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ABSTRACT

Osteoporosis is a common age-related disease associated with increased bone loss causing reduced bone strength and
enhanced fracture-risk. Finite element (FE) modelling is used to estimate bone strength from high-resolution three-
dimensional (3-D) imaging modalities including micro-CT, MRI, and HR-pQCT. Emerging technologies of multi-row
detector CT (MDCT) imaging offer spatial image resolution comparable to human trabecular thickness. However, at the
current MDCT resolution regime, FE modelling based on segmented trabecular bone (Tb) microstructure suffers from
noise and other imaging artifacts. In this paper, we present a bone mineral density (BMD)-adjusted FE modeling method
of Tb microstructure from MDCT imaging without requiring Tb segmentation. The method spatially varies mechanical
stiffness based on local ash-density estimated from MDCT-derived calcium hydroxyapatite (CHA) density and, thus,
models the hypothesis that stress-flow is primarily absorbed by Tb microstructure as compared to marrow space under
mechanical compression. Specifically, an MDCT-based linear FE analysis method was developed using a voxel-mesh and
the above model of space-varying stiffness, and the performance of the method was examined. For FE analysis, an axial
cylindrical image core of 8mm diameter from 4-6% of distal tibia was extracted after aligning the tibial bone axis with the
coordinate z-axis of the image space. Intra-class correlation coefficient (ICC) of 0.98 was observed in a repeat MDCT
scan reproducibility experiment using cadaveric distal tibia specimens (n = 10). Also, high linear correlation (r = 0.87)
was found between von Mises stress values and MDCT based CHA at individual voxels supporting the central hypothesis
of our method.

Keywords: Osteoporosis, MDCT imaging, trabecular bone microstructure, ash density, linear finite element analysis
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1. INTRODUCTION

Osteoporosis is a bone disease prevalent among older population and associated with reduce bone mineral density (BMD)
and increased fracture-risk.!? A study by Wright ef al. in 2010 estimated that 10.2 million adults over the age of 50 years
had osteoporosis in the United States alone.> Nearly, one in four men and one in two women suffer one or more fragility
fractures in their lifetime.* Although hip, forearm, spine, pelvis, distal femur, wrist, and humerus are the common sites for
osteoporotic fractures, hip fractures are clinically most devastating ones.®> Osteoporosis remains undetected until a fracture
occurs as bone becomes highly fragile at the advanced stages of the disease and bone imaging plays an important role in
the assessment of bone quality and improved diagnosis of osteoporosis.®*” Dual-energy x-ray absorptiometry (DXA)
computed areal BMD is the clinical standard for characterization of osteoporosis. However, BMD explains 60%-70% of
the bone’s mechanical competence and the remaining is explained by the collective effect of several other factors such as
trabecular bone (Tb) strength and their microstructural basis.5!!

Finite element (FE) modelling is widely used to computationally estimate bone strength and other mechanical properties.'*
16 Recent technological advances in several three-dimensional (3-D) imaging modalities, including micro-CT imaging,
magnetic resonance imaging (MRI),'72° and high-resolution peripheral quantitative computed tomography (HR-pQCT),*"
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2 have enabled in vivo acquisition of Tb microstructure and allowed researchers to model computational bone mechanics
at microstructural details.

Among in vivo imaging modalities, HR-pQCT and MRI have drawn major attention in FE modelling of bone at distal and
proximal sites due to their potential in monitoring alterations in bone mechanical properties resulting from disease
progression or drug intervention.?*?° Several studies have demonstrated that FE modelling of Tb from HR-pQCT images
is capable of assessing bone strength and fracture-risk.!®283933 Specifically, QCT derived ash density has been shown to
be highly associated with mechanical properties of trabecular and cortical bone before, during and after failure under
compression in all anatomic directions.*® However, there are few works available in literature on FE analysis (FEA) of Tb
using multi-row detector CT (MDCT) imaging,>*3 although it offers in vivo spatial image resolution comparable to human
trabecular thickness and provides quantitative BMD at individual voxels and overcomes the major deficits of MRI and
HR-pQCT modalities related to slow scan speed and limited field-of-view.>® Primary reason being, at the current MDCT
resolution regime mesh modeling and. FEA using segmentation of Tb microstructure suffers from noise and other imaging
artifacts. In this paper, we present an MDCT-based FEA method that does not require segmentation of Tb microstructure.
Instead, the method models computational mechanics of Tb microstructure using BMD-adjusted stiffness. Specifically,
the FEA method uses ash-density, estimated from MDCT measured BMD derived calcium hydroxyapatite (CHA) density,
to define stiffness of individual voxels. In other words, the model simulates an FEA method along the hypothesis that
stress-flow is primarily absorbed by Tb microstructure as compared to marrow space under mechanical compression. We
have defined the materials used in our experiments and the MDCT-based FEA method as well as the experimental and
data analysis plans in Section 2. Experimental results are presented in Section 3 and finally conclusions are drawn in
Section 4.

2. METHODOLOGY

In this section we describe our method and experimental plans to evaluate the MDCT-based FEA method. Toward this
goal the following material and methods were used — (1) cadaveric ankle specimens, (2) MDCT imaging, (3) image pre-
processing, (4) BMD-adjusted linear FE modelling and analysis, and (5) experiments and data analysis.

2.1 Cadaveric Ankle Specimens

Ten fresh-frozen cadaveric ankle specimens were collected under the Deeded Bodies Program at the University of lowa,
Iowa City, IA. Specimens from donors with history of bone tumor, metastasis, or fracture at tibia were excluded from
MDCT imaging. The specimens were separated at mid-tibia and soft tissues as well as the ankle joint and foot were
preserved. The specimens were kept frozen in sealed plastic bags and were thawed at room temperature before MDCT
imaging.

2.2 MDCT Imaging

MDCT imaging was performed on a 128 slice SOMATOM Definition Flash scanner (Siemens, Munich, Germany) at the
University of lowa Comprehensive Lung Imaging Center. Single tube spiral acquisition with the following CT parameters
were used to generate high-resolution Tb images — 120 kV, 200 effective mAs, 1 sec rotation speed, pitch factor: 1.0,
number of detector rows: 16, scan time: 23.2 secs, collimation: 16 x 0.6 mm, total effective dose equivalent: 170uSv = 20
days of environmental radiation in the U.S. Siemens z-UHR scan mode was applied, which enables Siemens double z
sampling technology allowing a dual sampling of the 0.6 mm detectors, splitting the signal so that each detector created a
0.3 mm slice in the z plane. After scanning in a helical mode with a 400 pum slice thickness, images were reconstructed at
200 pm slice-spacing using a normal cone beam method with a special U70u kernel achieving high structural resolution.

2.3 Image Pre-Processing

Ankle MDCT scans were rotated to align the tibial bone axis with the coordinate z-axis to make the longitudinal trabeculae
predominantly upright. After bone alignment upright cylindrical volume of interests (VOI) were harvested for FEA. Also,
BMD (g/cc) values derived from CT Hounsfield unit (HU) numbers were mapped into CHA density (g/cc).

2.3.1 Bone Alignment and VOI Selection

The tibial bone region was segmented from MDCT scans using soft thresholding, connectivity analysis and morphological
operations and the tibial bone axis was computed over the 40% peeled region proximal to 8% distal site.’” After
computation of bone axis MDCT scans were rotated to align the bone axis with coordinate z-axis and interpolated to 150
pm isotropic voxels using the windowed-sync method.*® Bone alignment and isotropic voxel interpolation steps were



performed simultaneously to reduce the image resolution loss due to interpolation. Finally, cylindrical VOIs of 8 mm
diameter covering 4-6% of distal tibial site (~6.75 mm in length) were selected for FEA with their axis aligned to the
respective bone axis. The cross-sectional diameter of the VOIs were always greater than the axial length to reduce
microstructural disintegrity effects near the surface.*

2.3.2  Conversion of HU numbers into CHA Density

MDCT intensity was mapped into CHA density in two-steps — first MDCT intensities were converted into BMD using a
Gammex RMI 467 Tissue Characterization Phantom (Gammex RMI, Middleton, WI).** The CHA density value at a voxel
p, denoted by pcya(p), was obtained from the BMD value pgyp(p) using known density values Dcya (3.18 g/cc) and
Dyyater (1 g/cc) and the following linear equation

(pBMD(p) - Dwater)
(p) = X Dcya. 1
Pcualp (Deria — Dwater) CHA €Y

2.4 BMD-Adjusted Linear FE Modelling and Analysis

A compressive FEA method was developed for an upright cylindrical Tb region at an isotropic image resolution. The
method directly uses the interpolated voxel grid to define the mesh structuring elements. Each voxel is modelled as a
cubical element with its center aligned at the voxel coordinate location, and edges are added following the network of the
cubical complex representation of a voxel grid.*! The connectivity within the FE mesh is defined by specifying common
vertex and edge elements between each pair of adjacent voxel or cubical elements. Isotropic mechanical material properties
are assigned to each cubic element, where elastic modulus of a cubical element is derived from the CHA density value at
the corresponding voxel. Let p, denote the cubical mesh element corresponding to the image voxel p; also, let pcyga(p)
denote the CHA density at p computed from MDCT derived BMD value pgup (p) at that voxel. The ash density (g/cc)
value at p, denoted by p,sh (p), is computed from pcya (p) using the following equation'®

Pash(p) = 0.0633 + 0.887pcya (p)- (2)

The elastic modulus (MPa) of the cubical mesh element p, corresponding to the image voxel p, denoted by E(p.), is
derived from p,g, (p) following the equation by Keyak et al.>°

E(pe) = 21700 p%Y (p). 3)

Finally, a Poisson’s ratio of 0.3 is assigned to all elements.!> Boundary conditions are imposed to simulate a physical
mechanical experiment of axial compressive loading. Specifically, the bottom surface of the cylindrical VOI is fixed in
all three coordinate directions, and a constant displacement along the coordinate z-direction is applied on all vertices at the
top surface while restricting their movements along the x- and y-directions.

The method was designed and implemented within the computational platform and facilities provided by the ANSYS
software (ANSYS Mechanical 2019 R2, Ansys Inc., Southpointe, Pennsylvania, USA) on a Linux machine equipped with
64 GB RAM, 72 cores Intel(R) Xeon(R) Gold 6240 CPU @ 2.60 GHz processor, and four Tesla V100-SXM2 GPUs with
32 GB memory each. The 3-D 8-Node structural solid (SOLID185) within the ANSY'S software was selected to represent
cubic mesh elements, and a linear equation solver was applied with an automatic time-stepping option. The boundary
conditions were imposed as described earlier and a total displacement of 0.067 mm (~1% of the VOI length) was applied
on the BMD-adjusted FE mesh model over 10 iterations. Finally, Young’s modulus (or modulus) was computed as the
ratio of average von Mises stress (MPa)*? of volume elements on the VOI top surface and applied displacement.

2.5 Experiments and Data Analysis

Experiments were designed to evaluate — (1) the relationship between CHA density and stress, and (2) repeat scan
reproducibility of the FEA method. To determine the relationship between CHA density and stress, linear correlation
coefficient (r-value) between CHA density value and observed von Mises stresses at individual voxels on the middle axial
slice of all ten specimens was computed; the image and FEA data of the first scan of each specimen was used for this
analysis. Intra-class correlation coefficient (ICC) of computed modulus values from repeat CT scans was calculated to
examine the reproducibility of the method. Bone filling, upright bone alignment, VOI selection, and FEA steps were
independently applied on repeat CT scans to determine reproducibility of the combined process including CT imaging as
well as the comprehensive analytic protocol.
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Figure 1. Multi-row detector CT-based FE modelling and computation of trabecular microstructural strength. (a) A sagittal image
slice from a distal tibia MDCT scan; the cylindrical VOI for FEA is shown in blue. (b) FEA boundary condition and loading protocol
on the extracted Tb core. (c) Color-coded volume rendition of the CHA density map over the VOI of (b). (d) Same as (c) but for FEA
recorded von Mises stress.

3. EXPERIMENTS AND RESULTS

The new BMD-adjusted FEA method was successfully applied on three repeat scans of all ten cadaveric specimens used
in our experiments. Figure 1 presents qualitative results of FEA over a cylindrical Tb VOI (modulus: 1,157 MPa). Figure
1(a) and (b) illustrate the VOI selection and FEA application processes. The average number of vertex and voxel volume
elements on the top surface of a cylindrical VOI were 2,159 and 2,108 respectively. The average number of vertices,
edges, and volume elements over a VOI were 102,167; 301,921; and 97,637 respectively. Mean =+ standard deviation (std)
of the computed Young’s modulus from all specimens was 1,165.44 + 318.46 MPa and the average running time for FEA
on a VOI was 3.12 £ 0.52 minutes. Color-coded illustrations of CHA density map and FEA based von Mises stress over
the target Tb VOI are shown in (c) and (d), respectively. Visual correspondence between Tb microstructures (red) in (c)
and high stress lines (red) in (d) may be noted, which supports the central hypothesis that stress primarily propagates
through Tb voxels with high stiffness compared to the marrow voxels with low stiffness.

Results of linear correlation analysis evaluating the relationship between FEA computed von Mises stress and CHA density
is presented in Figure 2(a). A high linear correlation (r = 0.87) was observed between computed von Mises stress and
CHA density at individual voxels, which further validates the qualitative observations of Figure 1 and the principle of our
BMD-adjusted FEA. Normalized stress histograms were computed over segmented Tb and marrow regions of all ten
specimens® and the result is shown in Figure 2(b). As can be seen from the stress histogram over marrow region (green),
large number of marrow voxels experience lower stress and the number rapidly falls toward zero with increasing stress
values. On the other hand, histogram computed over Tb region (red) shows high percentage of Tb voxels with higher
values of stress with the peak at 37.00 £ 15.05 MPa. Furthermore, an unpaired t-test between the stress values computed
from Tb and marrow region shows significant difference (p < 1077) in stress distribution over the two regions.
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Figure 2. Quantitative evaluation of multi-row detector CT (MDCT)-based FE modelling. (a) Linear correlation (r-value) between
computed von Mises stress and CHA density at individual voxels on axial slices at the middle of the specimen along its length. (b)
Normalized stress histogram over segmented trabecular bone microstructure and marrow regions.

Results of repeat scan reproducibility analysis is shown in Figure 3. Average Young’s modulus values computed from the
three sets of repeat scans were 1,176.15 £+ 348.88, 1,153.69 = 317.41, and 1,166.48 + 322.54 MPa respectively. Also, a
high repeat MDCT scan reproducibility (ICC = 0.98) (n=10) of FEA-derived Young’s modulus was observed. Both
qualitative and quantitative experimental results suggest that the comprehensive protocol of MDCT-based FEA of
quantitative Tb microstructural strength as presented in this paper is effective and reproducible.
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Figure 3. Result of repeat scan reproducibility of MDCT-based FE analysis. Computed Young’s modulus from three repeat scans of

each specimen are shown.

4. CONCLUSIONS

An emerging MDCT-based method is presented to compute the strength of Tb microstructure using a new BMD-adjusted
FE modelling and analytic method. Experimental results have shown that our BMD-adjusted FEA method of computing
Tb microstructural strength is reproducible and support the central hypothesis that computational stresses follow Tb
microstructure fuzzily characterized by high BMD values at the current regime of in vivo CT resolution.
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