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Teeth are complex biological structures consisting primarily of enamel and dentin. The
mechanical loading of teeth due to the action of brushing provides a complex interaction
between applied forces and the biological structure, resulting in volume loss of dental
tissue. The volume loss as a resulting of using an ex situ brushing of teeth was measured
using x-ray microcomputed tomography (XCT) and corresponding image analyses.
Three-dimension reconstructions of teeth reveal a considerably loss of dentin at a rate of
over 30 times that of enamel during brushing, as would be expected by the consideration
of the corresponding structures. The approach here is flexible and can be applied to a
range of brushing, teeth, and environmental conditions.

Keywords: X-ray microtomography, tooth, mechanical processes, structural biology, abrasion

INTRODUCTION

Teeth are a complex biological structure composed primarily of enamel and dentin. The enamel
forms the outermost layer of the tooth and is formed of highly ordered apatite prisms (Fincham
et al,, 1999). These prisms are combined to form enamel rods, which provides a high degree of
mechanical performance (Imbeni et al., 2005). Dentin is a collagen and mineral based biocomposite
that forms the second major component and comprises the bulk of the tooth volume (Fratzl, 2008).
Dentin has a pronounced tubular structure, where the tubules run from the tooth pulp chamber
to the dentin-enamel junction. The tubules have a diameter on the order of several micrometers,
narrowing in diameter as they approach the surface of the dentin or the dentin-enamel junction
(Fratzl, 2008). The primary component of dentin is the intertubular dentin that is a dense fibrillar
structure of mainly mineralized collagen (Zaslansky et al., 2006). The intertubular dentin surrounds
the highly mineralized peritubular dentin, which in turn surrounds the dentin tubules (Jud et al.,
2015). Peritubular dentin is reported to contain no collagen and is composed of highly developed
hydroxyapatite crystals (Fratzl, 2008). The main function of dentin is to provide mechanical
support for the enamel layer in order to facilitate the translation of the forces from the enamel
through to the jaw bone (Zaslansky et al., 2006). The enamel and dentin are designed to work
in conjunction, and be resistant to the repeated forces experienced within the oral cavity mainly
from mastication (Montoya et al., 2016). The surface of the dentin is covered by a mineralised layer
known as the cementum. The cementum generally covers the dentin surface up to the gum line
where it meets the enamel (Nanci, 2014). The cementum serves as the binding point between the
tooth and the periodontal ligament, which anchors the tooth to the alveolar bone (Bosshardt and
Selvig, 1997). The interface between the cementum and enamel is known as the cementoenamel
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junction. Generally at this junction the cementum will directly
interface with the enamel, slightly overlap or in some cases leave
a gap of exposed root surface (Arambawatta et al., 2009).

The inherent resistance to mechanical stresses of the enamel
is highlighted by the mechanical properties. Enamel has
significantly higher mechanical properties when compared to
dentin. The elastic modulus of human dental enamel is in the
range of 63 to 98 GPa, whereas the dentin has an elastic modulus
between 19 and 24 GPa (Fong et al., 2000; Habelitz et al., 2001;
Marshall et al., 2001, 2003; Kinney et al., 2003; Inoue et al., 2009;
Bertassoni et al., 2011; Yilmaz and Schneider, 2016). The trend is
similar when examining the reported hardness values of enamel
(2.7 to 4.8 GPa) and dentin (0.55 to 0.81 GPa) (Habelitz et al.,
2001; Marshall et al., 2001; Cuy et al., 2002; Low, 2004; Inoue
et al., 2009; Sui et al., 2014). Compared to both the enamel and
dentin, the cementum has reduced mechanical properties. The
elastic modulus of the cementum present in human teeth has
been reported to range from 2.3 to 16 GPa (Ho et al., 2004, 2009;
Srivicharnkul et al., 2005).

Unlike many biological structures, teeth do not undergo major
remodeling following damage or tissue loss (Fratzl, 2008), which
means that understanding their wear behavior is important for
maintaining healthy teeth. Tooth brushing is widely considered
the most common method for routine dental cleaning to
maintain healthy teeth (Addy and Hunter, 2003). Brushing of
the teeth with the addition of a tooth paste is performed to
mechanically remove dental plaque (Dyer et al., 2000). Dental
plaques contribute to the development of caries and lesions on
the teeth (Hicks et al., 2003). Brushing with a toothpaste has been
identified as a contributor to the wear of teeth through abrasion
of the tooth surface (Tellefsen et al., 2011). Low mechanical
loading of the tooth from brushing, considered as a “normal”
brushing condition, is advantageous as little abrasive damage
occurs to the enamel such that damage is repaired by the
remineralization process of the enamel that occurs within the
oral cavity (Wiegand et al., 2007). Understanding damage within
the tooth from brushing conditions is therefore important in
providing routes to limit this damage and provide repair from
remineralization.

A wide range of abrasive forces are applied to the tooth during
brushing that are highly dependent on the user and the type of
toothbrush, which are grouped into manual or powered, that are
used. Studies quantifying the brushing mechanism are limited
but some works have measured the brushing force applied by
patients using strain gauges attached directly to the toothbrush.
Specifically, Ganss et al. reported that patients with a manual
tooth brush apply a mean force of 2.4 + 0.8 N with a maximum
force of 5.5 £ 1.9N (Ganss et al., 2009). Wiegand et al. indicated
patients with a manual toothbrush applied a mean force of 1.6 N
and mean force of 0.9N with a powered toothbrush (Wiegand
et al., 2013). In both studies the patients were uninstructed
regarding brushing force or technique. These studies show that
the brushing forces applied to the tooth are varied but can be
relatively high, which can lead to abrasion of the tooth surface
when combined with a toothpaste (Kielbassa et al., 2005).

Many studies have investigated the effects of tooth brushing
on the wear of dental tissue in conjunction with the effects

of erosion (Attin et al., 1997; Hooper et al,, 2003; Wiegand
et al,, 2007; Lima et al., 2013; Bizhang et al., 2016). The erosion
is included in these studies to replicate the effects of acid
mediated softening of the dental tissue, as sound dental tissue is
considered as not susceptible to abrasive wear alone (Kielbassa
etal., 2005). The softening by acidic substances or foods increases
the susceptibility of the dental tissue to abrasive damage. In
addition to the erosive damage leading to increased wear, gingival
recession is one route that can lead to exposure of the underlying
dentin (Bizhang et al., 2016). Dentin has reduced mechanical
resistance to abrasion when compared to enamel, and has been
shown to be susceptible to significant abrasive damage following
an erosive attack (Bizhang et al., 2016).

To study the wear characteristics of enamel and dentin, the
abrasive wear is conducted over a period repeated brushing cycles
on polished sections of dental material. These abrasive wear
studies often exclude the presence of the cementoenamel junction
and cementum on the surface of the dentin or completely remove
the layer prior to beginning the study. The total wear is often
assessed using profilometry over a specific region of the brushed
area to measure the mean change or peak change in the height
of the sample within the brushed region, which provides a one
dimension characterization of the damage (Dyer et al., 2000;
Hooper et al., 2003; Kielbassa et al., 2005; Wiegand et al., 2013;
Arnold et al., 2016; Bizhang et al., 2016). The one dimensional
analysis of the wear provides a convenient method of drawing
comparisons between varying conditions applied between the
brush and the tooth surface, but provides less information about
the overall changes occurring within the tooth structure during
the wear process.

Extending the analysis to three dimensions would provide
extensive information on changes in tooth volume due to
the applied brushing forces. X-ray microcomputed tomography
(XCT) is a powerful technique to acquire images of an entire
volume at the micrometer length scale. The ability of XCT to
accurately evaluate volume changes in teeth due to brushing
forces has not been fully explored and evidence within the
literature of quantifying small, micrometer scale, volume loss
in teeth using XCT is lacking. X-ray tomography techniques
have been exploited to investigate large scale abrasion wear
in teeth (Kofmehl et al., 2010) but does not consider loading
from a contacting toothbrush. We believe state-of-the-art x-
ray microscopy techniques are not fully realized as a potential
method for exploring volumetric wear in dental materials. The
aim of this work is therefore to investigate the abrasive wear of
tooth brushing on teeth using XCT. A particular emphasis is on
quantifying the total volume loss within the enamel and dentin as
a result of ex situ brushing using only the movement applied by a
(powered) sonic toothbrush.

METHODS

Porcine teeth were extracted from the lower jaw of a pig and
cleaned under running water to remove any excess soft tissue.
The individual teeth were then mounted to aluminum tubing
using epoxy resin (Devcon 5 minute epoxy, ITW Devcon, IE)
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in order to secure the teeth in the sample holders for the XCT.
Aluminum phantoms, ~0.2 mm in diameter, were adhered to the
surface of the tooth adjacent to the region of interest using epoxy
resin. The phantoms provide a reference point on the sample
during image processing.

Tooth brushing was performed using a powered sonic
toothbrush (Philips Sonicare Easyclean, Philips, USA) and a
toothpaste slurry with a ratio of 1:3 toothpaste (Sensodyne Daily
Care, GSK, UK) to water. The toothbrush was secured on a
ring stand and static weights were attached to the main handle
of the toothbrush. The force applied to the tooth through the
toothbrush head was 2.8 N. The toothbrush head was immersed
in the toothpaste slurry then attached to the toothbrush prior to
brushing. Brushing consisted of contacting the long length of the
tooth approximately at the gum-line position and activating the
toothbrush. The experimental setup for tooth brushing is shown
in Figure 1. Using this region of interested ensured that both
enamel, present at the surface of the tooth above the gum-line,
and dentin, present at the surface of the tooth below the gum-
line, were examined in this work to explore differences in their
response to the brushing. Each tooth was brushed at 2 min time
intervals for up to 20 min, with the tooth rinsed using deionized
water, dried using laboratory wipes and imaged prior to the
subsequent brushing interval. A total of three teeth were imaged
and exposed to the tooth brushing cycles.

XCT was conducted using an x-ray microscope (Versa 510,
Carl Zeiss, USA/EU) operating at a voltage of 50 kV with a
power of 4W and a Zeiss LE2 filter positioned directly after
the x-ray source to filter the x-ray spectrum. One thousand and
six hundred and one projections were collected over 360°at an
interval of 0.22° with an isotropic voxel size of 3 um for each
tomography reconstruction. An exposure time of 5-6 s was used
for each projection. The exposure time was selected individually
for each sample and maintained throughout the study. Two

® .~ Toothbrush

\ Tooth sample

Ay

N

Static Mass

FIGURE 1 | Optical image of the ex situ brushing set up. Static weights are
applied to the central portion of the electric toothbrush. The tooth sample is
mounted in the XCT sample holder and stabilized by a steel v-block. A
schematic of the brushing location is shown in the bottom left hand corner of
the image.

initial scans were conducted for each sample; between the initial
scans no changes were made to the experimental equipment or
the position of the sample. The projections were reconstructed

FIGURE 2 | 3D volume rendering of the scanned region of the tooth. A
greyscale lookup table is applied to the rendering, showing the enamel in the
lighter coloration and the dentin the darker coloration.

Cementum

Dentin

*=—Enamel

Aluminium
Phantom

/

FIGURE 3 | 2D virtual slices of the 3D tomography data captured via XCT.

(A) Initial reconstructed slice. (B) Reconstructed slice following application of a
NLM denoising filter. (C) The red box highlights the ROI selected for calculating
the volume of enamel and dentin. (D) The selected region of interest and the
resulting segmented data.
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using software incorporating a filtered back projection algorithm
(Scout and Scan, Carl Zeiss, USA/EU). For each dataset the
center shift was manually found, the standard beam hardening
correction was applied with a value of 0.2-0.7 depending on the
specific sample and a smoothing correction of 0.5-0.7 used. The
beam hardening and smoothing corrections were kept constant
for each individual sample.

The reconstructed datasets were filtered using a non-local
means denoising filter in Image] (NIST, USA) (Darbon et al,
2008; Buades et al., 2011). The filtered datasets were registered
to the initial scans using the manual rigid registration module
in MeVisLab (MeVis Medical Solutions AG, DE). The aluminum
phantoms were used as key features for the registration process.

Registration of the datasets ensured that the center of each scan
was aligned and a consistent region of interest (ROI) could be
selected from each dataset.

The specific ROI from each dataset were segmented through
pixel classification using the ilastik software (Sommer et al,
2011). Pixel classification was carried out using 15 features:
Gaussian Smoothing (6 = 0.3 px—3.5 px), Laplacian of Gaussian
(0 = 0.7 px—5.0 px), Structure Tensor Eigenvalues (6 = 0.7
px—5.0 px). Each dataset was segmented individually using three
labels. The labels were selected to represent the enamel, dentin,
and air present in the images. Each label is represented by a
single color value within the segmented data, resulting in a
dataset containing only three pixel color values. The volume

TABLE 1 | List of the volumetric data calculated from the XCT images captured for each tooth sample over 10 brushing time points.

ROI volume Enamel Cementum/Dentin
(wm3)
Measured Difference in Normalized Measured Difference in Normalized
volume volume volume change volume volume volume change
(wm®) (nmd) (wm®) (nmd)
TOOTH 1
4.51E+09
Initial Scan 1 306979362 2421110331
Initial Scan 2 307444059 464697 0.000103 2435130783 14020452 0.003108
Cumulative 2min 308825676 1846314 0.0004093 2481981615 60871284 0.013495
brushing time 4min 308805615 1826253 0.0004049 2377530333 —4.4E +07 —0.00966
6min 310667373 3688011 0.0008176 2393336754 —2.8E+07 —0.00616
8min 315229644 8250282 0.0018291 2385672966 —-3.5E+07 —0.00786
10min 307217502 238140 5.279E-05 2396889441 —24E+07 —0.00537
14 min 305646561 —1332801 —0.000295 2351522961 —7E+07 —0.01543
20min 305596908 —1382454 —0.000306 2333317104 —8.8E+ 07 —0.01946
TOOTH 2
2.8E+09
Initial Scan 1 107233713 1078093422
Initial Scan 2 108846234 1612521 0.0005759 1080123147 2029725 0.000725
Cumulative 2min 105393798 —1839915 —0.000657 1078893108 799686 0.000286
brushing time 4min 106819560 —414153 —0.000148 1081021086 2927664 0.001046
6min 106619112 —614601 —0.000219 1077492132 —601290 —0.00021
8min 106163676 —1070037 —0.000382 1060871580 —1.7E+07 —0.00615
10min 107536059 302346 0.000108 1063602441 —1.4E+07 —0.00517
14min 105769989 —1463724 —0.000523 1043337699 —3.5E+07 —0.01241
20 min 106732134 —501579 —0.000179 1039972338 —3.8E+07 —0.01361
TOOTH 3
1.23E+09
Initial Scan 1 67284702 569502549
Initial Scan 2 67524327 239625 0.0001942 570971349 1468800 0.001191
Cumulative 2min 67395834 111132 9.008E-05 566421471 —3081078 —0.0025
brushing time 4min 67446675 161973 0.0001313 567022788 —2479761 —0.00201
6min 66814065 —470637 —0.000381 560944764 —8557785 —0.00694
8min 66461310 —823392 —0.000667 559115568 —1E+07 —0.00842
10min 66894903 —389799 —0.000316 558533475 —-11E+07 —0.00889
14min 66791817 —492885 —0.0004 557282754 —-1.2E+07 —0.0099
20 min 66694806 —589896 —0.000478 554612157 —1.6E+07 —0.01207

The corresponding difference in volume is calculated as the volume measured in the initial scan 1 subtracted from the measured volume of the time step.
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of each label was calculated by counting the number of pixels
for each specific color within each slice of the ROI. The total
number of pixels for each color within a dataset were counted
using a custom python script. The volume was then calculated
by multiplying the number of pixels by the voxel size of the
images.

RESULTS

Porcine teeth were successfully imaged using XCT, focusing
mainly on the region of the tooth surface that transitions from
enamel to dentin. Figure 2 shows the 3D rendered volume of
an imaged tooth and highlights the presence of both the enamel
and the dentin within the imaged volume. A plane section of
the imaged volume is shown in Figure 3, where the enamel and
dentin can be distinguished clearly. Figure 3A also highlights
the cementum at the surface of the tooth, which is indicated by
the change in the image morphology. The interface between the
cementum and dentin is not clear from the XCT images, but was
confirmed using light microscopy (Supplementary Figure 1).
The light microscopy images indicated that the cementum in
these samples connects directly to the enamel and there is no
overlap of the two layers. The artifacts present within Figure 3
are likely caused by the presence of the aluminum phantom
adhered to the tooth surface. Figure 3 shows the plane section
that has been produced using a non-local means denoising filter
and indicates that the filter has reduced the overall noise while
maintaining the features of the sample.

The filtered image datasets were segmented to accurately
distinguish between the enamel, dentin and air in order to
quantify the volume of each phase present. The volume of the
enamel and dentin present within each sample at each time point
is recorded in Table 1. The table also displays the volume data for
the initial repeat scans. Table 1 shows the change in volume at
each time point against the initial reference scan, labeled initial
scan 1, which shows an increase in the volume lost in both the
enamel and dentin over the course of the total brushing time.
The size of the ROI varies for each sample, therefore to draw
comparisons between each samples the data is normalized against
the total measured volume of the ROI in the initial scan. The
total volume of the ROI and the normalized volume at each
time point are displayed in Table 1. The average change in the
volume of each phase as a function of the applied brushing time
can therefore be observed and is plotted in Figure4. A linear
regression fit to the data to describe the rate of volume loss within
each phase was made.

DISCUSSION

In the XCT images the cementum at the surface of the tooth
can be identified but the interface between the cementum and
the dentin cannot be consistently differentiated. The lack of
contrast between the cementum and dentin is likely due to the
similiarity of mineral concentration for each material. Dentin
has ~60% hydroxyapatite, where cementum has between 45 and
50% (Ho et al., 2004; Srivicharnkul et al., 2005; Goldberg, 2011;
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FIGURE 4 | Plot of the average normalized changes in volume for the enamel
and cementum/dentin vs. the cumulative brushing time (in minutes).

Yamaguchi et al., 2016) The high mineral content of the enamel,
over 90% (Habelitz et al., 2001; Goldberg et al., 2014; Yilmaz and
Schneider, 2016), results in significant contrast to the cementum
and dentin. Therefore, it is not possible to indicate when the
abrasive behavior of the tooth brushing has completely removed
the cementum and then begun to remove the underlying dentin.
The removal of the cementum from the tooth surface exposes
the dentin and the openings of the dentin tubules, which has
been shown to lead to hypersensitivity (Addy and Hunter, 2003;
Arnold et al., 2016). As a result of this, the discussion here
considers the dentin and cementum as one material component
of the tooth and the enamel as another.

The plots in Figure 4 indicate a substantial increase in the
volume of the cementum/dentin lost when compared to the
enamel. This difference in rate of volume loss was expected as
the enamel has greater mechanical properties and is a biological
structure that is designed to withstand long term exposure to
wear forces. An initial increase in the normalized volume changes
in both the enamel and dentin is noted and is expected to be due
to initial deposition of material or redeposition of loose material
within the ROI, which is absent as removal of the tooth material
becomes active.

The increased wear resistance observed in the enamel is
consistent with the literature, where brushing of enamel produces
minimal volume loss when compared to the dentin and also
holds for acid softened/eroded dentin and enamel (Wiegand
et al., 2007, 2013). The consistency with previous work can be
evaluated by comparing the ratio of the rate of dentin volume
loss to rate of enamel volume loss. Wiegand et al. showed, using
profilometry, that brushing of enamel and dentin with powered
sonic toothbrushes resulted in an average dentin to enamel
volume loss ratio of 12.6:1 (Wiegand et al., 2013). The data we
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present here indicates an average cementum/dentin to enamel
volume loss ratio of 35.48:1, which indicates a more rapid volume
loss compared to the literature. The ratio was calculated using the
slope from the linear regression of the volume loss vs. time data
for each sample. This increase in the ratio appears to be related to
the applied force during brushing, where increasing the applied
force by a factor of three increased the ratio of volume loss by a
similar factor. The force applied in this work was ~2.8 N, while
Wiegand et al. applied 0.9 N with the sonic toothbrush (Wiegand
et al., 2013). The increase of the ratio with force indicates that the
increase in cementum/dentin volume loss observed here is not
dependent on the material properties, and is potentially related to
the experimental methodology. The work presented by Wiegand
et al. used controlled sample geometry, whereas in this work a
geometry more representative of in vivo brushing was employed
to take advantage of the XCT imaging capabilities. The irregular
geometry used in this work may lead to increased contact stresses
arising at the surface during brushing that may not be observed
using polished blocks used for profilometric studies. In addition,
the sample preparation techniques employed in other works,
namely mechanical surface polishing, may preferentially remove
weakly bound or damaged material prior to the wear testing.
Specifically, the polishing in Wiegand et al. removed 200 pm
from the surface of the enamel and dentin block faces (Wiegand
et al,, 2013), thus potentially removing weaker material, and
the cementum, that could be lost more easily due to brushing.
Polishing is also expected to defects from the surface that act
as initiation sites for damage or volume removal. Future work
should therefore examine the interaction of the toothbrush head
with the dentin and enamel surfaces using in situ XCT to provide
better insight into how the contact stresses are being applied to
an irregular tooth surface.

SUMMARY

The volume change of teeth following ex situ tooth brushing
was successfully measured using XCT to observe the wear
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An Automated Step-Wise
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Microstructural bone phenotypes, such as the intracortical canal network, could be
directly linked to the mechanical failure behavior of cortical bone tissue. In addition, high
accumulation of microdamage can significantly increase bone brittleness and thus, is
a precursor of mechanical failure. Here, we discuss the development and validation of
an automated step-wise micro-compression device (MCD) for dynamic image-guided
failure assessment (DIGFA) of intracortical bone microstructure and bone microdamage.
The device was found to be highly accurate and precise with positioning errors of
less than 1 wm and force errors of less than 1.25N. In addition, the results of a first
biological study using DIGFA and time-lapsed computed tomography are presented.
In short, whole mouse femora from mature C57BL/6 (B6) and C3H/He (C3H) mice
with mid-diaphyseal notches were tested in step-wise compression and concomitantly
imaged until failure. DIGFA was performed at the TOMCAT beamline of the Swiss
Light Source (SLS) using synchrotron radiation-based computed tomography (SR CT).
Following the experiment, intracortical porosity was separated into the canal network,
osteocyte lacunae, and microcracks for subsequent morphometric evaluation. The
thicker cortex of C3H was penetrated by a dense canal network, whereas in B6 only
a few scattered canals were observed. For B6, the first occurrence of crack was noted
at 1.45% local strain, while for C3H, crack initiation took place only at 2.66% local strain.
In addition, we were able to relate whole bone mechanics to local failure events by
deriving correlations between microstructural porosity and microdamage propagation. In
conclusion, initiation and accumulation of microcracks were investigated for two mouse
phenotypes demonstrating that DIGFA in combination with SR CT is a suitable technique
for time-lapsed three-dimensional assessment of bone morphology and bone fracture
behavior down to the cellular level.

Keywords: bone, microstructure, synchrotron radiation-based computed tomography, dynamic image-guided
failure assessment, step-wise micro-compression, microdamage
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INTRODUCTION

Bone is a hierarchical composite material whose mechanical
properties highly depend on the structural and material
organization (Cowin, 2001). The material properties of bone can
be largely attributed to its composition, and define the types of
loading it experiences (Carter and Spengler, 1978). On the other
hand, structural properties of the tissue stem directly from the
architectural arrangement of the material, and differ across bone
types, species, and hierarchical level under investigation (Goulet
et al., 1994; Rho et al.,, 1998). These properties define the amount
of loading bone can withstand before fracture (Turner, 2006;
Currey, 2012).

Regarding the bone structure on the tissue level, it is
the trabecular and cortical bone which deserve attention.
Trabecular bone consists of an intertwined network of rod-
and strut-shaped trabeculae, and provides large porous spaces
for marrow encapsulation (Wehrli, 2007). Cortical bone is a
major load-bearing and protective structure of the body. It
is particularly resistive to compressive deformations, while it
remains relatively weak in tension (Reilly and Burstein, 1975).
Furthermore, the influence of microstructural porosity on the
mechanical properties of bone has been widely established
(Currey, 1988; Mccalden et al., 1993). Intracortical canals and
osteocyte lacunae have been shown to play an important role
in the mechanical properties of cortical bone (Schneider et al.,
2013) and therefore its ability to resist fracture. With respect
to the material properties, microdamage has been identified to
be an important determinant for bone mechanics (Donahue
and Galley, 2006). Several studies attempted to describe and
quantify the relationship between bone microstructure and the
behavior of microdamage in bone (Voide et al, 2009, 2011).
Small amounts of microdamage in bone were shown to lead to
large reductions in bone strength and stiffness (Hernandez et al.,
2014). However, so far we still lack information about the location
of accumulated microdamage and the specific future fracture
of bones. Until recently, this link between bone structure and
function was lacking temporal resolution, which is necessary for
the investigation of the dynamic process of bone fracture.

The visualization of bone microdamage initiation and
propagation has been steadily advancing from two dimensional
(2D) imaging methods, such as histology and microscopy
(Burr et al., 1985, 1998; Choi and Goldstein, 1992; Diab and
Vashishth, 2005), to three-dimensional (3D) techniques, such
as confocal microscopy (Fazzalari et al., 1998; Reilly, 2000)
and micro-computed tomography (WCT) (Nalla et al., 2004;
Voide et al.,, 2008a; Larrue et al., 2011; Palanca et al., 2017).
For high-resolution 3D imaging in the sub-micrometer domain
synchrotron radiation-based computed tomography (SR CT)
has been gaining popularity (Schneider et al., 2007; Cooper
et al.,, 2011; Pacureanu et al, 2012; Tommasini et al., 2012;
Dong et al,, 2014). SR CT provides isotropic spatial resolution
of 1pm or better (Stampanoni et al., 2007), which allows
differentiation of separate components of intracortical bone
microstructure. Combined with mechanical testing, this method
can facilitate the assessment of the role of bone porosity in the
failure behavior of the tissue. This application, also referred to

as functional or biomechanical imaging (Voide et al., 2008d),
enables tomographic visualization of the sample following each
loading step, and provides direct time-lapsed imaging of the
bone tissue’s load response. Several in situ testing systems of
various degrees of automation and sophistication have been
introduced to facilitate image-guided failure assessment (IGFA)
in conjunction with wCT and SR CT (Miiller et al, 1998;
Bleuet et al., 2004; Nazarian and Miiller, 2004; Thurner et al.,
2006; Voide et al., 2009; Jang et al., 2014; Evans et al., 2017).
However, so far the loading devices have either required manual
operation (Voide et al., 2009), or were limited by their geometric
arrangements (Bleuet et al, 2004; Thurner et al, 2006) or
mechanical capabilities (Miiller et al., 1998; Nazarian and Miiller,
2004). In addition, only one of the loading devices listed above
has been validated for precision and accuracy (Nazarian and
Miiller, 2004).

Therefore, taking into account the potential of IGFA to
assess the dynamic failure process, the first goal of this
study was to design and build an automated and thus, user-
independent step-wise micro-compression device (MCD), which
would allow functional imaging of the dynamic processes in
bone, i.e., dynamic IGFA (DIGFA). The second goal was to
perform a verification study for the precision and accuracy
of the mechanical components, which provides a protocol for
calibration of the MCD. Finally, as a third goal, the device was
tested for sensitivity within a first biological study, in which
microdamage initiation and propagation within cortical bone of
a mouse model was examined by DIGFA using the new MCD.

MATERIALS AND METHODS

Design and Construction of the

Micro-Compression Device (MCD)

The first objective of this study was to design and build a
MCD for DIGFA (Schneider and Miiller, 2010) for whole rodent
bones and sections of human trabecular or cortical bone, which
is compatible with SR CT imaging setups. Consequently, as
the primary use of the MCD is as in situ rig at beamlines of
SR facilities that offer experimental stations for tomographic
imaging, it must be compact and mobile as well as easy and quick
to build up and disassemble for transport. Therefore, the design
requirements identified were low weight and height, simplicity
of installation, and ease of individual component replacement.
Low weight and height are important factors to guarantee proper
operation of the motors driving the rotation stage for high-
resolution CT and to avoid precession of the rotation axis,
respectively. Thus, the weight limit for the MCD excluding the
control system was set to 5kg, and the height had to be kept to
the minimum. The requirements for the motor and load cell were
based on the mechanical properties of the expected specimens
(whole rodent bones and sections of human trabecular or cortical
bone). The components had to be able to both exert and detect
forces of at least 500N, and the motor and load cell selection
had to favor highest resolution and accuracy for biomechanical
imaging of bone tissue failure at a microstructural level. In order
to facilitate (absorption-based) SR CT imaging, the design at the
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sample height had to be X-ray transparent and small in diameter
for minimal sample-to-detector distance, to reduce absorption by
the MCD and to minimize the influence of edge enhancement
due to the coherent nature of SR light, respectively. The control
system of the designed MCD had to be digitally synchronized
with the controls for SR CT imaging at the TOMCAT beamline
(Stampanoni et al., 2007) of the Swiss Light Source (SLS) to
allow step-wise and user-independent loading and intermittent
tomographic scanning of the dynamic failure process within the
bone tissue. Finally, the system had to facilitate real-time output
of the mechanical data for experimental monitoring, as well as
produce comprehensive log files upon the completion of the
experiment.

The key element of the developed MCD (Figurel) is a
compact linear stepper motor, which serves as linear actuator
(NA23C60; Zaber Technologies Inc., Vancouver, Canada), with
a travel range of 60 mm, maximum force of 800N, and
spatial resolution of 0.2pum. Attached to the motor shaft
is a subminiature load cell (Model 11; Honeywell Sensing
& Control, Columbus, OH, USA), which operates both in
tension and compression, sustaining forces up to 1,250 N with
a reproducibility of 99.9% or a precision of 1.25N as reported
by the manufacturer. The top part of the MCD ends with a
stainless steel ball-point tip attached to the motor plunger, which
is put into contact with a stainless steel loading plate on top of
the tested sample. The ball bearing between the plunger and the
sample ensures axial loading (no shearing). The sample holder
base of the bottom part of the MCD was manufactured out of
polyoxymethylene (POM), whereas the smaller inner cylinder of
the sample holder (inner @ = 7 mm, wall thickness = 0.5 mm,
height = 30mm) and the larger load-bearing outer cylinder
(inner @ = 36 mm, wall thickness = 1 mm, height = 190 mm)
were manufactured out of custom-made glass-free carbon fiber
reinforced plastic (CFRP) (Suter Kunststoffe AG, Fraubrunnen,
Switzerland). POM was chosen for its low mass, low friction,
and wear resistance, as well as high stiffness, and very good
dimensional stability. CFRP has been given preference because it
is a light, but very strong composite material (stiffness > 100 GPa
in the longitudinal direction, both in compression and tension).
In addition, compared to mineralized bone tissue, both POM
and glass-free CFRP are practically X-ray translucent at the X-ray
energies used for (absorption-based) SR CT. This is an important
factor for the quality of the CT reconstructions as it reduces
typical cupping artifacts due to the local tomographic setup
(Schneider et al., 2009), where the X-ray projection of the sample
and the sample holder (specifically the outer CFRP cylinder)
exceeds the field of view of the detector. Other off-the-shelf
CFRPs have been tested, containing glass components, which are
detrimental for X-ray imaging as they significantly absorb X-
rays and are thus cannot be considered X-ray translucent. The
exchangeable inner CFRP cylinder is designed to hold the sample,
retain moisture, and any liquid required for the experiment.
The outer CFRP cylinder counteracts the forces exerted by the
actuator onto the sample stage, while mechanically protecting
the load cell and the plunger during experimental testing. The
dimension of the MCD is 65 x 65 x 335mm and the overall
weight is less than 2 kg. During experimental testing and imaging,

the outer cylinder must be attached to the sample stage and
the whole device has to be firmly fixed to the rotation stage of
the CT setup at TOMCAT (Figure 2), also controlling sample
alignment.

Data acquisition and system control have been managed
using LabVIEW 8.1 (National Instruments, Austin, TX, USA),
which allowed direct communication between the MCD and the
beamline EPICS control channels via TCP/IP. In addition, an
intuitive graphical user interface (GUI) was designed to guide
users step-by-step during DIGFA.

A typical experimental protocol would begin with the
initiation of the linear actuator and resetting of the load cell.
A contact point with the sample will then be detected either
manually by tracking X-ray projections on the CCD camera
during plunger movement toward the sample, or by setting a
predefined force limit during plunger approach. At the beginning
of the test, a static pre-load step for sample stabilization or
a cyclic pre-load for samples requiring pre-conditioning are
available. Free parameters for an actual mechanical test is
the force for pre-loading, rate of strain increase, sample size
(for the strain calculation), number of total loading steps, as
well as the relaxation time after each loading step. Once the
DIGFA experiment is started, loading and CT scanning will
be performed user-independently, in an automatic manner.
The scan is initiated immediately after relaxation time. The
experiment can be halted at any point, but will automatically
terminate once the desired number of loading steps is carried
out. The position and force data remain available through the
entire test, starting with the initiation of the motor, where the
sampling frequency for the mechanical data recording can be
defined by the user. Finally, settings for mechanical tests and CT
measurement are logged for use in future experiments.

Verification and Calibration of the

Micro-Compression Device (MCD)

In the second aim, the functionality of the MCD for DIGFA was
verified in its final assembly state. Due to possible non-linearities
and setup-induced performance deviations, the load cell and the
linear stepper motor were identified as critical components of the
MCD. The following experimental and statistical measures were
designed to verify and calibrate these mechanical constituents of
the MCD.

All experiments were carried out on a Zwick/Roell material
testing system (1456; Zwick/Roell AG, Ulm, Germany). The
method of using servo-hydraulic devices for compression
experiments and for calibration of external load cells has been
previously established in several studies (Thurner et al., 2006;
Voide et al, 2008d). Importantly, although the calibration
protocols are similar across all devices, the non-continuous
nature of previous experiments (Thurner et al, 2006; Voide
et al., 2008d) introduces a delay of several minutes between the
application of the load and the initiation of the scan, which in
turn could allow for further stress propagation and consequent
structural damage. At the same time, continuous load monitoring
could provide valuable insights into tissue responses that occur
between the load application and scanning, suggesting that
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FIGURE 1 | Design of the micro-compression device (MCD) for dynamic image-guided failure assessment (DIGFA). (Left) Fully assembled state of the MCD.
(Right) MCD view showing component assembly.
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FIGURE 2 | Micro-compression device (MCD) for dynamic image-guided failure assessment (DIGFA) mounted at the TOMCAT beamline of the Swiss Light Source
(SLS).

validated load cell function is of utmost importance in these  compression, where a plastic stopper (FIBROFLEX®-Rundfeder,
types of experiments. In general, load cells of servo-hydraulic =~ 80 Shore A (outer diameter = 20 mm, height = 16 mm);
machines undergo routine calibrations by the manufacturer,  Briitsch/Riiegger Holding AG, Urdorf, Switzerland) was used to
thus guaranteeing the reliability of the measurement. Since the  separate the MCD load cell from the compression plate, thus
experiments with the MCD were planned for a wide range of  preventing damage to either component. An additional metal
loads, the calibration of the MCD was done on both macro  holder was manufactured to prevent slipping and sliding between
and micro scales using two different calibrating load cells of  the components of the setup. All tests ran according to a step-
the Zwick/Roell material testing system with a maximal load  wise compression protocol provided in the Zwick/Roell software
of 5 kN and 10N, respectively. Calibration tests were done in  package. The number of steps, force increase per step, and
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upper force limit varied depending on the range of the planned
compression tests. The hold time was considered as an additional
variable in the experiment. A single run was started with the pre-
load application followed by gradual loading. After the test the
setup was returned to the initial position, and reassembled prior
to the next test. All tests were done by a single experimenter, and
repeated five times for each loading protocol.

The MCD has been designed for small rodent and human
bone samples with maximal dimensions of 20 mm in length and
6 mm in cross-section. Therefore, based on the size and estimated
mechanical properties of the samples and the maximum
attainable displacement resolution of the motor, the desired level
of precision for the measurement was set to be 1 pm. A Mercury
2000 (MicroE systems, Bedford, MA, USA) smart encoder
system using 18 mm long linear scale was chosen as a suitable
measurement tool for the verification of plunger displacement,
which also fitted the set precision requirement of 1pum. The
signal interpolation factor for the verification test using the
smart encoder system was set to 200 steps, at which the system
performs measurements with the precision of 0.10 um, and with
an interpolation accuracy of 0.12 um or better. The encoder of
the system was integrated into the MCD control software, where
a separate graphical user interface for the calibration experiment
was designed in Labview 8.1. The acquisition of the signals from
the linear encoder and the load cell were triggered at the same
time with the motor displacement, thus fully synchronizing the
three measurement systems (stepper motor, MCD load cell, smart
encoder system). In the calibration experiment, the MCD plunger
was advanced against the stationary compressing plate of the
Zwick/Roell machine, where the two systems were separated by
the plastic stopper, as described beforehand. For the calibration
tests, different factors influencing motor operation have been
identified, including the amplitude of the reaction force, speed
of displacement, level of plunger extension, and the direction of
motion. The influence of the magnitude of the reaction force
was simulated by applying and maintaining a pre-defined force
with the Zwick/Roell compression plate, while advancing the
MCD plunger to counteract the force. The other factors could
be assessed by varying the settings in the control system of the
MCD. Data acquisition was done in Labview 8.1, via a standalone
program. The step number along with the voltage read-out from
the MCD load cell were monitored continuously, at a sampling
frequency of 1,000 Hz. All test runs were performed five times
by a single investigator, and average values were used for the
statistical evaluation.

Dynamic Image-Guided Failure
Assessment (DIGFA) of Bone Tissue on

Microstructural Level
The final objective of the study was to test the sensitivity of
the MCD for biomechanical imaging, regarding visualization
and quantification of intracortical microdamage initiation and
propagation in a mouse model.

For DIGFA based on SR CT imaging, two different mouse
strains have been used, C57BL/6 (B6) and C3H/He (C3H),
representing low and high bone mass, respectively (Beamer et al.,

1996; Turner et al., 2000). Femora from 16-week old mice were
prepared as previously described (Voide et al., 2008b). In short,
left femora were extracted and stored in 70% ethanol. The bones
were embedded in polymethyl methacrylate cement (PMMA),
leaving only 4mm of the central femoral shaft exposed. POM
cylinders (6 mm in diameter) were used to provide stability at
the ends. In the next step, all samples were aligned similarly
to a previously developed procedure (Voide et al., 2008c). A
transverse notch, measuring 0.76 mm in depth and 0.89 mm in
width was introduced in the mid-diaphyseal region to create an
area of reduced strength, and to induce microdamage formation
in this region (Figure 3). Cortical thickness in the mid-diaphysis
was significantly different (p < 0.001) between B6 (Ct.Th = 0.17
+ 0.1mm) and C3H (Ct.Th = 0.34 + 0.1 mm). Nevertheless,
the relative average cross sectional area removed by the defect
was comparable in both mouse strains and accounted for 40
+ 5% in average cross-sectional area reduction (Voide et al.,
2011). The defect created a weakened region in the cortical bone.
A micro-finite element analysis of this loading model showed
that, around the reduced cross-section, the strains were parallel
to the loading direction and ranged between 0.11 and —1.56%
when 1% overall compressive strain was applied (Voide et al,,
2009). Before mechanical testing, all samples were rehydrated
in phosphate buffered saline (PBS) for 24 h prior to the time-
lapsed biomechanical imaging experiments at TOMCAT. During
experimental testing and imaging, the samples were immersed
in PBS to ensure proper hydration of the tissue. This study
was carried out in accordance with the recommendations of
and approved by the Kantonales Veterindramt Ziirich (Cantonal
Veterinary Office, Ziirich, Switzerland).

Axial compression tests of the embedded samples were carried
out using the MCD. The apparent strains in the experiment
are given with respect to the full length of the mouse femurs,
typically 16-18 mm. All tests were performed until failure, at an
interval of 0.05% strain/step and at a rate of 0.001% strain/second.
Each compression step was followed by 5min relaxation time
at constant displacement, providing CT images without any
visible movement artifacts. Subsequently, a tomographic scan
was acquired within the femoral cortex at the height of the notch
(Figure 3) using a 20X objective for optical magnification and
including 2X binning on the detector to increase the signal-to-
noise ratio, resulting in a voxel size of 740 nm. A total of 1501
projections at an individual exposure time of 150 ms were taken
over a range of 180° in a step-and-go mode and at a photon
energy of 17.5 keV. The projections have been flat field-corrected
using five dark images (X-rays off) and five flat images (sample
outside of X-ray beam) taken at the beginning of each experiment
and five additional flat images acquired at the end of each run.
While the imaging time accounted for less than 1 min per scan,
a single cycle of compression, relaxation time, and scanning
took on average 7 min. CT reconstruction was performed using
standard filtered back-projection including an automated ring
removal procedure, where fine-tuning of the CT reconstruction
center has been optimized visually. The cylindrical reconstructed
volume of interest (VOI), which comprises a segment of the
bone mid-diaphysis (see Figure 3), had a diameter and height of
1,024 x 1,024 pixels or 0.76 pum X 0.76 pwm. A radial polynomial
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FIGURE 3 | Sample preparation for image-guided failure assessment based on a combination of micro-compression and SR CT imaging. (Left) Schematic drawing
of mouse femora embedded in PMMA and notched at the mid-diaphysis. (Right) A cross-sectional sketch, showing the volume of interest for SR CT imaging.
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gradient correction was then applied on the reconstructed data
to correct for radial gradients due to the local tomographic setup
(Schneider et al., 2009). One of the C3H samples was damaged
during sample exchange, while another one was eliminated from
the evaluation due to ultimate failure after only two loading steps.
Consequently, the total number of successfully assessed samples
was four and six for B6 and C3H mice, respectively. Since local
mechanical strains are different for regions of varying cross-
sectional areas, a normalization of the overall strain for notched
and full cross-section regions was performed to provide apparent
local mechanical strains. For the normalization, we assumed that
the force over each section was equal and that the sum of sectional
displacements corresponded to the total displacement. Known
variables were cross-sectional areas in the sample (A; and A,
notched and un-notched), as well as total longitudinal strain (&),
while the two variables to be determined were corresponding
strains in each of the cross sections (¢; and &;). The total strain &
was first expressed as a function of the applied displacement (D)
and the length of two cross-sections (L; and Ly):

D

T L+ L) W

&t

Since D itself can be expressed as a sum of the change of length in
each section (D = AL + ALy = &1L + &£,1,), Equation (1) could
be written as:

_ (e1L1 + &2L,)

T T+ L) @

By equating the force (F; and F,) in each section one can solve
for 1 and &;. From Young’s law a solution for the relationship

between £ and &, can be obtained.

F=F (3)
81A1E = 82A2E
Ay
81; =&

Further combination of Equations (2) and (3) resulted in the
following relationship:

(e1Ly + 81L2%)

= (L1 + Ly) )

Using Equations (3) and (4) the final expressions for &; and &;
can be derived:

(L1 + Ly)
e (L1 + Lz%) ®
o — (L1 + L2) )

Rt e L
(Ll%f + Ly)

Whole-sample apparent strains were used in the context of
mechanical testing, while normalized local strains were referred
to in the context of bone microstructure and microdamage
analysis.

All samples were evaluated for quantitative morphometry
according to the following protocol: A previously described
method for negative imaging was used to extract the intracortical
bone microstructure, in which the mineralized bone matrix
was segmented by global thresholding and inverted (Schneider
et al., 2007). Pre-processing steps that were applied in this
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method included Levenberg-Marquardt polynomial gradient
correction of ring artifacts, iterative thresholding to produce
binary images, generation of the full mask of the bone
tissue, inversion of the mask to extract voids within the
tissue, and removal of single-voxel artifacts. Extraction of
the canal network, osteocyte lacunae, and microcracks was
achieved through a combination of different image processing
procedures (IPL; Scanco Medical AG, Briittisellen, Switzerland),
including component labeling and morphological operators,
namely erosion and dilation. Morphological operators were
mainly applied to close the intracortical porosity, providing
a solid mask for the cortical bone, needed to segment the
different intracortical microstructures from the negative imprint
of the mineralized bone tissue and to calculate the cortical bone
volume (Ct.BV). All porous elements where then separated into
the distinct microstructural phases (canal network, osteocyte
lacunae, and microcracks) based on their size and morphology.
Thus, pores smaller than 175 pm?® were excluded, elements
ranging from 175 to 593 pum? were classified as osteocyte lacunae,
and the ones larger than 1.4-10° um® were grouped as canal
network, based on the previously reported values (Schneider
et al, 2007). Subsequently, pores of the intermediate sizes
ranging from 0.5 to 1.4-10° wm?, as well as those grouped as
canal network were initially examined visually to refine their
morphological classification. In the automated segmentation
process, pores morphologically defined as planar surfaces were
classified as microcracks.

For each one of the microstructural phases, a set of
morphometric indices including number, volume, and volume
density was defined similar to Schneider et al. (2007) and
Voide et al. (2009) and in line with standard nomenclature for
bone morphometry (Parfitt et al., 1987; Bouxsein et al., 2010).
Explicitly, we have evaluated cortical bone volume (Ct.BV) in
the VOI, as well as numbers of disconnected canals (N.Ca),
osteocyte lacunae (N.Lc), and microcracks (N.Cr). Furthermore,
volumes of canal network (Ca.V), osteocyte lacunae (Lc.V), and
microcracks (Cr.V) have also been assessed. To compensate for
the differences in bone size between the two mouse strains,
we have normalized microstructural volume parameters (Ca.V,
Lc.V, and Cr.V) by Ct.BV, which provides canal volume density
(Ca.V/Ct.BV), lacuna volume density (Lc.V/Ct.BV), and crack
volume density (Cr.V/Ct.BV). Finally, in an attempt to establish
a correlation between the interplay of microstructural elements
as a function of the applied mechanical strains, we introduced
a parameter for the normalization of crack volume by the
volume of canal network (Cr.V/Ca.V), motivated by the reported
importance of the canal network for microcrack initiation and
propagation (Voide et al., 2011).

Statistical Analysis
Statistical analysis was performed using the GNU statistical
package R (version 2.4.1, http://www.r-project.org) unless stated
otherwise, including the additional SFSMISC package (version
1.0, http://cran.r-project.org/web/packages/sfsmisc) for residual
analysis.

For the assessment of the load cell data a single predictor
variable linear regression model was applied. The measurements

obtained from the Zwick load cell were taken as the predictor
variable, while those from the MCD load cell represented the
response variable. The one-to-one linear relation of the variables
was taken as the null hypothesis. Rejection of the null hypothesis
was based on the F-statistic for the > > 0.95, and corresponding
residual analysis, where r is Pearson’s correlation coeflicient used
to assess the strength of linear relationship between the two
variables. For the satisfactory results of the model fit, a very high
value of the F-statistic, as well as the minimal value of the p-value
were expected (Christensen, 2002). Mean values of five repeated
tests for each test run were used for data fitting. The residuals
were checked using graphical methods. The assumptions to be
verified were that the mean of errors was 0, that all errors had
the same theoretical variance, that the errors were normally
distributed, and that all errors were independent. To test those
assumptions a scale-location plot, Tukey-Anscombe plots, a
histogram and Q-Q plots were applied, respectively. Significance
of the model was given by the p-value for the calculated F-
statistic, where models with p < 0.05 were considered statistically
significant. Eventually, the new calibration coefficient for the
MCD load cell was determined based on the linear model.

For the verification of the linear stepper motor operation,
assessment of the previously identified factors influencing
motor operation (amplitude of the reaction force, speed of
displacement, level of plunger extension, and the direction of
motion) was performed in a crossed block design (Faraway,
2004, 2005), in which the initial interaction model was
constructed using 16 terms. The model was then reduced through
the analysis of significance of any given predictor variables,
including quadruple interactions of several variables. The final
model describing motor displacement included only statistically
significant factors for which the p-value was < 0.05 in the
analysis.

Relationships between microcracks and canal network
were analyzed using linear regression analysis, where p-
values < 0.01 were considered statistically significant.
Microdamage propagation in terms of Cr.V was studied as
a function of normalized local mechanical strains using Excel
2010 (Microsoft, Redmond, OR, USA). In the final part of the
analysis, data for the B6 and C3H samples were combined
together to establish group-wise trends for microdamage
buildup. Increase in the microcrack volume (Cr.V) normalized
with one other morphometric parameter at the time was then
correlated with the increase in the local mechanical strain. Trend
line fitting and statistical evaluation was then further conducted
using Excel 2010 (Microsoft, Redmond, OR, USA) to detect any
meaningful interactions.

RESULTS

Validation and Calibration of the

Micro-Compression Device (MCD)

Validation and calibration of the MCD focused on two integral
components of the device, the linear stepper motor and
the load cell, which are potentially prone to performance
disruption within the integrated construction. For the validation
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and calibration of the micro load cell, we hypothesized that
the performance of the MCD and the calibrating load cells
are linearly related, as would be expected by the technical
descriptions of both instruments. Consequently, the minimum
value of the correlation coefficient of 0.95 was specified as the
decision factor for the rejection of the null hypothesis. The
correlation coefficients that were actually obtained for the test
with the 10N load cell were equal to 1.00, and those for the 5
kN load cell were greater than 0.99. The F-statistic, calculated
from the ratio of sample variances to verify for possible lack
of fit in the linear model, was greater than 2.57 x 10° for all
tests, and the corresponding p-values were < 0.001 across all
tests. The final step in the model validation was the analysis
of residuals and consequent hypothesis decision. The graphical
results confirmed the assumptions across all tests, and the null
hypothesis for the experiment was thus accepted based on the
values of the F-statistic and the residual analysis. These results
supported the assumption that the micro load cell incorporated

into the MCD and the load cells used in the material testing
Zwick/Roell system show linear performances. In addition, a
new calibration factor was calculated for the micro load cell.
Ideally, such calibrations should be performed prior to each
high-resolution imaging experiment.

For the verification of the linear stepper motor, the
discrepancies in plunger displacement have been investigated
as a function of amplitude of the reaction force, speed of
displacement, level of plunger extension, and the direction
of motion. Statistical analysis compared the experimental
data collected by the reference smart encoder system during
repeated test runs against the displacements set by the
control of the stepper motor. Both individual and combined
effects of the experimental variables have been calculated and
analyzed. The results showed that the speed of the plunger
displacement or its extension level at the beginning of the
experiment had no significant influence on the precision of
the system. On the other hand, it was noted that high
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FIGURE 4 | Biomechanical imaging combining bone mechanics (top left) and image-guided failure assessment (bottom and top right). (Top left) Blue and red
plots show applied loads and corresponding apparent strains in the sample as a function of time. Time slots of stress relaxation and failure are shown in green. (Top
right) Microcrack growth with the increase in applied strains, showing the equation of the fitted exponential function and the corresponding coefficient of
determination. (Bottom) Visualized bone microstructure, where canal network is shown in red, microcracks in green, and cortical bone outline in light blue. (0-3)
denote matching time points in all images.
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reaction forces before the start of the experiment can both 2 - 3
introduce small offsets and influence the precision of the motor § T 8988 S g
displacements. However, statistical analysis did not identify = | °cce=l g
reaction force as a significant factor for the precision of the © N
device. Alternatively, the direction of plunger movement was a © “§
identified as a significant factor, with p < 0.001, and errors in § T 82 3 2
displacements of 0.9%. The analysis of the quadruple interactions 27 T eae g g
in the full model produced meaningful results; however, none - 9
of the evaluated combinations were statistically significant. 2 - g
Thus, from the analysis of the complete interaction model, 5 T 298 p= %
it can be concluded that the errors in measurement were 5 2 °Yv° E]
random and the overall system precision from the full factorial © 5
design model verified an accuracy of 1pum in 99% of the & §
tests. §_ @ g
@ 8 &5 3o o
Biomechanical Imaging ; ST %a 13
In the current study, dynamic biomechanical imaging has proven o S
to be a powerful tool for tracking microdamage initiation and = g
propagation in cortical bone all the way through complete 3 o < 0w L B 3
mechanical failure. A total of 10 samples were tested in a quasi- ‘i?’ 85239 §
continuous way for subsequent visualization and morphometric e 2 §
analysis. The microstructural phases (canal network, osteocyte - S
lacunae, and microcracks) of each sample were visualized, w_ «':E E
classified, and morphometrically analyzed. In addition, for g o o v B O
specimens that sustained more than three compression steps r 2 22329 @
until ultimate failure, the rate of microcrack propagation was = e e g
fitted with exponential functions. E © 3
The stepwise nature of the biomechanical imaging approach o= = §
allowed comparison between whole bone fracture mechanics and “2 2 N - ow oo g §b_
the accumulation of local damage on the micro scale (Figure 4, % e g3
Supplementary Presentation 1). This allowed investigation of s % 3 -5 o< E ‘«é S
the linear, as well as post-yield phases of bone loading and S 2 88 IRy g §
overloading. For B6 mice, ultimate load ranged between 14 E e S §
and 25N with corresponding maximal apparent mechanical g % o © g tg
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local strain, where microdamage initiation started at the g ‘; o 2w g %f’;j
height of the notched region, were 1.45 and 2.66% for 5 T © ¥ -y £ 8
B6 and C3H, respectively. In addition, the recorded stress- § é e §§>’
strain curves (Figure 4, top left) during biomechanical imaging £ |0 ; =
allowed correlation of fracture events (microcrack initiation 8 ez © g%
and propagation shown in Figure 4, bottom)—indicated by S EEE' 23 Q8 3 §§
stress drops (Figure 4, top left) and microcrack morphometry ‘é £ % @e el 8 %
(Figure 4, top right)—with local tissue deformation (Figure 4, % % i
top right). Interestingly, for all B6 samples a sharp decrease 6 | ¢ = s 8
. . . E 1L v v oo 2 £ 5
in stress levels (at constant apparent strain levels during the ERE-E- IR é 2
relaxation stage) was always observed one or two steps prior z £ 5 Q ¥ <
to the visualized crack formation and one compression step s S5
prior to ultimate failure. For C3H mice, all samples showed = % 8
stress drops occurring earlier, usually within three compression % c 2 3 . g £ g
steps before microcrack detection in the VOI of the SR CT g E 8§35 835 3 iﬁ 55
data. Furthermore, multiple succeeding stress drops were noted g § =0=505 § s
previous to ultimate bone failure for C3H mice. For each % 3 = E%
DIGFA experiment the relationship between normalized local - = © ! o
strain and microdamage build-up was analyzed and fitted a s I 23
with exponential functions. Regardless of the mouse strain, = i &S £
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microcrack propagation could be described with R2-values
ranging from 0.58-0.99.

Following and  classification of the
microstructural phases in 3D, a full morphometric evaluation
was performed for all samples (Table 1). Cortical bone volume
(Ct.BV) was significantly different and twice as high in C3H
compared to B6. The number of disconnected canals (N.Ca)
showed no statistically significant differences between mouse
strains. However, the canal volume (Ca.V) and corresponding
canal volume density (Ca.V/Ct.BV) varied significantly. A
different trend was observed in lacunar statistics. While number
of lacunae (N.Lc) and lacuna volume (Lc.V) were significantly
higher in C3H animals compared to B6, lacuna volume density
(Lc.V/Ct.BV) showed no significant differences between mouse
strains. Finally, number of microcracks (N.Cr) and microcrack
volume (Cr.V) were higher in C3H compared to B6 mice, while
microcrack volume density (Cr.V/Ct.BV) was found to be higher
in B6 mice. Yet, neither of the crack-related morphometric
dissimilarities between groups was significant.

As a final part of the microstructural evaluation, microcrack
volume was correlated with morphometric descriptors of the
canal network. The only statistically significant result was
observed for Cr.V/Ca.V (Figure5). The normalized local
mechanical strain could explain almost 90% of the variation
observed in microcrack to canal volume relationship in C3H
mice, but only 36% in B6 mice.

visualization

DISCUSSION

When studying bone it is important to look at the hierarchical
order of events in the range from macroscopic to microscopic
scales (Fratzl and Weinkamer, 2007; Miiller, 2009). While
constant improvements in visualization and analytical techniques
make assessment on each level feasible, it is impossible to
subject a single sample to the full range of the available
mechanical testing techniques, mainly due to their destructive
nature. It is a common approach therefore to combine
mechanical assessment with visualization techniques, usually
referred to as biomechanical imaging. In this study, we
brought together micro-compression experiments and image-
guide failure assessment (IGFA) for the visualization and
monitoring of microdamage initiation and propagation on
macroscopic and microscopic levels. For this purpose, a MCD
was constructed and incorporated at a high-resolution 3D
imaging station, namely the TOMCAT beamline of the SLS,
where the synchrotron radiation-based computed tomography
(SR CT) experiments were performed.

Other studies introduced similar devices (Miiller et al., 1998;
Bleuet et al., 2004; Nazarian and Miiller, 2004; Thurner et al.,
2006; Voide et al., 2009) combining mechanical compression and
CT imaging of bone failure. However, those devices always had
a set of constraints, such as bulky size and restricting shape,
limited range of motion or accuracy, or lack of validation. For
DIGFA studies of either small animal bones or human bone
biopsies, we recommend a device with a weight of maximally
2kg and inner diameters of at least 7mm in diameter and

30mm in length with a travel range of the stepper motor of
minimally 20 mm and a step resolution of 0.2 pm. The accuracy
precision should be 1pum or better for overall displacement
and 1IN or better for the force with a maximum of at least
500N. In order to reach highest possible resolution, the outer
diameters should be not more than 36 mm in diameter with a
wall thickness of the radiolucent material of 1 mm or less to allow
submicron resolutions without significant local tomography
artifacts. A number of commercially available devices have
been introduced lately (Jang et al., 2014; Evans et al, 2017).
Although these devices promise similar performance, they have
not be thoroughly tested and validated yet for applications in
bone.

With respect to this objective, the MCD was designed to be
versatile, and fully integrated within the experimental CT setup
at TOMCAT. The total weight of the machine is less than 2 kg,
and the installation at the beamline involves a simple fixation of
the device base with four screws. Sample change can be carried
out by a single investigator within a few minutes. The fact that the
experimental course is fully automated and interlinked with the
scanning triggers of the beamline, not only drastically reduces
the possibility of human errors, but also allows to cut down the
time between scans, better adapting to the dynamic mechanical
processes in the sample. It is important to note though that
dynamic does not mean real-time as we still have step-wise
compression that is both terminal and discontinuous in its image
data collection of the bone structure.

In the second objective, we planned and carried out the
validation of the key parts of the MCD, and thus confirmed
the reliability and accuracy of its mechanical parts, and its
robustness within the full range of performance. In addition,
the ball-point plunger, originally combined with a stainless steel
plunger disk for even distribution of contact pressure in the
compressive experiments (Dhillon et al., 2011), can also be
substituted with a clipping mechanism attached to the specimen
to enable experiments in tensile mode as well (Bergomi et al.,
2010).

Finally, the third goal comprised a sensitivity study, in
which we performed a multiscale evaluation and high-resolution
visualization of microdamage dynamics in murine cortical bone
with the newly constructed MCD. To this end, microstructure
and microdamage growth within cortical bone of a mouse model
was visualized in a quasi-continuous manner in 3D. Similarly to
the previous reports for both human and rodent bones (Schafiler
et al., 1995; Voide et al., 2009), we have seen that ultimate bone
failure is the result of progressive damage accumulation in the
bone tissue. In addition, we have also observed numerous events
of stress drops, likely associated with stress redistribution and
energy dissipation, prior to bone failure. This phenomenon was
more frequently observed in C3H compared to the B6 samples,
however was commonly seen in both phenotypes preceding the
appearance of detectable microcracks in the 3D images, as well as
immediately before failure. In several cases, stress-strain curves
indicated redistribution of stress in the sample; however, no
microcracks were detected in the imaged VOIL Nevertheless,
since we only observe a very small VOI, our ability to detect
microdamage in the imaged volume represents a limitation of

Frontiers in Materials | www.frontiersin.org

21

June 2018 | Volume 5 | Article 32


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Levchuk et al.

Dynamic Image-Guided Failure Assessment of Bone

6
oB6 e C3H
o o

4 °© o
> o
5 o
; y=138.83x-2.03
= R2=0.37 o A
o p <0.001

2

o
o
o y=16.22x-0.52
8 R*=0.90
8 o
p <0.001
o L4
S © o M
0 8 o o oy § &—
1.0% 2.5% 4.0% 5.5%
Normalized Local Strain (%)
FIGURE 5 | Correlation between microcracks and canal network. Plotted is the volume ratio Cr.V/Ca.V (normalized crack volume) as a function of normalized local
mechanical strains for B6 (R2 = 0.37, p < 0.001) and C3H (R? = 0.90, p < 0.001).

the current biomechanical imaging approach. This also explains
the apparent rapid failure in some samples as a consequence of
undetected microcrack build-up, as in the case of the eliminated
specimen, which failed within two compression steps. While
the measurement of overall mechanical strains is a function of
the load cell operation, and is therefore subject to the range of
errors within the confidence interval of the load cell performance,
we believe that the readout from the device is accurate and
meaningful. It has to be mentioned though that calculation and
normalization of the local mechanical strains relies of a number
of assumptions that we have deemed reasonable—namely, that
the force over each section is equal and that the sum of sectional
displacements correspond to the total displacement. We are
aware that the inter-sample variability and human error in the
preparation process has an impact on the individual local strains;
however, we believe that the proposed method is based on
sound underlying mechanical principles, and therefore provides
meaningful and relevant calculations of the local mechanical
strains.

Both mechanical testing and visual evidence suggest that
femoral cortical bone of C3H mice is more resistant to
microcracking and can sustain higher strains until ultimate
failure than that of B6 mice. Similar results have been reported
in the studies employing different assessment methods (Voide
etal., 2008b; Courtland et al., 2009), and can be attributed to both
structural and architectural differences in bone. Nevertheless, it
must be considered that the suitability of the SR CT visualization
for the mechanical testing has been disputed due to the adverse
effects of X-ray irradiation on the tissue (Barth et al., 2011). In

a previous study (Voide et al., 2011) we conducted mechanical
testing on femoral specimens of 19-week-old B6 mice under
similar SR CT experimental conditions as reported here, to
investigate the influence of X-ray irradiation on bone mechanics.
We observed a decrease in ultimate load due to X-ray irradiation
(49%, p < 0.05) and stiffness (36%, p = 0.09), which was
lower than expected (>90%) from model calculations for in situ
SR X-ray scattering and CT experiments (Barth et al., 2011).
Nevertheless, it is important to note that although SR imaging
does negatively affect the mechanical bone properties, it does
not affect the microstructure itself. A recent study found high
reproducibility and inter-class correlations of microstructural
bone parameters (Hemmatian et al., 2017) indicating that there
are no significant microstructural changes at this level of
resolution even after multiple image acquisitions. Additionally,
it should be mentioned that our studies used whole femurs
that were notched in the mid-diaphysis of the bones. As the
notching is destructive, it may also have changed the bone
structure just adjacent of the notch, which is our region of
interest to observe microstructure and microcrack initiation and
progression. Nevertheless, no changes or damage was observed
in our baseline images indicating that possible changes associated
with the notching were not detectable in our setting.

The results of the morphometric assessment have shown
that the average cortical bone volume for B6 strain is less than
half that of C3H samples, similar to the average volume of
the accumulated microdamage, initiation strains, and the rate
of microcrack propagation (1:2). Average microcrack volume
density (Cr.V/Ct.BV) albeit larger in B6 was not significantly
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different between the two mouse strains, which can be attributed
partly to the low number of cracks found in the VOI and the
resulting high standard deviation associated with both N.Cr and
Cr.V. Nevertheless, the observed microdamage build-up can in
part be explained by increased bone mass and density, along
with different tissue material properties, such as higher mineral-
to-matrix ratio, and corresponding higher stiffness in C3H in
contrast to B6 mice (Courtland et al., 2009). Additionally, the
influence of bone microstructure has to be equally accounted
for. To this end, while a more recent hypothesis suggest
that it is the canaliculi, i.e., the tubular connections between
different osteocyte lacunae, that are directly involved in the
initiation of microcracks (Ebacher et al., 2012), it has previously
been shown that osteocytes can play an active role, both as
stress concentrating elements and contributors to crack blunting
(Peterlik et al., 2006; Christen et al., 2012). Nevertheless, when
we look only at the differences in the number of osteocyte
lacunae, we were not able to show a significant effect of osteocyte
number on microcrack development. It may well be though that
osteocyte lacunae are more important for crack progression than
initiation as suggested by these authors. Conversely, canal volume
density (Ca.V/Ct.BV) was significantly different for the two
mouse strains, and was more than six times greater in C3H than
in B6 mice. Several studies comment on the significance of the
canal network in the initiation and propagation of microdamage
(Voide et al., 2009, 2011). In our assessment, we have found that
while microcracks always ran parallel to the direction of loading,
they were aligned with the canal network only if it was also
parallel to the loading axis, which was common in C3H samples,
but rarely observed in the B6 strain in this work. A recent study
has shown that microcracks orientation is also dependent on the
type of mechanical loading applied (Wolfram et al., 2016). Where
compression resulted in microcracks parallel to the loading axis,
tension provoked microcracks to align perpendicular to the
loading axis. In our study, the applied strain was a significant
factor in almost 90% of the interactions between microcrack
and canal volumes in C3H samples, but only in 36% for the B6
mouse strain (Figure 5). The lower correlation can be explained
by the almost complete absence of canals in the B6 mice, where
microcracks initiate on the endocortical side of the bone and
propagate outwards to the periosteal cortex rather than along the
internal canals as seen in C3H mice.

An important benefit of the proposed dynamic image-
guide failure assessment (DIGFA) technique is quasi-continuous
visualization and quantification of microdamage in 3D. This
approach enabled creation of dynamic animations of crack
propagation and to establish relationships for the post-yield
phase of bone overloading. For both mouse strains the
relationship between strain and microdamage build-up could be
described as an exponential function (R?-values ranged from
0.58 to 0.99). The coefficients of the exponent varied from as
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Optical coherence tomography (OCT) combined with digital volume correlation (DVC)
is a suitable technique to investigate the biomechanical behavior of biological tissues
at the microscale. However, to characterize the whole thickness of large human or
porcine arteries, the use of osmotic tissue clearing agents, such as propylene glycol
(PG), is unavoidable due to intrinsic tissue scattering of light. The mechanical response
of biological tissues immersed in tissue clearing agents has been poorly investigated
so far. Nevertheless, understanding the mechanisms of tissue clearing could be helpful
for developing safe optical-clearing methods for possible in vivo applications. The goal
of the present work is to combine OCT and DVC to measure displacement and strain
fields in porcine aortic tissues immersed in PG and subjected to stress-relaxation uniaxial
tension. Displacement and strain fields are measured across the whole thickness of the
porcine aortic wall for the first time. Measurement uncertainties and optimal OCT-DVC
parameters are determined to define useful technical recommendations for future similar
analyses. It is known that the main effect of PG is a significant increase in collagen fibril
packing density due to important loss of water (dehydration). It results in a pronounced
stiffening of the aortic tensile response when compared to the response of the same
tissue immersed in phosphate buffered saline (PBS). This effect is reversible when the
aortic tissue is removed from PG polypropylene glycol and immersed again in PBS.
Another effect is a dramatic reduction in the Poisson’s effect during tensile loading. But
the OCT-DVC-measured strain fields also reveal heterogeneities of this effect among the
different layers of the aorta. It appears that the reduced Poisson’s effect is concentrated
in the media layer, whereas the adventitia and intima layer keep a usual Poisson’s effect
of nearly incompressible tissues. It is concluded that further work should be conducted
on how the smooth muscle cells highly present in the media layer are affected by PG
polypropylene glycol immersion for a better understanding of these effects.

Keywords: aortic wall, optical coherence tomography, digital volume correlation, tissue clearing technique,
uniaxial tensile test
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3D Full-Field Measurements Using OCT-DVC

INTRODUCTION

Optical coherence tomography (OCT) is an imaging modality of
micrometric scale permitting the visualization of tissue micro-
structure at different sub-surface levels (high-resolution and cross-
sectional images acquisition with a near-infrared light) (Yang et al.,
2006; Huang et al., 2009; Tucker-Schwartz and Skala, 2012; Real
etal.,2013; Ling et al,, 2016; Mahdian etal., 2016). It is continuously
under development, with for instance recent real time acquisitions
(Schmitt et al., 1994; Boppart et al., 1999; Yabushita et al., 2002;
Yang et al., 2006; Tucker-Schwartz and Skala, 2012).

As an optical imaging technique, OCT has been used for
medical application studies (in vivo) and for biomedical and
bioengineering research (in vitro). OCT was applied to char-
acterize soft and hard human tissues such as vessels (aorta and
coronary arteries), respiratory tract, gastrointestinal tissues
(stomach and esophagus), cartilage, skin, nervous systems, cor-
nea and retinal tissues, fatty tissue, cancellous and cortical bone,
human enamel, etc. For medical applications, this technique has
been employed to detect and characterize the morphological
alterations of microstructure and structure of human tissues
undergoing pathologic changes such as: atherosclerotic plaques,
thoracic aortic aneurysms, airways dysfunctions (asthma and
bronchiectasis), gastrointestinal tumor tissue, articular cartilage
degenerative changes, retinal vascular diseases, microfractures
and inflammations in oral tissues, etc. It has also been used on
biomaterials such as dental implants, three-dimensional (3D)
porous scaffolds applied in tissue engineering and hydrogels,
among others (Brezinski et al., 1996; Wang, 2002; Wang and
Elder, 2002; Yabushita et al., 2002; Yang et al., 2006, 2007; Huang
et al., 2009; Prati et al., 2010; Williamson et al., 2011; Li et al.,
2012; Real et al., 2013; Jia et al., 2015; Liba et al., 2016; Mahdian
et al., 2016; Nebelung et al., 2016; Alibhai et al., 2017).

Additionally, the OCT technique can be applied to evaluate
and determine the mechanical properties of biological tissues
(Rogowska et al., 2004; Palanca et al., 2016). For experimental
biomechanics, mechanical characterization may be achieved
by a full-field measurement of displacements and strains (Fu
etal., 2013; Palanca et al., 2016). Due to the complex anisotropic
structure and non-linear response of biological tissues, the strain
gradients can fluctuate significantly through the thickness of the
tissue. In this context, a 3D full-field deformation measurement is
required (Fu et al., 2013; Palanca et al., 2016). The digital volume
correlation (DVC) is a 3D extension of the 2D digital image
correlation (DIC) method. For DIC, the strain measurements
are limited to evaluate the specimen’s surface. However, the DVC
method provides 3D full-field measurements across the specimen
microstructure (Rogowska et al., 2004; Liu and Morgan, 2007;
Fu et al., 2013; Hild et al., 2013; Bouterf et al., 2014; Gillard et al.,
2014). To achieve a correct correlation between the reconstructed
volumes, it is necessary to define an adequate speckle contrast.
Additionally, parameters such as the uncertainty of the measured
displacements and the spatial resolution depend on the texture
of the analyzed images and should be adjusted for each study
(Leclerc et al., 2011; Fu et al., 2013).

Different studies have been conducted so far using DIC to
characterize the mechanical and structural properties on aortic

tissue. Zhang et al. (2002) used a tensile test and measured dis-
placement and strain fields on bovine aorta (intima and media
layers). Genovese and Humphrey (2015) applied a pressure test to
assess the full-field surface deformations and regional wall thick-
ness on a porcine aortic arch. In a previous study of our group,
Trabelsi et al. (2015) applied a bulge inflation test to characterize
stress and strain distributions and estimate the rupture stresses
of human ascending thoracic aortic aneurysms. Additionally, and
regarding the characterization of aortas, few studies have applied
the OCT technique (Real et al., 2013). Fu et al. (2013) applied a
tensile test in conjunction with the OCT and DVC methods to
obtain measurements of depth-resolved deformations on silicone
gels. Real etal. (2013) studied human aorta aneurysms (in vitro), in
order to define structure abnormalities. However, no reference of
a combined OCT/DVC approach could be found on aortic tissue.

This lack of study on aortic tissue can be explained by the main
limitations of OCT, which are its penetration depth and image
contrast. The penetration depth across aortic tissue is usually less
than 500 um, whereas human or porcine aortas have a thickness
of about 2 mm. These limitations of OCT are related to the scat-
tering properties of biological tissues, defined as the spectral and
angular characteristics of light interacting with the heterogeneous
features of the tissue. Additionally, the refractive index is affected
by the structural composition of the tissue (intra and extracellular
fluids, cell organelles, and fiber structures) (Boppart et al., 1999;
Welzel, 2001; Wang, 2002; Pancrazio et al., 2007; Sudheendran
et al,, 2011; Larin et al., 2012; Tucker-Schwartz and Skala, 2012;
Puhakka et al., 2015; Dao Luong et al., 2016).

To overcome these intrinsic limitations, different ways have
been investigated. In vivo, OCT, and large gold nanorods were
combined in a non-invasive method to acquire images at high
spatial resolution, containing both rich anatomical structure and
insight into functional biology (Liba et al., 2016). Photothermal
OCT is another non-invasive technique that uses an amplitude-
modulated laser to achieve spatial resolution and imaging depth
with minimal effects on the tissue properties (Tucker-Schwartz
and Skala, 2012; Tucker-Schwartz et al., 2012). In several in vitro
studies, the tissues were immersed in different types of media
in order to keep the sample hydrated and/or to maximize light
penetration and minimize refraction during OCT measure-
ments. Media such as PBS, normal saline, pure water, or distilled
water have been applied in numerous cases (Brezinski et al., 1996;
Yabushita et al., 2002; Yang et al., 2006, 2007; Shimamura et al.,
2011; Mahdian et al., 2016; Nebelung et al., 2016). Wang et al.
(2002) applied a tissue clearing technique to increase the OCT
imaging contrast and depth capability on human stomach and
esophagus tissues. To improve the optical scattering properties,
the authors compared two optical clearing agents (OCAs): glyc-
erol and propylene glycol PG. Glycerol replaces the interstitial
extracellular fluid via osmotic forces. As a highly hyperosmotic
agent, PG induces tissue dehydration. The result is a more
homogeneous refractive index. Moreover, OCAs reduce the
scattering coefficient. Other OCAs have been applied in different
studies (glucose, mannitol, dextrose, fructose, and polyethylene
glycol) (Welzel, 2001; Wang, 2002; Wang and Elder, 2002; Khan
et al., 2004; Proskurin and Meglinski, 2007; Larina et al., 2008;
Sudheendran et al., 2011; Larin et al., 2012).
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The mechanical response of biological tissues immersed
in tissue clearing agents has been poorly investigated so far.
Nevertheless, understanding the mechanisms of tissue clearing
could be helpful for developing safe optical-clearing methods for
possible in vivo applications.

The goal of the present work is to combine OCT and DVC
to measure displacement and strain fields in porcine aortic tis-
sues immersed in a tissue clearing agent (PG) and subjected to
stress-relaxation uniaxial tension. We first introduce the experi-
mental protocol, delivering useful technical recommendations
for measuring displacement and strain fields across the whole
thickness of porcine aortic walls. The obtained OCT-DVC
strain fields show interesting inhomogeneities across the dif-
ferent layers of the aorta. Results are discussed in the light of
how immersion in PG can modify the biomechanical response
of the aorta.

MATERIALS AND METHODS

Sample Preparation

Two longitudinal samples of a descending thoracic aorta were
collected from a healthy female pig (Large White X Landrace
breed weighing 80-90 kg). The Veterinary School of Lyon
(Institut Claude Bourgelat) supplied the aortic tissue in accord-
ance with the recommendations of the ethics committee of
VetAgro Sup (C2EA No 18), and following the animal testing
regulation — Directive 2010/63/EU. The study and the protocol
were reviewed and approved by the ethics committee of VetAgro
Sup (project approved under No 1546). The samples were stored
frozen at —20°C until the measurements were performed.

About the freezing effects in porcine thoracic aorta samples,
Matsumoto et al. (2009) showed that the mechanical proper-
ties were similar for samples stored at —23°C in comparison to
fresh specimens at 37°C. Before the OCT acquisition, the tissue
was placed into an osmotically active solution of 85% (v/v) PG
in PBS, at 37°C for 2 h (Lomas et al., 2003). The sample was
located and immersed in a chamber with the osmotic solution
during OCT measurements (Figure 1). This hydrophilic agent
dehydrates the tissue, extracting the interstitial and intracel-
lular water content. This effect decreases the volume fraction
of the scattering centers. The tissue becomes translucent, and
the light penetration through the sublayers increases, improving
the optical scattering properties, contrast and depth capability
acquisition. In the vessel walls, the scattering origin is attributed
to the long collagen and elastin fibers and the extracellular
medium which have a different refractive index than interstitial
and intracellular water and lipidic cell membranes (Wang, 2002;
Wang and Elder, 2002; Larin et al., 2012). For the 3D images
acquisition, the OCT lens was focused on the outer surface of
the intima layer (corresponding to OCT B-scans) (Real et al.,
2013). The sample geometries must present an intermediate flat
zone (Table 1).

Experimental Protocols

For the mechanical characterization of the aortic tissue, an
OCT experimental setup was developed to apply two different
experimental protocols: a rigid body translation (RB) test and
a stress-relaxation uniaxial tensile (UT) test (Figure 1). The
objective for the RB test was to calibrate the optical scattering
parameters that allow full-field measurements in the aortic wall

Linear

Translation <—
Stages‘
| &

FIGURE 1 | Experimental setup used for the rigid body translation test and for the stress-relaxation uniaxial tensile test.

Uniaxial Tensile Test
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tissue, applying the OCT technique in conjunction with the DVC
method. In order to define the optimal field of view (FOV), a
full thickness measurement was considered (corresponding to
OCT A-scans) (Table 1). To determine the necessary spatial
resolution and achieve the full-field displacement measurement
through the tissue, OCT acquisitions were performed with dif-
ferent pixel sizes (3, 4, 5, and 6 pum) (Table 2). For each pixel
size three displacement increments were applied (20, 40, and
60 um), with a linear translation stage (Figure 1). The displace-
ments were defined only on the X-axis (corresponding to OCT
B-scans), and a free boundary condition was maintained during
the test (Figure 1). Four OCT acquisitions were performed for
each pixel size.

Once the optical scattering properties and the correlation
parameters were defined, the UT test was performed (Figure 1).
The experiment started with a preconditioning of 5% of deforma-
tion (with respect to the unloaded length of the sample), followed
by 40 min of relaxation. The purpose of preconditioning was to
activate the tissue fibers and ensure a flat and taut sample for the
OCT acquisitions (Fu et al., 2013). After that, a stepwise stress-
relaxation ramp was applied with nine controlled displacements
and a relaxation period between increments of 30 min (required
time to achieve the equilibrium of the swelling effect). The crite-
rion for a complete equilibrium was a relaxation rate of <100 Pa/
min (Korhonen et al., 2002). The displacement ramp was defined
on the longitudinal direction of the tissue (Y-axis, corresponding
to OCT B-scans) and was applied in two directions simultane-
ously (+Y-axis), in such a way as the zone of interest deforms
without significant rigid body motion (Figure 1). The displace-
ment range of the pulling translation stages was defined between
0 and 6.3 mm and each increment was 0.7 mm (0.35 mm in
each direction). A final deformation of 16.5% was approximately
reached. The load history generated during the experiment was
monitored with a load cell of 22 N (rated output +1.57 mV/V)
conditioned with a Futek IPM650 panel mount display (input

TABLE 1 | Details of the aortic tissue samples and tests.

Rigid body translation Stress-relaxation

test uniaxial tensile test
X y z X y z
Sample dimensions  20.0 37.5 1.15+0.04 10.0 414 1.44+0.02
(mm)
Field of view (mm) 2.0 2.0 1.15 2.0 3.0 2.31

range up to +500 mV/V) (Figure 2). An OCT acquisition was
performed for each displacement increment. The experiment
lasted 6 h.

OCT - Acquisition System

For the 3D volume image sequence acquisition, the aortic wall
reflectivity measurements were obtained with an OCT system
(Thorlabs OCT- TEL220C1) (Figure 1). The system features were
as follows: a center wavelength of 1,300 nm, lateral resolution
7 pm, focal length 18 mm, maximum sensitivity range 111 dB
(at 5.5 kHz), imaging depth 2.6 mm (in water), axial resolution
4.2 um in water and 5.5 pm in air, and 5 for A-scan averaging. The
PG refractive index is 1.432. Additionally, and during the experi-
ments, the OCT illumination tube was in full-contact with the
osmotic solution. About the RB test, the OCT parameters were
different for each experiment (Table 2). The OCT acquisition data
were saved as TIFF format. The TIFF virtual stack was imported
using Image]® software. The data were rescaled and converted
to eight bits for intensity levels digitalization (Real et al., 2013;
Keyes et al., 2016). Finally, the data were exported as RAW image
format. With the RAW data, and applying the DVC method, the
full-field displacements were measured.

DVC - Assessment of Measurement

Performance

The correlation quality (between the reference and deformed
configurations) determines the displacement measurements
reliability. Moreover, a sufficient contrast is required in order to
determine a displacement vector and reduce the measurements
uncertainties (Fu et al., 2013; Madi et al., 2013). The full-field
measurements of displacement were obtained using DaVis®
(LaVision). The software applied the local correlation algorithm
(LA-DVC) (Fu et al., 2013; Hild et al., 2013; Keyes et al., 2016).
The measurements were acquired with a direct correlation. A
sub-volume discretization and multi-pass approach were used to
achieve the maximum cross-correlation coefficient and consid-
ering the gray-level distributions (Hussein et al., 2012; Fu et al,,
2013; Hild et al., 2013; Madi et al., 2013). The reference configu-
ration (f) can be represented by the gray-level function f(x,y,z),
and the deformed state (g) as g(x + u,y + v,z + w), where (x,y,2)
represents the coordinates and (u,v,w) the offset in each direction.
Considering (u,v,w) as the displacement mapping, the continuity
of the gray-level can be assumed as f(x,y,2) = g(x + w,y + v,z + w)
(Gillard et al.,, 2014; Keyes et al., 2016). More details about

TABLE 2 | Definition of optical coherence tomography (OCT) parameters for the rigid body translation test.

OCT parameters Rigid body translation test
Case 1 Case 2 Case 3 Case 4
X y z X y z X y z X y z
Size (pixels) 666 666 470 499 499 470 399 399 470 333 333 470
Pixel size (um) 3.0 3.0 2.45 4.0 4.0 2.45 5.0 5.0 2.45 6.0 6.0 2.45
A-scan - reference intensity (%) 71.75 71.85 71.84 71.80
Acquisition time (min) 7.02 4.0 2.36 1.50
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FIGURE 2 | Stepwise stress-relaxation as a function of time and typical
behavior of aortic wall in a uniaxial tensile test.

LA-DVC are exposed in the studies by Fu et al. (2013), Madi et al.
(2013), and Gillard et al. (2014).

For the RB test, the defined correlation parameters were as
follows: a required valid voxel per subset of 40%. Initially, a
double-pass approach was defined for various subset sizes (96,
76,48, 24, and 12 voxels). In the last pass, the final subset size was
eight voxels with 75% overlap, and eight passes were applied. For
each evaluated subset size and the four increments of displace-
ment (including the reference configuration), three correlations
were obtained. About the UT test, the subset size was the only
parameter that was modified (128, 96, 64, 32, 16, and 8 voxels).
A total of nine correlations were obtained, taking into account the
reference configuration (precondition) and the nine defined dis-
placement increments. Moreover, in order to define the different
criteria in the reference and deformed states, a sum of differential
operation was considered for both experiments. Finally, for each
displacement step, the full-field measurements of displacement
and strain were obtained. The displacement mean values (MVs),
SDs, and the components of the Green-Lagrange strain tensor
were calculated with MatLab® after fitting the displacement fields
with tricubic functions. The SD defined the measurements of
uncertainties of the proposed method.

RESULTS
Optical Effect of Propylene Glycol

Two additional OCT acquisitions were performed in different
types of media (air and water). The optical scattering param-
eters applied were the maximum frequency - and therefore
sensitivity — (5.5 kHz) (Choma et al., 2003), the related refrac-
tive index per media (1.0 and 1.33, respectively), an FOV of
2mm X 2mm X 1.6 mm and a pixel size of 3 um X 3 um X 2.64 um.
In comparison with these media, PG obviously improved the con-
trast, depth capability acquisition, and permitted a full thickness
measurement for the aortic wall tissue (Figure 3).

With the tissue clearing technique, a gray level pattern across
the aortic wall at different sub-surface levels was obtained.

However, a specific attention had to be paid to the voxel size as
the spatial resolution worsens when the voxel size increases. We
tested voxel sizes from 3 to 6 um, showing significant effects on
the gray-level distributions. Figure 3D shows an example of the
obtained images for the same FOV but with voxel size ranging
from 3 to 6 pm. Images with voxel size of 3 or 4 um show highly
visible diffraction patterns, whereas the diffraction patterns dis-
appear for larger pixel size. The airy disk radius commonly gives
a theoretical limit of the optical resolution, which is inversely
proportional to the numerical aperture and proportional to the
light wavelength. In the particular case of this OCT set-up, the
light wavelength is higher than in classical visible optics and
explains this unusual value.

Optimal Settings of OCT-DVC

Subsequently, for each voxel size we performed full-field meas-
urements for the different displacements assigned to the sample
during the RB experiment. For the following displacement values:
0.02, 0.04, and 0.06 mm, an error estimate is reported in Table 3.
Regarding u displacement (along the X-axis in the OCT B-scans),
the difference increased with respect to the experimental values
when the displacement increased. These trends were reported by
the MV + SD (Table 3). Case 3 (5 pm voxel size) showed the
maximum difference with a relative error of 17% for the first
target, 34.5 and 25% for the second and third targets, respectively.
The highest correlation was obtained for 6 um voxel size with rela-
tive errors of 8.5% for the first and second targets and 9% for the
third one (Figure 4). However, with the lowest SD, the smallest
errors were obtained for case 1 (3 pum pixel size) (Table 3).

In the RB test, a translation was applied only along the X-axis;
thus, the displacement fields should be zero for v (corresponding
to the Y-axis for the OCT B-scans). As for the u displacement
correlations, the difference increases (MV =+ SD data) (Table 3).
The highest difference was reported for 3 um voxel size, with
relative errors of 0.18, 0.35, and 0.45% (corresponding target dis-
placements). Moreover, the maximum correlation and the minor
uncertainties were achieved for 6 um voxel size, with relative
errors 0f 0.018, 0.040, and 0.045%, respectively (Figure 4). For the
aortic wall tissue, and taking into account the full-field displace-
ment measurements, the optimal correlation was enhanced with
the 6 pm voxel size.

Additionally, the Green-Lagrange strain components
(ExE))Eyy) were calculated for all cases (Table 3). A null strain
was expected across the FOV, as it is the case for a RB test (Fu
etal., 2013). The smallest root mean square values were obtained
for case 4 (6 um voxel size).

Uniaxial Tensile Response of a Porcine
Aortic Sample Immersed in Propylene
Glycol

After determining the optimal acquisition and correlation settings
with the RB test, the optical properties and correlation parameters
were fixed, and the UT test was carried out (Table 4). In order to
involve more information in the 3D image sequence acquisition
by tracking constitutive patterns, the FOV size was increased
(2 x 3 x 2.31) (Figure 5). According to the experimental setup,
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corresponding to the aortic media layer).
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FIGURE 3 | Optical coherence tomography (OCT) measurements on porcine aortic tissue with different types of contrast media. (A) Using air as contrast media.
(B) Water as contrast media. (C) Osmotically active solution — propylene glycol. (D) Definition of the spatial resolution with different pixel sizes (e.g., OCT image

TABLE 3 | Average values derived from full-field measurements for the rigid body translation test.

Optical coherence tomography pixel
size study cases (um)

Target displacement (mm)

Full-field measurements

Displacements (mm)

Strain components (%)

u +SD v +SD Ex E,, E.
3 0.02 0.023 +0.003 0.002 +0.002 —0.005 0.085 0.001
0.04 0.049 +0.005 0.004 +0.002 0.099 0.189 0.007
0.06 0.073 +0.006 0.005 +0.003 0.206 0.260 0.039
4 0.02 0.024 +0.003 0.001 +0.001 0.157 0.038 0.034
0.04 0.047 +0.005 0.002 +0.002 0.096 0.055 0.024
0.06 0.072 +0.007 0.002 +0.002 0.120 0.105 0.023
5 0.02 0.023 +0.004 0.002 +0.002 —-0.095 0.132 0.006
0.04 0.054 +0.008 0.004 +0.003 —-0.159 0.200 —0.008
0.06 0.075 +0.012 0.004 +0.004 -0.418 0.242 0.009
6 0.02 0.022 +0.003 0.0002 +0.001 —-0.053 0.013 0.002
0.04 0.043 +0.005 0.0004 +0.002 —-0.140 0.022 —0.001
0.06 0.065 +0.008 0.0005 +0.002 -0.323 0.020 —0.001

the displacement was applied along the Y-axis. For all the load-
ing stages, displacement maps were evaluated using the Davis®
software (Figure 6). The vector directions and the displacement
gradients showed trends that are characteristics of uniaxial ten-
sion. The vector magnitude increased with the loading stages.
Artifacts appeared close to the right and to the bottom edges of
the FOV; they were caused by a mismatch between the initial

FOV and the successive current FOV at each loading stage. These
artifacts were filtered out for the further strain reconstructions.

The six components of the Green-Lagrange strain fields are
shown in Figure 7 for the largest deformation (12.64%). The
strain fields were reconstructed independently for each layer
(intima, media, and adventitia) for comparing their potentially
different responses.
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As expected, the shear strain components (E.,E..,E,.) were
significantly lower than their normal counterparts, see average
values in Table 5. Regarding the normal strain components
(ExxEyy,E=:) and the global behavior of the tissue, the reported
data were consistent with strain fields commonly expected in

Full-field Displacement Measurements - RB Test
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FIGURE 4 | Full-field displacement measurements defined for the rigid body
translation test.

TABLE 4 | Definition of optical coherence tomography (OCT) parameters for the
stress-relaxation uniaxial tensile test.

OCT parameters Stress-relaxation uniaxial

tensile test
X y z
Size (pixel) 333 500 940
Pixel size (pm) 6.0 6.0 2.45
A-scan - reference intensity (%) 76.45
Acquisition time (min) 2.46

uniaxial tension, see Figure 8. The E,, values, along the tensile
axis, showed a consistent trend with the assigned deformation
(Table 5). Regarding the Poisson’s effects, E.. and E.. reached
average absolute strain values of 1.91 and 2.13%, respectively
(Table 5). The trace of the strain matrix Ey. + E,, + E.., which can
be related to the volume change in infinitesimal deformations,
constantly increases with the tensile loading and reaches 8% for
the final stage. This indicates a significant volume increase, which
is not characteristic of the incompressible behavior of soft bio-
logical tissue. This must be a consequence of dehydration induced
by the immersion in PG.

The OCT-DVC measured strain fields also revealed major
heterogeneities among the different layers of the aorta. Whereas
E,, was rather uniform, E.. and E.. showed a complex behavior
with large compressive values close to the borders (intima and
adventitia), see Figure 8. The intima and the adventitia showed
the major Poisson’s effect on the mechanical behavior in E.. with
corresponding strains of 4.58 and 3.80%, respectively (which
are values expected for a nearly incompressible material).
Conversely, the media layer reported a very small Poisson’s
effect (strain value of 1.28%) (Table 5). We hypothesize that the
swelling effect of the tissue and the osmotic stress generated by
the OCAs have a major effect to account for the heterogeneities
in the strain distribution.

DISCUSSION

OCT-DVC Is a Suitable Technique to
Characterize the Biomechanical Behavior
of Porcine Aortas In Vitro

To characterize the uniaxial tensile response across the whole
thickness of a porcine aorta, an OCT high-contrast acquisition
was required. With the tissue clearing technique, and using the
PG as OCA, the scattering properties were improved. The depth

FIGURE 5 | Whole-thickness measurement using the tissue clearing technique and the stress-relaxation uniaxial tensile test. (A) Typical A-scan. (B) three-
dimensional image sequence acquisition.

Adventitia
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FIGURE 6 | Displacement maps obtained at different aortic layers (intima, media, and adventitia) and for different loading stages. The backgrounds represent the
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Frontiers in Mechanical Engineering | www.frontiersin.org 33 March 2018 | Volume 4 | Article 3


http://www.frontiersin.org/Mechanical_Engineering/
http://www.frontiersin.org
http://www.frontiersin.org/Mechanical_Engineering/archive

Acosta Santamaria et al. 3D Full-Field Measurements Using OCT-DVC

Normal strain components (%) Shear strain components (%)
Layer
Exx Eyy Ezz Exy Exz Eyz
s - e
w
Intima -2.18 +2.51 12.78+1.18 -4.58 +4.84 1.3+0.84 0.08 +4.06 0.52+1.84
TS
-1.60 £ 0.86 12.66 £0.70 -1.28 £ 0.80 1.18 #0.35 2.10+0.48 0.06 +0.49
.
s el T LT i
Adventitia -1.65+1.08 11.80+1.79 -3.80+2.21 1.07 £0.40 1.46+1.22 0.22+2.20
[ ] )
-20 -15 -10 -5 0 5 10 15
FIGURE 7 | Measured fields of Green-Lagrange strain components for the maximum load in the uniaxial tensile test. The slice corresponds to the field of view
middle zone, respect to the Y-axis (optical coherence tomography B-scans).

capability and the contrast of the images allowed measurements ~ are obtained for highest degree of similarity in the gray-level

across the full thickness. distribution (Fu et al., 2013). For the applied loading stages and
Considering the large number of acquisition and processing  the aortic layers, CI was reported between 0.7 and 0.9. As the
parameters, the OCT-DVC method must be preliminarily opti-  displacement increases, CI became closer to 0.9.

mized according to the optical properties (contrast and spatial

resolution), and the correlation parameters (optimal sub-volume . )
voxel size). Fu et al. applied a stationary and RB test to character- Global Mechanical Effects of Tissue

ize the OCT-DVC method. The authors defined four different ~ Clearing

subset sizes to evaluate the spatial resolution and the uncertain- It was known that OCAs can change reversibly the light scattering
ties variation. The analysis focused on determining the minimum  properties of biological tissues (Larin et al., 2012). Nevertheless,
strain and its corresponding deviation (Fu et al., 2013). However,  the incidence on the mechanical properties needed is still a topic

in the present work, subset size is minimized with a multiscale ~ of important research. Lomas et al. (2003) preserved cadaveric
correlation approach; consequently the spatial resolution - in  skin allografts with these osmotic solutions. The authors observed
voxels - is optimized (eight voxels). Ideal correlation conditions ~ that a high glycerol concentration did not generate significant
were reached directly in the 3D OCT image sequence acquisition ~ detrimental effects on the structure and the biocompatibility
(different voxel sizes) and using a RB test. The voxel size wasused ~ properties of the tissue. However, the use of PG as a preservation
as a key parameter to reduce the uncertainties of the full-field  agent requires further development (Lomas et al., 2003). Ling
measurements. The 6 um voxel size showed the best compromise.  etal. (2016) studied the effects on elastic properties in tissues fixed
A speckle-like noise due to diffraction is visible with high optical ~ and preserved with a proposed Thiel embalming method (fixed
resolution: this noise being unstable during loading, it increases ~ between 0 and 6 months). The elastic modulus remained constant
the noise on displacement. Increasing the pixel size averages this ~ during the first month and small fluctuations only appeared after
noise and makes it disappear. Of course, this operation should  this period. Water, glycol, and salts are the main components
not average the tissue structure that provides the optical contrast ~ of Thiel embalming fluid (Ling et al., 2016). Yeh and Hirshburg
necessary to correlation. Additionally, the OCT acquisitions can ~ (2006) analyzed the molecular interactions for different OCAs.
be affected by pool surfaces and misalignments (Real et al., 2013). ~ Nonreactive chemical agents, as glycerol, induced a dissociation

To study the aortic tissue microstructure at different sub-  of collagen fibrils into microfibrils (collagen Type I). However,
surface levels, the spatial resolution needed small voxel sizes (OCT ~ the effects were reversible structurally and mechanically. The
acquisition). The correlation can be validated with histological ~ effects on the mechanical properties have been characterized
studies (Wang et al., 2001; Wang, 2002; Wang and Elder, 2002).  using stress-strain measurements (Yeh and Hirshburg, 2006).
However, for the mechanical characterization of the aortic tissue ~ Furthermore, Wells et al. (2006) demonstrated that glycerol is
it was necessary to increase the voxel size to achieve the full-field  also an effective means for optical clearing (immersed condition).
measurements with the DVC method. Finally, maximum cor-  This medium protects cleared tissue by increasing its thermal sta-
relation coeflicients (CI), which yield the most reliable measures,  bility and minimizing the mechanical properties alterations. The
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TABLE 5 | Average values derived from full-field measurements for the stress-relaxation uniaxial tensile test.

Force (N) Layer Full-field strains measurements
Normal strain components (%) Shear strain components (%)
Exx +SD E,, +SD E. +SD Eyy +SD E\ +SD Ey, +SD
0.18 AW 0.25 0.39 1.35 0.23 -0.18 0.20 0.13 0.19 0.24 0.11 -0.01 0.09
| 0.12 0.55 1.38 0.27 -0.13 0.54 0.15 0.24 0.00 0.62 -0.02 0.35
M 0.28 0.38 1.35 0.23 -0.23 0.38 0.13 0.16 0.24 0.12 -0.05 0.06
A 0.25 0.43 1.34 0.20 -0.20 0.38 0.1 0.18 0.20 0.23 0.07 0.28
0.22 AW 0.24 0.43 2.70 0.38 -0.45 0.31 0.25 0.20 0.42 0.22 -0.01 0.14
| 0.08 0.76 2.75 0.47 —-0.51 0.85 0.28 0.29 -0.07 1.07 0.00 0.56
M 0.26 0.37 2.70 0.37 -0.43 0.58 0.23 0.17 0.46 0.22 -0.07 0.12
A 0.22 0.47 2.68 0.36 -0.55 0.67 0.22 017 0.38 0.29 0.08 0.46
0.24 AW 0.07 0.58 4.04 0.47 -0.74 0.41 0.35 0.22 0.68 0.33 0.01 0.19
| -0.13 1.02 4.11 0.56 -0.89 1.37 0.40 0.38 -0.08 1.55 0.05 0.75
M 0.13 0.45 4.04 0.45 -0.68 0.73 0.33 017 0.75 0.29 -0.06 017
A 0.06 0.54 4.02 0.46 -0.89 0.89 0.31 0.18 0.57 0.36 0.10 0.60
0.28 AW -0.28 0.67 5.43 0.52 -0.99 0.47 0.49 0.28 0.92 0.41 0.02 0.24
| -0.52 1.28 5.52 0.69 -1.32 1.90 0.57 0.47 -0.12 212 017 0.86
M -0.23 0.53 5.44 0.49 -0.85 0.84 0.49 0.20 1.05 0.34 -0.04 0.22
A -0.25 0.61 5.40 0.51 -1.29 0.97 0.44 0.19 0.82 0.48 0.03 0.74
0.31 AW -0.65 0.80 6.84 0.59 -1.28 0.53 0.62 0.32 1.10 0.50 0.03 0.28
| -0.85 1.33 6.94 0.83 -1.90 2.41 0.69 0.56 -0.038 2.30 0.23 117
M —-0.58 0.61 6.84 0.54 -1.00 0.86 0.61 0.23 1.27 0.37 -0.04 0.27
A —-0.66 0.79 6.06 1.60 -1.63 1.76 0.57 0.31 0.92 0.76 —-0.01 1.31
0.33 AW -0.88 0.95 8.26 0.66 —1.49 0.65 0.74 0.39 1.31 0.60 0.02 0.32
| -1.12 1.66 8.36 0.94 —2.41 2.95 0.86 0.62 0.00 2.74 0.28 1.38
M -0.77 0.68 8.25 0.58 -1.13 0.88 0.73 0.25 1.48 0.41 -0.02 0.32
A -0.88 0.89 7.41 1.76 -2.20 1.86 0.68 0.38 1.10 1.09 -0.05 1.43
0.35 AW -1.20 1.14 9.68 0.70 -1.72 0.82 0.86 0.42 1.52 0.71 0.03 0.38
| -1.58 2.00 9.78 0.97 -3.14 3.55 0.94 0.69 -0.02 3.36 0.32 1.50
M -1.05 0.76 9.69 0.59 -1.20 0.86 0.85 0.28 1.69 0.44 0.00 0.39
A -1.16 0.99 8.84 1.78 =2.77 2.16 0.80 0.38 1.28 1.21 -0.11 1.60
0.38 AW -1.64 1.45 11.16 0.75 -1.95 1.03 1.05 0.43 1.69 0.90 0.05 0.43
| -1.92 2.26 11.31 1.06 -3.83 413 1.14 0.79 0.19 3.65 0.42 1.68
M —-1.40 0.77 1117 0.64 -1.27 0.83 1.02 0.31 1.89 0.46 0.04 0.44
A —1.48 1.02 10.33 1.77 -3.22 2.23 0.94 0.38 1.26 1.13 0.07 1.74
0.40 AW -1.91 1.78 12.64 0.84 -2.13 1.26 1.20 0.49 1.90 1.05 0.06 0.49
| -2.18 2.51 12.78 1.18 -4.58 4.84 1.30 0.84 0.08 4.06 0.52 1.84
M -1.60 0.86 12.66 0.70 -1.28 0.80 1.18 0.35 2.10 0.48 0.06 0.49
A -1.65 1.08 11.80 1.79 -3.80 2.21 1.07 0.40 1.46 1.22 0.22 2.20

AW, aortic wall; I, intima; M, media; A, adventitia.

mechanical changes induced by the glycerol are fully reversible
(Wells et al., 2006).

These previous studies needed to be completed by a charac-
terization of the effect of PG effect on the mechanical properties
of arteries. For the purpose of the present study, additional
experimental tests were considered (immersed stress-relaxation
uniaxial tensile tests). Four porcine aortic wall samples were
evaluated (41.4 mm X 10 mm X 1.92 + 0.19 mm). A precon-
ditioning of 5% of deformation was applied followed by 40 min
of relaxation. A stress-relaxation ramp was defined with four
controlled displacement of 1.4 mm and 30 min of relaxation
between each displacement increment. Approximately, 0.18
strain was reached during the test. One sample was tested with
the immersion protocol defined in the present work [osmotically
active solution of 85% (v/v) PG in PBS]. Once the experiment

was completed, the sample was relaxed in PBS (1 h) to recover
and preserve the physiological conditions of the tissue (Acosta
Santamaria et al., 2013). After that, to evaluate the structurally
and mechanically reversible effect of the OCA, an additional test
was carried out using the same sample but a different immersion
media (PBS). The immersion order was inverted for the second
sample, first PBS and subsequently the PG (PBS-PQG). Finally, two
control samples were tested on air (without immersion media).
To avoid tissue dehydration during these tests, an ultrasonic
humidifier was used (Pena et al., 2015). For each experiment, the
reported forces at the maximum relaxation periods were used to
define the stress—strain values (Figure 9).

For the control samples, the linear elastic moduli were
0.03 and 0.02 MPa (control 1 and control 2, respectively).
Considering the exposed immersion cases, and with respect

Frontiers in Mechanical Engineering | www.frontiersin.org

35

March 2018 | Volume 4 | Article 3


http://www.frontiersin.org/Mechanical_Engineering/
http://www.frontiersin.org
http://www.frontiersin.org/Mechanical_Engineering/archive

Acosta Santamaria et al.

3D Full-Field Measurements Using OCT-DVC

A EXX
0,41
0,36
z
@
£ 031
[e]
2
=
3 026
g -o-Aortic Wall
Q
< -A-Intima
&S 021
-6-Media
-8-Adventitia
0,16
2,5 -2,0 -1,5 -1,0 -0,5 0,0 05
E (%)
B E,
0,41
0,36
=
8
5 031
2
K]
[=4
g 02
'5 —o-Aortic Wall
% —A-Intima
W o021
-o-Media
-B-Adventitia
0,16
0 2 3 5 6 8 9 11 12 14
E (%)
C Ell
0,41
0,36
z
Q
2 031
[e]
2
E
g 0,26
'5 —©-Aortic Wall
53 —A-Intima
&S 021 )
-e-Media
-B-Adventitia
0,16
50 45 -40 -35 -30 -25 -20 -15 -L0 -05 00
E (%)
FIGURE 8 | Evolution of the average values of each normal strain
components [(A) Ex, (B) Eyy, and (C) Ez] across the whole aorta and across
each aortic layer (intima, media, and adventitia).

to the control samples, the PG increases the elastic modulus
of the tissue. The elastic modulus MV was increased by a
factor of 0.13 (PG = 0.183 MPa). Also, the modulus was
increased by 28.70%, using the PBS as an immersion media
(PBS = 0.032 MPa). The reversible effect was demonstrated
by evaluating the mechanical behavior of the tissue immersed
in different media (PG and PBS) (Figure 9). In addition, the
stress-relaxation test was applied to evaluate the viscoelastic
behavior of the tissue. Wang et al. (2016) reported for the

aortic tissue the dynamic elastic modulus (0.039 + 0.01 MPa).
This result validates the reported data for the controls and the
samples immersed in PBS.

The obtained results open a discussion on the incidence of the
hyperosmotic agents in the mechanical properties of the evalu-
ated tissue. For collagen-based tissues, the relationship between
the OCAs and the tissue swelling effect could involve a change in
the supramolecular structure. Additionally, due to the induction
of osmotic stress, a high concentration of the hyperosmotic agents
can induce cell apoptosis, local hemostasis, and/or tissue necrosis
(Larin et al., 2012). Therefore, it is relevant to define an appro-
priate OCA concentration to minimize its impact on the tissue
structure and define optical scattering properties (Sudheendran
etal., 2011).

Local Mechanical Effects of Tissue
Clearing Revealed by OCT-DVC

The full-field measurements performed on the aortic wall
immersed in PG highlight the complexity of the different effects
induced by tissue clearing. The biomechanical behavior of arterial
walls is known to be complex and anisotropic due to its fibrous
nature (elastin and collagen) and due to its layered structure
(intima, media, and adventitia). An original aspect of the local
mechanical behavior revealed by OCT-DVC was the heterogene-
ity of Poisson’s effects across the thickness. The intima and the
adventitia showed the major Poisson’s effect on the mechanical
behavior in E.. with corresponding strains of 4.58 and 3.80%,
respectively (which are values expected for a nearly incompress-
ible material). Conversely, the media layer reported a very small
Poisson’s effect (strain value of 1.28%).

Measuring strains in the through-thickness direction is
something completely original for arteries tested in vitro. Pefia
et al. (2015) reported the thickness ratios (layer thickness to
total wall thickness) for the adventitia, media, and intima layers
(0.33, 0.50, and 0.15, respectively) of distal porcine aorta. With
the clearing technique used in the present work, we could track
the thickness variations of each layer under tensile conditions
(Figure 10). However, tracking thickness variations does not
permit to evaluate the transverse strains with enough accuracy,
showing that strain measurements obtained with OCT-DVC, as
reported in Table 5, have a strong potential for characterizing
through-thickness deformations in arteries.

Limitations and Future Work

Numerous improvements can still be considered to the proposed
methodology and to the characterization of mechanical effects
of PG. The FOV may be increased to involve more information
of the tissue structure (tracking patterns). Lesions could also be
artificially induced in the tissue with enzymes such as collagenase
or elastase to study how PG affects independently collagen and/or
elastin fibers. Lomas et al. (2003) have already established that PG
was compatible with collagenase digestion. Finally, we observed
that the effect of PG induced dehydration had a stringer impact
on the Poisson’s effect of the media layer. Further work should
be conducted on how the smooth muscle cells highly present in
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FIGURE 9 | Stress-strain curves under two different immersion protocols and for stress-relaxation uniaxial tensile tests. (A) First protocol: immersion in propylene
glycol (PG) and a subsequent immersion in phosphate buffered saline (PBS). (B) Second protocol: immersion in PBS and a subsequent immersion in PG.
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FIGURE 10 | Aortic layer-thickness variation during the uniaxial tensile test
immersed in propylene glycol.

the media layer are affected by PG immersion for a better under-
standing of these effects.

CONCLUSION

In this paper, we have developed and evaluated a novel meth-
odology to characterize the mechanical response of porcine or
human aortas in vitro at different sub-surface levels and with a
sub-millimeter spatial resolution. The technique relies on OCT-
DVC and requires the use of a tissue clearing agent, namely
propylene glycol. Tissue dehydration caused by immersion
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Trabecular bone fracture is a traumatic and localized event studied worldwide in order to
predict it. During the years, researchers focused over the mechanical characterization of
the trabecular tissue to understand its mechanics. Several studies pointed out the very
local nature of the trabecular failure, finally identifying the fracture zone with the aim to
study it separately. The complexity of the three-dimensional trabecular framework and the
local nature of the fracture event do not allow the direct evaluation of a single trabecula’s
behavior within its natural environment. For this reason, micro-Finite Element Modeling
has been seen as the best way to investigate this biomechanical issue. Mechanical strain
analysis is adopted in the literature for the identification of micro fracture using criteria
based on principal strains. However, it was never verified if the fracture zone is actually
the zone where principal strains are concentrated. Here, we show how the maximum
strain of the tissue might not be directly correlated to the fracture. In the present work,
a previously validated technique was used to identify the fracture zone of 10 trabecular
specimen mechanically tested in compression and scanned in micro-CT before and after
the mechanical test. Before-compression datasets were used to develop 10 micro-FE
models were the same boundary conditions of the mechanical test were reproduced.
Our results show how the known linear behavior of the trabecular framework might
not be directly related to the development of the fracture suggesting other non-linear
phenomenon, like buckling or microdamage, as actual cause of the traumatic event. This
result might have several implications both in micro-modeling and in clinical applications
for the study of fracture related pathology, like osteoporosis.

Keywords: micro-CT, micro-FEM, trabecular bone, fractures, bone, micro strain

INTRODUCTION

Mechanical characterization of trabecular bone is an issue studied since several years due to its
relationship with several musculo-skeletal pathologies (Crane et al., 1990; Aerssens et al., 1997; Silva
and Gibson, 1997; Goldring, 2009; Kijowski et al., 2012; Milovanovic et al., 2012; Djuric et al., 2013).

The principal way to investigate trabecular bone biomechanics is the mechanical testing of tis-
sue specimens (Helgason et al., 2008). The most common procedure includes the extraction of the
specimens from different anatomical sites, embedment in endcaps to avoid toe-artifacts during the
measurement, and finally mechanical test in compression using an axial testing machine. Even if

Frontiers in Materials | www.frontiersin.org

20 February 2018 | Volume 5 | Article 6


http://www.frontiersin.org/Materials/
http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2018.00006&domain=pdf&date_stamp=2018-02-16
http://www.frontiersin.org/Materials/archive
http://www.frontiersin.org/Materials/editorialboard
http://www.frontiersin.org/Materials/editorialboard
https://doi.org/10.3389/fmats.2018.00006
http://www.frontiersin.org/Materials/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:simone.tassani@upf.edu
https://doi.org/10.3389/fmats.2018.00006
https://www.frontiersin.org/Journal/10.3389/fmats.2018.00006/full
https://www.frontiersin.org/Journal/10.3389/fmats.2018.00006/full
https://www.frontiersin.org/Journal/10.3389/fmats.2018.00006/full
http://loop.frontiersin.org/people/212304
http://loop.frontiersin.org/people/243429
http://loop.frontiersin.org/people/59318
http://loop.frontiersin.org/people/215634

Tassani et al.

Trabecular Fracture and Strain Distribution

this introduced procedure is still today considered the golden
standard for mechanical studies of trabecular bone behavior, it
clearly presents several limitations.

First of all, the test described is a destructive one; therefore, it
can only be applied once for each specimen. This limits also the
number of measurements that can be taken for each specimen;
typically, Young modulus, yield, and ultimate stress. Moreover,
these values can be related only to global characteristics of the
specimen without any insight of the internal and local behavior
of the tissue. This is a strong limitation since the trabecular
framework is a complex structure, and its failure passes through
local damage of the structure followed by the development of the
fracture. In this process, the local morphology of the bone plays
a relevant role.

The 3-dimensional morphology of trabecular microstructure
can nowadays be investigated by means of micro-tomography
(micro-CT). Micro-CT allows visualizing and studying the
trabecular framework performing non-destructive analysis.
Following this procedure, correlation studies of the framework
morphology with the mechanical behavior can be carried out
(Ohman et al., 2007; Nazarian et al., 2009). The combination of
the two techniques soon showed the importance of trabecular
framework heterogeneity in the evaluation of the mechanical
behavior of bone. Local analyses were suggested by several
authors with different methodologies in order to take into con-
sideration the variability of the structure in analysis (Nazarian
et al., 2006; Perilli et al., 2008; Tassani et al., 2010). The study of
local morphology leads to the study of the trabecular fracture
zone itself, aiming to investigate the specific morphology that
could explain the development of the trabecular framework
failure. A method for the identification of the trabecular fracture
zone was proposed (Tassani et al., 2012) and validated (Tassani
and Matsopoulos, 2014). Results again underlined the local and
three-dimensional nature of the fracture event identifying full
3D fracture zone having a volumetric broken fraction of about
9% (average). The morphometry identified with this procedure
allowed to successfully describe (a posteriori classification, 95.5%
accuracy) (Tassani and Matsopoulos, 2014) and predict (a priori
classification, 91.8% AUC) (Korfiatis et al., 2017) the fracture
zone of each trabecular specimen.

In this scenario, micro-Finite Element Modeling (micro-FEM)
has the potentiality to play an important role to study the local
and internal behavior of the trabecular bone. Several works were
already presented suggesting different approaches (Pistoia et al.,
2002; Nagaraja et al., 2005; Verhulp et al., 2008a; Sidorenko et al.,
2011; Zysset et al., 2013).

The most common approach of micro-FEM simulation is
probably the linear one. Even if this is clearly valid only in the
elastic stress-strain zone and cannot describe the fractures them-
selves, the resulting values are often used as predictive value of the
bone strength as reaction to external loads. Using this technique
strain and stresses of the 3D framework can be plotted and used
as estimator of the fracture initiation.

Micro-FEM models have been widely used to study the
mechanical behavior of trabecular bone at tissue level. Most of
the studies reported in the literature adopted linear elastic con-
stitutive law (Hara et al., 2002; Verhulp et al., 2006; Kim et al.,

2007; Bevill and Keaveny, 2009; Wolfram et al., 2010; Vilayphiou
etal., 2011; Torcasio et al., 2012; Gross et al., 2013; Harrison et al.,
2013; Bauer et al., 2014) to assess elastic modulus at tissue level,
to retrieve overall mechanical behavior at apparent level or finally
to study the strain distribution. A number of non-linear models
are reported in the literature, adopting both different constitutive
law and failure criteria to try to replicate the force-displacement
curve as experimentally measured at apparent level (Niebur et al.,
2000; Bayraktar and Keaveny, 2004; Verhulp et al., 2008b; Sanyal
et al., 2012; Wolfram et al., 2012; Harrison et al., 2013; Bauer
et al., 2014; Baumann et al., 2016). However, there is lack of a
clear consensus of the literature over which non-linear approach
is the most suitable and reliable in identifying the overall failure
in terms of both ultimate strain and loading curve. On the other
hand, models based on purely linear elastic constitutive laws have
been successfully proposed at both organ level [homogenized CT
based models (Schileo et al., 2008; Falcinelli et al., 2014)] and
tissue level [micro-CT based models (Pistoia et al., 2002; Hosseini
etal.,2017)]: these models adopted a principal strain based failure
criteria and identified the failure load by simply scaling the linear
model in order to reach the yielding condition in a given por-
tion of the model volume. The idea behind this approach is that
fracture is a strain driven mechanical event that can be modeled
adopting a maximum principal strain criterion.

Aim of non-linear models was mainly the identification of the
mechanical behavior of the bone tissue rather than the prediction
of the sites of fracture. It is worth here to mention that for the
purposes of the latter aim, an independent method to identify the
fracture is required. In many studies, fracture zones are identi-
fied by visual inspection over the complex three-dimensional
trabecular framework. Consequently, the whole procedure is
time-consuming and operator-dependent, possibly inducing a
considerable bias in the analysis and, therefore, not applicable to
large scale analysis. Damage localization has been proposed by
Nagaraja et al. (2005) who studied the occurrence of microdam-
age events in quasi-static uniaxial compression of trabecular bone
using linear elastic micro-CT finite element models and regis-
tered histological sections. On the other hand, Hambli (2013)
proposed an isotropic micro-FEM coupled to a damage law to
predict apparent failure properties of human trabecular bone
under quasi-static uniaxial compression. The results were visu-
ally validated against the micro-CT images of the same specimen
mechanically tested showing good correspondence. The work
presented an interesting tool for the description of the fracture
propagation leaving an open question: are linear micro-FEM
good tools for the identification of fracture regions?

It is clear that micro-FEM cannot describe the propagation of
trabecular fracture without the aid of the damage law; nonethe-
less, the identification of a good correlation between stiffness and
bone strength can be considered a reasonable basis to predict the
mechanical behavior of the trabecular framework and to identify
the initiation of the fracture event.

Aim of the present study is to check whether a correspondence
exists between the regions where fracture has been identified and
regions where principal strains values are higher in linear finite
element models. This correspondence will be validated using
a full3D and user-independent automatic technique. In other
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words, aim of the study is to verify the consistency of the basic
assumption (i.e., principal strain concentration as indicator of
bone failure initiation) made by many studies that identified bone
fracture by means of principal strain analysis based on linear
elastic models.

MATERIALS AND METHODS

This study is partially based on the analysis of data previously
collected during the European projects Living Human Digital
Library (LHDL; IST-2004-026932) and MOSAIC (PIEF-GA-
2009-253924), and none of the authors had access to identifiable
patient information. For this reason, an ethics approval for the
present study was not required as per institutional and national
guidelines and regulations. Micro-CT images were produced by
Laboratorio di Tecnologia Medica, Istituto Ortopedico Rizzoli,
Bologna, Italy, with the financial support of the EU project LHDL
(IST-2004-026932). The authors only had access to anonymized
images.

The whole data collection procedure is here briefly sum-
marized. Four femora and four tibiae were obtained from two
female cadavers (72 and 78 years old) without skeletal disorders
by means of a donor program during the LHDL European
project. The samples had been embalmed using the modified
Dankmeyer’s method (Van Sint Jan and Rooze, 1992; Ohman
etal., 2008). Tibiae and femora were cut into slices perpendicular
to the longitudinal axis of the bone. The epiphyses were cut into
26-mm slices. A number of cylindrical trabecular specimens,
with a diameter of 10 mm, were then extracted (Tassani et al.,
2011). All specimens were scanned by means of a micro-CT
(model Skyscan 1072, Bruker microCT, Kontich, Belgium) with
an isotropic voxel size of 19.5 um, using a previously published
protocol (Perilli et al., 2007a,b). All specimens were loaded to
failure (displacement control, strain rate 0.01 s™', model Mini
bionix 858, MTS Systems Corp., Minneapolis, MN, USA). Each
specimen was cemented directly onto the testing machine. The
free length of each specimen was 20 mm (Ohman et al., 2007;
Perilli et al., 2008; Tassani et al., 2010). The same acquisition pro-
cedure was performed both before (pre-failure dataset) and after
the mechanical testing (post-failure dataset). In each set, the final
analyzed volume of interest (VOI) was a cylinder of 991 micro-
CT cross sections (slices) equal to 19.3 mm height and 9 mm in
diameter (Perilli et al., 2008). A fixed threshold was used for the
segmentation of trabecular structure from marrow [GV = 143,
established in a previous comparison between segmented dataset
analyses and histological sections, on trabecular bone specimens
adopting the same micro-CT settings (Ohman et al., 2007; Perilli
et al., 2007b)]. The fracture zone was identified using a two-step
registration method already described in the literature (Tassani
et al., 2012; Tassani and Matsopoulos, 2014). The trabecular
fracture zone was defined as the region presenting brittle fracture
or plastic deformation of at least one trabecula. Briefly, the two
steps 3D registration was implemented with the aim to highlight
differences between the pre- and post-failure datasets due to
mechanical testing. For each slice, each disconnected trabecula
lying on the slice in the pre-failure dataset is compared to the
same trabecula in the post-failure dataset. Each trabecula of each

slice of each dataset was classified as broken if the trabecula of
the pre- and post-failure datasets had an overlap inferior of a
threshold of 30% [the value of the threshold was identified during
the validation study reported in Tassani et al. (2012)]. In order to
identify a “full 3D” fracture zone, a morphological 3D dilation
procedure was used to calculate a VOI around each broken tra-
becula. Each VOI was dilated in every direction by 25 px [about
0.50 mm in radius, according to Nazarian et al. (2006)]; thus, an
ellipsoidal VOI centered on the broken trabecula was obtained.
When trabeculae were closer than 50 px in any direction (25 for
each ROI), the VOIs fused creating a single VOL

In the present study, 10 specimens were selected and for each of
them a micro-FEM was developed. The specimens were selected
based on the dimension of the identified fracture zone to explore
its relation to the deformation of the trabecular framework.
Specifically, five specimens with a fracture zone larger than 10%
and five with a fracture zone smaller than 1% of total specimen
volume were selected.

Micro-FEM Development

A voxel-based Finite Element model was built from segmented
micro-CT datasets by direct conversion of voxels in hexahedral
Finite Elements. Fixed global threshold was adopted.

Boundary conditions were imposed to replicate the uniaxial
compression test: all the nodes lying on the lower surface were
fully constrained; all the nodes belongings to the top slices were
imposed vertical displacement corresponding to 0.5% of apparent
axial strain for the whole specimen and no transverse displace-
ment were allowed.

The material of the trabecular structure was assumed homo-
geneous and isotropic with a linear elastic constitutive law. Thanks
to the linearity of the model and to the purely cinematic nature
of the studied problem (essential boundary conditions imposed
studying the output strains), a conventional value for the Young’s
modulus (1 GPa) was considered. Poisson’s ratio was assumed 0.3.

The solution of each model was obtained using the fully par-
allel micro-FE linear solver based on octree ParOSol (Flaig and
Arbenz, 2012) using 20 parallel processes on Sciama HPC cluster
of the Institute of Cosmology and Gravitation of the University
of Portsmouth. Compression and tension principal strains were
then computed at the centroid of each voxel.

Principal Strains Analysis: Maximum
Strain Identification

To remove artifacts related to single high-strain voxels and in
the boundary elements of the rough voxel-based surfaces, an
erosion procedure (1 px), followed by a 3D median filter (kernel
3 px X 3 px X 3 px) were applied to all the generated datasets
(Image] 15.1n Wayne Rasband National Institutes of Health,
USA). The new datasets were mapped back on a 256 gray values
colormap of a typical 8-bit micro-CT dataset reconstruction.
Maximum strains were identified in both compression and
tension datasets as the maximum 5% of strain range in each speci-
men (95% to maximum strain). For each dataset, all the voxels
included in the maximum strain criteria were labeled. Starting
from these voxels, a procedure similar to the one described for
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the identification of the full 3D fracture zone, was applied for
the identification of the maximum strain zone (CtAn, Bruker
microCT, Kontich, Belgium).

For each slice, each disconnected trabecula lying on the slice
was analyzed. The whole trabecula including the maximum
strain pixel was identified as “maximum strain tissue.” In order to
identify a “full 3D” max strain zone, a morphological 3D dilation
procedure was used to calculate a VOI around each max strain
trabecula. Each VOI was dilated in every direction by 25 px [about
0.50 mm in radius, according to Nazarian et al. (2006)]; thus an
ellipsoidal VOI centered on the broken trabecular was obtained.
When trabeculae were closer than 50 px in any direction (25 for
each ROI), the VOIs fused creating a single VOI.

Finally, three zones were identified and compared to each
other, in each specimen: whole specimen, fracture zone, and
maximum strain. The analysis was performed over both com-
pression and tension strains. However, while fracture zone was
a constant region, independent of the kind of strain, maximum
compression and maximum tension led to the identification of
two different regions. Once identified, the maximum strain zones
were visually compared to the fracture zone.

Principal Strains Analysis: Comparison

of Strains
A two-way ANOVA for repeated measurements was implemented
to test the influence of both “within” and “between” factors over
the strain distribution. The identified region was defined as within
factor to analyze since each specimen was compared against itself.
The region factor presented three categorical levels; whole speci-
men, fracture zone, and maximum strain zone. The “between”
factor was the kind of stress generated with two levels defined;
compression and tension. Kind of stress was not a within factor
since the regions of tension and compression were different in
each specimen. A post hoc test with Bonferroni correction for
multiple testing was used to evaluate the statistical differences
among the three levels of the region factor.

The whole statistical model was used to evaluate the effect
of the two defined factors and their interaction on the absolute
values of the strains.

RESULTS

Global strains showed to be generally homogenous with fluc-
tuations given by the complexity of the trabecular framework
(Figure 1). Fracture regions and maximum strain regions, both
compression and tension, are shown in Figure 2 for low fracture
volume specimen and in Figure 3 for high fracture volume speci-
mens. The location of the maximum strain regions show no direct
relation to the fracture zone.

The strain distributions in the whole specimen and in the
fracture region shown to be statistically different from the strain
in the maximum strain region. Strain in the fracture region was
also found higher than the average strain of the whole specimen
but lower than the ones in the maximum strain region. Average
compression and tension values for each region and kind of strain
are shown in Figure 4. No interaction between region and type

FIGURE 1 | The strain field of two specimens is shown. It appears to be
essentially homogeneous with punctual strain variations related to the
complexity to the geometry.

of strain was detected (p-value = 0.056, Greenhouse-Geisser
sphericity correction).

There seems to be no relation between the dimension of the
fracture zone and the dimension and distribution of the maxi-
mum strain regions.

DISCUSSION

The presented work led to two main results. First, the visual
analysis underlined the local nature of maximum strain. Figure 1
shows how the distribution of the strain is essentially homoge-
neous. Since the numerical model assumes the material to be
homogeneous (a strong assumption widely adopted in the high
majority of such kind of models), strain fluctuations are uniquely
related to the complexity to the geometry. Figures 2 and 3 are col-
lecting fracture and maximum strain zones for all the specimens.
It is easy to see how the maximum strain regions identified by
the proposed criterion, both in compression and in tension, are
extremely localized, very often related to few, or even one single
trabecula. In the same figures, the detail of the strain distribution
underline that often the trabecula showing maximum strain is
isolated. This result could support the hypothesis that maximum
strain can identify the specific point in which the fracture can
start and propagate. However, the same visual results allow to
compare maximum strain zones to the fracture zone of the same
specimen. The identification of the fracture zone was automatic
and completely described the 3D framework. This approach
allowed to fully compare the distribution of the strain to the
fracture zone of several specimens, without the limitation of
visual identification. The reported relation appears to be poor. In
more than half of the cases, the maximum strain zones appeared
unrelated to the identified fracture zone, therefore, rejecting the
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FIGURE 2 | Zones of maximum compression (left) and maximum tension FIGURE 3 | Zones of maximum compression (left), fracture (center), and
(right), are reported in comparison to the fracture zone (center) for the five maximum tension (right) are reported in comparison to the fracture zone
low fracture volume specimens. (center) for the five high fracture volume specimens.
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FIGURE 4 | Micro-strains in compression and traction in the three identified regions of analysis. *p-value < 0.05. **p-value < 0.005.

hypothesis that maximum strain can identify the initiation point
of the fracture. Maximum strain regions seem also unrelated to
the final dimension of the fracture.

Second, the paired analysis showed how in each specimen
the maximum strain region, both in compression and in ten-
sion, consisted of statistically higher strain, compared to both
the fracture region and the average of the whole specimen.
Particularly, the strains of the maximum strain region showed
to be almost double the ones of the fracture region; 413 + 211
pstrain max strain region and 256 + 131 pstrain fracture region
in compression, 179 + 53 pstrain max strain region and 120 + 50
pstrain fracture region in tension. Again, this result suggests how
the whole fracture zone might not develop simply following the
laws of higher strain, since the strains localized in the fracture
are much lower. On the other hand, fracture regions also showed
slightly higher strain compared to the average of the whole speci-
men (209 =+ 83 pstrain compression and 98 + 29 pstrain tension)
letting open the possibility that strain can actually play a role in
the development of the fracture. The interaction between the two
factors was rejected; however, the p-value was very close to the
threshold of 5% (p-value = 0.056). Considering the fact that only
10 specimens were analyzed, the possibility that the structure
might behave differently in compression and tension, in relation
to the fracture and max strain zone, should be further explored.

After the failure of the first trabecula the work of the whole
trabecular framework is far from over. Loads can be redistributed
and let the structure strong enough to sustain the global load.

If not, compaction of the trabecular bone creates a new shape
of the structure that can again sustain the load. Following the
concept that the biggest amount of bone can ensure a stronger
tissue, bone volume fraction has been used for several years for
bone strength prediction (Helgason et al., 2008). Nonetheless,
BV/TV was recently suggested to be a poor descriptor (Tassani
and Matsopoulos, 2014) and predictor (Korfiatis et al., 2017)
of the trabecular fracture zone. The trabecular tissue seems to
behave following the distribution of the bone in the elastic region;
however, this does not describe the event of the fracture where
non-linear events might play an important role. In the same way,
maximum strain can describe the elastic behavior of the structure;
however, failure of the framework, or even of a single trabecula,
cannot be explained by this feature.

From Kopperdahl and Keaveny (1998), non-linear behavior
in compression in slender trabeculae is dominated by buckling
instead of yielding. At least for lower bone volume fraction,
failure seems to be related to buckling occurring in regions of
trabeculae aligned with the applied load. On the other hand,
Snyder et al. (1991) demonstrated how trabecular slenderness
is negatively correlated with bone volume fraction. Miiller
et al. (1998) observed as in a rod-like architecture failure was
initiate by buckling of trabeculae followed by the collapse of the
overloaded structure. It is worth to highlight as this collapse can
results in a ductile apparent behavior due to individual response
of individual trabeculae to buckling in wet condition (Townsend
et al., 1975). On the theoretical side, Ramtani and Abdi (2005)
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formalized the framework to experimentally assess buckling in
plate-like trabeculae, focusing the relevance of this instability also
in wider structural elements. These assumptions are supported
by the results showed in the literature (Tassani and Matsopoulos,
2014), where BV/TV was shown to be lower and structure model
index higher, indicating more rod-like trabeculae, in the fracture
zone.

According to Stolken and Gibson (Gibson, 1985; Stolken and
Kinney, 2003), buckling might occur in individual trabeculae that
are not necessarily the most highly strained ones (especially if
highly slender). What is more, Eswaran et al. (2007) highlighted
how in trabecular bone initial failure may occur in regions that
result different from the regions where subsequent failure is
located.

Clearly, non-linear behavior of the trabecular framework can
also be related to the heterogeneity of the extracellular matrix
(Fantner et al., 2004; Gao, 2006; Viguet-Carrin et al.,, 2006).
Microdamage could accumulate and lead to structure failure.
According to Blanchard et al. (2013), plasticity prior to fracture
may involve nanoscale processes that in terms depend on the
nano-to-micro composition and ultrastructure of bone. In this
sense, considering homogeneous elastic modulus might limit
the here presented results. However, in previous works the tissue
mineral density was proved to be fairly constant in trabecular
bone (Tassani et al., 2011), reducing the effect of extracellular
matrix heterogeneity, and in more recent studies morphometrical
characteristics alone were enough to correctly describe (Tassani
and Matsopoulos, 2014) and predict (Korfiatis et al., 2017) in
more than 90% of the cases, the trabecular fracture zone. These
results suggest that the key to understand the mechanics of tra-
becular fracture might be more related to the micro-level of the
structure than to the nanoscale of the tissue.

Moreover, in a recently published paper, Goff et al. (2015)
studied the correlation between microdamage localization and
local strains as identified by linear micro-FE models. Even though
microdamage appears more likely to occur at the greatest tissue
level, they did not identify principal strains as a reliable predictor
of microdamage occurrence. What is more, the locations with the
greatest tissue strains appeared rarely near site of microdamage.
Once again, even if heterogeneity of the nano-structure might
play a relevant role in the definition of trabecular failure, principal
strains seems to be unrelated even at that scale.

Some limitations must be taken into consideration before
to conclude this discussion. First of all, the study takes into
consideration only 10 specimens from two donors. Even if the
specimens were selected in order to study the variety of the tra-
becular fracture zone, more specimens might be required in order
to have a more complete description. Moreover, the definition
of the maximum strain region might be considered somehow
arbitrary, even if it was chosen to be consistent with the process
for the identification of the fracture region. For convenience of
the analysis, a single value per voxel was computed at the centroid
instead of using and averaging the values at the integration points.
The imposed apparent strain was fixed at only 0.5%. Nonetheless,
thanks to the linearity of the model, even if the absolute values
of the strains would change, the relative distribution of strain is
independent from the imposed apparent strain, and therefore, the

identification of the maximum strain region would not change.
Because of the proposed linearity, the model lacks the capability
to capture geometric and constitutive non-linearities that might
alter the strain evolution pattern. Buckling it is an example of
non-linearity and is exactly what we pointed out as the most
probable origin of collapse mechanism that occurred in all the
studied specimens. Non-linear constitutive law might be the
key to the description of the trabecular fracture zone. Finally,
even though nobody seems to be worried about this point, we
acknowledge that results might exhibit some sort of dependency
on the segmentation technique implemented, since smaller and
slender trabeculae might be reduced or completely disappear if
the wrong segmentation is applied.

In conclusion, the present study shows not direct correspond-
ence between the regions where fracture have been identified and
regions where strains values are higher. Not only the identified
maximum strain regions are extremely small but also often not
related to the fracture zone, therefore, excluding the possibility to
be directly associated to the initiation zone of the fracture. This
output does not corroborate the assumption on which some work
reported in the literature based their analyses (i.e., the consistency
between strain concentration and fracture initiation, particularly
for those models that assumed a linear elastic constitutive law).
This “negative” result does not provide further insight to the
comprehension of bone mechanic while consolidate the claim
that a modeling procedure more complex must be considered
when approaching the fracture identification on bony structures.
Authors consider their outcomes to be significant mostly for
their meaning of stressing open questions, in the belief of the
importance of negative results, which are more and more difficult
to find in modern literature while they should be much more
present (Knight, 2003; Ioannidis, 2005; Fanelli, 2012).
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An understanding of bone apparent and material densities and how they vary within
bone at the organ level is of great interest in the understanding of degenerative bone
conditions and for biomedical engineering applications. The densities of bone tissue
have been shown to appreciably influence the mechanical competency of bone tissue. In
order to assess the density of bone in the body, it is important to ensure that the param-
eters being measured in vivo are truly representative of the real values that have been
measured in vitro. To assess the densities of bone across the entire spectrum of available
porosities, 112 samples from an elephant femur were assessed using the Archimedes
method (water displacement) and by micro-computed tomography (p-CT). Comparisons
were drawn between the two methods to determine if the densities calculated by p-
CT were representative of physically measured densities. The results showed that the
apparent densities measured over the entire spectrum were very similar but varied in the
intermediate regions of bone tissue, probably due to an increased presence of osteoid,
increased remodeling, or experimental error as these type of bone is known for the pres-
ence of regions of closed cell geometry in the cancellous architecture. It could be argued
that the measurements taken by p-CT are more reliable of bone density values for the
mineralized regions of bone as the threshold is defined with respect to the absorption of
X-rays by the mineral. In contrast, the Archimedes method thresholds everything with a
density value above that of the surrounding medium, 1 (g cm=2) for water, and hence it
is more sensitive to the presence of osteoid, soft collagenous matrix, and epithelial cell
layers. Further research is required to optimize the parameters of scanning methods for
the structural properties of different bone tissue porosities, which hopefully in turn will be
able to provide a basis for the development of predictive remodeling models.

Keywords: bone, cancellous, cortical, density, porosity, BV/TV, micro-computed tomography
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INTRODUCTION

Bone, the material, exists at the organ level as whole bones. Whilst
bone may seem relatively inert compared with other structures
in the bone it is in fact an adaptive material which responds to
its environment. The fundamental results of Wolff’s Law hold
true but his explanation and understanding of the underlying
mechanisms were misunderstood (Currey, 2002). The nature
of the biological and micro-mechanical mechanisms that drive
bone remodeling is still not fully understood. At its material level,
bone is a multiphase composite material formed of both organic
and inorganic constituents. It has a hierarchical structure that
ranges from the sub-nano level of the collagen-mineral composite
through to the macro-structure of cortical and cancellous bone.

The density and structure of bone are important character-
istics that determine its mechanical behavior in everyday life.
An understanding of these underpinning properties is crucial
in the investigation of bone as a structural material. Density
can be defined in a number of ways ranging from the micro- to
the macro- or organ level. The two generally accepted versions
of density are the “apparent” and “material” ones. Apparent
density (Dapyp) is the mass of the mineralized tissue over the total
volume occupied by the tissue with the inclusion of its voids. The
most common representation of D,,, used in respect to bone is
bone mineral density (BMD,) which, when measured by dual
energy X-ray diffraction (DEXA), is an area assessment of this
characteristic. Material density (Dm.) is defined as the same mass
as for apparent density divided by the volume the solid mineral-
ized tissue occupies with the exclusion of any voids that may
exist within the structure. The most popular use of this is often
referred to as tissue mineral density. These definitions highlight
that the difference between these properties is the consideration
of mass with respect to the micro-structure of the tissue, such
as: voids, osteocyte lacunae, osteonal canals, and analogous non-
mineralized architectural features:

D,,p=Bone mass/Total Volume (1)
Dr.=Bone mass/Bone Volume 2)
BV/TV=Dypp/Duat (3)

where BV is the bone volume and TV is the total volume. The
assessment of densities within bone tissue is considered to
be important as it will impact upon the resultant mechanical
properties and remodeling characteristics of bone (Martin, 1984;
Fyhrie et al., 1993; Zioupos et al., 2008). The derivation of Dy, is

TABLE 1 | Properties of QRM calibration phantom.

Sample Mean gray® Density® (g cm~3) Mineral %°
Standard 1 36.1 +6.4 1.13 £ 0.02 0.000
Standard 2 48.6 +9.4 1.18 +£0.02 0.424
Standard 3 1122+ 12.6 1.26 + 0.02 15.889
Standard 4 337.2 +£33.7 1.64 +0.02 48.293
Standard 5 478.5 +42.0 1.90 + 0.02 63.168

#Measured in test.
bProvided by calibration certificate for QRM standard.
°Calculated for resin density = 1.13 g cm= and HAp density = 3.3 g cm=.

not contested because it is simply the wet bone mass of a sample
over the Cartesian geometric volume occupied by the same bone
sample. Different methods for material density, however, have
caused some debate (Schileo et al., 2008; Zioupos et al., 2008). The
most conventional technique employed for this assessment relies
on the Archimedes principle (usually via water displacement).
Application of this method relies critically on ensuring that pores
must be fully flushed and refilled (Zou et al., 1997). This flushing
and refilling are particularly difficult in cases where there are cells
of closed geometry within the trabecular architecture (Rho et al.,
1995). Comparisons of DEXA and the Archimedes technique
have previously reported substantial differences (Keenan et al.,
1997) whilst fractional quantitative and cone beam computed
tomography has been shown to be in closer agreement with
Archimedes (Lee et al.,, 2004; Ahlowalia et al., 2013). When
investigating Dqpp and D, consideration must be given to the
volume of bone or BV/TV (dimensionless ratio of actual bone
volume to the total volume of the sample). This can be calculated
with the Archimedes principle using Eq. 3. Calculating BV/TV
with the Archimedes method depends therefore in ensuring that
the displaced suspending medium (water, a solution of known
density, or a gas) infiltrates all the pores and thus derives the true
BV for the sample. BV/TV has also been calculated/measured by
using a series of histological slices (Martin, 1984). This technique
can also carry an inherent error due to the limitation of physical
slice thickness which requires interpolation between each slice; in
the addition to sample destruction.

The D, is often considered to be one of the primary charac-
teristics of bone that influence its mechanical properties at the
macro-mechanical level and has been shown to influence not

2.5 4
En J
€ 2.0
o
=
= ®®
Jas O
£ Pafbes’ e
S aa  AA ey,
< 10 - TN
2 A A A,
“:A ‘A ’ M‘ A
Aa
05 - ‘AA AAA 4 .
N A
A A
A
0-0 T T T 1
1.3 1.5 1.7 1.9 2.1

Arch-D, . (g/cm3)

FIGURE 1 | Apparent (Dapp) VS. material density (Dma) for all samples
(triangles) produced from the same femur in both cortical and cancellous
regions, adapted from Zioupos et al. (2008). The samples having Dage > 1.3,
which on visual inspection would be identified as cortical bone regions, are
encircled and the same notation is used in the following figures to allow visual
comparisons to be made between figures. Material density (Dma) sShowed
lower values for intermediate BV/TV values in the range of 0.4-0.7. “Arch”
denotes the measurements were obtained in a study using the Archimedes
method.
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only the compressive but also the fracture toughness propertiesof ~ applied to the same bone tissue samples, Archimedes and p-CT
bone (Rice et al., 1988; Cook and Zioupos, 2009). Dmy determines  can produce effectively the same results and also to explore the
material behavior primarily at the trabecular level. However, due  implications of p-CT derived data in mechanobiology studies.
to the fact that Dy, is the product of Dy X BV/TYV, it determines

properties at the structural level too. A previous study has shown,  MATERIALS AND METHODS

in elephant bone samples, that the relationship between D, and

Dy are interdependent and that Dy, is at its highest (~2.3gcm™)  Specimens

value at the extremes of porosity, as BV/TV tends toward 1and 0,  In this study, 112 samples were taken from the right femur of
and exhibits minimum values at intermediate levels of BV/TV of =~ an adult Asian elephant (3,432 kg, 24 years old). The specimen
0.4-0.7 (Zioupos et al., 2008). was collected shortly after the animal’s euthanasia (for reasons

This relationship has, however, been brought into question  unrelated to this study) at Whipsnade Zoo (Bedfordshire, UK)
when it was suggested that the actual shape of it may be due  and frozen (—20°C) until sample testing. Whilst use of elephant
to limitations of the Archimedes method in the assessment of  tissue is not ideal for human applications, is does have certain
bone tissue material density (Schileo et al., 2009) because, as  advantages as it is mammalian with the shape and properties at
commented earlier, the method depends on ensuring that the  the bone matrix level (confirmed by nano-indentation tests in
displaced suspending medium infiltrates all the pores and thus  our laboratories; unpublished data) similar to those of a human
derives the true BV of a sample. To overcome this limitation, p- femur, the only major difference, therefore, being one of size.
CT can be used as it gives information on the internal structure, it~ This large size enabled extraction of extensive volumes of cortical
is non-destructive and it can penetrate throughout the materialso ~ and cancellous bone which allowed structural effects similar to
that marrow-filled spaces and more enclosed cells are accessible ~ human tissue to be observed on a scale in tens of millimeters;
and thus these will not affect the results. Some previous work  additionally, it enabled production of all cortical and cancellous
has looked at the density relationship applied at cortical and ~ samples from the same sections throughout the same bone
cancellous regions using p-CT (Schileo et al., 2008), but it has  (no intra- or inter-individual variability), and obtained from a
not considered bone densities throughout the entire range with ~ sample from an animal known to have previously been healthy.
particular attention to the intermediate range of densities. The =~ The samples had been characterized in a previous study (Zioupos
present study, therefore, aims to test the hypothesis that, when et al., 2008), where full details of sample extraction can be found.

1.26 g/cm?

1.18 g/cm?

1.18 g/cm3 L 4
1.64 g/cm?
1.64 g/cm?
19 g/em? . 1.26 g/cm® / 19 8//5"”3

FIGURE 2 | QRM calibration phantom images and histogram; the average density, gray, and mineral % are given in Table 1.

A B

|

Density Density

FIGURE 3 | Example of two possible ways to determining the material density from the histogram for a cortical bone sample: (A) taking a measurement of the peak
value (mode) and (B) taking the mean value above the determined threshold.

Frontiers in Mechanical Engineering | www.frontiersin.org 51 February 2018 | Volume 3 | Article 23


http://www.frontiersin.org/Mechanical_Engineering/
http://www.frontiersin.org
http://www.frontiersin.org/Mechanical_Engineering/archive

Adams et al.

Bone Densities: CBCT vs. Archimedes

Density

remnants of blood clots, and other such contaminants in the samples.

FIGURE 4 | Example of two possible ways to determining the material density from the histogram for an extremely porous cancellous bone sample: (A) taking a
measurement of the peak value; the location of the peak value is approximated due to the lack of a resolved peak in the low-BV/TV samples; (B) taking the mean
value above the determined threshold. There is a high score for low-density voxels on the left-hand side of the histogram which correspond to water, fat, marrow,

Density

p-CT Imaging

All samples were imaged using a cone beam p-CT scanner, XTEK
CT H 225 (Nikon Metrology, Nottingham, UK). The samples
were imaged in ABS plastic sample holders (~1-mm thick) at
50 kV;, 65 pA with a 500 ms exposure time. The resultant voxel
size was ~16 pm, making them suitable to accurately determine
the samples’ morphology (Yan et al., 2011). Each sample was
imaged twice. First they were imaged fully submerged in deion-
ized water. The samples were then imaged again in air. All image
data were manually reconstructed using CT Pro 3D. With CT
Pro the beam hardening and noise reduction filters were applied
to provide an optimal image; this image setting was then stand-
ardized across the data set to ensure that the data collected were
comparable.

Image Analysis

Image analysis was carried out using VG Studio Max 2.2. Regions
of interest were taken from the center of each sample ~9 mm’
to exclude any external surfaces from the calculations. A surface
determination was performed using the gray level of an internal
void as the background and the largest void-less section of bone
as the sample gray value, as per the manufacturers’ recommenda-
tions. After the surface determination, an automatic morphomet-
ric report was exported which contained: BV/TV, specific surface,
mean trabecular thickness, mean trabecular number, and mean
trabecular spacing.

From the histogram, the mean, mode, minimum, and maxi-
mum gray levels were recorded to be used in calculation of the
material density. A QRM-MicroCT-HA calibration phantom
was scanned and reconstructed under the same conditions in
order to determine Dp.. Determination of material density is
more favorable than deriving Hounsfield units (HU) in this
context as HU provides a relative density based on the attenu-
ation coeflicients of the material that cannot be measured by
traditional densitometry. However, density as mass per unit
volume can easily be compared with physical densitometry
techniques.

Density Calibration

A histogram of the QRM HA calibration phantom alongside the
3D image of the scan is shown in Figure 2. Both the histogram
and image were obtained using VG Studio Max software. Within
the software, each density was isolated and the average gray scale
was determined and plotted against the density provided by
the supplier. This provided a calibration curve [a least squares
regression equation: density (g cm™) = 1.099 + (0.0015 + gray
value)] from which the density of the elephant samples could be
determined. The average gray value of each sample was measured,
and using the calibration curve, Dm. was determined for each
sample.

The Dy, was determined from the product of the BV/TV and
Do by rearranging Eq. 3. In the present study, to distinguish
between measurements taken from CT and measurements taken
using the Archimedes technique, the prefixes CT- and Arch- are
used, respectively.

A comparison of two possible methods for determination of
density is shown in Figure 3. Density can either be taken from
the average gray value in the sample or from the center of the
peak on the histogram, which represented the modal gray value
for the sample. Each method has advantages and disadvantages.
Measuring the mean gives the average gray value; however, it
inevitably includes voxels that are only partially filled with bone
caused by the partial voxel effect, which can skew the mean to be
less than the true mean. Taking the center of the peak avoids this
issue related to partial volumes but only takes the most common
density in the scan and has the potential to ignore a non-uniform
distribution of densities around the mode.

Inevitably, and as shown in Figure 3, the mode value taken will
always be higher than the mean value due to the non-zero regions
between the background, in this case water, and the bone peak. As
such, taking the measurement from the mode value is unaffected
by the background, which would suggest that it is the best method
to use. However, this cannot be applied uniformly across the whole
range of porosities. For extremely porous cancellous bone, there
is very little bone from which to quantify the gray level (density)
and then taking a measurement from the center of the bone peak
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is extremely difficult. In these few cases, using the mean value is
the most suitable option so that a reliable density variable can
be obtained across the entire cohort (Figure 4). The examples in
Figures 3 and 4 serve to illustrate the considerable difficulties in
obtaining reliable density values from gray levels in the CT across
the whole BV/TV range in bone. Similar to Archimedes, the CT
method is not, therefore, without its own limitations. Indeed,
another argument could be that the integrated pixel values should
be used to quantify density, which would take into account any
partial voxels (i.e., only partly occupied by bone) that otherwise
cannot fully be taken into account with the prior two methods.
We focus here on those other two methods but a future study
using the integrated pixel values would be interesting.

RESULTS

The full results of the way densities compare with each other,
when measured by the mode or the mean value of gray levels
(after appropriate and specific thresholding of the voxels), are in
Figure 5. The material density calculated by the mean underesti-
mates the value produced by the mode, as expected, but the two
are very well linearly correlated with each other (Figure 5). There
are also very few outliers where the two values deviate consider-
ably for some difficult samples, but these do not spoil the overall
pattern nor do they cast a strong shadow of doubt on the very
principle of measuring bone densities across the complete range
of porosities. The symbols encircled in red are, as is our practice,
those for the cortical bone samples. Once again, as in the original
paper using the Archimedes method (Zioupos et al., 2008), there
is an underlying regressive behavior of the sample density, which
goes down and up as bone goes from dense cortical to porous
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FIGURE 5 | Comparison of estimating material density by the “mean” and
“mode” gray levels of the bone samples. The line shown represents a slope of
one and goes through zero, for illustrative purposes. Some outliers exist where
there is little bone in the scan so the “mode value” does not lie near the center
of the “mean value.” The arrow points to the underlying regressive behavior of
the sample material density, which goes down and up as bone goes from
dense cortical to porous cancellous between the two extremes of BV/TV.

cancellous between these two extremes and which is can be
appreciated by the arrows added manually on the graph.

A comparison of the CT-D,,, measured from the mean and
Arch-Dyy, by the laboratory method of Zioupos et al. (2008) is
shown in Figure 6. The plot has a slight inflection in the inter-
mediate bone density values. If we consider that Arch-D,,, is a
more reliable method because it is simply the wet weight over the
bone sample volume, then it appears that CT-D,,, underestimates
apparent bone density in these intermediate value regions as it
is based on the absorption of X-rays from mineralized tissue
alone. Data for Arch-D,, are produced empirically using a
microbalance to measure wet weight of the bone and Vernier
calipers to measure volume. Arch-D,, is in essence the method
for apparent density that is used in every biomechanical lab
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FIGURE 6 | Comparison of Dagp from Zioupos et al. (2008) vs. D2, Mmeasured
by CT in the present study (on the same samples). Otherwise, the description
in Figure 5’s caption applies.
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the same samples. Otherwise, the description in Figure 5's caption applies.
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FIGURE 8 | Microscope images showing the mosaic of different layers of
bone tissue with progressively denser mineralization levels (adapted and
modified from original in Ruffoni et al., 2007). Based on gray level alone, one
would have numbered the various tissue compartments as 1 being the more
recent, toward 5 being the older one.

cortical bone

FIGURE 9 | Graphic displaying the remodeling regions of bone tissue in
cancellous and cortical bone adapted from Berli et al. (2017) with proposed
possible thresholds which have been added to image for the Archimedes
(1.0 g cm=) (orange) and p-CT thresholds (1.3 g cm~) (blue), for the soft
collagenous boundary and osteoid tissue, respectively.

globally to produce Modulus of Elasticity = f(Apparent Density)
relationships. The data show that there is “bone” matter which is
not captured or quantified by the CT-D,, variable, and this mat-
ter is most likely be the lower density non-mineralized portions
of the bone samples in remodeled areas, practically regions of
osteoid tissue in its various stages toward full skeletal maturity.

The comparison of BV/TV measurements shown in Figure 7
demonstrates that the Arch-BV/TV measured in the laboratory
is higher in the intermediate regions, most likely due the fact
that the Archimedes measurements consider all tissue including
the un-mineralized layers on the surface of the tissue. It is most
apparent in the intermediate region as it is a surface effect, and in
the intermediate regions there is the greatest amount of specific
surface available (Martin, 1984; Berli et al., 2017) for the volume
of bone.

The results of Figures 6 and 7 are in agreement with each
other as to what disparities exist between the methods. These low-
density regions on the surfaces of bone are due to the remodeling
of bone where the “younger” bone regions are less mineralized.
Microscope images displaying localized structural properties of
bone are shown in Figure 8 and are widespread in the literature.
Figure 9 depicts graphically the “mosaic” of tissue compart-
ments that bone is at any point in time. These compartments are
regions of varying mineral contents at various temporal points
in the development of the mineralization process that leads from
osteoid formation to mature, fully mineralized bone.

Figure 10 shows the “boomerang’-like pattern previ-
ously shown by Zioupos et al. (2008) is now apparent in both
Archimedes-based and p-CT-produced data. The p-CT-produced
curves do, however, have shallower inflection points: the lowest
Arch-Dpy is ~1.48 g cm™ as opposed to 1.60 g cm™ for CT-
D.pp. The shallower inflection point is due to higher values for
measured Dp, in the intermediate bone porosities when p-CT
is used. In views of the previous arguments and graphs, these
higher values for Di. most likely exist for two possible reasons:
(i) the density measured by the Archimedes method is skewed
by the presence of approximately closed voids in the cancellous
bone matrix, which would overestimate the volume to bone if
they are not fully flushed for the marrow they contain (in the
calculation of Dy, = weight/volume a higher volume will lead to
areduced Dy, whereas in p-CT these voids do not impact on the
data) and/or (ii) the surface of cancellous bone in Archimedes
measurements is thresholded at a density of 1 g cm™ (because
it displaces water in the Archimedes tests), thus including low-
density epithelial layers and newly forming osteoid, but this same
soft organic material does not possess a density high enough to
register in the p-CT measured density. The disparity between
the measurements most likely exists due to a combination of
these factors. The differences between the measurements are also
apparent in Figures 6 and 7, which shows a clear inflection in
the intermediate range of bone densities. The apparent density
measured via Archimedes is undisputed and seems to carry less
error than any other physical method—a statement that is open
to interpretation (measurement of actual weight and of physical
dimensions with calipers). However, we conclude that it is the
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FIGURE 10 | Apparent vs. material density for all samples throughout the whole range from cortical to cancellous bone. Blue triangles are produced by the
Archimedes method (Zioupos et al., 2008), the red diamonds are from p-CT, and the
3D reconstructed images of samples are shown on the right at their respective densities.

lines showing the envelopes were manually added around the two data sets.

p-CT method, not so much the Archimedes method, that needs
particularly cautious attention for potentially misleading techni-
cal errors. In both ways for both methods, the “boomerang”-like
pattern is strongly evident.

DISCUSSION

Here, we have furthered the investigation into the basic rela-
tionships that exist between apparent and material density
values within bone in both its cortical and cancellous forms,
and throughout its whole porosity range. Bone densities directly
impact upon the mechanical competency of the tissue (Rho et al.,
1995; Zioupos et al., 2008). Understanding the behavior of bone
density across the full range of porosity values is vitally important
for the comprehensive understanding of remodeling behavior and
remodeling rates at specific sites within the human body (Martin,
1984; Fyhrie et al., 1993). Such density data will contribute to
future development of patient-specific finite element modeling,
which depends on accurate assessment of the material properties
of the tissue and its structure (Chevalier et al., 2007; Schileo et al.,
2008). Conflicting reports have been made on the nature of the
density variations across the full porosity range (Schileo et al.,
2008, 2009; Zioupos et al., 2008), which, however, used different
methods to assess the same property and on different samples.
Assessing these bone properties has typically been carried out by
means of histological measurements (sectioning) and traditional
densitometry techniques such as the Archimedes technique
(Martin, 1984; Rho et al., 1995; Zou et al., 1997; Zioupos et al.,
2008). These methods are destructive and can be criticized for
their limitations in reproducibility, which is most likely due to
their inability to guarantee full penetration of the sample using
various solvents, which has led some studies to use a gas pycnom-
eter (helium displacement method; Zou et al., 1997).

p-CT imaging has its own limitations which interfere with
density measurements, too. In p-CT imaging, it is important to

ensure that image resolution is suitable for the size and structures
being assessed. In this study, the imaging resolution was sufficient
for determination of cancellous micro-architecture but not for
further assessment of the vascular nano-micro-architecture,
which is at a range <1 pm (Yan et al., 2011). This is an impor-
tant consideration when looking at the specific surface of bone,
because when looking at cellular sites for bone remodeling the
cortical bone may be more porous than the results here would
suggest and consequently the reported remodeling rates would
be also affected. Additionally, the densities presented in this
work were calculated in grams per cubic centimeter to provide
comparison between the two methods. In contrast, for clinical
relevance HU would be of greater value, which have been shown
to be suitable when using cone beam micro-computed tomogra-
phy (Mah et al., 2010). Moreover, in p-CT imaging consideration
must also be given to the methods of density determination; be
it by the “mean” or “mode” values of the gray value distribution
(or other approaches as noted above in Section “Materials and
Methods”); as in highly porous samples determination of both
can be problematic, and as shown by Figure 4 there is a deviation
in the produced values in such cases of very porous bone material.

This study’s findings have confirmed the trend of data from
experiments on the same collection of samples used by Zioupos
et al. (2008). These samples when using the Archimedes density
determination method showed a highly non-linear relationship
between Dma and Dy, for bone across all porosities and showed
an inflection in the data in the intermediate regions between
cortical and cancellous bone (Figure 1). The results from
both methods (Figure 10) agree in the shape of the curve but
differ in the magnitude of the non-linearity. The difference is
understandable in that the two methods (one mechanical; one
physical) use different physical principles and measure bone
density differently. The limitation of a p-CT scan is that it assesses
density indirectly through the absorption of X-rays by the hard
matter of bone (Schileo et al., 2008; Mah et al., 2010) and thus it

Frontiers in Mechanical Engineering | www.frontiersin.org 55

February 2018 | Volume 3 | Article 23


http://www.frontiersin.org/Mechanical_Engineering/
http://www.frontiersin.org
http://www.frontiersin.org/Mechanical_Engineering/archive

Adams et al.

Bone Densities: CBCT vs. Archimedes

cancellous

)
cortical
Macromechanical
Organ level testing level Voxel level
-

FIGURE 11 | Material property assignment is performed on relationships
produced by mechanical testing at the macro-mechanical level. However, at
voxel scales the relationship is one of (E) = fimineral level) instead and as the
present study has demonstrated this level is dependent on the level of BV/TV
too. Consequently, in micro-FEA studies the assignment of £ = f[gray

level = f(%mineral)] should be made via appropriately conducted studies for
tests (by using nano-indentation, for instance, Wolfram et al., 2010) at this
magnification level.

certainly ignores the soft organic matrix. The limitations of the
Archimedes method is that it requires repeated measurements
and very careful preparation for cancellous samples with more
closed cell architecture where the suspending medium (usually
water) does not penetrates fully the entire space. In spite of these
differences, both data sets are in agreement of a “boomerang”
like effect which is prominent (density variation between high
and low values of at least 37%) and is certainly not a constant
value for D across the whole range as claimed by Schileo et al.
(2008, 2009).

In bone histology, less dense regions of bone are typically con-
sidered to be younger bone which in turn suggests that the inter-
mediate porosity regions, which here are shown to contain bone
of lower material density, do so because they experience higher
rates of remodeling. The work of Berli et al. (2017) has attributed
this to a process which is a surface-moderated effect, whereby the
greater the specific surface area available, the higher the remod-
eling rate and the lower the mineral density due to the increased
formation and presence of osteoid. The results also confirm that

p-CT based measurements of density, which are pursued for the
purpose of scanning bones for micro-FEA, ought to use relation-
ships between gray level/density/modulus of elasticity that are
produced by micro-mechanics (e.g., nano-indentation tests) at
the same magnification level and not the commonly provided
ones produced at a macro-mechanical level (Morgan et al., 2003).
Micro-mechanical tests are needed for micro-mechanical level
data for micro-FEA because the bone material density fluctuates
with porosity and does not maintain a constant value as has been
assumed in past studies. This is shown by Figure 11. Erroneous
material data values can be assigned if elastic modulus vs. density
relationships from the literature [E = f(D)], which have been
produced at a macro-mechanical level, are assigned to bone at
the voxel size level for micro-FEA. When the voxel size is smaller
than the bone pore size, for instance, if the voxel is at a void the E
value is zero, if it is where bone mass is, the modulus value should
be a function of the bone mineralization level and of only this.

CONCLUSION

This study has shown that bone material density varies non-
linearly with bone apparent density across the full spectrum of
bone porosities. We have provided further evidence in favor of
density-dependent material models for the future development
of patient-specific finite element models. Additional care must
be taken when setting thresholds and sampling the material
density—it is recommended that further work be carried out into
the impact of setting p-CT sampling thresholds on the material
data. More investigation is needed into the source of the disparity,
where it exists, between data obtained from the Archimedes and
p-CT methods. Additionally, the micro-architectural properties
of bone across all porosities should be investigated more care-
fully because this may allow more profound inferences into the
development of remodeling models.
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The epiphyseal growth plate is a developmental region responsible for linear bone
growth, in which chondrocytes undertake a tightly regulated series of biological pro-
cesses. Concomitant with the cessation of growth and sexual maturation, the human
growth plate undergoes progressive narrowing, and ultimately disappears. Despite the
crucial role of this growth plate fusion “bridging” event, the precise mechanisms by
which it is governed are complex and yet to be established. Progress is hindered by
the current methods for growth plate visualization; these are invasive and largely rely on
histological procedures. Here, we describe our non-invasive method utilizing synchro-
tron X-ray computed microtomography for the examination of growth plate bridging,
which ultimately leads to its closure coincident with termination of further longitudinal
bone growth. We then apply this method to a dataset obtained from a benchtop micro
computed tomography scanner to highlight its potential for wide usage. Furthermore, we
conduct finite element modeling at the micron-scale to reveal the effects of growth plate
bridging on local tissue mechanics. Employment of these 3D analyses of growth plate
bone bridging is likely to advance our understanding of the physiological mechanisms
that control growth plate fusion.

Keywords: growth plate, mouse, bone, synchrotron, computed tomography, fusion

INTRODUCTION

Endochondral ossification is a tightly regulated process responsible for the formation and postnatal
linear growth of the long bones, including the tibia and femur. Endochondral ossification is carefully
orchestrated to involve the replacement of a cartilage scaffold by mineralized bone, and integral to
this is the epiphyseal growth plate, a developmental region located in the metaphysis of the long
bones (Staines et al., 2012).

The growth plate consists of chondrocytes arranged in columns. These chondrocytes are sur-
rounded by their extracellular matrix, consisting of specific collagens, namely Collagen types I and
X, as well as proteoglycans such as aggrecan and other non-collagenous matrix proteins including the
SIBLING family of proteins (Ballock and O’Keefe, 2003; Mackie et al., 2011). Chondrocytes undergo
distinct maturation stages of proliferation, differentiation, and hypertrophy, while maintaining
their spatially fixed location (Hunziker et al., 1987). It is the terminally differentiated hypertrophic
chondrocyte, which mineralizes its surrounding extracellular matrix (Castagnola et al., 1988). This
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process, thought to involve membrane-limited matrix vesicles,
is biphasic and tightly regulated by a number of enzymes and
factors including alkaline phosphatase (Alpl), PHOSPHOI, the
ankylosis protein (Ank), ecto-nucleotide pyrophosphatase/phos-
phodiesterase-1 (Enpp1) (Terkeltaub et al., 1994; Anderson, 1995;
Roberts et al., 2007). Mineralization of the cartilage extracellular
matrix facilitates vascular invasion allowing the infiltration of
bone resorbing osteoclasts and bone forming osteoblasts (Zelzer
et al, 2002). This is a key step in endochondral ossification and
enables the replacement of the cartilaginous scaffold by bone.

Throughout the majority of embryonic and postnatal longitu-
dinal bone growth, the processes of mineralized cartilage produc-
tion and replacement by bone are coupled. However, as growth
slows, the human growth plate undergoes progressive narrowing
as bony bridges form and span its width. This ultimately leads
to complete growth plate closure and the cessation of human
growth. These bone bridges are also known to form upon growth
plate injury, thought to be through an intramembranous ossifica-
tion mechanism (Xian et al., 2004). Despite this, the molecular
mechanisms underpinning their formation are unknown. It is
well established though that growth plate closure in humans coin-
cides with sexual maturation with estrogen playing a pivotal role,
although the precise mechanisms are complex and are also yet to
be fully established. Indeed, in two genetic mutations resulting
in estrogen deficiency (in the estrogen-receptor gene, and in the
CYP19 gene), the growth plate fails to fuse and growth persists,
albeit rather slowly, into adulthood (Smith et al., 1994; Morishima
et al., 1995; Grumbach and Auchus, 1999; Grumbach, 2000).

Whether growth plate fusion occurs prior to or after the ces-
sation of growth is of significant controversy in the field and has
been somewhat overlooked (Parfitt, 2002). Evidence from studies
in both humans and rats revealed the cessation of growth long
before any histological evidence of growth plate fusion, suggest-
ing that epiphyseal fusion is a marker of growth cessation and not
its cause (Becks et al., 1948; Moss and Noback, 1958; Weise et al.,
2001). This goes against the current state of knowledge and it is
essential that the exact temporal and spatial relationship between
growth cessation and growth plate fusion is delineated before
the complexities of epiphyseal growth plate function can be fully
understood.

Research into growth plate fusion mechanisms may have been
hindered somewhat by the limitation in current methods avail-
able for its visualization, which are invasive and largely reliant
upon histological procedures. While nano-scale imaging is now
possible via many approaches, the high flux and superior detec-
tors in synchrotron (SR) micro-computed tomography (CT)
enable excellent spatial resolution and high speed imaging, ideal
for the rapid collection of multiple image volumes. Furthermore,
computational mechanobiology is recognized as powerful tool
for predicting tissue growth and adaptation (Prendergast et al.,
1997). The relationship between macroscopic mechanical loads
and the local stresses and strains that influence tissue formation
can now be calculated using computational models (Carter and
Wong, 1988; Lacroix and Prendergast, 2002a,b; Lacroix et al.,
2002; Shefelbine and Carter, 2004; Stokes et al., 2006; Garzon-
Alvarado et al., 2009; Gerhard et al., 2009; Lin et al., 2009; Reina-
Romo et al., 2010; Schulte et al., 2013; Betts and Miiller, 2014;

Giorgi et al., 2015). To the best of our knowledge, due to the lack
of information on the undulating internal structure, the 3D mor-
phology of the growth plate has not yet been included in models
of endochondral ossification or its complex fusion mechanisms
(Gaoetal., 2014). It seemslikely that the local mechanical stresses,
which may contribute to such fusion will be better predicted by
the addition of 3D morphology of the growth plate. Therefore, we
have developed a readily accessible method that could be useful
in discriminating between normal and abnormal growth plate
dynamics.

Here, we describe a non-invasive method for the 3-dimen-
sational (3D) quantification of growth plate bridging using gold
standard SR microCT, which we have then also applied to images
acquired using a standard, more widely accessible benchtop
microCT scanner. We have then used these images to conduct
finite element (FE) modeling to assess currently unexplored
associations between growth plate bridging and local strain
distributions. Exploitation of these new methods is likely to
advance understanding of the physiological mechanisms, which
lead to growth plate closure and the effects of this on local tissue
mechanics.

MATERIALS AND METHODS

Animal Model

Wild-type mice (C57/BL6 and CBA) were housed up to four
per cage in polypropylene cages with wood chip and paper bed-
ding and provided standard mouse chow and water ad libitum
throughout the study. Weaners up to 8 weeks of age were fed a
standard rodent breeding diet and thereafter a standard rodent
maintenance diet (Special Diet Services, South Witham, UK).
All procedures complied with the UK Animals (Scientific
Procedures) Act 1986 and were reviewed and approved by the
ethics committee of the Royal Veterinary College (London, UK).

Imaging

Tissue Imaging by Benchtop MicroCT

The tibia from a 20-month-old female C57/BL6 mouse (Charles
River, UK) was fixed in 70% EtOH and stored until scanning
using the Skyscan 1172 (Skyscan, Kontich, Belgium), with X-ray
tube operated at 50 kV and 200 pA, 1,600 ms exposure time with a
0.5 mm aluminum filter and an acquisition pixel size of 5 um. The
slices were then reconstructed using NRecon 1.6.9.4 with a pixel
matrix of 2,000 X 2,000 (Skyscan, Kontich, Belgium) (Javaheri
etal., 2015).

Tissue Imaging by SR MicroCT

Tibiae from an 8- and 40-week old CBA mouse were dissected
and frozen at —20°C until scanning. The SR microCT was per-
formed at Diamond Light Source on the Diamond-Manchester
Branchline 113-2 using 19 keV (based on an energy sensitivity
study for optimum image contrast) monochromatic X-ray (Rau
etal., 2011). 1,800 projections on 180° were collected using a 4x
magnification lens by a PCO 4000 CCD imaging camera with
4,008 x 2,672 pixels, giving an effective pixel size of 1.1 pm. The
projections were normalized and reconstruction was performed
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with the tomography reconstruction module of the software
Data Analysis WorkbeNch (Dawn) 1.7 (Basham et al., 2015),
using Diamond’s computing cluster to produce 3D volumes
of the X-ray attenuation (Atwood et al., 2010; Titarenko et al.,
2010). The images were filtered using a 3D median filter with a
small kernel size of 2 to remove the “shot noise” common with
tomography with minimal blurring effect on image texture.

Development of a 3D Quantification Method

for Growth Plate Bridging

Tibiae scans from both benchtop microCT or SR microCT were
used to identify growth plate bridges observed as indicated in
Figure 1. Scans were segmented using Avizo® software (V8.0,
VSG, Burlington, VT, USA), using a region-growing algorithm
within the software. This algorithm starts from a seed point and
selects all connected voxels with a gray value in a given toler-
ance interval. The volume images were aligned manually along
the metaphyseal tibial shaft (defined as the z-axis; Figure 2A)
and the central points of each individual bony bridge crossing
the entire growth plate width were examined from slices cut in
multiple orientations, and individually identified by an observer
(Figure 2B). To reduce uncertainties due to partial volume
effects, all the bridges smaller than about 125 voxels in volume
were not considered. Once all the bridges were selected, each
was quantified and rendered a separate color to confirm correct
manual identification.

To quantify the bone bridge local number density, a method
for projecting them onto the joint surface was developed. The
center of all bridges (blue circles) were extracted using a skel-
etonization (Figure 2C) and each bridge was orthogonally pro-
jected onto the tibial joint surface using an in-house line intercept

method implemented in Matlab (Mathworks, USA). The method
consists of (1) generating straight lines along the (z) direction
passing through the bridges (Figure 2D), (2) determining the
intersection between the straight lines and the tibial plateau
(segmented using a region growing algorithm, Figure 2E), and
(3) detecting the endpoints of the lines that intercept the joint
surface (Figure 2F). From this, the areal number density, N, is
defined as the number of bridges per 256 um X 256 pm win-
dow (Figure 2G). The distribution of the areal number density
of bridges is then superimposed on the tibial joint surface
(each bridge has a color that represents the areal number density
at the bridge location, Figure 2H) (Staines et al., 2016).

FE Modeling

The SR microCT images from the 8- and 40-week old mice
were imported into the Avizo software (Avizo Fire, 9.2.0, VSG)
to generate unstructured linear tetrahedral meshes using the
methodology described by Madi et al. (2007). FE computations
were carried out to simulate static compressive tests (sustained
loading). The nodes at the bottom of the tibia have their vertical
displacements fixed and certain rotations have been restrained to
block rigid body motion. To restrain the rotations, one node is
blocked in the three directions, one node is blocked along X and
one node is blocked along Y. At the top, loads equal to three times
body weight (~1 N) were applied as nodal forces (Cook et al.,
1983) in the medial and lateral aspects of the tibia (Figure 3).
Bone and growth plate cartilage tissues were treated as isotropic
linear elastic materials (see Table 1) (Piszczatowski, 2012; Poulet
et al,, 2013). Following a mesh sensitivity study, the number of
elements was fixed to about 2,500,000. The mesh density was
approximately 250 voxels/element (the images were binned,

i
1000 microns

1000 microns

Staines et al. (2016).

FIGURE 1 | Identification of the bridges crossing the growth plate (A) 3D representation of the whole joint, (B) bridges crossing the growth plate, in an ROI (black
crosses indicate bony bridges identified by an observer). (C) 3D representation of the growth plate with no bridges and multiple bridges observed. Adapted from

No bridges

Bony bridges

5 25 50

Local thickness (micron)
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represents the areal number density at the bridge location).

FIGURE 2 | Procedure developed to project the bridges and their areal number density onto the tibial joint surface: (A) the volume images were aligned along the
metaphyseal tibial shaft (z-axis), (B) the central point of all bony bridges crossing the growth plate were examined from slices cut in multiple orientations, and
identified by an observer who highlighted them individually with the cursor, (C) the center of all bridges (blue circles) were extracted using a skeletonization,

(D) generation of straight lines along the (z) direction passing through the bridges, (E) intersection between the straight lines and the tibia (segmented using a region
growing algorithm), (F) detection of endpoints of the lines that intercept the joint surface, (G) the areal number density, Na, is calculated as the number of bridges
per 256 um x 256 pm window, (H) the distribution of the areal number density of bridges is superimposed on the tibial joint surface (each bridge has a color that

i.e., 2.2 um voxel size), and was based on average and local (line
profiles) axial stresses plotted against number of elements (error
criterion: 5% of asymptotic value).

RESULTS

Herein, we used our method for the visualization and quantifica-
tion of growth plate bridging, and our FE model to examine the
effects of bridging on local tissue mechanics.

Application of Novel Method to Benchtop
MicroCT Scans

We have previously shown that the above developed method is
a valuable model for examining growth plate bridging during
healthy and pathological aging (Staines et al., 2016). However, the
use of SR microCT is not readily available for most laboratories due
to high costs and availability of beamtime. Therefore we sought
to examine whether our method could be applied to benchtop
microCT at a pixel size of 5 pum. As detailed in our methods, the
tibia from a C57/BL6 20-month-old female mouse was scanned
using the SkyScan 1172 scanner. Images were reconstructed and
our method for growth plate bridging 3D quantification method
was applied (Figures 1 and 2). We were able to clearly identify
growth plate bridges at 5 um and once all the bridges were selected,

we were able to superimpose the distribution of the areal number
density onto the tibial joint surface (Figure 4). Spatial evaluation
of growth plate bridges indicates that thicker bridges are not ran-
domly distributed but rather that these are preferentially enriched
in peripheral growth plate locations, consistent with our previous
results (Staines et al., 2016) (Figure 4).

Application of 3D Quantification of Growth
Plate Bridging in FE Models of the

Loaded Tibia

We reveal that in young (8 weeks old) CBA wild-type mice, growth
plate bridging is associated with locations that contain high local
von Mises stresses (Figures 5A,B). Moreover, we reveal that with
aging an increased number and density of growth plate bridges is
observed (Figure 5B), indicative of growth plate closure (Staines
et al, 2016). Our FE modeling indicates that this increase in
growth plate bridging with aging is translated into greater stresses
in the growth plate (Figure 5C). This, therefore, offers insights
into the biomechanical functionality of growth plate fusion.

DISCUSSION

The results presented in this study report a method for the 3D
quantification of growth plate bridging in murine bones. Although
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(~1 N) were applied in the medial and lateral aspects of the tibia.

FIGURE 3 | For finite element (FE) modeling, FE computations were carried out to simulate static compressive tests (sustained loading). The nodes at the bottom of
the tibia have their vertical displacements fixed and certain rotations are restrained to block rigid body motion. At the top, equal loads of three times body weight

TABLE 1 | Material properties of bone and cartilage.

Material properties Bone Growth plate
E (MPa) 17,000 6
Poisson coefficient 0.3 0.49

initially developed for SR microCT, we demonstrate that this
method can also be applied to benchtop microCT scans collected
at high resolutions. Furthermore, we reveal that this model can
then be combined with FE modeling to understand local tissue
mechanics. The relationship between mechanical loads and the
local stresses and strains that influence tissue formation can
be calculated using computational models for macro-, meso-,
and nano-scales (Webster et al., 2008; Schulte et al., 2013). This
method described herein will contribute to future advances in
the development of hierarchical models for understanding bone
development and adaptation.

We show that, in wild-type mice, increased growth plate
bridging translates into increased stresses in the bone directly
beneath the growth plate. At 8 weeks (Figure 5B), few bridges
are detected and overall the growth plate is squeezed in a “sand-
wich” configuration. This suggests that compressive hydrostatic
stresses are engendered across major volumes and that higher
shear stresses are generated only at the peripheral edges of the
growth plate. Yet, the results of numerous mechanobiological

FIGURE 4 | Laboratory-based computed tomography image of the tibial joint
surface from a 20-month-old C57BL6 female mouse. The distribution of the
areal number density of bridges is superimposed on the tibial joint surface
and each bridge has a color that represents the areal number density at the
bridge location.

models support that growth and ossification is accelerated by
tensile strain (or shear stresses) and that cartilage tends to be
maintained by hydrostatic compressive stress (Carter and Wong,

Frontiers in Materials | www.frontiersin.org

January 2018 | Volume 4 | Article 48


http://www.frontiersin.org/Materials/
http://www.frontiersin.org
http://www.frontiersin.org/Materials/archive

Staines et al.

Understanding Epiphyseal Growth Plate Fusion

CBA 8 week

10

Lateral

Arcal-density-d

G, .. (MPa)

=

[
=
=

Lateral

FIGURE 5 | Finite element models of the loaded tibia in CBA wild-type mice (A) visualization of von Mises stresses on the tibial joint plateau. Visualization of the
stresses associated with growth plate bridging in a coronal section of the tibia for a (B) young (8 week) and (C) mature (40 week) mouse joint.

2003; Stokes et al., 2007; Villemure and Stokes, 2009). This would
be consistent with our observations and may offer an explanation
for why the bridges start growing first at the edges. At 40 weeks
(Figure 5C), the mechanical environment of the growth plate is
more complex; the thicker bridges act as stress concentrators.
This appears to increase the likelihood that growth plate bridges
in older animals will fracture under loading and/or achieve the
redistribution of stresses to within their particular vicinities of the
growth plate cartilage. Reciprocally, during endochondral ossifi-
cation, growth-related strain in the mice may generate stresses
that are contained by the bony bridges, accelerating growth arrest
at these vicinities. More time points (between 8 and 40 weeks) and
modeling are needed to support this hypothesis, but this work
has provided novel insights into the use of CT, advanced image
processing, and FE modeling in understanding biomechanics in
health and disease. Our methodology offers a unique mode for
visualizing these events and the potential to address questions
that have hitherto remained elusive in this field.

There are a number of unanswered questions in our pursuit
of understanding growth plate closure such as; in which direc-
tion does growth plate bridging occur? Does bridging follow a
conserved pattern across all growth plates? What is the trajectory
of individual bridge expansion during growth cessation? And
does genetics or mechanics define the initiation and progression
of growth plate bridging? Such questions may now be addressable
with the development of our novel non-invasive method for 3D
quantification of bony bridging linked to FE models, and this will
likely advance understanding of mechanisms involved in growth

plate closure, which have hitherto been hindered somewhat by
reliance upon invasive, largely histological methods.

The growth plate is responsible for the development and growth
of long bones, up until puberty at which point it begins to close.
During this closure, bone bridges form and span the width of the
growth plate, eventually leading to the replacement of the entire
growth plate cartilage anlagen by mineralized bone. Histological
studies have identified this to be an early event involving several
pre-osteoblastic molecules such as osteoprotegerin, interleukin-6,
bone morphogenetic protein, and Collagen type X (Pichler et al.,
2013). Similarly, trauma to the growth plate, e.g., in fractures, can
also provoke abnormal growth plate bridging and the impairment
of longitudinal growth.

Biomechanically, the growth plate is subject to a number of
different loads placed upon it and previous studies have identified
regional variations in the mechanical properties of the growth
plate and surrounding tissues by confocal and atomic force
microscopies (Bachrach et al., 1995; Radhakrishnan et al., 2004;
Villemure et al., 2007). It is known that different compressive
mechanical strains are found throughout the different zones of
the growth plate, with the proliferative zone of chondrocytes
exhibiting lower compressive strains than that of the resting and
hypertrophic zones (Villemure et al., 2007). Similarly, compres-
sive differences are also observed spatially throughout the growth
plate with interior samples from bovine femoral growth plates
being 40% more rigid than samples taken from the periphery
of the growth plate (Cohen et al,, 1994). Here, we reveal an
association between growth plate bridging and increased stress
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dissipation distal to the growth plate, by applying FE modeling
to our method. Future investigations will improve FE models to
include more realistic boundary conditions, material properties,
and cartilage mechanobiological principles. Our final aim is to
examine the combined effects of hydrostatic pressure and shear
stress (in the form of an osteogenix index) on the development of
the skeleton and articular cartilage.

We have previously used SR microCT to study growth plate
bridging in the context of a murine model of spontaneous osteo-
arthritis (Staines et al., 2016). Herein, we have also employed
benchtop microCT to image the tibia of wild-type mice and
confirm suitability of using benchtop microCT-based imaging
for bridging analysis. Despite imaging at a lower resolution
(5 instead of 1.1 pm voxel size), we were able to replicate our
method and confirm that in both imaging modalities, similar
data can be obtained. Further, the data obtained from the bench-
top microCT are analogous to the gold-standard SR imaging.
Of course, there are disadvantages related to the use of dose
radiation. This may have an impact on the mechanical proper-
ties of bone and cartilage and limit the validity of 4D in situ
mechanical experiments as showed by Barth et al. (2010), but
to our knowledge, exert little effect on the 3D morphology. The
missing link in current mechanobiological models is the 3D
real morphology of the growth plate which is very complex and
cannot be captured correctly by 2D approaches. Herein, we have
aimed to address this by describing and then utilizing our 3D
non-destructive imaging methodology for the quantification
of growth plate bridging. Employment of these 3D analyses of
growth plate bone bridging is likely to advance our understand-
ing of the physiological mechanisms, which lead to growth plate
closure and subsequent FE modeling allows investigations into
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Electrospinning allows the production of fibrous networks for tissue engineering, drug
delivery, and wound healing in health care. It enables the production of constructs with
large surface area and a fibrous morphology that closely resembles the extracellular
matrix of many tissues. A fibrous structure not only promotes cell attachment and
tissue formation but could also lead to very interesting mechanical properties. Poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) (P(83HB-co-4HB)) is a biodegradable polyester
that exhibits a large (>400%) elongation before failure. In this study, synchrotron X-ray
phase contrast imaging was performed during tensile deformation to failure on a
non-woven fiber mat of P(3HB-co-4HB) fibers. Significant reorientation of the fibers in
the straining direction was observed, followed by localized necking and eventual failure.
From an original average fiber diameter of 4.3 um, a bimodal distribution of fiber diam-
eter (modal diameters of 1.9 and 3.7 ym) formed after tensile deformation. Extensive
localized necking (thinning) of fibers between (thicker) fiber—fiber contacts was found to
be the cause for non-uniform thinning of the fibers, a phenomenon that is expected but
has not been observed in 3D previously. The data presented here have implications not
only in tissue regeneration but for fibrous materials in general.

Keywords: scaffolds, in situ, fiber necking, tissue regeneration, synchrotron X-ray

INTRODUCTION

Electrospun constructs for the repair of load-bearing tissues are required to have adequate
mechanical properties. However, the failure mechanisms of electrospun fibrous materials are not
well understood. Existing literature focuses on failure modes of individual fibers and/or on bulk
mechanical properties of whole fiber mats. In this manuscript, we investigate the tensile deformation
of a biodegradable polyester, P(3HB-co-4HB), that undergoes large elongation to failure using a
bespoke tensile tester (P2R) and synchrotron X-ray tomography to shed light on structure—property
relationships.
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Biodegradable and biocompatible polymers are in use to
produce implant materials for tissue regeneration. Polyesters
such as poly(r-lactic acid) (PLLA) and poly(r-glycolic acid)
(PLGA) are used in several FDA-approved medical devices
(Jamshidian et al., 2010; Makadia and Siegel, 2011). Poly
(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB))
is a type of polyester in the family of polyhydroxyalkanoates
(PHA) and is produced by microorganisms under unbal-
anced growth conditions (Tiiresin et al., 2001). PHAs are of
significant interest to the biomedical community due to their
biodegradability, biocompatibility, and mechanical properties
(Anjum et al., 2016; Li and Loh, 2017). Physical properties of
microbial polyesters can be regulated by varying the proportions
of the copolymers. In the case of P(3HB-co-4HB), enzymatic
degradation and mechanical properties, such as elongation and
tensile strength, can be regulated by varying the 4HB content.
One of the remarkable properties of P(3HB-co-4HB) is its large
elongation before failure. Saito and Doi (1994) showed that the
P(3HB-co-4HB) films with 82 mol% 4HB exhibit 1320% elon-
gation before failure. These remarkable mechanical properties
of P(3HB-co-4HB) are a result of a unique 4HB fraction that
reduces the crystallinity of the polymer which in turn influ-
ences the mechanical properties (Saito and Doi, 1994; Tiiresin
et al., 2001). Thus, P(3HB-co-4HB) has considerable potential
for use as a biodegradable material in implants requiring large
elongation.

Electrospun fibers of biodegradable polymers are excellent
candidate materials for use in tissue engineering, drug delivery,
and wound healing (Greiner and Wendorft, 2007; Sill and von
Recum, 2008; Poologasundarampillai et al., 2011; Vigneswari
et al,, 2016). Electrospinning is a versatile technique to produce
fibrous materials with structures ranging from randomly ori-
ented fiber mats and aligned fiber conduits to spun knitted or
twisted yarns (Teo and Ramakrishna, 2006) or cotton-wool-like
structures (Poologasundarampillai et al,, 2014). Continuous
fibers with diameters ranging from 10s of nanometers to a few
microns can be produced (Badami et al., 2006; Jose et al., 2009).
The continuous ultrathin fibers have unique properties when
compared to bulk materials. Interesting observations of higher
elastic modulus and tensile strength compared to bulk films have
been observed, although with controversy on the specific fiber
diameter at which the increase starts to occur (Tan and Lim,
2004; Liu et al., 2011). Several types of electrospun P(3HB-co-
4HB) fibres have been developed for use in tissue regeneration
applications. Vigneswari et al. (2016) prepared electrospun
P(3HB-co-4HB)/collagen peptides for wound healing and
reported that cell compatibility (in vitro) and wound healing
(in vivo) were improved by adding collagen peptides to P(3HB-
co-4HB). Zhijiang et al. (2017) controlled mechanical properties
of electrospun P(3HB-co-4HB) by blending zein, natural protein
obtained from corn, and confirmed the electrospun P(3HB-co-
4HB)/zein was biocompatibile in vitro. Nishizuka et al. (2014)
focused on the excellent elongation property of P(3HB-co-4HB)
to develop a novel fracture fixation device, intramedullary-
fixation with biodegradable materials, for weakened long bones
using electrospun P(3HB-co-4HB) as a bone-cement bag. All
the aforementioned and future developments of electrospun

P(3HB-co-4HB) materials for tissue regeneration heavily
depends on an in-depth knowledge of their mechanical behav-
ior under tensile loading and their failure modes. In this study,
X-ray tomography was employed to investigate the mechanical
deformation of electrospun P(3HB-co-4HB) networks over large
tensile strains, and the correlation of mechanical properties to
structure is investigated.

Tensile properties of electrospun fiber mats depend on several
factors: the microstructure of individual fibers and macroscopic
organization of the fibers, including alignment, their length,
porosity, the number of fiber-fiber contacts, and the joint
strength at these regions of contact (Pedicini and Farris, 2003;
Rizvi et al., 2012). Further, many of the techniques for conven-
tionally studying the micromechanics of materials are not well
suited to the study of 3D fiber mats, and so their behavior is not
yet well understood. Such electrospun materials have submicron
features which are not easily resolved using optical techniques.
Fiber mats up to 1 mm in thickness are often produced for use as
membranes in tissue engineering, EM, and optical measurements
which have short depth of focus are not able to capture, simul-
taneously, the deformation of the entire 3D fiber mats. Despite
these limitations, these techniques have been successfully applied
to assess the deformation of single fibers and their mechanical
properties. Several authors have employed SEM in combination
with AFM or optical microscopy in combination with AFM- or
MEMS-based device to investigate the structure of nanofibers
following tensile deformation (Yu et al., 2000; Zussman et al.,
2006; Naraghi et al., 2007; Baker et al., 2016). Such investigations
have revealed that the deformation of electrospun fibers is via
multiple neck formation (also described as ripples) and crazing
followed by rupture of multiple thin fibrils. Literature on the
failure mechanisms of whole fiber mats is sparse. It is known that
in the case of non-woven fiber mats the fibers first reorientate
to the direction of the applied force, and this is then followed
by fiber thinning and failure of individual fibers and hence the
network (Lee et al., 2002; Pedicini and Farris, 2003; Kim et al.,
2004; Lu et al,, 2008; Cheng et al., 2011). The complex micro
and macro-structures formed by electrospinning makes it a dif-
ficult task to explain failure mechanisms of entire fiber mats and
then to compare it to individual fibers and bulk materials. Bulk
elastomeric materials fail at high strains; molecular realignment
at lower stresses leads to accommodation of large elongation and
concurrent strain hardening, bulk materials therefore fracture at
higher stresses and large strain (Pedicini and Farris, 2003). While,
electrospun materials fail at considerably lower strains compared
to their bulk counterparts. Attempts have been made in the past
to explain these disparities in the failure of electrospun fiber
mats to bulk materials through their differences in molecular
alignments and fiber mat structure (Pedicini and Farris, 2003).
Although these insights are useful, the structural correlation to
deformation are derived from ex situ tensile testing and post-
SEM imaging, where the fibers were allowed to relax between
loads, leading to an incomplete picture of the failure mechanism.
Mathematical models of random fiber mats on the other hand
have come a long way in describing the micro and macro struc-
tural changes with tensile testing (Xiaofan et al., 2009; Rizvi
et al,, 2012; Rizvi and Pal, 2014; Mohammadzadehmoghadam
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et al., 2016; Zundel et al., 2017). In particular, elastic moduli,
tensile strength, fiber realignment, and fiber elongation (stretch)
with network connectivity can be modeled with good accuracy.
However, models assume a homogeneous intra-fiber structure
and hence are unable to reproduce changes in fiber diameter
with strain. The assumptions of idealized inter—fiber interactions
and network characteristics also produce an idealistic prediction
of the structural changes.

In this study, we perform in situ 3D high resolution X-ray
computed tomography (CT) measurements on tensile testing
of P(3HB-co-4HB) fiber mats using synchrotron based X-rays
available at the Diamond Light Source Diamond-Manchester
(I13-2) beamline. We then apply sophisticated segmentation
and quantification of the data to provide novel insights into the
failure of P(3HB-co-4HB) non-woven fiber mats.

MATERIALS AND METHODS

Preparation of P(3HB-co-4HB) Fiber Mats
Poly(3-hydroxybutyrate-co-4-hydroxybutyrate), G5, Japan)
with a molecular weight of 660 kDa and containing 18 mol%
4-hydroxybutyrate (4HB) was dissolved in a mixture of chloro-
form and acetone (Wako Pure Chemicals Industries Ltd., Japan)
with 100/0, 75/25, 65/35, 50/50, and 0/100 of the chroloform/
acetone weight ratio and P(3HB-co-4HB) concentration of 8
wt%. P(3HB-co-4HB) fiber mats were fabricated with a Nanofibre
Electrospinning Unit (Kato Tech Co., Japan) run at 8 kV applied
to a metallic needle placed 150 mm from a grounded rotating
drum collector rotating at a speed of 0.08 m s (Figure 1).
A solution flow rate of 1.5 pl s7! was used.

Microstructural Characterization

The surface morphology and fiber diameter of the fiber mats were
analyzed by scanning electron microscopy (JSM-6301E, JEOL,
Japan). Prior to the SEM observation, all of the samples were
coated with amorphous osmium (Neoc, Meiwafosis, Japan). The
average fiber diameter was determined from 100 measurements
using Image] software.

Tensile Tests

Rectangular P(3HB-co-4HB) fiber mats (n 8) measuring
20 mm length, 5 mm width, and 0.1 mm thickness were cut
from as-prepared samples with the longest side (20 mm) in the
direction parallel or perpendicular to the spinning direction, as
shown in Figure 1. Sample cross sectional area was calculated as
5 mm X 0.1 mm. Cut samples were then tested in tension along
this side using Autograph (AGS-G, Shimadzu, Japan) at a rate of
0.1 mms™.

In Situ Synchrotron Imaging and Tensile

Deformation

Tensile Testing on the P2R

Dog bone shaped fiber mats (Figure 2) were laser cut using an
FB series laser cutter with a power of 5 W and 100 mm s™! travel
speed. Samples were clamped between a set of purpose-built
grips and loaded onto a bespoke micro-mechanical tester (P2R)

A

Electrospinning
solution
+

Rotating

£\ drum

collector

L] L] L] L] L] L]
0 100 200 300 400 500
Strain (%)
FIGURE 1 | (A) Schematic of electrospinning setup used to produce fiber

mats. (B) SEM image of the fiber mats obtained. (C) Typical stress—-strain
curves for the tensile deformation of the fiber mats.

(Puncreobutr et al., 2012). Tensile deformation was performed at
a rate of 0.1 mm s~! until failure.

Synchrotron Imaging
Radiographic imaging and CT were performed with tensile
deformation of the P(3HB-co-4HB) fiber mats at the Diamond
Manchester Branchline (I13-2) (Rau et al., 2011) Diamond Light
Source. Polychromatic X-rays with energy in the range of 8-35kV
filtered with C, Al, and stainless steel were used. Radiographs of
the deformation and failure of the fiber mats were captured at a
rate of 67 Hz using a PCO edge camera with 2,560 X 2,160 detec-
tor array giving an effective pixel size of 0.81 pum. Radiographs
centered in the middle of the dog bone sample was obtained. As
the sample was strained at 0.1 mm s/, the testing rig was lowered
at half the strain rate to keep the same region of fiber mat in view.
Due to the X-ray induced damage on the samples, tomogra-
phy was performed post-tensile deformation to various strains
on different samples. 1,500 projections were collected from 0 to
180° with a step size of 0.12° and exposure ranging from 0.075 to
0.15 ms from the center of the dog-bone sample where maximum
strain is expected. Filtered back projection was applied to recon-
struct the projections using codes developed at Diamond Light
Source (Atwood et al.,, 2015). The resulting tomographs each
comprise 2,560 X 2,560 X 2,160 voxels with an effective voxel size
of 0.33 pm.
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FIGURE 2 | (A) P2R tensile tester with (B) fiber mat held together between bespoke grips on the Diamond Manchester Beamline (113-2) at Diamond Light Source.
(C) Dog-bone-shaped samples used for the tests and (D) a force vs displacement curve obtained for the P(SHB-co-4HB) fiber mat. (E-J) show radiographs and
magnified images of boxed areas on (E-G), respectively, of the fiber mats before (e-unstrained), after 7 mm (f-193%) and 13 mm (g-352%) displacements.

Image Segmentation and Analysis

Avizo® (Thermo Fisher Scientific) and Fiji were used for data
processing and visualization. Fiji was used to quantify the fiber
diameter. From each dataset a 540 X 600 X 600 voxel volume
was extracted and used. Images were then converted to 8 bit
and smoothed using a median filter with a 10 pixel radius.
Thresholding was performed using the ISO data method. Any
remaining noise was removed by using the following features:
despeckle, remove dark outliers with radius 4 pixels. Connected
fibers were separated using an adjustable watershed plugin. To
measure the diameter of fibers in 2D, ellipses were fitted onto
fiber cross-sections and analyzed by “analyze particles” feature.
Minor axes of ellipses were taken to represent fiber diameter
which allowed accurate measure of fibers oriented at an angle to
the xy plane. Mathematica (Wolfram Research, Inc., IL, USA) was
used to fit Gaussian distributions and estimate mean (p), SD (o),
and coefficient of variation (CV).

Avizo, a commercially available software package, was used
for all the visualization and image analysis performed in this
study and described below. The process involves readily available
modules from the software, and a few custom tools developed
using its python scripting interface.

Fiber Segmentation

First, an anisotropic diffusion filter was applied to all the scans.
A binary mask was obtained by a simple threshold operation to
segment all fibers (Figure S1B in Supplementary Material). While
a simple threshold was sufficient to obtain a fairly accurate binary
mask of the fibers, it was very challenging to separate and label
individual fibers, due to extensive surface contact. Accordingly,
a template matching stage was performed, by correlating cylin-
drical templates oriented along various directions sampling the

orientation sphere, and various radii covering the range of values
observed in the dataset. As an output of this first stage, the corre-
lation score of the best matching template, and the corresponding
orientation and radius were collected.

A fiber centerline tracing algorithm was then employed
(Figure S1C in Supplementary Material), which starts by sorting
the pixels by decreasing correlation values into a buffer (up to
a minimum correlation value). The first pixel in the buffer was
used to initiate the tracing of a fiber. This tracing was performed
by iteratively searching for the next point with high correlation
within a search cone oriented along the template matching orien-
tation. Once a fiber was fully traced, all points near its centerline
were removed from the buffer, and the process was repeated until
the buffer emptied. The template matching and tracing algorithm
are described in Weber et al. (2012) and Rigort et al. (2012).
By construction, no branching can occur between the fibers.

Finally, in order to segment and label each fiber individually,
a watershed algorithm was employed to grow centerlines of the
markers within the bounds of the binary mask, and to make
them join at low intensity regions (Figure S1D in Supplementary
Material). This appeared as a reliable marker for identifying the
contact areas between neighboring objects.

Fiber Thickness/Local Diameter

In order to estimate the local fiber diameter, a thickness map was
computed for each fiber that reports for each voxel, the radius
of the largest sphere containing the voxel and fully inside the
corresponding fiber, following the definition of Hildebrand and
Rilegsegger (1997). This corresponds to the shortest radius of the
cross section. This value was reported on the graph representing
the fiber centerlines obtained in the tracing stage (Figure SIE in
Supplementary Material).
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Pair Correlation Function and Aggregation
of Thick Fiber Segments

In order to quantify the spatial distribution of thick segments,
and their apparent tendency to remain aggregated together at
higher strains, we used the pair correlation function. The pair
correlation function, g(r), indicates the probability of finding a
particle at a distance r from a given reference particle, normalized
by the corresponding probability for a purely random (Poisson)
distribution. Definition and estimators for this function can
be found in Ripley (1976) and Nagel (1995). When g(r) takes
values less than 1, this indicates a tendency to repulsion between
particles, whereas values larger than 1 indicate aggregation.
Since this function characterizes a distribution of points, we first
select fiber segments that are thicker than 3.7 pm and evaluate
the pair correlation function on the barycenter of these thick
fiber segments.

RESULTS AND DISCUSSION

Morphology and Tensile Properties
of P(3HB-co-4HB) Fiber Mats

Fiber mats with homogenous fiber morphology were obtained
for P(3HB-co-4HB) solutions prepared with chloroform/acetone
ratio of 100/0, 75/25, 65/35, and 50/50 (Figure 1B; Figure S2 in
Supplementary Material). The mean fiber diameter of the result-
ing P(3HB-co-4HB) fibers decreased from 5.4 to 1.3 um with
increasing amounts of acetone in the P(3HB-co-4HB) solution.
The relative permittivity (dielectric constant) of solvents is known
to have significant influence on fiber morphology, in particular
on fiber diameter Sill and von Recum, 2008; Guarino et al., 2011).
The relative permittivity of chloroform and acetone are 4.8 and
19.5, respectively. Increased relative permittivity of the electro-
spinning solution with addition of acetone increases the amount
of positive charge the solution can accommodate. Thus, this
solution, once electrospun will experience higher force from the
electric potential present between the nozzle and collector hence
its fiber diameter is observed to decrease. For 100% acetone, a
fibrous structure could not be obtained using our system, which
may be attributable to poor solubility of P(3HB-co-4HB) in 100%
acetone. Fiber mats produced using 100% chloroform solution
were chosen for further studies due to its large and homogeneous
fiber diameter, to aid faithful imaging.

Figure 1C shows a typical stress-strain curve of a tensile test
of P(3HB-co-4HB) fiber mat. Initial elastic response is followed
by a large deformation (> 500%) before failure. This is around
half the strain reported for bulk materials of similar composition
(Saito and Doi, 1994; Anjum et al., 2016). This is in agreement
with literature which suggests that the electrospinning leads
to reduced strain before failure from a combination of lower
density of the material, pre-existing molecular alignment, and
higher stresses experienced by the fibers from stress concen-
trations and early strain hardening (Pedicini and Farris, 2003;
Zussman et al., 2003).

The tensile strength of the P(3HB-co-4HB) fiber mat is three
times larger than yield stress suggesting that the P(3HB-co-4HB)
fiber mats also strain hardened on deformation. Rotating drum

collectors are known to induce fiber alignment in the fiber mats
along the spinning direction, although at extremely high velocities
(> 5 ms™) (Zussman et al., 2006). Here, a relatively slow speed
0f 0.08 m s~ was used. To investigate the effect of such alignment
on mechanical properties, tensile tests were performed in parallel
and perpendicular directions to the electrospinning direction
(Figure 1A). Results for the tensile tests on P(3HB-co-4HB) fiber
mats prepared using 100% chloroform are summarized in Figure
S3 in Supplementary Material. Although elongation is similar
in both directions, the tensile strength in the perpendicular
direction is 1.5 times higher than in the parallel direction. The
opposite would be expected if the rotating drum collector was
inducing alignment in the parallel direction. Fiber alignment
and its influence on mechanical deformation will be discussed
in detail later. Another explanation for this difference could be
found in an earlier work by Zussman et al. (2003), who demon-
strated that fiber collection using a rotating drum could result in
necking (fiber thinning) due to cold drawing of the fibers on the
rotating wheel. It is possible that in this study the rotating drum
had the effect of cold drawing the fibers producing necks in the
fibers along the parallel direction therefore weakening the fiber
mat along this direction. Samples for in situ synchrotron testing
were laser cut in the perpendicular direction.

Deformation Mechanisms under

Tensile Loading

Fiber Mat Deformation

Figure 2 shows an overview of the setup used (Figures 2A-C),
a typical force vs displacement curve (Figure 2D) obtained for
the P(3HB-co-4HB) samples using this setup and radiographs
(Figures 2E-]J) of a fiber mat that was strained to failure. The
radiographs (Figures 2E-J) and Figures S4 and S5 in Supple-
mentary Material show that the fiber mat narrows with increas-
ing strain and at strain >350% ruptures. Magnified images in
Figures 2H-] show that before any deformation the fibers are
randomly oriented within the fiber mat (Figure 2H); however,
once deformation starts, the fibers begin to reorient and align
in the direction parallel to the applied force (Figures 2L]J).
Rotation and realignment of fibers along direction of the strain
has previously been shown in the literature (Lee et al., 2002;
Pedicini and Farris, 2003; Kim et al.,, 2004; Lu et al., 2008;
Cheng et al., 2011; Zundel et al., 2017). Closer investigation of
P(3HB-co-4HB) fibers shows that majority of fiber reorientation
is complete by strain of 100% and this is then followed by fiber
thinning to accommodate the large strain the material displays.
The macroscale deformation of fiber mat and fibers observed
here is in agreement to other studies which report similar obser-
vations of fiber reorientation (Yano et al., 2012) and thinning
(Lu et al., 2008).

Microscale Fiber Deformation

High resolution 3D tomographic imaging allowed microscale
deformation of the fiber mats to be studied. Figure 3 shows 3D
rendering of a region of interest (350 X 550 X 700 pixels) extracted
from the original CT scans after 0% strain (Figures 3A-D) and
after 352% strain (Figures 3E-H). Individual fibers can be
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FIGURE 3 | 3D rendering of small volumes of the P(3HB-co-4HB) fiber mats before any deformation (A—H) after application of 352% strain. Images show 3D
volume rendering after filtering (A,E), segmentation of individual fibers (B,F) and with fiber thickness displayed as color intensity (C,G). Fibers can be traced and
segmented accurately, enabling identification of individual fibers (D) and contact points between these (H). Scans of the fiber mats were performed unstrained and
after loading. Loaded samples were left to stabilize for 5 min at constant strain before scanning in their loaded state.

Direction
of tensile
strain

)
20 um

identified, in the undeformed state; they exhibit an isotropic
randomly aligned fiber orientation distribution with a narrow
fiber diameter range. However, after straining to 352%, the fib-
ers are well aligned in the tensile direction, and majority of the
fibers have thinned. The figures also show that the segmentation
pipeline used has successfully produced a good segmentation of
individual fibers (Figure 3D). Segmentation has also accurately
captured the changes in the fiber diameter along the fiber length,
represented with a color map in Figures 3C,G. The segmenta-
tion pipeline not only works for the undeformed fiber mat but
also after deformation where the fibers have thinned unevenly
(Figures 3E-G). Figure 3H shows two fibers zoomed in after a
strain of 352%. The figure demonstrates that the segmentation
was successful in separating fibers even when fibers are bonded
to each other.

Orientation of Fibers within Fiber Mat

Radiographic images and 3D rendering showed, qualitatively,
fiber reorientation and alignment in the direction of the applied
force. Segmentation of individual fibers on 3D tomographic data
allowed orientation of each individual fiber to be quantified.

Figures 4A-D show 3D images of small sections of the fiber
mat with fibers colored according to their in-plane orientation
(0) from 0° (blue) to 90° (green-yellow) and scatter plot of fiber
orientation on polar coordinates 0 (in-plane, 0-90°) and @
(out-of-plane, 0-360°). It is apparent that unstrained it exhibits
an out-of-plane (®) orientation as shown in Figures 4A-D
where the scatter is concentrated around 90° and 270°. This is
expected as electrospinning results in continuous fibers being
deposited on top of each other leading to an alignment in the
out-of-plane direction, i.e., fibers lie flat on the surface of the col-
lector therefore their long axis is aligned parallel to the surface of
the collector. Although there is not a clear in-plane alignment,
Figure 4A scatter plot shows that a large fraction of fibers are
scattered within 45° suggesting that there is a higher number of
fibers aligned in the direction perpendicular to electrospinning.
This could explain the higher strength observed in the perpen-
dicular direction compared to parallel direction (Figure 1). After
33% strain (Figure 4B), fibers do not show noticeable difference
in alignment to unstrained. However, once strained to ~190%
(Figure 4C) and ~350% (Figure 4D) the majority, if not all the
fibers, are realigned in the 0°.
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FIGURE 4 | Continued

3D rendering of small volumes of the P(3HB-co-4HB) fiber mats unstrained
(A) 33% strain (B), 193% strain (C), and 352% strain (D). The color map at
the bottom represent in-plane (0) fiber orientation. Scatter plots of the fiber
orientation is plotted with in-plane (6) and out-of-plane (®) polar coordinates
for all the fibers in the volumes.

Distributions of Fiber Diameter
Figures 5A-D shows a 3D rendering of the fiber mats strained
to various extents. Fiber realignment and thinning are clearly
visible. It also shows that all the fibers in the fiber mat thin after
deformation, however, undeformed segments are still visible
even at 352% deformation. Fiber diameter distributions are also
plotted in Figure 5E and summarized in Table 1. Mathematica
was used to fit mixed-Gaussian distributions to the fiber diameter
distribution solving for Eq. 1
e~/ 2o?)

f)= .

Ci1V2T

e—(X—HZ)z/(ZGZZ)(l _ a)

G2

1

where p; and p, the mean, 6, and o, are the standard deviations
for distributions 1 and 2, respectively, a is the fraction of distribu-
tion 1, (1-a) the fraction of distribution 2.

The overall mean fiber diameter decreases from 4.32 to
2.42 pm. At all the strains from 0 to 350%, the fiber diameter
can be fitted with a bimodal distribution of “thin” segments and
“thick” segments with a mode between p; = 1.72 to 1.86 pm and
M2 = 3.71 to 4.48 pm, respectively. The unstrained sample has
4% population of the fibers (o) which are “thin” with a mode of
pi = 1.74 pm and the rest (1-a = 96%) are the thick segments
with a mode of p, = 4.43 pm. It is clear from the images that
these two populations, thin and thick segments, do not arise
from two individual populations of fibers of different fiber
diameters, but rather individual fibers exhibit thin and thick
segments. The fact that the unstrained sample has a bimodal
distribution suggests that the fibers, although homogenous,
exhibit a small population of thin segments even before any
deformation. These thin regions could have formed during the
electrospinning process as demonstrated by Zussman et al.
(2003). Figure 5E shows the changes in pi, 2, and overall fiber
diameter as a function of total fraction of fiber diameters within
distribution 1 (). o increases with increasing strain, suggest-
ing that the proportions of thin segments increase with strain.
This is supported by the 3D rendered images in Figure 5. With
increasing strain, the total fraction of fibers with fiber diameter
in the 1st distribution, increases from 4 to 69% however its
modal fiber diameter, p;, remains largely unchanged. On the
other hand, the fraction of thick fibers (2nd distribution)
decreases from 96 to 31% and its mode, |, decreases from 4.43
to 3.71 um. Interestingly, the coeflicient of variation (CV = o/p)
for the two distributions remain fairly constant with increasing
strain, in comparison, the CV of the overall fiber diameter
which is seen to increase significantly. This suggests that with
increasing strain the fibers are simply being stretched, forming
necks where these necks have a diameter that falls directly in
the “thin” segment (1st distribution), i.e., a gradual decrease in
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FIGURE 5 | Front and top view 3D rendering of small volumes of the P(3HB-co-4HB) fiber mats and fiber diameter distributions for the unstrained (A), 33%
(B), 193% (C), and 352% strained (D). The color map on the left represents fiber diameter in micrometers. The fiber diameters could be fitted with a bimodal
Gaussian distribution. The modes of the overall and the two distributions are also plotted in (E) as a function of their fraction (c).

TABLE 1 | Summary of modal fiber diameters (1, p1, p2), standard deviations (o, 6+, 62), fraction («), and coefficient of variation (CV) obtained from the fiber diameter
distributions for the unstrained and samples strained to different deformations.

Directly calculated From fitting
Overall o Thin fiber segments Thick fiber segments
Strain (%) 1 (pm) ¢ (pm) cv 1t (pm) 61 (pm) cv 12 (pm) 62 (pm) cv
0 4.32 1.13 0.26 0.04 1.74 0.43 0.25 4.43 0.80 0.18
33 4.39 1.23 0.28 0.06 1.72 0.34 0.20 4.48 0.81 0.18
193 3.05 1.36 0.45 0.46 1.81 0.36 0.20 4.09 0.95 0.23
352 2.42 1.07 0.44 0.69 1.86 0.34 0.18 3.71 1.05 0.28
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fiber diameter seen with conventional fibers that fail by necking
was not observed here, rather a shift from “thick” unstrained
fibers to necked “thin” fibers is found.

Fiber Deformation and Necking

Thin segments which are necks in the strained samples are also
observed in the unstrained sample (Figure 5A). It is possible
that these pre-existing thin segments could have acted as loca-
tions for stress concentration for deformation to initiate and
propagate. Such thin sections could have formed during the
fabrication process where during electrospinning large exten-
sional forces are transmitted through a solidifying fiber which
could lead to cold stretching and neck formation (Zussman
et al., 2003; Richard-Lacroix and Pellerin, 2013). There is how-
ever controversy surrounding this. Reports have suggested that
necking/thin segments only form when fibers are collected on
rotating disk collectors that is spun as fast as 5 m s~ and are not
observed when spun on flat plate collectors (Richard-Lacroix
and Pellerin, 2013). In this study, a rotating drum collector spun
at a rate of 0.08 m s™' was used. This is unlikely to induce any
cold drawing on the depositing fibers. Further, cold drawing
induced necking has mainly been observed in fibers <500 nm
in diameter. This suggests that the fiber mats may have expe-
rienced mechanical deformation post-synthesis and during
sample handling.

Thin sections are regions of stress concentration where
deformation initiates and grows at the expense of the thick seg-
ments. It seems that the thin segments become strain hardened
(Haward, 2007) and pull on the unstrained thicker regions at
its ends leading to further deformation and eventual network
failure. However, at the highest strain, just before failure, a large
number of thick segments are present in the fiber mat. This sug-
gests that these are regions of high strength. Closer investigation
reveals that these remaining thick segments are regions where
fibers are bonded to their neighbors (Figure 3H). Fusion of
the fibers leads to enhanced load transfer between the fibers,
increasing its tensile strength. It was shown in the literature that
fusion of fibers enhances tensile strength and elastic modulus of
the fiber mat (Xiaofan et al., 2009).

Figure 6 shows thick segment-Pair Correlation Functions,
g(r) for the unstrained, 33, 193, and 352% strained samples.
When g(r) has values less than 1, this indicates a tendency
for repulsion between particles, whereas values larger than 1
indicate aggregation and 1 represents a random distribution.
Correlation function for all the samples below distances of
5-7 um is less than 1 as the diameter of two thick segments
is of these lengths therefore they are seen to repel each other.
However, athigher distances both, unstrained and 33% strained
samples quickly approach 1 meaning that the thick segments
exhibit no particular clustering patterns at this stage. However,
in the case of fiber mats strained to 193 and 352% g(r) peaks at
roughly 1.5 and 2, respectively, at distances of 5-10 pm, before
returning to values close to 1, i.e., at large strains, the thick
segments in the fiber mats are shown to be aggregated. This
suggests that with increasing strain thick segments remain-
ing unstrained are very close to each other and hence likely
are mutually bonded at those regions therefore are stronger
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FIGURE 6 | Pair correlation function for thick segments (>3.7pm) for the
unstrained fiber mat and fiber mats strained to 33, 193, and 352%.

than the rest of the fibers. This therefore means that there is
a degree of fiber-fiber coupling present within the fiber mat.
However, since a large extent of fiber realignment and fiber
stretching was observed in these fiber mats, it indicates that
the fiber—fiber coupling (crosslinking density) is low (Zundel
et al., 2017).

CONCLUSION

Synchrotron X-ray phase contrast imaging of electrospun bio-
degradable polyester (P(3HB-co-4HB)) non-woven fiber mats
has revealed that prior to failure, the fibers reorient significantly
in the direction of the applied strain, followed by significant
fiber thinning by a characteristic mode of localized necking and
neck growth. Once strained, the fibers, with original diameter of
4.3 um, thinned without a gradual reduction in fiber diameter,
leading to a distinct bimodal distribution of fiber diameters
with modes at 1.9 and 3.7 pm. As-made fiber mats were also
observed to have fibers with thin regions, these regions may
have acted as seeds for necks to form and grow. Results, here,
also highlight that the bonded regions/contact points between
fibers remained thick (largely unstrained) right up until failure
thus suggesting that the fibers were strongly coupled to each
other but that the degree of coupling (number of nodes) was low.
This paper presents novel insights into the failure mechanism of
electrospun fiber mats, the relationship between contact points
and deformation behavior and highlights the value of perform-
ing 3D in situ X-ray CT measurements of entire electrospun
fiber mats.

This study has demonstrated that it is important to study not
only the deformation of individual fibers, but the entire fiber
mat network to understand its failure mechanism in a holistic
approach. Electron microscopy is required to resolve individual
nanofibers and their deformation, optical microscopy is ideal to
image the entire fiber mats, while, high resolution synchrotron
CT as performed in this study complements these techniques
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and sits well in the intermediate length scale in studying
structure—property relationship of materials. The application
of high resolution CT has shed light on novel mechanisms of
fiber deformation though necking and neck growth of highly
elastic P(3HB-co-4HB) polyester fiber mats. It has shown that
the fibers realign and then thin between bonded regions which
act as branches through which stress is distributed to the indi-
vidual fibers. Further studies are planned where X-ray induced
damage to samples is negligible such that a single sample could
be strained to multiple strains at higher resolution. This will
allow us to resolve structure—property relationships of the fiber
mats in a truly 4D manner.
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In this work, the surface heterogeneity in mechanical compressive strain of cancellous
bone was investigated with digital image correlation (DIC). Moreover, the onset and
progression of failure was studied by acoustic emission (AE). Cubic cancellous bone
specimens, with side of 15 mm, were obtained from bovine femur and kept frozen at
—20°C until testing. Specimen strain was analyzed by measuring the change of distance
between the platens (crosshead) and via an optical method, by following the strain
evolution with a camera. Simultaneously, AE monitoring was performed. The experi-
ments showed that compressive Young’s modulus determined by crosshead strain is
underestimated at 23% in comparison to optically determined strain. However, surface
strain fields defined by DIC displayed steep strain gradients, which can be attributed to
cancellous bone porosity and inhomogeneity. The cumulative number of events for the
total AE activity recorded from the sensors showed that the activity started at a mean
load level of 36% of the maximum load and indicated the initiation of micro-cracking
phenomena. Further experiments, determining 3D strain with pCT apart from surface
strain, are necessary to clarify the issue of strain inhomogeneity in cancellous bone.

Keywords: cancellous bone, acoustic emission, digital image correlation, microdamage, evolution

INTRODUCTION

The determination of trabecular bone tissue elastic and failure properties is important from both
biological and clinical aspect, as they influence significantly the pathophysiology of aging, disease,
and its treatment. Much research has been also performed in predicting bone fractures with the pur-
pose of optimal design of orthopedic implants (Maurer-Ertl et al., 2015). The mechanical properties
are typically obtained from experimental testing (Carter and Hayes, 1977) of excised specimens
of trabecular bone. The measured mechanical properties underestimate the in vivo behavior of
cancellous bone. Measurements of strain with extensometers include the “side-artifact,” as there
is loss of connectivity at the outer surface of the machined specimen because of the interruption
of the trabecular network during preparation (Un et al., 2006), which mechanistically depends on
trabecular spacing (Onck et al., 2001; Un et al., 2006). This artifact can underestimate the elastic
modulus up to 50% in human vertebral bone (Un et al., 2006). The accuracy of compressive strain
measurements derived from the relative displacement of the platens is restricted by artifacts due to
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loss of connectivity at the specimen ends and friction at the speci-
men-platens interface (Linde and Hvid, 1987, 1989; Odgaard
et al., 1989; Odgaard and Linde, 1991; Linde et al., 1992a,b).

For this reason, different techniques, most of them non-
contact, have emerged to overcome the aforementioned meas-
urement inaccuracies. Strain mapping techniques have been
applied to monitor local damage and measure local displace-
ments during deformation. Optical technique allow contactless
measurements that permit the determination of strain without
intervention at the local structure and response of the material.
Among optical non-destructive techniques, used for monitor-
ing crack initiation and progress, are the electronic speckle
pattern interferometry and the digital image correlation (DIC)
(Hoult et al., 2013; Lionello and Cristofolini, 2014), which give
two-dimensional (2D) strain mapping. Optical methods have
also recently included measurements of strain of the 3D space
(Roberts et al., 2014; Palanca et al., 2015). DIC is a promising
optical technique, which depicts clearly and accurately the
surface strain field, as well as the transient changes originated
from stress redistribution after local fracture events occurrence
(Sutton et al., 1983, 2009; Freddi et al., 2015).

The amount of tissue damage at the microscopic level in bone
tissue is a determinant of bone quality, contributing to whole
bone fragility. Activities of daily living or overloading events
can cause microdamage in bone tissue of normal individuals.
Accumulation of microdamage is considered a mechanism in
the development of fatigue fractures, insufficiency, and atypical
fractures (Hernandez et al., 2014). The development of bone local
yielding or fracturing as a consequence of mechanical loading, is
difficult to quantify, which limits the ability to define injury and
develop injury criteria. Tissue material toughness and resistance
to the formation of tissue microdamage play the main role in
understanding failure mechanisms in bone (Goff et al., 2015).
Very low amounts of microdamage, which occupy less than 2%
of the tissue, result in much higher decreases in stiffness, strength,
and fatigue of cancellous bone (Lambers et al., 2013; Hernandez
etal,, 2014), displaying that tissue microdamage can have signifi-
cant influence to clinical fractures.

Acoustic emission (AE) by materials is sonic and ultrasonic
wave generation during their deformation when fracture or
microcracking processes start. AE technique permits deter-
mination of structural health non-destructively and with high
sensitivity and is widely used throughout civil and mechanical
engineering. AE is a well-established method for real-time
damage monitoring and has found wide use to detect effects in
different mechanical structures. Its application within the field
of orthopedic surgery is of particular interest. The use of AE
technology in orthopedics is wide ranging and is implemented
in the study of the mechanical behavior of bone (Cardoso et al.,
2003), especially in fracture behavior, aiming in determining
failure mechanisms, which are connected with bone overloading
or cemented implants, aiming in improving prosthetic design.
The last years, its analysis has been applied to discern microc-
racks initiated with yield in bone and continued in the post-yield
region until failure (Wright et al., 1981). The nature of AE signals
from bone has been already suggested as a tool for measuring
its quality. AE has been monitored from whole bones subject to

torque (Jonsson et al., 1984) and bending (Hanagud et al., 1973)
and has been proposed as a tool for monitoring the bone fracture
healing process (Shrivastava and Prakash, 2009, 2011).

In this work, the macroscopic strain and the surface strain
field, at which crack formation initiated and propagated until
fracture, were investigated. For this reason, DIC and AE were
simultaneously performed. These results provide new insights
into the process of failure and a new level of detail in fracture
characterization.

MATERIALS AND METHODS

Sample Preparation

Trabecular bone specimens were prepared from bovine femur
resulting in n = 20 samples. All femurs were obtained from
local butcheries. The specimens were cut along the longitudinal
axis of the femur to produce 15 mm X 15 mm X 15 mm cubic
specimens. They were kept frozen at a temperature of —20°C
until testing. All tests were performed at room temperature. The
cubic specimens were machined with a Struers Minitom Low-
Speed Diamond Saw. Specimen dimensions were obtained with
a micrometer before mechanical testing.

Strain Measurement

Specimens were loaded in compression, placed between two
parallel steel platens, at a constant strain rate of 1/60 s in a
Monsanto tensometer testing machine (Figure 1). Each speci-
men was compressed along its axis. There were performed two
independent measurements of deformation: a measurement by
the conventional extensometer fixed to the platens as close to the
specimen as possible, and an optical deformation measurement,
described below in detail.

The optically measured strain was determined between two
points lying one in each of two pairs of transverse planes, which
divide the length of the specimen in three equal parts. The pairs
of planes created on the specimen’s surface two areas for strain
measurement, the small and the large one (Figure 2). The small
is the central part of the specimen, where usually macroscopic
fractures occur. The large area represents the whole length of the
specimen, with a certain length—approximately 1 mm from the
platens—excluded. Thus, the surface strain was measured at a
middle area of the specimen and simultaneously at a the whole
length in order to examine the inhomogeneity of the strain along
the length of the specimen. The strain in each of these areas was
considered as homogeneous. The DIC set-up for measuring the
displacement and strain at the frontal surface of the specimens
was as the following: the specimen’s surface was painted white
and black landmarks were created along the transverse planes in
order to make contrast. These landmarks were followed by a CCD
video camera (Sony Exmor R) throughout the test (Resolution
of Images 1,280 x 720) (Figure 1), which recorded the whole
experiment. The system captures pictures every 10 N. By using an
algorithm via MATLAB Image Analysis, the strain distribution
at the surface was determined by depicting the exact position
of the pixel corresponding to a specific landmark/speckle dot at
each image. Each speckle dot has been displaced a few pixels
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CCD Camera

Sensor

Cubic Specimen

AN

FIGURE 1 | CCD camera used to monitor the whole experiment and
acoustic emission sensor detects the acoustic events. The green arrows
indicate the loading direction (compression mode) of the specimen.

Large Area

Speckle Dots

Small Area

FIGURE 2 | The formed speckle dots on the front surface of the specimen.
“Large” and “small” areas are shown in the figure.

at every image as the specimen was compressed and deformed.
The exact position of each dot was recorded in a Matlab array for
every image. When all the images were processed, the displace-
ment between two dots was calculated and consequently the
strain, since the original distance (undeformed image) between

two dots was known. With the optically calculated strain and
the strain measured by the extensometer, two kinds of elastic
moduli were determined and compared. Conventional elastic
modulus was obtained as the maximum slope of the stress—strain
curves by a best-fit linear (R* = 0.99) straight line over a range of
approximately 0.02 strain with varying origin.

Ncorr DIC Algorithm

Ncorr is a well-documented flexible code that can be adapted
to suit each user’s needs (http://www.ncorr.com/index.php).
It is a freely available 2D subset-based DIC software package.
The work flow of Ncorr is the following: 1-Set Reference Image;
2-Set Current Images; 3-Set Region of Interest (ROI); 4-Set
DIC Parameters; 5-DIC Analysis; 6-Format Displacements;
7-Calculate Strains.

For the data analysis, the following elements were used:
a group of neighboring pixels, which was compared in the refer-
ence and loaded images, consisting of 29 pixels (called subset
size), a step size/subset spacing (the number of pixels the center
point of this subset was moved in order to calculate the full
displacement field) of 2 pixels, and a Strain Radius (suitable for
the calculation of strains) of 29 pixels (equal to the number of the
subset size). Additionally, the ROI was either a rectangle or an
ellipse according to the geometry of the specimen and the needs
of each experiment. The values of the above parameters were
chosen as to minimize the computational cost without losing in
the accuracy of the results.

Acoustic Emission

Acoustic signals emitted from the specimen during compres-
sion were monitored using a broadband sensor (R-15, Physical
Acoustic Corporation) placed at the axis normal to the main
compression direction (see Figure 1). The position of the sen-
sor was chosen because the above surface of the specimen was
monitored by the camera for the DIC method. One transducer
was used for all the experiments. The specific sensor was selected
due to their response because its diameter was suitable for the
length (15 mm) of our specimens. Thus, its placement on the
surface was easy. Furthermore, acoustic coupling was improved
using sonic gel between the sensor and the contact point of it on
the surface and tape was used to ensure the stability of the sensor
during the experiment.

The signals were amplified at 35 dB and were continuously
recorded using a two-channel acquisition system (Mistras
micro-II board). A sampling rate of 10 MHz was implemented.
The characteristics of the signal, which were recorded, were:
AE amplitude (magnitude of the signal at the peak), AE energy,
duration (time interval between the first and the last threshold
crossing), and rise time (RT) (see Figure 3). The threshold was
set at 35 dB (or 0.2 mV), while Gain and Pre-Ampl. was set at
0 dB. The peak and hit definition times (PDT and HDT) were 50
and 200 s, respectively, whereas the hit lockout time was 500 ps.

Amplitude shows the intensity of the fracture incident. AE
signal energy is determined by the area under the rectified
waveform. Moreover, RT is the delay between the first threshold
crossing and the peak amplitude (peak value). Another important
parameter is the RT over amplitude (RA value). It is defined as RT
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platens displacements and by the optically calculated strain (in the small and
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divided by the amplitude and its unit is microseconds per volts.
The average frequency equals the number of threshold crossings
over the whole duration of the signal and represents the frequency
content of the waveform.

RESULTS

The experiments showed that compressive Young’s modulus (E)
determined by platens relative displacement is underestimated
at 23% in comparison to optically determined surface strain
at the “small” middle area (Figure 4). Statistically significant
difference (p < 0.001) between the values of E determined in
the middle area of the specimen and in the “large” area was also
observed (Figure 4). The optical measurements of strain show
that trabecular bone exhibits linear elastic behavior, without
initial concave part, and yields at low strains (less than 1.8%).
Figure 5 depicts the longitudinal surface strain field (ew)
evolution during compression of the specimen until yielding.
In any level of loading, there was not observed increased strain

at the periphery of the specimen or at the plane end surfaces.
Increased strain occurs only in areas where the bone is weaker
and consequently more compliant.

Figure 6A shows the load history and the cumulative AE
activity for a specimen, which is typical for all specimens.
Figure 6B focuses on cumulative AE activity at low loads.
Acoustic signals start emitting before the peak of loading at a
slow rate. The cumulative number of hits for the total AE activ-
ity recorded from the sensor showed that the activity started at
a mean level of 36.6% of the maximum load. The time or the
strain of the first initiation of the AE activity is the moment
when micro-cracking phenomena were initiated within the
specimens. Although there are differences among specimens
and inhomogeneity is present, most of them exhibited the start
of micro-cracking between 30 and 40% of the maximum load,
and only a few exceptions were present.

The number of AEs released from the samples did not vary
widely. The range of emissions was 200-700 events until mac-
roscopic yielding. In the initial concave upwards part of the
stress—strain curve, there are no AE events, which means that the
trabeculae may buckle, deform under low loads, but not fracture.
The strain at which AE activity initiates ranges between 3.5 and
5% (time 2.2-4.5 s), meaning that AE activity appears in the
linear part of the o—¢ curve (Figure 6). The latency of the sharp
change in strain relative to the onset of the AE was consistent
across all experiments.

Amplitude, RT, and signal power were not correlated with
any tissue material property. This result was attributed to the
fact that some tests were destructive, while others were not and
the number of AE events is very low. Steep strain gradients were
observed when strain fields were calculated by DIC. They were
attributed to bone inhomogeneity resulting in inhomogeneous
strain distribution (Figure 5).

DISCUSSION

It has been stated that structural phenomena at the interface
result in an underestimation of Young’s modulus. On the other
hand, the presence of frictional effects on the upper and bot-
tom surfaces of the specimen, which contact the compression
platens, may counteract this effect by increasing stiffness due to
stress field altering by friction. The hypothesis that initiated the
current experiments was whether the conventional compression
test gives an accurate value of the compressive Young’s modulus
after the compromise between friction and loss of connectivity,
by comparing it with the optically determined one.

The mechanical testing of cancellous bone and the results
interpretation are generally difficult due to its porosity. The loss
of connectivity during preparation of cored samples results in
a greater compliance at the cut surfaces than in in situ areas.
If the compliance increases at the upper and bottom ends of
the specimen, the consequence is an underestimation of the
whole sample’s elastic modulus and strength (end effect). The
trabeculae around the circumference of a sample loose also their
connectivity during specimen preparation, resulting in reduced
compliance (side artifact). In this way, the measured mechani-
cal properties underestimate the in vivo behavior of cancellous
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FIGURE 5 | Longitudinal surface strain field (ex) evolution during compression of a specimen at nine time points until yielding, as measured by digital image
correlation (Ncorr algorithm). The sequence of the images is from left to right starting from the upper left image. The arrow indicates the compression direction.
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bone, with intact trabecular network. Several published works
confront this issue by correcting for side effects (Un et al., 2006).
The hypothesis also tested in this work was whether surface
strain, determined by DIC, was homogeneous throughout the
surface of the specimen, or increased at the periphery, justifying
underestimation of compressive Young’s modulus. Moreover,
the macroscopic strain and the surface strain field, at which first
yielding phenomena appeared with crack formation initiation,
were investigated. For this reason, DIC and AE were simultane-
ously performed.

The specimens, in this work, were not confined by endcaps,
as it has been found by three-dimensional finite element models
that confining leads to overestimation of modulus for specimens
shorter than 10 mm (Lievers et al., 2010).

The specimens were not preconditioned, as preconditioning
has controversial effects on stiffness measurements. Decrease of
tensile and compressive moduli by preconditioning suggested
that initial yielding involves microstructural damage of a number
of trabeculae and indicated that the tensile and compressive yield
strain of trabecular bone from bovine tibiae is less than 0.5%
(Keaveny et al., 1994). However, the compressive modulus was
decreased by preconditioning at 5.3% (p < 0.01). The decrease
in tensile modulus was even larger (on average 8.83%, p < 0.01).

These results support the hypotheses that local microfractures of
osteopenic vertebral bodies are created, start propagating, and
accumulate at lower strains than those of normal vertebrae.

The measurements of the current research displayed a large
difference between the values of Young’s modulus calculated in
the “small” and “large” areas. This difference can be attributed to
the fact that most specimens failed in the middle area, resulting
in larger deformation of this specific area. In terms of strain,
because the length of the middle area is smaller that that of
the “large,” the strain in this area is higher, resulting in is lower
modulus of elasticity in the middle area. It was difficult to inter-
pret the onset of very high values of SD in the “large” area: the
high spreading of values of modulus of elasticity (66-536 MPa)
could be attributed to the higher length f examination, which
increased the possibility of inclusion in the calculation of areas
with large variation in architecture. Data (not shown) from
cylindrical trabecular bone specimens have shown no under-
estimation of Young’s Modulus determined by platens relative
displacement. Geometry of the specimen plays a significant
role in mechanical properties of trabecular bone, as it has been
recognized by several investigators (Linde et al., 1992a,b).

In the literature, average elastic modulus underestimation
ranged from 22% for the human proximal tibia up to 38%
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for the bovine proximal humerus (Odgaard and Linde, 1991;
Keaveny et al., 1993). Our values of underestimation were com-
parable to those found in the literature using cubic specimens
and measuring strain in the central area. Experimental and
numerical results have shown that side effects can be ignored
if tested specimens have a suitably large diameter, whose mini-
mum dimension depends on the cancellous architecture. This
is justified by the fact that a cancellous bone specimen has a
“damaged” region of lost connectivity around its periphery, with
a characteristic thickness, ¢, depending upon the underlying
architecture. In a cylinder with diameter D, when D increases,
there is a decrease of the relative volume of this outer region in
the periphery in relation to the total volume V of the cylinder.
Therefore, if the specimen has an adequately large diameter, the
magnitude of the side artifacts can become negligible, and there
exists some minimum diameter above which the side effects can
be ignored (Lievers et al., 2010). However, this logical result is

not supported by our data. Because of the heterogeneous nature
of cancellous bone, there are areas with a different microarchi-
tecture (Perilli et al., 2008). The depiction of the longitudinal
surface strain field evolution during compression reflected the
presence of stiffer or more compliant areas of trabecular bone
throughout the specimen surface. The strain was not increased
in a systematic way at the periphery of the specimen. Thus, the
hypothesis of reduced compliance due to loss of connectivity of
the trabeculae at the periphery of a sample was not supported
by these experiments.

Acoustic emission in cancellous bone during compression
loading to confirm the microdamage initiation and accu-
mulation (Hasegawa et al.,, 1993) was measured in this study.
A microdamage event, either bone microfracture or microcrack
propagation, releases energy. Some of this energy is in the form of
acoustic waves. Using optical measurements, it has been found
that trabecular bone exhibits fully linear elastic behavior and
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yields at low strains (less than 1.8%). It has been also suggested in
the literature that minor structural changes may occur at a strain
level as low as 0.8% (Linde et al., 1988; Madsen et al., 1988). AE
activity revealed that microdamage initiated at about one-third
of the maximum compressive strength. The surface yield strain
in bone correlated with AE activity as in most homogeneous and
non-porous materials (Alam and Loukili, 2010). On the contrary,
initiation of AE activity occurred much earlier than the initia-
tion of macroscopic yielding. The first detected microcracking
probably concerned the thinner and most compliant trabeculae,
which influenced the macroscopic stiffness in a smaller scale.
The accumulation of these tiny microcracks led to macroscopic
yielding, as it was revealed in the conventional stress—strain
diagrams.

The number of AEs released from the trabecular bone samples
did not vary widely. This behavior is totally different from that
of compact bone where it has been noticed that a number of
samples gave less than a dozen emissions until failure, whereas
other samples generated hundreds of emissions (Agcaoglu and
Alkkus, 2013). These emission results imply that there are dif-
ferent patterns of compact bone failure: some samples failed
with generation of few but large cracks whereas others failed by
incremental growth of many small cracks. In trabecular bone, the
failure mode is totally different. Fracture occurs after a sufficient
number of trabeculae have been damaged. Moreover, the initia-
tion of AEs of compact bone samples occurred at the time of the
nonlinear increase in sample compliance and the cumulative
number of AE events increased asymptotically in the prefailure
period, whereas in cancellous bone AE events initiate in the
macroscopic linear part of the o-€ curve.

The detection of first AE of a significant amplitude would
signal the initiation of failure. Thus, it is important to determine
the time to failure at the first AE event. When these emissions
are detected, they may provide an early warning in order to
interrupt loading and prevent stress fracture, if AE is applied
in vivo (Agcaoglu and Akkus, 2013). The AE is a function of bone
material properties and the behavior of the bone microstructure
during loading and failure procedure. More experiments are nec-
essary to correlate the time of AE activity initiation with material
properties in order to predict failure timely.

The measurement of the surface strain fields by DIC tech-
niques have high resolution, enabling the determination of crack
openings of microcracks present on the surface. However, this
method is only limited to the surface of the specimen and cannot
predict presence of cracks inside the specimen and inaccessible
areas. Further experiments, determining 3D strain with digital

REFERENCES

Agcaoglu, S., and Akkus, O. (2013). Acoustic emission based monitoring of
the microdamage evolution during fatigue of human cortical bone. J. Biomech.
135, 81005-81008. doi:10.1115/1.4024134

Alam, S. Y., and Loukili, A. (2010). “Application of digital image correlation to size
effect tests of concrete,” in 7th International Conference on Fracture Mechanics
of Concrete and Concrete Structures, North Korea, 91-97.

Cardoso, L., Teboul, E, Sedel, L., Oddou, C., and Meunier, A. (2003). In vitro acous-
tic waves propagation in human and bovine cancellous bone. J. Bone Miner.
Res. 18, 1803-1812. doi:10.1359/jbmr.2003.18.10.1803

volume correlation (DVC) apart from surface strain, are neces-
sary to clarify the issue of strain inhomogeneity in cancellous
bone (Gillard et al., 2014). Knowledge of the three-dimensional
stress and strain distribution within bone tissue, MicroCT-
imaging to assess the morphometric parameters and visualization
of the failure region along with AE monitoring of released strain
energy during bone mechanical testing will permit to understand
the mechanism of bone failure, and may lead to an improved
understanding of mechanisms of certain diseases’ initiation,
prevention, and treatment (Leichter et al., 1990).

CONCLUSION

In conclusion, compressive Young’s modulus determined by
platens relative displacement was underestimated in comparison
to optically determined surface strain. There is also significant
inhomogeneity in the strain distribution, resulting in large dif-
ferences in the modulus, depending on the area over which it is
calculated. Optical measurement of strain showed that compres-
sive yielding occurs at low strains (less than 1.8%).

Strain at which microcracking initiates in cancellous bone
and its relation to macroscopic yield strain has not been
determined until now. Piezoelectric sensors on the specimens’
surface monitor AE activity, which indicates the initiation of
local fracturing, which occurs much earlier than macroscopic
yielding and fracture. AE activity recorded simultaneously with
strain field measurements can clarify issues relating to under-
standing of the macroscopic strain at which crack formation
initiate and propagates until fracture, inhomogeneity of bone
tissue mechanical behavior and mechanisms of bone failure for
improved understanding of certain diseases’ initiation, preven-
tion, and treatment. Determination of 3D strain with DVC is
necessary to clarify further the above issues.

AUTHOR CONTRIBUTIONS

DD, University of Patras, contributed to overall design of the
experiments, results interpretation, and manuscript writing. AT
contributed to performance of experiments, results interpreta-
tion, and manuscript writing.

FUNDING

Funding was provided from General Secretariat for Research and
Technology (GSRT) and Hellenic Foundation for Research and
Innovation (HFRI).

Carter, D. R., and Hayes, W. C. (1977). The compressive behavior of bone as a
two-phase porous structure. J. Bone Joint Surg. 59, 954-962. doi:10.2106/
00004623-197759070-00021

Freddi, A., Olmi, G., and Cristofolini, L. (2015). Experimental Stress Analysis
for Materials and Structures: Stress Analysis Models for Developing Design
Methodologies. Cham: Springer.

Gillard, E, Boardman, R., Mavrogordato, M., Hollis, D., Sinclair, I., Pierron, F,
et al. (2014). The application of digital volume correlation (DVC) to study
the microstructural behaviour of trabecular bone during compression.
J. Mech. Beh. Biomed. Mater. 29, 480-499. doi:10.1016/j.jmbbm.2013.
09.014

Frontiers in Materials | www.frontiersin.org

December 2017 | Volume 4 | Article 44


http://www.frontiersin.org/Materials/
http://www.frontiersin.org
http://www.frontiersin.org/Materials/archive
https://doi.org/10.1115/1.4024134
https://doi.org/10.1359/jbmr.2003.18.10.1803
https://doi.org/10.2106/
00004623-197759070-00021
https://doi.org/10.2106/
00004623-197759070-00021
https://doi.org/10.1016/j.jmbbm.2013.09.014
https://doi.org/10.1016/j.jmbbm.2013.09.014

Tsirigotis and Deligianni

DIC and AE Monitoring Strain Distribution

Goff, M. G., Lambers, E M., Sorna, R. M., Keaveny, T. M., and Hernandez, C. J.
(2015). Finite element models predict the location of microdamage in cancel-
lous bone following uniaxial loading. J. Biomech. 48, 4142-4148. doi:10.1016/j.
jbiomech.2015.10.023

Hanagud, S., Clinton, R. G., and Lopez, J. P. (1973). “Acoustic emission
in bone substance,” in Proceedings of the ASME Symposium on Biome-
chanics, New York, 79-81.

Hasegawa, K., Takahashi, H. E., Koga, Y., Kawashima, T., Hara, T., Tanabe, Y., et al.
(1993). Mechanical properties of osteopenic vertebral bodies monitored by
acoustic emission. Bone 14, 737-743. doi:10.1016/8756-3282(93)90205-O

Hernandez, C. J., Lambers, E. M., Widjaja, J., Chapa, C., and Rimnac, C. M. (2014).
Quantitative relationships between microdamage and cancellous bone strength
and stiffness. Bone 66, 205-213. doi:10.1016/j.bone.2014.05.023

Hoult, N., Take, A., Lee, C.,, and Dutton, M. (2013). Experimental accuracy
of two-dimensional strain measurements using digital image correlation.
Eng. Struct. 46, 718-726. doi:10.1016/j.engstruct.2012.08.018

Jonsson, U., and Eriksson, K. (1984). Microcracking in dog bone under load. A
biomechanical study of bone visco-elasticity. Acta Orthop. Scand. 55, 441-445.
doi:10.3109/17453678408992391

Keaveny, T. M., Borchers, R. E., Gibson, L. J., and Hayes, W. C. (1993). Theoretical
analysis of the experimental artifact in trabecular bone compressive modulus.
J. Biomech. 26, 599-607. doi:10.1016/0021-9290(93)90021-6

Keaveny, T. M., Guo, X., Wachtel, E., McMahon, T., and Hayes, W. (1994).
Trabecular bone exhibits fully linear elastic behavior and yields at low strains.
J. Biomech. 27, 1127-1136. doi:10.1016/0021-9290(94)90053-1

Lambers, FE. M., Bouman, A. R., Rimnac, A. C,, and Hernandez, C. J. (2013).
Microdamage caused by fatique loading in human cancellous bone: relation-
ship to reductions in bone biomechanical performance. PLoS ONE 8, e1562.
doi:10.1371/journal.pone.0083662

Leichter, I, Bivas, A., Margulies, J. Y., Roman, ., and Simkin, A. (1990). Acoustic
emission from trabecular bone during mechanical testing: the effect of osteo-
porosis and osteoarthritis. Proc. Inst. Mech. Eng. H 204, 123-127. doi:10.1243/
PIME_PROC_1990_204_241_02

Lievers, W. B., Petryshyn, A. C,, Poljsak, A. S., Waldman, S. D., and Pilkey, A. K.
(2010). Specimen diameter and “side artifacts” in cancellous bone evaluated
using end-constrained elastic tension. Bone 47, 371-377. d0i:10.1016/j.bone.
2010.03.024

Linde, E, and Hvid, I. (1987). Stiffness behaviour of trabecular bone specimens.
J. Biomech. 20, 83-89. doi:10.1016/0021-9290(87)90270-3

Linde, E, Gothgen, C. B., Hvid, L, and Pongsoipetch, B. (1988). Mechanical prop-
erties of trabecular bone by a non-destructive testing approach. Eng. Med. 17,
23-29. doi:10.1243/EMED_JOUR_198017_008_02

Linde, F, and Hvid, 1. (1989). The effect of constraint on the mechanical
behaviour of trabecular bone specimens. J. Biomech. 22, 485-490. doi:10.1016/
0021-9290(89)90209-1

Linde, E, Hvid, I, and Madsen, E (1992a). The effect of specimen geometry on
the mechanical behaviour of trabecular bone specimens. J. Biomech. 25,
359-368. doi:10.1016/0021-9290(92)90255-Y

Linde, E, Hvid, I., and Madsen, F. (1992b). The effect of specimen size and geom-
etry on the mechanical behaviour of trabecular bone specimens. J. Biomech.
24, 454. doi:10.1016/0021-9290(91)90046-P

Lionello, G., and Cristofolini, L. (2014). A practical approach to optimizing
the preparation of speckle patterns for digital-image correlation. Meas. Sci.
Technol. 25, 1-9. doi:10.1088/0957-0233/25/10/107001

Madsen, F, Odgaard, A., and Linde, F. (1988). “The consequences of compression
strain level on energy absorption in trabecular bone specimens performance,”
in Proc 6th Mtg (London: ESB London).

Maurer-Ertl, W,, Friesenbichler, J., Svehlik, M., Holzer, L., Sadoghi, P., Ogris, K.,
et al. (2015). The effects of the surgical approach on the postoperative gait
mechanics following total hip arthroplasty. Ann. Orthop. Rheumatol. 3, 1056.

Odgaard, A., Hvid, I, and Linde, E. (1989). Strain distributions in cancellous bone
specimens. J. Biomech. 23, 367. d0i:10.1016/0021-9290(90)90078-H

Odgaard, A., and Linde, E (1991). The underestimation of Young’s Modulus in
compressive testing of cancellous bone specimens. J. Biomech. 24, 691-698.
do0i:10.1016/0021-9290(91)90333-1

Onck, P. R, Andrews, E., and Gibson, L. J. (2001). Size effects in ductile cellular
solids. Part I: modeling. Int. J. Mech. Sci. 43, 681-699. doi:10.1016/S0020-7403
(00)00042-4

Palanca, M., Tozzi, G., and Cristofolini, L. (2015). The use of digital image cor-
relation in the biomechanical area: a review. Int. Biomech. 3, 1-21. doi:10.1080/
23335432.2015.1117395

Perilli, E., Baleani, M., Ohman, C., Fognani, R., Baruffaldi, E, and Viceconti, M.
(2008). Dependence of mechanical compressive strength on local variations
in microarchitecture in cancellous bone of proximal human femur. J. Biomech.
41, 438-446. doi:10.1016/j.jbiomech.2007.08.003

Roberts, B., Perilli, E., and Reynolds, K. (2014). Application of the digital vol-
ume correlation technique for the measurement of displacement and strain
fields in bone: a literature review. J. Biomech. 47, 923-934. do0i:10.1016/j.
jbiomech.2014.01.001

Shrivastava, S., and Prakash, R. (2009). Assessment of bone condition by acoustic
emission technique: a review. J. Biomed. Sci. Eng. 2, 144-154. doi:10.4236/
jbise.2009.23025

Shrivastava, S., and Prakash, R. (2011). In vitro study of bone condition using
acousto-ultrasonic technique. Int. J. Healthcare Manage. 12, 168-178.
doi:10.1504/IJHTM.2011.039627

Sutton, M., Wolters, W. J., Peters, W. H., Ranson, W. F., and McNeill, S. R.
(1983). Determination of displacements using an improved digital cor-
relation method. Image Vis. Comput. 1, 133-139. doi:10.1016/0262-8856
(83)90064-1

Sutton, M. A., Orteu, J. J., and Schreier, H. W. (2009). Irmage Correlation for Shape,
Motion and Deformation Measurements. New York: Springer Science.

Un, K, Bevill, G, and Keaveny, T. M. (2006). The effects of side-artifacts on the
elastic modulus of trabecular bone. J. Biomech. 36, 1955-1963. doi:10.1016/j.
jbiomech.2006.05.012

Wright, T. M., Vosburgh, E, and Burstein, A. H. (1981). Permanent deformation
of compact bone monitored by acoustic emission. J. Biomech. 14, 405-409.
doi:10.1016/0021-9290(81)90058-0

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Tsirigotis and Deligianni. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Materials | www.frontiersin.org

84

December 2017 | Volume 4 | Article 44


http://www.frontiersin.org/Materials/
http://www.frontiersin.org
http://www.frontiersin.org/Materials/archive
https://doi.org/10.1016/j.jbiomech.2015.10.023
https://doi.org/10.1016/j.jbiomech.2015.10.023
https://doi.org/10.1016/8756-3282(93)90205-O
https://doi.org/10.1016/j.bone.2014.05.023
https://doi.org/10.1016/j.engstruct.2012.08.018
https://doi.org/10.3109/17453678408992391
https://doi.org/10.1016/0021-9290(93)90021-6
https://doi.org/10.1016/0021-9290(94)90053-1
https://doi.org/10.1371/journal.pone.0083662
https://doi.org/10.1243/PIME_PROC_1990_204_241_02
https://doi.org/10.1243/PIME_PROC_1990_204_241_02
https://doi.org/10.1016/j.bone.
2010.03.024
https://doi.org/10.1016/j.bone.
2010.03.024
https://doi.org/10.1016/0021-9290(87)90270-3
https://doi.org/10.1243/EMED_JOUR_198017_008_02
https://doi.org/10.1016/
0021-9290(89)90209-1
https://doi.org/10.1016/
0021-9290(89)90209-1
https://doi.org/10.1016/0021-9290(92)90255-Y
https://doi.org/10.1016/0021-9290(91)90046-P
https://doi.org/10.1088/0957-0233/25/10/107001
https://doi.org/10.1016/0021-9290(90)90078-H
https://doi.org/10.1016/0021-9290(91)90333-I
https://doi.org/10.1016/S0020-7403
(00)00042-4
https://doi.org/10.1016/S0020-7403
(00)00042-4
https://doi.org/10.1080/23335432.2015.1117395
https://doi.org/10.1080/23335432.2015.1117395
https://doi.org/10.1016/j.jbiomech.2007.08.003
https://doi.org/10.1016/j.jbiomech.2014.01.001
https://doi.org/10.1016/j.jbiomech.2014.01.001
https://doi.org/10.4236/jbise.2009.23025
https://doi.org/10.4236/jbise.2009.23025
https://doi.org/10.1504/IJHTM.2011.039627
https://doi.org/10.1016/0262-8856
(83)90064-1
https://doi.org/10.1016/0262-8856
(83)90064-1
https://doi.org/10.1016/j.jbiomech.2006.05.012
https://doi.org/10.1016/j.jbiomech.2006.05.012
https://doi.org/10.1016/0021-9290(81)90058-0
http://creativecommons.org/licenses/by/4.0/

',\' frontiers
in Materials

ORIGINAL RESEARCH
published: 13 December 2017
doi: 10.3389/fmats.2017.00041

OPEN ACCESS

Edited by:

Gianluca Tozzi,
University of Portsmouth,
United Kingdom

Reviewed by:

Stephane Avril,

Centre Ingénierie et Santé,
Ecole des Mines de
Saint-Etienne, France
Sourav Chatterjee,
Facebook, United States

*Correspondence:
Hari Arora
hari.arora@swansea.ac.uk

Specialty section:

This article was submitted to
Mechanics of Materials,

a section of the journal
Frontiers in Materials

Received: 27 August 2017
Accepted: 20 November 2017
Published: 13 December 2017

Citation:

Arora H, Nila A, Vitharana K,
Sherwood JM, Nguyen T-TN,
Karunaratne A, Mohammed IK,
Bodey AJ, Hellyer PJ, Overby DR,
Schroter RC and Hollis D (2017)
Microstructural Consequences of
Blast Lung Injury Characterized with
Digital Volume Correlation.

Front. Mater. 4:41.

doi: 10.3389/fmats.2017.00041

Check for
updates

Microstructural Consequences of
Blast Lung Injury Characterized with
Digital Volume Correlation

Hari Arora’?*, Alex Nila®, Kalpani Vitharana? Joseph M. Sherwood?, Thuy-Tien N. Nguyen?,
Angelo Karunaratne?, Idris K. Mohammed?, Andrew J. Bodey?®, Peter J. Hellyer?,
Darryl R. Overby?, Robert C. Schroter? and Dave Hollis®

"Swansea University, Swansea, United Kingdom, 2Imperial College London, London, United Kingdom, °LaVisionUK Ltd.,
Oxford, United Kingdom, *University of Moratuwa, Moratuwa, Sri Lanka, °Diamond Light Source, Didcot, United Kingdom

This study focuses on microstructural changes that occur within the mammalian lung
when subject to blast and how these changes influence strain distributions within the
tissue. Shock tube experiments were performed to generate the blast injured speci-
mens (cadaveric Sprague-Dawley rats). Blast overpressures of 100 and 180 kPa were
studied. Synchrotron tomography imaging was used to capture volumetric image data
of lungs. Specimens were ventilated using a custom-built system to study multiple
inflation pressures during each tomography scan. These data enabled the first digital
volume correlation (DVC) measurements in lung tissue to be performed. Quantitative
analysis was performed to describe the damaged architecture of the lung. No clear
changes in the microstructure of the tissue morphology were observed due to con-
trolled low- to moderate-level blast exposure. However, significant focal sites of injury
were observed using DVC, which allowed the detection of bias and concentration in
the patterns of strain level. Morphological analysis corroborated the findings, illustrating
that the focal damage caused by a blast can give rise to diffuse influence across the
tissue. It is important to characterize the non-instantly fatal doses of blast, given the
transient nature of blast lung in the clinical setting. This research has highlighted the
need for better understanding of focal injury and its zone of influence (alveolar interde-
pendency and neighboring tissue burden as a result of focal injury). DVC techniques
show great promise as a tool to advance this endeavor, providing a new perspective on
lung mechanics after blast.

Keywords: digital volume correlation, blast lung injury, synchrotron tomography, lung microstructure, shock tube,
lung biomechanics

INTRODUCTION

Trauma research is a vast and rapidly growing field and blast injuries represent the most extreme
level of trauma. Nowadays, blast injuries present a concern, not only for military personnel in
the context of combat but also civilians. This is due to a host of explosive threats that injure
unprotected civilians in everyday life, such as industrial accidents, legacies from war (landmines),
and terrorism. The importance of blast injury research is further heightened by the fact that blast
injuries are far more complex and severe than conventional civilian trauma, such as road traffic
accidents. The nature of the blast threat (blast loading) is constantly evolving, meaning the nature
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and mechanisms of the injuries will differ, depending on a range
of variables associated with the explosive event. The chasm in
knowledge surrounding blast injuries is created by the sheer
number of variables present in a blast event (weight/type/shape
of explosive, the position relative to the victim, the surrounding
environment, etc.). Hence, new approaches are required to iden-
tify the underlying mechanism and effects of injury associated
with blast lung trauma.

Clinical and postmortem data collected during the recent
conflict in Afghanistan revealed that blast lung injury (BLI) was
found in 6-11% of survivors, increasing to 80% in non-survivors
(17% dying from BLI alone) (Scott, 2016). BLI incidence
increases to more than 90% in terrorist attacks occurring in
enclosed spaces such as trains. However, BLI is not thoroughly
understood with some casualties being undiagnosed, lead-
ing to complications with treatment or even, preventable and
avoidable, death. Models exist in the literature, with many more
being proposed each year to tackle or address new aspects of
the pathology (CR Bass et al., 2008; Garner et al., 2010; Kohsuke
etal, 2016). One study presents 2,550 large animal (sheep, pig,
monkey, goat, dog, and burro) experiments on blast lethality
(CR Bass et al., 2008). This collection of work is not the norm
in terms of experimental numbers, which typically range from
20 to 200 per study; animal models range from pigs (large)
(Garneretal., 2010) down to mice (small) (Kohsuke et al., 2016).
While much research focuses on global effects of trauma, which
contributes significantly to knowledge of patient outcome, lung
injuries actually range from diffuse and sparse regions of visible
tissue damage to non-detectable damage (by conventional imag-
ing techniques) (Scott et al., 2017).

The lung is a dynamic, hierarchical organ with strain- and
strain-rate-sensitive mechanical properties. The microarchitec-
ture resembles that of foam, built from constituents, including
collagen, elastin, extracellular matrix, and endothelial and
epithelial cells, in varying proportions throughout the lung and
across species (Hoppin et al., 1975; Matsuda et al., 1987; Mercer
et al., 1994; Yuan et al., 1997; Black et al., 2005; Suki et al., 2005;
Andrikakou et al., 2016). Alveoli form tightly packed networks
that expand and contract during respiration, influencing each
other while stretching, compressing and straining with their

neighbors. Tethering stresses that exist between neighboring
groups of alveoli promote non-uniformity in deformation dur-
ing respiration (Sera et al.,, 2004; Denny and Schroter, 2006).
This study uses high-resolution synchrotron imaging to facili-
tate improved understanding of micro-scale lung mechanics in
trauma.

Digital volume correlation (DVC) is a powerful technique
used to explore true three-dimensional strain fields within
a given deforming object. It is achieved in conjunction with
various powerful volumetric imaging techniques and obeys
the principles of all image correlation or tracking methods
(Schreier et al., 2009). DVC has been performed in structural
biomaterials such as bone (Bay et al., 1999; Gillard et al.,
2014; Roberts et al., 2014; Palanca et al., 2015), characterizing
microstructural mechanics and the accuracy of the technique
itself. This study aims to explore microstructural deformation
in lung tissue using DVC, specifically showing how differing
levels of blast loading can affect the behavior of lung tissue
during respiration. This is to determine whether the observed
loss of lung function is a time-related mechanical effect, e.g.,
plasticity causing abnormal wall characteristics, leading to
possible fatigue in the long term.

The interdependency of healthy tissue on neighboring dam-
aged tissue units is also considered in this study. Local defects
can develop into larger injury sites over a period of time. Scans
were performed for different volumetric pre-strain (i.e., levels of
inflation) to calculate wall strain during respiration. Damaged
and injured lung tissue mechanics are characterized in a greater
depth than previously reported.

MATERIALS AND METHODS

An overview of the experiment is given in Figure 1, showing
the three key elements of this study. The specimen is ventilated,
subject to blast, and then excised and prepared for imaging.
Airway pressure is set to 10 cmH,O prior to the first scan and
then increased to 20 cmH,O for the second scan. Based on the
local deformations between the two pressure states, strains can
be resolved using DVC algorithms. Details of these procedures
are provided in the following sections.
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FIGURE 1 | Experimental summary indicating the order of each experimental step: ventilation, blast loading, and tomographic imaging.
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Sample Preparation and Handling

Female cadaveric Sprague-Dawley rats (200-280 g), purchased
from Charles River, Kent, UK, were delivered within 4-6 hours of
sacrifice during this study. No live animals or human subjects were
tested in this study. Cadaveric tissue was obtained from animals
from a registered animal supplier. Procedures were approved by
the Imperial College London ethical review process and strictly
conformed to the Animals (Scientific Procedures) Act 1986 UK
Home Office guidelines, which also fulfill the US NIH Guide
for the Care and Use of Laboratory Animals. Previous research
within the group established the in vivo model (Barnett-Vanes
etal,, 2016) and found it exhibited comparable physical behavior
to freshly harvested tissue. Therefore, it was deemed appropriate
to proceed with cadaveric tissue for the experimental program
to establish the feasibility of this strain measurement technique.

Specimens were weighed before and after each procedure to
monitor superficially any major water loss during the experiment.
Pre-experimentation, a tracheostomy was performed to enable
the lungs to be ventilated. A series of ventilation cycles were
performed to minimize airway closure and degradation, which is
commonly reported to occur rapidly after death in unventilated
lungs. A Harvard PHD Ultra syringe pump was used to deliver a
controlled volume of air, while tracheal pressure was monitored
viaasensor (Omegadyne PX309) mounted in the circuit (between
pump and lung). Compliance of the air in the ventilation system
was corrected for to enable representative pressure-volume char-
acteristics of the lung to be captured. The setup was controlled
using LabVIEW, and pressure-volume data were visualized and
monitored during each experiment. Ventilation was performed
under pressure control (0-20 cmH,O) to ensure open airways
were not overpressurized, while promoting airway reopening of
any collapsed airways via cyclic loading. Once the monitored
pressure-volume loops of the lungs stabilized, i.e., no further
progressive volume changes recorded, the samples were ready for
blast experimentation.

Samples were held at a predetermined lung volume, equating
to the peak pressure 20 cmH,O, prior to single blast wave load-
ing. Relaxation from this initial set-point condition was expected,
monitored, and accounted for during the timings of each test.
There was typically a 10% drift in reduced pressure during the
relaxation phase. All other organs were shielded from the blast
(head, abdomen and limbs). The efficiency of blast wave isolation
to a target region of the specimen has been established previously
(Eftaxiopoulou et al., 2015; Barnett-Vanes et al., 2016). The high
lung volume was used to replicate the pre-tension of breathing
lung tissue during a blast event. Controls did not receive a blast
wave but were otherwise treated identically, undergoing all
procedures including being mounted on the shock tube for the
equivalent period of time.

After the procedure, rats were re-mounted on the ventilation
system for the assessment of injury and to restore any collapsed
airways. Once stabilized, the thorax of the specimen was dissected
and the lung was isolated, while lung volume was maintained
by the ventilator. The lung was then mounted within a sealable
polymer tube, which contained ballast for stability during imag-
ing and phosphate buffer solution to maintain surface moisture
of the specimen.

Specimen Loading Device: Shock Tube

A shock tube was employed to generate blast wave pressure
pulses of controlled intensity and duration. This shock tube is
formed of sections of stainless steel tube (3.8 m total length),
with an internal diameter of 59 + 1 mm. Compressed air is used
to pressurize the driver section. The driven section remains
at atmospheric pressure. For this study, the minimum driver
volume was used, equivalent to 2.2 X 10™* m’ of air per test shot.
The system was operated in a single-diaphragm configuration,
using thin film polymer (Mylar) diaphragms of varying thick-
ness (50-100 um). Blast waves with magnitudes up to 180 kPa
were produced during this study. The setup used here promoted
the formation of blast waves that approximate the Friedlander
waveform due to the small driver volumes and open-loading
configuration.

Three pressure gauges were mounted along the shock tube
and around the test specimen to monitor the loading experienced
by the specimen during each blast test. Sensor 1 was mounted
radially at the shock tube outlet to ensure that the incident wave
produced is repeatable and consistent in single-diaphragm fir-
ing mode. Two further sensors were attached to the specimen
mount. The specimen mount was designed to allow for near
consistent loading conditions to be achieved for each specimen.
The opening for the specimen is adaptable to account for the
small variations in size from animal to animal. The blast wave
is isolated to the thorax alone and shielded distal to the thorax,
leading to a repeatable loading conditions (Barnett-Vanes et al.,
2016). Sensors 2 and 3 were installed on the loading platform
above and below the incident blast pressure loading site of the
specimen. These sensors recorded the transient pressure state
in front of the thorax. A combination of incident and reflected
overpressure was recorded, due to the proximity of the sensors to
the thorax. High-speed photography was employed to ensure the
setup and desired loading condition was maintained throughout
the duration of each test. A Phantom V210 camera (208 x 128
pixels at 53,000 fps) was used, positioned square-on to the sample
and loading direction.

Two blast conditions were studied alongside the control
case: (1) low-intensity blast (peak overpressure 100 kPa) and
(2) a moderate-intensity blast (peak overpressure 180 kPa). This
moderate case is known to approach the upper bound of surviv-
ability in live animals (Barnett-Vanes et al., 2016). Therefore, this
case was included in this cadaveric study to highlight any tissue
changes that may have occurred (tissue stiffness), which are not
visibly shown to be damaging, i.e., no hemorrhage, but may cause
structural changes potentially visible in the strain fields.

Tomographic Image Acquisition

Synchrotron X-ray microtomography experiments were con-
ducted at the Diamond-Manchester Imaging Branchline 113-2
of Diamond Light Source (DLS), UK. Synchrotron light sources
enable tomographic data sets to be collected with higher signal-
to-noise ratio and higher spatial and temporal resolution more
quickly than micro-focus tube sources (“laboratory CT”)
and also provide phase contrast more readily. Inflated lungs
are very prone to tissue creep, and the high flux of X-rays at
I13-2 enabled data of good signal-to-noise ratio to be collected
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quickly enough for creep to be kept acceptably low. Total scan
time to collect all projections was 30 s. A partially coherent,
polychromatic “pink” beam (photon energy range: 5-35 keV)
of parallel geometry was generated by an undulator from
electrons in a storage ring of 3.0 GeV current. The undulator
gap was set to 5 mm for data collection and, to limit sample
damage, 11 mm for alignment. The beam was reflected from
the Pt stripe of a grazing-incidence focusing mirror and, to
limit sample damage, high-pass filtered with 1.3 mm pyrolytic
graphite and 3.11 mm aluminum. Images were acquired at
equally spaced angles over 180° of continuous rotation (“fly
scan’) by a ZnWO4 scintillator-coupled pco.edge 5.5 (PCO
AG, Germany) detector, with a sSCMOS sensor of 2,560 X 2,160
pixels. With 2.5X total magnification, this gave a field of view
of 6.7 mm X 5.6 mm and an effective pixel size of 2.6 pm.
Various propagation distances were studied to determine the
optimal inline phase contrast, and 150 mm was chosen. Images
recorded at 180° were compared to those recorded at 0° to
check for (potentially subtle) experimental problems including
sample deformation and damage (Atwood et al., 2015). To bal-
ance the signal-to-noise ratio and angular sampling with tissue
damage and deformation via tissue creep, various exposure
times and numbers of projections were trialed; data sets were
then collected with 1,801 projection images of 30 ms exposure
time. Prior to reconstruction via filtered back projection with
DAWN 1.7 (Basham et al., 2015), projection images were
flat- and dark-field corrected, and ring artifact suppression was
performed (Titarenko, 2016).

Samples were scanned and then cycled again on the ventilator,
prior to being scanned a second time. The pilot study (MT10583-
1) concluded that to avoid excessive tissue dehydration, which
could augment the tissue mechanics, samples should be kept in a
fully humidified chamber. The lung was imaged intact to allow a
fixed volume of air to be kept within the tissue during each scan.
Imaging parameters were further optimized for the whole intact
set of lungs. Lungs were subject to ventilation, and prior to each
scan, they were stopped at mid- and low-lung volumes. Imaging
biopsies would not allow for airway control in this manner. Care
was taken to ensure minimal movement of the lung between

original and second mounting position. The relatively large field
of view meant correlation between sub-volumes in each scan
was possible. An overview of the full experimental procedure is
provided in Figure 1.

Image Processing

Image stacks were imported into the DaVis software for DVC
to be performed. Rigid body translations were expected given
the sample had been removed from the imaging platform
between scans (to ventilate and set to the second lung pres-
sure/volume). Rigid body motion was removed from the
strain computation via a transformation matrix computed
within the DaVis software. The DVC process is mapped out
schematically in Figure 2, illustrating the use of sub-volume
tracking of regions to compute the strain vector between
neighbors. The computed strain result was produced by a
final correlation sub-volume size pass of 32 X 32 X 32 voxels.
The DVC software employs piecewise linear shape functions
when matching sub-volume deformation between the refer-
ence and the deformed image. The number of “pieces” in that
piecewise linear shape function is determined by the overlap
percentage. Therefore, a higher overlap (75%) results in more
(linear) pieces to describe the sub-volume deformation; the
higher the percentage overlap, the closer the shape function
gets to a second order approximation (compared to purely
first order for zero overlap). With more overlap, the ability
to detect discontinuities is enhanced, and the algorithm can
more accurately describe the high-gradient displacement
changes expected in lung tissue.

The correlation was performed between an image stack
acquired at one pressure state and another image stack acquired
at the second pressure state. This creates one set of strain data
representing the deformation between the two pressure states.
Maximum three-dimensional strain (maximum principal) was
exported for further analysis in MATLAB. Analysis was per-
formed on each result file to compare blast conditions in terms
of visual differences and spatial variation. Subregions within
each specimen were studied in relation to the global volume
characteristics.
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FIGURE 2 | Schematic of the volume correlation process, including details of the input volume size versus the result file size.
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RESULTS AND ANALYSIS

Sample blast wave profiles from the two blast conditions are
shown in Figure 3. Peak blast wave pressures of 100 kPa for the
low-level blast and 180 kPa for the moderate-level blast were
measured at the outlet of the shock tube. Figure 3 illustrates the
near instantaneous rise time and characteristic decay associated
with a blast wave. When monitoring the local pressure history
in front of the thorax of the specimen, local lateral pressures
initially peaked at 50 and 100 kPa for the two test cases. To
extend the analysis of the loading conditions on each specimen,
studies have correlated lateral and head-on (reflected) pressures
for this shock tube under both the open- and closed-tube con-
figuration (Nguyen et al., 2014; Nguyen, 2016).! The closed-tube
configuration can approximate the maximum pressure that the
test specimens would observe. Therefore, in the case for a lateral
pressure recorded at the outlet of 100 kPa, this results in a peak
reflected pressure of 320 kPa. For an open-tube configuration,
this peak reflected pressure reduction to 265 kPa. Similarly, for
the moderate blast loading, the closed- and open-tube con-
figurations would deliver peak reflected pressures of 575 and

'Nguyen, T.-T. N., Brown, K. A., and Proud, W. G. (in preparation). Part I: a highly
versatile shock tube system for cell, tissue and whole animal models of damage and
blast injury. Appl. Phys. Lett. Bioeng.

480 kPa respectively. In reality, the peak loading on the sample
lies within this range as the specimen is positioned at the outlet.
There are local variations in the pressures measured at the top of
the thorax compared to the base, due to differences in structural
compliance along from the apex to the base of the thorax. This
structural compliance of the system will result in a differing
decay characteristic in the loading and therefore comments on
the peak are presented here with reference to the open- and
closed-tube configurations (Nguyen et al., 2014; Nguyen, 2016;
see text footnote 1). The pressure values lie within the range
of the commonly reported threshold for lung injury (CR Bass
et al., 2008).

An example of the process to convert the tomography image
to the computed strain field is shown for a control (un-blasted)
sample in Figure 4. Here, a sub-volume of the acquired image
stack and the resultant extracted strain contours is shown. This
highlights the nature of strain banding aligned to the stretched
alveolar walls. Although the strain overlay plots help to visual-
ize how the lung volume has deformed, for interpretation of
the strain fields, specific strain vectors were extracted for direct
analysis seen in Figure 4. Color and gray plots are included
to show the origins of the strain plots, analyzed later in the
article.

To characterize the healthy lung, the entire volume of the
control specimen was computed. Figure 5 presents the central
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FIGURE 3 | Transient pressure measured during the moderate and low-intensity blasts: (A) at outlet of the shock tube (solid line) and (B) at the top (dashed line) and
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FIGURE 5 | Spatial analysis of strain field in the control: (top) maximum three-dimensional strain and (bottom) maximum three-dimensional shear strain. Sub-
volumes (0.26-mm radius) within the control specimen were analyzed to highlight uniform low-level strains in alveolar regions (green) and a dense network of higher
strains in connective tissue between lobular regions of alveoli (red). The median for each distribution is also plotted.

plane of the three-dimensional strain contour plot for maximum  fair means of normalizing the distribution of strain components
three-dimensional strain, the maximum three-dimensional shear ~ found within equivalent sized regions of the global volume. These
strain, and the probability distribution functions relating to these  distributions show how the volume is behaving, supporting the

two contour plots. visual two-dimensional slice contour map, which was taken at
Maximum three-dimensional strain here equates to the maxi-  the central plane of the three-dimensional data. Medians of their

mum principal (normal) three-dimensional strain. Principal/  distributions are presented to highlight regional variation.

normal strain are the Eigenvalues of the Matrix: Figure 5 reveals local regions of strain uniformity within

the alveolar-dense regions (airspaces) of ~2-5% in magnitude.

Exx Exy Exz However, there are also connective regions between lobular sec-
Eyx Eyy Eyz tions of airspace networks, which exhibit higher strains (~10%).
Ezx Ezy Ezz Since regions (lobes) of the parenchyma are inflating next to each

other, this causes relative movement between neighboring lobes.

To get the derivative Ezz you need a multi plane vector field ~ The ventilation of each region and the asymmetries present in
(more than one z-planes). The Eigenvectors e;, e,, and e of that  the structure of these lobes will cause these lobular regions of
Matrix define the coordinate system where no shear is present,  airspaces to move relative to each other, i.e., not cohesively as one
and the deformation can be described by using only strain along  global unit, leading to higher strains between these independent
e €, and e.. The biggest Eigenvalue is called maximum (normal) clusters of alveoli (airspaces). The strains were discretized into
three-dimensional strain. Maximum 3D shear strain is defined ~ component of normal and shear. The relative movement of the
as the maximum Eigenvalue minus the minimum Eigenvalue of ~ lobes within the parenchyma causes strain bands (white regions)

the strain tensor. within the tissue to be composed primarily of shear strains
Subsections of the contour plots were analyzed in Figure 5  (~20%) within the connective tissue regions.
for differences between alveolar and connective regions of the A Mann-Whitney U-test was performed on the distributions

control lung. The probability distribution functions present a  in the article. All alveolar regions were statistically significantly
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different when compared to the connective regions for both the
maximum three-dimensional shear and normal strain distribu-
tions (p < 0.001). The differences from the alveolar regions are
indicated by the major shifts in the medians (~10% for maxi-
mum 3D strain and ~15% in maximum 3D shear) and spread of
the distributions for the connective regions plotted in Figure 5.
Blast loaded specimens were then analyzed—a sample planar
(or slice) view of the three-dimensional strain field is presented
for each case in Figure 6. Comparing the control (un-blasted)
specimen to the blast cases, there is a clear difference in global
strain magnitude and the localization of high strain regions.
Both low- and moderate-blast cases observed in peak strains
of ~100%. This localization of high strain indicates regions of
overstrain, overdistension, during the ventilation procedure.
To ensure the strains observed were independent of imaging
artifact, one sample was imaged repeatedly on the beam line
with a delay between scans greater than the length of a given
experiment (5 min) to assess the maximum level of tissue

creep that might be observed during imaging process. The
lungs are viscoelastic in nature and therefore are susceptible to
relaxation. This tissue creep assessment shows that, even after
a 5-min delay between scans, strains barely peak over a few
percent. Imaging for all specimens was conducted within a 30-s
period to mitigate creep effects, keeping most likely well below
the creep strain levels recorded during this exaggerated creep
assessment. The color maps highlight the general network of
strains seen in the tissue providing an overview of the entire
sample and how it deforms. Strain localization occurred in
regions inset from the boundary and along branch-way con-
nections within the moderate-blast specimens. To obtain an
improved perspective on the nature of tissue strain in health
and injury, further analysis was performed on the distributions
of strains.

Figure 7 analyzes the entire lung volumes and shows the
probability distribution function for the strain content within
each of the specimens shown in Figure 6. There are significant

Low'level-blast T.

Merate-leyel blastFy.!
3

FIGURE 6 | Digital volume correlation results displaying the maximum three-dimensional strain at a given plane within the lung volume for each loading case:
control, low-level blast and moderate-level blast. T+ and T. denote repeat experiments. In addition, one blast specimen was scanned twice with a time delay
between scans to highlight the maximum level of tissue creep during the imaging process as a proxy measure of noise and error in strain measurement. Scale

bar indicates 200 pm.

gl

Tissue creep assessment
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differences in the distributions from the control to the blast
injured specimens, as expected from the visual strain maps
presented in Figure 6 (p < 0.001). A shift of ~10% was observed
in the median for all blast samples compared to the control. The
spread of the distribution was seen to increase as well for each
blast case, indicating that sites of higher tensile strain induce an
effect on surrounding regions. There were no discernible differ-
ences overall between the two blast cases in terms of the global
distribution, averaged over the whole specimen volume.

It is interesting to note the greater presence of negative strains
in the blast cases. This is due to the net balance in strain within
a given volume of tissue. Sites of damage may augment local
mechanics. This can lead to some regions, healthy or injured,
observing extra tension (overdistension), which may compress
neighboring regions, which may also be damaged or occluded
upstream and not ventilating well, causing a local compression.
This is unlike healthy lungs, where alveoli are seen to expand
more uniformly, stretching together, leading to small but generally
tensile strains. To study these strain fields in detail, sub-volumes
were explored within the global (entire) scan.

Figure 8 presents the same probability distribution analysis,
this time applied to sub-volumes (zones) within the full volume
image. Regions of high strain localization were targeted for the
smallest sub-volume (Zone 1), which is a 0.26-mm radius sphere
of the specimen/data. Larger shells surrounding Zone 1 and the
focal strain site of interest were also computed. Distributions cor-
responding to those measured within Zone 1 (0-0.26 mm), Zone
2 (0.26-0.44 mm), Zone 3 (0.44-0.61 mm), and the full volume
were processed and are presented in Figure 8.

Zones 1, 2, and 3 in each region studied in Figure 8 exhibit
significant differences in distributions compared to the full
volume, or global behavior (p < 0.001). This supports the visual
interpretation from Figure 8 that these sites of observed different
mechanical behavior are focal. There is an observable offset in
the median in Zone 1 compared to the full volume across the
three regions (~10-15%). However, there are no statistical dif-
ferences among Zones 1, 2, and 3 in each image, implying that

0.20
—Control
—Moderate-level blast 1
- -Moderate-level blast 2
0.15 Low-level blast 1
> Low-level blast 2
20
3 .10
[e)
j ="
o
0.05
-0.25 0 0.25 050 0.75 1.00
) Maximum 3D Strain
Median | I
FIGURE 7 | Probability distributions for the strain content of each test case
to show the global trends between each lung volume in terms of maximum
three-dimensional strains. The median for each distribution is also plotted.

these regions are behaving in a similar fashion to each other (still
different to the global behavior, i.e., full volume). This analysis
enforces that these focal zones are composed of higher than usual
strains in parts and are behaving differently to the global volume
within that 0.61-mm radius zone.

In each region of focus, the observable influence of the central
defect region (Zone 1) begins to diminish, shown by the progres-
sive shift of the median toward the control value for Zones 2 and
3. Where the defect is having an influence, Zones 2 and 3 have the
tail of their distributions shifted away from the global. Figure 8
and the zonal analysis indicate that the tissue is not uniformly
damaged.

When studying the moderate-blast level, the sub-volumes
showed similar deviation from the global average. A significant
shift in the distributions was observed in Zones 1-3 in each
region of focus in Figure 9 (p < 0.001). However, the magnitude
of influence on the surrounding tissue that each focal defect
showed was in one case different to the rest (see the first region
analyzed in Figure 9). Comparing Zones 1 and 3 (p < 0.01) and
Zones 1 and 2 (p < 0.05) indicates local differences between
Zone 1 and its immediate surroundings. This particular defect is
perhaps more focal in nature to the others studied. There is not
just a shift in the distribution, given the final region analyzed in
Figure 9 exhibits the largest difference in the medians (~25%).
However, the tail was broadly composed of higher strained
regions implying some subtle differences in strain or damage
intensity. This zonal analysis is one way in which these regional
effects on tissue mechanics can be quantified and analyzed.

This set of analysis implies no diffuse injury is present, but a
localized event with a mild but significant effect on the neighbor-
ing tissue. Here, a focal zone (Zone 1 ~ 0.26-mm radius sphere)
of blast injured tissue, indicated here by a region of high strains,
can affect the surrounding region. This zone can modify the
local strain distribution and shift it away from the global aver-
age, and even further away from the healthy conditions (refer-
ring to Figure 7). In real terms, this equates to a small region
~0.1 mm’ (Zone 1) that may be obviously damaged by the blast,
potentially compromising a region 10 times that size in terms
of the mechanics. The fact this is not observed throughout the
specimen nor affecting the greater surrounding region of this
lung volume (100% or full volume) supports the fact that this is a
moderate-blast condition and a non-lethal dose (Barnett-Vanes
et al., 2016).

DISCUSSION

In this study, intact cadaveric rats were subjected to a range of
blast exposures generated by a laboratory shock tube device. The
specimens were preconditioned using a ventilator before and
after blast to mitigate airway closure due to handling and inactiv-
ity. Lungs were excised ready for imaging and were ventilated
between tomographic scans performed at DLS (I13-2 branch
line). This allowed for the relative effects of any damage to be
highlighted through use of DVC computation.

Studying the control (un-blasted) specimens, it was clear that
the strain distributions were uniform for the most part in the air-
filled regions. This experiment took advantage of the high-spatial
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and 3 are shells leading from Zone 1. The median for each distribution is also plotted.

FIGURE 8 | Global and local strain distributions around a strain concentration: low-level blast. Three regions are selected, with sequential spherical shell volumes

Zone 1 is the central sphere focused on a given strain concentration. Zones 2

resolution and relatively large field of view when performing
tomography imaging with synchrotron sources. A larger lung
volume was imaged at much higher acquisition speeds, compared
to that achievable with conventional micro-CT methods, and
lobular regions of the parenchyma were identified and studied.
Digital volume correlation enabled the interactions not only
of the alveoli to be visualized but also the bulk parenchyma,
including interactions between lobular regions. On a local scale,
Figures 4 and 5 show the strains present in the microarchitecture.

Here, the low levels of tension in the alveolar walls are visible.
When expanding the field of view, interactions between lobes are
also visible. Figure 5 highlighted how these more macroscopic
interactions occur during simulated respiration, recording lung
microstructure at two instantaneous lung volumes. Ventilation
of the airways is a heterogeneous process. For slow or normal
respiration conditions, the expansion of airways overall is uni-
form. The pathways associated with the microarchitecture are
asymmetrical, and each path may not see the same local flow
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FIGURE 9 | Global and local strain distributions around a strain concentration: moderate-level blast. Three regions are selected, with sequential spherical shell
volumes analyzed to show the effect of the local strain discontinuity on the surrounding tissue. Zone 1 is the central sphere focused on a given strain concentration.
Zones 2 and 3 are shells leading from Zone 1. The median for each distribution is also plotted.

characteristics at a given instant. Therefore, it is very interesting  of the reported thresholds for lung injury (CR Bass et al., 2008).
to extract this level of detail about not only the alveoli on the  Previous research on BLI suggested the moderate blast case is

microscale but also the surrounding interaction of airway struc-  survivable with no observable structural damage (Barnett-Vanes
tures on a macroscale. etal., 2016).
The idealized model of uniform inflation within a given aci- When lung is subject to blast, a large and dynamic pressure

nus, or group of alveoli, was confirmed by these low-level strain ~ change is forced through the tissues and within the various
maps. However, where the tissue microstructure has been grossly ~ airway paths. Each path has its own differing parallel pathway
affected by trauma, there was considerable strain concentration  resistance. This would cause inhomogeneous loading (possible
and an expansion in distribution of strains within the global tis-  damage) and subsequent inflation between nearby alveolar ducts/
sue. Applied blast pressures (Figure 3) were in or below thelevel ~ acini. There are multiple interlinking processes in terms of solid
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and fluid mechanics, which are being studied here in terms of the
tissue mechanics after blast. The strain differentials highlighted,
although local, could cause problems in the long term, if not
immediately disruptive.

This experiment aimed to explore beyond the visible damage
and focus on the structural mechanics, studying the residual tis-
sue mechanics of the lung via DVC. It was clear from Figure 6
how the structural organization and accommodation of the
tissue changed in response to the same ventilation cycle, since
regions of the blast injured lungs for both the low and moderate
cases were hyperstrained. Signs from both blast cases indicated
that there had not been any diffuse level of major damage. Spatial
analysis of the strain fields highlighted the local zone of influ-
ence that these focal defects (high strained regions) had on the
surrounding tissue. This reflects the usual experience that these
are survivable injuries, since local tissue mechanics did not affect
the surroundings to a major extent.

The strain concentrations observed could stabilize and remain
constant. Alternatively, due to fatigue, it may cause deleterious
effects, and this focal injury may spread within the lung. It is dif-
ficult to quantify at this stage how this focal injury may progress,
but this process is certainly a possibility. BLI has been reported
to exhibit non-visible lung damage soon after blast but, over a
period of 24-48 hours, it may progress toward a critical and life-
threatening injury (Scott et al., 2017). Potentially the augmenta-
tion of structural mechanics reported here plays a role in the
degradation of the tissue, alongside the resulting physiological
consequences.

CONCLUSION

This study has initiated a new fine resolution way to assess focal
injury and novel methods for quantifying alveolar interdepend-
ency. Synchrotron tomography imaging was performed on blast
injured lung tissue, and DVC was performed for the first time on
these types of specimens. New insight on the subsequent effect of
blast trauma on tissue mechanics at a microlevel was presented.
Three-dimensional strain maps within the lungs were analyzed
to highlight alveolar interactions and how they differ in health
and injury. The zone of influence of focal sites of hyperstraining
tissue was quantified for blast loaded lung tissue. The effect of
non-instantly fatal blast waves was explored and showed that the
mechanical behavior of the lung has been significantly distorted
in these cases. In the clinical context of BLI, this information
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We demonstrate a simple technique for quantitative ultrasound imaging of the cortical
shell of long-bone replicas. Traditional ultrasound computed tomography instruments
use the transmitted or reflected waves for separate reconstructions but suffer from strong
refraction artifacts in highly heterogeneous samples such as bones in soft tissue. The
technique described here simplifies the long bone to a two-component composite and
uses both the transmitted and reflected waves for reconstructions, allowing the speed
of sound and thickness of the cortical shell to be calculated accurately. The technique
is simple to implement, computationally inexpensive, and sample positioning errors are
minimal.

Keywords: ultrasound, computed tomography, long bones, bone thickness, bone velocity

INTRODUCTION

X-ray-based modalities are currently used as the primary method to determine bone health
(Genant et al., 1996; Barkmann and Glier, 2011). Unfortunately, they are far from perfect at
predicting the mechanical properties and regular testing of patients cannot be performed due to
limits on X-ray exposure levels. Over the past three decades, quantitative ultrasound methods have
been heavily investigated for quantifying bone health due to the inherent relationship between
ultrasound waves and mechanical properties of materials (Langton et al., 1984; Laugier and Haiat,
2011; Raum et al., 2014).

One of the earliest demonstrations of a portable clinical quantitative ultrasound system to
determine bone ultrasound properties was the CUBA system (Langton et al., 1990) which meas-
ured the broadband ultrasound attenuation (BUA) and speed of sound (SOS) through ultrasound
transmission measurements. However, for long bones, most recent efforts have focused on single-
sided pulse-echo techniques to determine the cortical shell thickness and SOS (Foldes et al., 1995;
Sievdnen et al., 2001; Chen et al., 2004). These instruments require a highly trained operator to
make decisions on how and where to place the transducers on the skin, making them inherently
operator dependent. A computed tomography (CT)-based quantitative ultrasound approach for
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long bones would not require a highly trained operator, would
be highly repeatable, and provide 3D detailed spatial information
to the clinician as well.

There has been a plethora of research into quantitative ultra-
sound computed tomography (UCT) for soft tissues for applica-
tions such as detecting cancer risk in breast tissue (André et al.,
2013). In these soft tissues, refraction artifacts have a small but
significant effect on reconstructed images. Several image recon-
struction methods have been developed to overcome this small
perturbation from the straight ray approximation. Unfortunately,
using these techniques in highly heterogeneous media such as
bone in soft tissue is not possible (Lasaygues et al., 2010).

Typically, there are two types of UCT techniques: transmis-
sion UCT (T-UCT) and pulse-echo UCT (PE-UCT). T-UCT
uses a similar principle to traditional X-ray CT by measuring
the ultrasound pulse transmitted through the sample at different
rotation angles and translational positions. In soft tissue, this can
produce accurate high-resolution quantitative maps of BUA and
SOS in the tissue. In samples containing bone, the images are not
quantitative and produce a blurry image of the bone; the cortical
thickness cannot be accurately measured.

Pulse-echo UCT methods are usually defined as non-quanti-
tative; they usually cannot provide a SOS map of the bone. They
can produce high-resolution images of the outer bone surface.
To determine the structure of the inner cortical shell surface, a
bone SOS value based on previous ex vivo ultrasound transmis-
sion measurements of a population is used. Since bone SOS is
an indicator of bone health as well as cortical shell thickness, the
reconstruction of the shell inner surface is unreliable using this
technique.

The Lasaygues group has led the way in extending UCT
to allow quantitative imaging of the long-bone cortical shell
with two main methods developed. Compound Quantitative
Ultrasonic Tomography (CQUT) is an iterative experimental
method that compensates for refraction by adjusting the trans-
mitting and receiving transducer locations and angles to sample
the equivalent straight path through the bone (Lasaygues, 2007).
Distorted Born Diftraction Tomography (DBDT) uses a single set
of experiments but performs iterative simulations of the sample
(Lasaygues et al., 2006). Although both CQUT and DBDT have
resulted in good quantitative images of the cortical shell, they
require either multiple experiments and heavy data processing
requirements (CQUT) or are very computationally time expen-
sive (DBDT). A fast and simple technique for quantitative UCT
of long bones to output the key clinically relevant metrics has not
been developed yet.

Here, we demonstrate a simple and fast UCT technique (PE-T-
UCT) to extract an average bone SOS and a mean cortical shell
thickness. The useful data in T-UCT are combined with the recon-
structed PE image using a two-component model of the cortical
shell. We then used this averaged SOS to accurately reconstruct
each PE image, avoiding the use of a population averaged SOS.

THEORY

Measuring bone SOS and cortical shell thickness using trans-
mitted and reflected pulses has been proposed by Zheng and

Lasaygues (2013) using single-element transducers at a single
angle. It is extended here using reconstructed PE-UCT and
T-UCT data instead of the raw echo data. We also use multi-
element transducers so that positioning errors are minimal and
a better sample average is obtained. For a simple two-component
model of cortical bone, the SOS in the bone cortical shell (v;)
is assumed to be a constant and all other volumes are assumed
to have the SOS in water (v, = 1,483 m/s). The apparent delay
time (At) of an ultrasound wave travelling through the bone is
measured directly in T-UCT. It is calculated as the time taken
for the ultrasound wave to pass through the sample minus the
time through a reference measurement (water only). It is related

to v, by
At:d[i_ij.
vb vw

Here, d is not the bone diameter, but rather the total length of
bone that the ultrasound wave propagates through to be detected
at the receiving transducer. If we only consider propagation
through the middle of the bone, then d is given by the addition
of the bone shell thickness on both sides (T;, T,) that the wave
propagates through

d=T,+T,=(, +t,)v,,

1

2

where f; and t, are the time taken for the wave to propagate
through the first and second sides of the bone shell, respectively.
These equations can be solved to find the SOS in bone as

t+t,— At
b = Vi .
t,+t,

(©)

Although t, and t, can be measured directly in a PE sonogram,
it is more intuitive to use the reconstructed PE-UCT image. This
is particularly important in complex samples where different
transducer positions are required to resolve the inner and outer
interfaces. In the PE-UCT reconstruction, the SOS is assumed to
be v,, everywhere, causing the shell thickness to appear thinner
in a PE-UCT image. This reduced thickness (T, or T)) can be
converted back into a shell propagation time using

_r
-

w

t (4)

Combining Equations (3) and (4) allows the calculation of
v, for various angles of sample rotation. The true cortical shell
thickness uses the calculated v, values along with the measured
apparent thickness values to calculate the corrected thickness
values:

=T (5)
VW
EXPERIMENTAL METHODS

Data Acquisition

The samples were scanned using a lab-built UCT system
(Althomali et al., 2017a,b). Two 2.25-MHz 128-element linear
phased-array transducers (Olympus, Corporation, Shinjuku,
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Tokyo, Japan) were used with an element width of 0.75 mm
(xy-plane) and height of 12 mm (z-axis). The total transducer
width was therefore 128 X 0.75 = 96 mm. One transducer acted as
atransmitter and receiver (for PE-UCT), and the other as a receiver
only (for T-UCT). They were coaxially aligned in a fixture 137
mm apart and immersed in a water tank with the sample placed
roughly in the center between the two transducers. To obtain a 360°
ultrasound scan (in 1° steps), the phased-array transducers were
rotated around the z-axis using a user-programmed Motoman
HP6 robotic arm (YASKAWA Electric Corporation, Japan). Each
transducer was connected to an Omniscan MX device (Olympus,
Corporation, Shinjuku, Tokyo, Japan), and controlled by the
Olympus TomoView software (version 2.7, Olympus, Corporation,
Shinjuku, Tokyo, Japan), to emit and receive the ultrasound signals.
Figure 1 shows a schematic representation of the UCT system.
TomoView was used to set all signal acquisition parameters
as well as the beam profile. The transmitting transducer was set
to fire five neighboring elements at a time (equivalent emitter
size of 3.75 mm). These set of five elements were incremented
by one for successive scans to give a total of 124 measurements
per rotation angle per transducer. The transmitting transducer
received data only on the central firing element. The receive-
only transducer was set to receive on the same element number
directly opposite. Ideally, this results in both transducers only
sampling 124 straight paths perpendicular to the transducers.
The electronic gain on each transducer was set dynamically
depending on the sample to minimize saturation but still resolve

all the sample features. The digitization frequency was 25 MHz
and the pulse length was 300 ns.

Samples

A simple hollow cylinder structure was studied first to demon-
strate the PE-T-UCT concept. Two hollow Perspex cylinders were
used with outer diameters of 25 and 35 mm and labeled as P25
and P35, respectively. The holes were drilled as close as possible
to the center and the thickness of the shell was approximately
7.5 mm. Although these do not represent real bones, they are
simple test cases for demonstrating the PE-T-UCT concept and
they have no variation in the z-direction, and hence there are
minimal slice averaging effects.

To demonstrate the concept with long bone like shapes, a
plastic femur bone from 3B Scientific was used. Three plastic-
bone segments each approximately 30 mm long were cut. Holes
were drilled through the center of each segment and allowed to
fill with water in UCT experiments to mimic the medullary cav-
ity. One sample (PB1) was taken from the Metaphysis and two
(PB2 and PB3) were taken from the Diaphysis. Figure 2 shows a
photograph of the samples.

PE-UCT Reconstructions and Reduced

Thickness Calculations
Pulse-echo UCT reconstructions were performed using the fully
rectified data collected from the transmitting transducer. Time

Vertical
, Movement

Micro

l Controller

x y
Rotational
Movement Robotic
Arm
Water Tank

Omniscan
Device

Rotated Transducer
(Transmitter & Receiver)

ultrasound computed tomography.

FIGURE 1 | Schematic representation of the UCT system. The robotic arm is used to position the transducers such that the sample is approximately centered
between the transducers in the xy-plane and positioned at the correct z-position for imaging. The robotic arm also rotates the transducers during acquisition. UCT,

Rotated

Transducer
(Receiver)
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J
7.5 mm

PB1 RBY

FIGURE 2 | Photograph of the Perspex cylinder samples: P25 and P35 with
25 and 35 mm diameters, respectively, and the plastic-bone samples: PB1,
PB2, and PB3.

since transducer firing (t) was converted into a distance perpen-
dicular to the emitting transducer (y') using

(6)

Using the element position on the transducer (x') and the
rotation angle, the location that the signal originated from can be
calculated in the stationary frame (x, y). Each signal from a total
of 124 x 360 = 44,640 scans were then binned onto a common
xy grid (square pixel size of 0.375 mm) and summed.

Image]J was used to remove reconstructed interfaces originating
from reflections from the sample interfaces on the far side of the
sample. These reflections appear much closer to the center of the
samples due to the higher velocity experienced through the first
side of the sample. They are easily identified by reconstructing only
the first half of the data to give a one-sided view of the sample. For
the Perspex samples, the inner and outer interfaces were identified
using the “findpeaks” function in MATLAB (release 2016b, The
MathWorks, Inc., Natick, MA, USA) in a fully automated fashion.
For the plastic-bone samples, identification of the interfaces was
required by manually drawing a polygon of the inner and outer
interfaces over the reconstructed images and thresholding. The
apparent shell thickness (T} or T,) as a function of rotation angle
(8) was found by rotating the image by 6, finding the center of the
bone on the x'-axis and taking the average thickness along the
y'-direction over a width of 1.875 mm. Samples were taken over
360° in 1° steps to compare with the transmission data.

y=v,1/2.

Calculating Apparent Delay Time from

Transmission Data
The apparent delay time for each element at each 0 is found as
the difference in time of arrival (using the maximum of the fully

rectified data) of the ultrasound pulse at the receiver compared
with when there is no sample present (water only). For samples
with an SOS higher than water, this results in a negative At if the
path length of the received sample is equal to the path length in
water. For each 0, only At that satisfy —20 < At < —0.5 ps are used.
These bounds were chosen to remove physically unrealistic data
that can occur when the signal strength is below the noise level.
If there are no elements for an angle that satisfy these criteria, the
angle is not used for further calculations and the corresponding
T and T, calculated earlier are also removed from further calcula-
tions. From the allowed At values, the middle (spatially along the
transducer) third elements are used to calculate a mean value of
At for each allowable angle.

SOS and Thickness Calculations

The set of calculated Af, T and T, values are then used to cal-
culate a set of v, values using Equations (3) and (4). If any of the
v, values are outside the bounds of 1,500 < v, < 5,000 m/s then
they are excluded along with the corresponding T, and T, values.
From these allowed v;, T, and T, values, the corrected thickness
values are then calculated from Equation (5). Average values of
the bone SOS (v,) and shell thickness (T) are then calculated. For
visualization of the cortical shell in the PE-T-UCT image, ¥, is
used to reconstruct the inner interface of the cortical shell along
with the existing outer shell from the PE-UCT reconstruction.

Reference Measurements

Speed of sound measurements of the bulk materials were taken
with the same experimental apparatus except the transducers
remained stationary. For Perspex SOS measurements, a large
rectangular Perspex prism was positioned with its largest faces
parallel to the transducers; the path length was 24 mm. For plastic
bone, an 8 mm thick slice of the femur was cut and positioned
with the cut sides parallel to the transducers. In both materials,
an average At was taken over the middle half of the samples and
the v, was calculated using Equation 1.

To determine the actual shell thickness of the samples, optical
images of the samples in the xy-plane from one side were taken
using a desktop optical scanner. Thresholding in Image] was used
to produce binary images of the sample cross-sections for com-
parison with UCT images and to calculate the average cortical
shell thickness. For plastic bone 1, the side closest to the middle of
the shaft was used. For the plastic-bone samples, there are slight
changes in morphology across the length of the cut samples so
the images and derived shell thickness are not as accurate as the
Perspex samples.

T-UCT Bulk Attenuation Map

Reconstruction

Bulk attenuation (p) maps were reconstructed from the fully
rectified transmission data using MATLAB. The ultrasound
pulse amplitude through the sample (I) for each element and
angle is compared with the amplitude through water alone (Io)

to calculate f using
I
—2010g( % )

B ™)
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This produces a 124 X 360 element matrix representing the
124-transducer element locations in the rotating frame and 360
rotations. A 5-pointimage median filter was then applied to reduce
the noise level using the “med2filt” function. Image reconstruc-
tion was then performed using the inverse radon transformation
(“iradon” function) with linear interpolation and Ram-Lak filter.
Finally, a 33% threshold was applied to the reconstructed image
for clarity. Reconstructions using the metrics of BUA and SOS
were also attempted. Unfortunately, the data were too noisy for
BUA calculations and the SOS reconstruction was nonsensical
in most samples.

RESULTS AND DISCUSSION

Strong refraction and reflection in the transition of ultrasound
waves between soft tissue and bone have a detrimental effect
in T-UCT. Figure 3 shows the received ultrasound signal
across the elements after propagating through the 35 mm
hollow Perspex cylinder. Since the SOS in Perspex is higher
than water, there should be a negative time delay seen at the
receiving transducers in the absence of refraction. Through the
center of the cylinder where the curvature is at a minimum this
does occur and the delay time would be correctly calculated
for image reconstruction. As we look further from the center,
the delay time increases toward zero even though the bone
projection should appear thicker away from the center. This is
due to refraction; the path length is increasing and offsetting
the higher SOS in the Perspex. Far from the center, there is a
positive delay time due to the very high reflection of most the
incident plane wave. The only part of the wave that is detected by
the receiving transducer element has gone through such large
refraction angles that the path length has increased greatly.
This phenomenon makes it impossible to reconstruct high-
resolution qualitative (let alone quantitative) reconstructions

of bone in T-UCT without using more complicated methods
(Lasaygues et al., 2010).

Figure 4 shows cross-sections of the samples studied and
reconstructed UCT images. The PE-UCT images generally repre-
sent the outside of the samples quite well except for PB1 where the
overall size looks the same but the surface shape looks different.
This could be because we probed the middle of the sample in UCT
but used the end of the sample for reference images. For the other
samples, this is not as much a problem since their morphology
does not change drastically over the sample height like PB1. The
T-UCT images give a blurred image of the sample cross-sections.
In general, the size appears contracted but also broadened result-
ingin smaller and denser images. The PE-T-UCT reconstructions
improved the inner surface of the PE-UCT images greatly. This
is most noticeable in PB2 and PB3 samples where the hole has
almost returned to being perfectly circular.

To gain a quantitative understanding of how well the UCT sys-
tem performed, Table 1 shows the calculated bone outer diameter,
SOS, and bone thickness, as well as the reference measurements
values. First, we calculate the average sample outer diameter (D)
to see how well the PE-UCT system is working. The PE-UCT
system performed quite well considering it is a lab-built system.
The diameters measured for P25 and P35 suggest that there may
be a slight center of rotation offset error in the system as they
both have a positive error value. These values suggest that the
best accuracy of the PE-UCT system is approximately 0.5 mm
for measuring the bone diameter. Although this is a large value
compared with the thickness of the samples, this error will have
little effect on the bone thickness measurement and SOS since
the same offset will apply to the inner diameter of the bone. In
the P25 and P35 samples, the samples have a perfectly circular
cross-section, and therefore the SD (o) in the actual diameters
is near 0. Therefore, the PE-UCT SD in P25 and P35 samples
(~0.2 mm) indicates the precision of the PE-UCT system.

transducer position (mm)

1 1

15 30 45
propagation length(mm)

signal is normalized to the maximum value separately for clarity.

FIGURE 3 | Schematic representation of ultrasound propagation through a hollow 35 mm diameter Perspex cylinder (left) and the resulting ultrasound signal
amplitude detected at the receiving transducer as a function of time (right). As each wave propagates from the transmitting transducer, it experiences different
propagation speeds when it travels through different media. Each wave can also experience different path lengths if there is significant refraction occurring. The
combination of both effects results in a time delay registered at the receiving transducer compared with propagation through water alone. Each transducer element

-4 0 4
time delay (us)
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FIGURE 4 | From left to right: the sample dimensions from optical micrographs, PE-UCT reconstructions, PE-T-UCT reconstruction, and T-UCT reconstruction.
From top to bottom: P25, P35, PB1, PB2, and PB3. The scale is the same for all images which are 60 mm x 60 mm in size and the tick marks are 15 mm apart.
PE-UCT, pulse-echo ultrasound computed tomography; T-UCT, transmission ultrasound computed tomography.

The results for PB1-3 are, as expected, not as good as the ideal
Perspex samples. This is in part due to the inaccuracy of the
reference measurements, but also due to the increased noise in
the rougher plastic-bone samples. Given the larger distribution
of diameter sizes in the plastic bones, the largest error of less than
4% is still quite reasonable for a lab-built system.

The SOS measurements for the bulk materials compared with
the mean SOS from PE-T-UCT reconstructions are shown next.

The SOS is consistently slightly underestimated with a maximum
error of <5%. The SD is not sufficiently high to suggest that it is
a noise issue in the measurement technique. It is likely that the
underestimation of the sample velocity is due to refraction in the
samples causing, on average, a slightlylonger path length and hence
a slightly lower delay time in the transmission measurements.
Since both the Perspex and plastic-bone samples are made
of a single homogeneous material, the SOS SD represents the
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TABLE 1 | Tabulated results of the PE-UCT measured mean bone diameter and PE-T-UCT measured mean SOS and mean shell thickness.

Bone diameter (mm) SOS (m/s) Shell thickness (mm)
Actual PE-UCT Actual PE-T-UCT Actual PE-T-UCT
D c D c Vi v, c T c T c
P25 25.44 0.01 26.21 0.12 2,740 2,640 30 7.71 0.01 7.78 0.08
+0.77 +0.11 -100 +0.07 +0.08
P35 35.33 0.01 35.61 0.23 2,740 2,710 30 7.67 0.01 7.49 0.14
+0.28 +0.22 -40 -0.18 +0.13
PB1 35.82 2.87 37.29 3.83 2,230 2,180 60 7.61 0.49 7.90 0.68
+1.47 +0.96 -50 +0.29 +0.19
PB2 28.84 1.87 27.84 2.68 2,230 2,170 210 6.24 0.92 5.86 0.94
—1.00 +0.81 -50 -0.38 +0.02
PB3 27.61 0.85 27.95 0.79 2,230 2,150 80 5.93 0.47 5.55 0.35
+0.33 -0.07 -70 -0.37 -0.12

Actual values refer to measurements from either optical micrographs or SOS measurements of bulk material. Bottom numbers in each cell are the measured values minus the

reference values (if applicable). SD (s) are also shown when appropriate.

PE-UCT, pulse-echo ultrasound computed tomography; SOS, speed of sound; PE-T-UCT, pulse-echo transmission ultrasound computed tomography.

precision of the method. For the simple Perspex samples the
precision is very high at 30 m/s, while for the more complex bone
samples it is closer to 100 m/s.

The average measured shell thickness is shown in Table 1 with
their SD for both optical micrograph and PE-T-UCT measure-
ments. Despite the slight underestimation in SOS values from
PE-T-UCT, there is no clear overestimation in the thickness
values, although the sample size is limited. All the Perspex and
plastic-bone samplesare within 3and 7% of the optical micrograph
measurements, respectively. The Perspex samples have holes that
are well centered, and hence the SD in the optical micrograph
shell thickness is very small. The SD in the PE-T-UCT results sug-
gests that the best possible precision for bone thickness is near 0.1
mm for the PE-T-UCT technique with the UCT setup used. The
bone thickness varies considerably in the plastic-bone samples
which is adequately represented in the PE-T-UCT results.

CONCLUSION AND FUTURE WORK

We have demonstrated a simple UCT method (PE-T-UCT) to
measure the cortical shell thickness and the SOS in the cortical
shell of long-bone replicas. Although it uses standard phased-
array transducers, it can easily be implemented from standard
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Osteoarthritis (OA) is one of the most prevalent joint diseases, which causes pain and
disability in the adult population. OA affects the osteochondral unit in the joints, which
comprises both cartilage and subchondral bone. There has been some progress in
understanding the changes in subchondral bone with progression of OA. However, local
changes in subchondral bone such as microstructure or volumetric bone mineral density
(vBMD) in connection with the defect in cartilage are relatively unexplored. To develop an
effective treatment for progression of OA, it is important to understand how the physical
environment provided by the subchondral bone affects the overlying cartilage. In this
study, we examined the vBMD distribution in the OA joint tissues obtained from total hip
replacement surgeries due to OA, using peripheral quantitative CT (pQCT). It was found
that there is a significant decrease in vBMD, which co-localizes with the damage in the
overlying cartilage. This was not limited to the subchondral bone immediately adjacent
to the cartilage defect but continued in the layers below. Bone resorption and cyst for-
mation in the OA tissues were also detected. We observed that the bone surrounding
subchondral bone cysts exhibited much higher vBMD than that of the surrounding
bones. pQCT was able to detect significant changes in vBMD between OA and non-OA
samples, as well as between areas of different cartilage degeneration, which points to its
potential as a technique for detection of early OA.

Keywords: volumetric bone mineral density, osteoarthritis, subchondral bone, cartilage degeneration, bone cyst,
peripheral quantitative CT

INTRODUCTION

Osteoarthritis (OA) is a degenerative joint disease, characterized by degradation of cartilage and
changes in the subchondral bone. Patients with OA often suffer from pain, loss of mobility, and
go on to require an end-stage total joint replacement. In 2015, 215,502 joint replacements were
performed in England and Wales predominantly for OA (93%) (National Joint Registry for England,
2015). According to the World Health Organisation, 52% of people over 70 years old have OA.
It affects around 400 million people’s lives, and this number will increase with an increasing aging
population (Goldring and Goldring, 2010, Litwic et al., 2013). It has been predicted that the

Frontiers in Materials | www.frontiersin.org

105 November 2017 | Volume 4 | Article 37


http://www.frontiersin.org/Materials/
http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2017.00037&domain=pdf&date_stamp=2017-11-27
http://www.frontiersin.org/Materials/archive
http://www.frontiersin.org/Materials/editorialboard
http://www.frontiersin.org/Materials/editorialboard
https://doi.org/10.3389/fmats.2017.00037
http://www.frontiersin.org/Materials/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:chaozong.liu@ucl.ac.uk
https://doi.org/10.3389/fmats.2017.00037
http://www.frontiersin.org/Journal/10.3389/fmats.2017.00037/full
http://www.frontiersin.org/Journal/10.3389/fmats.2017.00037/full
http://www.frontiersin.org/Journal/10.3389/fmats.2017.00037/full
http://www.frontiersin.org/Journal/10.3389/fmats.2017.00037/full
http://www.frontiersin.org/Journal/10.3389/fmats.2017.00037/full
http://loop.frontiersin.org/people/464480
http://loop.frontiersin.org/people/141955
http://10.13039/501100000341
http://10.13039/501100000833

Tamaddon et al.

A pQCT Study

incidence of OA would be increased to 35% by 2030 (Thomas
etal., 2014). OA affects both articular cartilage and subchondral
bone. The degradation and loss of cartilage during OA stems
from the decrease in the levels of proteoglycans and changes in
biomechanics of the extracellular matrix, altering morphology
and metabolic activity of chondrocytes (Martel-Pelletier et al.,
2008, Maldonado and Nam, 2013). Radiologically, OA is char-
acterized by the narrowing of joint space, osteophytes formation,
subchondral sclerosis, and subchondral bone cysts are usually
observed in advanced cases. In OA, thickness of subchondral
bone comprising both subchondral bone plate and subarticular
spongiosa is increased, mineral content is reduced, and trabecu-
lar structure is changed (Madry et al.,, 2016).

It has been shown that bone mineral density (BMD) changes
are associated with the progression of OA (Sepriano et al., 2015).
Reliable methods to assess BMD have been attracting an increas-
ing interest. Currently, dual-energy x-ray absorptiometry (DXA)
and magnetic resonance imaging (MRI) are used to measure
the BMD. However, MRI techniques are only able to provide an
indirect measurement of BMD (Bennell et al., 2008). Another
technique used for BMD research is quantitative computerized
tomography (QCT), which utilizes an X-ray based device to
measure BMD in three dimensional space (Adams, 2013). One
of the advantages of QCT over the conventional DXA is that
the volumetric bone mineral density (vBMD, mg/cm?) readings
obtained from it, is independent of bone size (Bennell et al,
2008). Peripheral quantitative CT (pQCT) is a type of QCT
that is increasingly used in measurements of BMD especially
in peripheral regions of the body. Although BMD of the joint
is positively associated with prevalence and incidence of OA, its
relationship with the advancement of OA is not well understood
(Lee et al., 2013). More so, scarcely data are available regarding
the local changes in BMD with progressive degeneration of
articular cartilage. The aim of this study was, therefore, to measure
and compare the subchondral vBMD distribution in more
advanced OA joints and correlate vBMD distribution with degen-
eration of overlying articular cartilage. The results would improve
our understanding of the role of subchondral bone remodeling
and resorption on the cartilage degeneration.

MATERIALS AND METHODS

Sample Collection

Femoral heads of nine patients undergoing total hip replacement
were collected at Royal National Orthopedic Hospital, approved
by UK Health Research Authority (REC reference: 15/L0O/2052).
Inclusion criteria consisted of femoral heads which had been
removed during arthroplasty due to clinically diagnosed OA
(n = 7) or due to developmental dysplasia of the hip (DDH)
(non-OA, n = 1). The non-OA sample is used as a reference for
comparison in cartilage grading only. Exclusion criteria included
excessive joint damage or deformation that prevented a successful
analysis. Age of the patients ranged between 25 and 78 (mean
61.14 + 15.7). The characteristics of the patients such as height,
body mass index, history of other disease, and medications were
not disclosed and were not a concern in this study. Specimens

were preserved in 10% neutral buffered formalin at 4°C until
required.

Cartilage Grading

The cartilage on the femoral head was visually graded by two
independent observers using modified Outerbridge classifica-
tion (Wright, 2014) (Table 1). A map was designed containing
36 different regions of interests (ROIs) for analysis of cartilage
degeneration of vBMD distribution, as shown in Figure 1A.
A non-OA femoral head from a 25-year-old patient due DDH
was used as reference for comparison. The reason for replacement
was DDH but the head did not show any severe cartilage damage.

Measurements of vBMD

The femoral heads were introduced into a pQCT machine
(Stratec XCT3000, Germany) to measure the vBMD (mg/cm?).
The samples were scanned through six groups which together
gave information on all 36 ROIs (Figure 1A) on three differ-
ent depth levels: outer (0-5 mm), mid (5-10 mm), and inner
(10-15 mm), as illustrated in Figure 1B. In total, 108 ROIs per
sample were examined. The pQCT scans were analyzed using
XCT3000 software (version 6.20, Stratec, Germany), which
provided direct data on trabecular vBMD (thereafter referred
to as vBMD). The parameters for the pQCT scan were set to 10
slices of 0.1 mm, 0.2 mm voxel size, 180 mg/cm’ threshold and
trabecular area of 90%. Therefore, in total 1,080 ROIs per sample
were obtained, and the vBMD of these 10 slices were averaged
and the mean value was used for each of the 108 analyzed
ROIs (Figure 1B). On those femoral head scanned where cysts
existed, the cysts were excluded in the ROIs as they are filled with
fluid, not bone, and would affect the true vBMD calculations
(Figure 2).

Statistical Analysis

For cartilage grading, Kruskal-Wallis tests were used to
determine any significant differences between OA and non-OA
samples. For vBMD, effects of the two factors (cartilage grading
and depth/level) and their interactions on vBMD were exam-
ined. Data were ranked and aligned as Schapiro-Wilk tests
rejected normality and a nonparametric multifactorial test was
required. Aligned rank transformation (ART) of data was per-
formed using the ARTool software (Kay and Wobbrock, 2017)
available at http://depts.washington.edu/madlab/proj/art/
(Wobbrock et al., 2011). Statistical analysis was then performed
on ART data using the SPSS 22 (SPSS Inc., Chicago, IL, USA)
full-factorial ANOVA. The data were plotted using OriginPro
2017 (OriginLab, Northampton, MA, USA).

TABLE 1 | Outerbridge classification for grading the degeneration of cartilage.

Grade Visual finding

0 Normal articular cartilage

| Swelling and softening of the articular cartilage

Il Fibrillation or superficial fissures of the cartilage

1l Deep fibrillation or fissures of the cartilage without exposed bone
I\ Exposure of subchondral bone
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FIGURE 1 | (A) Panel (a) shows the different ROls, birdview from a left femoral head,

scan line

and panel (b) shows the scan lines on a right femoral head. (B) Shows the
three different scan depths across 6 different regions in group 3, which according to panel (a) are regions 15, 9, 3, 22, 28, and 34. 6 out of 10 slices for this group
are shown.

RESULTS

The Changes in Cartilage Grading and
Subchondral vBMD with OA

Cartilage grading with Outerbridge classification were performed
in all 36 ROIs of OA samples. It was observed that the remain-
ing cartilage on the femoral heads are in varying degrees of

degeneration (I-IV). Whereas in the non-OA control sample
no severe (grade III or IV) cartilage degradation was observed.
Overall scoring of the cartilage showed that the cartilage on
OA femoral heads have significantly higher score than that of
control sample (p < 0.001). Cartilage degeneration pattern in the
OA samples are quite different from that of control DDH sample,
as demonstrated in Figure 3.
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FIGURE 2 | Presence of a large cyst (white arrows) in an osteoarthritis sample.

0
1
I "
111 G
v
~——]
non-OA

degeneration in 25% of regions of interest in OA samples.

FIGURE 3 | Outerbridge scoring (median score) of OA and non-OA samples shows minimal cartilage degeneration in non-OA samples and severe cartilage

The Effects of Cartilage Degeneration and

Depth on Subchondral vBMD

Both cartilage grading and depth had significant effects on vBMD
in the OA group (p < 0.001). Within the OA group, there was
an inverse relationship between the cartilage grading and vBMD
(Figure 4A), meaning that the vBMD decreased with progres-
sively damaged cartilage, which was shown by a weak (r = —0.36),
but significant (p < 0.001) Pearson correlation between cartilage
damage and vBMD. Statistical analysis confirmed a significant
decrease in vBMD with cartilage damage (p < 0.001) with an
exception between grade II and III cartilage.

In the outer levels, the subchondral bone adjacent to the grade
I cartilage had a vBMD of 423 mg/cm® (+161); this decreased
to 358 mg/cm’ (+157) for the subchondral bone adjacent to the
grade II cartilage, and 333 mg/cm’ (+143) for the bone beneath
grade III cartilage. Much lower vBMD values, 246 mg/cm’ (+96),
was observed for the subchondral bone adjacent to a more
severely degraded grade IV cartilage.

Also, the depth from the cartilage surface significantly affected
the vBMD measurements (p < 0.001), where mid levels showed
significantly lower vBMD compared to outer and inner levels, as
shown in Figure 4B.
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The Combined Effects of Cartilage
Degeneration and Depth on
Subchondral vBMD

The decline in vBMD with cartilage grading was observed
not only in the outer level, which is adjacent to the overlying
cartilage, but also in mid and inner levels, which are distant to
the degenerated cartilage as shown in Figure 5.

There was a significant interaction between cartilage degen-
eration and depth (p = 0.003), which means that cartilage
degeneration affected vBMD in some levels more than oth-
ers. In fact, the level with the most change was the outer level
(761.01 — 121.54 = 639.47 mg/cm?), followed by the middle level
(648.73 — 132.93 = 515.8 mg/cm’) and finally by the inner depth
(658.21 — 153.72 = 504.49 mg/cm’®) (Figure 6A). This shows that
the advanced cartilage damage (grade IV) affects outer levels
significantly more than mid and inner layers.

Another interesting observation was related to the vBMD sur-
rounding the subchondral bone cysts. These subchondral bone
cysts were present in all of OA cases and areas surrounding the
cysts showed a significantly higher vBMD (894.8 + 64 mg/cm’)
compared to the neighboring sites (Figure 2).

DISCUSSION

We investigated the effects of cartilage degeneration in the OA
joints on subchondral vBMD both locally and distantly to the
overlying cartilage, as well as the association of vBMD in OA
subchondral bone with the degree of damage in the articular
cartilage as assessed through pQCT.

We observed that degradation of cartilage in the OA joints
had a significant effect on vBMD distribution in the subchondral
bone. In the layer adjacent to the overlying cartilage, the vBMD
decreased significantly with cartilage degeneration (Figure 5).
This could be explained by the fact that cartilage damage induced
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FIGURE 5 | Volumetric bone mineral density (vBMD) of OA samples
according to both cartilage grading and depth.

by OA can lead to increased bone remodeling as a result of
changes in the loading regime. This may lead to excessive bone
turnover, increased bone fraction, and decreased levels of min-
eralization (Grynpas et al., 1991; Fazzalari and Parkinson, 1997;
Stewartetal., 1999; Cox etal.,, 2012; Yuetal,, 2016), all leading to a
decreased vBMD. However, the literature is not conclusive on the
effects of OA pathology on trabecular density (Karvonen et al.,
1998). A study by Dore et al. (2010) suggested that subchondral
BMD could not predict cartilage loss, while other studies on OA
joints claimed that there is no association between changes in
OA grade and changes in BMD (Muehleman et al., 2002; Haugen
et al., 2007; Abdin-Mohamed et al., 2009). Nevertheless, we
observed a decreased subchondral vBMD with a pattern that
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FIGURE 6 | (A) Changes in volumetric bone mineral density (vBMD) of OA femoral heads in outer, mid, and inner levels according to cartilage grading. (B) Outer and
inner levels are highlighted (blue and red, respectively) in the femoral head to illustrate the density of each region.

associates with zones of damage in articular cartilage, indicating
that the subchondral trabecular vBMD declines with increasing
OA pathology, which was shown by the negative correlation of
vBMD with Outerbridge Cartilage Scale grade as demonstrated
in Figure 4A. This may show the potential of using pQCT for
detection of early OA based on changes in vBMD; based on our
results, with progression of OA, for example from grade I to grade
I1, a significant decrease is detectable by pQCT.

A search in the literature would hint to conflicting results
regarding BMD changes with OA. While studying patients
affected by OA, some researchers have discovered higher BMD
in the joints, while others have not observed the same effects
(Sandini et al., 2005). Sandini et al. looked at femoral BMD in
subjects with OA and although they found increased bone min-
eral content and bone size, they did not observe higher BMD in
those subjects. This was also accompanied by a faster BMD loss
compared with healthy controls. Conversely, Lee et al. (2016)
observed that hand and knee OA were negatively associated with
the BMDs of the lumbar spine and femoral neck.

These controversies surrounding the relationship between
BMD and OA may be explained by the following factors: dif-
ferences in the measurement methods and differences in the
measurement sites. One must note the difference between
vBMD and BMD; the former is a volumetric measurement
determined using QCT methods such as pQCT, while the
latter is an areal measurement quantified using methods such
as DXA. DXA provides a reliable evaluation of areal bone
density but is incapable of distinguishing between cortical
and trabecular bone (the parameter measured and discussed
in this article) or take into account changes in the bone size,
which may overestimate the resultant BMD, whereas pQCT
can provide accurate measurements of true vBMD and can
supply isolated measurement of cortical and trabecular bones

(Abdin-Mohamed et al., 2009). As such, although radiographic
OA of the knee is known to be connected to elevated areal BMD
at the hip and spine, the vBMD of tibia was not increased in
patients with knee OA (Lee et al., 2016).

Another important factor which may cause confusion when
comparing BMD/vBMD data across different studies is the meas-
urement site (i.e., systemic, distal, or local measurements). For
example, Lee et al. showed that BMD loss, measured at a distant
site, is associated with progressive loss of cartilage in knees with
OA, confirming what was observed by Zhang et al. (2000) that
again BMD loss is linked with deterioration of the joint shown
by radiographic joint space narrowing. Changes in BMD with
OA may differ in different joints. For example, using Raman
Spectroscopy it has been shown that the subchondral bone
from OA hip joints can have reduced mineral-to-collagen ratio
(decreased vBMD), whereas subchondral bone from OA knee
joints can have increased mineral-to-collagen ratio (increased
vBMD) (Buckley et al., 2014).

The results from our study suggest that vBMD is highest in
the outer layer of the trabecular bone, followed by the inner
layer, and finally the mid layer as demonstrated in Figure 5B.
The outer layer includes the cortical subchondral bone plate
which may explain the highest vBMD. The fact that inner layers
showed higher vBMD compared to mid layer may be explained
according to the trabecular patterns observed by Wolft’s Law,
where the inner layer in our study coincides with the denser
region of where principal compressive and tensile trabecular
groups meet as shown in Figure 6B.

The level which experienced the most change with increas-
ing OA grade of the cartilage was the outer level, as shown in
Figure 6A, suggesting that the outer layer is the most affected
one by the cartilage degeneration in the OA joints and the core
in the femoral head was the one least affected. This is possibly
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because OA pathology related changes such as cysts or microc-
racks occur much more on the surface than in deeper layers. In
fact, two studies performed on OA patellae and tibial plateaus in
different depths showed similar results and found that the least
dense layer was the internal layer (Burnett et al., 2016) and deeper
trabecular bone layers have decreased vBMD compared to the
surface (Johnston et al., 2011).

We observed subchondral bone cysts in all of OA samples,
which are consistent with other reports on OA hip (Chiba et al.,
2014). These fluid-filled voids in subchondral bone, which are
typically referred to as “subchondral bone cysts,” are normally
reported in OA patients. There are two main theories about the
source of subchondral bone cysts in OA. The “synovial fluid
intrusion” theory suggests that due to cracks in the osteochondral
region, synovial fluid enters into subchondral bone and leads to
development of these cysts; while the “bone contusion” theory
proposes that the necrotic lesions in subchondral bone, gener-
ated by abnormal mechanical stress result in microcracks, edema,
focal bone resorption, and subsequent cyst formation (Li et al.,
2013). Our study showed that the vBMD of the subchondral
bone surrounding the cysts are significantly higher than the
neighboring areas, indicating possible bone remodeling as a
result of cyst formation. Increased local BMD has also been previ-
ously associated with bone marrow lesions in patients with knee
OA (Lo et al,, 2005), showing a positive relationship between
loading and BMD as the response of bone to local stresses.

Further studies in the field could increase the understanding
of OA pathogenesis and facilitate the development of new and
improved treatments, possibly using pQCT techniques.

CONCLUSION

The local changes in subchondral vBMD with OA were assessed
in OA femoral head using pQCT. We observed a negative asso-
ciation between local vBMD and severity of cartilage damages,
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Holotomography, a phase-sensitive synchrotron-based (UCT) modality, is a quantita-
tive 3D imaging method. By exploiting partial spatial X-ray coherence, bones can be
imaged volumetrically with high resolution coupled with impressive density sensitivity.
This tomographic method reveals the main characteristics of the important tissue
compartments in forming bones, including the rapidly changing soft tissue and the
partially or fully mineralized bone regions, while revealing subtle density differences in
3D. Here, we show typical results observed within the growing femur bone midshafts
of healthy mice that are 1, 3, 7, 10, and 14 days old (postpartum). Our results make
use of partially coherent synchrotron radiation employing inline Fresnel propagation in
multiple tomographic datasets obtained in the imaging beamline ID19 of the European
Synchrotron Radiation Facility. The exquisite detail creates maps of the juxtaposed soft,
partially mineralized and highly mineralized bone revealing the environment in which
bone cells create and shape the matrix. This high-resolution 3D data can be used
to create detailed computational models to study the dynamic processes involved in
bone tissue formation and adaptation. Such data can enhance our understanding of
the important biomechanical interactions directing maturation and shaping of the bone
micro- and macro-geometries.

Keywords: mouse, femur, midshaft, bone formation, 3D data, holotomography

INTRODUCTION

Growing bone exhibits a complex architecture in 3D. The tissue undergoes extensive reorganiza-
tion and restructuring of the initially deposited, “primitive” bone material. Consequently, these
forming tissues exhibit a range of morphologies that are all “normal” albeit different. They co-exist
in the growing skeleton or during healing, for example, following fracture or biomaterial implan-
tation. Initially, after the non-mineralized osteoid matrix starts to mineralize, bone material in
both formation and healing conditions appears as a highly porous structure, where mineralized
and soft tissue are intermixed. Such early formed bone tissues gradually transform and rearrange
into solid cortical bone that eventually takes on the appearance of the mature tissue (Miller
et al., 2007; Manjubala et al., 2009; Lange et al., 2011; Preininger et al., 2011; Sharir et al., 2011;
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Vetter et al., 2011; Rohrbach et al., 2013; Bortel et al., 2015). The
early formed tissue morphology is thus transient and contains
zones of markedly different morphologies, e.g., woven bone
and lamellar bone, such that different degrees of mineralization
are observed in adjacent bone sites at the same developmental
timepoint. This dynamically changing partially mineral-
ized tissue can take-on a range of different geometries, with
mechanical properties that are difficult to define and measure.
Detailed information about both architecture and density is
thus necessary for understanding and possibly predicting bone
growth and tissue repair.

Much insight into the temporal and spatial events taking
place during skeletal development has come from ex vivo
experiments, with important contributions from mouse models
(e.g., Richman et al.,, 2001; Nowlan et al., 2010; Sharir et al,,
2011). A handful of studies have focused on understanding the
morphogenesis and structural changes that the initially tem-
plated bone structures undergo. For the long bones in the limbs,
radial growth followed by shaping appears to define the outline
of the bones, adapting them into hollow tubes that sustain the
future mechanical needs of animal locomotion. Ferguson et al.
(2003), for example, used 2D cross-sections to study changes in
the femoral bones of C57BL/6 mice. They observed a transition
from a fairly round profile into an elliptical shape, a change that
takes place between 7 and 8 weeks of life. Bortel et al. (2015)
observed condensation occurring in the midshaft cortex within
14 days after birth. Sharir et al. (2011) examined neonatal shape
formation in the C57BL/6 mice strain limbs and observed
a temporary cortical asymmetric thickening with preferred
zones developing mineralized struts on the periosteal side. By
comparing their results to findings in a mutant mouse (mdg)
strain that lacks skeletal muscle contractility, Sharir et al. (2011)
proposed that intrauterine muscle forces have an important
effect on the shape of the prenatal bones. Other studies support
the assumption that muscle activity guides shape formation in
bone development, as observed for example in mouse mutant
models with targeted muscle immobilization (Nowlan et al.,
20105 Sharir et al., 2013). Thus, understanding the mechanical
environment and the loads and stresses appearing during tissue
growth are essential for understanding healthy tissue formation
as well as for predicting health or pathology during bone tissue
growth.

In addition to morphological characterizations, several
studies have revealed typical changes in the distribution of
mineral density in normal forming bones. Price et al. (2005)
performed a 2D histomorphometry study comparing bones
of three different mouse strains from 1 day up to 1 year after
birth, and they observed a densification of the bones within
the first 4 weeks of life. Richman et al. (2001) used peripheral
quantitative computed tomography to examine bones from
CH3/He]J and C57BL/6 mice aged 7-56 days. The authors found
a link between morphological characteristics and peak mineral
density observed in the adult animals. Higher cortical thickness
and decreased marrow canal areas in postnatal and pubertal
ages were found to be linked to high peak mineral density in the
adult animals. Sharir et al. (2013) observed that during birth,
mineral density and bone stiffness become temporarily reduced,

possibly due to increased local bone resorption. It is compelling
to consider this as a possible preparation process for easing
parturition. In the forming tibia of Balb/c mice, Miller et al.
(2007) observed that the mineral density immediately after birth
is about 50% lower than the value observed in mature bones. At
the same time, those authors observed that the elastic modulus
only reaches approximately 14% of the mature value. Note that
these authors used nanoindentation measurements, which are
by now the standard method to obtain the elastic properties
of such small samples. These findings indicate that there is no
trivial correlation between estimates of the bone mineral density
and the measured bone stiffness in the forming bone structures.
Indeed, precise estimations of mineral or mass density of the
(no-treated) bony tissue are demanding (Dierolf et al., 2010;
Zanette et al., 2015). Furthermore, it is likely that the soft tissue
has a significant effect on the overall mechanical competence of
the growing bones.

A few studies employed sub-micron resolution characteriza-
tion methods to study nanostructural changes that occur during
murine long bone formation, revealing important changes in
the mineral particle morphology and arrangement (Fratzl et al.,
1991; Lange et al., 2011; Mahamid et al., 2011). A transformation
toward longer and thinner nanoparticles in the bone (at length
scales of less than 100 nm) appears to accompany a change in the
orientation of the long axis of the mineral particles at the nanom-
eter length scale, as they take-on a preferential arrangement
parallel to the long bone axis. These structural changes take place
at the same time that average tissue mineral density increases
with intermixed zones of low mineral content “filling in” the gaps
(Price etal., 2005; Sharir etal., 2011; Bortel et al., 2015). Following
these structural changes, a rigid mature bone structure emerges,
capable of sustaining loads and fulfilling locomotion and related
mechanical needs, but at the same time capable of adapting to
external mechanical loads (Willie et al., 2013).

The last decade has seen the study of bone structure and func-
tion benefit immensely from the incorporation of 3D imaging
methods, in particular by microcomputed tomography (pCT).
A variety of commercially available pCT instruments have
emerged that are able to produce high fidelity virtual models
(tomography data) of bone morphology with details of struc-
tures deep down into the sub-micron length scale. At the same
time, large-scale X-ray facilities worldwide (Beamlines within
synchrotron radiation storage rings) have been advancing both
X-ray source technology and detection quality continuously
increasing both resolution and flux. The high flux and use of
narrow-bandwidth illumination has led to high density spatial
resolution, well suited to measure small variations in mineral
densities in bones (Salomé et al., 1999; Nuzzo et al., 2002).
More recently, nanoCT has emerged as a method for measuring
density distribution at the sub-micron length scale by making
use of phase contrast effects that take place when partially
coherent X-ray beams propagate through an object (Guigay,
1977; Momose and Fukuda, 1995; Snigirev et al., 1995). While
phase contrast imaging is long known to be very sensitive to
small density objects in the beam (Cloetens et al,, 1999b),
quantification of the X-ray interaction with the material is not
straightforward, requiring integration of results from multiple
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different measurements to resolve ambiguities. This is needed
because not all structural features are recorded in a single
tomographic dataset due to missing spatial frequencies in the
projected radiographic images (known as missing frequencies in
the Fresnel propagation transfer function) (Zabler et al., 2005).
Consequently, several (at least two) projection images have to be
captured per tomographic rotation angle, using measurements
obtained at different sample-to-detector distances (Langer et al.,
2010a; Langer and Peyrin, 2016). Experience has shown that
four different measurements or more are optimal to obtain high
quality reconstructions. Several algorithms have been developed
to extract the phase shift and quantitatively reconstruct the 3D
refractive index. This spatial information can then be converted
into mass-density distributions by simple scaling (Paganin et al.,
2002; Langer et al., 2010a,b, 2012a; Langer and Peyrin, 2016).
The imaging and reconstruction approach known as holoto-
mography (Cloetens et al., 1999a) exhibits high sensitivity to low
absorbing material, e.g., soft tissue, because it is very sensitive
to small changes in structure and/or composition. Thus, despite
the increased experimental and computation complexity as
compared with laboratory-based (uCT), holotomography has
significant potential for revealing the 3D distribution of juxta-
posed low and high mineralized structures of bone tissue.

Holotomography has been used in a handful of studies on
bone. In 2009, Komlev et al. (2009) described the application
of pseudo-holotomography to study bone implant integration
in a mouse model. The authors reported high-resolution char-
acterization of the implant-site morphology while visualizing
vessel growth in the engineered implant. Giuliani et al. (2013)
evaluated the quality of repaired defects in human mandibles
3 years after implantation of stem cell seeded scaffolds. Using
a combination of histology and holotomography, the authors
characterized the artificial bone scaffold as well as the infused
vessels showing that the experimental bone defect was filled
with highly vascularized compact bone rather than with physi-
ologically spongy bone. Exploiting projection geometries and
nanoCT, holotomography was successfully used in bone to
analyze spatial variations in mineralization at the micrometer
length scale (in and around osteocyte cell lacunae) (Hesse et al.,
2015) and collagen-fibril orientation variations (Varga et al,
2013). More recently, nanoCT-based holotomography was used
as a basis for mechanical modeling of stresses and strains around
osteocyte cells in bone (Varga et al., 2015). For a review of these
X-ray methods and related experimental considerations, see
(Langer and Peyrin, 2016).

In this work, we demonstrate how holotomography can be
used for the quantification and reproduction of the substantial
morphology and mineralization changes that take place during
bone tissue genesis, in normal growing mouse bone. Our proof-
of-concept results demonstrate the exquisite amount of structural
and compositional detail that can be extracted from the growing
bone tissue at micrometer resolution. The spatially well-resolved
mass-density distributions help us identify the variations in
arrangement and distribution of the intricate soft tissue as well
as a range of mineral densities in the forming hard tissue. Such
data forms an important step toward creating reliable computer-
generated 3D models at high resolution and with extensive detail.

Our work showcases the richness of the available 3D high-grade
histological data, obtained by employing quantitative phase-
retrieved tomography with sub-micrometer resolution using
partial coherence synchrotron radiation X-rays.

MATERIALS AND METHODS

Samples

Female, wild-type C57BL/6 mice were obtained following rou-
tinely discarded healthy litters maintained at the Max Planck
Institute of Molecular Genetics, Berlin, Germany. Breeding,
housing, and euthanasia were performed according to state
legal regulations, not for any specific animal experiment, in
accordance with the German animal protection law (TierSchg,
§ 7(2)). An ethics approval was not required as per national
regulations and institutional guidelines. The left femora (n = 1/
age) were dissected from carcasses of mice aged 1, 3, 7, 10, and
14 days after birth. The outer soft tissues (skin and muscles) were
partially removed ensuring the bones remained intact, and all
samples were fixed and stored in 70 wt% ethanol at 4°C. Tests
were conducted to ensure that dehydration in ethanol did not
affect the hard tissue architecture, as shown in calibration and
reproducibility experiments comparing the bone dimensions
before and after dehydration (Bortel, 2015). For pCT imaging,
each sample was maintained in an ethanol atmosphere, mounted
within small polypropylene cylindrical vials.

Holotomography Measurements

The midsection of each femur was scanned at the long micro
tomography beamline ID19 of the European Synchrotron
Radiation Facility (Grenoble, France). Samples were imaged with
a high flux monoenergetic beam of 26 keV using an effective pixel
size of 0.647 pum. Multiple scans of 3999 images were recorded
for each sample, with an exposure time of 100 ms. Five sample-
to-detector distances (d1 = 10 mm, d2 = 16 mm, d3 = 33 mm,
d4 = 84 mm, and d5 = 101 mm) were used to maximize phase
contrast in preparation for computation phase retrieval into 3D
reconstructed holotomography datasets (Zabler et al., 2005).
The energy chosen was sufficiently high to circumvent visible
radiation degradation of the sample (e.g., bubble and soft tissue
motion), due to exceptionally low absorption. A 1 mm diamond
and 1.4 mm Al filter was used for this setup. The detector was a
custom-made indirect system consisting of a 10x/0.3NA Olympus
objective combined with a thin-single crystal scintillator and a
pco.edge sSCMOS camera (Douissard et al., 2012).

Data Processing: Phase Retrieval and

Tomographic Reconstruction

Series of five-phase contrast-enhanced tomographic datasets
recorded for each sample were used to reconstruct the 3D mass-
density distribution @ (x, y, z) in each bone. This was achieved
by combining reconstruction of the phase shifts @o(r,s)
induced by the sample at each projection angle and in each scan,
using a computation step termed—phase retrieval—which was
followed by conventional filtered backprojection tomography
reconstruction. The different computationally intensive data
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processing steps yield the 3D distributions of the refractive
index coefficient W(x,y,z), which can be readily converted
into mass-density distributions (Langer et al., 2012a). Phase
retrieval was performed using an algorithm employing a
mixed approach (Langer et al.,, 2010a) where phase retrieval
of the different zones uses a multi-material “prior” based on a
conventional absorption scan. A full description of the method
is beyond the scope of this paper but relies on a linearization
of the intensity of the Fresnel transform, basically numerically
accounting for the Fresnel propagation induced during imag-
ing at increased sample-to-detector distances. In this way, it is
possible to approximate the underlying physical processes of
absorption and scattering of the X-rays by the sample, follow-
ing propagation of the transmitted beam toward the detector.
These lead to phase shifts observed in the images as “phase
contrast” radiographs. As described elsewhere (e.g., Langer and
Peyrin, 2016), transformation of the phase contrast-enhanced
images at each angle uses filtering-based algorithms that are
robust against strong absorption effects and relatively large
propagation distances. Estimation of the phase shift at every
point on each projection angle incorporates multiple propaga-
tion distances into phase-retrieved synthetically produced
projections. The main inconvenience of this approach is that
in addition to requiring images obtained at multiple distances,
the phase retrieval relies on using an attenuation projection
“reference” image (i.e., an image at the sample-detector contact
plane), which is needed at each projection angle to uniquely
determine the X-ray phase shifts across the projection. Due to
poor contrast for low spatial frequency features in the radio-
graphs, phase retrieval computations often suffer from noise in
the low spatial frequency range. This can be addressed by using
“a priori” knowledge of the sample interactions with the X-rays
to “regularize” and constrain the estimated reconstructed phase
shifts in each projection. For the mouse bone scans reported
here, we used a multi-material “prior,” considering the sample
to be composed of bone and soft tissue; Thus, the phase shift at
each point on every radiograph was back-calculated by assum-
ing that the interactions of the X-rays with the tissue through
which they propagate are limited to one of two ratios between
the attenuation index p and the refractive index decrement 8. In
practice, this is implemented by first reconstructing the attenu-
ation scan (using public-domain available code, e.g., PyHST2,
Mirone et al., 2014), yielding 3D maps of attenuation index f
(x, y, z). This data is then used to assign ratios of the &/p based
on approximate composition and known (tabulated) values of
this ratio. Thus, reconstruction of the phase shift at each point
for each projection ¥ is obtained by taking the known tabulated
8/ ratio for mineralized bone (8/f = 429.9) in zones identified
by the threshold maps, and assuming all other regions contain
soft tissue (8/p = 1857). This map is then multiplied with the
attenuation tomogram, yielding a prior estimate d (x, y, z) of
the refractive index decrement in 3D. Estimates of the phase at
each angle @oo are then generated by forward projection of &,
(%, y, ). Finally, the phase is retrieved at each projection angle
by linear least squares minimization using assumptions of the
mixed approach and the generated “prior” The resulting phase
maps are used for reconstruction of 3D maps of the refractive

index coeflicient @ (x, y, z) and converted into mass density
(Langer et al., 2012a) by using the scaling relation
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where A = 0.4769 A is the wavelength of the beam.

Tomographic Image Processing and

Three-Dimensional Analyses

Image processing was performed using ImageJ (NIH, USA, V 1.48f)
and CTVox (BrukerCT, Kontich, Belgium). Histogram analysis
was used to identify the background (air) offset in the density data
(Hesse et al., 2015) such that the density of air surrounding the tis-
sues was adjusted to p =0 g/cm’. Peaks in the gray value of the main
bone components (soft tissue, low density bone and high density
bone) were used to produce 3D datasets containing only bone/tis-
sue densities based on conventional thresholding (see e.g., Bortel
etal., 2015). 3D renderings of the data were produced with CTVox
(Bruker-microCT, Kontich, Belgium) using color and transparency
in the transfer functions to depict the different tissue densities.

Histology

Representative samples of each mouse age were fixed in 100%
ethanol and subsequently demineralized for 14 days in EDTA.
After embedding in paraffin, 4 um thin cross-sectional slices
of the midshaft were produced using a rotational microtome.
Movat’s Pentachrome was used to stain the slices. Histological
slices were imaged with an Axioskop 2 microscope (Carl Zeiss
Microscopy GmbH, Germany).

RESULTS

Holotomography provides exquisite details of both hard and soft
tissue in the growing bones. Figure 1 demonstrates the visibility
of details seen in cross sections of a 10 day sample obtained
with holotomography (left) as compared with similar-resolution

FIGURE 1 | Comparison of similar cross-sections in a 10-day sample imaged
by holotomography (left) and a laboratory source CT (right). The gray arrow
head highlights gauze, which supports the bone during the lab CT scan. The
scale bar equals to 200 um. The inset shows a high magnification

(scale bar = 50 um) to highlight the differences in feature visibility between
the methods. Dark arrows pinpoint osteocyte lacunae, and white arrows hint
to the transition between soft tissue and air.
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laboratory CT (right, Skyscan 1172, 60 keV). Note the markedly
different contrasts easing differentiation between the sample and
the surrounding air (black). In the lab CT image, the gray values
of air, soft tissue and supporting gauze (gray arrow head) cannot
be differentiated. Holotomography provides good visibility while
reproducing the small structures in the bone, including bone
spicules and osteocyte lacunae (black arrows) that are difficult to
resolve with the conventional lab CT.

The reconstructed data reveals that the growing limb midshaft
contains an intricate mixture of highly mineralized nodes, embed-
ded in a 3D scaffold of structured soft tissue exhibiting substantial
changes as the tissue matures. Examples of the extensive amount
of detail available are shown in Figure 2 where typical cross-
sections and histograms of the reconstructed density data are
provided. Brighter shades of gray represent higher mass density,
invariably zones of mineral density in our bone samples. The soft
tissue is clearly distinguishable from both the surrounding air
(black) and the higher density (bright) bone and may therefore be
easily separated and identified in the 3D data. The cross-sections
Figure 2A reveal extensive changes in the morphology of the
bones in the first days after birth. Whereas at days 1 and 3, porous
scaffolds consisting of loosely connected mineralize struts are
seen, continuous growth leads toward a continuously mineralized
thin outer cortex/ring of the bone midshaft appearing uniform
but containing numerous cell lacunae, by 14 days. In addition to
notable closing of the many pores, zones of high and low mineral
density are clearly discernible. The inset figures in Figure 2B
show that within the forming bone tissue, density varies consider-
ably and that low and high mineral density zones are juxtaposed.
White and dark arrows highlight example regions of differently
mineralized bone that are difficult to separate in 3D by using
other tomographic methods. The distributions of mass densities
for entire sections of the growing femur mid diaphyses are plotted
in Figure 2C. Values below a density of 0.5 g/cm” are truncated
for improved clarity. A prominent peak identified as the soft tis-
sue peak (s) is seen with density values in the range between 1.1
and 1.4 g/cm® in the different ages. For the very young animals a
small peak presumably corresponding to cartilage (c) can also be
seen. At higher densities, exceeding mass densities of ~1.6 g/cm’,
a peak corresponding to bone emerges and grows with increasing
age. To better interpret the information content related to both
soft tissue and mineralized tissue, Figure 2D presents a magni-
fied section of each histogram, corresponding to the soft tissue
(s) and the bone (b) regions. To facilitate comparability, the data
are scaled to present the soft tissue and bone peaks, respectively.
A shoulder in the soft tissue peak (marked with v) appears with a
slightly higher density than the main peak except in day 3, where
the shoulder has a slightly lower density. The bone peaks are
clearly distinguishable from the soft tissue. We identify a bone
peak in the mass-density range between 1.7 and 2.0 g/cm’ with a
noticeable increasing trend from 3 days on. The bone peak at day
1 is similar to the peak observed at day 14. Small shoulders in this
peak are produced by islands of high mineral density within the
bone (marked with *), possibly mineralized cartilage.

The uniformity of the densities of both the soft tissue and bone
in the different cross-sectional slices along each femur midshaft
axis are demonstrated by stacked histograms plotted in Figure 3.

Figure 3A demonstrates how individual histograms may be
stacked to represent the soft tissue and bone density informa-
tion along the bone employing a pseudo-3D representation. The
color histogram highlights the counts to better visualize the peak
(soft tissue and bone) heights. The position of the soft tissue peak
(s) and the bone peak (b) appears to be remarkably constant
along the bone axis as shown by the plots in Figure 3B. While
differences can be seen between different aged bones, only minor
differences can be seen at different heights along the midshaft
in the distributions of soft tissue and bone within the 1-, 3-, 7-,
10-, and 14-day samples. Some minor fluctuations in the peak
positions are observed in the 7-day sample.

Figure 4 provides 3D renderings of the data surveyed in
Figure 2, providing insight into the nature of the microstructural
data in 3D. Figure 4A shows the complete gray value distribution,
including the clearly distinguishable background (black) the soft
tissue and the bone (different shades of gray) contributions within
the reconstructed volume. The cutout in Figure 4B displayed by
the dashed lines reveal the extensive details resolved within the
internal structures. The exposed inner corner of the 3D cutout is
magnified to provide a close-up in to the data demonstrating the
available information content in the 3D datasets. The different tis-
sues are clearly identifiable, showing the intimate spatial relation-
ship between the bone embedded within the soft tissue. In the data
obtained from a 1-day-old animal, a black arrow highlights to bone
regions with greater mass density. Very thin structures are visible
in the 1-day sample, marked by a gray arrowhead. Presumably,
these structures transform into solid tissue during later stages of
bone growth (Bortel etal., 2015). In the older samples, arrowheads
highlight osteocyte lacunae that are also clearly identifiable in 3D.

The different tissues can be identified based on known values
of mass density. We broadly identify air, soft tissue moderately
mineralized tissue and highly mineralized tissue, as displayed
graphically in pseudo-3D renderings given in Figure 5. Here,
blue represents the soft tissue, green is assigned to the mineral-
ized bone, and red highlights high density islands within the
bone, presumably mineralized cartilage. Similar cutouts as those
used in Figure 4 reveal what the encasing soft tissue masks.
For all ages, substantial amounts of soft tissue (blue) surround
the forming bone material. The 3D distribution of mineralized
material changes from the loosely connected foamy structures
observed in the younger ages (1-7 days) into a condensed bone
cortex, sandwiched between inner and outer soft tissue layers.
The magnified cutouts graphically reveal the different tissues,
especially the embedded high density islands (possibly mineral-
ized cartilage) that seem to be completely encapsulated within
the “normal” growing bone.

Examples of separated tissues potentially ready for meshing
and incorporation into finite element (FE models) are shown in
Figure 6. In this representation, only the two mineral densities of
bone are shown in Figure 6A. The mineralized snapshots reveal
a quantitative transition from a highly porous scaffold consisting
ofloosely mineralized struts in the young ages into a mature solid
ring seen in the samples obtained from 14 day animals. To appre-
ciate the intricate detail, views with increasing magnification are
shown in Figures 6B,C. It can be seen that the bonelocal morphology
changes extensively with ongoing maturation, accompanied by a
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FIGURE 2 | (A) Typical cross-sections through femur midshafts of 1, 3, 7, 10, and 14 days old mouse bones (scale bar = 200 pm). The gray values are scaled to
mass density (g/cm?). (B) Insets show higher magnifications of the developing bone (scale bar = 20 um). For clarity, the contrast is enhanced. White arrows highlight
regions of highly mineralized bone, and black arrows point to low mineral regions. (C) Mass-density histograms of typical 3D datasets (more than 10° values per
scan) exhibiting a prominent peak of the soft tissue, a range of intermediate densities, and a shoulder depicting highly mineralized bone. (D) Magnified regions in
each histogram in (B) limited to the soft tissue (s) and the bone peak (b). Within the soft tissue comprises different densities [marked by arrowheads (v)] owing to the
extended holotomography density sensitivity. Vertical lines in the bone panels mark the position of the bone peak. Note the presence of substantial amounts of high
mineral density bone (indicated by *).
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FIGURE 3 | Slice-wise density distributions along the femur midshaft axis. (A) Transformation of a stack histogram (left) to a pseudo-3D plot of all histograms
(middle) along the different slices in femur midshaft axis. The color histogram highlights the counts. When the plot is viewed from above, (right) and converted into
grayscale the plot highlights the location of the soft tissue (white) and the bone peak (transition from dark gray to black). Densities between 0.5 and 2.5 g/cm? are
presented and the soft tissue and bone peak positions are highlighted (s, b). (B) Projected pseudo-3D slice-wise histograms of data stacks from 1-, 3-, 7-, 10-, and
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redistribution of high density regions located within the lower
density bone. Figure 7 gives an example of a histological slice
of a 14-day-old paraffin embedded mouse femur stained with
Movat’s Pentachrome. Mineralized material is stained in yellow
and can clearly be distinguished from the surrounding soft tissues
such as the bone marrow (shades of blue) and muscle (red). In
the enlarged inset, the different bone types that are present can
be nicely distinguished from each other. Here, lamellar bone is
located on the periosteal region (white arrows) whereas woven
bone is found on the endosteal side (black arrow). Osteocyte
lacunae can also be seen (gray arrowhead).

DISCUSSION

In this study, we demonstrate how large data in mutually aligned
phase contrast-enhanced tomography datasets, processed by
holotomography, reveals exquisite 3D quantitative histological-
grade data in developing mouse bones. Using this approach, a
large range of local gradients in density of juxtaposed soft and
highly mineralized tissues are resolved down to micrometer
resolution. By imaging a series of samples with increasing ages
after birth we observe a host of different microstructures that are
typical for the very different, normal stages of tissue formation.

The complex, time-consuming sequence of acquisition and
processing, currently still demanding technically, has immense
potential to reveal impressive subtle structural detail in the intri-
cate, dynamically changing forming bone tissue.

Our data reveal that in the young forming mouse bones, a mere
2-3 days are sufficient for the tissue to exhibit major transforma-
tions in the morphology of the mineralized structures. The initial
formed femur bones are cylindrical scaffolds that are made of tiny
discontinuous mineralized struts, clearly discernable on days 1
and 3 after birth, in 3D. These bony scaffolds increase in diameter
and transform into solid mineralized tubes forming the long bone
midshaft (Figures 5 and 6). The mineralized bony spicules are
removed while new larger structures emerge through concerted
actions of osteocytes and osteoblasts (see, e.g., Sharir et al., 2013),
while the entire bone expands and enlarges. The high-resolution
data shown here allows extraction of local morphological details
down to the fundamental tissue ingredients including bony
spicules and bone cell (osteocyte) lacunae.

In addition to the remarkable details revealed, the physical
property of interest resulting from use of holotomography is
a quantitative 3D distribution of mass density, which can be
related to, but must be distinguished from mineral density. This
paves the way to separating the complex tissue in 3D into the
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FIGURE 4 | (A) Graphic representations of typical 3D datasets with cutouts
to reveal the holotomography calculated mass-density distributions including
bone and soft tissues in the developing limb structures. Note that the
growing bones were scanned in air, here colorized in black, with an
approximate mass density of O, clearly distinguishable in 3D from the soft
and hard tissues. (B) Insets hint to the distribution of fine details in the gray
values associated with both bone and the formative soft tissues. In the 1 day
data, a black arrow pinpoints bone regions with high density and very thin
structures are marked by a gray arrowhead. In the older samples,
arrowheads highlight osteocyte lacunae.

components of interest, as shown in Figure 5. When examining
the gray value distribution of the data, the soft tissue peak exhibits
density values spanning 1.1-1.4 g/cm’ for all ages. These values
are slightly higher than published values for soft (skeletal) tissue
(1.0-1.06 g/cm?) (itis, 2017; NIST, 2017) and cartilage (1.1 g/cm?)
(itis, 2017). The higher values observed in some regions of the
tissue may be due to higher concentrations of mineral precursor
phases in the soft tissue, prior to bone tissue mineralization, simi-
lar to observations by other methods reported for forming bone
tissue (Golub, 2009; Lange et al., 2011; Langer et al., 2012b). The
bone peak becomes more prominent in histograms of bones with
increasing age and reveals a high density component, presum-
ably mineralized cartilage (Vanleene et al., 2008; Bach-Gansmo

FIGURE 5 | Density assignment and 3D mapping of the soft and hard tissues
in the forming mouse femur in 3D. (A) The soft tissue colorized in blue
surrounds and comes into intimate contact with mineralized bone, colorized
in green. Islands of high mineral density exceeding 1.9 g/cm? are shown in
red, better observed in the high-magnification insets in (B).

et al., 2013; Shipov et al., 2013), much of which is later replaced
with more mature but less mineral-dense bone material. The
data shown here make it possible to map the subtle yet important
density variation in 3D, measurements that are almost impossible
to perform by conventional pCT (see Figure 1).

In this work we present examples of the distribution of bone
morphologiesand densityvariationsin newlyformedlongbonesof
mice. A similar approach may be used to study bone tissue growth
and maturation in adult animals, during healing. Indeed, much
remains unknown about the similarities and differences in the
3D bone tissue dynamics when comparing bone growth/genesis
and fracture and tissue healing, e.g., in response to implantation
of biomaterials. Density and the different tissue distributions in
3D presented here may help reveal the similarities and differences
in bone tissue formation in these different scenarios. In recent
years, a handful of studies have used holotomography and other
methods in order to evaluate new biodegradable materials and
treatment for healing large bone defects (Mastrogiacomo et al.,
2005, 2007; Papadimitropoulos et al., 2007; Langer et al., 2010b;
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FIGURE 6 | 3D renderings of the bone (green) and high-density zones (red)
with increasing magnifications ((A), (B) and (C)). The high mass density
(exceeding 1.9 g/cm?d) is always found within regions of lower density. Note
the drastic architectural changes from 1 to 14 days, changing from a foamy
network to a solid cortical tube.

Ruggiu et al., 2014). Porous 3D scaffolds consisting of tricalcium
phosphates (e.g., skalite) and/or hydroxyapatites seeded with
different osteogenic cells were observed to promote bone forma-
tion during resorption. Newly formed bone was identified with
holotomography used to quantify formed/resorbed volumes and
to characterize the resulting 3D morphologies (Mastrogiacomo
et al., 2005, 2007; Papadimitropoulos et al., 2007; Langer et al.,
2010b; Ruggiu et al., 2014).

Growing bone in the process of mineralization contains sig-
nificant non-mineralized regions. The main benefit of measuring
each bone samples using five different sample-detector distances
is that the quantitative density estimates provide excellent density
resolution as well as impressive feature visibility. Different tissue
ingredients such as soft tissue and mineralized bone morpho-
logy can clearly be separated and quantified in 3D. As seen by
comparison between bones of animals with increasing ages,
there is a vast amount of soft tissue that completely enwraps the
mineralized compartments of the bones.

The resulting data, although challenging in terms of compu-
tational requirements, is of a size that can be further processed
by available multi-processor desktop workstations, paving the
way to designing computer simulations of growing and maturing

FIGURE 7 | Movat’s Pentachrome stained typical histological cross-section
of a paraffin-embedded 14-day-old mouse femur mid-diaphysis. Mineralized
material is stained in yellow and can be clearly distinguished from the
muscles (red) and the bone marrow (shades of blue). The inset shows a
magnified region of the bone cortex. Regions of woven bone (black arrows)
are seen on the endosteal surface, and lamellar bone (white arrows) is
located on the periosteal region. Osteocyte lacunae can be detected (gray
arrowheads).

bone tissues. The mechanical interactions taking place in this
environment, and any mechanical stimulation leading to bone
(re)modeling and structural adaptation are practically impossible
to measure mechanically, and hence there is huge significance for
making use of data such as presented here for producing detailed,
realistic high-resolution finite element models that can faithfully
reproduce and help predict changes in the micro-anatomy of the
mineralizing tissue. With our detailed 3D bone/soft tissue distri-
bution data, it becomes possible to perform virtual mechanical
loading experiments, providing previously unavailable snapshots
of the state of strain and stress in the tissue as it is loaded, which
may be helpful for predicting the mechanical feedback related
to tissue growth and adaptation. This will open up the way for
future computational simulation studies of growth, healing or
pathology development/treatment in bone. Such simulations
might allow to separate the effects of biological signaling from
the purely mechanical (strain/deformation) stimuli, which will
help researchers understand the roles of physical versus chemical
interactions down to the length scale of cells (e.g., by examining
different “remodeling rules”; Dunlop et al., 2009; Vetter et al.,
2012). This may even eventually circumvent the need to perform
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some of the lengthy, expensive live animal experiments, designed
to study structure function relations in mechanically responsive
tissues such as bone. Detailed finite element models (e.g., Varga
etal., 2015) will help fill in the gaps needed to first understand and
later predict tissue growth and anabolic response in the days and
weeks following surgical intervention. As shown by Langer et al.
(2010b), holotomography clearly resolves low-calcified pre-bone
structures undergoing degradation in bone scaffold samples.
Often, information on the local tissue density, readily available
by holotomography, can be used as a proxy for predicting local
tissue stiffness (Razi et al., 2015) important for producing realistic
models of growing and forming bone tissue.

It is important to acknowledge that although within com-
putation reach, a single final reconstructed dataset for each of
the samples shown here exceeds 25 GB in size, and the intricate
3D structures that can be resolved in this data require careful
processing to provide reliable 3D finite element meshes to be able
to be used in realistic simulations. Bearing in mind that the final
reconstruction is based on significant amounts of raw data (five
scans of 4,000 images) as well as intermediate temporary files,
an estimated 250 GB data and storage must be planned for each
sample, which is to be considered for studies planned to include
many time points or multiple measurements. Holotomography is
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Accurate measurement of local strain in heterogeneous and anisotropic bone tissue
is fundamental to understand the pathophysiology of musculoskeletal diseases, to
evaluate the effect of interventions from preclinical studies, and to optimize the design
and delivery of biomaterials. Digital volume correlation (DVC) can be used to measure
the three-dimensional displacement and strain fields from micro-computed tomography
(nCT) images of loaded specimens. However, this approach is affected by the quality of
the input images, by the morphology and density of the tissue under investigation, by
the correlation scheme, and by the operational parameters used in the computation.
Therefore, for each application, the precision of the method should be evaluated. In this
paper, we present the results collected from datasets analyzed in previous studies as
well as new data from a recent experimental campaign for characterizing the relationship
between the precision of two different DVC approaches and the spatial resolution of the
outputs. Different bone structures scanned with laboratory source pCT or synchrotron
light uCT (SRuCT) were processed in zero-strain tests to evaluate the precision of the
DVC methods as a function of the subvolume size that ranged from 8 to 2,500 um. The
results confirmed that for every microstructure the precision of DVC improves for larger
subvolume size, following power laws. However, for the first time, large differences in the
precision of both local and global DVC approaches have been highlighted when SRuCT
or in vivo pCT images were used instead of conventional ex vivo uCT. These findings
suggest that in situ mechanical testing protocols applied in SRuCT facilities should be
optimized to allow DVC analyses of localized strain measurements. Moreover, for in vivo
pCT applications, DVC analyses should be performed only with relatively course spatial
resolution for achieving a reasonable precision of the method. In conclusion, we have
extensively shown that the precision of both tested DVC approaches is affected by
different bone structures, different input image resolution, and different subvolume sizes.
Before each specific application, DVC users should always apply a similar approach to
find the best compromise between precision and spatial resolution of the measurements.
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DVC Precision for Bone Applications

INTRODUCTION

This paper investigates comprehensively the precision of two
digital volume correlation (DVC) approaches that can be used to
measure the full three-dimensional (3D) displacement and strain
fields of heterogeneous materials. While these approaches have
huge potential for the assessment of complex material deforma-
tion and the validation of predictions of computational models,
the fact that there is no other way of measuring such properties
makes the validation of their output difficult. In this article, we
will focus on a natural biomaterial: bone tissue. Even though
previously other studies have investigated the precision of DVC
methods, in this paper for the first time we report data obtained
from five datasets acquired from different bone structures,
scanned with three different techniques, and analyzed with two
different DVC approaches, providing the most comprehensive
dataset available in the literature to date.

Bone is a complex heterogeneous, anisotropic and hierarchi-
cal material for which the separation of scales does not hold
(Viceconti, 2012). Therefore, its mechanical behavior (i.e., the
load at which a certain bone fails or its toughness) depends on
the intrinsic properties of the material that can be measured at
the micro-scale (i.e., the heterogeneous distribution of extracel-
lular matrix within the bone, its orientation, its mineralization,
etc.), which depend on the properties of the material at the
nano-scale (i.e., the molecular level, where collagen fibers and
mineral grains are arranged). For example, to predict when and
where a bone fracture will occur, the loading conditions on the
whole bone (Cristofolini et al., 2010b; Dall’Ara et al., 2013b) as
well as the density distribution and microarchitecture of the bone
tissue (Bouxsein, 2003) need to be accounted for. Similarly, to
evaluate the effect of mechanical stimuli (Birkhold et al., 2017),
aging (Razi et al., 2015), musculoskeletal pathologies (e.g., osteo-
porosis imbalances the bone homeostasis toward reabsorption)
(Badilatti et al., 2016), or interventions to treat them (Levchuk
et al., 2014), the local mechanical properties on the different
bone structural units (BSUs, i.e., trabeculae or osteons) need to
be accurately quantified over the whole bone. Another example
is the study of the effect of biomaterials such as injectable bone
cements (Danesi et al., 2016) or systems of screws and plates on
the bone mechanical properties and fracture healing (Widmer
Soyka et al., 2013), where the constructs need to bio-integrate
with the tissue and provide mechanical integrity to the organ.
This problem can be tackled by the reliable estimation of the
3D internal full-field distribution of local properties, such as
displacements and strain for the considered construct in different
loading conditions. However, such measurements are not trivial
because standard methods such as strain gauges (Cristofolini
etal., 2010a, 2013), or digital image correlation (Gustafson et al.,
2017) can only provide information on the external surface. Two
options are left. The local properties can be computed with spec-
imen-specific computational models, such as the finite element
(FE) approach based on clinical (Dall’Ara et al., 2012, 2013a) or
preclinical high-resolution (Levchuk et al., 2014; Lu et al., 2017)
images. Nevertheless, it should be noted that the models have to
be rigorously validated (Anderson et al., 2007; Jones and Wilcox,
2008) for prediction of both apparent (Schileo et al., 2008;

Wolfram et al., 2010; Zysset et al., 2013; Schwiedrzik et al., 2016)
and local (Zauel et al., 2006; Chen et al., 2017; Costa et al., 2017;
Gustafson et al., 2017) properties before their application.

The only method that currently allows for 3D measurements
within the bone structure is DVC combined with in situ mechani-
cal testing within a micro-computed tomography (pCT) imaging
system. This method, which is based on the deformable registra-
tion (i.e., allowing the possibility of the object to deform between
the two scans) of high-resolution images of the undeformed and
deformed structure, has been used to study the deformation
in biological tissues and biomaterials (Bay et al., 1999; Liu and
Morgan, 2007; Hussein et al., 2012; Madi et al., 2013; Gillard et al.,
2014; Danesi et al., 2016) and to validate FE models based on
RCT (Zauel et al., 2006; Chen et al., 2017; Costa et al., 2017) or
clinical CT (Jackman et al., 2016; Palanca et al., 2017b) images.
For extensive review of the literature about the applications of
DVC for studying bone deformation, please refer to two recent
reviews (Roberts et al., 2014; Grassi et al., 2016). Nevertheless,
the accuracy and precision of the DVC in measuring the displace-
ments depend on the quality of the input images and such errors
in displacements can be amplified for the strain field, once dif-
ferentiated. DVC algorithms showed errors in the displacement
measurements of a fraction of voxel (precision of 0.0004-0.115
voxels) (Zauel et al., 2006; Liu and Morgan, 2007; Dall’Ara et al.,
2014; Roberts et al., 2014). Nevertheless, a compromise must
always be accepted between the precision of the DVC measure-
ments and the measurement spatial resolution. In fact, the larger
is the subvolume size (in local DVC) or the nodal spacing (NS,
in global DVC), which represents the distance between two
independent measurements of displacement, the lower are the
random errors associated with the measurement (Dall’Ara et al.,
2014; Palanca et al., 2015). There is no single optimal solution for
all cases, but an adaptation of the method for different bone struc-
tures and image resolutions is required. Moreover, considering
that there is no other measurement technique that allows evaluat-
ing the 3D bone deformations within heterogeneous structures,
the precision of the method is typically estimated by registering
repeated scans of the same undeformed specimen (“zero-strain”
condition). Other approaches have been identified to test the
precision of the method in measuring non-zero deformation
fields virtually imposed to the acquired images (Christen et al.,
2012). However, such methods do not account for the image noise
and tend to underestimate the uncertainties. Some recent studies
have estimated the precision of the DVC algorithms on repeated
scans of loaded structures or in relation to virtual homogeneous
deformations applied to repeated scans (Palanca et al., 2017a).
However, considering the novelty of these approaches, only the
precision of one DVC algorithm has been assessed on one dataset,
which is not enough to generalize the findings, yet.

During the last 4 years, our groups have reported the results
from zero-strain tests performed on several bone structures
acquired with different pCT techniques. The uncertainties of a
global (BoneDVC, formally referred to as “ShIRT-FE”) and of
a commercial local (DaVis, LaVision, Germany) DVC method
were therefore evaluated for several bone structures, at different
dimensional levels. This paper is written for potential users of
DVC and of DVC data, with the aim of providing an overview
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of the magnitude of the errors and of their trend, for different
applications. To comprehensively present the precision of two
DVC approaches, the results obtained in previous studies on
different bone structures and at different dimensional levels
were integrated with new results obtained from high-resolution
images of trabecular bone with and without biomaterials and
from in vivo and ex vivo analyses of the mouse tibia.

MATERIALS AND METHODS

In this article, data collected in several previous studies have
been integrated to new datasets to provide a comprehensive
understanding of the relationship between the precision of
two DVC approaches and their spatial resolution for different
microstructure, and for different quality of the input images. In
particular, the previously examined datasets consist in results
from trabecular and cortical bone scanned with pCT (Dall’Ara
et al., 2014; Palanca et al., 2015) and with synchrotron light pCT
(SRpCT) (Palanca et al., 2017a), from vertebral bodies with and
without injected biomaterial scanned with pCT (Palanca et al,,
20165 Tozzi et al., 2017), and mice tibiae scanned with SRuCT
(Palanca et al., 2017a). Moreover, two new datasets from SRuCT
scans of trabecular bone and biomaterials and from in vivo and
ex vivo uCT scans of the mouse tibia were included in this study.
More details for each study are reported in Table 1, Figure 1 and
below.

In these studies, the precision of the DVC method was
evaluated in a particular condition of zero-strain, by registering
repeated scans of the same object. The parameters of the scanning
procedures are reported in Table 2. For the different datasets a
global or alocal (or both), DVC approaches were used to estimate
the bone strain and the precision of the methods are reported in

TABLE 1 | Summary of the information about the studies, the results of which
are reported in this manuscript for different dimensional levels, origins of the
bones, volume of interest (VOI), scanning condition, and the total number of
volumes of interest (VOIs) where the measurements were performed (Nr VOIs).

Reference Level Origin VOI Condition Nr
VOIs
Dal’Ara et al. (2014), Tissue Bovine  Trabecular Ex vivo
Palanca et al. (2015) Tissue Bovine  Cortical Ex vivo
Tozzi et al. (2017) Tissue Porcine  Trabecular Ex vivo 5
Tissue Porcine Cement Ex vivo 5
Tissue Porcine Trabecualar with  Ex vivo 5
cement
Tissue Porcine  Trabecular and Ex vivo 5
cortical
Palanca et al. (2016)  Organ  Porcine Vertebral bodies  Ex vivo 5
Organ Porcine Vertebral bodies  Ex vivo 5
with cement
Palanca et al. Tissue Bovine  Trabecular Ex vivo 6
(2017a) Tissue Bovine  Cortical Ex vivo 8
Tissue Murine  Proximal tibia Ex vivo 8
This publication Organ  Murine  Whole tibia In vivo 7
Organ  Murine  Whole tibia Ex vivo 4
This publication Tissue Ovine Trabecular with Ex vivo 4
biomaterial
Tissue  Ovine Trabecular Ex vivo 1

this study in function of the chosen subvolume size. For a more
detailed description of the methods and of the results for each
study (effect of image processing, results on displacement, etc.),
the reader should refer to the individual publications reported
in Table 1.

In the following sub-chapters, the two DVC algorithms used in
these studies will be presented, together with a brief description
of the samples and scanning procedures.

DVC Approaches and Estimation

of the Precision

Both DVC approaches used in the studies presented in this
article are based on a similar principle: two high-resolution 3D
input images of the same object in undeformed and deformed
configurations are imported and the algorithms compute a field
of displacements, which minimizes the differences between the
deformed images and the registered images (undeformed images
after the application of the field of displacement). The field of
displacement is then differentiated into a field of strain. The main
features of the two methods are briefly reported hereafter.

BoneDVC (Previously Known As ShIRT-FE)

This global DVC (DallAra et al.,, 2014) consists in computing
the displacement map by using the Sheffield Image Registration
Toolkit (ShIRT) (Barber and Hose, 2005; Barber et al., 2007;
Khodabakhshietal., 2013). With BoneDVC, a grid with selectable
nodal spacing (NS, or subvolume, or grid size) is superimposed to
the images to be registered. The deformable registration equations
are solved at the nodes of the grid to evaluate the displacement
field. The procedure consists in finding the displacement functions
u(x, y, z), v(x, y, z), and w(x, », z) that transforms the reference
image f (x, y, z) into the deformed image m(x"y’, z’). An additional
intensity displacement function c(x, y, z) is included to account
for potential changes in the gray levels. For small displacement,
the following equation should be solved for each voxel:

[ (O om), (o om) (o om)
f m~2[ (6x+8x]+ [6y+6y]+ [6z+8z] (f+m)]

However, this problem is underdetermined and the algorithm
solves the equations only in the nodes of the cubic grid superim-
posed to the images. The displacements are interpolated with a
tri-linear function between the nodes. Therefore, the problem is
solving the following system of equations for the coefficients a of
the displacement functions:

u= Zaxi(pi
i
v=>a,0,.
i
w= Zaziq)i
i
To provide a smooth solution, the algorithm includes a term

based on the Laplacian operator L, and the coeflicient A that
weights the relative importance of smoothing:

(f-m)=(T"T+AL'L)a
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voxel size (dimension of the 2D images: 2.60 mm x 2.60 mm).

FIGURE 1 | Overview of the different image types used for the deformable registrations with BoneDVC and/or DaVis-DC. For each dataset, a typical cross-section
(top) and a 3D image reconstruction (bottom) are reported. Dataset include cortical (A.1) and trabecular (A.2) bone scanned with laboratory micro-computed
tomography (uCT) at 10 um voxel size (dimension of the 2D images: 1.79 mm x 1.79 mm); mouse tibiae (B.1) scanned with in vivo uCT at 10.4 um voxel size
(dimension of the 2D image: 4.11 mm x 4.11 mm); porcine vertebrae with (C.2) or without (C.1) biomaterial scanned with pCT at 39 pm voxel size (dimension

of the 2D images: 27.61 mm x 19.5 mm); cortical bone (D.1), trabecular bone (D.2), and proximal mouse tibia (D.3) scanned with synchrotron light uCT (SRuCT) at
1.6 ym voxel size (dimension of the 2D images: 1.6 mm x 1.6 mm); ovine trabecular bone with (E.2) and without (E.1) biomaterial scanned with SRuCT at 2.6 pm

where T is a K X N matrix (K number of voxels in the image,
and N number of nodes in the grid). T is derived from integrals
of the image gradients multiplied by the basis functions of the
displacements. For large displacements, the method can iterate
to a correct solution. The grid is then converted into a mesh of
8-noded hexahedrons and the displacements are then imported
into a FE software package (Ansys Mechanical APDL v.14.0,
ANSYS, Inc., Canonsburg, PA, USA) to differentiate them into a
strain field and to post-process the data efficiently.

DaVis-DC

This local approach is implemented in a commercial pack-
age (DaVis LaVision, Germany) that uses a direct correlation
(DC) function to match the subvolumes (hereby referred to as
DaVis-DC). With DaVis-DC, the 3D images are divided into
smaller subvolumes, which are then independently correlated
as a discrete function of gray levels. A piece-wise linear shape
function for the reference-deformed mapping and a normalized
cross-correlation function, rpavi, based on gray level gaps are used:

flx,y,2)g(x',y',2")

X(x,y,2)eVOL

[ >
\/ > fxy2)
X(x,y,2)eVOl

> g, y,zZ'y

X*(x,y.2)evOl

where X (x, y, z) and X*(x, , z) refer to coordinates (in voxels) of
a same point in the reference state and in the deformed state; fand

g are the gray levels, respectively, in the reference and deformed
images. A third-order spline interpolation is used. This process
provides a full 3D field of displacement vectors, which describes
the mapping from reference to deformed state. The displacement
field is then converted into strain field using the centered finite
differences scheme.

The precision of the DVC methods for displacement meas-
urements was quantified by reporting the standard deviation of
displacement along x, y, and z directions. As it was found that in
a first approximation the errors affecting strains were isotropic
(Palanca et al., 2015), the precision of the DVC methods was
quantified by reporting the standard deviation of the strain error
(SDER), computed as the standard deviation of the mean of the
components of strain computed for each measurement point
[referred as “precision” in Liu and Morgan (2007)]. In case more
specimens were analyzed for each bone type, median and stand-
ard deviation of the SDER were computed for each sample. In
case more specimens were analyzed for each bone type, median
of the measurement was computed for each sample.

Datasets

pCT Scans of Bovine Trabecular and Cortical Bone
(Dall’Ara et al., 2014; Palanca et al., 2015)

A trabecular bone (8 mm in diameter, 12 mm in length) and a
cortical bone (3 mm in diameter and 20 mm in length) cylinders
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scanning parameters: voltage of 55 keV, intensity of 145 pA,
integration time of 200 ms, nominal isotropic image voxel size
of 10.4 um for a total scanning time of approximately 40 min
per scan. Beam hardening artifacts were reduced by applying
a third-order polynomial correction algorithm provided by the
manufacturer based on scans of 1,200 mgHA/cm® wedge phan-
tom. Deformable registrations were run for different subvolume
sizes with BoneDVC (10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110,
120, 130, 140, 150 voxels).

Synchrotron nCT Scans of Bovine Cortical and
Trabecular Bone and of Proximal Mice Tibiae
(Palanca et al., 2017a)

Three tissue types were studied: cortical bones (three cylindri-
cal specimens, 3 mm in diameter, 12 mm in length), trabecular
bones cylinders (four cylindrical specimens, 8 mm in diameter,
12 mm in length) both obtained from the femur of a bovine killed
for alimentary purposes; and four paired tibiae obtained from
two 14-week-old female C57BL/6] mice (Harlan Laboratories,
Bicester, UK). All procedures were approved by the local Research
Ethics Committee of the University of Sheffield (Sheflield, UK).
Each specimen was embedded in acrylic resin and was scanned
twice at the Diamond-Manchester Imaging Beamline 113-2 of
Diamond Light Source, UK. A filtered (950 um C, 2 mm Al,
20 um Ni) polychromatic “pink” beam (5-35 keV) of parallel
geometry was used and the scanning parameters were: voxel size
1.6 pm; exposure time 53 ms; rotation step 0.045°; total rotation
180°. Two cubic volumes of interest (VOIs) with side length
of 1,000 voxels were cropped from the middle of each cortical
and trabecular specimen, and cubic VOIs were selected in the
metaphysis of each murine tibia. The VOIs of the trabecular bone
and of the mouse tibiae were masked, to evaluate the uncertain-
ties only on bone tissues. Deformed registrations were run with
BoneDVC with different subvolume sizes (10, 15, 20, 25, 50, 75,
100, 150, 200, 250, 300 voxels).

Synchrotron uCT Scans of Ovine Trabecular Bone
with and without Biomaterials (This Study)

Four bone-biomaterial cylindrical specimens and two trabecu-
lar bone cylindrical specimen (4 mm in diameter and 8 mm in
length) were extracted from ovine femoral condyles, where
biomaterials were implanted after surgically creation of bone
defects (Coathup et al., 2016). All procedures were carried
out following Ethics approval granted by the Royal Veterinary
Collegeand in compliance with the United Kingdom Home Office
regulations (Animal Scientific Procedures Act [1986]). Samples
were placed in a loading stage (CT5000, Deben Ltd., UK) and
immersed in saline solution. Each specimen was scanned twice
at the imaging beamline 113-2 of Diamond Light Source, UK. A
filtered (950 um C, 2 mm Al, 60 pum steel) polychromatic “pink”
beam (5-35 keV, weighted mean photon energy: 28.6 keV) of
parallel geometry was used. Scanning parameters were chosen
as following: voxel size: 2.6 pm; exposure time: 64 ms; rotation
step: 0.1° total rotation: 180°. One cubic VOI (1,000 voxels
side length) was cropped from the middle of each specimen.
To evaluate the uncertainties only in the mineralized tissue,
masks were created by applying a non-local means filter (Buades

et al., 2011), followed by image segmentation based on Huang’s
method (Huang and Wang, 1995). The masks were used to create
the masked images (original gray levels corresponding to the
bone voxels and zero values corresponding to the marrow), on
which the deformable registrations (DaVis-DC) were run for
different subvolume sizes (16, 32, 48, 64, 80, 96, 112 voxels).

RESULTS

The precisions of the DVC methods as a function of the used sub-
volume size are summarized in Figure 2. As expected for all bone
types, the grid size and the SDER were highly correlated through
power laws, for both DVC approaches (0.858 < R* < 0.993,
Table 3).

As expected, the images with higher quality, obtained with
SRUCT, provided the best results, followed by those obtained
from ex vivo pCT and then those obtained from in vivo pCT.
Similar trends were found for the two DVC algorithms. These
regressions can be used to choose the best compromise between
the spatial resolution of the measured displacement and the
resulting precision in measuring strains (Table 3). In particular,
one may fix a level of acceptable strain, and consequently identify
the corresponding spatial resolution. If a threshold of 200 pe is
accepted (one order of magnitude lower than typical strains in
bone subjected to physiological loading conditions), the cor-
responding spatial resolution can be found when images from
SRuCT are used (at 1.6 um for images used for BoneDVC and at
2.6 pum for images used for DaVis-DC) for cortical bone (33 um
for BoneDVC), for trabecular bone (96 pm for BoneDVC, 128 um
for DaVis-DC), as well as for trabecular bone with biomaterials
(117 pm for DaVis-DC). Spatial resolutions that would allow the
same errors on strains for measurements performed by using
laboratory pCT images at the tissue level (voxel size between 10
and 39 pum) were in the range 490-564 pum for BoneDVC and
661-987 pm for DaVis-DC. The worst spatial resolution cor-
responding to the same errors of 200 pe was found for measure-
ments based on in vivo and ex vivo pCT images of the mouse tibiae
(2,832 and 839 pm, respectively, both obtained with BoneDVC).

Only SRuCT-based DVC reached reasonable uncertainties for
measurements performed the tissue level [for several BSUs, as
trabeculae or osteons; spatial resolution for DVC displacement
and strain measurements of 300 pm (Pfeiffer, 1998); from 9 to
46 pe, Table 4] or at the single BSU level (spatial resolution for
DVC displacement and strain measurements below 150 pum; from
21 to 156 pe, Table 4).

The computation time varied for the different voxel sizes,
volumes of interest (VOIs), DVC approach, and post-processing
method used, as reported in Table 5.

DISCUSSION

The goal of this study was to compare the precision of two DVC
algorithms in different applications for measuring bone strains at
different dimensional levels and based on images acquired with
different techniques and modalities. While in the last decade sev-
eral studies reported strain distributions on non-homogeneous
bone specimens obtained with DVC, this is the first article that
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FIGURE 2 | Relationship in logarithmic scale between the standard deviation of the error (SDER; median values in case more specimens were analyzed per group)
and the subvolume size for both global (BoneDVC, top) and local (DaVis-DC, bottom) DVC approaches. Dataset include cortical (MicroCT_Cort-Palanca2015) and
trabecular (MicroCT_Trab-Palanca2015) bone scanned with laboratory micro-computed tomography (uCT) at 10 um voxel size; mouse tibiae scanned with in vivo
(VivoMicroCT_MurTib-ThisStudy) and ex vivo (MicroCT_MurTib-ThisStudy) settings with a pCT at 10.4 um voxel size; porcine vertebrae with (MicroCT_VertCem-
Palanca2016) or without (MicroCT_Vert-Palanca2016) biomaterial scanned with pCT at 39 pm voxel size; portions of trabecular (MicroCT_Trab-Tozzi2017), cement
(MicroCT_Cem-Tozzi2017), trabecular and cement (MicroCT_CemTrab-Tozzi2017), and trabecular and cortical bone (MicroCT_TrabCort-Tozzi2017) extracted from
augmented porcine vertebrae scanned with pCT at 39 um voxel size; cortical (SRmicroCT_Cort-Palanca2017), trabecular (SRmicroCT_Trab-Palanca2017) and
mouse tibia (SRmicroCT_MurTib-Palanca2017) scanned with synchrotron light uCT (SRuCT) at 1.6 um voxel size; ovine trabecular bone with (SRmicroCT_CemTrab-
ThisStudy) and without (SRmicroCT_Trab-ThisStudy) scanned with SRuCT at 2.6 pm voxel size. In order to do not overcomplicate the figure, the error bars were not
reported and the interested reader should refer to the specific publications for this information. Data extracted form the literature have been also added for both
graphs (MicroCT_Trab-Liu2007 for data obtained from bovine distal femur, bovine proximal tibia, rabbit distal femur, rabbit proximal tibia, rabbit vertebral body, and
human vertebral body, all acquired with uCT at 36 um voxel size, MicroCT_Trab-Zauel2006 for data obtained from human femoral and vertebral trabecular bone
acquired with uCT at 35 pum voxel size; MicroCT_Fem-Gillard2014 for data obtained from porcine femoral trabecular bone acquired with uCT at 24.6 um).
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TABLE 3 | Coefficients of power law regressions (a, b) and the coefficient of determination (R?) between the standard deviation of the error (SDER) and the “subvolume”

size for the results obtained in the different studies reported in this manuscript.

Y = a*Xxt VOI Condition Digital volume R? a b Subvolume for standard

correlatio

n (DVC) deviation of the strain error
(SDER) = 200pe (um)

Dall’Ara et al. (2014), Trabecular Ex vivo BoneDVC 0.977 32874690 —1.939 490
Palanca et al. (2015) DaVis 0.921 164478898569 -3.106 742
Cortical Ex vivo BoneDVC 0.983 60471448 —2.008 536

DaVis 0.976 96263509437  -3.079 661

Palanca et al. (2016) Vertebral bodies Ex vivo BoneDVC 0.919 335443 -1.172 564
DaVis 0.972 6863976 —1.583 733

Vertebral bodies with cement  Ex vivo BoneDVC 0.858 46616 -0.897 436

DaVis 0.975 3991596 —1.436 987

Palanca et al. (2017a) Trabecular Ex vivo BoneDVC 0.941 72017 -1.289 96
Cortical Ex vivo BoneDVC 0.938 16968 -1.266 33

Proximal tibia Ex vivo BoneDVC 0.932 29416 -1.210 62

This publication Whole tibia In vivo BoneDVC 0.954 613219 -1.010 2,832
Whole tibia Ex vivo BoneDVC 0.990 4303780 —1.482 839

This publication Trabecular with biomaterial Ex vivo DaVis 0.993 214132 —1.465 117
Trabecular Ex vivo DaVis 0.962 641729 —1.664 128

The last column represents the calculated value of the subvolume for a SDER equal to 200 pe.

provides a comprehensive understanding about how the preci-
sion of these methods (evaluated in a simple case of full-field
zero-strain on repeated scans) is affected by the different tissue
structures, by the input images, and by the algorithms.

The results from the different studies confirmed that the preci-
sion in the measurements of displacement of the two tested DVC
approaches are in the order of a fraction of voxel, with smaller
errors for the global DVC compared to the local one (Table 4). As
expected, for all the different studies that were compared in this
article, strong correlations were found between the uncertainties
of the DVC-computed strains (expressed as SDER), and the
spatial distance between two independent measurements. This
result confirms those obtained from previous studies (Roberts
etal., 2014) and extend it for different bone and bone-biomaterial
structures. The equations describing such trends (Table 3) pro-
vide a way to choose the input parameters of the DVC according
to the different applications. In particular, the elastic registrations
based on higher resolution images (~1.6 pm voxel size, obtained
with SRpCT) allowed achieving uncertainties of 200 pe for
measurement spatial resolution of 30-100 um for all the types
of microstructure considered (bovine cortical bone, bovine tra-
becular bone, and mouse metaphysis), allowing strain measure-
ments within BSUs. Conversely, pCT-based DVC measurements
(~10 pm voxel size) showed the same strain errors (200 pe) only
for larger grid size, in the order of 400-600 pm, allowing for 3D
measurements performed on subvolumes including more BSUs,
but still enabling to detect strain gradients over the specimens.
Such measurements can be used to classify regions at high or
low localized strains as for example the beginning of failure in
trabecular or cortical bone. It should be noted though that the
strain values in this case refer to subvolumes containing both
the mineralized tissue and the marrow. When DVC is applied
to pCT images acquired with lower resolution (~40 pm voxel
size), reliable information about the heterogeneous strain field

can be obtained only with larger subvolumes, up to 1,000 um,
which contain several BSUs. As expected, the worst case scenario
among those tested was related to the in vivo pCT images of the
mouse tibia (~10.4 um voxel size), where the subvolume size
required to obtain the same strain errors (200 pe) was as large as
~2,800 pm, which is even larger than the typical diameter of the
bone (~1,000 pm). It should be noted that this case represents a
very extreme case where the measurement resolution is affected
by several artifacts (i.e., moving artifacts and lower contrast due
to the lower energy), which may considerably affect the noise in
the images and disturb the deformable registration. Therefore,
with the current settings, it is hard to think of using such a
methodology in vivo, unless large deformations are applied and
larger errors can be accepted (e.g., hundreds of pe). This would be
feasible, for example, when strain measurements are used to clas-
sify between bone strained below or above yield [7,000-10,000pe
(Bayraktar et al., 2004)].

The results summarized here were obtained from the best
conditions studied on the different applications. For example,
we noted that masking the bone tissue in non-homogeneous
structures such as the trabecular bone and mouse tibia improved
the precision of the DVC only if based on high-resolution SRuCT
(Palancaetal.,2017a), but not on standard laboratory pCT images
(Dall’Ara et al., 2014). Furthermore, for the local DVC approach,
itis clear that a metric based on DC should be preferred to analy-
ses performed after Fourier Transformation (Palanca etal., 2015).
Then, the best settings were used, similar trends were found for
both DVC algorithms, with the global DVC performing better in
the experiments where both algorithms were tested on the same
specimens for the selected dimensional level (Tables 3 and 4), but
with slightly higher computational cost to run the registration
(Table 5).

Both DVC approaches summarized in this paper outperform
those reported in the literature for similar structures in terms
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TABLE 5 | Estimated time required for the different applications split for the different parts of the procedure, from the scanning to the image pre-processing, digital volume correlation (DVC) running time, and post-
processing of the results.

Computation time VoI Condition DVC VOl size (vox) Approximate Approximate pre- Approximate Approximate Approximate total

scanning time processing time registration time per post- time for subvolume

(min/specimen)  (min/specimen) CPU for subvolume processing equal to 48, 50, or

equal to 48, 50, or 52 time (min/ 52 (min/specimen)

voxels (min/specimen)  specimen)

Dall’Ara et al. (2014),  Trabecular Ex vivo BoneDVC 180 x 180 x 932 15 30 2 5 58
Palanca et al. (2015) DaVis 180 x 180 x 932 15 30 1 5 55
Cortical Ex vivo BoneDVC 180 x 180 x 932 15 30 2 5 58
DaVis 180 x 180 x 932 15 30 1 5 55
Palanca et al. (2016)  Vertebral bodies Ex vivo BoneDVC 300 x 300 x 432 90 15 8 5 142
DaVis 300 x 300 x 432 90 15 1 5 114
Vertebral bodies with cement  Ex vivo BoneDVC 300 x 300 x 432 90 15 8 5 142
DaVis 300 x 300 x 432 90 15 1 5 114
Palanca et al. (2017a)  Trabecular Ex vivo BoneDVC 1,000 x 1,000 x 1,000 4 120 15 10 194
Cortical Ex vivo BoneDVC 1,000 x 1,000 x 1,000 4 120 15 10 194
Proximal tibia Ex vivo BoneDVC 1,000 x 1,000 x 1,000 4 120 15 10 194
This publication Whole tibia In vivo BoneDVC ~400 x 400 x 1200 40 20 5 81
Whole tibia Ex vivo BoneDVC ~100 x 400 x 1,200 40 20 5 81
This publication Trabecular with biomatetial Ex vivo DaVis 1,000 x 1,000 x 1,000 2 300 10 320
Trabecular Ex vivo DaVis 1,000 x 1,000 x 1,000 2 300 10 320

The results are reported for a subvolume size equal close to 50 voxels (48, 50, or 52 voxels according to the different applications). As the registrations have been run with different workstations, we report the approximate registration
time for each CPU and for the approximate total time assuming the registrations were run with a workstation with four CPUs.
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not allow measuring the accuracy of the method due to the fact
that the field of displacement under loading is not known (and
cannot be measured with independent measurement systems).
In recent studies (Palanca et al., 2017a), we have suggested to
perform analyses on repeated scans where one of them is vir-
tually deformed with a known strain field, for estimating both
accuracy and precision of the DVC methods. Nevertheless, more
parameters should be accounted for during the generation of
the virtually loaded images (e.g., interpolation), the application
of the load (tension, compression, torsion), the load level, and
their effect on the different bone structures, increasing signifi-
cantly the labor, the computation, and post-processing time of
the analyses. We believe that this approach should be used at
least in one loading scenario and loading level until a proper
standardization and benchmarking is provided. Furthermore, so
far only virtually imposed affine deformations have been tested:
this does not enable testing the DVC algorithms under realistic
heterogeneous strain fields. Therefore, future work needs to
be done to simulate a realistic loading condition, for example,
imposing realistic boundary conditions and displacement (and
strain) distributions derived from FE models of the constructs.
To overcome the third limitation (i.e., different algorithms used
for the different DVC approaches), the comparison between the
two DVC methods will be further investigated for a subgroup of
data, to identify which parts of the algorithms could lead to the
best precision. Finally, a further limitation of this study is that
some of the dataset were not processed with either one or the
other DVC approach.

In conclusion in this study, we report a comprehensive analysis
of the precision of two DVC methodologies for different bone
structures, the microarchitecture of which has been acquired with
different X-rays imaging techniques. These data can be used by
the research community intending to employ DVC measurements
for the estimation of the best trade-off between DVC precision in
strain measurements, and the spatial resolution of independent
displacement and strain measurements. The users are welcome
to test new DVC approaches on the datasets shared in this and
previous papers for direct comparison of the results.
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Cancellous bone is an intricate network of interconnected trabeculae, to which analysis
of network topology can be applied. The inter-trabecular angle (ITA) analysis—an analysis
of network topological parameters and regularity of network-forming nodes—was
previously carried out on human proximal femora and showed that trabecular bone
follows two main principles: sparsity of the network connectedness (prevalence of
nodes with low connectivity in the network) and maximal space spanning (angular offset
of connected elements is maximal for their number and approximates the values of
geometrically symmetric shapes). These observations suggest that 3D organization of
trabecular bone, irrespective of size and shape of individual elements, reflects a tradeoff
between minimal metabolic cost of maintenance and maximal network stability under
conditions of multidirectional loading. In this study, we validate the ITA application using
additional 3D structures (cork and 3D-printed metal lattices), analyze the ITA parameters
in porcine proximal femora and mandibles, and carry out a spatial analysis of the most
common node type in the porcine mandibular condyle. The validation shows that
the ITA application reliably detects designed or evolved topological parameters. The
ITA parameters of porcine trabecular bones are similar to those of human bones. We
demonstrate functional adaptation in the pig mandibular condyle by showing that the
planar nodes with three edges are preferentially aligned in relation to the muscle forces
that are applied to the condyle. We conclude that the ITA topological parameters are
remarkably conserved, but locally do adapt to applied stresses.

Keywords: trabecular bone, inter-trabecular angle, topology, anisotropy, micro-CT

INTRODUCTION

Trabecular bone (also known as cancellous or spongey bone) is a lightweight porous material that
fills the interior spaces of most bones. In some cases, such as the vertebrae, it comprises almost the
entire bone, as the outer compact bone shell is relatively thin. By contrast, in long bones such as
the femur and humerus, cancellous bone is found mostly in the articulating ends. Much effort has
been made to characterize the 3D architecture and network organization of trabecular bone, both
to understand how trabecular bone functions normally and when it is compromised by pathology
(Odgaard, 1997; Miiller et al., 1998; Keaveny et al., 2001; Boyde, 2003; Zysset, 2003; Ryan and Krovitz,
2006; Stauber and Miiller, 2007; Allen et al., 2008).
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Many analytical techniques in trabecular bone research
are based on histomorphometric (2D) procedures (Odgaard,
1997). The utilization of three-dimensional (3D) imaging of
bone makes it possible to better characterize the architecture
(Odgaard, 1997; An and Freidman, 1998; Miiller, 2009; Kivell,
2016). Current micro-CT-based analyses of trabecular bone char-
acterize its organization in terms of textural structural features
within a region of interest [mean trabecular thickness (Tb.Th),
mean inter-trabecular distance, bone volume-total volume ratio
(BV/TV), and degree of anisotropy (DA)] (Odgaard, 1997;
Bouxsein et al., 2010). BV/TV and Tb.Th parameters significantly
account for the tissue stiffness and strength (Ascenzi et al,, 2011).
A higher DA was found to contribute to trabecular bone strength
in the case of non-uniform stress by leveling out local strains
(Bayraktar and Keaveny, 2004). However, a higher DA was also
found in bone samples from donors who sustained a fragility
fracture (Ciarelli et al., 2000). The connectivity and continuity
of a trabecular network is another determinant of tissue stability
(Mosekilde et al., 1987; Kinney and Ladd, 1998). It is noteworthy;
however, that network connection density is a parameter inde-
pendent of bone volume fraction or Tb.Th. From an ontogenetic
perspective, the network connection density and the archetypal
3D plan are established early in development—around birth
in humans (Roschger et al, 2001). After that the process of
trabecular network coarsening continues until the stage of
skeletal maturity (Ryan and Krovitz, 2006). Throughout adult-
hood, material texture undergoes further refinement, as seen by
increased alignment of collagen fibrils and mineral crystallites
along individual trabeculae (Roschger et al., 2001).

Unlike morphology, the study of forms and metric spaces of
objects, topology is concerned with objects’ continuity, compact-
ness, connectedness, boundaries, etc. These are the fundamental
properties of objects that do not change with deformations, trans-
formations, and scaling (Kahn, 1975). A network is defined as a
setof nodes connected via a set of edges. A special class of networks
is “partially connected networks,” in which nodes are connected
only to adjacent nodes (neighbors), so that the network is fully
connected without the cost of maintaining the maximal possible
number of edges. Saha et al. (2000) paved the way for studying
trabecular bone topology—the manner in which individual ele-
ments collectively form a 3D network—by suggesting a method
of uncoupling trabecular morphology from the 3D organization
of the axes, or centroids, of trabeculae in a sample (edges). The
topological approach itself helps explain the mechanical proper-
ties and might well determine the 3D architectural blueprint, or
archetype, of trabecular bone that has been optimized throughout
evolution and allows for further functional adaptation (i.e., local
Tb.Th, DA, and bone volume fraction being superimposed on
topological parameters such as connectedness and continuity).
Network regularity and network distortion stand apart from
morphology (trabecular shape and size) and topology (trabecular
network continuity and connectedness). Network regularity and
network distortion, Jensen et al. (1990) showed that randomiza-
tion of the regular lattice/network may decrease its stability by
a factor of 5 or even 10, while the density (or connectedness) of
the network is preserved. Although the authors clearly indicate
that a regular artificial lattice is not equivalent to trabecular bone

tissue, the network topology (i.e., connectedness) and network
regularity (configuration of the network nodes) must be taken
into account. From the engineering perspective, Deshpande et al.
(2001) illustrates that the number of connections between the
network-forming nodes is crucial for the network rigidity: ina 3D
network with node connectedness exceeding 12, bending defor-
mations are eliminated and the loading of the structure becomes
stretching-dominated. This is an important observation, as most
natural and artificial materials are at least an order of magnitude
stronger when loaded axially (in tension or compression) in
comparison to bending or shear (Wainwright et al., 1976). The
high connectedness of the 3D network provides its rigidity by
“triangulation” of interconnected elements. A complete trian-
gulation, however, is incompatible with the shock-absorbing
properties of the structure, and the latter is often desirable in
biological materials (Deshpande et al.,, 2001). Hence, it might
be reasonable to expect that the topological plan, or blueprint,
of trabecular bone incorporates 3D architectural features that
optimally combine both the stability of the 3D network and its
physiological compliance.

Reznikov et al. (2016) introduced a new parameter for the
analysis of pCT scans of trabecular bone, namely the inter-
trabecular angle (ITA). The ITA is defined as the angles between
two adjacent trabeculae emanating from the same node, and
the angle is calculated for each pair of trabeculae connected at a
node in the entire volume of interest. This parameter is, therefore,
determined for a large number of pairs (typically, in 1 cm® of
trabecular bone tissue there are 10,000 to 40,000 ITAs).

Reznikov etal. (2016) studied different areas within the human
proximal femur in adults of varying age and found remarkable
similarities. First, the trabecular network is a partially connected
network, which is reflected in the low connectedness of nodes.
More than two-thirds of the nodes have three connecting tra-
beculae (three-neighbor node, 3-N), followed by one-quarter
of all the nodes with four emanating trabeculae (four-neighbor
node, 4-N) and about one twelfth of nodes with five connect-
ing trabeculae (five-neighbor node, 5-N). The nodes of higher
connectedness are sparse. Significantly, the proportions of 3-N,
4-N, and 5-N nodes are conserved between three areas within
the proximal femur and among the individuals roughly as 12:4:1
or 10:3:1. Furthermore, the mean ITA values of nodes with three
connecting trabeculae are close to 120° and nodes with 4 con-
necting trabeculae have a mean ITA close to 109.5°. Thus, ITA
mean values are close to the angles that characterize threefold
and fourfold symmetrical geometrical motifs with the maximal
angular offset of the edges (Thompson, 1942). The prevalence of
nodes with low connectedness and the mean ITA values typical
of the maximal angular offset possibly indicate a compromise
between minimizing of metabolic cost (or achieving sufficient
shock dissipation) and maximizing sufficient network stability
in multidirectional loading of trabecular bone tissue (Deshpande
etal, 2001). Reznikov et al. (2017) have applied the ITA analysis
approach to the study of functional adaptation of trabecular
bone in the human calcaneus by comparing normal feet and
museum specimens of feet subjected to foot binding (historical
cultural practice of foot deformation). They found that while the
anisotropy pattern in the calcaneus closely reflects the pattern of
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loading and follows the tensile and compressive force vectors, the
aforementioned ITA parameters in the calcanei of the two groups
were nearly identical.

We were surprised to find that the various ITA parameters
are so similar in bones that fulfill different mechanical functions
and are subjected to different loading regimes. The overall objec-
tive of this study is to better understand the biological factors
that influence ITA properties. To this end, we carried out this
follow-up study in which we (i) tested the validity of our custom
written application for ITA analysis by using engineered space-
filling lattices and a natural lattice; (ii) performed ITA analysis
of pig proximal femora, as well as three different areas in the pig
mandible, and compared them to the previously published ITA
analysis of human proximal femora; and (iii) studied the spatial
distributions of 3-N nodes in different regions within the pig
mandibular condyle to determine whether or not topological
parameters are affected by locally varying mechanical functions.

MATERIALS AND METHODS

For details see Reznikov et al. (2016).

Materials

We analyzed selected parts of the mandible and the head of
the femur (Figure 1) acquired from three mature 2.5-year-old
domestic female pigs. The pigs were provided by Lahav C.R.O
(Kibbutz Lahav, Israel). Pigs are considered to be a good non-
human model for better understanding human skeletal and
dental questions such as osteonecrosis of the femoral head, bone
fractures, bone growth, and development, as well as for evaluating
new dental implant designs (Buser et al., 1991; An and Freidman,
1998; Terheyden et al., 1999; Nkenke et al., 2003). While porcine
bones in general have a denser trabecular network than human
trabecular networks (Mosekilde et al., 1993), porcine bone shows
similarities to human bone in terms of bone biology (modeling
and remodeling), as well as bone mineral density (Mosekilde et al.,
1993). The study was approved by Institutional Animal Care and

Use Committee at the Weizmann Institute of Science. We also
analyzed one cork specimen as an example of natural porous solid
of non-animal origin that functions under different mechanical
constraints and does not remodel. As examples of engineered
3D structures, we used two types of 3D-printed metal lattices.
A rhombic dodecahedron honeycomb structure (here referred to
as the D-lattice) in the form of a cylinder 15 mm in diameter and
15 mm in height, a strut thickness of 0.9-1.0 mm and the node
connectedness was strictly configured by the design (unit cell of
rhombic dodecahedron with three intersecting twofold axes) as
4-N, 6-N, and 12-N in an infinite array. This D-lattice contained
about 1000 struts connected at 250 nodes, of which approximately
50% were partially truncated at the surface. The stochastic lattice
(here referred to as the S-lattice) was also manufactured in a
cylindrical shape of 15 mm in diameter and 15 mm in height, but
contained a higher number (around 20,000) of fine connected ele-
ments of 150-250-pum thick. In the stochastic lattice, the nodes were
randomly positioned in 3D and were stochastically interconnected
to form a partially connected network with the average number of
neighbors given as 4, as described by Ghouse et al. (2017).

Methods

The fresh porcine mandibles were cut in half at the symphyseal
region using a water cooled rotary diamond saw (Buehler, IsoMet
1000 Precision saw, USA). Each hemi-mandible was sectioned
further to obtain three anatomically distinct areas, namely the
mandibular condyle, the angle, and the body (Figure 1). For
specimens P1 and P2 both the right and the left hemi-mandibles
were analyzed. In the case of P3, only the right hemi-mandible
was analyzed (Table 1). The proximal part of the femur from each
pig was also examined.

A cylindrical cork specimen of 5 mm in diameter was collected
by trephine drilling of the outer bark layer (phloem) of a cork
oak, Quercus suber, in the direction perpendicular to the trunk
natural surface. The cork specimen was not further modified. The
engineered lattices were created using computer-aided design
software Rhinoceros 5.0 (McNeel Europe, Barcelona, Spain) and

FIGURE 1 | Domestic pig mandible (A) and the proximal part of the pig femur (B). The dotted lines indicate the areas that were selected for the analysis.
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TABLE 1 | List of examined parts from each of the specimens.

Specimen P1 Mandible Angle Right, left
Body Right, left
Condyle Right, left
Femoral head Right
Specimen P2 Mandible Angle Right, left
Body Right, left
Condyle Right, left
Femoral head Left
Specimen P3 Mandible Angle Left
Body Left
Condyle Left
Femoral head Right

3D-printed using selective laser sintering of commercially pure
titanium (Renishaw AM250, Renishaw Additive Manufacturing,
UK) for an unrelated study.

Micro-CT Analysis

The bones were scanned using a micro-CT (Micro XCT-400, Zeiss
X-ray microscopy, CA, USA) at 40 kV and 200 mA with a voxel
size between 38 and 42 um. The voxel size variability was due to
minor differences in specimen sizes. For optimal resolution, the
voxel size was selected in such a way that the average Tb.Th would
incorporate at least five voxels. Once the scans were reconstructed,
the cortical shell surrounding the trabecular interior was digitally
removed in each of the selected parts (Avizo, FEI, OR, USA). In
the case of the mandibular body, both the cortical shell and the
teeth were removed digitally.

The cork specimen was scanned using the same set up with
the voxel size of 0.8 pum for the same consideration of having each
structural element resolved with at least five voxels. No artificial
contrasting of the cork sample was performed. The engineered
lattices were imaged using Nikon Metrology HMX ST 225 scan-
ner (Nikon, Tring, UK), tube peak voltage 180 kV, and current
170 mA. The voxel size was the same as for bone samples, 38 pm.

Calculation of the ITA

Following the protocol described in detail by Reznikov et al.
(2016), the reconstructed 3D images of all specimens were con-
verted to a continuous networks of edges of one voxel thickness,
using a skeletonization (thinning) algorithm (Fiji, Skeletonize3D
plugin http://fiji.sc/Skeletonize3D) (Lee et al., 1994) (Figure 2).
The resulting network of edges was analyzed further using the
AnalyzeSkeleton plugin, Fiji, http://fiji.sc/AnalyzeSkeleton
(Arganda-Carreras et al., 2010). The output of AnalyzeSkeleton
is a set of vectors (hence referred to as “edges”) represented by
(%, y, ) coordinates of start points and end points. The junctions
of three or more edges were defined as “nodes” The matrices
of edge coordinates were analyzed using the ITA application in
Matlab R2015b (MathWorks, USA). The application identifies the
type of each node by the number of edges emanating from it and
classifies the nodes into categories of 3-N, 4-N, 5-N, or more.
The ITA value is calculated for each pair of connected trabeculae
and the distributions of many ITA values are reported separately

for each node type. Very short edges (<5 pixels for all samples or
35 pixels in the coarse D-lattice) between two closely positioned
nodes were replaced by a single node because such edges were
shorter than the average Tb.Th. Short edges not connected at
one end, which result from the skeletonization of oddly-shaped
trabeculae, were also removed following the same principle of
being shorter than the average Tb.Th in pixels. The abundance
of different node types and the corresponding ITA distributions
were exported in Excell (Microsoft, USA) and plotted.

The ITA application for Matlab 2015b is available at the following
link: http://www.weizmann.ac.il/Structural_Biology/Weiner/ita-app.

Node Planarity Analysis

The previously reported angular offset between the edges of 3-N
nodes suggests that many of them are planar: it is impossible to
spread three connected edges by 120° without confining them to
a single plane. However, while all maximally offset 3-N nodes are
planar, not all planar nodes necessarily have their edges maximally
offset (for illustration as in the planar capital letter “T,” compared
to “Y”). Since the ITA distribution of 3-N nodes was rather broad
(i.e., incorporating ITA values smaller or larger than 120°), the
actual confinement of 3-N nodes to planes was analyzed. An aux-
iliary plane was constructed through three points on each of the
three edges. Each point was located at the same unit distance from
the node. We define planarity by the angle between the edges and
this plane (which is the same for all three edges). We refer to a “pla-
nar” node as a 3-N node with an average angle between connecting
trabeculae and the auxiliary plane of less than 4°. Non-planar nodes
for this study are defined as those with an average angle of more
than 20°. Next, we mapped and quantified the spatial distributions
of planar and non-planar 3-N nodes in the pig mandibular condyle.
We compared the number of nodes and their types per unit volume
in different regions in the mandibular condyle.

Analysis of the Spatial Distributions and Orientations
of the Planar and Non-Planar 3-N Nodes in the Head
and Neck of the Condyle

The coordinates of the 3-N planar (within 4° of being perfectly
planar) are compared to 3-N nodes that are distinctly non-planar.
We, therefore, chose nodes in which the angle between the plane
and the edge is greater than 20°. Each of the examined 3-N nodes
(planar and non-planar) was also plotted in 3D space as a recipro-
cal vector perpendicular to the auxiliary plane that was used to
define the planarity. Visualization of the vectors in 3D was done
in Avizo (Avizo, FEI, OR, USA). The 3D volume of reciprocal
vectors was anatomically aligned. In this orientation, the medial
pterygoid muscle is approximately in the anterior-superior to
inferior-posterior direction. A snapshot image of the vectors
was recorded in this anatomical position. All images were then
analyzed using the Image] (Fiji) fast Fourier transform (FFT)
application. The FFT pattern of aligned elements creates a streak,
the definition of which is proportional to the extent of alignment
of these elements and the direction of which is orthogonal to
that of the aligned elements. Therefore, the orientation of a well-
defined streak in an FFT is reciprocal to the plot of the planarity
vectors and, thus, coincides with the orientation of the planes of
the 3-N nodes.
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node.

FIGURE 2 | Workflow of bone analysis using inter-trabecular angle application. (A) Fragment of the pig mandible that shows the trabecular interior of the mandible
body. (B) Smaller fragment of trabecular bone in which trabeculae on the left-hand side were replaced by thin lines (edges, referred to as skeletonization). (C) Group
of connected trabeculae with straight edges and nodes inscribed. (D-F) Examples of nodes with different connectedness: (D) 3-N node, (E) 4-N node, and (F) 5-N

Analysis Using the Morphometric Bone

Structure Parameters

For this type of analysis the plugin BoneJ in Image] (Fiji) applica-
tion was used (Doube et al., 2010). All examined regions of inter-
est were of equal volume. For each volume we calculated the bone
volume fraction (BV/TV), mean trabecular separation (Tb.Sp),
mean Tb.Th, and DA. DA is a measure of preferential orienta-
tion of substructures in a volume http://bonej.org/anisotropy
(Odgaard, 1997).

RESULTS

Validation of the ITA Application

Engineered 3D Lattices

Rhombic Dodecahedron Honeycomb Structure (D-Lattice)
The rhombic dodecahedron honeycomb structure design
(Figure 3A) includes only even-edge nodes (such as 4-N and

6-N) by design. The odd-edge nodes are at the periphery of the
specimen and are due to cropping of the infinite lattice to the
cylindrical shape. The algorithm detected the mean angle of
4-N nodes as 106° (expected 109.5°) and the mean angle of 6-N
nodes as 88° (expected 90°). The observed ITA distributions are
sharp (Figures 4A,B). Some broadening of the peaks at their base
results from the lattice truncation, from the minor imperfections
of 3D-printing and of the skeletonization process. Analysis results
show that the volume contains 246 nodes, while the expected
number is 250. The expected number of intact 4-N nodes is 33%
and the measured number is 39%. The expected number of intact
6-N nodes is 10% and the measured number is 13%. The number
of expected truncated nodes (located at the specimen surface) is
50% and their measured number (the sum of 3-N, 5-N, and others)
is 48%. Figure 4 shows that the ITA software does calculate
the most frequent angle for the 4-N and 6-N nodes very close
to the designed values. Since the features identified by the ITA
application are either in agreement with the design or can be fully
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FIGURE 3 | Three-dimensional structures that were used for ITA validation, as reconstructed pCT images. (A) Dodecahedron-based metal lattice (D-lattice).
(B) Stochastic metal lattice (S-lattice). (C) Cork viewed in the same plane as the natural surface of the tree, note hexagonal honeycomb-like structure in that
projection. (D) Cork viewed in the radial direction. Note preferential alignment of cells in that projection.

explained by the surface cropping, we conclude that the ITA soft-
ware faithfully identifies the node connectedness and correctly
calculates the ITA angles. It is noteworthy that the angles detected
by the application were consistently several degrees smaller than
those of the in silico design.

Stochastic 3D Lattice (S-Lattice)

The S-lattice is shown in Figures 3B. As per the original design, the
average network connectedness was found to be 4; the abundance
of nodes declines as the number of their neighbors increases. The
ratio of nodes 3-N:4-N:5-N was approximately 4:3:1, which is
different from 8:3:1 typically seen in bone. Both 3-N and 4-N
nodes generated bimodal ITA distributions. The peak values in
these distributions suggest planar node configuration: 3-N nodes
resemble the capital letters “Y” (mean angles centered around 60°
and twice as abundant around 150°, that sum up to 360°); 4-N
nodes resemble the capital letter “X” (equal height of two dis-
tributions centered around 60° and 120°, that in the case of four
angles sum up to 360°). The angles that were previously reported
for trabecular bone and formed unimodal distributions were
not identified. Moreover, the presence of bimodal distributions
indicates that the principle of maximal angular offset for a given
number of connected elements is not observed in the S-lattice.
The higher connectedness of the network and the defiance of the
maximal angular offset principle may indicate that there is either
no metabolic cost pressure to form a “simpler” network, and/
or there are no mechanical requirements for more pronounced
stress dissipation within the structure, as indeed could be
expected from an artificially produced construct. We, therefore,

conclude that the software is sensitive to network connectedness
and differences in node configurations in 3D.

Cork

Cork is a component of the cork oak bark (Quercus suberus). Cork
is a tough protective dead tissue, impermeable to gases and water.
The honeycomb structure of cork is very fine compared to trabecu-
lar bone with an average cell wall thickness around 4-5 pm and
cell size about 20-30 um. Cork is an anisotropic structure: when
viewed along the radial direction with respect to the tree trunk,
a hexagonal honeycomb structure is apparent; when viewed in the
tangential direction with respect to the tree trunk, the preferred
radial alignment of the cell walls is clearly visible (Figures 3C,D).
Although cork is a plant tissue with the size of its elements at least
20 times smaller than in bone, its ITA analysis demonstrates high
similarity to bone 3D organization, namely the relatively low net-
work connectedness and similar distributions of the ITA values.
Although the node abundance declines with the increasing node
connectedness, the trend is less pronounced than in trabecular
bone, with the ratio of 5-N:4-N:3-N nodes being 6:3:1. This indi-
cates a somewhat higher network connectedness than in trabecular
bone, although lower than in the engineered stochastic lattice.

ITA Analysis of Pig Mandibles and Femora:
Possibility of Adaptation at the
Topological Level

Node Abundances and Proportions

Figure 5 shows the abundances of the different node types for the
pig mandible samples and the pig femoral head. In general, the
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FIGURE 4 | Topological characteristics of the three examined structures. Panel (A) shows ITA distributions of the most abundant node (4-N in D-lattice and 3-N in
S-lattice and cork). In the D-lattice, the distribution is very narrow, reflecting the fact that this is a designed configuration. In the S-lattice the ITA distribution forms
two distinct peaks, one at 60° and another, twice as tall, at 150°. Since the sum of such angles is 360°, these 3-N nodes are planar, but do not possess maximal
offset of the edges. In cork, the ITA distribution is unimodal, centered around 116° and, therefore, these nodes in cork approximate a planar shape. Panel (B) shows
the ITA distributions in the second most abundant nodes for three test samples. D-lattice demonstrates a narrow peak centered as expected based on its design.
Note the higher count of ITA at the large angle values (explained in the Section “Discussion”). The S-lattice has a bimodal distribution with equal counts of values
around 60° and 120°, which is consistent with a planar structure with non-uniform offset of edges. The cork ITA distribution is similar to bone in shape and width
and centers around 107°. That is indicative of the maximal angular offset. Panel (C) shows the node abundance as a function of the number of neighbors. The cork
trend decays exponentially and is similar to bone; the S-lattice node abundance decays linearly; the D-lattice trend is consistent with the design and the surface

proportions of the 3:4:5-N nodes are similar to those reported for
the human femur, such as 10:3:1.

Figure 6 shows the ITA distribution values for each of the three
most abundant node types in bins of 4° for the pig samples. The
abundances (in percent) of ITA values (in degrees) are plotted
after normalizing to the total number of measurements, which
were between about 3,000 (for the least abundant node) and about
110,000 (for the most abundant node) for each volume analyzed.
Reznikov et al. (2016) estimated the errors for the 3-N, 4-N, and
5-N bins. The largest error for samples with about 3,000 nodes is
around 20%. We, therefore, conclude that the ITA distributions
of the different porcine samples are remarkably similar to each
other, and TO TH to the human femoral heads.

We also calculated the mean ITA distribution values for all
the pig samples analyzed (Table 2). These mean values are plot-
ted for the different node types in Figure 7 where they are also

compared to the human femoral heads. Again the differences are
small. We also note that about one-third of all the ITA values in
each distribution falls within 10° on either side of the mean. In
other words, +10°, on either side of the mean values represents a
third of all the values of a sample.

All the above observations clearly show that the ITA value
abundances and distributions are remarkably similar when
comparing the different regions within the pig mandible, the
pig femoral head and the human femoral head (Reznikov et al.,
2016). These ITA characteristics are, thus, conserved between two
different bones and two different mammals: pigs and humans.
We do, however, note that based on the validation tests that we
performed this conclusion is well substantiated for rod-shaped
trabeculae, but because of the inherent difficulties of obtaining
reliable skeletonization products for flat objects (Stauber and
Miiller, 2007), this conclusion may be biased to some unknown
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FIGURE 5 | Abundances of different nodes types in the examined areas of
the pig mandibular condyle (five specimens), mandibular angle (five
specimens), mandibular body (five specimens), pig proximal femur (three
specimens) and human proximal femur [average of five specimens is taken
from Reznikov et al. (2016)].

extent against plate-shaped trabeculae. We do, however, note
that in the case of the cork sample, which is inherently platy as
it consists mainly of cell walls, only about 12% of the edges were
not connected and hence eliminated. Such unconnected edges
mainly arise due to the skeletonization of plate-shaped elements.
So we expect the bias in the bone samples after eliminating
unconnected edges mainly from plates, to be less than 12%.

ITA Analysis of 3-N Nodes in the Mandibular
Condylar Head and Neck

As distinct parts of the mandible are subjected to different
loading patterns, we expected these differences to be reflected
in the spatial distributions of the nodes within the trabecular
network. We, therefore, chose to carry out a site-specific study of
node spatial distributions in the condylar head and neck, as the
head is subjected to strains mainly in the sagittal plane as part of
the temporomandibular joint (TMJ; Liu and Herring, 2000a,b;
Herring et al., 2002).

Node Distributions within the Mandibular Condyle
The head and the upper part of the neck of the condyle of specimen
P1 is shown in Figure 8. The dotted line shows the anatomical
boundary between the head and the neck (Figure 8A), P1 condyle
showing only the outer surfaces. The nomenclature for orientation
is also shown. The arrows show the directions of the prevailing
principal stresses following Liu and Herring (2000a,b). Sagittal
section of P1 condyle is represented in Figures 8B, the white dots
show the 3D distribution of all the 3-N nodes (Figures 8C). All
the nodes in the volume are projected onto one plane. This projec-
tion shows that there are more 3-N nodes closer to the articular
surface of the condylar head as compared to the other areas.

In order to obtain quantitative data on the density of the
nodes in different regions, we analyzed the number of nodes per
unit volume in the articular portion of the condylar head and

compared this value to the number of nodes in the same volume
in the condylar neck. The same selected equal volumes taken from
the head of the condyle and the neck were used for evaluating
mean Tb.Th and separation, trabecular volume fraction and the
DA. Table 3 combines these morphometric parameters with the
results of the topological analysis. It shows that the total number
of nodes per unit volume in the articular portion of the condylar
head is between 2.0 and 2.6 times higher than in the condylar
neck. This is consistent with the visual presentation of the 3-N
nodes in the condylar head and neck. As it is also visually clear,
the trabecular meshwork is finer in the head than in the neck of
the condyle. There are also proportionately more 4-N and 5-N
nodes compared to 3-N nodes in the head compared to the neck,
which is consistent with the higher network connectedness.

Alignment of Planar 3-N Nodes in the Condyle Head

We calculated the planarity of the 3-N nodes in all the pig samples
analyzed here (Figure 9). Thirty to 35% of the 3-N nodes are
within 4° of being perfectly planar. A similar observation was
made for human femoral heads (Reznikov et al., 2016).

Since the condylar head of the pig mandible demonstrates a
higher content of planar nodes along with the higher DA, we plot-
ted the orientation of the planar 3-N nodes in the condyle in the
same projection, as shown in Figure 8, which means in the direc-
tion of principal stresses. In Figure 10, the planes of planar 3-N
nodes are shown by reciprocal vectors, perpendicular to those
planes. Fast Fourier transform is generated from the image of the
vectors and, also reciprocally, illustrates the co-alignment of vec-
tors. Figure 10 show that the vectors from the planar 3-N nodes
do have a preferred orientation. The preferential orientation of
the planar nodes, as revealed from the FFT, is aligned parallel to
the principal directions of loading shown in Figure 8A.

DISCUSSION

Here, we show that the node abundances, the angular distribu-
tions, and mean ITA values in three different parts of the pig
mandible and the pig proximal femur are principally similar to
other previously analyzed bone samples [of the human proximal
femur (Reznikov et al., 2016) and two differently loaded groups
of human calcanei (Reznikov et al., 2017) in terms of node
type proportions and the maximal angular offset of connected
elements]. These results, therefore, clearly show that ITA values
are conserved even between species from different mammalian
taxonomic groups and between bones that carry out different
mechanical functions. We, therefore, conclude that the topologi-
cal parameters reflect functionally important aspects of trabecular
bone structure.

ITA Analysis Validation

Theresults of the validation of ITA analysis show that forareticu-
late network comprised of rod-shaped elements (“trabeculae”)
with known ITAs, the software accurately calculates the
abundance of node types, accurately detects the mean ITA
angles incorporated by design and realistically estimates the
number of nodes truncated at the edges and their 3D configu-
rations. Furthermore a stochastic reticulate structure produces
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distributions totally different from those reported for trabecu-
lar bone by Reznikov et al. (2016), showing that the software
does not generate the same result regardless of structure.

TABLE 2 | Mean values of ITA distributions per node type, averaged for the
samples measured and half width at half maximum (HWHM) of ITA distributions
per node type, averaged for the samples measured.

3-N mean 3-N 4-N mean 4-N 5-N mean 5-N
HWHM HWHM HWHM
Angle 116+05 29+12 107+08 31+083 102+05 32+0.3
Body 114+05 32+11 105+08 33+1 102+ 05 34+13
Condyle 115+04 28+05 107+05 31+03 102+04 32+02
Femur 1156+06 28+0.7 10606 30+0.7 102+06 32+06
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FIGURE 7 | Inter-trabecular angle mean values for the three most abundant
node types. All measurements are presented: five values of porcine
mandibular condyle, angle and body and three values for porcine proximal
femur. Human proximal femur values are averaged (five individuals) and
shown for reference (Reznikov et al., 2016).

In natural structures, as opposed to engineered structures the
mean ITA values tend to be very close to angles in symmetrical
geometric motifs, i.e., 120° for 3-N nodes and 109° for 4-N nodes.
In these symmetrical motifs, the connecting edges are offset as
far as possible from each other. In this way, the trabeculae can
optimally cover 3D space with the least number of connecting
elements. Together with the prevalence of simple nodes in the
partially connected network, this results in an optimized com-
bination of minimal metabolic cost of the structure and maximal
stability to multidirectional loading. The width of the ITA distri-
butions accounts for inherent irregularity of biological structures.
Interestingly, both living animal tissue (bone) and dead plant
tissue (cork) follow the same principles of network simplicity
and maximal volume spanning, despite the different size scale of
their networks. This observation stems from the fact that the ITA
application analyzes topological determinants of the structure,
uncoupled from their size, shape, and global orientation. Since
the results obtained from the cork sample were close to the ITA
parameters observed in bone, one sample of cork was deemed
sufficient for validation. This observation, however, requires a
thorough study of plant tissues and other similar biological lattices.

ITA and Functional Adaptation

We noticed that as the number of node neighbors increases, the
ITA distributions become skewed: the 3-N distribution can be
accounted for with a single Gaussian curve, as is expected from a
natural continuous distribution of independent values. The distri-
butions of 4-N and 5-N nodes, however, require a minor Gaussian
curve in the region of high ITA values, for a satisfactory coeflicient
of determination (Figure 11). The contribution of the minor
Gaussian curve is higher in the case of the 5-N distribution (the
height of the minor peak is 25% from the height of the 4-N general
distribution, and the height of the minor peak in the 5-N distribu-
tion is around 40%). A probable explanation for the presence of
the minor Gaussian curves could be that the application detects
not only the angles between the near branches of a node but also
between remote branches in the same node of high connectivity.
Indeed, in Figures 4B, the plot of the D-lattice demonstrates higher

FIGURE 8 | (A) pCT image of the condylar head and neck of the pig. The arrows show the major compressive stress trajectories, as shown by Liu and Herring
(2000a,b). (B) Section through the 3D pCT image of the condylar head and neck and (C) is a plot of the locations of all the 3-N nodes in the whole volume of the
scan projected onto this plane. (C) Visually demonstrates that there are more 3-N nodes in the condylar head as compared to the neck.
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TABLE 3 | Morphometric and topological parameters in the trabecular network of the pig mandible, condylar head (H), and neck (N), and their ratio.

Parameter Pig 1, Left Pig 1, Right

Head Neck H/N Head Neck H/N
3-N, number 12,668 6,565 1.9 14,765 6,202 2.4
4-N, number 5916 2,652 2.3 7,547 2,618 2.9
5-N, number 3,047 997 3.1 3,364 959 3.5
Total 26,708 13,204 2 31,727 12,459 2.6
3-N planar 3,445 1,839 1.9 3,989 1,611 2.5
3-N non-planar 1,632 1,251 1.3 2,062 1,069 1.9
Planar/non-planar 2.1 1.5 1.9 1.5
Degree of anisotropy (DA) 0.8 0.5 1.6 0.8 0.5 1.6
Bone volume-total volume ratio (BV/TV) 0.4 0.5 0.8 0.5 0.5 1
Thickness (Tb.Sp), um (SD) 380 (144) 468 (268) 0.8 387 (211) 499 (281) 0.8
Tb.Th, pm (SD) 247 (73) 468 (130) 0.5 306 (109) 413 (181) 0.7

Pig 2, Left Pig 2, Right

Head Neck H/N Head Neck H/N
3-N, number 15,342 6,448 2.4 14,721 6,719 2.2
4-N, number 6,489 2,468 2.6 5,827 2,361 2.5
5-N, number 3,958 959 4.1 3,354 747 4.5
Total 30,464 12,5639 2.4 28,727 12,333 2.3
3-N planar 3,546 1,607 2.2 3,309 1,544 2.1
3-N non-planar 1,489 1,057 1.4 1,516 962 1.6
Planar/non-planar 2.4 1.5 2.2 1.6
DA 0.8 0.6 1.8 0.7 0.5 1.4
BV/TV 0.4 0.4 1 0.6 0.5 1.2
Th.Sp, pm (SD) 348 (168) 420 (232) 0.8 322 (112) 402 (164) 0.8
Tb.Th, pm (sdSD) 314 (116) 357 (147) 0.9 359 (115) 470 (147) 0.8

Pig 3, Left Cork

Head Neck H/N
3-N, number 12,453 6,256 2 88,986
4-N, number 8,114 2,887 2.8 48,430
5-N, number 3,452 9,565 3.6 19,119
Total 27,940 12,833 2.2 156,535
3-N planar 2,605 1,670 1.6 30,552
3-N non-planar 1,316 1,065 1.2 4,435
Planar/non-planar 1.9 1.5 6.8
DA 0.7 0.6 1.2 0.6
BV/TV 0.5 0.4 1.3 0.2
Tb.Sp, pm (SD) 437 (140) 463 (160) 0.9 18 (7)
Tb.Th, um (SD) 316 (135) 341 (160) 0.9 3.7 (0.96)

Number of different node types in the head and the neck present within equal sized volumes, as well as the parameters of morphometric analysis of trabecular bone.

values in the region 150-180°. This is a plot of 6-N nodes. In a 6-N
node of perfect threefold symmetry all 6 edges are oriented at 90°
to one another and form 12 right angles between the near edges.
However, there are also 3 angles of 180° between remote edges
of the same node. Nodes of three neighbors can have only three
near-edge angles; 4-N nodes also can have only near-edge angles
(as it has six possible pairs of near edges between which an angle
can be measured). However, a 5-N node necessarily incorporates
one angle between remote edges, along with nine pairs of near
edges. Therefore, starting from the node complexity N-5 or higher,
a bimodal ITA distribution can be expected, in which the major
peak corresponds to the mean angle for pairs of near edges, and the
minor peak corresponds to the angle for the only pair of remote
edges. The minor peak position can be expected close to 180°. The
fact that in trabecular bone ITA distribution the minor Gaussian
peak is present to some extent in the 4-N ITA distribution can

be possibly explained by life-long bone remodeling, when some
nodes may lose one of their original branches.

The finding of highly conserved ITA properties may seem to
clash with the well-established connection between trabecular
bone texture and function. This connection was originally
described in the work of Julius Wolff, who suggested that
individual trabeculae of the proximal human femur are aligned
along the principal stress directions (Wolff, 1892). Many studies
examined this premise (Enlow, 1968; Bertram and Swartz, 1991;
Currey, 2012), including several experimental studies that directly
demonstrate this connection. Studies of trabecular bone in the
knee joint of guinea fowl showed that the fine trabecular bone
in the distal femur has a high degree of correspondence between
the changes in joint angle and trabecular orientation (Pontzer
et al., 2006). A study of the distal radius in a sheep model also
supported the finding that trabecular bone adjusts and realigns
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FIGURE 10 | Vector orientations of the 3-N planar nodes from specimen P1, P2, P3 represented in the right part of the figure (A,C,E) and the FFT analyses of
images are represented in the left side (B,D,F).
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in response to change in loading direction (Barak et al., 2011).
The study of the calcaneus in normal and deformed human feet
shows that consistent long-term loading results in the formation
of a reproducible anisotropy pattern of trabecular bone. However,
there is no real conflict between the fact that bone is capable of
functional adaptation and the invariance of the ITA parameters
in the analyzed samples. The difference between the tradition-
ally analyzed morphometric parameters and the topological
parameters reported here is that the ITA analysis is blind to the
local thickness and form of the elements and only considers the
trabecular network determinants. The universal topology of a
trabecular network can be viewed as the 3D archetype on which
various changes in size and shape can be superimposed. Thus, the
topology observed in trabecular bone can adopt a multitude of
different texture parameters such as increase in Tb.Th, without
negating the principles of network simplicity and maximal span-
ning of the 3D space.

A detailed comparison of the nodes within the condylar head
and neck did, however, reveal an alternative form of adaptation
that does not involve trabecular shape, but also does not breach
the topology. A higher DA was identified in all five condylar
heads analyzed, in comparison with the condylar neck. Along
with that the average Tb.Th and its SD are consistently lower
in the condylar head, and the trabecular spacing and its SD are
also lower. These observations are in accord with a finer and
denser network. In addition, the total number of nodes and the
proportions of 4-N and 5-N nodes were higher in the condylar
head than in the condylar neck, further indicating that the fine
trabecular network of the condylar head is densely connected.
One way to achieve a higher DA is by network coarsening
and thickening of the trabeculae that are co-oriented with the
principal stress trajectories (Ryan and Krovitz, 2006). But the
opposite is observed in the fine and densely connected network
of the condylar head. Significantly, the ratio of planar 3-N nodes
to non-planar 3-N nodes is consistently larger in the head than
in the neck. Moreover, the orientation of the planes of these
flat 3-N nodes was found along the physiological stress trajec-
tory. Therefore, the higher anisotropy can be achieved by local
transformation of the network elements that does not amend the

general topology, but also allows retaining the scale and shape of
the network elements.

The mandibular condyle is one of the components of the TM].
The condylar head is subjected to forces in well-defined directions
(Liuand Herring, 2000a,b; Herringetal.,2002; Cornish etal., 2006)
as this is a paired joint that has limited freedom around the sagittal
or vertical axes, and primarily allows movement around the trans-
verse axis. Since consistent and repetitive loading of bones results
in increasing their anisotropy, the structure of trabecular bone
in the condylar head is expected to adapt accordingly, consistent
with our results and with previous studies (Gosen, 1974; Hekneby;,
1974; Teng and Herring, 1995; Kim et al., 2013). Interestingly, the
higher anisotropy in the condylar head is achieved by transforma-
tion of the network motifs (preferred orientation of the planar
3-N nodes), and the fine scale of the network remains unaltered.
We speculate that the biological rationale for that might be the
preservation of a higher compliance of the fine trabecular tissue.
Indeed, increased anisotropy combined with higher bone volume
density provides the highest stiffness of trabecular bone (Maquer
et al,, 2015). On the other hand, it was shown that higher stiff-
ness of trabecular bone is associated with degenerative disease of
articular cartilage (Li and Aspden, 1997a,b; Hurwitz et al., 2001).
We also speculate that increasing trabecular bone anisotropy by
network transformation (and not by trabecular coarsening and
stiffening in certain orientations) might be Natures strategy to
preserve articular cartilage from untimely wear and tear. This
observation opens new insights into two important problems in
bone research, namely joint degeneration (perhaps, adaptation
to stereotypical loading by increased anisotropy with trabecular
network coarsening, rather than co-alignment of some topologi-
cal elements) and bone fragility (i.e., inability to stably cope with
loads low in magnitude, but unusual in direction).

The analysis presented here certainly pertains to rod-shaped
trabeculae; its validity with regard to plate-shaped trabeculae
needs to be studied, as the skeletonization procedure currently
used in our ITA analysis code may have some difficulties in
properly identifying and separately representing plate-shaped
trabeculae. Analysis results will, therefore, be more valid and
mechanically significant in those instances where the majority
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of the trabeculae are rod shaped, like the bodies of vertebrae
(Parkinson and Fazzalari, 2013).

CONCLUSION

The ITA application reliably detects the topological characteris-
tics of natural and artificial 3D structures.

The ITA parameters are remarkably conserved between two
mammalian species and between different bones.

In the TMJ and the mandibular condyle, where conflicting
requirements for higher anisotropy and finer network co-exist,
the topological level of functional adaptation is preferential, as
reflected by co-alignment of planar 3-N nodes.
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SCLEROSTIN (Sost) is expressed predominantly in osteocytes acting as a negative
regulator of bone formation. In humans, mutations in the SOST gene lead to skeletal
overgrowth and increased bone mineral density, suggesting that SCLEROSTIN is a key
regulator of bone mass. The function of SCLEROSTIN as an inhibitor of bone formation
is further supported by Sost knockout (KO) mice which display a high bone mass with
elevated bone formation. Previous studies have indicated that Sost exerts its effect on
bone formation through Wnt-mediated regulation of osteoblast differentiation, prolif-
eration, and activity. Recent in vitro studies have also suggested that SCLEROSTIN
regulates angiogenesis and osteoblast-to-osteocyte transition. Despite this wealth
of knowledge of the mechanisms responsible for SCLEROSTIN action, no previous
studies have examined whether SCLEROSTIN regulates osteocyte and vascular con-
figuration in cortices of mouse tibia. Herein, we image tibiae from Sost KO mice and
their wild-type (WT) counterparts with high-resolution CT to examine whether lack of
SCLEROSTIN influences the morphometric properties of lacunae and vascular canal
porosity relating to osteocytes and vessels within cortical bone. Male Sost KO and WT
mice (n = 6/group) were sacrificed at 12 weeks of age. Fixed tibiae were analyzed using
microCT to examine cortical bone mass and architecture. Then, samples were imaged
by using benchtop and synchrotron nano-computed tomography at the tibiofibular
junction. Our data, consistent with previous studies show that, Sost deficiency leads to
significant enhancement of bone mass by cortical thickening and bigger cross-sectional
area and we find that this occurs without modifications of tibial ellipticity, a measure of
bone shape. In addition, our data show that there are no significant differences in any
lacunar or vascular morphometric or geometric parameters between Sost KO mouse
tibia and WT counterparts. We, therefore, conclude that the significant increases in
bone mass induced by Sost deficiency are not accompanied by any significant modi-
fication in the density, organization, or shape of osteocyte lacunae or vascular content
within the cortical bone. These data may imply that SCLEROSTIN does not modify the
frequency of osteocytogenic recruitment of osteoblasts to initiate terminal osteocytic
differentiation in mice.

Keywords: Sost, osteocyte, vascular porosity, microCT, lacunar porosity
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INTRODUCTION

Bone is a metabolically active tissue constantly adapting its
structure to external mechanical stimuli, leading to changes
in mass (Raab et al., 1991; Bennell et al., 2002), shape (Rubin,
1984), strength (Jarvinen et al., 2003; Leppénen et al., 2008), and
length (Howell, 1917; Steinberg and Trueta, 1981). The exact
mechanisms for transformation of these mechanical signals into
biological responses are not fully elucidated. Osteocytes, the most
abundant cells within skeleton, are derived by a process termed
osteocytogenesis from bone-forming osteoblasts. They reside
within irregularly shaped ellipsoidal lacunar spaces (Franz-
Odendaal et al., 2006) and are reported to act as strain sensors
and transducers (Bonewald and Johnson, 2008; Javaheri et al.,
2014). There have been a number of hypotheses put forward as
to how osteocytes achieve their mechanosensory role. One, the
fluid flow hypothesis, states that mechanical loading perturbs
bone fluid through the lacunar-canaliculi network producing
shear forces on the osteocyte cell processes (Burger and Klein-
Nulend, 1999; Han et al., 2004). An alternative proposes that
osteocytes are vital for efficient bone remodeling and repair of
bone microdamage (Verborgt et al., 2000; Ma et al., 2008). Besides
these roles, osteocytes are also reported to regulate matrix min-
eral homeostasis (Qing and Bonewald, 2009) through osteocytic
osteolysis (Bélanger, 1969; Kerschnitzki et al., 2013).

The cellular mechanisms that regulate mechanotransduction
are not fully understood, but several key pathways have been
identified in osteocytes. One such pathway involves control of
the canonical Wnt signaling pathway by its negative regulator
(Balemans et al., 2005; Weivoda et al., 2017) SCLEROSTIN; a
protein encoded by the Sost gene expressed predominantly by
deeply embedded mature osteocytes (Balemans et al., 2001).

SCLEROSTIN and the canonical Wnt signaling pathway regu-
late bone mass through several mechanisms, including stem cell
renewal (Reya and Clevers, 2005), stimulation of pre-osteoblast
differentiation and proliferation (Kato et al., 2002), enhancement
of osteoblast activity (Kato et al., 2002; Bodine et al., 2004), inhi-
bition of osteoblast and osteocyte apoptosis (Babij et al., 2003),
regulation of osteoclastogenesis (Glass et al., 2005; Holmen et al.,
2005), and modulation of adaptive response to mechanical strain
(Armstrongetal., 2007; Javaherietal., 2014). In addition, previous
in vitro studies have reported that SCLEROSTIN promotes osteo-
cytogenesis, or osteoblast-to-osteocyte differentiation (Atkins
etal., 2011), and angiogenesis in human endothelial cells in vitro
(Oranger et al., 2017). Moreover, Sost deficiency leads to higher
matrix mineralization and enhanced bone mass; mineralization
has been reported to influence terminal osteoblast differentiation
into osteocytes (Cameron et al., 1967; Prideaux et al., 2012) and
angiogenesis (Choi et al.,, 2000; Van Wesenbeeck et al., 2002).
It remains unclear whether the role of SCLEROSTIN as a negative
regulator of bone mass extends, however, to controlling osteocyte
lacunar organization and vascular content in bone.

Visualization of osteocytes and vascular canals is difficult in
bone’s highly mineralized matrix. Thus, spatial characteristics,
including density, volume, and shape of osteocyte lacunae and
vascular porosity have, therefore, often been used as a proxy
(Qiu et al., 2003; Carter et al., 2013; Javaheri et al., 2015). This is

predominantly due to the fact that 3D quantification of osteo-
cyte and vessel density and morphology is problematic using
traditional imaging techniques including confocal microscopy.
More recently, nano-computed tomography (nanoCT) has
been employed to attain sub-micron resolution of lacuna and
vascular porosity using benchtop CT scanners that offer sub-
micron scanning. We (Javaheri et al., 2015) and others (Robling
and Turner, 2002; Cooper et al., 2004; Mullender et al., 2005;
Skedros et al., 2005; Matsumoto et al., 2006; Vatsa et al., 2008;
Schneider et al., 2009, 2010; Palacio-Mancheno et al., 2014)
have previously reported that nanoCT is a useful tool to quan-
tify osteocyte and vascular porosity in 3D. However, the gold
standard for such imaging remains synchrotron-based nanoCT
which provides a higher X-ray flux and lower beam hardening
effect due to monochromatic beam, which in principle can
improve the image quality (Pacureanu et al., 2012; Carter et al.,
2013; Dong et al., 2013; Kerschnitzki et al., 2013; Mader et al,,
2013; Webster et al., 2013).

To our knowledge, no previous study has investigated
SCLEROSTIN's role in the 3D organization of the osteocyte and
vascular networks in bone. We hypothesize that Sost deficiency
results in altered osteoblast-to-osteocyte transition and vascular
network formation as reflected by changes in lacunar properties
including numbers, volume, diameter, and shape as well as vascu-
lar parameters, respectively. To address this, we employ desktop
as well as synchrotron-based nanoCT analyses of lacunar and
vascular contents in a Sost-deficient mouse model.

MATERIALS AND METHODS

Animal Model

Frozen sperm from a male Sost knockout (KO) mouse was
purchased from the Knockout Mouse Project Repository at the
University of California Davis, CA, USA. Imported sperm used
to fertilize ova from C57BL/6 wild-type (WT) mice. To obtain off-
spring, fertilized egg was implanted into pseudopregnant female
C57BL/6 mice. Offspring were bred through several generations
to obtain Sost homozygous mice on a C57BL/6 background.

Mice were provided with standard mouse chow and water
ad libitum throughout the study and housed up to four per cage in
polypropylene cages with wood chip and paper bedding. Weaners
up to 8 weeks of age were fed a standard rodent breeding diet
and thereafter a standard rodent maintenance diet (Special Diet
Services, South Witham, UK). All procedures performed were
reviewed and approved by the ethics committee of the Royal
Veterinary College (London, UK) and complied with the UK
Animals (Scientific Procedures) Act 1986.

Imaging

High-Resolution Micro and NanoCT

MicroCT

Two groups of mice, male Sost KO and WT mice (n = 6/group),
at 12 weeks of age were sacrificed by cervical dislocation. Right
tibia from each mouse was dissected, the flesh around the bone
removed and fixed in 70% EtOH. Prior to scanning, tibiae were
removed from 70% EtOH and dried superficially on paper
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tissue, before being wrapped in plastic “cling-film,” to prevent
drying during scanning, and scanned ex vivo using the Skyscan
1176 (Skyscan, Kontich, Belgium), with X-ray tube operated at
50 kV and 600 pA, 2,000 ms exposure time, a rotation step of
0.800° a 1-mm aluminum filter and a voxel size of 9 um within
a field of view of 11.5 mm (width) and 7.8 mm (height). The
slices were then reconstructed using NRecon 1.6.9.4 (Skyscan,
Kontich, Belgium). Whole bone analysis was performed on
datasets derived from CT scans using Bone] (Doube et al., 2010)
(version 1.4.0) a plugin for Image] (Schneider et al., 2012).
Following alignment and removal of fibula from the dataset
a global bone threshold of 75 Gy level was used to segment
bone from non-bone in the images. To determine whether Sost
deficiency alters cortical bone architecture, we undertook gross
bone morphology analysis. The cross-sectional area (CSA),
second moment of area around minor (Ims) and major axes
(Imax) and mean thickness were calculated within Bone] (“Slice
Geometry”). The most proximal and the most distal 10% por-
tions of tibial length included trabecular bone and thus were not
included in the analysis.

Nano-Computed Tomography
The same tibiofibular junction of the Sost KO and WT mice tibiae
scanned previously by micro-CT (2.2.1.1), were re-scanned using
a Skyscan 1172 (Skyscan, Kontich, Belgium) X-ray microtomog-
raphy as described previously (Javaheri et al., 2015). This scanner
offers isotropic detail detectability down to 0.5 pm. The samples
were placed in Orthodontic Wax (Kerr, CA, USA) at 200 pA,
50 kV and, 9,800 ms exposure time with a 0.25-mm aluminum
filter (99.999% purity, Goodfellow, Huntington, UK), 360° at
a rotation step of 0.25° and a voxel size of 0.6 um. Scans were
centered at the tibiofibular junction within a field of view of
2.3 mm (width) and 1.6 mm (height). Two-frame averaging was
used to improve the signal-to-noise ratio. The scan time for each
sample was approximately 7 h. Prior to reconstruction, thermal
shift in projection images was corrected in NRecon 1.6.9.4
(Skyscan, Kontich, Belgium). 300 slices (0.6 um per each slide,
total 180 pm) were then reconstructed in NRecon using a ring
correction factor of 15, smoothing of 1 and 35% beam hardening
correction. Three 100 consecutive images from the tibiofibular
junction were selected from each specimen. The images were
loaded in CTAn software (Skyscan, Kontich, Belgium). The major
differences between nanoCT and microCT (2.2.1.1) are the voxel
size, exposure time, and angular rotation step.

Initially, foreground was segmented from background and
a series of noise removal “despeckling” steps performed. Pores
smaller than 13 pm’ and larger than 1,500 um’ were assumed
to be noise and vascular canals, respectively, and the rest
were considered to be lacunae. These limits were based on a
previous study using confocal microscopy indicating a size
between 28 and 1,713 um® for osteocytes (McCreadie et al.,
2004). Previous studies used and reported these volume limits
to examine lacunar and canal porosity (Tommasini et al., 2012;
Carter et al., 2013; Carriero et al., 2014; Javaheri et al., 2015).
Morphometric indices for lacunar and vascular canals were
calculated by measuring the 3D parameters of each discreet
object within the volume of interest after segmentation. These

indices for lacuna included average lacunar number (N.Lc),
average lacunar volume (Lc.Avg.V), total volume (Lc.Tot.V),
diameter (Lc.D; calculated with the sphere-fitting method),
number of lacunar pores per unit bone volume (N.Lc/Ct.BV),
and number of lacunar pores per total volume (N.Lc/Tot.V).
For vascular canals, number (Ca.N), total volume (Ca.Tot.V),
diameter (Ca.D; calculated with the sphere-fitting method),
number of vascular canals per unit bone volume (N.Ca/Ct.BV),
and number of vascular canals per total volume (N.Ca/Tot.V)
were measured. Shape analysis of the lacunae was conducted
utilizing “Analyze Particles” function in BoneJ. Shape para-
meters were then computed for each ellipsoid based upon the
resulting three radii. The best-fit ellipsoid provided lacuna
major radius (Lc.Al), lacuna intermediate radius (Lc.A2), and
lacuna minor radius (Lc.A3), which correspond to the lacuna’s
principal axes (i.e., the eigenvalues of the inertial matrix). These
values allowed calculation of the degree of lacunar elonga-
tion [Lc.El = 1 — (Lc.A2/Lc.Al)] and degree of lacunar flatness
[Lc.F1 > 1 — (Lc.A3/Le.A2)] (Javaheri et al., 2015). The composi-
tion of the structure was then plotted using a Flinn diagram
(Flinn, 1962) showing major: intermediate axis ratio on the
y-axis and the intermediate: minor axis ratio on the x-axis.

Synchrotron NanoCT

Tibiae from separate groups of male Sost KO and WT mice (n =6/
group) were fixed in 70% EtOH and were embedded in wax to
prevent sample movement. Tibiofibular junctions were scanned
using SR CT at the TOMCAT beamline of the Swiss Light Source
at a voxel size of 0.65 um. This scanner offers isotropic detail
detectability down to 0.37 pm. For each scan projection, images
were acquired over a range of 360° at a rotation step of 0.12°, a
photon energy of 18.5 keV, 18 ms exposure, corrected for ring
artifacts due to potential scintillator defects and reconstructed
based on gridrec algorithm using graphical user interface written
in Python/Jython (Marone and Stampanoni, 2012) and developed
as a plugin for Fiji (Schindelin et al., 2012). Scans were centered at
the tibiofibular junction (maximum outer dimension of 1.5 mm)
within a field of view of 3.3 mm (width) and 1.4 mm (height).
Tomographic datasets were typically acquired in 10-15 min. SR
CT datasets consisted of a stack of 1,000 reconstructed CT slices,
300 of which were used for morphometric analysis as described
previously (see Nano-Computed Tomography).

Statistical Analysis

Normality and homogeneity of variance were used for all com-
parisons between Sost KO and WT mice. Violations of normality
and homogeneity were not observed.

For gross cortical bone morphologyanalysis, graphs were plotted
using the programming language “R;” version 3.1.3 (R Foundation
for Statistical Computing, Vienna, Austria; http://www.r-project.
org). For this purpose, the functions lattice and grid were used.
Two-sample t-test was used for comparisons between Sost KO and
WT mice. Data are presented as mean + SEM and were considered
statistically significant when p < 0.05.

Graphs relating to lacunar and vascular porosity data, obtained
from either benchtop nanoCT or synchrotron were generated
using GraphPad Prism 6 (GraphPad Software, Inc., San Diego,
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CA, USA). Two-sample t-test was used for comparisons between
Sost KO and WT mice. Data are presented as mean + SEM and
were considered statistically significant when p < 0.05.

RESULTS

Sost Deficiency Produce Gross Changes

in Cortical Bone

We found that Sost deficiency did not alter tibial length (Table 1)
but was a significant determinant of bone CSA (Figure 1B),
producing higher bone CSA in Sost KO compared with WT
mice along the entire tibia length. Furthermore, we found that
Sost deficiency also contributed significantly to cortical thickness
(Figures 1A,B), with Sost KO mice exhibiting higher thickness
than WT mice. These increases in cortical thickness were accom-
panied by reduction in medullary cavity area (Figure 1C).

Our data showed that the overall effect of Sost deficiency on
Imin was most pronounced distal to the mid-shaft, where signifi-
cant increases in I, were observed (Figure 1D), and that there
was a lack of marked alteration in the proximal tibia. I was
higher 30 and 85% along the tibia of Sost KO mice (Figure 1D).
Predicted tibial resistance to torsion (J) is higher in Sost KO mice
in two regions at ~25-35 and 70-90% of tibial length (Figure 1E).
Moreover, we found that Sost deficiency did not modify tibial
ellipticity, a measure of bone shape (Figure 1E).

Sost Deficiency does not Alter Lacunar

and Vascular Configurations

Our data show that Sost deficiency leads to higher total volume
(Tot.V) and bone cortical volume (Ct.BV) (p < 0.001; Table 1).
Our morphometric evaluation of the cortical bone at the tibi-
ofibular junction (Figures 2A,B), shows that absolute number of
lacunar pores is greater in Sost KO than in WT bones, containing
significantly greater total numbers of osteocyte lacunae (N.Lc;

p < 0.001; Figures 2C,D) in images obtained from nanoCT
and synchrotron. This greater lacunar number, however, was
normalized to control WT mouse levels, when expressed per
unit of bone volume (N.Lc/Ct.BV; Figure 2D) as well as total
volume including bone, lacuna, and vascular canals volume
(N.Lc/Tot.V; Table 1). The average lacunar volume (Lc.Avg.V;
Table 1), total lacunar volume occupied by all lacunar pores
(Lc.Tot.V; Table 1), and lacunar diameter (Lc.D; Table 1) were
not significantly different in datasets of either imaging modali-
ties between Sost KO and WT mice.

Greater absolute non-normalized N.Lc in Sost KO bone
was also consistent with measures of greater N.Ca, in which
significantly higher vascular canal number (N.Ca; p < 0.001;
Figures 2C,D), were evident in Sost KO bones. This was also
normalized to control WT mouse levels when total vascular
canal number was expressed per unit bone volume (N.Ca/
Ct.BV; Figure 2D) as well as total volume (N.Ca/Tot.V; Table 1).
Furthermore, we found that Sost deficiency did not alter average
volume of vascular canals (Ca.Avg.V; Table 1), total volume of all
vascular canals (Ca.Tot.V; Table 1), or vascular canal diameter
(Ca.D; Table 1). These data indicate that the Sost deficiency
produces an elevation in bone volume but does not lead to
modification in lacunar and vascular network density in bone.

Analysis of lacunar shape, using Flinn diagram (Flinn, 1962)
(Figure 2E) showed that Sost deficiency does not modify osteocyte
arrangement and shape. Lacunar elongation and flatness were not
significantly altered in tibiofibular junction in Sost KO compared
with WT in either imaging modalities. These data showed that
Sost deficiency does not lead to divergence in osteocyte shape and
organization in mouse tibiae.

DISCUSSION

Our data are consistent with previous studies (Krishnan et al.,
2006; Lietal.,2008; Hassler etal.,2014; Suen etal., 2015; Kamiya

TABLE 1 | Porosity parameters representing lacuna and vascular porosity of male wild-type (WT) and Sost knockout (KO) mice at 12 weeks of age, detailing t-test
comparisons for significant genotype effect of data obtained from nano-computed tomography (nanoCT) or synchrotron.

Morphometric parameters WT synchrotron KO synchrotron t-Test WTCT KO CT t-Test
Bone parameters

Tibial length (mm) 17.39 £ 0.03 17.36 + 0.03 NS 17.46 = 0.04 17.23 +0.12 NS
Ct.BV (mmd) 0.146 + 0.003 0.205 + 0.006 <0.001 0.142 + 0.002 0.209 + 0.001 <0.001
Tot.V (bone + canal and lacunar pores) (mm?) 0.151 + 0.003 0.211 + 0.006 <0.001 0.145 + 0.002 0.213 + 0.001 <0.001
Vascular canal

Ca.Avg.V (umd) 4,529 + 870 3,206 + 1,201 NS 3,418 + 671 2,444 + 916 NS
Ca.Tot.V (mmd) 0.00035 + 0.00004 0.00023 + 0.00005 NS 0.00021 + 0.00008 0.00028 + 0.00002 NS
Ca.D (pm) 9.44 + 0.81 7.93 + 0.81 NS 8.21 +0.33 7.61+0.24 NS
N.Ca/Tot.V (number/mmég) 443 + 68 605 + 605 NS 571 +45 691 + 242 NS
Lacunae

Lc.Avg.V (umd) 396 + 46 420 + 31 NS 312 + 19 288 + 40 NS
Lc.Tot.V (mmd) 0.00581 + 0.00002 0.00659 + 0.00004 NS 0.00377 + 0.00002 0.00428 + 0.00001 NS
Le.D (pm) 3.82 +£0.28 3.39 +0.14 NS 3.13 +0.39 2.9+0.21 NS
N.Lc/Tot.V (number/mm?) 63,189 + 863 64,411 + 1,240 NS 45,494 + 4,170 42,761 + 5,741 NS

Bone parameters included tibial length, cortical bone volume (Ct.BV), and total volume (Tot.V: volumes of bone plus lacunar and canal volumes). For vascular canals, average canal
volume (Ca.Avg.V), total canal volume (Ca.Tot.V), canal diameter (Ca.D), and number of vascular canals per total volume (N.Ca/Tot.V) are shown. Morphometric measurements for
lacunar pores, include average lacunar volume (Lc.Avg.V), total lacunar volume (Lc.Tot.V), lacunar diameter (Lc.D), and number of lacunar pores per total volume (N.Lc/Tot.V). WT
and Sost KO tibiae scanned at the synchrotron were from a separate batch compared to micro-CT and benchtop nanoCT. Two-sample t-test was used to compare means between

WT and Sost KO mice. Data represent means + SEM with group sizes of n = 6 for WT and Sost KO mice.
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FIGURE 1 | Modification in cortical bone phenotype in Sost knockout (KO) (gray) mice. (A) Representative 3D Micro-CT color-coded images of tibial cortical bone
thickness. (B) Bone cross-sectional area (CSA) and mean cortical thickness between 10 and 90% of total tibial length. (C) Gross macroscopic comparison of
microCT images of cortical tibia at the tibiofibular junction for both groups demonstrating a significantly thickened tibial cortex and reduced medullary cavity in Sost
KO compared to wild-type (WT) mice. (D) Minimum and maximum second moments of area (Inn and Imax respectively) and (E) ellipticity and J (resistance to torsion)
between 10 and 90% of total tibial length of WT and Sost KO mice. Graphical heat map (B,D,E) at the bottom of each graph summarizes statistical differences at
specific matched locations along the tibial length, representative of overall effect of Sost deficiency: red p < 0.001, yellow 0.001 < p < 0.01, green 0.01 < p < 0.05,
and blue p > 0.05. Two-sample t-test was used to compare means between WT and Sost KO mice. Line graphs represent means + SEM. Group sizes were n = 6

etal.,2016; Qinetal., 2016; Shuetal., 2017) indicating that Sost
deficiency leads to significant elevations of cortical bone mass.
In addition, we find that these increases are not linked to
significant changes in bone shape. Moreover, using two
high-resolution imaging modalities, we examined whether
the observed elevation of bone mass at macroscopic level in
Sost KO mice extends to include differences in the lacunar
and vascular composition of cortical bone. In particular, this
focuses on the number and morphometric properties of the
vascular and osteocyte lacunar cavities within the cortical bone
in these mice.

We have previously used benchtop CT to study lacunar and
vascular canal porosity using tibiofibular junction as a landmark
(Javaherietal,, 2015). Benchtop nanoCT is essentially a micro-CT
scanner with small enough focal spot, capable to be used at also
sub-micrometer voxel size (0.6 pm/pixel). Herein, we have also
employed synchrotron-based nanoCT imaging to compare and
confirm suitability of using benchtop-based nanoCT imaging
for porosity analysis. With both imaging modalities, the absolute
numbers of lacunar and vascular cavities were significantly higher
in Sost KO compared with WT mice at tibiofibular junction. This

similarity suggests that data obtained from the benchtop CT
are comparable, at least in terms of these parameters, to gold
standard synchrotron imaging. We could not perform a paired
comparison between benchtop and synchrotron nanoCT on the
same specimens as bones scanned at the synchrotron were from
a different batch.

Our detailed analyses reveal that there were no significant
differences in shape, density or organization of lacunae or
vascular canal porosity within the cortical bone of Sost KO
mice. These data suggest that enhanced properties of bone
on a macroscopic scale, specifically in terms of mass in Sost-
deficient mice, are not reflected in significant alterations in the
geometry and morphometry of lacunar and vascular porosity.
The lacunar and vascular canal values per unit volume of bone
obtained from both imaging modalities were similar to those
reported previously (Carriero et al., 2014; Hemmatian et al,,
2017). In addition, values relating to volume from both imaging
modalities revealed that Sost deficiency does not alter average
and total volume of lacunar or vascular canals. Diameter of
lacunar and vascular canals were lower in KO compared with
WT tibiae, but these differences did not reach levels of statistical
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FIGURE 2 | High-resolution nano-computed tomography (nanoCT) and synchrotron-based analysis of the cortex lacunar and vascular porosity at the tibiofibular
junction. (A) Three 100 ascending images were selected from point 1 at the tibiofibular junction to point 2 and were used for porosity analysis. (B) Resolving power
and gross macroscopic comparison of images obtained from the nanoCT and the synchrotron. Higher magnification quadrants are also shown right side of their
respective images for better appreciation. Yellow and red arrows depict selected lacunar and canal pores in both imaging modalities. (C) Surface representation of
the lacunar (yellow) and red (vascular canal porosity) segmented from 300 consecutive images from tibiofibular junction of wild-type (WT) and Sost knockout (KO)
mice. (D) Number of lacunar pores and vascular canals of WT and Sost KO mice at 12 weeks of age. (E) Flinn diagram displaying lacunar shapes in WT and Sost
KO tibia at tibiofibular junction. The x-axis represents lacunar flatness which was calculated by dividing lacunar intermediate radius (I2: length of best-fit ellipsoid’s
intermediate radius) with lacunar minor radius (13: length of best-fit ellipsoid’s minor radius). The y-axis represents lacunar elongation which was calculated by
dividing lacunar major radius (I1: length of best-fit ellipsoid’s major radius) with lacunar intermediate radius (12: length of best-fit ellipsoid’s intermediate radius).

WT and Sost KO tibiae scanned at the synchrotron were from a separate batch compared to micro-CT and bench top nanoCT. Two-sample t-test was used to
compare means between WT and Sost KO mice. Data represent means + SEM with group sizes of n = 6 for WT and Sost KO mice.
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significance. This may explain, minor and not major increases
in total volume of lacunar and canal volumes despite having
significantly higher absolute number of lacunar and canal
cavities. The average volume of lacunar pores was in agreement
with those reported previously (Wang et al., 2005; Schneider
et al., 2007; Vatsa et al., 2008; Javaheri et al., 2015; Kerckhofs
etal., 2016). The average lacunar volume (~360 pm®) we report
in this manuscript is also in agreement with lacunar volume
measurements reported by McCreadie et al. (2004) obtained
using confocal microscopy.

Furthermore, when the absolute number of both lacunae and
vessels are corrected for total and bone volume, the data become
not significantly different between Sost KO and WT mice. This
implies that the density of lacunae and vascular canals is unaf-
fected by the action of SCLEROSTIN at least at this specific loca-
tion in male mice at 12 weeks of age. These data suggest that the
frequency of osteocyte recruitment from the osteogenic lineage is
independent of SCLEROSTIN-mediated control, or alternatively
that other factors ensure control of these recruitment processes
and that there is, therefore, significant redundancy in this pro-
cess. The statistically significant increases in bone mass in Sost
KO mice implies, however, that this terminal stage of osteoblastic
to osteocytic differentiation following entrapment in their own
mineralized secretions (Dallas and Bonewald, 2010) occurs in a
manner that is Sost-independent. Previous studies reported that
the Wnt signaling and SCLEROSTIN regulate bone remodeling
(Balemans et al., 2001; Van Wesenbeeck et al., 2003), influence
pre-osteoblast differentiation and proliferation (Kato et al., 2002)
and osteoblast-to-osteocyte transition in vitro (Atkins et al.,
2011). We initially hypothesized that SCLEROSTIN influences
the final stage of osteoblast differentiation in bone and expected
the values related to osteocyte lacunae per unit bone volume
in Sost KO mice to be significantly modified. As this does not
appear to be the case, our data offer weight to the argument
that any interaction between SCLEROSTIN and the matura-
tion pathway occurs at an earlier stage in osteoblast cell lineage
commitment. Similar arguments are also applicable to the role
of SCLEROSTIN in vascular recruitment to bone. Further work
should thus concentrate on identifying the exact stage or stages
that are significantly influenced by the presence or absence of
SCLEROSTIN.
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