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Tissue-level properties of bone play an important role when characterising apparent-level bone biomechanical
behaviour and yet little is known about its effect at this hierarchical level. In combination with trabecular
morphological data these properties can be used to predict bone strength, which becomes an invaluable tool for
clinicians in patient treatment planning.

This study developed specimen-specific micro-finite element (FE) models using validated continuum-level
models, containing grayscale-derived material properties, to indirectly establish tissue-level properties of
porcine talar subchondral bone.

Specimen-specific continuum finite element (hFE) models of subchondral trabecular bone were setup using
HCT data of ten cylindrical specimens extracted from juvenile porcine tali. The models were validated using
quasi-static uniaxial compression testing. Validated hFE models were used to calibrate the tissue modulus of
corresponding pFE models by minimising the difference between the uFE and hFE stiffness values. Key trabecular

morphological indices (BV/TV, DA, Conn.D, Tb.Th, EF) were evaluated.

Good agreement was observed between hFE models and experiment (CCC = 0.66). Calibrated Ess was 504 +
37.65 MPa. Average BV/TV and DA for pFE specimens were 0.37 + 0.05 and 0.68 + 0.11, respectively. BV/TV
(2 = 0.667) correlated highly with pFE stiffness.

The small intra-specimen variation to tissue-level properties suggests that variations to apparent-level stiffness
originate from variations to microarchitecture rather than tissue mechanical properties.

1. Introduction

Ankle osteoarthritis is a debilitating, degenerative disease of the
talocrural joint. It is predominantly post-traumatic; as many as 80% of
cases are thought to be a direct consequence of ankle sprain or trauma
(Brown et al., 2006; Valderrabano et al., 2009; Horisberger et al., 2009).
Hence, many incidences arise from sports-related injuries (Carbone and
Rodeo, 2017; Saltzman et al., 2005; Valderrabano et al., 2009; Arthritis
Research UK, 2013), which results in patients requiring treatment
earlier than those with osteoarthritis of other joints (Delco et al., 2017).
Total ankle arthroplasty offers increased joint mobility, but at the cost of
resecting several millimetres of bone from the distal tibia and talar dome
(Hintermann and Ruiz, 2014). Low bone stock, typically of poor quality,
causes difficulties in achieving stability for device fixation, resulting in
stress-shielding, loosening, subsidence and increased fracture risk
(Currier et al., 2019; Glazebrook et al., 2009). Consequently, ankle
replacement devices have higher revision rates compared to other
lower-limb joint replacements (Jackson and Singh, 2003; Egloff et al.,
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2012). Yet the annual demand for late-stage ankle osteoarthritis treat-
ments is increasing in the UK and the numbers of ankle replacement
devices being implanted is rising (Goldberg et al., 2012; NJRS Com-
mittee, 2019).

Patient-specific finite element models that evaluate bone quality
have the potential to inform surgical planning, evaluate fracture risk and
provide clinicians with a better understanding of the biomechanical
capabilities of the ankle prior to the implantation of a joint replacement.
Macroscopic mechanical properties of bone are predominantly affected
by the amount of bone present (bone volume fraction, BV/TV), micro-
architecture (anisotropy (DA), trabecular thickness (Tb.Th) etc.) and
tissue modulus (Egss)-

A computational approach can be used to circumvent somewhat
difficult experiments that require measuring the mechanical properties
of individual trabeculae. Using an inverse finite element (FE) approach
it is possible to calibrate the stiffness of in silico models using macro-
scopic mechanical tests to indirectly estimate Eyss (van Rietbergen et al.,
1995; Bayraktar et al., 2004; Bevill et al., 2009; Mengoni, 2020) and
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potentially characterise changes, if any, to tissue-level properties with
osteoarthritis. For example, one study analysing early-arthritic speci-
mens in the knee obtained tissue-level properties using
specimen-specific inverse FE analysis and showed a decreased bone
tissue modulus (Day et al., 2001). To the author’s knowledge,
tissue-level mechanical properties of subchondral bone in the ankle have
not been investigated.

The aim of this study was to develop an inverse FE methodology to
estimate tissue modulus from macroscopic mechanical testing of bone
cores and image-based, specimen-specific FE models.

2. Materials and methods

A multiscale, computational approach was developed in order to
characterise porcine talar subchondral trabecular bone at the tissue level
by means of back-calculating tissue properties from validated, contin-
uum models (Fig. 1).

2.1. Experimental specimens

Eight fresh-frozen tali were isolated from juvenile porcine ankles
(mean weight = 79.83 kg, Scotlean Ltd and Yorkshire FA, UK). Porcine
ankle tissue was chosen for its geometric similarity to human ankles, low
cost and high availability from local agri-food industry and hence, does
not require ethical review. The frozen tali were fully thawed overnight
in a refrigerator at 4 °C before specimen removal. Fifteen cylindrical
specimens (6 mm ¢) were extracted from the talar dome surface (on
average two specimens per tali) using a tubular chisel and hammer. Each
tali was kept moist using phosphate-buffered solution (PBS) and
extracted specimens were stored in PBS-soaked paper towel to maintain
their hydration. The cartilage and subchondral bone plate were removed
using a scalpel to leave subchondral cancellous bone specimens of
average height 8.63 + 1.29 mm (6.0-9.9 mm range). The ends of each
cylinder were then sanded to a flat-surface and rinsed in PBS. Custom
Delrin endcaps were fixed to each end of the specimens using a thin layer
of polymethyl-methacrylate cement (PMMA) leaving an average gauge
length of 6.23 + 1.29 mm.

2.2. Imaging

Each specimen was scanned in a pCT (MicroCT100, ScanCo Medical,
Briittisellen, Switzerland) at an isotropic resolution of 16 pm (70 kVP, 114
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pA, 250 ms integration time) whilst submerged in PBS. The image data
was normalised to a 0-255 grayscale (8 bit). Each image stack was
cropped to the gauge length height and binarised using Otsu thresh-
olding (NIH ImageJ 1.52).

2.3. Mechanical testing

Apparent-level mechanical properties were evaluated using uncon-
fined, quasi-static uniaxial compression testing (Instron 3365, Instron,
High Wycombe, UK). During testing specimens were immersed in
temperature-controlled PBS at 37 °C within a BioBath. Following a pre-
load of 0.3 N for 10 min, each specimen was pre-conditioned at 0.006%
s for thirty cycles, before being loaded at a quasi-static strain rate of
0.01% s to failure. Maximum in vitro stiffness, kexp, was derived from
the largest slope of the linear-elastic region of the force-(crosshead)
displacement raw data. Four specimens were excluded from results as
they had displaced laterally during testing. A further specimen was
removed from the final dataset due to damage prior to testing. A final
total of ten specimens were available for both studies.

2.4. Computational modelling: hFE

Continuum finite element (hFE) models (N = 10) were setup by first
downsampling each binarised image stack to a resolution of 0.32 mm
whilst taking into account partial volume effects (Simpleware ScanIP M-
2017.06-SP1, Synopsys, California, US). The bone was segmented using a
grayscale threshold and morphological operations. The segmented bone
cylinder was meshed with linear tetrahedral elements of approximate 1
mm edge-length following a sensitivity analysis (average number of
elements = 2407). The bone was modelled as linear elastic with a
Poisson’s ratio of 0.3 and a grayscale-dependent elastic modulus.
Element-specific elastic modulus (E..) was defined dependent on the
average element grayscale (GS,) using Equation (1):

Eele = GSele (MPH) (1)

To derive the linear proportionality constant, «, specific to this
particular type of bone and with these given testing and imaging con-
ditions (Zapata-Cornelio et al., 2017; Day et al., 2020; Wijayathunga
et al., 2008), a golden section search scalar optimisation process using
the Brent method (Brent, 1971) was used (Mengoni, 2020). Specimens
were arbitrarily divided into two groups: calibration (N = 5) and vali-
dation (N = 5). Optimisation of the root mean square (RMS) normalised

Fig. 1. Methodology to establish tissue-level properties from validated, apparent-level models with calibrated element-specific material properties based on

image grayscale.
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difference between in vitro (kexp) and in silico stiffness values was per-
formed on the calibration group using the Opti4Abq toolbox (Mengoni
et al., 2015; Mengoni, 2017). Convergence was set at RMSE <10%. The
models (N = 5) were validated by scaling the material-properties using o
and comparing the output stiffness (knrg,cy1) t0 Kexp. All FE analyses were
non-linear quasi-static and performed in parallel with Abaqus (Simula
Abaqus/CAE, 2017; Dassault Systemes, Velizy-Villacoublay, France). The
experimental unconfined uniaxial compression was simulated in silico.
All degrees of freedom were constrained on the bottom surface and an
axial displacement of —0.3 mm in compression was applied to the top
surface with all other degrees of freedom constrained.

2.5. Computational modelling: uFE

Cubic volumes (4 mm length) located at the proximal end of the
specimen were extracted from the binarised image stack of each spec-
imen. hFE models (N = 10) were formed using the previously defined
protocol with newly validated grayscale-based material properties.
Trabecular-level (PFE) analyses (N = 10) were also setup by down-
sampling the image stack to a resolution of 0.1 mm. Each voxel was
converted to mixed tetrahedral and hexahedral elements (average
number of elements = 35965). In both cases, as before, all degrees of
freedom were constrained on the bottom surface and an axial
displacement of —0.1 mm was applied to the top surface with all other
degrees of freedom constrained. Five specimens were used to calibrate
tissue elastic modulus through direct comparison of output stiffness to
within £+ 1% (knpg,cube). This yielded an average tissue modulus, Egs,
which was validated on a further five specimens. An average stiffness,
kyrE, was established from all calibrated models (N = 10) using Eyss. All
FE analyses were non-linear quasi-static and performed in Abaqus using
local high-performance computing facilities (ARC3, High Performance
Computing facilities, University of Leeds).

2.6. Data analysis

The data associated with this paper are openly available from the
University of Leeds research data repository (Koria et al., 2020).

Trabecular morphological evaluation was performed using BoneJ
(Doube et al., 2010) to evaluate the following properties: BV/TV, DA,
Conn.D (connectivity density, mm’>), Tb.Th (mm) and, for the cuboidal
specimens used to generate pFE models (Fig. 1), EF (ellipsoid factor)
(Doube, 2015; Salmon et al., 2015).

The mean, standard deviation and coefficient of variance (CoV, %) of
each morphological, computational and mechanical property was
calculated for all specimens. Correlation between: kexp and kyrg,cy1; Kure
and kppg,cube and all stiffness values to morphological indices were
measured using Square of the Pearson Product-Moment Correlation
Coefficient (r2). Agreement between both Keyp and kypg,cy1, and kpgg and
Knrg,cube Were evaluated using Concordance Correlation Coefficient
(CCQ) values (Lawrence and Lin, 1989) and Bland-Altman analyses. All
statistical measures were computed in R (RStudio 1.1.463). The
Bland-Altman plots were generated with 95% limits of agreement on the
verified assumption that the differences to stiffness are normally
distributed (Bland and Altman, 1999).

3. Results
3.1. Experimental results

Average stiffness in vitro, Keyp, was 1140.67 + 207 N/mm, as derived
from the linear elastic portion of the force-displacement plot (Fig. 2).

3.2. Morphological results

For the full cylindrical models, morphological analyses showed that
DA (CoV = 18%) and Conn.D (CoV = 24%) had the highest intra-
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Fig. 2. Exemplary plot of force-displacement for porcine talar subchondral
trabecular bone under compression.

specimen variations. Average values for BV/TV, DA, Tb.Th and Conn.
D were: 0.37 4 0.03, 0.59 £ 0.11, 0.16 4= 0.02 mm and 6.79 £+ 1.62 mm”
8, respectively.

For cuboidal specimens, high intra-specimen variations were
observed to DA (CoV = 16%) and Conn.D (CoV = 22%). Average values
for BV/TV, DA, Tb.Th, Conn.D and EF were 0.37 4 0.05, 0.68 + 0.11,
0.16 £ 0.019 mm, 16.81 + 3.75 mm™ and 0.009 =+ 0.05, respectively. EF
results indicate that the tissue is a mix of rod-like and plate-like
trabeculae.

3.3. Apparent level model calibration and validation

A 69% correlation was found between in silico and in vitro stiffness
values in cylinders (N = 10, Fig. 3a) and showed good agreement (CCC
= 0.66, Fig. 3b). The optimisation procedure terminated prior to the set
convergence tolerance with a converged value of o rather than a
converged RMSE; calibration and validation RMSE were 26% and 17%,
respectively. Average apparent-level stiffness was 1066.42 + 392 N/mm
(CoV = 37%) (Fig. 4).

3.4. Trabecular level model calibration and validation

Good correlation (r2 = 0.69) was observed between the hFE and pFE
stiffness values in cuboids (Fig. 5a). The optimisation process for each of
the calibration samples converged with an RMSE of 7%. Good agree-
ment was observed for validation specimens (N = 5, CCC = 0.75) and
optimised specimens (N = 10, CCC = 0.80). Fig. 5b highlights an outlier
validation specimen which lies outside of the limits of agreement, which
is reflected in the higher RMSE for the validation set (13%) compared to
the calibration set (7%). Average E;ss (N = 5) was 504.00 MPa + 37.65
(CoV = 7%).

3.5. Correlations to microarchitecture

The highest correlations to stiffness was between BV/TV and both
Kexp (r®> = 0.480) and kyre (r?> = 0.667) (Table 1). Correlations between
Kexp and Conn.D (r = —0.34), and kypg and EF (r = —0.62) were both
negative.

At the apparent level, both BV/TV and DA account for around 85% of
variations to in silico stiffness and 60% for in vitro stiffness (Fig. 6). At the
trabecular level they account for 80% variations to UFE stiffness.

4. Discussion

Specimen-specific models of porcine talar subchondral bone were
developed by calibrating the apparent-level relationship between
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Fig. 3. Results for optimisation of hFE models.
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(a) Correlation of experimental stiffness to cylindrical continuum models (r? = 0.69). (b) Bland-Altman plot showing agreement of experimental stiffness to cy-
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Fig. 4. Experimental and computational stiffness values (N = 10, N/mm) for
porcine ankle subchondral bone. A 4 indicates outlier specimens (specifically,
one kypg calibration specimen and one kygg validation specimen, though not the
same specimen).

Young’s Modulus and image grayscale with good accuracy. Tissue-level
properties were indirectly established by developing and calibrating
trabecular-level models using equivalent calibrated continuum models
with optimised grayscale-based material properties.

In this study, a low intra-specimen variation of around 7% was
observed in tissue modulus. Large variations to tissue modulus can have
significant effect on apparent-level mechanical properties, which make
comparisons to the effective properties of diseased tissue more difficult,
unless variations from microarchitecture are also accounted for. Though
a tissue modulus CoV of under 20% is recommended (Jaasma et al.,
2002) to avoid large errors in calculated apparent-level properties, some
intra-donor variability is inevitable, but can translate to significant
differences in effective biomechanical properties. It is therefore key that
FE models describe the intra-specimen variability in microarchitecture,
as well as variations to material properties in a specimen-specific
manner, as demonstrated in this study. Quantifying tissue mechanical
properties is essential for accurately predicting the macroscopic
biomechanical behaviour of bone. However, calculating tissue proper-
ties from simulated apparent-level experiments may result in
less-precise measures of tissue modulus (Bevill et al., 2009) compared to

results obtained from specimen-specific micro-mechanical testing
(Wolfram et al., 2010), and hence this method can only provide an es-
timate of tissue-level mechanical properties.

Relatively high intra-specimen variations to microarchitecture were
observed in this study. Only BV/TV has been reported in other studies
for porcine talar bone (den Dunnen et al., 2013), but is higher than re-
ported in this work. Variations of the type of trabeculae present - com-
binations of rod- and plate-like trabeculae - are known to impact bone
strength (Wang et al., 2015). Ellipsoid Factor (EF) is an alternative
measure to the structure model index (SMI) in measuring rod-to-plate
ratios. It has been argued that SMI does not account for concave sur-
faces of bone and therefore does not fully represent the geometry of the
tissue (Doube, 2015; Salmon et al., 2015). Interestingly, EF was nega-
tively correlated to kpFE; increasing rod-like trabeculae caused a
decrease in stiffness. However, it is hard to conclude this is indeed true
for all ankle specimens with a limited sample size of ten specimens.

It is well known that the biomechanical behaviour of trabecular bone
from multiple anatomical locations can be predominantly described by a
combination of BV/TV and DA (Matsuura et al., 2008; Maquer et al.,
2015). This was also observed in this study (Fig. 6) where over 65%
variations to experimental, hFE and pFE stiffness values originated from
BV/TV and DA. This highlights the importance of anisotropy when
deriving constitutive relationships between apparent density and elastic
modulus. DA had more of an impact on hFE stiffness (45%) than BV/TV
(40%). This could be explained by the high variations in anisotropy of
the specimens for this model (over 15%), but it is hard to conclude
considering the sample size. In this case anisotropy was considered only
through inhomogeneous elastic properties, which may explain the
sub-optimal correlation and agreement between the experimental and
hFE (cyl) simulation stiffness values. However, the errors observed here
are similar to that of previous work (Zapata-Cornelio et al., 2017), and
the validation error was lower than the calibration error, hence even
though sub-optimal agreement was found one can consider the method
as valid.

The results in this work demonstrate the methodology to be valid for
models to replicate apparent stiffness, however there is no indication of
the validity of the strain field it produces. This study also further sup-
ports the validity of a linear relationship between image grayscale and
apparent stiffness, as employed in other studies (Day et al., 2020;
Zapata-Cornelio et al., 2017; Robson Brown et al., 2014; Wijayathunga
et al., 2008). Equally, this relationship is limited by its dependency on



L. Koria et al.

1400
A Calibration
X  Validation

1200

1000 A

800

kuFE (N/mm)
>

600

400

200

200 400 600 800 1000 1200 1400
khFE, cube (N/mm)

(a)
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Table 1
Square of the Pearson Product-Moment Correlation Coefficient €39) against
microarchitecture and experimental, hFE and pFE stiffness values.

Index kEXP (N/mm) kppe (N/mm) kaE (N/mm)
BV/TV 0.480 0.208 0.667
DA 0.240 0.274 0.228
Conn.D 0.119 0.009 0.005
Tb.Th 0.200 0.005 0.065
EF - - 0.380
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[ hFE (cyl)

n 0 uFE

& 401

C

£

S

(%]

S 30 —

=

°

=

‘T 20 A

c

o

(]

xX

" 10

0- T T T T
BV/TV DA Tb.Th Conn.D

Fig. 6. The percentage correlation of morphological indices on variations in
experimental and computational stiffness values as calculated using the corre-
lation coefficient value, r. Experimental and hFE stiffness values were compared
to morphological evaluation of full cylindrical specimens, whereas pFE stiffness
was compared to morphological characterisation of cuboidal specimens.

images acquired using the specific scanner and settings described in this
study.

Trabecular-level model optimisation results showed better agree-
ment and higher correlation between stiffness values compared to the
apparent level. There was higher variation to apparent-level stiffness for
the cylindrical models (37%) compared to the cuboidal models (13%).
Selecting a smaller central region may have provided a more accurate
representation of the tissue as this eliminates any lateral surface effects.

The relatively similar values of microarchitecture measured from the
cylinders and the cuboids shows that the cubes are representative of
cylinders and hence building pFE models of the full cylinder was
unnecessary.

A single specimen in the validation set used for pFE model calibra-
tion was found outside the limits of agreement in the Bland-Altman
analysis. This specimen had the lowest stiffness values for both hFE
and pFE models, as well as a relatively low BV/TV and DA values
compared to other specimens. This outlier may therefore affect overall
trends to variations in stiffness and microarchitecture. The impact of this
specimen is exacerbated by the limited sample size of the study.

Unlike the human talus, the porcine talar dome is more incongruent
and features more convex trochlea which created difficulties in accu-
rately extracting uniform, on-axis specimens. Efforts were made to
retrieve specimens posteriorly on the talar dome in consideration for the
likely loading pattern through the porcine ankle in the hope to retrieve
cores that are orientated with the loading direction. It was difficult to
extract more than two cores per joint on the talar dome in the posterior
region, due to the impact of the hammer and progressive weakening of
the bone, causing the talus to fracture. As a result, specimen height
varied and most did not satisfy the suggested 2:1 height:diameter ratio
for mechanical characterisation (Keaveny et al., 1993), but still satisfied
the continuum assumption. Though, this is not an issue as modulus
values are not directly derived from experimental data, but are instead
derived for exact replication in computational models. Of the fifteen
specimens retrieved, four were excluded during testing due to mala-
lignment with the testing platens. These four specimens were also the
longest specimens, which may suggest that a higher pre-load was
required to secure these specimens in the testing rig. Beyond variation in
microarchitecture, variations to in vitro stiffness may have originated
from varied bone marrow content and surface irregularities in the
specimen, which translate to larger variations in density during
thresholding. The bone marrow was not removed in this study, but
would have negligible effects on mechanical properties at quasi-static
strain rates (Carter and Hayes, 1977; Linde et al., 1991). The removal
of the marrow may have improved image quality, and in doing so,
improve the contrast between bone and its surroundings. This extra step
in the specimen preparation phase may also help to remove any residual
debris from specimen extraction, which may impact on boundary con-
ditions at the ends of the specimen. Improving thresholding would avoid
any appreciable errors in BV/TV and predicting effective mechanical
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properties (Bevill et al., 2009).

This study demonstrated that non-diseased porcine talar subchondral
trabecular bone has little intra-specimen variation to mechanical prop-
erties at the tissue-level, and the estimated tissue modulus was higher
than the apparent modulus found in vitro. The methods developed in this
study can be applied to specimens of non-diseased human ankle bone to
estimate tissue mechanical properties, which would then allow for the
characterisation of the effective mechanical behaviour of osteoarthritic
ankle tissue.
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