone metastases [1, 2]. The evaluation of the biomechanical
stability of vertebrae with metastases is fundamental to identify patients at high risk of fracture
and to develop clinical tools for optimising and personalising their treatment.

Different studies have evaluated the effect of metastatic lesions on the vertebral mechanics,
in order to prevent fractures. Experimental tests were performed on healthy vertebrae with
artificial lesions (usually reproduced as holes in the structure) [3-7] and vertebrae with actual
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metastasis [8]. The results showed reduced apparent properties of the vertebrae with lesions
(failure load and stiffness). Moreover, strain measurements were performed with strain gauges
(human vertebrae, induced lesions) [4, 9], digital image correlation (human vertebrae, induced
lesions) [5, 7] and digital volume correlation (DVC, small rodents, actual induced metastasis
[10]).

While detailed experimental measurements can provide important insights on the bio-
mechanical stability of the vertebrae with lesions, they suffer of two main limitations: the
intrinsic inability of testing the same vertebra with/without lesions, and the lack of an
approach to evaluate their effect on local deformations in the internal structure of the vertebral
body in mammals.

Equivalent efforts to evaluate the effect of metastatic lesions on structural and local proper-
ties were made by means of finite element (FE) models. Generic [9, 11-13] or micro-FE [14]
models were used to estimate the effect of the independent features of the artificial metastasis
(i.e. dimensions, positions, etc.) on the vertebral mechanics. In other studies computed tomog-
raphy (CT)-based subject-specific homogenised FE models of vertebrae with actual metastases
were developed to study the stability of the vertebra [4, 14-16]. Nevertheless, only two of the
mentioned studies were validated against experimental measurements of local strain with
strain-gauges [4, 9]. Considering the complexity of the internal structure of the vertebra, per-
forming a validation in a few localised regions on the cortical shell is not sufficient to under-
stand if the models are able to predict the strain field within the whole geometry. Therefore, a
more comprehensive validation of the predictions of internal displacement and strain fields
should be performed by using fields methods like DVC [17]. The experimental and computa-
tional approaches have reported conflicting conclusions about the relevance of lesion size and
position on the mechanical properties of the vertebral body, probably due to methodological
differences in the studies (e.g. loading conditions, measurements, density and morphology of
the input vertebrae) and the lack of validation of the FE models.

Thereby, a reliable experimental procedure able to generate reproducible loading condi-
tions and to measure and analyse the 3D strain field in the whole vertebral body would be an
invaluable tool to understand the strain redistribution associated to the features of the metasta-
sis. The DVC approach has been intensively used to evaluate the biomechanical properties of
the vertebrae [18-20] and to evaluate the accuracy of the FE models in predicting the local dis-
placements and strains in the vertebral body [17, 21, 22].

The aim of this study was to develop a reproducible experimental methodology, based on in
situ mechanical testing and DVC measurements, to evaluate the local strain distribution within
the whole vertebral body and in specific subregions when an artificial lesion was introduced.

Materials and methods

Porcine spine segments were tested in a step-wise loading within a micro computed tomogra-
phy (microCT) scanner. Images were acquired with the specimens unloaded and loaded,
before and after an artificial lesion was induced. A global DVC approach was used to experi-
mentally measure the effect of the lesion on the displacement and strain fields.

Sample preparation and preparation of the artificial focal lesion

Five thoracic spinal segments (three vertebrae each) were isolated from two spines of female
pigs (nine months old and approximately 100kg in weight) killed for alimentary purposes: two
T8-T10, two T10-T12 and one T12-T14. The ligaments, muscles and posterior arches were
removed from the spines. When not prepared or tested the specimens were stored frozen at
-20C. The segments were aligned as reported in [23]. The caudal half of the most caudal
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Frontal artificial lytic lesion

Lateral artificial lytic lesion

Fig 1. Artificial lesions were reproduced in the anterior or lateral middle portion of the middle. The position and volume of the lesions were identified in the

microCT images.

https://doi.org/10.1371/journal.pone.0251873.9001

vertebra and the cranial half of the most cranial vertebra were embedded in parallel poly-
methyl-methacrylate (Technovit, Germany) bases that were fixed to a custom made loading
device, in order to load the middle vertebra through the intervertebral discs [19, 24].

Artificial mechanical lesions were induced to simulate what happens in case of a vertebra
with lytic metastatic lesions. The lesions were reproduced in the mid-transverse plane of the
middle vertebra of each segment, as holes involving the trabecular bone and cortical shell [5,
14, 25-27].

A pillar drill with a diamond core tool 8mm in diameter was used to produce the hole
under constant water irrigation to avoid overheating the bone. Two lesion locations were
selected to evaluate the procedure in different scenarios: the anterior side (specimen #1, #2, #3)
or the right side (specimen #4, #5). In both cases, lesions with approximately half cylindrical
shape were created (Fig 1). The position and volume of the lesions were measured from the
microCT images. Moreover, the features of the lesion did not reflect the actual metastatic
lesion, but they provided a comparable mechanical effect [27].

Loading condition

A custom-made loading device equipped with a 10kN load cell (HBM, Germany), a 20 mm lin-
ear variable differential transformed (LVDT) transducer (HBM, Germany), and an external
Perspex tube was used to axially compress the specimen inside a microCT scanner (VivaCT80,
Scanco Medical, Switzerland)[28]. Each specimen was wrapped with gauzes soaked in saline
solution, fixed in the jig to be loaded, and microCT scanned. The loads were manually applied
through a screw with a ratchet wrench and the torsional component of the load was removed
with a thrust bearing. To define a loading condition able to generate relevant strains within the
intact vertebrae without damaging the tissue, a preliminary work was performed on specimen
#1 (the entire procedures and results were reported in detail in the S1 Appendix). Briefly, the
specimen was loaded with four different load magnitudes (1500, 3000, 4500, 6500 N), and a
load of 6500N, which was consistent with previous literature [20], was considered optimal for
the purpose of this study. Ten compressive pre-cycles between 50N and 300N were applied to
precondition the specimen, followed by the application of a displacement up to reach a com-
pressive load of 6500N. After that, no additional displacement was imposed during the test.
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After each load-step, the specimen was left to relax for 15 minutes in order to reach a stable
load. After this relaxation time, the acquisition of the microCT images started. The same load-
ing procedure was applied to the vertebrae before and after the creation of the lesion.

Scanning procedure and image pre-processing

Every scan was acquired with the following parameters: current 114mA, voltage 70kVp, inte-
gration time 300ms, power 8W, isotropic voxel size 39um. The images were reconstructed
using the manufacturer software with a beam hardening correction based on a phantom with
1200 mg HA/cm” density [29]. A similar procedure was previously used to scan human verte-
brae [14].

The middle vertebra of each spine unit (except for specimen #1, see S1 Appendix) was
scanned five times (Fig 2):

« “Scanl-pre”: scan of a middle portion of the vertebra in preloaded (approximately 50N) con-
dition. This scan was used together with Scan1 to evaluate the DVC strain measurement

uncertainties;
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Fig 2. Workflow of the image processing. For each specimen, five scans were acquired to evaluate: the measurement uncertainties (Scanl-pre vs Scanl-crop), the strain
field within the vertebral body of the intact vertebra (Scan1 vs Scan2), and the strain field within the vertebral body of the vertebra with artificial lesion (Scan3 vs Scan4).
Pre-processing of the images, digital volume correlation (DVC) with the BoneDVC algorithm were used to measure the strain fields. A comparison between the two

conditions was proposed.

https://doi.org/10.1371/journal.pone.0251873.9g002
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o “Scanl” and “Scan2”: scans of the intact vertebra in preloaded (approximately 50N, Scan1)
and loaded (approximately 6500N, Scan2) conditions, respectively. These scans were used to
evaluate the strain field in the intact vertebral body;

« “Scan3” and “Scan4”: scans of the vertebra with artificial lesion in preloaded (approximately
50N, Scan3) and loaded (approximately 6500N, Scan4) conditions, respectively. These scans
were used to evaluate the strain field in the vertebral body with the lesion.

The scanning time was approximately 66.7 min for the entire vertebral body, and 13.3 min
for the middle portions of the vertebra (Scanl-pre). A portion of the Scanl (Scanl-crop) with
the same size and position of Scanl-pre was extracted and used for evaluating the DVC mea-
surement uncertainties.

To evaluate the strain distributions in the same location and with the same orientation of
the vertebral body, in both tests with and without the lesion, Scan3 was rigidly registered
(Amira 6.2.0, Thermo Fisher Scientific, USA; alignment of principal axes; Lanczos interpola-
tion) to Scanl (later referred to as Scan3-R). A similar procedure was used to rigidly register
the images before and after the load for the elastic registration: Scan2 and Scan4 were regis-
tered to Scanl and Scan3-R, respectively (later referred to as Scan2-R and Scan4-R). This pro-
cedure enabled to align all specimens to Scanl, improving the rigid registration between
images with similar features (i.e. the drilled holes) before and after the load. Binary masks
(zero outside the external contour of the vertebral body, one inside it) were created for each
image using a low threshold value, followed by dilation (3 voxels) and by filling the internal
holes (Image]-Rasband, W.S., Image]J, U.S. National Institutes of Health, Bethesda, Maryland,
USA, https://imagej.nih.gov/ij/, 1997-2018). For each couple of preloaded and loaded images,
a mask created by merging the masks obtained from the images of the vertebra in the pre-
loaded and loaded conditions was used for the DVC analyses (registration only within the
mask). The preloaded mask was used for visualising only the results within the vertebral body.

The interested reader can access the images used in this study at https://doi.org/10.15131/
shef.data.14554842 or by contacting the corresponding author.

Digital volume correlation

A global DVC approach (BoneDVC, bonedvc.insigneo.org/dvc) was used to measure the
strain field inside the vertebrae with and without the created lesions, given the microCT
images acquired in the preloaded and loaded conditions. The operating principles of the DVC
are reported in details elsewhere [30-32]. Briefly, the images of the preloaded and loaded verte-
brae were elastically registered (Sheffield Image Registration Toolkit, ShIRT) to compute the
displacement field. The registration algorithm consists in superimposing a regular parallelepi-
ped grid with cubic cells with side length equal to the nodal spacing (NS). ShIRT solves the reg-
istration equations in the nodes of the grid within the combined mask. The registration
equations include the displacement terms and a term to account for potential changes in the
grey levels, trilinear interpolation is assumed within the cells of the grid. The registration is
solved by adding a smoothing coefficient in the displacement field to overcome the poorly
conditioned problem. The problem is then solved iteratively to compensate for large displace-
ments [32]. The strain field (components of strain, maximum principal strain €,; and mini-
mum principal strain €,3) is obtained differentiating the displacement field with an FE
software package (Mechanical APDL v19, ANSYS, USA) [33]. To do so, a linear hexahedral
mesh equal to the hexahedral DVC grid was imported in the FE software. The displacement
calculated from the elastic registration in each node of the grid were imposed at the nodes of
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the FE elements. The displacements were then differentiated into strains. The FE software pack-
age was used to visualize the results. Finally, all cells of the DVC grid without any node within
the binary mask of the image of the preloaded vertebra were removed to exclude strain values
outside the vertebra [34]. This DVC approach has been intensively used to evaluate the displace-
ment and deformation in different bone structures (e.g. trabecular bone [35], porcine vertebrae
[17], mouse tibia [36], human scapula [37], proximal humeral head [38] and femoral head [39]).
While the DVC approach has a large potential, it is fundamental to optimise the value of the NS
for each application by evaluating the uncertainties of the approach [31-33, 40]. The NS was
optimised by analysing the strain uncertainties from repeated scans (zero-strain condition) for
one specimen with different NS (ranging from 10 to 90 voxels) (The results were reported in the
S1 Appendix). A NS of 50 voxels (experimental measurement spatial resolution = 1.95mm) led
to a Standard Deviation of the Error (SDER) equal to 148ue which was considered acceptable for
the considered application. Moreover, considering the variability of the DVC approaches for the
local structure [41], the strain measurement uncertainties were estimated for each specimen for
NS of 50 voxels, which provided an average SDER equal to 337 pe among the five considered
specimens (All results were reported in the S1 Appendix).

Comparison between intact and with focal lesions vertebrae

The €,,; and €,; were measured for the intact vertebrae (Scan1 vs Scan2-R) and for the verte-
brae with artificial lesion (Scan3-R vs Scan4-R). Frequency plots (histogram) and the range of
median of the £,; and €,,; was calculated to assess the repeatability of the loading condition
and strain distribution for the intact vertebrae. Strain distributions and histograms for the €,
(in the S2 Appendix) and €,,; were reported to highlight the changes in strain pattern due to
the presence of the lesion.

Each vertebra was divided into three longitudinal regions of interest (ROIs): top, middle,
and bottom, where the top and the bottom ROIs contained the respective cranial and caudal
growth plates while the middle ROI was the region with/without the lesion. Each ROI was
divided in 9 subregions of interest (subROIs). The lesion mainly involved one single subROI,
but adjacent subROIs might be affected, as well. Histograms were reported for each ROI of the
intact vertebrae and of those with lesions to evaluate how the lesion affected the strain distribu-
tion in the different regions of the bone.

Thematic maps [42] were used to show regional differences in €3 absolute values in the
same subROls, before and after the introduction of the lesion: positive differences were
reported in red, negative differences were reported in blue, differences below the sum of the
systematic and random errors for the £,; (within measurement uncertainties, see S1 Appendix
for the detailed values of the uncertainties for each specimen) were reported in grey.

Results

All vertebrae in the intact condition were loaded up to 6500N without visible permanent dam-
age in the microCT images. After the lesion, specimens #1, #4 and #5 did not fracture at
6500N load, whereas specimens #2 and #3 failed at 3000N and 4500N, respectively.

The values of principal strains within the intact vertebral bodies showed consistent distribu-
tions for all specimens, with similar median values of €,; (0.22% to 0.46%) and €3 (-0.72% to
-0.33%). Similar median strain values among the specimens were found also in the different
ROIs for g, (0.28% to 0.48% in the top ROI; 0.19% to 0.39% in the middle ROI; and 0.19% to
0.53% in the bottom ROI) and €3 (-1.44% to -0.96% in the top ROI; -0.32% to -0.12% in the
middle RO and -1.28% to -0.47% in the bottom ROI) (Fig 3). Nevertheless, higher peaks of
€p in every region were found for two specimens (#1 and #2) compared to the others.
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Fig 3. Frequency plot for the £, and £,; evaluated for each intact specimen for the entire vertebra, for the top,
middle and bottom ROIs.

https://doi.org/10.1371/journal.pone.0251873.9003

The distributions of 3 (Fig 4) within the intact vertebral bodies showed similar patterns
with larger deformations (e,3 <-2%) localized in correspondence of the top and bottom ROIs,
that include the growth plates, and quite uniform strains (€p3 of approximately -0.25%) in the
middle of the vertebral body. While the €3 over the vertebral body reached peaks of approxi-
mately -6%, localised in the top or bottom ROIs, the peak deformation in the middle ROI was
lower (approximately -1.8%) (Fig 5).
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https://doi.org/10.1371/journal.pone.0251873.9004

The tests on the vertebrae with lesions (volume between 208mm? and 994mm?, corre-
sponding to the 0.8% and 4.6% of the volume of the vertebral body, Fig 4) showed an increase
of the strain in proximity of the lesion and a decrease of the strain in the growth plate regions.
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Fig 5. €,;3 distributions were evaluated in the top (left column), middle (central column), and bottom (right
column) longitudinal ROIs. The blue histograms refer to intact specimens, the orange ones to those with lesions.

https://doi.org/10.1371/journal.pone.0251873.9005

For the specimens with the artificial lesion that did not fail under 6500N the peak of €3 within
the whole vertebral body reached approximately -4%. Conversely, the specimens that failed
showed larger €,,3, approximately -8% and -20%, for the specimen #2 and #3, respectively. In
both cases the strain concentration, and the consequent failure, localised close to the lesion, in
the midplane of the vertebral body (Fig 4).

The strain distributions changed consistently (except for specimen #3 that failed before
6500N load) due to the lesion, with decreased deformations in the top and bottom ROIs and
increased deformations in the middle ROI with respect to the intact condition (Fig 5). Differ-
ent variations in strain values before and after the creation of the defect were found for the
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different lesions. Lower increases in deformation were induced by lateral lesions compared to
those observed for anterior lesions which largely compromised the vertebra.

The number of nodes in each subROI varied from 45 (“AL” subROI in the middle ROI of
the specimen #3) to 378 (“C” subRO], in the middle ROI of the specimen #1). The differences
in subROIs strain, before and after the introduction of the lesions, confirmed the observations
on the ROIs: increased strains were observed in most compartments of the middle ROIs, with
higher values in the regions adjacent to the created lesions (Fig 6). Conversely, a homogeneous

Differences in minimum principal strain (ep3)

Color Legend

. smaller strain . comparable strain . larger strain

Fig 6. Changes in the strain values at 6500N (exception for #2 and #3) for each subROI with and without the
lesion. The first column represents the scheme of the different subROIs above the central cross-sections before (green)
and after (red) the lesion. The lesion mainly affected one single subROI, but may also involve adjacent subROL.
Increase (red boxes) or decrease (blue boxes) of €, in the top (second column), middle (third column) and bottom
(forth column) ROIs are reported on the right. Differences below the DVC measurement uncertainties are reported in
grey.

https://doi.org/10.1371/journal.pone.0251873.9006
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decrease of the strain in most regions of the top and bottom ROIs were observed for specimens
#1, #4 and 5#. Exceptions were observed for the failed specimens (#2 and #3) for which an
increase of the strain was observed in all regions (#3) or in both middle ROI and most of the
top ROI (#2).

Discussion

The aim of this study was to develop a novel methodological approach to experimentally evalu-
ate the effect of artificially induced lesions on the strain field inside the vertebral bodies tested
in compression. An analysis to evaluate the differences in the strain pattern before and after
the lesion was proposed for the whole vertebral body and in specific compartments.

Most studies in the literature that have analysed the effects of lytic metastasis on the spine
stability were performed with artificial lesions and simplified loading conditions (i.e.: com-
pression or a combination of compression and flexion). While reduction in apparent strength
and stiffness [3, 6, 8] and redistribution in the strain over the anterior surface [4, 5, 9] were
observed, no detailed analysis in the internal regions of the vertebral bodies was performed,
limiting our understanding of the effects of the lesion on the vertebral mechanical competence.
Just one study used the DVC approach to study the biomechanics of the vertebrae with actual
metastasis [10]. They showed the potentiality of the DVC in this field, the work was performed
on rat vertebrae, with sensible different dimensions and cortical/trabecular bone ratio with
respect to human vertebrae. To overcome this limitation, in this study a method based on in
situ mechanical testing, microCT imaging and DV C analysis was developed to test porcine
vertebrae, and a protocol was developed to identify changes in local strains over the entire ver-
tebral body or in different compartments, due to a focal lesion.

The robustness of the method was confirmed by the low measurement uncertainties, in line
with previously reported results for different bone types and image resolutions [31], and the simi-
lar strain conditions obtained in five intact vertebrae (small differences could be due to the differ-
ent vertebral levels), with strain concentrations in the caudal and cranial regions that include
growth plates (top and bottom ROIs), and lower strain in the middle portion of the vertebral
body. The method was able to quantify the localization of the strain in the different regions (i.e.
growth plates, lesions, intact bone), highlighting its potential for analysing the biomechanical
properties of vertebrae with heterogeneous material properties (e.g. vertebrae with real lesions or
with large osteophytes, vertebrae from subjects not yet skeletally mature). The observed higher
peaks of maximum principal strains for two specimens could be due to differences in the vertebral
properties (size, shape and microstructure), and in the alignment with respect to the applied load.
A number of other DVC approaches have been recently developed [43-46] and the developers are
welcome to use the provided images to highlight the potential of their method.

The creation of artificial focal lesions dramatically redistributed the strain pattern for all
specimens, reducing the localised strain concentrations in the growth plates. In some cases,
the lesion reduced dramatically the strength of the vertebra and led to failure. This could be
explained considering that the lesions were in the region (mid height of the transverse plane)
with the higher shell load fraction, and that the ratio of the removed cortical/trabecular bone
can affect the failure [47]. In the two vertebrae with lesions that failed before the target load
(6500N), the algorithm allowed to identify the fracture location that corresponded to regions
with higher strain. Moreover, reduced strains were observed in the regions of the growth
plates, that may be due to a redistribution of the loads transferred to the endplates through the
intervertebral discs on the vertebra, as a consequence of a reduced stiffness of the middle por-
tion of the vertebra. Additional studies should be performed to better understand and inter-
pretate the behaviour of the growth plates [48].
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This study has some limitations. First, the method was proposed on porcine vertebrae, of
different spinal levels for their low inter-variability compared to human specimens. In fact, the
porcine vertebrae have a denser tissue compared to human vertebrae (bone volume fraction:
range for porcine 33-48%, range for human 3-23%; trabecular separation: range for porcine
396-503 micrometers, range for human 600-2000 micrometers) [17, 49]. While this choice is
acceptable for setting the procedure and showing the potential of the approach, further studies
on a large number of human vertebrae must be performed for evaluating the effect of lesion
position and size on the vertebral mechanical properties, thereby providing useful experimen-
tal evidence for future clinical applications. Due to the differences between the porcine and
human vertebral microstructure, DVC parameters specific for the studied microstructure
should be identified [31], as described in the SI Appendix. Moreover, the growth plates in the
porcine vertebrae are still open. The DVC approach highlighted that this anatomical feature
affects the strain patterns within the porcine vertebral body and, as the growth plates are closed
in adult human vertebrae, this difference should be taken into account when using a porcine
vertebra for spine research [20, 50-53]. The limited space in the microCT scanner required the
removal of the posterior arches. While the removal of this anatomical feature influenced the
physiological load sharing along the spine segment, the DVC approach aimed at evaluating dif-
ferent strain distributions before and after the induction of the lesion in the vertebral body
under compression. Nevertheless, in future studies where more complex loading scenarios are
used, the posterior arches should not be removed when possible. In addition, the loading con-
ditions and loading rate were far from the expected physiological ones. Furthermore, a small
number of specimens was tested in order to perform detailed DVC assessments. This, in addi-
tion to the former limitations, prevents from generalizing the effect of the metastatic features,
which was not the aim of the study. Nevertheless, the obtained findings were sufficient to dem-
onstrate the robustness of the entire procedure. The induced lesions, used in this study and in
similar studies for vertebrae [5] and femurs [25], were far from real metastases, which may
affect the tissue within and around the border of the lesion. In this study only one lesion shape
was induced to define and test the proposed methodology. Finally, this approach was per-
formed using high resolution microCT scans, not applicable in clinics. A similar approach
could be applied in the future to clinical CT images [54], but higher measurement uncertainty
should be expected [31].

In conclusion, the proposed experimental methods based on DVC measurements allowed
to identify the changes in the 3D strain distribution inside the vertebral body associated to the
introduction of artificial Iytic-like lesions. This procedure, once applied to a large number of
human vertebrae with a factorial design of the metastatic features, can improve our under-
standing of the effect of lesion properties on the vertebral failure behaviour and validate FE
models of vertebrae with artificial lesions or real metastases.

Supporting information

S1 Appendix. Measurement uncertainty and loading magnitude. The procedure to identify
the best compromise between the measurement uncertainty and the measurement spatial reso-
lution is reported. In addition, preliminary study to select the most relevant loading magni-
tude.

(PDF)

S2 Appendix. Maximum principal strain. The maximum principal strain maps and the histo-
grams for each specimen, both intact and with lesions, are reported.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0251873  June 1, 2021 12/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251873.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0251873.s002
https://doi.org/10.1371/journal.pone.0251873

PLOS ONE

Effects of artificial bone lesion on the strain distribution of vertebrae

Author Contributions
Conceptualization: Marco Palanca.

Data curation: Marco Palanca.

Formal analysis: Marco Palanca.

Funding acquisition: Marco Palanca, Enrico Dall’Ara.
Investigation: Marco Palanca, Giulia De Donno.
Methodology: Enrico Dall’Ara.

Resources: Enrico Dall’Ara.

Supervision: Enrico Dall’Ara.

Visualization: Giulia De Donno.

Writing - original draft: Marco Palanca.

Writing - review & editing: Giulia De Donno, Enrico Dall’Ara.

References

1. Jacobs WB, Perrin RG. Evaluation and treatment of spinal metastases: an overview. FOC. 2001; 11: 1—
11. https://doi.org/10.3171/foc.2001.11.6.11 PMID: 16463993

2. Tomita K, Kawahara N, Kobayashi T, Yoshida A, Akamaru T. Surgical Strategy for Spinal Metastases.
Spine. 2001; 26: 298-306. https://doi.org/10.1097/00007632-200102010-00016 PMID: 11224867

3. Alkalay RN. Effet of the metastatic defect on the structural responde and failure process of human verte-
brae: an experimental study. Clinical Biomechanics. 2015; 30: 121-128. https://doi.org/10.1016/j.
clinbiomech.2014.10.001 PMID: 25586264

4. Alkalay RN, Harrigan TP. Mechanical assessment of the effects of metastatic lytic defect on the struc-
tural response of human thoracolumbar spine: EFFECT OF CRITICAL LYTIC DEFECT. J Orthop Res.
2016; 34: 1808—-1819. https://doi.org/10.1002/jor.23154 PMID: 26748564

5. Palanca M, Barbanti-Brodano G, Cristofolini L. The Size of Simulated Lytic Metastases Affects the
Strain Distribution on the Anterior Surface of the Vertebra. Journal of Biomechanical Engineering. 2018;
140: 111005. https://doi.org/10.1115/1.4040587 PMID: 30029268

6. Silva MJ, Hipp JA, McGowan DP, Takeuchi T, Hayes WC. Strength reductions of thoracic vertebrae in
the presence of transcortical osseous defects: effects of defect location, pedicle disruption, and defect
size. Eur Spine J. 1993; 2: 118-125. https://doi.org/10.1007/BF00301407 PMID: 20058462

7. Rezaei A, Tilton M, Giambini H, Li Y, Hooke A, Miller A, et al. Three-dimensional surface strain analyses
of simulated defect and augmented spine segments: A biomechanical cadaveric study. J Mech Behav
Biomed Mater. in press: 34. https://doi.org/10.1016/j.jmbbm.2021.104559 PMID: 33915439

8. Windhagen HJ, Hipp JA, Silva MJ, Lipson S J, Hayes WC. Predicting Failure of Thhoracic Vertebrae
With Simulated and Actual Metastatic Defects. Clin Orthop Relat Res. 1997; 344: 313-319. PMID:
9372783

9. Whyne CM, Hu SS, Lotz JC. Burst Fracture in the Metastatically Involved Spine: Development, Valida-
tion, and Parametric Analysis of a Three-Dimensional Poroelastic Finite-Element Model. Spine. 2003;
28: 652—-660. https://doi.org/10.1097/01.BRS.0000051910.97211.BA PMID: 12671351

10. Hardisty MR, Akens MK, Hojjat S-P, Yee A, Whyne CM. Quantification of the effect of osteolytic metas-
tases on bone strain within whole vertebrae using image registration: EFFECT OF OSTEOLYTIC
METASTASES ON BONE STRAIN. J Orthop Res. 2012; 30: 1032—-1039. https://doi.org/10.1002/jor.
22045 PMID: 22213180

11.  Tschirhart CE, Finkelstein JA, Whyne CM. Biomechanics of vertebral level, geometry, and transcortical
tumors in the metastatic spine. Journal of Biomechanics. 2007; 40: 46-54. https://doi.org/10.1016/j.
jbiomech.2005.11.014 PMID: 16427058

12. Tschirhart CE, Nagpurkar A, Whyne CM. Effects of tumor location, shape and surface serration on
burst fracture risk in the metastatic spine. Journal of Biomechanics. 2004; 37: 653—660. https://doi.org/
10.1016/j.jpiomech.2003.09.027 PMID: 15046994

PLOS ONE | https://doi.org/10.1371/journal.pone.0251873  June 1, 2021 13/16


https://doi.org/10.3171/foc.2001.11.6.11
http://www.ncbi.nlm.nih.gov/pubmed/16463993
https://doi.org/10.1097/00007632-200102010-00016
http://www.ncbi.nlm.nih.gov/pubmed/11224867
https://doi.org/10.1016/j.clinbiomech.2014.10.001
https://doi.org/10.1016/j.clinbiomech.2014.10.001
http://www.ncbi.nlm.nih.gov/pubmed/25586264
https://doi.org/10.1002/jor.23154
http://www.ncbi.nlm.nih.gov/pubmed/26748564
https://doi.org/10.1115/1.4040587
http://www.ncbi.nlm.nih.gov/pubmed/30029268
https://doi.org/10.1007/BF00301407
http://www.ncbi.nlm.nih.gov/pubmed/20058462
https://doi.org/10.1016/j.jmbbm.2021.104559
http://www.ncbi.nlm.nih.gov/pubmed/33915439
http://www.ncbi.nlm.nih.gov/pubmed/9372783
https://doi.org/10.1097/01.BRS.0000051910.97211.BA
http://www.ncbi.nlm.nih.gov/pubmed/12671351
https://doi.org/10.1002/jor.22045
https://doi.org/10.1002/jor.22045
http://www.ncbi.nlm.nih.gov/pubmed/22213180
https://doi.org/10.1016/j.jbiomech.2005.11.014
https://doi.org/10.1016/j.jbiomech.2005.11.014
http://www.ncbi.nlm.nih.gov/pubmed/16427058
https://doi.org/10.1016/j.jbiomech.2003.09.027
https://doi.org/10.1016/j.jbiomech.2003.09.027
http://www.ncbi.nlm.nih.gov/pubmed/15046994
https://doi.org/10.1371/journal.pone.0251873

PLOS ONE

Effects of artificial bone lesion on the strain distribution of vertebrae

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Whyne CM, Hu SS. Parametric finite element analysis of vertebral bodies affected by tumors. Journal of
Biomechanics. 2001; 34: 1317-24. https://doi.org/10.1016/s0021-9290(01)00086-0 PMID: 11522311

Costa MC, Campello LBB, Ryan M, Rochester J, Viceconti M, Dall'Ara E. Effect of size and location of
simulated lytic lesions on the structural properties of human vertebral bodies, a micro-finite element
study. Bone Reports. 2020; 12: 100257. https://doi.org/10.1016/j.bonr.2020.100257 PMID: 32551335

Costa MC, Eltes P, Lazary A, Varga PP, Viceconti M, Dall’Ara E. Biomechanical assessment of vertebrae
with lytic metastases with subject-specific finite element models. Journal of the Mechanical Behavior of
Biomedical Materials. 2019; 98: 268—290. https://doi.org/10.1016/j.jmbbm.2019.06.027 PMID: 31280054

Galbusera F, Qian Z, Casaroli G, Bassani T, Costa F, Schlager B, et al. The Role of the Size and Loca-
tion of the Tumors and of the Vertebral Anatomy in Determining the Structural Stability of the Metastati-
cally Involved Spine: a Finite Element Study. Translational Oncology. 2018; 11: 639—646. https://doi.
org/10.1016/j.tranon.2018.03.002 PMID: 29604509

Costa MC, Tozzi G, Cristofolini L, Danesi V, Viceconti M, Dall’Ara E. Micro Finite Element models of the
vertebral body: Validation of local displacement predictions. Garcia Aznar JM, editor. PLoS ONE. 2017;
12: e0180151. hitps://doi.org/10.1371/journal.pone.0180151 PMID: 28700618

Danesi V, Tozzi G, Cristofolini L. Application of digital volume correlation to study the efficacy of prophy-
lactic vertebral augmentation. Clinical Biomechanics. 2016; 39: 14-24. https://doi.org/10.1016/].
clinbiomech.2016.07.010 PMID: 27631716

Hussein Al, Mason ZD, Morgan EF. Presence of intervertebral discs alters observed stiffness and fail-
ure mechanisms in the vertebra. Journal of Biomechanics. 2013; 46: 1683—1688. https://doi.org/10.
1016/j.jbiomech.2013.04.004 PMID: 23683319

Tozzi G, Danesi V, Palanca M, Cristofolini L. Elastic Full-Field Strain Analysis and Microdamage Pro-
gression in the Vertebral Body from Digital Volume Correlation: Strain Analysis in the Vertebral Body
from Digital Volume Correlation. Strain. 2016; 52: 446—455. https://doi.org/10.1111/str.12202

Jackman TM, Hussein Al, Curtiss C, Fein PM, Camp A, De Barros L, et al. Quantitative, 3D Visualiza-
tion of the Initiation and Progression of Vertebral Fractures Under Compression and Anterior Flexion:
VISUALIZATION OF INITIATION AND PROGRESSION OF VERTEBRAL FRACTURE. J Bone Miner
Res. 2016; 31: 777-788. https://doi.org/10.1002/jbmr.2749 PMID: 26590372

Wu Y, Morgan EF. Effect of fabric on the accuracy of computed tomography-based finite element analy-
ses of the vertebra. Biomech Model Mechanobiol. 2020; 19: 505-517. https://doi.org/10.1007/s10237-
019-01225-2 PMID: 31506861

Danesi V, Zani L, Scheele A, Berra F, Cristofolini L. Reproducible reference frame for in vitro testing of
the human vertebrae. Journal of Biomechanics. 2014; 47: 313-318. https://doi.org/10.1016/j.jbiomech.
2013.10.005 PMID: 24200339

Danesi V, Erani P, Brandolini N, Juszczyk MM, Cristofolini L. Effect of the In Vitro Boundary Conditions
on the Surface Strain Experienced by the Vertebral Body in the Elastic Regime. Journal of Biomechani-
cal Engineering. 2016; 138: 104503. https://doi.org/10.1115/1.4034383 PMID: 27496676

Benca E, Reisinger A, Patsch JM, Hirtler L, Synek A, Stenicka S, et al. Effect of simulated metastatic
lesions on the biomechanical behavior of the proximal femur: BBOMECHANICS OF METASTATIC
FEMUR. J Orthop Res. 2017; 35: 2407—2414. https://doi.org/10.1002/jor.23550 PMID: 28240373

Johnson JE, Brouillette MJ, Permeswaran PT, Miller BJ, Goetz JE. Simulated lesions representative of
metastatic disease predict proximal femur failure strength more accurately than idealized lesion. J Bio-
mech. 2020; 106: 1-8.

Whyne CM, Hu SS, Workman KL, Lotz JC. Biphasic Material Properties of Lytic Bone Metastases.
Annals of Biomedical Engineering. 2000; 28: 1154—1158. https://doi.org/10.1114/1.1313773 PMID:
11132199

Hosseini HS, Clouthier AL, Zysset PK. Experimental Validation of Finite Element Analysis of Human
Vertebral Collapse Under Large Compressive Strains. Journal of Biomechanical Engineering. 2014;
136: 041006. https://doi.org/10.1115/1.4026409 PMID: 24384581

Kazakia GJ, Burghardt AJ, Cheung S, Majumdar S. Assessment of bone tissue mineralization by con-
ventional x-ray microcomputed tomography: Comparison with synchrotron radiation microcomputed
tomography and ash measurements: Assessment of bone tissue mineralization by microcomputed
tomography. Med Phys. 2008; 35: 3170-3179. https://doi.org/10.1118/1.2924210 PMID: 18697542

Barber D, Hose D. Automatic segmentation of medical images using image registration: diagnostic and
simulation applications. Journal of Medical Engineering & Technology. 2005; 29: 53—63. https://doi.org/
10.1080/03091900412331289889 PMID: 15804853

Dall’Ara E, Pefia-Fernandez M, Palanca M, Giorgi M, Cristofolini L, Tozzi G. Precision of Digital Volume
Correlation Approaches for Strain Analysis in Bone Imaged with Micro-Computed Tomography at Differ-
ent Dimensional Levels. Front Mater. 2017; 4: 31. https://doi.org/10.3389/fmats.2017.00031

PLOS ONE | https://doi.org/10.1371/journal.pone.0251873  June 1, 2021 14/16


https://doi.org/10.1016/s0021-9290%2801%2900086-0
http://www.ncbi.nlm.nih.gov/pubmed/11522311
https://doi.org/10.1016/j.bonr.2020.100257
http://www.ncbi.nlm.nih.gov/pubmed/32551335
https://doi.org/10.1016/j.jmbbm.2019.06.027
http://www.ncbi.nlm.nih.gov/pubmed/31280054
https://doi.org/10.1016/j.tranon.2018.03.002
https://doi.org/10.1016/j.tranon.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29604509
https://doi.org/10.1371/journal.pone.0180151
http://www.ncbi.nlm.nih.gov/pubmed/28700618
https://doi.org/10.1016/j.clinbiomech.2016.07.010
https://doi.org/10.1016/j.clinbiomech.2016.07.010
http://www.ncbi.nlm.nih.gov/pubmed/27631716
https://doi.org/10.1016/j.jbiomech.2013.04.004
https://doi.org/10.1016/j.jbiomech.2013.04.004
http://www.ncbi.nlm.nih.gov/pubmed/23683319
https://doi.org/10.1111/str.12202
https://doi.org/10.1002/jbmr.2749
http://www.ncbi.nlm.nih.gov/pubmed/26590372
https://doi.org/10.1007/s10237-019-01225-2
https://doi.org/10.1007/s10237-019-01225-2
http://www.ncbi.nlm.nih.gov/pubmed/31506861
https://doi.org/10.1016/j.jbiomech.2013.10.005
https://doi.org/10.1016/j.jbiomech.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24200339
https://doi.org/10.1115/1.4034383
http://www.ncbi.nlm.nih.gov/pubmed/27496676
https://doi.org/10.1002/jor.23550
http://www.ncbi.nlm.nih.gov/pubmed/28240373
https://doi.org/10.1114/1.1313773
http://www.ncbi.nlm.nih.gov/pubmed/11132199
https://doi.org/10.1115/1.4026409
http://www.ncbi.nlm.nih.gov/pubmed/24384581
https://doi.org/10.1118/1.2924210
http://www.ncbi.nlm.nih.gov/pubmed/18697542
https://doi.org/10.1080/03091900412331289889
https://doi.org/10.1080/03091900412331289889
http://www.ncbi.nlm.nih.gov/pubmed/15804853
https://doi.org/10.3389/fmats.2017.00031
https://doi.org/10.1371/journal.pone.0251873

PLOS ONE

Effects of artificial bone lesion on the strain distribution of vertebrae

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

Dall’Ara E, Barber D, Viceconti M. About the inevitable compromise between spatial resolution and
accuracy of strain measurement for bone tissue: A 3D zero-strain study. Journal of Biomechanics.
2014; 47: 2956-2963. https://doi.org/10.1016/j.jpiomech.2014.07.019 PMID: 25113806

Palanca M, Tozzi G, Cristofolini L, Viceconti M, Dall’Ara E. Three-Dimensional Local Measurements of
Bone Strain and Displacement: Comparison of Three Digital Volume Correlation Approaches. Journal
of Biomechanical Engineering. 2015; 137: 071006. https://doi.org/10.1115/1.4030174 PMID: 25807338

Palanca M, Bodey AJ, Giorgi M, Viceconti M, Lacroix D, Cristofolini L, et al. Local displacement and strain
uncertainties in different bone types by digital volume correlation of synchrotron microtomograms. Journal
of Biomechanics. 2017; 58: 27-36. https://doi.org/10.1016/j.jbiomech.2017.04.007 PMID: 28457604

Chen Y, Dall'Ara E, Sales E, Manda K, Wallace R, Pankaj P, et al. Micro-CT based finite element mod-
els of cancellous bone predict accurately displacement once the boundary condition is well replicated: A
validation study. Journal of the Mechanical Behavior of Biomedical Materials. 2017; 65: 644—651.
https://doi.org/10.1016/j.jmbbm.2016.09.014 PMID: 27741494

Oliviero S, Giorgi M, Dall’Ara E. Validation of finite element models of the mouse tibia using digital vol-
ume correlation. Journal of the Mechanical Behavior of Biomedical Materials. 2018; 86: 172—184.
https://doi.org/10.1016/j.jmbbm.2018.06.022 PMID: 29986291

Kusins J, Knowles N, Ryan M, Dall'Ara E, Ferreira L. Performance of QCT-Derived scapula finite ele-
ment models in predicting local displacements using digital volume correlation. Journal of the Mechani-
cal Behavior of Biomedical Materials. 2019; 97: 339-345. https://doi.org/10.1016/j.jmbbm.2019.05.021
PMID: 31153115

Kusins J, Knowles N, Columbus M, Oliviero S, Dall’Ara E, Athwal GS, et al. The Application of Digital
Volume Correlation (DVC) to Evaluate Strain Predictions Generated by Finite Element Models of the
Osteoarthritic Humeral Head. Ann Biomed Eng. 2020 [cited 2 Nov 2020]. https://doi.org/10.1007/
510439-020-02549-2 PMID: 32572730

Ryan MK, Oliviero S, Costa MC, Wilkinson JM, Dall’Ara E. Heterogeneous Strain Distribution in the
Subchondral Bone of Human Osteoarthritic Femoral Heads, Measured with Digital Volume Correlation.
Materials. 2020; 13: 4619. https://doi.org/10.3390/ma13204619 PMID: 33081288

Liu L, Morgan EF. Accuracy and precision of digital volume correlation in quantifying displacements and
strains in trabecular bone. Journal of Biomechanics. 2007; 40: 3516—-3520. https://doi.org/10.1016/j.
jbiomech.2007.04.019 PMID: 17570374

Palanca M, Cristofolini L, Dall’Ara E, Curto M, Innocente F, Danesi V, et al. Digital volume correlation
can be used to estimate local strains in natural and augmented vertebrae: An organ-level study. Journal
of Biomechanics. 2016; 49: 3882-3890. https://doi.org/10.1016/j.jpiomech.2016.10.018 PMID:
27814973

Hussein Al, Morgan EF. The effect of intravertebral heterogeneity in microstructure on vertebral
strength and failure patterns. Osteoporos Int. 2013; 24: 979-989. https://doi.org/10.1007/s00198-012-
2039-1 PMID: 22707063

Boulanaache Y. Glenoid bone strain after anatomical total shoulder arthroplasty: In vitro measurements
with micro-CT and digital volume correlation. Medical Engineering and Physics. 2020; 7. https://doi.org/
10.1016/j.medengphy.2020.09.009 PMID: 33081963

Joffre T, Isaksson P, Procter P, Persson C. Trabecular deformations during screw pull-out: a micro-CT
study of lapine bone. Biomech Model Mechanobiol. 2017; 16: 1349-1359. https://doi.org/10.1007/
$10237-017-0891-9 PMID: 28265781

Madi K, Staines KA, Bay BK, Javaheri B, Geng H, Bodey AJ, et al. In situ characterization of nanoscale
strains in loaded whole joints via synchrotron X-ray tomography. Nat Biomed Eng. 2020; 4: 343-354.
https://doi.org/10.1038/s41551-019-0477-1 PMID: 31768001

Turunen MJ. Sub-trabecular strain evolution in human trabecular bone. Scientific Reports. 2020; 14.
https://doi.org/10.1038/s41598-020-69850-x PMID: 32796859

Eswaran SK, Gupta A, Adams MF, Keaveny TM. Cortical and Trabecular Load Sharing in the Human
Vertebral Body. J Bone Miner Res. 2005; 21: 307—-314. https://doi.org/10.1359/jbmr.2006.21.2.307
PMID: 16418787

Hardisty MR, Akens M, Yee AJ, Whyne CM. Image Registration Demonstrates the Growth Plate has a
Variable Affect on Vertebral Strain. Ann Biomed Eng. 2010; 38: 2948—2955. https://doi.org/10.1007/
5$10439-010-0052-0 PMID: 20443059

Unnikrishnan GU, Gallagher JA, Hussein Al, Barest GD, Morgan EF. Elastic Anisotropy of Trabecular
Bone in the Elderly Human Vertebra. Journal of Biomechanical Engineering. 2015; 137: 114503. https:/
doi.org/10.1115/1.4031415 PMID: 26300326

Aziz HN, Galbusera F, Bellini CM, Mineo GV, Addis A, Pietrabissa R, et al. Porcine Models in Spinal
Research: Calibration and Comparative Finite Element Analysis of Various Configurations during Flex-
ion—Extension. Comparative Medicine. 2008; 58: 6. PMID: 18524176

PLOS ONE | https://doi.org/10.1371/journal.pone.0251873  June 1, 2021 15/16


https://doi.org/10.1016/j.jbiomech.2014.07.019
http://www.ncbi.nlm.nih.gov/pubmed/25113806
https://doi.org/10.1115/1.4030174
http://www.ncbi.nlm.nih.gov/pubmed/25807338
https://doi.org/10.1016/j.jbiomech.2017.04.007
http://www.ncbi.nlm.nih.gov/pubmed/28457604
https://doi.org/10.1016/j.jmbbm.2016.09.014
http://www.ncbi.nlm.nih.gov/pubmed/27741494
https://doi.org/10.1016/j.jmbbm.2018.06.022
http://www.ncbi.nlm.nih.gov/pubmed/29986291
https://doi.org/10.1016/j.jmbbm.2019.05.021
http://www.ncbi.nlm.nih.gov/pubmed/31153115
https://doi.org/10.1007/s10439-020-02549-2
https://doi.org/10.1007/s10439-020-02549-2
http://www.ncbi.nlm.nih.gov/pubmed/32572730
https://doi.org/10.3390/ma13204619
http://www.ncbi.nlm.nih.gov/pubmed/33081288
https://doi.org/10.1016/j.jbiomech.2007.04.019
https://doi.org/10.1016/j.jbiomech.2007.04.019
http://www.ncbi.nlm.nih.gov/pubmed/17570374
https://doi.org/10.1016/j.jbiomech.2016.10.018
http://www.ncbi.nlm.nih.gov/pubmed/27814973
https://doi.org/10.1007/s00198-012-2039-1
https://doi.org/10.1007/s00198-012-2039-1
http://www.ncbi.nlm.nih.gov/pubmed/22707063
https://doi.org/10.1016/j.medengphy.2020.09.009
https://doi.org/10.1016/j.medengphy.2020.09.009
http://www.ncbi.nlm.nih.gov/pubmed/33081963
https://doi.org/10.1007/s10237-017-0891-9
https://doi.org/10.1007/s10237-017-0891-9
http://www.ncbi.nlm.nih.gov/pubmed/28265781
https://doi.org/10.1038/s41551-019-0477-1
http://www.ncbi.nlm.nih.gov/pubmed/31768001
https://doi.org/10.1038/s41598-020-69850-x
http://www.ncbi.nlm.nih.gov/pubmed/32796859
https://doi.org/10.1359/jbmr.2006.21.2.307
http://www.ncbi.nlm.nih.gov/pubmed/16418787
https://doi.org/10.1007/s10439-010-0052-0
https://doi.org/10.1007/s10439-010-0052-0
http://www.ncbi.nlm.nih.gov/pubmed/20443059
https://doi.org/10.1115/1.4031415
https://doi.org/10.1115/1.4031415
http://www.ncbi.nlm.nih.gov/pubmed/26300326
http://www.ncbi.nlm.nih.gov/pubmed/18524176
https://doi.org/10.1371/journal.pone.0251873

PLOS ONE

Effects of artificial bone lesion on the strain distribution of vertebrae

51.

52.

53.

54.

Gustafson H, Siegmund G, Cripton P. Comparison of Strain Rosettes and Digital Image Correlation for
Measuring Vertebral Body Strain. Journal of Biomechanical Engineering. 2016; 138: 054501. https://
doi.org/10.1115/1.4032799 PMID: 26902321

Kingma |, Busscher |, van der Veen AJ, Verkerke GJ, Veldhuizen AG, Homminga J, et al. Coupled
motions in human and porcine thoracic and lumbar spines. Journal of Biomechanics. 2018; 70: 51-58.
https://doi.org/10.1016/j.jpiomech.2017.11.034 PMID: 29246473

Techens C, Palanca M, Eltes PE, Lazary A, Cristofolini L. Testing the impact of discoplasty on the bio-
mechanics of the intervertebral disc with simulated degeneration: An in vitro study. Medical Engineering
& Physics. 2020; 84: 51-59. https://doi.org/10.1016/j.medengphy.2020.07.024 PMID: 32977922

Oravec D, Flynn MJ, Zauel R, Rao S, Yeni YN. Digital tomosynthesis based digital volume correlation:
A clinically viable noninvasive method for direct measurement of intravertebral displacements using
images of the human spine under physiological load. Med Phys. 2019; 46: 4553-4562. https://doi.org/
10.1002/mp.13750 PMID: 31381174

PLOS ONE | https://doi.org/10.1371/journal.pone.0251873  June 1, 2021 16/16


https://doi.org/10.1115/1.4032799
https://doi.org/10.1115/1.4032799
http://www.ncbi.nlm.nih.gov/pubmed/26902321
https://doi.org/10.1016/j.jbiomech.2017.11.034
http://www.ncbi.nlm.nih.gov/pubmed/29246473
https://doi.org/10.1016/j.medengphy.2020.07.024
http://www.ncbi.nlm.nih.gov/pubmed/32977922
https://doi.org/10.1002/mp.13750
https://doi.org/10.1002/mp.13750
http://www.ncbi.nlm.nih.gov/pubmed/31381174
https://doi.org/10.1371/journal.pone.0251873

