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ARTICLE INFO ABSTRACT

Keywords: Dual energy X-ray absorptiometry, the current clinical criterion method for osteoporosis diagnosis, has limita-
pQCT tions in identifying individuals with increased fracture risk, especially at the distal radius. Peripheral quanti-
Finite element modelling tative computed tomography (pQCT) can provide volumetric bone density data, as well as information on bone
Mec}lamc‘?l te_Sting geometry, which makes it possible to establish finite element (FE) models of the distal radius from which bone
I(\;Iofel validation strength and stiffness can be calculated. In this study, we compared experimental mechanical failure load data of
adaver the forearm with pQCT- based FE (pQCT-FE) modelling properties. Sixteen cadaveric forearm specimens were
experimentally loaded until failure. Estimated stiffness and strength variables of compression, shear, bending

and torsion were calculated from pQCT-FE modelling of single cross-sections of 0.2 X 0.2 x 2.4 mm of the ra-

dius pQCT image. A moderate-to-strong coefficient of determination (r?) was observed between experimental

failure load and pQCT-FE variables. The highest r* was observed for bending stiffness (r* = 0.83). This study

validates the use of pQCT-FE in the assessment of distal radius bone strength for future studies.

1. Introduction

The prevalence of osteoporosis and subsequent fragility fractures
(i.e. a fracture resulting from a minimal trauma such as a fall from a
standing height or less. All fracture refers to fragility fracture in the
following paragraphs) is increasing worldwide mainly due to popula-
tion ageing [1,2]. A key to reducing this great public health burden is to
identify individuals with increased risk for compromised bone strength
(e.g., failure load, stiffness). The most established tool for the assess-
ment of fracture risk is based on areal bone mineral density (aBMD)
determined by dual energy x-ray absorptiometry (DXA), which is uti-
lised in various algorithms for the calculation of absolute fracture risk
[3-5]. However, DXA has limitations in the assessment of bone
strength. On one hand, as a projective technique, it does not take bone
volume adequately into consideration; rather it provides an ‘areal’ bone
mineral density (aBMD) in g/cm?, which represents the bone mineral

content within a projected area of bone. On the other hand, bone failure
strength is determined not only by bone quantity, but also by how
trabecular bone is spatially distributed [11], which is not represented
well by conventional DXA measures. Previous studies have observed
that DXA measurements only explain part of bone strength, with r*
ranging from 0.31 to 0.56 between different DXA variables and failure
load of the radius in falling configurations [7-10]. Therefore, alternate
clinically-relevant fracture risk assessment strategies are needed at the
distal radius.

Other than bone quantity, bone quality also contributes strongly to
bone strength [11]. As one aspect of bone quality, bone geometry e.g.
bone size, cortical thickness, bone cross-sectional area etc. are closely
associated with bone failure load and fracture occurrence [6,12].
Therefore, bone density and bone geometry together should contribute
to the understanding of bone strength. Peripheral quantitative com-
puted tomography (pQCT), a CT scanner that is specifically used to

* Corresponding author at: Department of Medicine, Royal Melbourne Hospital, University of Melbourne, Parkville, Victoria 3052, Australia.

E-mail address: jdwark@unimelb.edu.au (J.D. Wark).

https://doi.org/10.1016/j.bone.2019.115051

Received 12 June 2019; Received in revised form 6 August 2019; Accepted 27 August 2019

Available online 28 August 2019
8756-3282/ © 2019 Published by Elsevier Inc.


http://www.sciencedirect.com/science/journal/87563282
https://www.elsevier.com/locate/bone
https://doi.org/10.1016/j.bone.2019.115051
https://doi.org/10.1016/j.bone.2019.115051
mailto:jdwark@unimelb.edu.au
https://doi.org/10.1016/j.bone.2019.115051
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bone.2019.115051&domain=pdf

H. Jiang, et al.

image the radius and tibia, is able to measure bone geometry, e.g. bone
cross-sectional area, second moment of inertia (I), cortical thickness, as
well as volumetric bone mineral density (vBMD). All these pQCT
properties should contribute to our understanding of bone fragility.
Indeed, more patients with low-trauma fracture can be identified as
high-risk for osteoporosis using conventional pQCT measures combined
with DXA T-scores when compared with DXA measures alone [13].
More recently, we established the potential of finite element analysis
based on tibial pQCT images for the classification of fracture status in a
clinical setting [14]. As a large proportion of low-trauma fractures
occur at the distal radius, pQCT was anticipated to be an ideal tool for
the assessment of bone strength at this clinically-important site.

Due to the volumetric bone measurements acquired by pQCT, it is
an ideal imaging modality to be utilised with FE modelling. Previously,
FE models of sites of clinical interest e.g. vertebrae and femur, have
been developed based on quantitative computed tomography (QCT)
using a clinical CT scanner and bone density phantom [15,16], or
magnetic resonance imaging (MRI) scanner [17]. During the past
decade, FE models based on high-resolution pQCT (HR-pQCT) have also
emerged in the assessment of the tibia or radius strength [10,18,19].
While providing good prediction for bone strength, these modalities do
have some drawbacks. QCT has relatively high radiation exposure to
scan the whole spine or limb [20]. While HR-pQCT has comparable
radiation exposure with pQCT, it is time-consuming to scan and set up
individual FE models from HR-pQCT images [21], as well as QCT
images. While MRI does not expose the patients to radiation, its cost
and prolonged imaging sequences limit its clinical use and applications
in large populations and, more importantly, the extremely short life-
time of the MR signal for water bound to hard tissue, makes the
quantification of cortical mineralization difficult [22].

Similarly, issues of long scanning time, relatively high radiation
exposure and extended individual model set-up times exist for pQCT to
scan the whole forearm, which makes it impractical in clinical settings.
FE models based on single pQCT cross-sections may solve the afore-
mentioned issues. pQCT is designed for measurement of the site where a
distal radius fracture occurs (e.g., Colles' fracture) [23]. This scanning
location, together with its sufficient resolution for FE modelling and
reasonable scanning time for one cross-section with low radiation ex-
posure, makes pQCT a potentially-attractive choice as a data source for
individually set-up FE models. While not based on the whole radius
properties, strength and stiffness predicted at a discrete location of a
single pQCT cross-section may be proportional to the strength of the
entire forearm, which may be utilised for more effective, yet rapid as-
sessment of fracture risk.

In this study, we present a pQCT-derived FE analysis technique
(pQCT-FE) to estimate bone strength and stiffness of individual cross-
sections of the distal radius obtained from clinical pQCT images. For
validation purposes, these strength and stiffness estimates were corre-
lated against experimental testing of the forearm in loading config-
urations mimicking a Colles' fracture. We focus on distal radius fracture
only here due to the fact that distal radius is a clinically-important site
where a large proportion of fragility fractures were estimated to occur
[24,25]. More importantly, fragility fracture is also an early sign of
compromised bone strength and is associated with occurrence of further
fracture [26,27]. Therefore, improvement in understanding bone fra-
gility at this site may help identifying more patients with osteoporosis
at an earlier stage. We hypothesized that pQCT-FE properties could
explain a large proportion of variance in the overall bone failure load,
thus demonstrating the potential utility of this method for the assess-
ment of bone fracture risk in vivo.

2. Methods
Information regarding specimen acquisition, preparation and me-

chanical testing is outlined in detail elsewhere [28,29]. Details are
briefly summarized below.
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2.1. Specimens

Twenty-one fresh human cadaver forearms (7 left, 14 right) from 21
female donors were obtained from an anatomical tissue bank.
Specimens with no history of fracture or bone disease were selected.
Donors' age at death was 81.7 * 9.3years, height was
161.4 = 5.3cm, weight was 58.9 = 9.2kg and body mass index
(BMI) was 22.6 * 3.2 kg/mz. All specimens were kept intact, were
fresh frozen at — 20 °C, and thawed for imaging and mechanical testing.
This study was approved by the University of Saskatchewan Biomedical
Research Ethics Board.

2.2. Peripheral quantitative computed tomography scanning

A single 2.4mm slice was acquired at the 4% site of the radius
length, measured proximally to the distal articular surface, using an
XCT 2000 pQCT scanner (Stratec Medizintechnik GmbH, Pforzheim,
Germany) and our clinical scanning protocol [30]. Radius length was
measured from the proximal and lateral border of the head of the radius
to the most distal point of the lateral margin of the styloid process of the
radius. A scout view over the distal joint was performed from which a
reference line at the medial tip of the distal endplate of the radius was
set as the starting plane. An in-plane pixel size of 0.2 mm by 0.2 mm
was obtained. Scanning speed was 10mm/s. A commercial BMD
phantom made by the scanner manufacturer was employed daily prior
to scanning to maintain quality assurance.

2.3. Mechanical testing

After pQCT imaging, cadaveric forearms were prepared for me-
chanical testing. Soft tissue was removed from around the radius and
ulna, then their midshafts were potted in polymethylmethacrylate
(PMMA) according to the method proposed by Edwards and Troy [31].
The potted forearm was clamped to the base of a servo-hydraulic ma-
terial testing machine (MTS Bionix Servohydraulic Testing System),
which compressed a flat plate attached to the piston against the out-
stretched palm of each specimen [28,29]. For the loading configuration,
21 specimens were positioned off-axially with 15° dorsal inclination
[32] and 3-6° radial inclination. The palm was set flat against the
testing plate and perpendicular to the vertical loading axis.

Compression was conducted in displacement control to failure at a
rate of 3mm/s. Failure loads (Fexp, N) were calculated from the load-
displacement curve, where failure load was defined as the maximum
load on the load-displacement curve. The linear region for the stiffness
calculation was identified by visual inspection and confirmed by
manually fitting a linear regression curve (r* > 0.99) to the load-dis-
placement curve.

2.4. Finite element analysis

All pQCT images were exported to Matlab software (2017a,
Mathworks, Natick, MA, USA) for manual segmentation. A mesh of
0.2 x 0.2 X 2.4mm elements was generated from segmentation, and
then reconstructed in the axial plane to produce 0.2 X 0.2 X 0.2 mm
elements. Each element (numbered i) was modeled as a linear elastic
material with a Poisson's ratio of 0.3 and the respective apparent bone
mineral density (papp,i) and Young's modulus (E;) calculated using Egs.
(1) and (2) [31,33].

Puppi = 1484H; ; — 48965 )

E; = 28750, 2

where p,pp, i, E; and Hg; are the apparent bone mineral density (g/cm?),
Young's modulus (MPa) and the Hounsfield unit of each individual
voxel i (HU), respectively.

Each voxel mesh was used to generate a FE model in Abaqus (V6.11,
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Fig. 1. Four loading cases simulated in pQCT-FE model. Axial compression (a) was simulated by a 0.01 mm displacement of the superior surface towards the inferior
surface. Shear (b) was simulated by a 0.01 mm displacement of the superior surface in the direction of either the x- or y-axes. Torsion (c) was simulated by a
0.0001 radian rotation of the inferior surface about the z-axis. Bending (d) was simulated by a 0.0001 radian rotation of the inferior surface about either the x- or y-

axes (i.e., cross-section neutral axes).

2011, Simulia, Dassault Systemes, Providence, RI, USA), with each
element represented by a fully-integrated 8 node hexahedron. The
origin of the models was set as the density-weighted centroid (Egs. (3)
and (4)), where the x- and y-axes were aligned with the minimum and
maximum neutral axes, respectively, and the z-axis was normal to the
cross-section.

= Y Exa

2 ai 3
- Y Eya;

2 a ()]

where a; is the area of voxel i. X, y are the coordinates of the density-
weighted centroid for the cross-section, and x;, y; represent the hor-
izontal and vertical distance between voxel i and the density-weighted
centroid.

Four loading cases were considered for all FE Models: axial com-
pression, shear, bending, and torsion (Fig. 1), each considered as a
quasi-static simulation with the assumption of small deformation. Axial
compression was simulated by a 0.01 mm displacement of the superior
surface towards the inferior surface. Shear was simulated by a 0.01 mm
displacement of the superior surface in the direction of either the x- or
y-axes. Bending was simulated by a 0.0001 radian rotation of the in-
ferior surface about either the x- or y-axes (i.e., cross-section neutral
axes). Torsion was simulated by a 0.0001 radian rotation of the inferior
surface about the z-axis.

Stiffness and strength were calculated for each loading case for each
specimen. The reaction forces and moments predicted from the simu-
lations were divided by the respective applied displacement or rotation
to derive the compressive stiffness (keomp), shear stiffness (Kshear),
bending stiffness (kpena), and torsional stiffness (Keorsion) Of €ach cross-
section. The bending and shear stiffness were each taken as the

minimum value derived from the two neutral-axis directions. The
minimum compressive and maximum tensile principal strains predicted
for each simulation (enax and emin, respectively) were compared with
compressive and tensile yield strains reported for the radius (1.10% and
0.66%, for compression and tension, respectively [31]) to derive a
factor-of-safety. The factor-of-safety was multiplied by the respective
reaction force or moment to derive the strength for compression
(Scomp), shear (Sghear), bending (Spend) and torsion (Siorsion), Of each
cross-section.

2.5. Statistical analysis

Descriptive data were expressed as mean * 1.0 standard deviation
(SD). A linear regression model was developed to correlate each pQCT-
FE stiffness and strength variable with failure load (Fexp,) measured from
the mechanical testing, from which the coefficient of determination (r%)
was calculated. Additional regression models were also developed for
each pQCT-FE variable after adjustment for age, i.e. set age and each
pQCT stiffness/strength variable as independent factors while failure
load as the dependent factor in the regression models. Level of sig-
nificance for all analyses was set as p < 0.05. All statistical analyses
were performed using SPSS 22.0 (SPSS Inc., Chicago, IL, USA).

3. Results

After loading, 5 specimens did not experience a distal radius frac-
ture and were excluded from further analysis. Alternate failure me-
chanisms included a scaphoid fracture (n = 1) and midshaft fractures
originating at the potting (n = 4). They were excluded from analysis as
pQCT scans were not obtained at these locations. Therefore, it would be
incompatible for the FE model to attempt to predict the bone strength at
these locations. Furthermore, these fractures do not represent a
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Table 1

Means and SDs of pQCT-FEA variables and corresponding coefficients of de-
termination (r?) against failure load before and after adjustment for age. All
correlations had a significance of p < 0.01.

FEA variable Mean + SD r? Tadi
Keomp (KN/mm) 198.0 + 60.7 0.66 0.77
Kshear (KN/mm) 46.3 + 16.2 0.64 0.77
kbena (Nm/deg) 85.7 + 31.3 0.83 0.86
Krorsion (Nm/deg) 69.4 + 27.3 0.81 0.85
Scomp (N) 35 + 1.3 0.56 0.69
Sshear (10>N) 3.1 + 1.1 0.46 0.67
Sbend (Nm) 41 + 1.5 0.71 0.79
Storsion (NmM) 2.5 + 1.0 0.64 0.77

Keomp, compression stiffness; Kgnear, shear stiffness; kpend, bending stiffness;
Kiorsion, torsion stiffness, Scomp, compression strength; Sgear, shear strength,
Sbend, bending strength; Sorsion, torsion strength, r?, coefficient of determination
before adjustment for age; radjz, coefficient of determination after adjustment
for age.

common type of fragility fracture, and were beyond the topic of this
study.

Alternate failure mechanisms brought the sample to 16 specimens
[28,29]. The mean = SD age of this analysis sample was
81.6 + 9.9years. In terms of fracture types, the majority were Colles'
type (n = 14) combined with compressive-type fractures (n = 2). A
Colles' type fracture was defined as a transverse fracture ~25-40 mm
proximal to the radio-carpal joint, with evidence of dorsal displacement
and angulation of the distal fragment, radial shortening, and loss of
radial inclination and palmar tilt [34,35]. A compressive-type fracture
was defined as a transverse fracture ~25-40 mm proximal to the radio-
carpal joint with evidence of radial shortening. Fracture classification
was based upon visual assessment by a single researcher (MM). In terms
of limb distribution, there were 5 left and 11 right limbs included in the
analysis.

The pQCT-FE stiffness and strength properties of the cadaveric radii
and the corresponding r> when regressed against the experimental
failure load are summarized in Table 1, and visual representation of
each regression is shown in Fig. 2. Medium-to-strong r? values were
observed for experimental failure load regressed against each of the FE-
derived stiffness variables, which were > = 0.66, 0.64, 0.83 and 0.82
for Keomps Kshears Kbenda @nd Kiorsion, respectively (all p < 0.01). Similar
trends for r? were found for experimental failure load regressed against
FE-derived strength variables, where r? = 0.56, 0.46, 0.71 and 0.64 for
Scomps Sshears Sbend aNd Storsion, respectively (all p < 0.01). All r? tended
to improve after regression models were adjusted for age, with highest
r? = 0.86 and 0.79 for Kpena and Spends respectively.

4. Discussion

Due to the great economic and societal burden of osteoporosis and
the consequent fractures, and the limitations of DXA in identifying in-
dividuals with increased fracture risk, it is necessary to find a com-
plementary tool providing information about bone strength additional
to DXA. In this study, we sought to validate a pQCT-FE model that could
be used to supplement assessment of bone strength using DXA alone.
Medium to strong r?> values were observed between experimental
failure load and pQCT-FE properties, ranging from 0.64 to 0.83 for
PQCT-FE stiffness variables, and 0.46 to 0.71 for pQCT-FE strength
variables. Improvement in r> was also observed after the regression
models were adjusted for age, with r.q;* ranging from 0.77 to 0.86 for
PQCT-FE stiffness variables, and 0.64 to 0.79 for pQCT-FE strength
variables. These r* were found to be higher than those between DXA
radius variables and forearm fracture failure in mechanical testing with
similar falling configurations, which were 0.31-0.56 from the literature
[7-10].

Among the pQCT-FE properties of the four load cases, bending
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properties had the highest contribution to variance in experimental
failure load for both stiffness and strength variables, with radj2 = 0.86
and 0.79, respectively. This was likely to be due to the imposed loading
configuration, where the radius long axis was offset 15° from the
loading axis, thus imparting a combination of compression and bending
on the radius. It may also explain why the pQCT-FE shearing properties
accounted for the least variance in failure load among the four load
cases since the off-axis compression is unlikely to generate a high shear
load. This is pertinent to the real-world situation as Colles' fractures are
believed to be the result of bending, rather than other types of loading
vectors i.e. compression, torsion or shearing [36-38].

Areal BMD measured by DXA accounts for only part of the variance
in bone failure load. The r? between bone failure load and aBMD dif-
fered in various studies but generally ranged between 0.34 and 0.64 at
standard imaging sites [39-42]. When it comes to the radius, DXA is
reported to account for no more than 60% of variation in forearm
strength. Higher r? was reported in the current study between radius
mechanical failure load and pQCT-FEA stiffness, with highest 1 of 0.86.
These results suggest that our pQCT FE models provide improved bone
strength assessment compared to previous estimates based on DXA.

More recently, micro FE (UFE) models based on HR-pQCT with
voxel size of 85 pum, which enables depiction of the trabecular micro-
structure of the radius and tibia, emerged in clinical research [18].
Outputs from these models have demonstrated an improved ability to
classify fracture status of patients compared to DXA [43], and good
correlations have been observed when predicting experimental failure
loads of cadaveric radii, with r? of 0.70-0.92 [10,44,45]. Although
these previous r? findings describe a different testing configuration to
the off-axis loading in the current study, they provide insight into our
understanding of bone fragility explained by different tools. In a study
comparing HR-pQCT pFE and QCT FE which is based on volumetric
data of similar resolution to pQCT in the prediction of femur failure
load, HR-pQCT WFE predicted failure load similarly to QCT FE
(r* = 0.86 vs r* = 0.84, respectively) [46]. HR-pQCT has other draw-
backs, such as exposing patients to slightly higher radiation than pQCT,
and due to its higher resolution, it is time-consuming to process the
large volume of imaging data in the FE analysis [21]. More importantly,
HR-pQCT, as a newer technique than pQCT, is not widely available due
to its prohibitive cost.

This study has several limitations. Peripheral QCT images with a
voxel size of 0.2 mm and slice thickness of 2.4 were obtained to gen-
erate a cross-sectional FE model for each specimen. Compared to the
voxel size of HR-pQCT (85 pm) which can depict the micro-structure of
the radius, the voxel size of pQCT (200 um) is relatively large and is not
precise enough to reflect the topology of individual trabeculae.
However, this resolution appears to be sufficient to allow prediction of
the variance in experimental failure load of the radius according to
previous studies [47-49]. In these studies, 0.25-1.08 mm voxels from
QCT images were used to establish FE models of the femur, and sim-
plified trabeculae topology as a continuum FE mesh as in the current
study was used with similar element sizes. Strong coefficients of de-
termination were observed between these QCT FE variables and me-
chanical failure load in the laboratory, ranging from 0.74 to 0.90.
Strong r? between pQCT-FEA variables and radius failure load in the
current study support the argument that resolution of 0.2 mm voxels
can explain a high proportion of the variance in the whole bone
properties.

FE strength and stiffness were calculated from four loading cases in
this study; however, a loading combination of compression, torsion,
bending and shear occurs at the same time in vivo [50]. The individual
loading cases may be too idealised for the assessment of bone strength,
but similar to the barrel analogy of Liebig's law of the minimum, where
the shortest stave decides the capacity of a barrel with staves of unequal
lengths, a bone's strength is limited by the weakest resistance of an
idealised loading condition. This logic was reflected in previous studies,
where the radius strength for fracture risk assessment was measured by
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Fig. 2. Scatter plots of pQCT-FE properties against experimental failure load. r* coefficient of determination before adjustment for age, radjz: coefficient of de-

termination after adjustment for age.

Keomp: compression stiffness; Scomp: compression strength; Kgnea,: shear stiffness; Sgheqr: shear strength; kpenq: bending stiffness; Spenq: bending strength; kiorsion: torsion

stiffness; Siorsion: torsion strength.

idealised axial compression only [51]. Indeed, we did not intend to
calculate the real radius strength or stiffness from the pQCT-FE, rather
we presented an idealised loading scenario that could be easily con-
structed, and it was assumed that strength and stiffness from one cross-
section would be proportional to the whole bone failure under more
complex loading configurations.

As discussed previously, bone quality contributes to bone strength
[11,52]. Properties of bone quality other than bone geometry, e.g. de-
gree of bone mineralization, hydroxyapatite crystal size and hetero-
geneity, collagen properties and osteocyte density are considered de-
terminants of bone strength; however unfortunately, these bone
properties are not available using standard pQCT imaging and require
detailed analysis of bone biopsies. The feasibility of using bone biopsies
to identify fracture risk is challenging as it is invasive and likely diffi-
cult to recruit otherwise healthy patients to undergo this procedure.
The advantage of the current method is that it is readily available as it
can be applied to existing clinical pQCT imaging methods.

Following the exclusion of 5 specimens for undesirable material
behaviors during testing, there was a reduced number of specimens
(n = 16), which would have lessened the statistical power of our ana-
lysis. However, the final sample size was sufficient for strong univariate
correlations to be found in the models where r* was calculated. In ad-
dition, the mean age of donors in this study (82 * 10years) was
greater than the average ages reported for forearm fracture
(71 = 15years [53,54]). However, after adjustment for age, im-
provement was observed in all correlations between experimental and
PQCT-FE properties. This provides better prospect for the pQCT-FE
models although sample size was limited. Further studies with a larger
sample size may help improve the multivariate regression models.

In summary, we experimentally validated a pQCT image-based FE
method for the assessment of bone strength at the clinically-relevant
distal radius site. As much as 86% of variance in experimental radius
failure load was explained by pQCT-FE properties. This FE model makes
individual assessment of bone strength at a site with a propensity for
osteoporotic fracture more accessible by using a widely-available de-
vice with reasonable scanning time and low radiation. Future research
may focus on this technique's role in differentiating patients with in-
creased fracture risk from the healthy in clinical settings.
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