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Abstract

Many fractures occur in individuals with normal areal Bone Mineral Density (aBMD)
measured by Dual X-ray Absorptiometry (DXA). High Resolution peripheral Quantitative
Computed Tomography (HR—pQCT) allows for non-invasive evaluation of bone stiffness
and strength through micro finite element (LFE) analysis at the tibia and radius. These pFE
outcomes are strongly associated with fragility fractures but do not provide clear
enhancement compared with DXA measurements. The ok;.~ti;e of this study was to
establish whether a change in loading conditions in stancara uFE analysis assessed by HR-
pQCT enhance the discrimination of low-trauma frac*u.=u radii (n = 11) from non-fractured
radii (n = 16) obtained experimentally throughont «. mechanical test reproducing a forward
fall. Micro finite element models were create 1 using HR-pQCT images, and linear analyses
were performed using four different type. of loading conditions (axial, non-axial with two
orientations and torsion). No signific ~nu differences were found between the failure load
assessed with the axial and rnn-azial models. The different loading conditions tested
presented the same area unacr wne receiver operating characteristic (ROC) curves of 0.79
when classifying radius ‘rac ures with an accuracy of 81.5%. In comparison, the area under
the curve (AUC) is 07/ from DXA-derived ultra-distal aBMD of the forearm with an
accuracy of 85.2%. These results suggest that the restricted HR-pQCT scanned region
seems not sensitive to loading conditions for the prediction of radius fracture risk based on

ex vivo experiments (n = 27).



1 Introduction

Mobility may be affected by age-related pathologies, such as osteoporosis with a
consequent increase in bone fragility and susceptibility to fracture, which is expected to
increase in the next two decades given the elderly population growth. Nowadays,

osteoporosis remains underdiagnosed and undertreated [1,2].

The current standard method for clinical diagnosis of ost:cporosis and evaluation of
fracture risk is Dual X-ray Absorptiometry (DXA) combined with. assessment of clinical risk
factors with the Fracture Risk Assessment Tool (FRAY), "vkich predicts 10-year fracture
risk [3]. This method is based on measurements of re: | Bone Mineral Density (aBMD) at
different anatomical sites. However, this measu ce presents insufficient sensitivity with 50%
of fragility fractures occurring in patient. c. ns:lered non-osteoporotic [4]. Hence, another
technique as High Resolution peripl.~ral Quantitative Computed Tomography (HR-pQCT),
was introduced in the mid-2000’s. Ttus device allows non-invasive evaluation of three-
dimensional microarchitectur: a.'d bone strength at the tibia and radius [5]. HR-pQCT
offers significant advantagos cver the measurement of aBMD. In addition to volumetric
Bone Mineral Density (vZMD), HR-pQCT provides assessment of bone structure of a
segment of 9.02 mm of bone through high-resolution 3D images with an isotropic
resolution of 82 pym X 82 pm X 82 um as well as bone stiffness and strength through micro

finite element (LFE) analysis [6-8].

This approach, based on structural mechanics, showed that pFE analyses better predict
forearm bone strength (R* between 0.73 and 0.92) than DXA measurements (R? between

0.31 and 0.71) [9]. But, despite this good level of prediction, no retrospective [6,10-14] or



prospective [15-17] cohort study established better prediction of the fracture risk with
these WFE analysis compared with the standard reference method, although it is doing
clearly at least as well as the DXA. It is only with the Bone Micro architecture International
Consortium (BoMIC), which includes participants of eight cohorts, that pFE outcomes
improved prediction of incident fracture beyond femoral neck aBMD and FRAX with
higher hazard ratios [18]. Nevertheless, even if models that combines pFE and femoral neck
aBMD improved the ability to predict non-traumatic or traumaric incident fracture, this was

not the case when considering only major osteoporotic frecucres [18].

Nevertheless, UFE is associated with incident fractu -e 1."dependently of femoral neck DXA,
BMD, and FRAX [18]. Changing certain nume:i.al parameters (loading conditions, scan
length, resolution...) are potential ways t< in.prove finite element modeling and deserves
particular attention for the improvement ¢ fracture prediction. Considering that forearm
fractures were almost exclusively c7u-2d by a fall from a standing height in a forward
direction [18-20] and that bornJary conditions have a large effect on radius fracture load
in continuum finite elemert m dels [21,22] loading orientation should be considered as a
non-axial impact or *he wrist, which differs from the axial compression utilized in HR-

pQCT uFE analysis.

In this context, the objective of this study is to compare the axial compression currently
used with other loading modes to discriminate fractured radius from non-fractured radius
obtained in a previous ex vivo experimental study reproducing a forward fall under dynamic

loading conditions [23].



2 Materials and Methods

2.1 Specimens and image acquisition

Thirty fresh-frozen cadaveric left radii from elderly donors (50-96 y.o., 79+12 y.o., 15
males, 15 females) provided by the University Department of Anatomy Rockefeller (Lyon,
France) were considered for this study (French Ministry of Education and Research,
authorization n°DC-2015-2357). The forearms were dissecte.! and two-third of the distal
radii were extracted and cleaned of soft tissues. Each raa’us ~vas wrapped in a saline-
moistened gauze and stored frozen at -20°C betwe:n *he steps of the scanning and
mechanical tests. After being thawed at room te.ne ature, the sample collection was
scanned using the HR-pQCT device (XtremeCT I S-anco Medical, Switzerland), with an 82
um isotropic spatial resolution, accordin’, to the manufacturer’s standard in vivo acquisition
protocol (60 kVp, 900 mA, matrix s.7e of 1536 x 1536) [5]. The volume of interest thus
scanned corresponds to a 9.02 mm d ick (110 slices) region located 9.5 mm proximal to the
endplate landmark. After ser i-a.tomatic separation of the cortical from the trabecular
bone using dual threshold tc~hnique, segmentation of the 3D reconstruction was performed
with a Laplace-Hamn.'ng rilter available in XtremeCT software before applying a fixed
threshold of 400/1000 of the maximal grayscale value to isolate bone tissue from marrow.
This fixed threshold was determined so that the structural indices calculated by HR-pQCT
correspond best with those obtained from pCT images with a resolution of 28 um [24].
Moreover, areal Bone Mineral Density (aBMD, g/cm?) and Bone Mineral Content (BMC, g)
were measured using Dual X-ray Absorptiometry (DXA, Hologic, USA) for each frozen bone
in the proximal (1/3), middle (MID), and ultra-distal (UD) regions, and the T-scores were

retrieved.



2.2 Ex-vivo experiment

As described in a previous study in more detail [23], an experimental protocol of forward
fall on the radius was performed on the 30 specimens in order to distinguish two groups:
the fractured bones from the non-fractured bones. The radii were potted in polyurethane
resin in a hollow steel cylinder, with an angle of 75+2° between the anterior face of the
radius and the impactor. This position reproduces the most common alignment of the
radius during a forward fall [25]. Because carpal bone, p~rticularly the scaphoid and
lunatum, were involved in the fracture mechanism [21,25], . rigid polyurethane mold was
created to reproduce a simplification of this joint ~:1 cvenly distribute the load on the
articular surface of the radius throughout the impa .t. 1.. summary, a shell of modeling clay
was made surrounding the distal radius, anc liqu:d silicone was sprayed over the articular
surface. A polyurethane resin was then v.- sed; after polymerization, the shell of modelling
clay was removed. During the test, the mold was maintained with silicone rubber. The
specimens were then placed in 1 herizontal cylinder bar on a rail system, which is free to
slide along the loading axis. Thi. bar has a weight of 12.5 kg, which is an arbitrary value
representing the mass i woi ed in a fall (i.e., a percentage of body weight). Each radius was
then loaded with a unia’.e velocity of 2 m/s using a hydraulic high-speed testing machine

(LF Technologies, France) (Fig. 1).

A six-axis sensor (105515TF, Humanetics, Germany) was tightened onto the impactor in
order to obtain the reaction load curve over time and to retrieve the maximum load of each
specimen during the impact. Four high-speed cameras (FASTCAM SA3, Photron, Japan)
placed in pairs facing the ulnar surface of the radius and facing the anterior surface of the

radius recorded the impact with a resolution of 1024 x 1024 pixels at 2000 frames per
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second with a shutter speed of 50 ps. Bone fracture was assessed by using the high-speed
recordings; then, a radiologist interpreted the radiographs after the impact. These
experiments were used to obtain known status of bone fractures for the numerical

sensitivity /specificity study.

Impact plate
pacte Articular mold

Capture from left Camera

Figure 1: Setup of the experiment c: pi. ved from the high-frequency lateral cameras. The specimen oriented
at 75 ° is impacted to the ground at "m/s through the articular mold in polyurethane resin (maintained with

silicone rubber).

2.3 pFE Model

Finite element models of the 9.02 mm length of radius were generated directly from the
segmented HR-pQCT images using software delivered by the manufacturer (IPL FE, Scanco
Medical) with a voxel-conversion method. Each voxel of bone tissue was converted to an 8-
nodes linear hexahedral element with reduced integration and leads to models with a total
number of elements varying from 0.75 to 3.5 million (mean, 2.02+0.75 millions) after

deletion of the elements or groups of elements isolated from the main structure (Fig. 2).
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Finally, the puFE models were rotated along their longitudinal axis to orient each anterior
face of the bone, as a geometric reference, in the same direction for all samples and

exported to be usable in Ansys finite element software (v2019R1, Ansys® Inc., USA).

Figure 2: The different stages of mode. ¢, ~auon. (a) Initial grayscale image (transverse view) (b) Segmented
image after filtering and threshola.~g (¢) Mesh generated by voxel conversion composed of millions of
hexahedral elements. The longitu Yin il axis corresponds to the z axis in (blue), the anterior face of the bone

faces the y axis (in greer:

Despite the discrepancics in the literature for material properties [6,27-29], harmonization
methods exist for the first-generation HR-pQCT to compare results across studies [30].
Material properties were then assumed to be homogeneous, linear elastic, and isotropic

with an assigned Young’s modulus of 10 GPa and a Poisson’s ratio of 0.3 [7].

In vivo, the complexity of loadings is not known for specific patients, thus the choice in the

current study was to consider four arbitrary types of boundary conditions. For all loadings,



the nodes of the most proximal plane were fully constrained. The first case was the
standard HR-pQCT axial compression test, where an arbitrary displacement of 1% of the
segment thickness was applied to the nodes of the most distal plane with their in-plane
motion constrained [6,14,31]. The second and third cases considered non-axial loading. The

displacement vector was multiplied by the rotation matrix:

1 0 0
R,(6) =10 sinf —cosh

0 cos@ sin @

where 8 is the angle between the longitudinal axis of tl.e .~~del and the floor (Fig. 3). Two
orientations were investigated : a displacement of 7.° ar d 45° to assess the influence of the

angle on the numerical response.



Figure 3: Positioning and orientation of the 9.02 mm ~gmc..c during a forward fall

The fourth case considered a pure tors. ral loading to assess the influence of an atypical
loading. An arbitrary rotation of 1° w.s applied to the nodes in the distal plane. These
boundary conditions are sumimrail7eu in Figure 4. Linear analyses of the models were
performed using Ansys softvarc (v2019R1, Ansys® Inc., USA) with a 20 cores CPU with a

clock frequency of 2.40 :H. and 64 GB RAM.
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Figure 4: Boundary conditions used with in: (A) The axia’ sta..lard compression with in-plane motion
constrained, (B) the 75° off-axis loading with motic.a . th.e x direction constrained, (C) the 45° off-axis

loading with motion in the x direction constrain- d ar 1 (D) the torsional loading.

The total reaction force and torque m.-gnitude of the numerical tests were exported. Failure
loads and torque were estimated w'th two failure criteria. The validated and standarized
Pistoia’s criterion [7,30,32] ar1 tho Mohr-Coulomb’s theory which described the response
of brittle materials to sheu= stress as well as normal stress [21,26] (Table 1). Failure
occurred when a critc-ion is greater than or equal to 1 for 2% of the elements. The
compressive failure strain (&,.) was set to 0.7% [7]. The compressive failure strength (o)
was determined by multiplying ¢, by the Young’'s modulus E, assuming the tensile failure

strength o, = 0.5 X 0y, [21,26].
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Table 1: The failure criterion investigated with their respective equations. E¢ff is the effective strain

estimated from the strain energy density [7] and 61, 5, and 03 are the principal stresses (1 > 05 > 03).

Criterion Equation
Eeff
Pistoia’s Criterion =1
Eyc
01 03
Mohr-Coulomb’s (MC) Criterion —-—21
Oyt Oyc

2.4 Statistical Analysis

Gaussian distribution of the parameters were assessed '1sir.2 a Shapiro-Wilk’s test. Non-
parametric statistical tests were considered. Firs, _nmearman’s correlation tests were
performed between the results based on the diff~rent load cases and failure criteria. Then,
the medians, min, and max of each outpt p~rameter of the numerical simulations were
calculated, and the difference in positio.. of the samples between the groups (ie., the
population difference between the ¢,rc ~0s) of fractured or unfractured bones was evaluated
using an unpaired Mann-Whitn.v U (est. The small number of samples in each of the sexes
did not allow us to separate .nales from females in the fracture discrimination analysis,
even if significar* Aiff.rences were found between sexes. Nevertheless, a
sensitivity /specificity ~analysis was performed by plotting Receiver Operating
Characteristics curves (ROC curves) with their area under the curve (AUC) to determine the
optimal threshold for each outcome. This optimal threshold was defined as the point of the
curve farthest from the diagonal corresponding to the maximum of the sensitivity +
specificity index. For each optimal detection threshold, the test accuracy was calculated as

the ratio of true positives (TP) and true negatives (TN) divided by the number of samples

TP+TN : : . e
(+). In order to adjust the p-value of our multiple comparisons, the significance level

12



was lowered to 0.026 or less after Holm-Bonferroni correction [33]. All the tests were

carried out using R software (R Foundation for Statistical Computing, Austria).

3 Results

Among the 30 radii, the experiments failed for two specimens due to misalignments of the
potted bones, and the fracture was uncertain for an additional specimen. Finally, 27 bones
were tested successfully. As described in the previous studv [23], 11 had fractures (7
women, 4 men) after impact and 16 did not fracture (5 w.men, 11 men). The age of the
samples with fractures (median [min-max]: 78 [50-9%, vears) did not differ significantly
from those without fractures (83 [57-96] years), se’. pualed (p=0.66). In contrast, although
fractures were not consistently associated w.:. weaker reaction forces, a significant

difference was found between the two g. »ups (fractured: 2.38 [1.18-3.83]kN, unfractured:

3.8 [1.69-6.27]kN, Difference: -37.3%. 1, -0.01) regardless of gender.

Table 2 summarizes Spearman’s ~orrelation coefficients between all investigated load cases
and failure criteria. The compre csion tests showed strong correlation (p>0.98) with a highly
linear relationship -.no.o .he axial, 75° and 45° load cases (Figure 5). Failure torque
remains strongly correiated with the compression failure load but with a lower coefficient

(p=0.933).
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Table 2: Spearman’s coefficients p between the results based on the different load cases and failure criteria.

Values in bold are results with a p-value < 0.0001

Pistoia’s Criterion

Mohr-Coulomb’s Criterion

Parameters Failure Failure Failure Failure Failure Failure Failure Failure
Load Load Load Tordue Load Load Load Toraue
Axial 75 45 U Axial 45 75 q
Pistoia’s Criterion
Failure Load - axial 1 0997 0986 0.933 09299 0.982 0.996 0.936
Failure Load - 75° - 1 0993 0.937 094 0.990 0.997 0.939
Failure Load - 45° - 1 0940 )1).9c4 0996 0.990 0.941
Failure Torque - - - 1 6.229 0932 0.926 0.999
Mohr-Coulomb’s Criterion
Failure Load - axial - - - - 1 0980 0.996 0.933
Failure Load - 75° - - - - - 1 0.990 0.934
Failure Load - 45° - - = - - - 1 0.929
Failure Torque - - - - - - 1
. 6000 R 6000 R 6000 °
Z 5500 Z 550 Z 5500
‘© 5000 © 5600 ‘© 5000
% 4500 f] .10 % 4500
. 4000 ©7 400u A 4000
T 3500 T =00 T 3500
Z 3000 3000 Z 3000
% 2500 % 2500 % 2500
S 2000 y=0.99x - 4..° S 2000 y =1.05x - 95.0 9 2000 y=0.19x + 1811.7
o 1500 p= 0.97 o 1500 p= 0.986 o 1500 ° p= 0.933
3 1000 3 1000 3 1000
3 1000 3000 50,0 3 1000 3000 5000 g 0 10000 20000

Failure Load 75 Pistoic (N)

Failure Load 45 Pistoia (N)

Failure Torque Pistoia (N.mn

Figure 5 : Scatter plot between Axial failure load and the different loading conditions with their spearman’s p

squared correlation coefficients and linear relationships
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The median, minimum, and maximum of the uFE results with the difference between the
groups as well as the significance of the Mann—Whitney test are summarized in Table 3. The
mechanical parameters evaluated by uFE were strongly associated with fractures showing a
significantly lower compressive bone strength of approximatively 43% for fractured bones
compared with unfractured bones (p<0.01) for any failure criteria as well as ultimate

torque of 71% lower (p=0.01).

Table 3: Median [Min - Max] of the numerical outcomes among the .wu fracture groups. The difference
between the groups (fractured vs unfractured) is given as a prrcei.‘age relative to the values of the

unfractured with a significance corresponding to the Mann-Whitney '] test.

Parameters Unfractured . actured Difference _value
(n = 16) (n=11) @ P
DXA Distal aBMD (g/cm?) 0.4210.28 - 7,.52] 0.30[0.16 - 0.51] -28.7 0.02
Pistoia’s Criterion
Failure Load (kN) - axial 3.82[2.15- K.77] 2.18[1.25 - 4.78] -42.9 <0.01
Failure Load (kN) - 75° 3.89[z.17- 5.85] 2.22 [1.26 - 4.79] -42.8 0.01
Failure Load (kN) - 45° 3.80 |2 0« - 5.55] 2.18[1.19 - 4.43] -42.7 0.01
Failure Torque (kN.mm) 9.:4 ,1.73-22.85] 2.74[1.02 - 12.96] -71.0 0.01
Mohr-Coulomb’s Criterion
Failure Load (kN) - axial 254 [2.04 - 5.63] 2.05[1.17 - 4.58] -43.7 <0.01
Failure Load (kN) - 75° 3.74 [2.09 - 5.61] 2.08 [1.21 - 4.65] -44.3 <0.01
Failure Load (kN) - 45 3.58[1.91-5.17] 2.03[1.10 - 4.20] -43.4 0.01
Failure Torque (KN.mm 8.87 [1.62 - 21.43] 2.54[0.94 -12.31] -71.4 0.01

ROC analysis allows the comparison of the areas under the curve (AUCs) in order to identify
the parameter with the best discrimination (Figure 6) and are summarized in Table 4 with
their optimum sensitivity, specificity, and accuracy for each numerical parameter. The set of
AUCs is significantly different from a random distribution (AUC of 0.5) at the alpha level of
0.026. Similar areas under the curve are observed around 0.79, as confirmed by the analysis
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of variance with, whatever the loading, optimal thresholds giving the same sensitivities

(87.5%), specificities (72.7%), and accuracy (81.5%) for all numerical outcomes.

Comparable reduction was found for the best DXA parameters (ultra-distal aBMD) with an

accuracy of 85.2% and an AUC of 0.77 (See appendix).

Table 4: For each numerical outcome, the area under the curve (AUC) with their sensitivity, specificity and

accuracy of their optimal detection threshold

Parameters

AUC

Sensitivit

Specificity  Accuracy

(%) (%) (%)
DXA Distal aBMD 0.773 (1.8 87.5 85.2
Pistoia’s Criterion
Failure Load - axial 0.795 72.7 87.5 81.5
Failure Load - 75° 0.790 72.7 87.5 81.5
Failure Load - 45° 0.790 72.7 87.5 81.5
Failure Torque 0.790 72.7 87.5 81.5
Mohr-Coulomb’s Criterion
Failure Load - axial 0.795 72.7 87.5 81.5
Failure Load - 75° J.o01 72.7 87.5 81.5
Failure Load - 45° C790 72.7 87.5 81.5
Failure Torque L.784 72.7 87.5 81.5

16



Failure Load - Axial

Failure Load — 75°

Failure Load — 45°

Failure Torque

[y
|

[ury
|

1

= 0.8 o 0.8 o 0.8 0.8 I
s iz z z z
£ 206 ~ 2 06 | ~ Z 06 -~ 2 0.6 - -~
(W] 'E J_ 1” % | 1" "E 4” "E /"
o S04 € 04 Ve co4l 2 0.4 -
o I L « o " L " S
‘5 024 |, 021 |/ 024 |- 02 .
- - - - -
R 0 T 0 T 0 T ] 0 T |
o 0 0.5 0 0.5 0 0.5 1
1 - Specificity 1 - Specificity
14 1 14 v
4, I'
[ = 0.8 A ’/' = 0.8 2 0.8 ~ /'l
2 Z 06 - Z 06 2 06 -
fe = 0 ~ = 0 = 0 -
3 ‘G Py ‘B ‘@ ~
E < 0.4 - < 0.4 < 0.4
U w /4 wy vy ’IJ
O 021 |/ 0.2 02 H|.
E 0+ T o - — T 0+ T |
0 0.5 0 0.5 il 0.5 1 0 0.5 1
1 - Specificity 1 - Specificity " - Specificity 1 - Specificity

Figure 6: ROC curves (Sensitivity against 1 - Specificity ror the FE outcomes. The dotted lines indicate the

best threshold detection. Similar results were ob.erv: d regardless the loading condition or failure criteria.

4 Discussion

In this study, we investigated tae _ensitivity of loading conditions on UFE analysis provided

by HR-pQCT for ex vivo raii tracture discrimination throughout a sensitivity/specificity

study. Few studies n«’e csplored the influence of boundary conditions on radius bone

strength. Troy and Grabiner demonstrated on a unique specimen that off-axis loads cause

failure of the distal radius at lower magnitudes than axial loads [22]. The authors used

homogenized finite element models of 10 cm of the radius based on standard computed

tomography (CT) imaging (resolution of 0.455 x 0.455 x 1.25 mm/voxel), where material

properties depended on the Hounsfield units (HU) of each voxel. Moreover, the authors

used a local Mohr-Coulomb’s failure criterion to determine numerical failure load. Another

study [21] with similar modeling (CT imaging, continuum meshing, HU-based materials,
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and local Mohr-Coulomb’s failure criterion) on 22 specimens showed the influence of
carpal bones on failure load. The authors found that scaphoid and lunate created stress
concentration on the radius and resulted in a significantly lower (-49%) but highly
correlated (R? = 0.93) fracture strength compared with an evenly distributed loading. These
results, on 10 cm of the radius, indicated that boundary conditions had strong influence on
the radius failure load, contrary to the current study on 1 cm. Indeed, our results showed
that neither the loading conditions nor the failure critericn influence the fracture
discrimination in the analysis. The strong correlation anc u. ear relationships between the
different failure load cases confirmed this observatio» w‘th no change in the fracture bone
classification. Even the loading orientation has fev e.‘ects on the median, min, and max
values throughout the axial and non-axial loo2ing. Nevertheless, we can notice that,
contrary to Troy and Grabiner who aped a non-axial force on their model [22], we
applied a non-axial displacement. Th= ¢, 2ice to apply a displacement was motivated by the
HR-pQCT standard pFE protocol w>icn apply an axial displacement of 1% of the structure
length. However, applying < a.-placement along an angle does not guarantee to get a
resultant force along th: scme angle. The reaction forces we observed after the non-axial
compression tests were .ndeed more axial than we expected. An average offset of 5° and
28° was observed between the applied displacement and reaction force (for the 75° case
and 45° case respectively). The non-axial loading of the current study therefore
corresponded to a 80° and 73° loadings. Even if these loadings are more axial than we
expected, they were close to the most common angle of 75° observed during a fall [25]. The
micro-structure of the restricted region of interest of 9.02 mm of radius thus seems to be

much less sensitive to the loading orientation than the entire distal part of the bone (with
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the articular surface and epiphysis) compared with a homogenized subject-specific finite

element model [22].

It is important to note that these results are dependent on our samples which are limited to
27 bones. Nevertheless, uFE results consistently predict a lower strength (-42% to -72%)
for the fractured group compared with that of non-fractured group and can be used to
classify subjects with a distal radius fracture with an accuracy of 81.5% and an AUC of 0.79
and are strongly associated with fracture. Comparable red sct. n in the radius UD aBMD
was found with an accuracy of 85.2% and an AUC of 0.77. ))espite a sensitivity of 81.8%
compared with the 72.7% of the FE outcomes, we cainnot conclude that FE prediction is
better or worse than that of the DXA paramete.. indeed, the comparison of the AUCs did
not provide a significant difference betw-_~n *he curves. Similar results were found in a
large cohort prospective study, where pFrL derived parameters did not improve fractures
predictions compared with ultra-d sta’ radius DXA measurements [18]. Nevertheless, DXA
measurements at the ultra-dista, adius are rarely used for fracture prediction compared to
femoral neck aBMD. The scme “tudy also showed that pFE analysis computed by HR-pQCT

enhanced detection ».° in~ide.nt fractures combined with femoral neck aBMD [18].

Some authors have investigated the influence of scanned areas in predicting bone strength
[29,34,31,35,36]. These in vitro studies showed that a more distal area from the classic
region improved the prediction of bone resistance (R? going from 0.79 to 0.94 [35] or from
0.73 to 0.76 with an R? of 0.78 for a full scanned bone [31]) and subsequently using two
segments: the classic one combined with a more distal one in their following studies [37-

40]. However, no data were provided with these two sections on the prediction of fractures
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in vivo. Regarding the boundary conditions, it has been shown with a multiscale finite
element analysis that simplified platen-compression boundary conditions alter cortical-
trabecular load sharing at the distal radius [41,42]. Indeed, applying the same displacement
on the entire distal surface may not represent the physiological conditions of a non-axial
fall, which does not distribute the load uniformly over this distal surface. A previous study
has introduced softer layers at the cut faces of the HR-pQCT’s scanned section to obtain a
more realistic load transfer to the scanned section [43]. This wos achieved by comparing
the calculated mean strain energy density in the clinical .i.ss-sectional region with those
calculated for the scanned region in situ determined fron. a full model of the distal radius. A
stiffness of 15MPa was found to get a similar load *rai.~fer and distribution, which lead to
axial and shear forces as well as torsion =nua *ending moment, whereas axial loading
through radio-carpal joint was consiu~red. Moreover, the authors also showed that
predicted forces and moments widel v.ried between subjects and depend on bone volume
fraction, which means that physiolcical bone loading conditions on the cross-section were
patient-specific [43]. Deterrn.in.*ion of realistic load transfer to the scanned region thus
necessitate a full radius sc. nned region, which is not currently feasible in vivo with HR-
pQCT. Nonetheless, it col ld be interesting to use the multiscale finite element model [41,42]
under non-axial loading to obtain full bone FE modeling in order to observe the response to
a more physiological nonaxial loading with softer layers at the cut face of the scanned

section.

We made the choice in the current study to use only one Region of Interest (ROI) to
reproduce our method in vivo with an acquisition time suitable for the patient. However, a
larger scan region seems necessary to quantify physiological nonaxial loading to the
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restricted HR-pQCT cross-sectional volume. A larger scan region may also allow us to
observe sensitivity of the model due to its more complex structure, as in full distal radius
hFE models [21,22,26]. The second version of the device, the XtremeCT II (Scanco Medical
AG, Switzerland), offers a resolution of 61 um and increases the ROI to 10.25 mm [8,44]. Its
reduced acquisition time [38,45] could allow the possibility of studying loading sensitivity
of subsequent ROI on patients but not yet on full bone. Finite element models with higher
scanning regions should be developed in order to determ.ne the effect of loading

orientation on fracture detection.

5 Conclusions

The aim of the study was to assess if a change in .>uding conditions on pFE models based on
HR-pQCT could improve fracture predi.*ions. The study results suggested that changing
the loading conditions (angle of the ~o1. nression or torsion) in uFE models of 9.02 mm of
the distal radius seems not to provile improvement in classifying ex vivo fractured and non-
fractured radii from an eldei'v p~pulation. Improvements of FE models should be followed
and might be obtained by enlarging the scanned region, which may influence fracture
prediction [34,29,31,35] A larger scanned region could be partially possible with the new
version of the scanning equipment (XtremeCT II, Scanco Medical AG, Switzerland) having a
lower scan time with a slightly higher ionizing dose [8,30,38]. Further study with a larger
scan region of all distal radius should be investigated to identify if more realistic loadings

could help in predicting osteoporosis fractures.
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Highlights

- Experimental data on 27 ex-vivo radius are available. After a unique loading two
groups were obtained: fractured and non-fractures radii.

- Axial or non-axial compression on HR-pQCT pFE models are associated with fragility
fractures independently of DXA measurements.

- Loading orientations on a restricted area of 9.02 mm in HR-pQCT pFE models had
few effects on failure loads or fracture prediction.
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