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Highlights

A new method for evaluating the fabric tensor from triangulated bone surfaces was

introduced: the mean surface length (MSL)

e 24 human radii were scanned via low and high resolution HR-pQCT protocols repeated
three times and uCT

e The performance and reproducibility of MSL, MIL, GST and SCANCO’s TRI were
compared using 182 regions of interest

e MSL derived from HR-pQCT was the best surrogate for the gold standard MIL on uCT

e MSL was more reproducible than MIL for capturing the fabric tensor from HR-pQCT
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Abstract

The trabecular structure can be assessed at the wrist or tibia via high-resolution peripheral
quantitative computed tomography (HR-pQCT). Yet on this modality, the performance of the
existing methods, evaluating trabecular anisotropy is usually overlooked, especially in terms of
reproducibility. We thus proposed to compare the TRI routine used by SCANCO Medical AG
(Brattisellen, Switzerland), the classical mean intercept length (MIL), and the grey-level
structure tensor (GST) to the mean surface length (MSL), a new method for evaluating a
second-order fabric tensor based on the triangulation of the bone surface. The distal radius of
24 fresh-frozen human forearms was scanned three times via HR-pQCT protocols (61um,
82um nominal voxel size), dissected, and imaged via micro computed tomography (UCT) at
16pum nominal voxel size. After registering the scans, we compared for each resolution the
fabric tensors, determined by the mentioned techniques for 182 trabecular regions of interest.
We then evaluated the reproducibility of the fabric information measured by HR-pQCT via
precision errors. On uCT, TRI and GST were respectively the best and worst surrogates for
MILct (MIL computed on uCT) in terms of eigenvalues and main direction of anisotropy. On
HR-pQCT, however, MSL provided the best approximation of MILyct. Surprisingly, surface-
based approaches (TRI, MSL) also proved to be more precise than both MIL and GST. Our
findings confirm that MSL can reproducibly estimate MIL,cT, the current gold standard. MSL
thus enables the direct mapping of the fabric-dependent material properties required in

homogenised HR-pQCT-based finite element models.

Keywords: trabecular bone, anisotropy, fabric tensor, reproducibility, high-resolution

peripheral quantitative computed tomography, micro computed tomography.
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1. Introduction

Millions of fractures are attributed to osteoporosis, a condition inducing bone loss and impairing
the trabecular bone structure (Johnell and Kanis, 2006). The World Health Organisation
recommends the evaluation of bone density at the hip and spine by DXA (dual X-ray
absorptiometry) to detect the disease. Yet, there is currently no mass screening (Richy et al.
2004) and many fracture patients were not considered at risk according to DXA-based
diagnoses (Langsetmo et al. 2009). Osteoporosis is under-diagnosed and often discovered too
late: when fracture occurs (Gasser et al. 2005).

Wrist fractures often happen earlier in life than more deleterious incidents at the hip or spine
(Cuddihy et al. 1999) and can thus be seen as precursory signs. Following the introduction of
high-resolution peripheral quantitative computed tomography (HR-pQCT), a plethora of
structural indices, initially developed for micro CT (UCT) of bone biopsies (Odgaard 1997),
was adapted to the new modality. The hope was to refine the fracture risk assessment thanks to
the in vivo characterization of the trabecular architecture of the distal radius (Boutroy et al.
2005).

To various extent, these structural indices predict the mechanics of cancellous bone (MacNeil
and Boyd 20073, Liu et al. 2010), but they are also highly related with one another (Hildebrand
et al. 1999, Liu et al. 2010). In this context, bone volume over total volume (BV/TV) and the
fabric tensor, a second-rank tensor describing the trabecular anisotropy (Cowin 1985), stand
out. Independent from each other, they predict 97% of the elastic and yield properties of
trabecular bone with fabric explaining 10 to 20% of the variation (Maquer et al. 2015, Musy et
al. 2017). BV/TV and fabric constitute a basis for homogenised HR-pQCT-based finite element
(hFE) models, computing bone strength faster than micro finite element (LFE) standards (Varga
et al. 2011, Hosseini et al. 2017).

A multitude of approaches can evaluate the trabecular anisotropy via fabric tensors (Moreno et
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al. 2014). Among those, the mean intercept length (MIL) is the gold standard for deriving fabric
tensors (Whitehouse 1974, Harrigan and Mann 1984). Used for decades, MIL is the method of
choice for predicting the mechanical behaviour of the trabecular structure (Zysset 2003).
Following a trend initiated for other indices (Miller et al. 1994, 1998), an alternative was
proposed to evaluate the fabric anisotropy from the triangulation of the bone surface: TRI (Laib
et al. 2000). Most users may not be aware of it, but the TRI method is used by default in the
evaluation protocol of the XtremeCT (XtremeCT]I, User's Guide, Revision 2.6), the only device
currently able to conduct in vivo HR-pQCT scans (SCANCO Medical AG, Bruttisellen,
Switzerland). Both methods have shortcomings: MIL relies on segmented CT images with
sufficiently small voxel sizes (82 to 90-um nominal voxel size maximum) while TRI requires
an extra processing step relative to the surface triangulation. The grey-level structure tensor
(GST) was thus proposed to provide fabric information directly from the intensity values of CT
images (Rao and Schnunck 1991, Tabor and Rokita 2007).

Structural indices, obtained from HR-pQCT reconstructions, are regularly compared to their
gold-standard pCT measurements (MacNeil and Boyd 2007b, Sode et al. 2008, Krause et al.
2014, Zhou et al. 2016) and their short-term reproducibility has been assessed in several
occasions (Muller et al. 1996, Boutroy et al. 2005, Krause et al. 2014). Despite its importance
in bone mechanics (Cowin 1985, Odgaard et al. 1997), anisotropy is either overlooked or
reduced to the simplistic degree of anisotropy (DA) in those studies. Besides, even if TRI was
designed to reproducibly mimic MIL by avoiding the use of test lines (Laib et al. 2000), its
superior reproducibility has never demonstrated.

In this context, the aim of this work is two-fold: first, we introduce a simpler method for
measuring the trabecular anisotropy from triangulated bone surfaces: the mean surface length
(MSL). Second, we compare the fabric information and the reproducibility of MSL, TRI, MIL,

and GST using trabecular regions of the distal radius scanned via uCT and HR-pQCT devices.
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2. Materials and methods

2.1.  Presentation of the mean surface length

TRI (Laib et al. 2000) and the mean surface length (MSL) rest on the triangulation of the bone
surface based on the marching cubes algorithm (Lorensen and Cline 1987) (Fig. 1). TRI relies
on the normal unit vectors of each triangle (||ni|| = 1) to generate a MIL-like orientation
distribution on which an ellipsoid is fitted to produce a second-order tensor. The MSL fabric
tensor, on the other hand, is directly based on the dyadic product of the normal unit vectors (He
and Curnier 1995) and does not necessitate an ellipsoid fit. Those dyadic products are weighted
by the area of the corresponding triangles (Ai) and summed up until all the triangles composing

the bone surface (imax) are accounted for:
imax
A= Z Ai(n;®n;) (1)
i=1
By construction, A is an invertible symmetric positive-definite second-order tensor. Yet, the
eigenvector related to its smallest eigenvalue corresponds to the main material orientation,
which is counter-intuitive, and its eigenvalues have the unit of a surface. A is thus inverted and
multiplied by BV, the total volume of the segmented microstructure (bone volume). The
resulting tensor is scaled by a factor 2 to ensure that the mean length of the material is equivalent
to the one measured by Cowin’s fabric tensor in the case of a hexahedron (Cowin 1986):
H=2BVA! (2)

H is finally normalized into a dimensionless second-order tensor (Zysset and Curnier 1995):
H
MSL = ———— (3)

Its spectral decomposition gives MSL = Y3_, m;(m;®m), with m; > m, >m; > 0 being the
eigenvalues and m3, m,, m, being the corresponding eigenvectors of the MSL tensor. MSL

was implemented in Fortran 95 with .stl files as input. All fabric tensors presented in this work
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were normalized according to eq. 3.

For verification, MSL, MIL and GST were compared on regular structures (Fig. 2). Following
Harrigan and Mann (1984), the actual MIL (exact MIL before ellipsoidal fit) and its ellipsoidal
approximation were calculated analytically (Mathematica 10.4, Wolfram, USA). The structures
were voxelized into binary images (10pm voxel size) (Amira 6, FEI, USA) from which GST

fabric tensors were computed (Medtool 3.9, www.dr-pahr.at) (Rao and Schnunck 1991, Tabor

and Rokita 2007). Finally, triangular meshes were produced from the images’ isosurface via
the marching cubes algorithm (Lorensen and Cline 1987) available in Paraview (4.3, Kitware,
USA) and the MSL fabric tensors were evaluated. The tensors’ eigenvalues, eigenvectors and

degree of anisotropy (DA = m5/m,) were compared.

2.2.  Preparation of the trabecular samples

After ethical approval, we obtained 24 fresh-frozen forearms from the Medical University of
Vienna. The donors (7 males, 5 females, 77 £ 9 years old [65-92]) had dedicated their body to
research by informed consent. The forearms were thawed at room temperature a day before
HR-pQCT measurements (XtremeCTIll, SCANCO Medical AG, Brittisellen, Switzerland).
Low resolution LR (82um, 68kV, 1460uA, 36ms) and high resolution HR (61um, 68KV,
1460uA, 43ms) scanning protocols corresponding to the XtremeCT and XtremeCTIl (the
former and new scanner generations) acquisitions were used. The distal section of the radius of
each forearm was scanned and repositioned three times with LR and HR protocols, the focus
being a 20mm-thick section located 9mm below the distal subchondral plate (Fig. 1). Three
trained operators performed the scans (Hadi Hosseini, Andreas Dlnki, and Jonas Fabech). The
radii were then dissected from the forearms, the scanned sections cut off using a diamond-
coated band saw (Exakt 30, Exakt Technologies, USA) and the bone marrow removed. The
cleaned bone sections were then placed in a radio-transparent container filled with saline water.

After vacuuming the air bubbles, the sections were scanned using uCT100 (SCANCO Medical
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AG, Brttisellen, Switzerland - 16.4um, 70kV, 200uA, 300s). The HR-pQCT and pCT
reconstructions were brought into one coordinate system using the 6D (three translations and
three rotations) rigid registration algorithm (MacNeil and Boyd 2008) of the Elastix software
(Klein et al. 2010). Finally, cubic samples (6mm edge length) were cropped virtually from the
trabecular compartment (Fig. 1) to cover a wide range of BV/TV (Table 1). A cohort of 182
cubes scanned at least once at each resolution (UCT, HR, LR) was produced, 56 of which had

been imaged three times with the HR and LR protocols.

2.3.  Computation of the fabric tensors

First, each cube was imported back to the XtremeCT to be pre-processed via SCANCO’s IPL
(image processing language) according to the manufacturer’s procedures. A 3D Gaussian filter
(o = 0.8 and support = 1) was used on the HR and pCT cubes to reduce noise, while a 3D
Laplace-Hamming filter was applied to the LR cubes for the same reason (Laib and Ruegsegger,
1999). All specimens were finally segmented with a fixed threshold (320 mgHA.cm™).

All fabric tensors were calculated for a 6 mm diameter spherical region of interest located in
the centre of each cube (Fig. 1). Only the TRI analyses were conducted in IPL. We exported
the grey-level (before and after Gaussian filter) and the segmented cubes to perform the

calculation of the other fabric tensors via Medtool 3.9 (www.dr-pahr.at) or our own code in

case of MSL. The GST fabric tensors were computed for all grey-level datasets uCT, HR, LR,
HR Gauss-filtered and LR Gauss-filtered. The MIL fabric tensors were evaluated from the
segmented dataset via 512 directions for the test lines. It should be noted that all MIL values
computed for trabecular bone cubes derive from an ellipsoidal fit. The MSL fabric tensors were
measured from triangular meshes generated by Paraview (4.3, Kitware, USA) from the
segmented cubes as described in section 2.1. It is also worth mentioning that the meshes went
through a topology-preserving decimation (target reduction: 90%, feature angle: 15°) to speed-

up the MSL computation. Bone volume over total volume (BV/TV) and degree of anisotropy
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(DA), attributed to each fabric tensor, were also computed for completeness (Table 1). In
practice, a python code was implemented as an interface between Paraview and the Fortran
implementation of MSL. It takes a segmented image as input (.mhd + .raw) and outputs the
corresponding triangulated surface (.stl) and the MSL analysis (.txt). These codes and an image

example are provided as supplementary material.

2.4.  Resolution-dependence and reproducibility of the fabric tensors

The impact of image resolution on the fabric tensors was assessed against a single reference
MILycT, the MIL fabric tensor obtained from pCT resolution. This choice was motivated by
the importance of MIL in the literature. First, there exists much evidence showing that MIL can
be used for predicting the mechanical properties of trabecular bone (Cowin 1985, Cowin 1986,
Maquer et al. 2015, Musy et al. 2017). Second, virtually every new measure has been compared
to MIL on uCT: VO, SVD, SLD (Odgaard et al. 1997), SSOD (Varga and Zysset 2009a), GMIL
(Moreno et al. 2014), GST (Tabor 2012, Nazemi et al. 2016) and so on. Even TRI has been
designed to replicate MIL on uCT, but with better reproducibility (Laib et al. 2000).

As a strong relationship ties fabric tensors obtained from different approaches (M), a power law
(Larsson et al. 2014) was used to evaluate the agreement of their eigenvalues (m;) against those
of MILyct (m;) while preserving their normalization (eq. 3):

_o3mf
m =53 i=13 (4)

=1y
Exponent k served as the first comparison point. Independently of the goodness of fit (R?) and
root-mean-square errors (rmse), k>1 implies that m; are more spread than ni;, while k<1 means
that m; are more contracted, k=1 being a perfect match. Another aspect that was accounted for
was the orientation of the tensors relative to MILuct. Our second comparison point, 6, was thus
defined as the absolute angular difference between the main eigenvector of M (ii3) and

MILyct (mg3). The two aspects were also used to evaluate the methods’ short-term
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reproducibility (Gluer et al 1995). Precision errors were computed for the HR and LR cubes as
the coefficient of variation of the tensors’ main eigenvalue (PEeigenvaive) and main eigenvector
(PEeigenvector). The short-term reproducibility of the uCT cubes was not evaluated, for they were

scanned only once.

3. Results

3.1.  Comparison of the fabric tensors of regular structures

MIL, GST and MSL established that the structures indeed featured transverse isotropy with a
main eigenvector oriented along direction 3 (Fig. 2). Compared to the actual MIL, the
ellipsoidal fit emphasized the main eigenvalue (m;) to the detriment of its transverse
eigenvalues (m4, my,), resulting in a larger DA. The contrary holds for GST that yielded a much
lower DA. For the hexahedron, MSL’s fabric was close to the actual MIL. For the two other

structures (full and truncated octahedra), MSL’s fabric was equivalent to MIL’s ellipsoidal fit.

3.2.  Comparison of the fabric tensors from uCT images

On uUCT, TRI and GST were respectively the best and worst surrogates for MIL in terms of
eigenvalues and main orientation (Fig. 3). Although the power fit (eq. 4) was good for all
methods (R?>0.96), GST’s eigenvalues were contracted compared to those of MILyct (k = 0.4),
MSL’s were spread (k = 1.38), and only TRI offered a match (k ~ 1). The angular deviation
between the main eigenvector of those fabric tensors and MILyuct was low in case of GST and
MSL (6~1°), but even lower with TRI (6~0.5°). The maximal deviation from MILyuct was

observed with GST and exceeded 9°, instead of 5° for TRI and MSL.

3.3.  Effect of image resolution on the fabric tensors
Contraction of the eigenvalues (k=0.81) and deviation from MILuct’s main direction by 2.54°
were induced when MIL was computed on the HR cubes (Table 2). Little changes were

observed after further coarsening (LR). GST, however, was altered after each coarsening. Its k
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exponent improved only to reach 0.59 on the LR scans and 6 doubled from 1.18° to 2.51°
between the uCT and LR resolutions. The Gauss filter improved the correspondence between
the eigenvalues of GST and MILuct (k up to 0.64). Despite being computed from surface
meshes, HR-pQCT-based TRI and MIL were similarly influenced by the change in nominal
voxel size (0.75<k<0.79, 2.22°<6<2.32°). On both HR-pQCT protocols, MSL provided the best

approximation of MILyct in terms of eigenvalues and main orientation (k~1 and 6~2°).

3.4.  Reproducibility of the HR-pQCT-based fabric tensors

The reproducibility was assessed for both HR-pQCT protocols (Fig. 4). In general, the
reproducibility was higher for the main eigenvalue (ms) than for the main eigenvector (ms) and
higher with HR protocol than for LR. In terms of ms, precision errors were low for all methods.
TRI (PEeigenvaiune<0.7%) was the most reproducible approach, GST (PEeigenvaine<1.5%) the least.
The precision of ms showed more disparity, with MIL being less reproducible (PEeigenvector UP
to 5%) than the other techniques (PEeigenvector<3.3%). Finally, the application of the Gauss filter
on the grey-level HR-pQCT scans improved the precision of the GST fabric tensor by up to

0.5%.

4. Discussion

There are numerous ways for quantifying the trabecular anisotropy, but surprisingly, little is
known about their accuracy and precision on HR-pQCT data, especially for the HR protocol of
the XtremeCTIl. We thus proposed to compare the fabric tensors provided by surface-based
methods, SCANCO’s TRI and our new mean surface length (MSL), to well established methods
such as mean intercept length (MIL) and grey-level structure tensor (GST) on HR-pQCT and
MCT scans of the distal radius.

The MIL-based fabric depends on the bone segmentation, particularly for lower resolution data
such as HR-pQCT, where thin structures are easily missed with the wrong threshold (Varga and

Zysset 2009b). In this work, we mimicked SCANCQO’s image pre-processing, but MIL
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remained influenced by the image resolution. The use of random test lines is also known to
contribute to the reproducibility error of MIL (Simmons and Hipp 1997) and MIL is indeed the
least precise of the tested techniques. Grey-level methods were developed to avoid these two
issues. Indeed, the main direction of anisotropy computed via GST on HR-pQCT coincides
with MILuct’s main orientation better than MIL’s. GST is also more reproducible, especially
if a Gaussian filter is used to reduce the noise in the raw images. However, GST underestimates
greatly the degree of anisotropy of regular and trabecular structures, even if the Gauss filter also
improves the correspondence with MIL as suggested by Tabor (2012).

TRI was introduced as an equivalent to MIL on pCT images and was also designed to be more
reproducible (Laib et al. 2000). Both aspects are supported by our results. The improved
precision may be surprising because the surface triangulation could appear as an additional
source of error. Yet, if every triangle of the surface is accounted for - and there is no mention
of random sampling in Laib et al. (2000) - the extra variation is low. The size and amount of
triangles, however, scales with the voxel size (Lorensen and Cline 1987), explaining TRI’s
sensitivity to the image resolution.

MSL also rests on a triangle mesh, but differs from TRI on several points. First, the marching
cubes algorithm was used to generate the surface meshes, but the implementations used in IPL
(used for TRI) and Paraview (used for MSL) may differ. Second, unlike TRI, our calculation
of MSL was based on decimated meshes to speed-up its computation. The computation time of
MSL and TRI depends on the amount of triangles needed to describe the bone surface. TRI is
only available in IPL and was evaluated on the powerful workstation provided along the
scanner. MSL, however, was computed on a desktop machine with one CPU, hence the
decimation. The target of the decimation was to remove up to 90% of the triangles to ensure
the highest speed gain (about 20% faster), but in practice, the topology-preserving decimation

stops as soon as the topology is being compromised. The norm errors induced by the decimation
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were below 0.05% on both uCT and HR-pQCT cubes. Finally, MSL does not attempt to mimic
MIL as TRI does. Without ellipsoid fit, MSL seems more sensitive to the shape of the structure
and reflects the three main fabric directions better than MIL almost without deviating from
MILuct’s main direction. Still, MSL is affected by the resolution and its eigenvalues calculated
from HR-pQCT coincide better with the ones from MILuct than other approaches. The
interpretation for this unexpected feature is that the HR-pQCT resolution degrades MSL as
much as the ellipsoid fit degrades MILcT.

The relevance of this work goes beyond the sole comparison of fabric measurements. Although
a fracture is triggered by random events (e.g. fall), it also depends largely on the load bearing
capacity of the trabecular structure. Knowledge of bone strength can actually improve the
fracture predictions at the wrist (Boutroy et al. 2008) and other sites at risk (Nishiyama et al.
2013). That is where the fabric tensor comes into play. Combined with BV/TV, the fabric tensor
offers better predictions of the mechanical properties of trabecular structure than other
morphological indices (Maquer et al. 2015, Musy et al. 2017). Consequently, HR-pQCT-based
hFE models rely on BV/TV and fabric-dependent material properties to compute bone strength
quicker than pFE (Varga et al. 2011). These material properties are often derived from puCT
using MIL (Gross et al. 2013, Panyasantisuk et al. 2015, Latypova et al. 2016) to avoid the
hassle of determining new material parameters for each method, resolution, anatomical site,
acquisition protocol, and reconstruction kernel (Nazemi et al. 2016). Underestimating
anisotropy would result in the poor description of the orthogonal mechanical properties of the
trabecular region. In this case, the HR-pQCT-based MIL fabric has to be scaled to compensate
for the lower resolution (Varga and Zysset 2009b). Yet, if a relationship between eigenvalues
is missing, MSL is a good option as it does not deviate much from MILpct. MSL is as
reproducible as TRI, but unlike SCANCQ’s proprictary method, its implementation is open

source (our code is provided as supplementary material). Finally, MSL has already been used
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in hFE models predicting the stiffness and failure loads of human distal radii (Hosseini et al.
2017).

To our knowledge, this is the first time that detailed fabric evaluations are conducted on data
from the new HR-pQCT scanner generation (XtremeCTII). Three CT modalities were really
used, instead of downscaling pCT images as often done (Nazemi et al. 2016). Our study is also
the only publicly available document evaluating SCANCO’s routine TRI against other
techniques. We also looked at the precision error of the HR-pQCT-based fabric tensor,
including its main orientation, while authors restrict their effort to the degree of anisotropy
(Mdller et al. 1996, Boutroy et al. 2005, MacNeil and Boyd 2007b, Sode et al. 2008, Krause et
al. 2014, Zhou et al. 2016). Besides, although TRI is the standard method, MIL is also available
in IPL (SCANCO’s image processing language), but authors do not report which one they used.
Our findings show that using one or the other method on HR-pQCT data has an impact on the
absolute measure of DA. Finally, unfixed anatomical specimens of human forearms were used
to mimic the in vivo conditions and 20 mm sections were scanned instead of the standard 10
mm to cover the entire region at risk of Colles’ fracture (Eastell et al. 1996). The cubes extracted
from such larger regions featured a wide variety of morphologies (wide range of BV/TV and
DA displayed in Table 1) and we can reasonably speculate that our results would hold at the
tibia, the second site for in vivo HR-pQCT imaging.

In spite of obvious strengths, our work entails limitations that must be discussed. For instance,
the fabric tensors involved in this study were all second-order as the trabecular structure was
assumed orthotropic (Zysset and Curnier 1995). Fourth-order fabric tensors would be an
alternative in regions where the orthotropy assumption is not fulfilled (Moreno et al. 2015).
Then, although all eigenvalues were involved in our analyses, the study of the fabric’s
orientations focused on the main direction of anisotropy (ms). Finally, we did not consider the

motion artefacts occurring during in vivo scans, but accounted for the operator variability via
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three operators. The influence of both aspects can be minimized (Pauchard et al. 2012, Bonaretti
et al. 2016).

Despite the additional interpolation relative to the surface triangulation, MSL provides
reproducible estimates of the uCT-based MIL fabric tensor, the current gold standard, from
HR-pQCT reconstructions. Thanks to MSL, morphology-dependent material properties,
originally established using MIL and uCT scans, can be used in homogenised HR-pQCT-based
finite element models directly. TRI, SCANCO’s standard method for measuring trabecular

anisotropy, is also highly reliable, but its implementation is not publicly available.
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Fig. 1. The distal sections of 24 radii were scanned by pCT100 and HR-pQCT protocols of the
XtremeCT Il (SCANCO Medical AG, Brittisellen, Switzerland). A cohort of 182 cubes per
modality was generated by cropping cubic regions of interest from the high (a) and low (b)
density trabecular core and near the cortex (c). The anisotropy of each cube was measured by
the fabric tensors computed from the grey level images via GST, from the segmented images
via MIL and from surface meshes via TRI and MSL. TRI and MSL are based on the vectors

normal (blue) to the triangle elements of the surface meshes.
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Fig. 2. Eigenvalues (mj) and degree of anisotropy (DA) of hexahedron, truncated and full

octoahedra (from top to bottom). MIL distribution and its ellipsoidal approximation are

calculated on the analytical surfaces (left column), GST and MSL fabric tensors are evaluated

after voxelization of the surfaces (right column). NB: Unlike the other methods, MSL does not

generate an orientation distribution, but directly yields a system of eigenvectors and

eigenvalues. The ellipsoid is thus not required for MSL and was merely used as a representation

for comparison with the other methods.
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Fig. 3. GST, TRI and MSL fabric tensors evaluated on uCT scans is compared to MILuct. The
deviation between eigenvalues is quantified by exponent k, goodness of fit (R?) and root-mean-
square errors (rmse) of the power relationship (eq, 4). The spread of the tensor’s main
eigenvector (ms) around MILuct’s msis displayed in the fabric coordinate system of MILcT.
The mean, standard deviation, and maximum value of the corresponding angular deviation

between main eigenvectors (0) are also provided.
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Fig. 4. Reproducibility of the main eigenvalue (ms) and main eigenvector (ms) of MIL, GST,

TRI and MSL fabric tensors depends on the HR-pQCT protocols (HR: 61um, LR: 82um).
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Tables
ucT HR LR
0.14 +0.06 0.21+0.10 0.20+0.08

Bone volume fraction

range [0.04; 0.27]

range [0.03; 0.43]

range [0.04; 0.40]

Degree of anisotropy

range [1.27; 4.12]

range [1.22; 3.33]

MIL 2.10+£0.30 1.86 +0.23 1.85+0.23
range [1.22; 2.82] range [1.19; 2.53] range [1.15; 2.68]

GST 1.35+0.12 141+0.14 1.55+0.16
range [1.07; 1.69] range [1.09; 1.78] range [1.13; 2.12]

. 1.50£0.16 1.61+0.18
GST Gauss filter i range [1.08; 1.98] range [1.14; 2.24]

TRI 2.14+0.32 1.81+0.22 1.76 £ 0.21
range [1.20; 2.90] range [1.16; 2.45] range [1.14; 2.43]

MSL 2.76 £ 0.54 2.28+0.38 2.23+0.36

range [1.21; 3.4]

Table 1. The morphology (mean + standard deviation, range [min; max]) of our samples is given

on the three resolutions (UCT: 16pum, HR: 61 pum, LR: 82um).
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MIL GST GST Gauss filter TRI MSL
HR LR WCT | HR | LR HR | LR uCT | HR LR uCT HR LR

Eigenvalues

k 0.81 0.80 0.40 0.47 0.59 0.56 0.64 1.04 0.79 0.75 1.38 1.09 1.07
R | 0.98 0.98 0.96 0.96 0.97 0.97 0.97 0.99 0.99 0.98 0.99 0.99 0.99
rmse [ 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.01 0.03 0.03 0.02 0.04 0.04
Main eigenvector
0(°) | 2.54£2.73 | 2.50+2.55 | 1.18+1.37 | 2.23+1.98 | 251+2.02 | 2.0+1.68 | 2.57+2.21 | 0.53+0.54 | 2.22+2.28 | 2.32+2.06 | 1.02+0.73 | 2.03+2.02 | 2.05+1.98

Table 2. MIL, GST, TRI and MSL fabric tensors evaluated on three resolutions (UCT: 16pum, HR: 61 pm, LR: 82um) are compared to MILuct. The deviation
between eigenvalues is given by exponent k, goodness of fit (R?) and root-mean-square errors (rmse) of the power relationship (eq, 4). The angular deviation
between the main eigenvectors of the current fabric tensor and MILct (0) is characterised by mean, standard deviation and range [min; max]. The best surrogate

of MILyct for each image resolution is highlighted by a bold font.
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