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Abstract

Impaired bone toughness is increasingly recognized as a contributor to fragility fractures. At the
tissue level, toughness is related to the ability of bone tissue to resist the development of
microscopic cracks or other tissue damage. While most of our understanding of microdamage is
derived from studies of cortical bone, the majority of fragility fractures occur in regions of the
skeleton dominated by cancellous bone. The development of tissue microdamage in cancellous
bone may differ from that in cortical bone due to differences in microstructure and tissue
ultrastructure. To gain insight into how microdamage accumulates in cancellous bone we
determined the changes in number, size and location of microdamage sites following different
amounts of cyclic compressive loading. Human vertebral cancellous bone specimens (n=32, 10
male donors, 6 female donors, age 76 + 8.8, mean + SD) were subjected to sub-failure cyclic
compressive loading and microdamage was evaluated in three-dimensions. Only a few large
microdamage sites (the largest 10%) accounted for 70% of all microdamage caused by cyclic
loading. The number of large microdamage sites was a better predictor of reductions in Young’s
modulus caused by cyclic loading than overall damage volume fraction (DV/BV). The majority of
microdamage volume (69.12 + 7.04%) was located more than 30 um (the average erosion depth)
from trabecular surfaces, suggesting that microdamage occurs primarily within interstitial regions
of cancellous bone. Additionally, microdamage was less likely to be near resorption cavities than
other bone surfaces (p<0.05), challenging the idea that stress risers caused by resorption cavities
influence fatigue failure of cancellous bone. Together, these findings suggest that reductions in
apparent level mechanical performance during fatigue loading are the result of only a few large
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microdamage sites and that microdamage accumulation in fatigue is likely dominated by
heterogeneity in tissue material properties rather than stress concentrations caused by micro-scale
geometry.
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1.0 INTRODUCTION

Impaired material toughness and resistance to crack growth in bone has been implicated as a
cause of fragility fractures in patients with diabetes and patients submitted to long-term
bisphosphonate treatment [1, 2]. Examination of microdamage is the primary means of
assessing tissue material toughness and resistance to crack growth [3-5]. Most of our
understanding of microdamage is derived from studies of cortical bone. However, fragility
fractures typically occur in regions of the skeleton dominated by cancellous bone [6, 7].

Cancellous bone microarchitecture and ultrastructure differs from that in cortical bone in
ways that may influence the development of microdamage. In cortical bone, microdamage
forms primarily in interstitial tissue and microdamage morphology may be influenced by
structures such as the cement lines that surround osteons [4, 5, 8]. In cancellous bone,
interstitial tissue is present in the central regions of trabeculae, distant from the trabecular
surfaces [9], yet trabecular surfaces are expected to show the greatest tissue stresses due to
bending and torsion of individual trabeculae during loading. Additionally, the orientation of
cement lines in cancellous bone differs from that in cortical bone since cancellous bone does
not have osteons per se (instead it has “hemi-osteons”) [10]. Furthermore, remodeling in
cancellous bone causes the generation of resorption cavities, which are believed to act as
stress risers and encourage the initiation and propagation of microdamage [11, 12].

Characterization of the development of microdamage in cancellous bone requires
measurement of the number and size of individual microdamage sites. While there have
been many studies of microdamage in cancellous bone [13-18] most studies have evaluated
microdamage using two dimensional methods that cannot accurately measure the number or
size of microdamage sites or provide information about the location of microdamage sites
relative to the rest of the trabecular microstructure due to the lack of out-of-plane
information [19]. We and others have used three-dimensional imaging methods to examine
the overall amounts of microdamage generated in cancellous bone following loading
[20-22], but the number, size and location of microdamage sites relative to the bone surface
or resorption cavities has not been reported. Hence, it is unclear how the number and size of
microdamage sites is related to the amount of applied loading.

The long-term goal of the current work is to understand how microdamage in cancellous
bone contributes to cancellous bone failure and clinical fracture. Specifically, in the current
study we determine: 1) the relationship between the number and size of microdamage sites,
and reductions in biomechanical performance (Young’s modulus) following different
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amounts of fatigue loading; and 2) the location of microdamage relative to bone surfaces
and resorption cavities.

2.0 METHODS

We performed an extended analysis of specimens described in a previous study [20]. In

section 2.1 we briefly review the experimental methods of the prior study and in sections
2.2-2.5 we describe the methods novel to the current study.

2.1 Study design

2.2 Number,

Specimens were collected from the L3 vertebral bodies of 16 donors (10 male, 6 female,
62-92 years of age, tissue from NDRI, Philadelphia, PA). The donors had no history of
metabolic bone disease and displayed no obvious vertebral deformities. Cylinders of
cancellous bone, 8 mm in diameter and nominally 25-30 mm height oriented in the cranial-
caudal direction, were collected (2 specimens per donor, n=32 specimens total). Specimens
were stored at =20 °C and hydration was maintained throughout the experiments. Specimens
were press fit into brass endcaps with cyanoacrylate glue (as previously described [23]) and
submitted to cyclic loading at 4 Hz between ON and a normalized stress value (o/Eq) of
0.0035 (where Eg is the initial apparent Young’s modulus and o is the load divided by the
cross sectional area in load control). Cyclic loading was stopped at a predetermined
reduction in the apparent Young’s modulus (Figure 1). The reductions in apparent Young’s
modulus were selected to observe microdamage in the secondary and tertiary phases of the
fatigue life [20]. One group of specimens (n=5) was placed in the loading fixture but no load
was applied. Following loading, the specimens were stained with lead uranyl acetate to
identify microdamage [21]. Three-dimensional images of each cylinder of cancellous bone
were acquired through micro-computed tomography to characterize trabecular
microarchitecture and stained microdamage. A region of interest (the central 8 mm diameter,
10.2 mm height) was scanned using a micro-computed tomography device (Versa
XRM-520, Xradia, Pleasanton, CA) in air at an energy of 100 kVp, a current of 90 pA and
an isotropic voxel size of 10 um. A Gaussian filter (sigma = 1.2, support = 1) was applied to
the images and bone was segmented using a global threshold determined with the Otsu
method. To segment microdamage from bone, manual thresholds were chosen by an
observer blinded to the amount of loading the specimen received. Stained objects smaller
than 10,000 um?3 (approximately the volume of 20 osteocyte lacunae) were considered noise
and removed from the images. The volume of stained microdamage in the entire specimen
was characterized as the damaged bone volume fraction (DV/BV).

Size and Location of Microdamage

In cortical bone, the growth of individual microdamage sites (cracks) is observed by
introducing notches into specimens and tracking the growth of individual cracks while
cyclic loading is applied [24]. In cancellous bone, the trabecular microstructure prevents
direct observation of microdamage during mechanical testing. The accumulation of
microdamage, however, occurs through a combination of the creation of new microdamage
sites and/or the increase in the size of microdamage sites. The relative contribution of new
microdamage sites and increases in size of microdamage sites can be inferred by examining

Bone. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Goffetal.

Page 4

changes in the distribution of microdamage site sites (as illustrated in a histogram, Figure 2).
The creation of new microdamage sites is expected to increase the height of the histogram,
while an increase in the size of existing microdamage sites is expected to increase the right
hand side of the histogram.

In cancellous bone, interstitial tissue is present in the central cores of trabeculae [9]. To
determine if microdamage occurs preferentially within the interstitial regions of cancellous
bone, the proportion of microdamage located more than 30 um from the bone surface was
examined (the average maximum resorption cavity depth in human vertebral trabecular bone
is 30 um [10]). Additionally, to determine if microdamage was more concentrated in the
interstitial tissue, the damage volume fraction of tissue near the surface (DVyear/BVnear) and
the damage volume fraction of tissue distant from the surface (DV gistant/BVdistant) Were
determined.

2.3 Spatial correlation of microdamage and resorption cavities

Resorption cavities on the trabecular surfaces have been implicated as stress risers that
might promote microdamage formation [11, 25, 26]. To determine the effects of resorption
cavities on the location of microdamage, a subset of the specimens (n=9) were submitted to
higher resolution imaging (Figure 1). A second micro-computed tomography image was
collected of the central region (3 mm diameter, 3 mm height) of each of these nine
specimens using the two stage magnification capability of a micro-computed tomography
device (Versa XRM-520, Xradia, Pleasanton, CA) to achieve an isotropic voxel size of 1.5
um, a resolution sufficient to detect individual resorption cavities based on bone surface
texture [27]. Images were collected in air at an energy of 80 kVp, and a current of 7 A.
Global thresholds for bone and microdamage were calculated using the two material Otsu
method [28]. As above, stained microdamage sites smaller than 10,000 pm3 were removed
from the images as noise. Additionally, to eliminate non-specific surface staining (thin
layers of stain that occur on bone surfaces without microdamage), lead uranyl acetate
staining within 5 pm of the surface of the trabeculae was disregarded as noise. Resorption
cavities were identified based on bone surface texture (the “scalloped surface”) and traced in
three-dimensions by observers blinded to the presence of microdamage ([10], Figure 3).
Image processing and analysis were performed using custom software written for use with
Matlab (version 7.11.0, Mathworks, Natick, MA, USA) and image visualization and tracing
was performed using Amira (version 5.3, Visage Imaging, San Diego, CA, USA).

The spatial correlation between microdamage and resorption cavities was determined using
two different methodologies: 1) a volume based method; and 2) an object based method
[29]. The volume based method determined the degree to which microdamage volume was
more likely to be near eroded surfaces than other bone surfaces. The volume based spatial
correlation was expressed as the ratio of the amount of damage volume near eroded surfaces
to that of an equal amount of bone volume (selected at random) near eroded surfaces. A ratio
of 1.0 indicated no spatial correlation, a ratio greater than 1.0 indicated a positive spatial
correlation (eroded surfaces were more likely to be near damage volume than other bone
volume) and a value less than 1.0 indicated negative spatial correlation (eroded surfaces
were less likely to be near damage volume than other bone volume). The volume based
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spatial correlation was then repeated to ask the converse question: if eroded surface was
more likely to be near microdamage than other bone volume. The object based spatial
correlation was expressed as the percentage of microdamage sites near eroded surfaces and
as the percentage of resorption cavities with microdamage nearby. For both spatial
correlation methods, proximity was determined at distances ranging from 8 um to 133 um
(the average trabecular thickness).

2.4 Statistical analyses

Regression analysis was used to determine the relationship between the number and size of
microdamage sites and reductions in Young’s modulus associated with fatigue loading.
Donor was included as a random effect to take into account the use of multiple specimens
from each donor. Differences in the damage volume fraction near and away from the bone
surface were determined using a paired t-test. The spatial correlations determined using the
volume based method were tested for a difference from 1.0 using a paired t-test, (a value of
1.0 indicated no spatial correlation). Statistical tests were conducted using JMP (v.20 9, SAS
Institute Inc., Cary, NC, USA).

3.0 RESULTS

Specimens experiencing greater reductions in biomechanical performance showed increased
amounts of microdamage (Figure 4) but no significant increases in the number of
microdamage sites or median microdamage site size. However, histograms of microdamage
site size showed a shift to the right hand side in specimens submitted to greater amounts of
fatigue loading, indicating an increased number of large microdamage sites (Figure 5). For
the purposes of this analysis, a microdamage site was characterized as “large” if it was more
than 106 pm3 in volume (the 90™ percentile of microdamage site volume observed in
unloaded specimens). While only a small percentage of the microdamage sites were large by
this criterion (9.9% + 4.9%, mean * SD), large microdamage sites accounted for the
majority of the microdamage volume (69% + 14%) and the number of large microdamage
sites was strongly correlated with the overall damage volume fraction (Rzadj:O.QS, p<0.001,
Figure 4C). Additionally, variance in the reduction in Young’s modulus was better
explained by the number of large microdamage sites (Rzadj:0.39, p<0.001, Figure 4B) than
by the total amount of microdamage (Rzadj:O.ZO, p<0.01, Figure 4A). Reductions in
Young’s modulus during cyclic loading were not correlated with the number of
microdamage sites (p=0.16, Figure 4D) or the median size of microdamage sites (p=0.95).
Donor age was not correlated with the number or size of microdamage sites nor was donor
age a covariate when comparing microdamage site number and size to reductions in
Young’s modulus.

Volume based spatial correlations indicated that microdamage was less likely to be near
eroded bone surfaces than bone surfaces selected at random (p<0.05, Figure 6A). Eroded
surfaces were not more or less likely to have microdamage nearby (Figure 6B). The object-
based spatial correlation indicated that most resorption cavities had microdamage nearby
(Figure 7A), but few microdamage sites had resorption cavities nearby (Figure 7B). The
majority (69.12 + 7.04%) of the microdamage generated by fatigue loading was distant from
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the bone surface (DVistant/DV). Microdamage was more concentrated distant from the bone
surface (DVgistant/BVdistant = 2.23 + 1.87%) than near the trabecular surface (DVpear/BVnear
=0.96 + 0.92%, p<0.001).

4.0 DISCUSSION

Our finding that fatigue loading of cancellous bone leads to the creation of many small
microdamage sites but most of the microdamage volume occurs in just a few large
microdamage sites is consistent with the idea that bone tissue limits the growth of
microdamage sites. Large microdamage sites were also more highly correlated with
reductions in Young’s modulus, suggesting that mechanical failure at only a few locations
within the cancellous bone structure can greatly impair apparent level mechanical
performance.

An increase in the number of microdamage sites following greater amounts of fatigue
loading suggests initiation of new microdamage sites, while the increase in size of
microdamage sites suggests the propagation or coalescence of microdamage sites later in the
fatigue life. Direct observation of microdamage extension within cancellous bone or other
cellular solids has not yet been reported and would be required to assess the initiation and
propagation of microdamage. The current study did not examine microdamage morphology
(crack-like v. diffuse). While some have used the ratio of the damage surface area to the
damage volume (DS/DV) [32] to identify more crack-like and more diffuse like
microdamage sites, because the measurement is not dimensionless (units 1/mm), DS/DV is
also influenced by microdamage site size. Given the large distribution of microdamage site
size in the current study, DS/DV could not reliably differentiate among microdamage
morphologies. Additional analysis of microdamage morphology would be required to
separate microcracks from diffuse damage.

Both the creation of new microdamage sites and the increase in size of existing
microdamage sites are a result of both local tissue stresses/strains and local tissue material
properties [31]. The current study examined two microstructural traits associated with
increased local tissue stress/strain: resorption cavities and trabecular surfaces. Resorption
cavities have received considerable attention as stress risers within cancellous bone and
finite element models suggest that resorption cavities can reduce cancellous bone stiffness
and strength more than would be expected from changes in bone volume fraction [11, 12,
33]. Interpretation of the spatial correlation between resorption cavities and microdamage,
however, was not straightforward. In particular, our observations that microdamage volume
was preferentially distant from eroded surfaces (Figure 6A), yet most resorption cavities had
a microdamage site nearby (Figure 7A) at first appears contradictory. Our examination of
the microdamage site size distribution (Figure 5), however, suggests that there were many
small specks of stained microdamage in each specimen (some potentially image noise or
non-specific staining), but that the large and most mechanically relevant microdamage sites
were preferentially distant from resorption cavities.

The negative spatial correlation between microdamage and resorption cavities was
unexpected because resorption cavities have been shown to cause local stress concentrations
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[11, 12]. One possible explanation is that resorption cavities in our study occurred
preferentially in regions of the structure experiencing low nominal stresses such that even
with the stress concentrations from resorption cavities, local stresses were not sufficient to
promote microdamage. It is possible that the presence of cavities on trabeculae may alter the
load distribution within cancellous bone resulting in reduced stresses at resorption cavities.
Another possible explanation is that local tissue material properties near resorption cavities
influence microdamage generation. Since individual trabeculae undergo bending and torsion
during apparent compression, we would expect local tissue stresses to be greater near the
bone surface and therefore microdamage to be closer to the surface [35], but our analysis
demonstrated just the opposite, that microdamage occurs preferentially distant from the bone
surface. We suggest that the location and size of microdamage may be more influenced by
tissue material properties than stress concentrations caused by micro-scale geometry.

Cancellous bone tissue displays considerable heterogeneity in tissue age and material
properties. Since bone remodeling in cancellous bone occurs at trabecular surfaces,
relatively younger tissue is located near the surface of trabeculae and older interstitial
regions are found at the center of trabeculae [36]. We found microdamage in cancellous
bone primarily distant from the bone surface, regions that we expect to contain older tissue.
Our findings are consistent with previous studies that have shown that microdamage forms
near the center of trabeculae [14], and are also consistent with observations in cortical bone
that microdamage forms primarily in interstitial regions [4, 5, 8]. Interstitial bone tissue has
been shown to have greater tissue age, reduced toughness [37], and is both stiffer and harder
than the bone tissue near the surface of trabeculae [38, 39]. Therefore, the negative spatial
correlation between resorption cavities and microdamage in the current study may be a
result of more ductile tissue near trabecular surfaces (due to younger local tissue age).
However, increased non-enzymatic glycation (a trait associated with increased tissue
brittleness [32]) has been shown to impair osteoclastic bone resorption in vitro [40] and is
negatively correlated with resorption cavities in cortical bone [41]. If such a negative
correlation also exists in cancellous bone it could also explain the negative correlation
between microdamage and resorption cavities we observed. The possibility of a link
between local tissue material properties and localization of bone resorption is intriguing and
requires further study.

A strength of the study was that both microdamage sites and resorption cavities were
characterized in three dimensions. Three dimensional analysis of both microdamage and
resorption cavities enables characterization of the number and size of microdamage sites and
reduces the variability in the measures by using the entire specimen [42]. There were also
some limitations that must be considered when interpreting our findings. First, microdamage
was observed using lead uranyl acetate staining. While lead uranyl acetate stains bone tissue
damage, some have proposed that lead uranyl acetate stain may have limited penetration into
bone surfaces [43]. However, since the majority of the microdamage we observed was
distant from the bone surface, it is unlikely that limited diffusion of lead uranyl acetate
influenced our conclusions. Second, as mentioned above the observed changes in
microdamage site number and size suggest changes in microdamage initiation and
propagation during fatigue loading, but the current study does not directly measure
propagation of individual microdamage sites. The difference between our approach and
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direct observation of microdamage propagation was analogous to the differences between a
cross-sectional clinical study (current study) and a longitudinal clinical study (where
extension of individual microdamage sites is observed directly). Methods of observing the
propagation of individual microdamage sites in cancellous bone during mechanical loading
are not currently available, but would be useful for understanding tissue brittleness in
cancellous bone.

In conclusion, we have demonstrated that degradation in biomechanical performance of
trabecular bone during fatigue loading can be attributed to a few, large microdamage sites.
Microdamage appears primarily distant from resorption cavities and the trabecular surface
and is consistent with the idea that the locations of microdamage initiation and propagation
under fatigue loading is determined more by tissue material properties/tissue heterogeneity
than stress concentrations associated with microscale geometry. Our results therefore
highlight the importance of tissue material properties in failure processes in cancellous bone.
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Cyclic loading was stopped after different amounts of fatigue loading. Each circle, open and
closed, represents one specimen (n = 32, 5 specimen were not loaded). The relationship
between microdamage sites and resorption cavities was examined in a subset of specimens
loaded to the tertiary phase (open circles only, n=9).
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Figure 2.
Hypothetical normal distributions of the damage site size are shown. Following additional

loading cycles there will be an increase in microdamage, either through an increase in the
number of microdamage sites (blue, dashed line) or an increase in the size of microdamage
sites (red, dotted line).
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Figure 3.
(A) Resorption cavities were initially identified in two-dimensional micro-computed

tomography images by finding eroded surfaces (arrows) and then (B) traced on three
dimensional reconstructions of the micro-computed tomography images (blue).
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Figure 4.
Although the overall damage volume fraction (DV/BV) was correlated with the reduction in

Young’s modulus (A), the number of large microdamage sites showed a stronger correlation
to the reduction in Young’s modulus (B). The number of large microdamage sites was also
correlated with the overall damage volume fraction (C). The overall number of

200

100

Page 15

o}
o
L]

(o)}
o
L]

AN
o
T

N
o
L]

o

Reduction in Young's Modulus (%) 0 Reduction in Young's Modulus (%)

D

Bone. Author manuscript; available in PMC 2016 October 01.

0
Number of Large Microdamage Sites

y=0.29x + 10.01 ,
R%adj=0.39 4

L “ L
100 200

100
80k f |
[ [ ]
[
60 k
[ ]
[ X ] °
a0 $°
oo o . e
20}
e
& it
0 * I 1 L 1
0 2000 4000

Number of Microdamage Sites

microdamage sites was not correlated with the reduction in Young’s modulus (D).
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Figure 5.
Representative histograms of the microdamage site volumes in a specimen loaded to the

secondary phase of fatigue life (dashed blue) and that of a specimen loaded to the tertiary
phase of fatigue life (solid red) are shown. The grey line shows the cutoff we used for
defining large microdamage sites (sites larger than 106 um3). The specimen loaded to the
tertiary phase displayed more microdamage sites classified as large than the specimen
loaded to the secondary phase.
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The spatial correlations between microdamage sites and resorption cavities using the volume
based method are shown. A value of 1.0 indicates no spatial correlation and a value less than
1.0 indicates a negative correlation. (A) An eroded surface was less likely to be near
microdamage than regions of bone surface selected at random (at a distance of 8 and 17 um).
(B) No significant spatial correlations were observed when using microdamage as the

predictor.
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The spatial correlations between microdamage sites and resorption cavities using the object
based method are shown. While the majority of resorption cavities were near microdamage
sites (A), few microdamage sites were near resorption cavities (B).
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