Page 1 of 42 American Journal of Physical Anthropology

This is the peer reviewed version of the following article: [Technical note: Mapping of trabecular bone anisotropy and volume fraction in 3D
using uCT images of the human calcaneus. American Journal of Biological Anthropology 177, 3 p566-580 (2022)], which can be found at DOL:
10.1002/ajpa.24474

oNOYTULT D WN =

Human calcaneud

22 01— o |
23 Anisatropy vector field, magnitude }'. Anisatropy vectar field, direction

3D vector field-based mapping of trabecular anisotropy (human calcaneus)

26 141x96mm (72 x 72 DPI)

60 John Wiley & Sons, Inc.



oNOYTULT D WN =

American Journal of Physical Anthropology

Page 2 of 42

This is the peer reviewed version of the following article: [Technical note: Mapping of trabecular bone anisotropy and volume fraction in
3D using pCT images of the human calcaneus. American Journal of Biological Anthropology 177, 3 p566-580 (2022)], which can be found

at DOI: 10.1002/ajpa.24474

Mapping of trabecular bone anisotropy and volume fraction in 3D using uCT images of the human
calcaneus

Natalie Reznikov*, Huilin Liang?, Marc D. McKee3#, Nicolas Piché®

1Department of Bioengineering, Faculty of Engineering, McGill University, 3480 University Street,
Montreal, Quebec, Canada H3A OE9

2Faculty of Science, McGill University, 853 Sherbrooke Street West, Montreal, Quebec, Canada H3A 0G5
3Faculty of Dentistry, McGill University, 2001 Avenue McGill College, Montreal, Quebec, Canada H3A 1G1

4Department of Anatomy and Cell Biology, School of Biomedical Sciences, McGill University, 3640
University Street, Montreal, Quebec, Canada H3A 0C7

5Object Research Systems, 760 Saint Paul Street West, Montreal, Quebec, Canada H3C 1M4

Corresponding author: Natalie Reznikov natalie.reznikov@mcgill.ca

Running title: Mapping of trabecular anisotropy and volume fraction in 3D

Abstract

Objectives. Trabecular bone anisotropy, or preferential trabecular co-alignment, is a proxy for its long-
term loading history. Trabecular anisotropy varies locally, thus rendering averaged calculations across an
entire bone inutile. Here we present a 3D trabecular anisotropy mapping method using vector fields
where each vector reflects the extent of local co-alignment of the elementary units of surface. 3D
anisotropy maps of hundreds of thousands of vectors were visualized by their magnitude or direction.
Similarly, volume fraction was mapped as 3D scalar fields.

Materials and Methods. We constructed anisotropy and volume fraction maps using micro-computed
tomography of four presumably nonpathologic human calcanei and compared their anisotropy signature
with the pathologically loaded calcanei in club foot and calcaneonavicular ankylosis.

Results. In the nonpathologic calcaneus, a pattern of four anisotropy trajectories was consistently
identified as dorsal, plantar, Achilles’, and peroneal bands. Both pathologic specimens deviated from the
nonpathologic maps. The calcaneus in the congenital disused club foot showed very low local anisotropy
values, no co-oriented bands and low volume fraction. The ankylosed calcaneus showed lower anisotropy
than the nonpathologic calcaneus, but not to the same extent as the club foot, and patchy and high
volume fraction. The directionality of co-oriented bands was barely discernable in the ankylosed
calcaneus.

Conclusions. The anisotropy signature of the calcaneus, by magnitude and direction, is consistent with a
kinetic loading pattern attributable to walking. The absence/loss of kinetic loading results in an
absent/vanishing anisotropy signature. Such 3D mapping adds new dimensions to quantitative
bioimaging and understanding of skeletal adaptation.
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9 - Trabecular bone anisotropy can be mapped in 3D using a vector field method
11 - 3D trabecular anisotropy mapped by direction and magnitude reveals covert anisotropy bands

13 - The anisotropy signature in the calcaneus reflects its loading trajectories
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1. Introduction

Skeletal structures reflect the biomechanical history of an organism on both phylogenetic
(evolutionary) and ontogenetic (individual) scales. Studying the outer morphology and inner architecture
of bones has been an important empirical method in comparative anatomy, zoology, evolutionary biology,
biological anthropology and pathology, providing a means to decipher the interplay of lifestyle, loading
history, musculoskeletal crosstalk and health status. The quest to understand the trajectories of
functional adaptation has been particularly fascinating and challenging in the context of locomotion. In
this regard, the study of lower limb bone structure in bipedal humans is an important topic in many
research fields. Our X-ray tomography work presented here applies to the human calcaneus a method of
anatomically accurate and quantitative 3D visualization and mapping of i) trabecular anisotropy, and ii)
bone volume fraction — plausibly the two most informative determinants of trabecular bone functional
adaptation (Barak et al., 2013; Barak, Sherratt, & Lieberman, 2017; Goldstein, Goulet, & McCubbrey, 1993;
Maquer, Musy, Wandel, Gross, & Zysset, 2015). The goal of this technical note is to introduce the principle
of the 3D mapping method, and to illustrate its potential using two historical pathologic specimens of the
human calcaneus, compared to four (presumably) nonpathologic ones. This is a proof of the method that
can potentially be applied to biomechanical studies.

Anisotropy (Greek: "an" - non; "iso" - equal; "tropos" - way) — the opposite of isotropy — is a
characteristic of having different properties in different directions, and/or of having preferred orientation
of structural elements within a heterogeneous assembly. In the human skeleton, a 3D network of
interconnected trabecular bone struts is consistently found, for example, in the interior of short bones or
in the articulating portions of long bones (epiphyses and metaphyses). In different skeletal locations, the
extent and degree of trabecular anisotropy varies. Along the lower limb, the degree of trabecular
anisotropy increases in the proximo-distal direction (Saers, Cazorla-Bak, Shaw, Stock, & Ryan, 2016), thus
reflecting the notion that a broad range of movement results in lower anisotropy, and a narrower range
of movement results in higher anisotropy (Gibson & Ashby, 2001). Even in foetal/juvenile trabecular bone,
anisotropic trajectories can be identified as evidence of phylogenetic adaptation (Skedros, Hunt, &
Bloebaum, 2004). However, as a general trend within any particular skeletal element, the anisotropy of
trabecular bone gradually increases from infancy to maturity (Acquaah, Robson Brown, Ahmed, Jeffery,
& Abel, 2015; Ryan & Krovitz, 2006). The steady accrual of trabecular anisotropy reflects the magnitude,
direction and continuity of the local forces acting upon it. Stereotypic loading of sufficient duration
invariably generates a stereotypic pattern of trabecular anisotropy (Barak, Lieberman, & Hublin, 2011;
Pontzer et al., 2006), and a natural example of this is the effect of bipedal locomotion on the calcaneus in
children (Saers, Ryan, & Stock, 2020). The calcaneus is the largest of the seven tarsal bones of the foot.
It articulates with the talus above, and the cuboid anteriorly, forming the shock-absorbing foot arch. Its
distal portion — the tuberosity — is balanced between the Achilles tendon and the plantar fascia and
normally bears roughly 40% of the load in bipedal locomotion (Rogers, 1988). The anisotropy signature
of the foot bones develops in parallel with the reduction of kinematic instability in infants. The anisotropy
signature is established by the time the gait pattern has stabilized: by age 9, anisotropy is high and uniform
(Raichlen et al., 2015). Once the gait pattern is established, continuous and consistent loading maintains
the pattern of trabecular anisotropy (Gefen & Seliktar, 2004). This corroborates the finding of converging
anisotropy signatures in related species, if they experience comparable stimulation and similar loading
patterns (Kuo, Desilva, Devlin, Mcdonald, & Morgan, 2013). However, in the development of the
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anisotropy signature of any bone, phylogenetic and ontogenetic determinants are implicated, and we do
not yet know with certainty the proportions of their contributions (Kivell, 2016).

Although the general rules of trabecular anisotropy can be formulated as i) increasing with
age/time, ii) increasing with loading intensity, and iii) increasing with stereotypic function, there are
nonetheless practical caveats in visualizing anisotropy. Besides the general factors affecting
biomechanical responsiveness of bone, such as age or metabolic status, the accrual or loss of anisotropy
is cumulative and slow, and it lags behind the onset of mechanical stimuli by years or decades.
Concomitant loading trajectories result in distinct anisotropy bands (Sinclair et al., 2013; Wolff, 1892) that
are best appreciated in 3D. Also, local anatomical features such as vascular canals or growth plate vestiges
(the so-called epiphyseal scar) superimpose on the general anisotropy pattern. Therefore, insufficient
consideration of a 3D anatomical shape, or even slightly inconsistent selection of sampling sites for
anisotropy measurement, may affect accuracy and comparisons amongst samples (Doershuk et al., 2019;
Maga, Kappelman, Ryan, & Ketcham, 2006), let alone the limited utility of single-number averaged
metrics, such as an averaged degree of anisotropy over the whole specimen. Here, we demonstrate that
local regional differences in trabecular bone anisotropy can be detected, mapped and quantified in 3D,
and that these features can be correlated with the loading history of bone.

Previously, appreciation of the 3D spatial context has been the driving force for the design and
development of integral, refined morphometric analyses of bone that operate on isosurface/mesh
renderings of 3D images (Pahr & Zysset, 2009). A basic principle of holistic/integral mapping of
morphometric parameters is that a “sampling probe” rasters a 3D image and records the anisotropy
tensor, or the foreground/background ratio (the latter being equivalent to the trabecular bone volume
fraction (Gross, Kivell, Skinner, Nguyen, & Pahr, 2014)). The resolution of the resultant 3D map, according
to the homogenization theory, depends on both voxel size and feature size in an image. The diameter of
the mapping probe being equivalent to 4-5 repetitions of features (i.e. average trabecular thickness plus
average adjacent intertrabecular space x5) results in rich and meaningful 3D visualization of, for example,
volume fraction variation throughout homologous skeletal elements (Harrigan, Jasty, Mann, & Harris,
1988; Sukhdeo, Parsons, Niu, & Ryan, 2020). This approach resolves the uncertainty associated with
discretization of the whole 3D image into subvolumes, and then calculating single-number descriptors for
each subvolume (Reznikov et al., 2017). Although 3D mapping of the volume fraction within an entire
anatomical entity is indeed informative allowing comparison of related species (Sukhdeo et al., 2020), the
classic method of anisotropy measurement using the Mean Intercept Length (MIL) measurement
(Odgaard, 1997, 2001) might be insufficiently sensitive if applied in the same 3D rastering manner. The
MIL is a local statistical method in which the lengths of abstract lines passing through the foreground are
averaged. Thus, it requires the sampling volume to exceed 4-5 intertrabecular spaces in diameter to yield
consistent results. In this work, we present a new method based on local surface co-alignment, where
the sampling volume of 1.5-2.5 mm in diameter is sufficient to generate a vector field of local anisotropy
values. As a significant advancement for measuring in 3D space, the vectors in the resultant vector field
can be visualized independently by magnitude or by direction. Additionally, as part of the same software
plugin, we present quantitative 3D scalar mapping of volume fraction, which is conceptually similar to the
method originally developed by Gross et al. (Gross et al., 2014; Sukhdeo et al., 2020). We illustrate the
3D mapping method for trabecular anisotropy and bone volume fraction using four presumably
nonpathologic human calcanei, and two pathologic museum specimens of the calcaneus —the latter being
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selected for their unique nature and the extraordinary extent of pathologic changes, as a proof of principle
of the 3D mapping method.

Hypothesis. This study stemmed from our previous work (Reznikov et al., 2017) where we
analyzed trabecular morphometric features of physiologically loaded human calcanei, and museum
specimens of bound foot calcanei, which experienced loading in an altered orientation. In the bound-foot
study, where the classic MIL anisotropy measurement was applied to 10 subvolumes of the calcaneus
interior, we were expecting similar anisotropy values by magnitude, but different in orientation.
Surprisingly to us, in pathologically loaded bound-foot calcanei, the anisotropy profile was inconsistent.
Conversely, in the physiologically loaded, nonbound calcanei the anisotropy profile showed a recognizable
S-shaped plot (Reznikov et al., 2017), even though plotting averaged MIL measurements over 10 segments
is not comprehensive. That observation triggered the current hypothesis, whether it is the collective,
consistent and repetitive stimulation by compressive forces (the body weight and ground reaction force)
and tensile forces (pulling forces exerted by muscles and the plantar fascia) that collectively leave a
morphological “track record” of the long-term function. We are testing this hypothesis by applying our
custom-designed algorithm of 3D vector field-based anisotropy mapping to presumably physiologically
loaded specimens from the earlier study, and two extreme cases of congenital and acquired disuse of the
human calcaneus.

2. Materials and methods
2.1. Bone specimens

To illustrate the trabecular anisotropy and volume fraction mapping method for bone, we
selected 6 skeletonized foot specimens that had been subjected to diverse loading scenarios ante mortem.
The specimens included four putatively nonpathologic feet/calcanei from a university anatomy teaching
collection, and two pathologic specimens of the human foot: a case of club foot (fixed talipes equino
varus) and a case of calcaneonavicular ankylosis (Figure 1 A-C). Club foot is a complex developmental
disorder that occurs in 1-6 cases per 1000 births, often as part of congenital syndromes, or as a family
trait (Miedzybrodzka, 2003; Paton, Fox, Foster, & Fehily, 2010). The characteristic features of a club foot
are adduction and supination in the varus position — resembling a twisted inwards, hand-like orientation.
The degree of disability in club-foot patients varies from loss of mobility to fairly good compensation
(Herd, Macnicol, & Abboud, 2004). Even after satisfactory correction, or poorly corrected or untreated
cases, there is always a tendency for underloading of the hindfoot with a compensatory shift of the
weight-bearing function to the lateral potion of the forefoot (Herd et al., 2004). Tarso-metatarsal and
calcaneonavicular ankylosis (referred to as coalition, when congenital) is characterized by dorsiflection,
longitudinal arch flattening and valgus deformity of the foot, as compensation for the limited mobility in
the subtalar joint (Farid & Faber, 2019). Symptomatic patients adjust to pain and disability by limiting
locomotion, or by developing antalgic gait (shortening the stance phase on the affected side). In
comparison to nonpathologic human feet, the club foot and ankylosis cases (according to the Gordon
Museum records) both presented severely limited mobility. Thus, we refer to them here as extreme cases
of congenital disuse (club foot) or acquired disuse (ankylosis), in contrast with physiologic use as occurs in
walking.

[Figure 1]
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Both pathologic preparations were procured by the Gordon Museum of Pathology (King’s College
London, UK) in the second half of the XIX* century, and thus they predate the first applications of X-ray-
based imaging (Figure 1 A and C). Such unique specimens of advanced deformities or chronic infections
would be impossible to procure today — the availability of modern treatment methods simply does not
allow extreme pathologies to develop to this extent. Although rare skeletal specimens from medical
museums — originating from the pre-antibiotics/pre-public healthcare epoch — are an invaluable resource
for structural studies, their nondestructive analysis using micro-computed tomography (uCT) is nontrivial.
Many such historical museum specimens were mounted for morbid anatomy instruction at the macro-
scale. Often, very crude and destructive mounting with metal fixtures was used, and the fragile interior
of pathologic bones was easily damaged by this invasive destructive process. The presence of metal
fixtures produces X-ray hardening and shadowing artifacts in 3D reconstructed images, and these often
obscure fine osseous detail (Figure 1 B). The uCT scans of four nonpathologic calcanei were obtained as
part of a previous study (Reznikov et al., 2017) using foot preparations from the Human Anatomy Unit of
the Faculty of Medicine at Imperial College London (UK). These calcanei were assembled with other foot
bones using metal wires, for gross anatomy teaching (Figure 1 D), that also resulted in X-ray beam-
hardening artifacts (Figure 1 E). All uCT scans were acquired at the Imaging and Analysis Centre of the
Natural History Museum in London (UK) using a Nikon Metrology HMX ST 225 scanner (Nikon, Tring, UK).
The images were captured in 3142 projections using a 20002000 flat panel detector. The scanning
parameters and conditions used were the following: tungsten anode, 0.25 to 0.5 mm copper filter, 700 to
1000 ms exposure time, tube peak voltage 180 kV, and current at 170 mA. The pixel size in the calcaneus
tomograms varied between 0.033 and 0.047 mm, depending on specimen size. The focused calcaneus
scans were used for analysis. In addition, the Gordon Museum preparations were scanned in full with a
pixel size of 0.085 mm. The full-size scans were used for illustrative purposes. Reconstruction was
performed using a Feldkamp back-projection algorithm with CTPro software (Nikon, Tring, UK).

2.2. Deep learning-based segmentation

Image processing was conducted using Dragonfly™ v2020.1 software (Object Research Systems
Inc., Montreal, Canada), under a noncommercial license (free-of-charge). All scans were segmented using
a deep learning plugin with a broadly applicable UNet configuration of 5 layers (64 filters in the first layer
and doubled in subsequent layers). The encoding UNet branch contained 10 convolutional filter layers (2
per layer, kernel size 3 x 3, stride 1, same padding) and 4 maximal pooling layers (kernel size 2 x 2, stride
2, and valid padding). The decoding branch contained alternating 4 concatenating layers, 8 convolutional
layers and 4 upsampling layers. All convolutional layers were ReLU-activated. Abridged sets for UNet
training were produced by marking roughly every 50t slice in the XY plane (using the software's Mark
slices followed by Derive image from marked slices functions), attempting to include all the artifacts
present in the raw images. Thus, the abridged training sets constituted about 2% of all data and were
segmented manually using local thresholding and super-pixel-based edge detection. The segmentations
were binary, with bone being labeled as the foreground and the rest being labeled as the background. A
pair consisting of an abridged set (training input) and its binary segmentation (training output) comprised
a training set for UNet training. All training sets were partitioned into 80% learning and 20% validation
sets with moderate data augmentation (4-5 flip or rotate transformations, brightness enhancement). In
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all cases, categorical cross-entropy loss function was utilized; the initial learning rate was set to 1, and
consecutively decreased to 0.1, 0.01 and 0.001 automatically, when learning accuracy plateaued. In all
cases, a patch size of 64 x 64 pixels was used with no overlap of adjacent patches — the stride-to-input
was 1.0, the batch size was set to 64, and the number of epochs was set to 50 (but convergence was
achieved around 20-30 epochs).

[Figure 2]

The club foot scan was the most affected by X-ray beam-hardening artifacts and thus required 3
cycles of output label refinement in order to achieve satisfactory accuracy, and the total number of
training epochs was about 100. The ankylosis scan that did not contain metal fixtures but suffered from
a very narrow dynamic range (appeared to be “dim”) was segmented by a separately trained UNet model.
All nonpathologic calcanei were segmented by the same UNet model that was retrained between the
scans for about 20 epochs, with a minimal label refinement for each set. Figure 2 illustrates the surface
rendering of two museum specimens in full. The magnified renderings of the calcaneus with a bounding
box indicating the sagittal (or “would-be” sagittal in the case of club foot) orientation of the calcaneus.

2.3. 3D mapping of volume fraction (bone volume/ total volume, or BV/TV) and anisotropy

A bounding box (11 mm thick) was constructed in the sagittal plane through the middle of each
reconstructed and segmented calcaneus. The height and width of the bounding box was adjusted to
enclose only the calcaneus; the box was centered on the calcaneal tuberosity (Figure 2). In the Dragonfly
software, the 3D mapping application operates in a designated window where the segmented image
(region of interest, or ROI) and a fitted bounding box are imported. The application can be found in the
main menu under Utilities/Open Plugins/Bone Analysis. Of note, the first steps of the mapping wizard
include default steps for cortical-trabecular separation (Buie, Campbell, Klinck, MacNeil, & Boyd, 2007)
and classic morphometric analysis (Bouxsein et al., 2010), that can be skipped by pushing the Next button.
The mapping wizard menu contains 3 functions: MIL anisotropy vector field mapping, which is a 3D
implementation of the classic MIL algorithm (Odgaard, 1997), Surface Normals anisotropy vector field
mapping (original development for Dragonfly, by Object Research Systems), and Volume Fraction scalar
mapping. All mapping functions operate on a binary image (ROI) and require a bounding box. The number
of entries in the final 3D map (which is of the size of the bounding box) depends on the step size that
corresponds to the rate of rastering the volume enclosed within the bounding box: the smaller the step
size, the larger the number of measurements and the higher the density of the 3D map. At every step, a
user-defined spherical portion of the 3D ROl is included in the calculation (sampling probe, as defined by
its radius of influence). We used a step size of 0.5 mm and radius-of-influence of 1.5 mm for anisotropy,
and a step size of 1.0 mm with a radius-of-influence of 1.5 mm for volume fraction. These values were
selected following several rounds of algorithm optimization, when the parameters provided acceptable
3D map quality at the lowest computational cost. The step size of the anisotropy map was smaller than
the step size of the volume fraction map (higher sampling density) for better visualization: vectors are
plotted as miniature arrows. Having the arrows spaced too far away from each other in a 3D array makes
the map less color-saturated (transparent), and the trajectories of co-oriented anisotropic bands are less
conspicuous. Having enough arrows in a 3D vector maps renders them more “substantial” and easy to
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view. Sparser sampling density can be used when computation resources are of concern, but the radius-
of-influence should not be reduced below the modal size of a repeating feature (an average trabecula plus
an average pore) times x3. Anisotropy magnitude vector fields and volume fraction scalar field were color-
coded using Jet LUT (look-up table), and anisotropy direction vector field was automatically color-coded
as red-green-blue, corresponding to the cardinal axes X, Y and Z.

The surface anisotropy mapping method is based on automated construction of an interim surface
mesh. The mesh is the interface between the foreground (region-of-interest or ROIl) and the background,
and it is triangulated. The mesh is populated by vectors perpendicular to the triangular surface units. The
local surface anisotropy is calculated using a nominal sampling volume (“sphere of influence”) that
includes numerous triangulated surface units of mesh. The radius of the sampling volume is determined
by the user, and for trabecular bone, the recommended radius value is between 1 and 2 mm, which is the
approximate feature periodicity in human trabecular bone (i.e. frequency of repetition of trabeculae and
pores). Below that value, an anisotropy map looks homogeneous and of high values because for a small
“probe”, the surface of a single trabecula is inevitably anisotropic (like for a human observer standing at
ground level, the surface of the Earth appears flat and anisotropic, although the spherical shape of the
Earth at a more distant scale of observation is obviously very isotropic). The collective magnitude of
adjacent vectors is proportional to the local mesh surface face area (S) of the adjacent surface units that
are co-aligned. Conversely, if the adjacent mesh units are oriented haphazardly, the unit vectors will
likely cancel out. The algorithm uses a vector operation and projection of the face normals (n) on the
principal axes (I) associated with the Eigenvectors of the inertia tensor of the sampling volume (Equation
1). For normalization of measurements, the coefficient of anisotropy (CA, 21) is converted into degree of
anisotropy (DA, Equation 2).

ZiEfacesSi : ||ﬁl X 7O”

CA= [Equation 1]

ZiEfacessi' |ni : 10|

DA=1— 1/ cA [Equation 2]

A perfectly isotropic surface (such as that of a sphere) yields 0, and a perfectly anisotropic surface
(as of an infinite line) yields a unity. Fractions of unity can also be expressed as a percentage. Both
magnitude and directionality of the local surface anisotropy can be displayed as 3D vector fields using a
color scale to represent the vector magnitude (for example, as a heat map: blue — 0, red — 1), or vector
orientation with respect to the principal axes (for example, using an RGB color scheme: red - X, green - Y,
blue - Z). Asthe spherical sampling volume rasters the requisite bounding box with a predefined step size,
such anisotropy vector fields can be constructed over an entire volume of interest that is inscribed in the
bounding box. The smaller the bounding box is, the faster the map construction is. Increasing the
sampling radius lengthens the time of computation by the power of 3.

[Figure 3]

[Figure 4]
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3. Results

Volume fraction and anisotropy analysis have long been the “gold standard” in skeletal biology
studies. Considering that both these parameters vary quite broadly within any bone — thus reflecting
trabecular tissue specialization in 3D — additional information can be revealed if volume fraction and
anisotropy are plotted in 3D, at millimeter resolution. Figure 5 shows how 3D anisotropy signature and
3D volume fraction distribution relate to the shape of the calcaneus and its functional context.

[Figure 5]

Figure 6 compares the maps of three nonpathologic calcanei. Each map is constructed over a
sagittal “slab” as defined by the bounding box (box not shown here) and contains about 300,000
measurements. Should the box enclose the full calcaneus, a larger map would be generated (at a higher
computational cost).

[Figure 6]

Although the nonpathologic maps are not identical, a clear pattern emerges: in addition to the
cortical shell contributing to the volume fraction values, subtalar trabecular bone clearly displays the
highest volume fraction. The same subtalar area in anisotropy maps shows low anisotropy magnitude
and inconsistent anisotropy direction. Overall, four major anisotropy trajectories can be consistently
identified based on vector magnitude and direction: dorsal, plantar, the Achilles’ bands in the sagittal
plane, and the peroneal band in the transverse plane.

Figure 7 shows another (fourth) nonpathologic calcaneus in comparison with the club foot and
ankylosed calcanei using the same layout of maps and color schemes. The fourth nonpathologic calcaneus
appear consistent with the other three specimens in Figure 6. However, both pathologic specimens
deviate from the appearance of the nonpathologic maps: the club-foot calcaneus shows uneven
distribution of the volume fraction, which also has generally lower values. Generally lower local
anisotropy values with a loss of consistent co-oriented bands are apparent in Figures 6 E and F. The
ankylosed calcaneus shows generally higher volume fraction with patchy distribution, in comparison with
the nonpathologic calcanei. The local anisotropy magnitude is generally lower than in the nonpathologic
cases, but not to the same extent as in the club-foot calcaneus. In terms of directionality, the co-oriented
bands are barely discernable in the ankylosed calcaneus.

[Figure 7]

Statistical analysis of volume fraction and anisotropy magnitude are given in Figure 8. Local
anisotropy and volume fraction measurements were exported and plotted as histograms. The modal
values of the volume fraction varied between 0.05 (club-foot calcaneus) and 0.175 (ankylosed calcaneus),
with the four nonpathologic calcanei demonstrating intermediate values. The modal values of anisotropy
between 0.6 and 0.675 characterized all four nonpathologic calcanei, whereas the ankylosed calcaneus
has a lower modal value of 0.45, and the club-foot calcaneus has the lowest modal value of 0.31. We
deemed it impractical to calculate standard deviation for the four nonpathologic specimens because n=1
in both pathologic categories (attributable to their rare, extreme and unique character).

[Figure 8]
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4. Discussion

Functional anatomy and morphology of trabecular bone. While it would be an oversimplification
to infer the dynamic complexity of a living organism from a single point in time (e.g. the moment of
death/preservation), often bones are “all we have” (Kivell, 2016). Although the limited calcaneus samples
used in this study — for illustration of the algorithm — cannot be viewed as a robust dataset, an intriguing
picture nevertheless emerges. According to the Gordon Museum records, one pathologic calcaneus (club
foot) never experienced physiological loading as in walking. The other pathologic calcaneus has no
mention of abnormal gait, until chronic inflammation afflicted the donor, and then walking became
restricted. Coincidentally, the anisotropy pattern found in the nonpathologic calcanei was absent in the
club-foot calcaneus, and was vanishing in the ankylosed calcaneus. This observation is consistent with
our previous study on the historical examples of foot binding (Reznikov et al., 2017), where the bound-
foot calcanei were lacking a consistent, recognizable anisotropy pattern. According to historical records
(Al-Akl, 1932; Blake, 1994), the walking ability in individuals with bound feet was restricted to a various
extent, ranging from crippled and slow, to fairly functional. These pieces of evidence allow us to suggest
that besides the phylogenetically “wired” bone morphology and architecture, and besides the mere
weight-bearing function, it is the recurrent and predictable set of forces exerted by muscles that morph
and refine the characteristic anisotropy signature. This hypothesis should be systematically tested in the
future studies.

All four presumably physiologically loaded calcanei displayed fairly similar features. The mapped
anisotropy vectors formed four recognizable bands, the direction of which agreed with the direction of
compressive and tensile forces physiologically exerted on the calcaneus, or the physiologic kinetic pattern.
The volume fraction distribution in four physiologically loaded calcanei was somewhat different in terms
of absolute values, but they largely followed the same trend: higher values associated with the cortical
shell at the periphery, and lower values in the trabecular core which appeared generally featureless. In
contrast, the two pathologic samples deviated from the recognizable appearance of the control calcanei
in disparate directions: the ankylosed calcaneus showed a barely recognizable anisotropy signature and
a generally higher volume fraction throughout the calcaneus. Of note, the patchy variation of the volume
fraction in the ankylosed specimen could reflect chronic inflammatory changes. Indeed, coarsening of
trabecular texture and loss of homogeneity have been reported, attributable to osteoarthritis in other
large joints (Chen et al.,, 2018; Chu et al.,, 2019). Conversely, the club-foot calcaneus, that was
macroscopically very fragile and wasted, showed lower values on both accounts, whether for anisotropy
or volume fraction. According to the 3D maps, congenital disuse of the calcaneus rendered it feeble. Itis
interesting observation to us that both pathologic calcanei were different in distinct ways, perhaps
reflecting a classic observation that “... it is possible to fail in many ways, <...> while to succeed is possible
only in one way ...”(Aristotle, ca. 350 B.C.E.).

Future perspectives for trabecular anisotropy mapping. The inner architecture of bone responds
to loading by load-adaptive remodeling, driven by bone cell ensembles which resorb and deposit
micrometer-scale packets of mineralized extracellular matrix (Christen et al., 2014; Currey, 2002; Parfitt,
2006). Such minuscule refinements accumulate over time, leaving a record of an organism’s life history.
The functional adaptation of bone is thus a multidimensional phenomenon: at the least, there are three
dimensions for morphology (X, Y and Z), one for time, one for volume fraction, and two for anisotropy.
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Indeed, by comparing the volume fraction and anisotropy maps of the same specimens, one can find all
possible combinations such as high anisotropy with low volume fraction, low anisotropy with high volume
fraction, both high or both low. Therefore, in total, we may consider at least seven independent
parameters when reconstructing the mode of locomotion, past lifestyle, or specific physical activities.
These are independent “axes” of adaptation: a bone can possess a robust or gracile morphology,
combined with a low or high volume fraction, and with a low or high degree of anisotropy. Many
independent combinations are obviously possible, and the independent parameters can be
metaphorically likened to “dials”, a combination of settings in all of which contributes to the net
biomechanical properties. Therefore, using a reduced set of parameters (let’s say, only the outer
morphology in 3D) is operationally facile, but it drives a question into an impasse that is sometimes
referred to as equifinality. For example, is the overall 3D robustness of a bone a result of its owner being
old, or of having a large body size, or is it a product of a certain stereotypic activity? Although a tool that
allows the generation of hundreds of thousands of additional measurements seemingly does not make
the analysis of functional adaptations straightforward, it may prove helpful in unraveling additional
dimensions of the convergent process of functional adaptation. Firstly, multidimensional problems can
be sorted by dimensionality collapse. For example, perhaps it is possible to register two homologous
vector fields and to identify the principle components. Or perhaps it is possible to construct a super-
average vector field from multiple homologous specimens — then other individual specimens can be
compared to the averaged “template”, and the magnitude and localizations of deviations from the
template could be used for analysis. Secondly, comparison can be conducted in a reciprocal space, where
not the actual space data is presented, but its spectral signature is presented — in a way similar to how
Fourier transform of an image can be used to estimate the repetition of periodic features, their size and
orientation. A prototype of presenting anisotropy in a reciprocal space would be the anisotropy rose
diagram (Ketcham & Ryan, 2004). Thirdly, the arrival of neural networks and deep learning into the
domain of image processing is certainly not limited to the segmentation of artifact-plagued scans. The
forte of deep learning lies in its ability to parse meaningful abstract features from a multidimensional
context. Itis therefore exciting to witness the explosion of analytical opportunities that become available
for solving the many riddles of bones.

5. Limitations

From the technical method aspect applied here, this study illustrates the great potential of
coupling quantitative image analysis and deep learning with priceless museum skeletal collections for
valuable research on structure-function relationships in bone using unique and rare exhibits that cannot
be otherwise obtained in the modern world. Beyond this unique advantage, contemporary image
processing methods that rely on deep learning can be of great utility to enhance image quality and to
remove artifacts from X-ray beam hardening-causing added materials applied to a specimen. On the other
hand, digital methods obviously cannot reconstruct a specimen's interior damage or missing components
that arose from its past handling (Reznikov, Buss, Provencher, McKee, & Piche, 2020). A more specific
limitation of this study is that (unfortunately) the biological profile of the donors (e.g. age, sex) is unknown
to us, which were it available would provide additional insight into our analyses and interpretations. The
only limited discriminator we could apply was “presumably nonpathologic” versus "obviously pathologic".
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As well, the number of the rare specimens used in this technical note was very small, being only one for
each pathologic condition, and four for the nonpathologic calcanei. The extreme character of pathologic
changes in the one-of-a-kind historical specimens prevents us from proclaiming overarching conclusions
related to biomechanics, but it is nevertheless suitable for testing the sensitivity of the mapping algorithm.
It remains possible that even finer details of the anisotropy pattern could emerge in a study comparing
3D anisotropy maps of bones obtained from the donors of known biological profile and lifestyle, and this
is something we are currently undertaking.

6. Conclusions

There are several canonical morphometric descriptors of trabecular bone that are accurate as
long as trabecular bone is assumed to be homogeneous, uniform and sampled in geometrically regular
chunks. To account for a more realistic picture of bones having anatomically distinct 3D shape,
accommodating local variation of trabecular texture, and containing natural discontinuities, a high-
resolution 3D mapping method for such morphometric properties can be advantageous. The vector field-
based 3D mapping algorithm presented here highlights the 3D anisotropic signature of the nonpathologic
calcaneus, that is i) consistent with the kinetic pattern of compressive and tensile forces acting upon the
calcaneus, and ii) is covert in a 3D tomographic image of the calcaneus. Moreover, the two extreme
pathologic cases of the calcaneus (museum artifacts of club foot and ankylosis used for illustrative
purposes) showed substantial deviation from the control morphometric pattern, and were also different
from each other. Application of the 3D mapping algorithm to a bona fide biomechanical study or a
controlled age series of human or animal bones might reveal new trajectories for the functional
adaptation of bone to loading.
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Figure legends

Figure 1. Human foot specimens. A — Club foot, or talipes varus (Gordon Museum of Pathology, King’s
College London, UK), with an original description from the museum catalogue. Note the calcaneus is
oriented nearly upwards. B — Representative 2D image from the club foot scan. Bony trabeculae are very
delicate, and the metal elements used to connect the foot bones (black arrowheads in A) generate
pronounced X-ray beam-hardening artifacts during uCT (white arrowheads). C — Calcaneonavicular
ankylosis (Gordon Museum of Pathology, King’s College London, UK), with an original description from
the museum catalogue. All the ankylosed bones are fused into one single aggregate, so no wire mounting
was required. However, the uCT image was of poor contrast. D — Modern nonpathologic human foot
(Imperial College London, anatomy teaching collection). This specimen was mounted with metal fixtures
(black arrowheads), and the beam-hardening artifacts from this are evident in panel E (white arrowheads).

Figure 2. Surface rendering of 3 specimens. Two historical specimens are rendered in full (A, C), in
addition to the focused scans of the calcanei (B, D, E). In the full-size scans, individual bones are color-
coded for ease of identification. The position of the bounding boxes used for all the analyses is shown in
panels B, D, and E, and they are centered in the sagittal plane (or would-be sagittal in B).

Figure 3. Comparison of the 3D anisotropy maps constructed over the same 3D image of trabecular bone
using different sampling volumes. The maps are visualized by the vector magnitude. The sampling volume
increases from 0.1 mm to 2.3 mm (from A to G). Anisotropic bands become apparent when the sampling
radius exceeds 0.5 mm, and they become progressively smoother as the sampling radius increases. The
speed of computation decreases as the sampling radius increases. Conversely, reducing the bounding box
volume reduces the computation time.

Figure 4. Comparison of the 3D anisotropy maps constructed over the same 3D image of trabecular bone
using different sampling volumes. The maps are visualized by the vector orientation with respect to the
principal axes. The sampling volume increases from 0.1 mm to 2.3 mm (from A to G). Anisotropic bands
become apparent when the sampling radius exceeds 0.5 mm, and become progressively smoother as the
sampling radius increases.

Figure 5. Anatomical context for 3D maps of calcaneus. A —Surface-rendered nonpathologic calcaneus is
shown in its anatomical position (posterior-lateral aspect). The arrows indicate the pulling direction of
the Achilles tendon and the plantar fascia. The area enclosed in the cubic box is enlarged in panel B. B —
Trabecular texture of the calcaneal tuberosity. Note the absence of visible vestiges of the growth plate.
C and D — Anisotropy vector fields constructed over the fragment presented in panel B, color-coded by
magnitude and direction, respectively. E — The 3D anisotropy vector field is partly clipped to expose its
interior and is inscribed in the semi-transparent mesh rendering of the calcaneus. F — Only the high-
magnitude (0.7-0.8) anisotropy vectors are highlighted. Note the presence of the stereotypical anisotropy
bands. G — In the same volume, only the low magnitude anisotropy (0-0.3) are presented. Note the
complementary distribution with respect to F, and the visibility of the growth plate location which is not
readily visible in panel B.

Figure 6. Three nonpathologic human calcanei, sagittal view. Each row illustrates the maps produced
from one calcaneus. The left column shows the variation of BV/TV in 3D; in all three specimens, the
highest local volume fraction can be found in the subtalar area (asterisk in panel A), although inter-
individual variation is apparent. The middle column shows local anisotropy plotted by magnitude. Note
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that highest local volume fraction, and highest local anisotropy, do not necessarily coincide. Three
principal bands can be seen in the sagittal plane: dorsal, plantar and Achilles’ bands. The right column
shows the same vector fields as the middle column, but the vectors are color-coded by direction. The
green left-of-center formation in all three direction maps (panels C,F and 1) corresponds to the band of
trabeculae oriented perpendicular to the plane of the image, apparently in the direction of the calcaneo-
fibular and peroneal ligament attachment.

Figure 7. One nonpathologic and two pathologic calcanei, sagittal view. The nonpathologic calcaneus is
different from those presented in Figure 6. Note that in the case of congenital disuse (club foot), both
volume fraction and anisotropy are lost. In the case of acquired disuse (ankylosis), the local values of
volume fraction are higher and more diverse, while the local anisotropy pattern appears to be vanishing
in comparison with the typical pattern, although still recognizable (both in terms of magnitude and
direction).

Figure 8. Comparison of mode values of the volume fraction values (A) and anisotropy values (B). A—The
modal values (indicated by vertical lines) of the volume fraction vary between 0.05 and 0.175, of which
the club foot has the lowest value and the ankylosed calcaneus has the highest value. B — The modal
values of anisotropy (also indicated by vertical lines) cluster together for nonpathologic cases between
0.6 and 0.675, whereas the ankylosed calcaneus has a lower modal value of 0.45, and the club foot
calcaneus has the lowest modal value of 0.31. Plot lines are color-coded as in panel B.
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S.16 Talipes varus
The skeleton of a left foot, exhibiting an
extreme degree of talipes varus. The foot
i5 so mueh inverted that the outer part of
éts dorsum has becowe the point of
support, while the sole fooks backwards
and slightly upwards. The relations and
the shape of the bones are consequently
misich alfered; the upper articular surface of
the talus is directed formards, and the tibia
rests upont its inwer side and alse
artienlates with the os caleis. The
trberosity of the os calvis is tilted upnards,
and all the other tarsal bones are eramped
and varionsly distorted.

$.253 Tarsal joints - Ankylosis
"The bones of a right foot, exchibiting osseous
ankylosis of all the tarsal and metatarsal joints,
probably from septic arthritis. The bones are so
completely nnited and so thickly covered by osseons
deposit that it is difficunlt to trace the original lines
of articulation. The talus is missing.'

Nonpathologic
Cnnrcmp()rary
human foot

Figure 1. Human foot specimens. A - Club foot, or talipes varus (Gordon Museum of Pathology, King’s
College London, UK), with an original description from the museum catalogue. Note the calcaneus is
oriented nearly upwards. B — Representative 2D image from the club foot scan. Bony trabeculae are very
delicate, and the metal elements used to connect the foot bones (black arrowheads in A) generate
pronounced X-ray beam-hardening artifacts during uCT (white arrowheads). C - Calcaneonavicular
ankylosis (Gordon Museum of Pathology, King’s College London, UK), with an original description from the
museum catalogue. All the ankylosed bones are fused into one single aggregate, so no wire mounting was
required. However, the uCT image was of poor contrast. D - Modern nonpathologic human foot (Imperial
College London, anatomy teaching collection). This specimen was mounted with metal fixtures (black
arrowheads), and the beam-hardening artifacts from this are evident in panel E (white arrowheads).
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Talipes varus

10 mm

Nonpathologic calcaneus

Figure 2. Surface rendering of 3 specimens. Two historical specimens are rendered in full (A, C), in addition
to the focused scans of the calcanei (B, D, E). In the full-size scans, individual bones are color-coded for
ease of identification. The position of the bounding boxes used for all the analyses is shown in panels B, D,
and E, and they are centered in the sagittal plane (or would-be sagittal in B).
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Figure 3. Comparison of the 3D anisotropy maps constructed over the same 3D image of trabecular bone
using different sampling volumes. The maps are visualized by the vector magnitude. The sampling volume
increases from 0.1 mm to 2.3 mm (from A to G). Anisotropic bands become apparent when the sampling
radius exceeds 0.5 mm, and they become progressively smoother as the sampling radius increases. The
speed of computation decreases as the sampling radius increases. Conversely, reducing the bounding box

volume reduces the computation time.
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Figure 4. Comparison of the 3D anisotropy maps constructed over the same 3D image of trabecular bone
using different sampling volumes. The maps are visualized by the vector orientation with respect to the
principal axes. The sampling volume increases from 0.1 mm to 2.3 mm (from A to G). Anisotropic bands
become apparent when the sampling radius exceeds 0.5 mm, and become progressively smoother as the

sampling radius increases.
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Figure 5. Anatomical context for 3D maps of calcaneus. A - Surface-rendered nonpathologic calcaneus is
shown in its anatomical position (posterior-lateral aspect). The arrows indicate the pulling direction of the
Achilles tendon and the plantar fascia. The area enclosed in the cubic box is enlarged in panel B. B -
Trabecular texture of the calcaneal tuberosity. Note the absence of visible vestiges of the growth plate. C
and D - Anisotropy vector fields constructed over the fragment presented in panel B, color-coded by
magnitude and direction, respectively. E - The 3D anisotropy vector field is partly clipped to expose its
interior and is inscribed in the semi-transparent mesh rendering of the calcaneus. F - Only the high-
magnitude (0.7-0.8) anisotropy vectors are highlighted. Note the presence of the stereotypical anisotropy
bands. G - In the same volume, only the low magnitude anisotropy (0-0.3) are presented. Note the
complementary distribution with respect to F, and the visibility of the growth plate location which is not

readily visible in panel B.
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Figure 6. Three nonpathologic human calcanei, sagittal view. Each row illustrates the maps produced from
one calcaneus. The left column shows the variation of BV/TV in 3D; in all three specimens, the highest
local volume fraction can be found in the subtalar area (asterisk in panel A), although inter-individual
variation is apparent. The middle column shows local anisotropy plotted by magnitude. Note that highest
local volume fraction, and highest local anisotropy, do not necessarily coincide. Three principal bands can
be seen in the sagittal plane: dorsal, plantar and Achilles’ bands. The right column shows the same vector
fields as the middle column, but the vectors are color-coded by direction. The green left-of-center formation
in all three direction maps (panels C,F and I) corresponds to the band of trabeculae oriented perpendicular
to the plane of the image, apparently in the direction of the calcaneo-fibular and peroneal ligament

attachment.
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31 Figure 7. One nonpathologic and two pathologic calcanei, sagittal view. The nonpathologic calcaneus is
32 different from those presented in Figure 6. Note that in the case of congenital disuse (club foot), both
volume fraction and anisotropy are lost. In the case of acquired disuse (ankylosis), the local values of
volume fraction are higher and more diverse, while the local anisotropy pattern appears to be vanishing in
comparison with the typical pattern, although still recognizable (both in terms of magnitude and direction).
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Figure 8. Comparison of mode values of the volume fraction values (A) and anisotropy values (B). A - The
modal values (indicated by vertical lines) of the volume fraction vary between 0.05 and 0.175, of which the
club foot has the lowest value and the ankylosed calcaneus has the highest value. B - The modal values of
anisotropy (also indicated by vertical lines) cluster together for nonpathologic cases between 0.6 and 0.675,
whereas the ankylosed calcaneus has a lower modal value of 0.45, and the club foot calcaneus has the
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lowest modal value of 0.31. Plot lines are color-coded as in panel B.
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