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Abstract Trabecular bone is composed of organized min-
eralized collagen fibrils, which results in heterogeneous
and anisotropic mechanical properties at the tissue level.
Recently, biomechanical models computing stresses and
strains in trabecular bone have indicated a significant effect of
tissue heterogeneity on predicted stresses and strains. How-
ever, the effect of the tissue-level mechanical anisotropy
on the trabecular bone biomechanical response is unknown.
Here, a computational method was established to automati-
cally impose physiologically relevant orientation inherent in
trabecular bone tissue on a trabecular bone microscale finite
element model. Spatially varying tissue-level anisotropic
elastic properties were then applied according to the bone
mineral density and the local tissue orientation. The model
was used to test the hypothesis that anisotropy in both
homogeneous and heterogeneous models alters the predicted
distribution of stress invariants. Linear elastic finite element
computations were performed on a 3 mm cube model isolated
from a microcomputed tomography scan of human trabec-
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ular bone from the distal femur. Hydrostatic stress and von
Mises equivalent stress were recorded at every element, and
the distributions of these values were analyzed. Anisotropy
reduced the range of hydrostatic stress in both tension and
compression more strongly than the associated increase in
von Mises equivalent stress. The effect of anisotropy was
independent of the spatial redistribution high compressive
stresses due to tissue elastic heterogeneity. Tissue anisotropy
and heterogeneity are likely important mechanisms to protect
bone from failure and should be included for stress analyses
in trabecular bone.

Keywords Microcomputed tomography - Collagen fiber
orientation - Anisotropy - Stress analysis

1 Introduction

Human trabecular bone has a complex 3D microstructure that
results in anisotropy on a microstructural level as trabeculae
mainly align with the principal loading direction. In addi-
tion, the nanostructure of trabecular tissue also gives rise to
anisotropy on the tissue level. Trabecular tissue is composed
of mineralized collagen fibrils organized into lamellar tra-
becular packets. Trabecular packets are formed during bone
turnover by osteoblasts depositing collagen along the surface
of hemispherical resorption cavities. This leads to a collagen
structure largely aligned along the long axis of the trabeculae
approximately in-plane with its surface (Reznikov etal. 2015;
Georgiadis et al. 2016). Due to this alignment of collagen fib-
rils, bone is a highly anisotropic material at the tissue level.
Because remodeling acts on the surface of the trabeculae and
the mean thickness of trabecular packets is less than the tra-
becular thickness, older tissue is preferentially preserved in
the interior of the trabeculae (Lips et al. 1978; Torres et al.
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2016), and due to the continuing effects of secondary min-
eralization, this older tissue has higher mineral content than
newly formed tissue on the surface of the bone (Liu et al.
2012). This effect of varying mineralization between trabecu-
lar packets and variations in mineralization within trabecular
packets creates a highly heterogeneous material.

Despite trabecular tissue being highly anisotropic and het-
erogeneous, finite element (FE) models of trabecular bone
commonly assume an isotropic homogeneous tissue (Burr
2016; Engelke et al. 2016). Recent studies have highlighted
the shortcomings of such an assumption and have demon-
strated the importance of heterogeneity in the elastic modulus
of trabecular bone tissue on the predictions of stress and strain
obtained in such biomechanical models (Van der Linden et al.
2001; Jaasma et al. 2002; Kaynia et al. 2015; Renders et al.
2008). However, it is unknown how anisotropy in the elastic
behavior of the bone tissue affects the stress state in trabec-
ular bone.

The lack of studies that account for anisotropy in trabec-
ular bone tissue can be attributed to the complex structure
of trabecular bone and to the number of trabeculae in a typi-
cal sample, which makes orientation assignment difficult and
manual assignment prohibitive practically. Here, the orien-
tation assignment in trabecular bone tissue was automated
by custom software code in MATLAB. This approach has
the potential to open the field of trabecular bone FE mod-
eling to the study of sample specific anisotropic tissue-level
properties.

Given that anisotropy plays an important role in the stress
distribution and the function of other collagen-based or min-
eralized tissues (Kelleher et al. 2013; Spears et al. 1993;
Vande Geest et al. 2008), the collagen fibril alignment and the
resulting anisotropy likely play a substantial role in the stress
distribution and biomechanical function of trabecular bone
tissue as well. Therefore, it was hypothesized that including
tissue anisotropy and heterogeneity in a continuum model of
the stress—strain response of human trabecular bone would
alter the predicted distribution of both the von Mises equiva-
lent stress and the hydrostatic stress along with the associated
stress triaxiality to protect the specimen from failure.

2 Materials and methods
2.1 Sample specimen and preparation

The tissue specimen was obtained through the Indiana Uni-
versity School of Medicine Anatomical Education Donor
Program. A trabecular core from the distal femur of a human
cadaver was imaged with a Skyscan 1172 pCT system
(Bruker wCT, Kontich, Belgium) with an isotropic voxel size
of 5.88 wm. NRecon (Bruker wCT) was used to reconstruct
voxels in the 0-0.11 mm~! range, and Dataviewer (Bruker
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Table 1 Trabecular microarchitecture and density of the sample

Mean
Bone volume fraction 18.2%
Trabecular thickness 68.3 um
Trabecular separation 597 um
Trabecular number 2.66m~!
Connectivity density 558 m3
Degree of anisotropy 0.627
Average density of hydroxyapatite 964 kg/m~3

wCT) was used to vertically align the images. Manufacturer-
supplied hydroxyapatite phantoms of 250 and 750 kg/m?
were used to calculate the mineral density (p) of each gray
scale (GS) using the linear relationship pgs = 11.1kg/m? x
GS —255kg/m? derived from a linear fit of the gray scales of
the phantoms. Using CTAn (Bruker wCT), a 3.00 mm cube
region of interest was selected from the interior of the scan
to which Gaussian smoothing was applied. The Otsu method
was used to determine the threshold to separate bone from
marrow. The average gray scale within the bone volume,
bone volume fraction, trabecular thickness, trabecular sepa-
ration, degree of anisotropy (i.e., the alignment of trabeculae
at the microstructural level), and connectivity density was
calculated using CTAn. The sample had a trabecular microar-
chitecture that was typical of the distal femur (Table 1) (Patel
et al. 2003). ScanlIP (Simpleware, Exeter, UK) was used to
generate a free continuum mesh of the trabecular bone vol-
ume, and the average gray scale of the voxels contained in
each element was recorded.

2.2 Applying tissue properties

For the isotropic models considered, the elastic modulus (E)
was 5 GPa and the Poisson’s ratio (v) was 0.37, which were
within the expected range for hydrated trabecular bone (Rho
et al. 1998; Ashman et al. 1984). Shear modulus (G) was
defined as G = E/(2 4 2v). For the anisotropic models,
directionality was introduced by calculating a local ijk-
coordinate system for every element (Fig. 1). In order to
calculate the local coordinate system, the mesh generated
in ScanIP was imported into MATLAB (MathWorks, Nat-
ick, MA). A custom-written MATLAB code was then used
to assign tissue anisotropy and heterogeneity. The normal to
each triangular surface face on the exterior of the trabec-
ulae was calculated using the cross product of two sides
of the triangular surface. Surface faces along the sides of
the cube were not treated as part of the exterior trabecular
surface because this surface was produced artificially and
was not part of the native trabecular surface. A local coor-
dinate system was then defined with the surface normal as
the local i-axis so that the surface face would be in the jk-
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Fig. 1 Anisotropy was defined using a local coordinate for each ele-
ment calculated independently of the global XYZ-coordinate system.
The normal (black arrows) of each surface element was calculated with
the cube boundaries at the XYZ limits treated as the interior as shown
in the trabecula on the left. A local i jk-coordinate system was assigned

plane. The distance between the element centroid and the
centroid of all the triangular surface faces was calculated
for every element without a face on the trabecular surface.
The local coordinate system of the nearest surface was then
applied to each element not on the surface and the distance
between the element and surface centroid was recorded as the
trabecular depth. Following the definition of a local coordi-
nate system for each element, transversely isotropic tissue
properties were assigned with symmetry in the local jk-
plane. Computations were considered with 2E; = E; = Ex,
Vik = 1.251)]'1‘ = 0.37, and ij = 1.5Gj,' as well as 3E,‘ =
E;j = Ep, vjr = 1.25v;; = 037, and Gjx = 1.75G};.
The ratios selected for E, v, and G between the i- and jk-
directions were physiologically relevant as similar values in
the i-direction and the average of the jk-directions were
observed experimentally (Reisinger et al. 2011).

For the homogeneous models, tissue properties depended
solely on the isotropic and anisotropic definitions. For the
heterogeneous isotropic and anisotropic models, E and E;,
respectively, were adjusted relative to the grayscale informa-
tion from the WCT scan. The average density of the region
of interest (pavg) Was calculated using the average gray scale
in the bone volume and the previously defined relationship
between gray scale and density derived from the hydroxya-
patite phantoms (pgs = 11.1 kg/m> x GS — 255 kg/m?).
In addition, the average gray scale of the voxels contained
in each element was recorded. Modulus was calculated for
each spatially varying pgs and the overall payg (both with
units of kg/m?) using E = 4.56m”/s> x p — 331MPa from
Rho et al (Rho et al. 1995) in order to compute scaling fac-
tor a, where o = E(pGs)/E(pave)- In every element of the

with the surface normal along the local i-axis and the local j- and k-axes
(yellow arrows) defined the assumed collagen fibril plane. As shown in
the inset, the highlighted interior element is assigned the closest sur-
face coordinate system calculated from the centroid of the element to
the centroid of the surface face

Fig. 2 Distribution of modulus (either isotropic or in the jk-plane)
across a representative heterogeneous trabecula. The thick black line
is the boundary of the trabecular surface, and the small black lines
represent the finite element mesh. Elements near the trabecular surface
were less stiff compared to elements further into the interior of the
trabeculae. Isolated regions within the interior were stiffer than the
surrounding bone, and these regions were primarily deep within the
trabeculae

isotropic heterogeneous model, the modulus of the isotropic
homogeneous model (5 GPa) was adjusted by the ratio «. In
every element of the anisotropic heterogeneous model, the
E; from the anisotropic homogeneous model was adjusted
by the same ratio «. Poisson’s ratio was not altered by hetero-
geneity in either the isotropic or anisotropic case. As shear
modulus is defined by E and v, varying E or E; dictated the
effect of heterogeneity on G or G i, respectively. The distri-
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bution of modulus across the span of a trabecula indicated a
stiffer region in the trabecular interior (Fig. 2).

2.3 Simulation and analysis

The finite element mesh consisted of 2,544,945 fully inte-
grated 10 node tetrahedral elements of with minimum edge
length of 13.2 wm and a maximum edge length of 32.3 pum.
As shown in Fig. 2, 15-20 elements span each trabecula and
this is sufficient to ensure convergence in an elastic stress
analysis (Benzley et al. 1995). Elements were placed into
four groups based on their trabecular depth. Surface-near
elements were defined as elements with an exposed surface
face or ones with a centroid within one voxel (5.88 m)
from the surface. The remaining elements were split evenly
into near superficial, interior, and deep groups based on the
quantiles of the distribution of trabecular depth. Approxi-
mately 30% of all elements were located on or within one
voxel (5.88 wm) of the surface and were included in the
surface-near group, whereas all other groups contained 23%
of the elements. The superficial elements were defined as
elements between 5.88 and 15.13 pwm, which from the dis-
tribution of trabecular thickness (Fig. 3), very few were
located at the center of thin trabeculae. The interior ele-
ments were defined as between 15.13 and 31.91 pm to
include elements in the center of less than average thick-
ness trabeculae. Deep elements were defined as greater than
31.91 pm from the trabecular surface, which encompassed
elements within the center of the 68.3 jum average trabecular
thickness. The percentage of bone volume contained in the
surface-near, superficial, interior, and deep element groups
was 10.6, 13.1, 25.6, and 50.6%, respectively. Four combina-
tions of anisotropy (2E; = E; = E)) and heterogeneity were
considered: isotropic and homogeneous (IsoHmg), isotropic
and heterogeneous (IsoHtg), anisotropic and homogeneous
(AnisoHmg), and anisotropic and heterogeneous (AnisoHtg).
In addition, the anisotropy ratio was varied for the hetero-
geneous case which considered 3E; = E; = Ei. The
simulations consider a linear, small deformation analysis that
simulated compression along the vertical axis of the spec-
imen. A pressure (fp = 5SMPa) was applied to the upper
transaxial surface of the analysis domain and displacements
in all directions except the axial direction were constrained.
The upper transaxial surface was also constrained to remain
parallel to its initial position. All nodes on the opposite sur-
face of the analysis domain were fully constrained, while
all other external surfaces of the analysis domain remained
free. The von Mises equivalent stress (0gq) and hydrostatic
stress (onyq) were recorded at the centroid of every element.
The values and spatial distribution of the stress invariants
were compared between the combinations. The maximum
and minimum hydrostatic stress, maximum von Mises equiv-
alent stress, bone volume experiencing either pure tension or
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Percentage of Bone Volume

24 35 47 59 71
Trabecular Thickness (um)

82 94 106 118 129

Fig. 3 Distribution of bone volume with respect to trabecular thickness

compression, and apparent modulus were calculated for each
model. The commercial FE code ABAQUS/Standard v2017
(Dassault Systemes SIMULIA, Johnston, RI) was employed
for the simulation.

3 Results
3.1 Heterogeneity shifts high stresses to interior

Contour plots of ogq and oyyq were used to visualize data
in distribution center (Figs. 4 and 5). Scatter plots of ogq vs
onyd were generated for each respective model/depth group
to visualize the values and spatial distribution of von Mises
equivalent stress and hydrostatic stress (Figs. 6, 7, 8, and
Online Resource Supplemental Fig 1). Lines of constant
stress triaxiality (defined as T = onyd/0gq) at T = +1/3
and T = — 1/3 were included as a visual guide to allow an
assessment of the deviation from the uniaxial stress states of
tension and compression, respectively. In the isotropic case
with homogeneous tissue properties, most elements were
contained in a point cloud bound by ogyg = [— 2.0, 3.0] MPa
and ogq = [0.0,2.5] MPa (IsoHmg, Fig. 6). The overall
mode of deformation was compressive as most recorded
stress states are in a negative hydrostatic stress domain, but
there are also a significant number of elements experienc-
ing positive hydrostatic pressure (Fig. 5). This finding is
the result of an overall compressive stress state in trabec-
ulae aligned with the load axis and the combination of the
tension/compression/shear stresses induced by bending of
non-aligned trabeculae. For the two domains closest to the
surface, there is a set of elements possessing high von Mises
equivalent stress (up to 5.0 MPa) at a negative hydrostatic
stress value. These stress states follow the uniaxial com-
pression line of 7 = — 1/3 and represent 0.126 mm> of
bone volume. Adding heterogeneity to the isotropic model
removed the high uniaxial stress states from the surface-
near and superficial elements and reduced the bone volume
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Fig. 4 Contour plots of von Mises equivalent stress highlight the removal of the moderate stress regions at the surface in the heterogeneous models
and the minimal effects of anisotropy for the center of the stress distribution
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Fig. 5 Contour plots of hydrostatic stress highlight the removal of the high tensile regions at the surface in the heterogeneous models and the

g AnisoHtg

minimal effects of anisotropy for values in the center of the hydrostatic stress

Surface-near Thyd (MPa)

0 1 2 3 4 5

Interior Thyd (MPa)

Interior 9Eq (MPa)

Fig. 6 Isotropic homogeneous model: hydrostatic stress vs von Mises
equivalent stress for elements in the a surface-near, b superficial, ¢ inte-
rior, and d deep elements with maximum von Mises equivalent stress

experiencing pure tension or compression by 2% as well.
Adding heterogeneity also shifted the extreme values of
0gq deeper into the trabeculae while preserving the overall
shape of the stress data cloud at lower oyyq and ogq values

Superficial Thyd (MPa)

0 1 2 3 4 5

Deep Thyd (MPa)

Deep 9eq (MPa)

(circle), maximum hydrostatic stress (square), and the minimum hydro-
static stress (diamond) in the model labeled

(IsoHtg, Fig. 7). However, as shown in Figs. 4 and 5, het-
erogeneity affected this region as well causing the shift of
the local moderately extreme regions of opyq and ogq away
from the trabecular surface. In the anisotropic case, a similar
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Surface-nearaHyd (MPa)

0 1 2 3 4 5
Surface-nearoEq (MPa)

(c) A N

Interior Thyg (MPa)

Interior Teq (MPa)

Fig. 7 Isotropic heterogeneous model: hydrostatic stress vs von Mises
equivalent stress for elements in the a surface-near, b superficial, ¢ inte-
rior, and d deep elements with maximum von Mises equivalent stress
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Fig. 8 Anisotropic heterogeneous model: hydrostatic stress vs von
Mises equivalent stress for elements in the a surface-near, b superficial,
¢ interior, and d deep elements with maximum von Mises equivalent

redistribution was observed when comparing the homoge-
neous and heterogeneous models (AnisoHmg vs AnisoHtg).
Surface-near and superficial elements with high stresses in
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Superficial Thyd (MPa)

Deep Thyd (MPa)

4 5
Deep 9eq (MPa)

(circle), maximum hydrostatic stress (square), and the minimum hydro-
static stress (diamond) in the model labeled

Superficial Thyd (MPa)

0 1 2 3 4 5

Deep Thyd (MPa)

Deep %Eq (MPa)

stress (circle), maximum hydrostatic stress (square), and the minimum
hydrostatic stress (diamond) in the model labeled

the uniaxial compression configuration are present in the
homogeneous case (Online Resource Supplemental Fig 1),
but are removed when heterogeneity was added (Fig. 8) with
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the associated 2% decrease in bone volume under uniaxial
tension or compression. The apparent modulus was reduced
in both isotropic (IsoHtg: 50.5 MPa, IsoHmg: 53.6 MPa)
and anisotropic models (AnisoHtg: 48.4 MPa, AnisoHmg:
51.3 MPa) when heterogeneity was added by 6%.

3.2 Anisotropy reduces hydrostatic stress and increases
von Mises equivalent stress

While depth dependence of the oxyq—0Eq distribution was
similar between the isotropic and anisotropic models, adding
anisotropy to the models resulted in other substantial differ-
ences between the isotropic and anisotropic models. The key
differences in the oyyq—0gq distributions were the reduced
the range of hydrostatic stress present in the anisotropic
models and the approximately 2.5% average increase in
bone volume experiencing uniaxial tension or compression
(AnisoHmg and AnisoHtg). For these models, the stress
data cloud was bound by opyg = [—1.5,2.0] MPa and
ogq = [0.0,2.5] MPa, while in the homogeneous cases
the data cloud was bound by opyq = [— 2.0, 3.0] MPa and
ogq = [0.0,2.5] MPa (Online Resource Supplemental Fig
1 and Fig. 8). The extreme values of the anisotropic models
experienced a similar shift as the maximum oyyq decreased
by about 24% (IsoHmg: 3.56 MPa, IsoHtg: 3.65 MPa,
AnisoHmg: 2.72 MPa, AnisoHtg: 2.74 MPa) and the mini-
mum Ogq increased by about 25% (IsoHmg: — 3.08 MPa,
IsoHtg: — 2.70 MPa, AnisoHmg: — 2.29 MPa, AnisoHtg:
—2.02 MPa). The location of the maximum and minimum
values of oyyq also changed when anisotropy was added and
was shifted to a different trabecula compared to the isotropic
models. The apparent modulus was reduced in both homoge-
neous and heterogeneous models when anisotropy was added
by 4%.

3.3 Sensitivity of model to imposed anisotropy ratio

When the anisotropy ratio between the in-plane and trans-
verse moduli was increased further for the heterogeneous
model, the effects observed in the AnisoHmg and AnisoHtg
models were increased (Online Resource Supplemental Fig
2). However, the effect of increasing the ratio of £ to E; from
2 to 3 was not as pronounced as increasing the from 1 to 2.
The diminished effect of further increasing the anisotropy
ratio was highlighted in the extreme values of ogq and opyq
(Fig. 9). The maximum ogq increased to 5.48 MPa, which is
a change of only 5% for a 150% increase in the anisotropy
ratio. For comparison, a 200% increase in the anisotropy ratio
previously produced a 15% increase in maximum ogq (Aniso-
Htg vs IsoHtg). The muted effects due to further increasing
the anisotropy ratio were more pronounced for oxyq, which
resulted in changes of — 6 and 4% for maximum and min-
imum oyyq, respectively, compared to the — 25 and 25%

T— L

| ® O, W +0,,, ® ~Oyy |

0 T T

1 2 3
Ratio of E; to E;

6
5
-3
4
3
2

Ogy (MPa)
[Opyal (MPa)

o

Fig. 9 Maximum von Mises equivalent stress, maximum hydrostatic
stress, and minimum hydrostatic stress versus the ratio of E; to E;

changes observed between AnisoHtg and IsoHtg. Apparent
modulus (47.6 MPa) was reduced by 2% compared to Aniso-
Htg when the anisotropy ratio was further increased.

4 Discussion

The present study reveals two separate mechanisms for
shielding trabecular bone tissue from stress states leading
to a propensity to damage.

Tissue elastic heterogeneity derived from tissue density
was a mechanism that lead to the reduction in the von Mises
equivalent stress values at negative hydrostatic stress. The
shift of large values of this stress invariant from the surface
elements to deep elements was realized in both the isotropic
and anisotropic heterogeneous models. The surface of the tra-
becular bone was less dense compared to the interior of the
trabeculae (Fig. 3) and therefore carried less of the applied
load in both axial compression and bending. Partial volume
effects inherent in WCT scans account for some of the dif-
ference in modulus, but most bone at the trabecular surface
is likely truly less dense than bone deeper in the trabecu-
lae due to the effect bone remodeling occurring only at the
surface of trabeculae and continued secondary mineraliza-
tion in this older tissue (Boivin et al. 2009). This result is
largely in agreement with previous studies and it has been
shown that heterogeneity in FE models improved their cor-
relation with experimental data (Kaynia et al. 2015; Renders
et al. 2008; Torres et al. 2016). While a previous study did
not see large differences in the elastic response of trabec-
ular bone (Gross et al. 2012), changing the magnitude and
spatial distribution of stress in the model as observed here
(Fig. 6 vs Fig. 7 and Online Resource Supplemental Fig 1
vs Fig. 8) will change the pressure gradients in the lacunar—
canalicular network, and through mechanocoupling would
likely change the fluid shear stress experienced by osteocytes
altering mechanotransduction (Turner and Pavalko 1998).
Therefore, in models attempting to relate stress to either bone
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failure or mechanotransduction, including heterogeneity is
important for accurate results due to its effect on the both the
values and spatial distribution of stress.

Tissue elastic anisotropy was a mechanism that leads to
a reduction in the range of hydrostatic stress and to the pre-
dictions of marginally increased maximum values of the von
Mises equivalent stress compared to the isotropic trabecular
bone tissue models. Increasing the ratio of anisotropy made
this effect more pronounced (Online Resource Supplemen-
tal Fig 2). The combination of lower von Mises equivalent
stress and reduced positive hydrostatic stress would decrease
the likelihood of failure and damage due to the associated
reduction in stress triaxiality. Furthermore, anisotropy in the
models resulted in a system that was more stretch dominated,
which would be more efficient in respect to the amount of
bone tissue needed (Deshpande et al. 2001). These changes
indicate that the highly anisotropic nature of trabecular bone
is a strengthening mechanism acting in combination with
the tissue heterogeneity and results in a more efficient struc-
ture. However, the benefit of increasing the anisotropy ratio
is attenuated once into the range of ratios expected between
the direction transverse to the collagen fibril plane to the two
directions within that plane (Fig. 9). Thus, the accurate deter-
mination of the anisotropy ratio in trabecular bone imposed
by the alignment of collagen fibrils may not be wholly nec-
essary other than to within the general expected range, which
captures the majority of the effect of local anisotropy. A
somewhat benign dependence on the chosen anisotropy ratio
isideal because the accurate determination of this ratio exper-
imentally in individual trabeculae is challenging. While there
were no clear indications that there was an interactive effect
between anisotropy and heterogeneity, these properties were
assigned independently of one another and an additive effect
is to be expected. Refining the tissue definition in the model
further by varying anisotropy as a function of the distance
from the trabecular surface (Georgiadis et al. 2016) would
likely produce a strong interactive effect between anisotropy
and heterogeneity particularly in thicker trabeculae, which
likely contain more old tissue because heterogeneity is influ-
enced by this distance as well (Fig. 2).

Nonlinear deformation, microdamage, and mechanotrans-
duction in bone tissue have been related to von Mises
equivalent stress, hydrostatic stress, and, consequently, stress
triaxiality. The Drucker—Prager and Mohr—Coulomb failure
criteria for the onset of nonlinear deformation in bone com-
bine the von Mises equivalent and hydrostatic stress by a
linear combination to define a pressure dependent yield cri-
terion (Wang et al. 2008). Stress triaxiality is a fundamental
parameter in continuum damage mechanics when comput-
ing the damage equivalent stress, the damage release rate,
and damage evolution (Lemaitre 2012). Such concepts have
successfully been applied to bone as well (Hambli et al.
2016; Mengoni and Ponthot 2010). Additionally, the distri-
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bution of von Mises equivalent stress may help drive bone
remodeling (Yeni et al. 2008). Hydrostatic stress could also
influence mechanotransduction by driving the movement of
fluid through the lacunar—canalicular network and altering
pressure gradients (Scheiner et al. 2016). Both hydrostatic
and deviatoric stress components are important for fracture
healing as well (Carter et al. 1998). Therefore, the accurate
prediction of the von Mises equivalent stress, hydrostatic
stress, and stress triaxiality is important, and the changes in
the maximum values and distributions of these stress quan-
tities reported here may explain some of the variability in
predicting stress and ultimate load from wCT-based FE mod-
els when simplistic tissue properties are defined in trabecular
bone (Zysset et al. 2013).

This study investigated the effect of anisotropy in tra-
becular bone tissue on the stress distribution in trabecular
bone under uniaxial compressive mechanical loading. While
the lamella of the mineralized collagen fibrils are largely
aligned along the surface of trabecular bone, the direction of
collagen fibrils in the plane of each lamella and between adja-
cent lamella varies (Georgiadis et al. 2016). While the main
alignment orientation was approximated using the method
presented here, the effect of the orientation of lamellae within
the trabeculae was accounted for only in an average sense
through the transversely isotropic elastic behavior. Bone is
an orthotropic tissue, and the mechanical response along the
axial direction of the collagen fibrils is different than the
circumferential direction (Reisinger et al. 2011). However,
the ratio between these two in-plane directions was smaller
than the average ratio between these in-plane directions and
the direction normal to the collagen plane (Reisinger et al.
2011). Although the indentations to determine the modulus
ratios in that study was performed on cortical bone, both the
microstructures of cortical and trabecular bone are composed
of lamella of aligned mineralized collagen fibrils. There-
fore, the ratios between modulus within and normal to the
lamellar plane are expected to be similar. By assuming an in-
plane (jk-plane)-to-transverse (along i-axis) modulus ratio
that is between the axial and circumferential-to-radial ratios
of modulus, the effect of the varying distribution of the colla-
gen alignment within each lamella was effectively averaged
out. Additionally, the effect of varying the anisotropy ratio
(i.e., the ratio between the transverse local i-axis and the in-
plane tissue properties) within the expected range was much
smaller than the effect of assigning anisotropy in general (Fig.
9). Therefore, transverse isotropy is a reasonable approxi-
mation of the anisotropic response of trabecular bone at the
microscale.

As shown in Fig. 2, small finite elements were preferen-
tially distributed along the trabecular surface, while interior
elements were larger to help reduce model size under the
constraint of needing to capture the surface of the trabeculae
accurately. Because the mesh density was high and there is
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an benign element size dependency with second-order ele-
ments for the case of elastic deformation, the overall effect
of having larger interior elements for accurately predicting
stress was deemed negligible. The method utilized to define
collagen fibril orientation assumed perfect alignment with
the trabecular surface through the thickness of the trabecu-
lae (Fig. 1). Due to a coarser interior mesh, the orientation
alignment between adjacent elements was more varied and
did not follow the trabecular surface direction with as high of
a resolution, especially in regions of high surface curvature.
However, this variation was not a concern because collagen
fibrils are less aligned further into a trabecula (Georgiadis
et al. 2016; Reznikov et al. 2015).

The principal limitation of this work is that only one wCT
scan was studied, and the results may vary in samples with a
different microarchitecture than those presented in Table 1,
such as varying bone volume fraction, trabecular thick-
ness, or connectivity with disease or in animal models. It is
important to distinguish the fabric tensor of trabecular bone
derived from its microarchitecture from the tissue anisotropy
induced here within a trabecula. While varying the degree
of anisotropy of the trabecular microarchitecture will likely
have an effect, this would be due to the alignment or mis-
alignment of trabeculae in the loaded direction and not due to
the local distribution of stress in the trabecular tissue itself.
However, due to the novel method presented here of auto-
matically defining trabecular orientations from wCT data,
the major limitation of studying the influence of sample spe-
cific anisotropy in trabecular bone can be easily overcome to
allow for the detailed study of the effects of anisotropy in a
wide range of conditions and parameters.

5 Conclusion

This study demonstrated the effects of tissue heterogeneity
and tissue anisotropy of trabecular bone on the stress evolu-
tion under simulated mechanical loading of trabecular bone.
By using a novel computational approach to calculate local
orientations of individual trabeculae and automatically apply
that orientation to elements within a FE model, the effects
of tissue anisotropy on stresses in trabecular bone were eval-
uated in a sample specific continuum model. Endowing FE
models with microstructurally appropriate properties (i.e.,
considering bone as a heterogeneous and anisotropic tissue)
altered the spatial distribution of stress and the magnitude and
location of their extreme values compared to the predictions
from models with the common simplified assumptions of
homogeneous and isotropic elastic tissue properties. Future
work is needed to evaluate the effects of anisotropy over a
wide range of values and microarchitectures, but due to the
computational method presented here, the inability to define
anisotropy is no longer a limitation of the field.
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