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Many mechanical properties of cortical bone are largely governed by the underlying microarchitecture; however,
the influence of microarchitecture on the fatigue life of bone is poorly understood. Furthermore, imaging-based
studies investigating intracortical microarchitecture may expose bone samples to large doses of radiation that
may compromise fatigue resistance. The purpose of this pilot study was to 1) investigate the relationship be-
tween intracortical microarchitecture and the fatigue life of human bone in compression and 2) examine the
effects of synchrotron irradiation on fatigue life measurements. Cortical samples were prepared from the femoral
and tibial shafts of three cadaveric donors. A subset of samples was imaged using synchrotron X-ray microCT to
quantify microarchitecture, including porosity, canal diameter, lacunar density, lacunar volume, and lacunar
orientation. A second group of control samples was not imaged and used only for mechanical testing. Fatigue life
was quantified by cyclically loading both groups in zero-compression until failure. Increased porosity and larger
canal diameter were both logarithmically related to a shorter fatigue life, whereas lacunar density demonstrated
a positive linear relationship with fatigue life (r* = 45-73%, depending on measure). Irradiation from microCT
scanning reduced fatigue life measurements by 91%, but relationships with microarchitecture measurements
remained. Additional research is needed to support the findings of this pilot study and fully establish the re-

lationship between intracortical microarchitecture and the compressive fatigue life of bone.

1. Introduction

Strength is perhaps the most commonly reported mechanical mea-
sure of bone quality, which describes the maximum load carrying ca-
pacity of bone prior to failure (i.e., permanent damage or fracture)
(Hernandez and van der Meulen, 2017). Although impaired bone
strength is strongly associated with an increased risk of fracture
(Faulkner et al., 2006; Crabtree et al., 2002), not all fractures result
from inadequate strength in response to a sudden overload. Some
fractures are associated with a mechanical fatigue phenomenon, de-
fined as the accumulation of microdamage in response to repetitive
loading and cumulative activity. This microdamage has been associated
with material property degradation (Carter and Hayes, 1977a), and
may eventually lead to failure at submaximal loads (Burr et al., 1990;
Burr et al., 1998) in the absence of adequate bone repair (i.e., re-
modeling). Mechanical fatigue is believed to be the predominant

etiology of stress fractures in active individuals (Edwards, 2018) and
may play an important role in insufficiency fractures, such as atypical
femoral fractures in patients on long-term bisphosphonate therapy
(Lenart et al., 2009; Shane et al., 2010).

The mechanical fatigue behavior of a material is frequently quan-
tified in terms of its fatigue life, i.e., the number of repetitive loading
cycles it can endure before failure. Fatigue life measurements are
heavily influenced by specific details of the loading regime, such as the
magnitude, frequency, loading ratio, and mode of loading (Zioupos
et al., 2007; Carter and Hayes, 1976; Zioupos et al., 2001; Caler and
Carter, 1989); however, even when these parameters are held constant,
a large degree of scatter in fatigue life is inevitably observed. In fact,
two seemingly identical samples subjected to the same loading regime
may exhibit fatigue life measurements that vary up to two orders of
magnitude (Taylor, 1998). In cortical bone, the apparent density or
elastic modulus may account for a portion of this scatter (Taylor et al.,

* Corresponding author at: Human Performance Laboratory, Faculty of Kinesiology, University of Calgary, 2500 University Drive NW, Calgary, AB T2N 1N4,

Canada.

E-mail addresses: lindsay.loundagin@ucalgary.ca (L.L. Loundagin), ifaz.haider@ucalgary.ca (I.T. Haider), david.cooper@usask.ca (D.M.L. Cooper),

wbedward@ucalgary.ca (W.B. Edwards).

https://doi.org/10.1016/j.bonr.2020.100254

Received 29 July 2019; Received in revised form 26 February 2020; Accepted 2 March 2020

Available online 05 March 2020

2352-1872/ © 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/23521872
https://www.elsevier.com/locate/bonr
https://doi.org/10.1016/j.bonr.2020.100254
https://doi.org/10.1016/j.bonr.2020.100254
mailto:lindsay.loundagin@ucalgary.ca
mailto:ifaz.haider@ucalgary.ca
mailto:david.cooper@usask.ca
mailto:wbedward@ucalgary.ca
https://doi.org/10.1016/j.bonr.2020.100254
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bonr.2020.100254&domain=pdf

L.L. Loundagin, et al.

1999; Carter et al., 1981); however, the remaining variance is likely
explained by other inherent characteristics, such as intracortical mi-
croarchitecture.

The intracortical microarchitecture of secondary bone is made up of
transverse Volkmann's canals, longitudinally-oriented osteons that en-
compass Haversian canals, and the osteocyte lacunar-canalicular net-
work. Monotonic tests of cortical bone have shown that elevated vas-
cular porosity and increased pore size are associated with
corresponding reductions in bone stiffness, strength, and fracture
toughness (McCladen et al., 1993; Dickerson et al., 1981; Schaffler and
Burr, 1988; Yeni et al.,, 1997). Previous studies utilizing a fracture
mechanics approach may partially explain these diminished mechanical
properties, suggesting that certain microarchitectural features act as
voids causing stress/strain concentrations within the bony matrix
(Currey, 1962; Yeni et al., 2001; Nicolella et al., 2006), thereby facil-
itating the initiation of microcracks and directing further crack propa-
gation (Reilly, 2000; Carter and Hayes, 1977b). On the other hand,
there is research to suggest that intracortical microarchitecture may
provide beneficial toughening mechanisms, as Haversian systems and
cellular networks may act as barriers to microcrack growth by de-
flecting or arresting propagating cracks (Nalla et al., 2003; O'Brien
et al., 2005). Although the influence of intracortical microarchitecture
on quasi-static mechanical properties has been investigated extensively,
there is limited knowledge regarding the relationship between micro-
architecture and the fatigue behavior of cortical bone. Zioupos et al.
demonstrated the negative effects of increased porosity, which may
account for a 49% reduction in the fatigue strength of bone (Zioupos
et al., 2007), but the influence of more specific microarchitectural
features such as the morphology of lacunar and vascular pores is un-
known.

The primary objective of this pilot study was to investigate the re-
lationship between intracortical microarchitecture and the compressive
fatigue life of human bone. We focused this initial investigation on
compression, because the majority of stress fractures in athletic popu-
lations manifest on the ‘compressive’ surfaces of long bones (i.e., the
medial surface of the femur (Johnson et al., 1994) and posteromedial
surface of the tibia (Boden et al., 2001)). We hypothesized that in-
creased porosity, due to larger vascular canals and more abundant la-
cunae would be associated with a reduced fatigue life. Intracortical
microarchitecture is frequently quantified using high-flux X-ray sources
such as synchrotron radiation microCT and desktop X-ray microscopy.
Although it is known that radiation doses from common imaging
modalities can drastically reduce the strength and fracture toughness of
cortical bone (Barth et al., 2010) this issue is rarely addressed. There-
fore, a secondary objective of this study was to report the effects of
irradiation on the compressive fatigue life or cortical bone.

2. Methods
2.1. Sample preparation

Fresh-frozen cadaveric femoral and tibial bones from three donors
(Table 1) with no known history of bone-related diseases were obtained

Table 1
Demographic information and cause of death for the three donors.
Donor
1 2 3
Age 77 71 99
Sex Male Female Female
Height (cm) 173 165 157
Weight (kg) 67.7 58.9 51

Cause of death Chronic renal

failure

Chronic obstructive
pulmonary disease

Congestive heart
failure
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from the University of Calgary's Body Donation Program following in-
stitutional approval from the Conjoint Health Research Ethics Board. A
total of 56 cylindrical bone cores were extracted from the cortex of the
mid-diaphysis with a drill press and subsequently turned down to a
‘dog-bone’ geometry using a mini lathe. The cores were approximately
35 mm in length and 5 mm in diameter; they were oriented along the
longitudinal axis of the bone and extracted arbitrarily from all regions
around the cortical cross section. The exact dimensions and weight of
each core was recorded to calculate the apparent density. The central
gauge length, gauge diameter, and transitional radius of the samples
were 7, 2.5, and 5.5 mm, respectively. Samples were visually inspected
to ensure a smooth surface finish with no obvious machining defects.
The samples were then hydrated with phosphate buffered saline (PBS)
and stored in a —30 °C freezer.

2.2. Synchrotron X-ray micro-computed tomography imaging

To address the effects of irradiation on fatigue life measurements,
bone samples were split into two groups; 41 samples were allocated to
the ‘irradiated group’ (IRR) and imaged using synchrotron X-ray
microCT (Biomedical Imaging and Therapy, Canadian Light Source),
while 15 samples were not imaged and reserved as non-irradiated
controls (CTRL). In the irradiated samples, a 3.6 X 2.4 mm region in
the center of the waisted geometry was scanned with a photon energy
of 40 keV and a voxel size of 0.9 um. Scans were performed over 180° of
rotation with a rotation step of 0.2° and five-frame averaging for each of
the 900 frames. An exposure time of 400 ms per frame and the time
required to move between each rotation angle resulted in a total scan
duration of 1 h. A PinPoint ion chamber was used to quantify radiation
exposure. For the described experimental conditions, the total absorbed
dose was 7.9 kGy. The synchrotron scanning protocol was approved by
the University of Saskatchewan Research Ethics Board.

2.3. Image processing

The projections were reconstructed using NRecon software (V 1.4.4,
Skyscan-Bruker, Kontich, Belgium) and binned 2 x 2 to create a stack
of 1250 slices (1332 x 1332 pixels) with an effective voxel size of
1.8 um. A series of filters and thresholds were used to segment canals
and osteocyte lacunae, creating three separate stacks of binary images
containing: 1) only canals, 2) only lacunae, or 3) both canals and la-
cunae (Fig. 1). The binary volume of canals was obtained using a
Gaussian low-pass filter, which effectively ‘smoothed out’ and removed
all lacunae. The binary volume of lacunae was obtained using hysteresis
thresholding (Dong et al., 2014). First, the canal mask was subtracted
from the original image. Then, an initial low threshold was used to
select pixels that undoubtedly belonged to lacunae. Finally, a higher
secondary threshold was applied to select voxels of a higher intensity
but only if it was connected to a voxel previously identified by the in-
itial lower threshold. The binary volumes containing both canal and
lacunae were combined to create a mask with both sources of in-
tracortical porosity.

2.4. Quantifying intracortical microarchitecture

The binary volumes of intracortical porosity and canals were used to
determine porosity and canal diameter, respectively, using the BoneJ
plugin included in the FLJI software package (v1.51, NIH, USA)
(Schindelin et al., 2012; Doube et al., 2010). Porosity was quantified as
the percentage of void volume (Vo.V) to total volume (TV) within a
rectangular region of interest 1.5 mm X 1.5 mm X 2 mm (4.5 mm?).
Due to computational demands, lacunar volume, orientation and the
total number of lacunae (N.Lc) were measured within a smaller region
of interest, 1.12 mm x 1.12 mm x 2 mm (2.5 mm®) using the particle
analysis tool included in the BoneJ plugin. Only particles with a vo-
lume > 10 um® were considered, consistent with confocal microscopy
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Male (77 y/o) Female (71 y/o0)

Female (99 y/0)

Fig. 1. A 2D binary mask of the intracortical porosity (top
row) and 3D reconstruction of a representative sample from

each donor. The transverse (middle row) and longitudinal
views (bottom row) illustrate the vast morphological differ-
ences in vascular canals (red) and osteocyte lacunae (blue)
between the three donors. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to
the web version of this article.)

measurements of lacunae (McCreadie et al., 2004) and volume limits
used in previous synchrotron-based studies (Carter et al., 2013). La-
cunar density (N.Lc/BV) was calculated as the N.Lc per cubic millimeter
of bone, where bone volume (BV) was defined as TV — Vo.V. Lacunar
volume was calculated as the sum of voxels within each lacuna. Lacunar
orientation was determined using a best-fit ellipsoid for each lacuna
and calculated as the absolute angle (0 to 90°) between the longest axis
relative to the loading axis (i.e. the longitudinal axis of the sample).

Measures of lacunar volume and orientation were initially verified
using binary images of idealized geometries (i.e., spheres and ellip-
soids) with known dimensions and orientations. The fabricated shapes
were scaled to have a voxel size equivalent to the processed images
(1.8 ym) and analyzed using methods identical to those described
above. The relative error between the measured and expected volume
was < 9% for all the idealized geometries, while orientation demon-
strated errors up to 5%, corresponding to an absolute difference of 2.2°.
We also examined the accuracy of lacunar shape measurements (i.e.,
elliptical axes and aspect ratios), but these measures demonstrated re-
lative errors > 70%. Thus, although lacunar shape is thought to effect
the strain distribution in the bony matrix (Hemmatian, 2017), the re-
solution of this system was not able to accurately capture these mea-
sures and was therefore not included in our analyses.

2.5. Mechanical testing

Mechanical testing was performed at room temperature on a subset
of irradiated samples (n = 15) and all control samples (n = 15).
Samples were rehydrated in PBS for a minimum of 6 h before being
secured with wedge grips in an Instron Electropuls E3000 test frame
(Instron, Norwood, MA). This method of sample fixation was shown to
provide fatigue life measurements in compression (Loundagin et al.,
2018) in line with values reported when compressive platens with
machined depressions were used to secure samples (Taylor et al., 1999).
Prior to fatigue testing, the initial elastic modulus was quantified with a
bone-mounted extensometer (632.29F-30, MTS, Eden Praire, MN). The

bone samples were preloaded in compression (100 N) followed by a
compressive ramp load to 200 N, corresponding to a stress of ap-
proximately 40 MPa. The elastic modulus was calculated from the
linear stress-strain curve for the entirety of the ramp load. Samples were
then wrapped in PBS-soaked gauze and a custom drip system provided
continuous hydration throughout the fatigue tests. Fatigue life was as-
sessed by cyclically loading samples in zero-compression under load
control at a frequency of 2 Hz. The stress range of the sinusoidal wa-
veform was 88 MPa with a stress ratio R = 0. Fatigue life was defined as
the number of loading cycles until failure, which corresponded to
complete fracture in all samples. The peak loading magnitude of
88 MPa corresponds to approximately 5000 pe and was chosen as 50%
of the ultimate compressive strength (177 MPa). The ultimate com-
pressive strength was previously determined in our lab by mono-
tonically loading cadaveric samples to failure and is comparable to
previously reported values for human cortical bone (Reilly and
Burstein, 1975; Evans and Vincentelli, 1974; Ohman et al., 2011).
Furthermore, a compressive load of 88 MPa has previously elicited fa-
tigue failure within 10* cycles (Zioupos et al., 2007) which would
provide a reasonable testing duration to avoid sample degradation.

2.6. Statistical analysis and interpretation

All 41 irradiated samples were used to calculate the means and
standard deviations for each microarchitectural parameter to best de-
scribe the wide variation of microarchitecture in the donors. The dis-
tribution of all experimental variables was assessed using the Shapiro-
Wilk test of normality. Apparent density, lacunar density, lacunar vo-
lume and lacunar orientation were normally distributed (p = 0.215),
while porosity, mean canal diameter, max canal diameter, elastic
modulus and fatigue life were not (p < 0.000). Statistical differences
between anatomical locations (i.e., tibia and femur) and amongst do-
nors were examined using independent t-tests or univariate ANOVAs,
respectively, for the normally distributed variables and Mann-Whitney
U or Kruskal-Wallis non-parametric tests for the non-normally
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distributed variables. When necessary, statistical analyses were fol-
lowed with post-hoc pairwise comparisons adjusted for Bonferroni
correction. Each sample was treated as an independent measure which
may be justified given that microarchitectural parameters illustrate
considerable variation within the cross-section of a single bone (Cooper
et al., 2003). Statistical differences in elastic modulus and fatigue life
measurements between irradiated and control samples were examined
using non-parametric Mann-Whitney U tests. The relationship between
microarchitectural parameters and fatigue life measurements for the
irradiated bone were examined using Pearson product-moment corre-
lations with both a linear and logarithmic model. Because the micro-
architecture of the control samples was unknown, it was not possible to
make direct correlations between microarchitectural parameters and
the fatigue life of the control samples. Instead, this relationship was
investigated by plotting the range of each microarchitectural parameter
obtained from the irradiated samples against the range of fatigue life
measurements from the control samples (Fig. 3). All statistical analyses
were performed in SPSS (SPSS Inc., Chicago, IL, USA) with a = 0.05.

3. Results
3.1. Intracortical microarchitecture

There were no significant differences in apparent density or any
microarchitectural measurements between samples obtained from the
tibia (n = 13) and femur (n = 28). Table 2 illustrates the individual
donor and combined average data pooled across anatomical location.
The male donor demonstrated a significantly lower porosity, mean
canal diameter, max canal diameter, and lacunar volume than the two
female donors. Lacunar density was significantly lower for the 99-year-
old female compared to the other two donors (p < 0.045). The 71-year-
old female had lower apparent density than the male (p = 0.001) but
was not significantly different from the other female donor (p = 0.166).
This initial investigation only included three donors, therefore drawing
conclusions regarding donor-dependent differences in relation to age or
sex is inappropriate. However, and more importantly for the purpose of
this study, using samples from three donors was sufficient to obtain
significant variation in all microarchitectural features such that corre-
lations between microarchitecture and fatigue life could be in-
vestigated.

3.2. Mechanical testing and irradiation

Of the 15 irradiated samples used for mechanical testing, five broke
during either set-up or modulus testing, which was an early indicator of

Table 2
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the severe material property degradation associated with the imaging
protocol. One sample from the control group fractured outside the
gauge length during fatigue testing and was removed from the analysis.
This left 10 samples from the irradiated group and 14 samples from the
control group that could be analyzed following mechanical testing. The
median fatigue life for the irradiated group was 43 cycles (range:
2-114 cycles), whereas that for the control group was 468 cycles
(range: 6-12,433 cycles; Table 3). This represented a 91% reduction in
the fatigue life associated with our synchrotron X-ray microCT scanning
protocol. Although the fatigue life was significantly different between
the irradiated and control groups (p = 0.004), the elastic modulus was
not significantly different between groups (p = 0.322).

3.3. Relationship between intracortical microarchitecture and fatigue life

The linear and logarithmic relationships between each micro-
architectural parameter and fatigue life measurements of the irradiated
samples are summarized in Table 4. Relationships with porosity as well
as mean and max canal diameter were better described with a loga-
rithmic model, while lacunar density was better described with a linear
relationship (Fig. 2). Separately, these parameters explained 45% to
73% of the variance in fatigue life measurements. Lacunar volume and
lacunar orientation did not explain a significant amount of the variance
in fatigue life using either model.

The relationships between the microarchitectural parameters for all
irradiated samples and fatigue life measurements of the control samples
are illustrated in Fig. 3. The crosshairs represent the data for each
subject; the vertical line illustrates the range of the microarchitecture
from irradiated samples while the horizontal line shows the range of
fatigue life measurements of control samples from the corresponding
subject. The intersection of the crosshairs is at the median of the vari-
ables and these points were used to generate the reported trend lines.
Comparing these trend lines to those obtained with the fatigue life of
the irradiated samples (Fig. 2), it is apparent that porosity, mean canal
diameter, and max canal diameter showed similar negative logarithmic
trends in both irradiated and control groups. However, the positive
linear relationship between lacunar density and fatigue life was less
evident in the control samples (Fig. 3b). Although the effect of micro-
architecture on fatigue life demonstrated similar trends in both groups,
radiation exposure modified the magnitude of this effect.

4. Discussion

There is an abundance of research detailing the effects of in-
tracortical microarchitecture on the monotonic material properties of

The median (range: max-min) apparent density and intracortical microarchitectural measures for each donor and combined. Statistical differences between the 3

donors was assessed using a one-way ANOVA.

Male (77 y/0) Female (71 y/0) Female (99 y/0) Combined

N 15 13 13 41
Density 1.95 1.85° 1.91 1.91

(g/cmS) (1.88-2.06) (1.76-1.93) (1.72-2.07) (1.72-2.07)
Porosity 3.50 9.90° 5.90"" 5.60

(%) (1.90-6.00) (4.30-20.70) (3.90-18.87) (1.90-20.7)
Mean canal diameter 33.87 56.95" 51.33% 43.56

(um) (29.79-44.22) (29.17-108.85) (34.35-129.25) (29.17-129.25)
Max canal diameter 87.07 174.14% 123.70" 107.40

(um) (69.99-124.97) (72.09-316) (81.86-374.92) (69.99-374.92)
Lacunar density 17,916.40 16,218.80 15,261.6™" 16,032.40

(mm~3) (9168.40-23,373.20) (12,788.80-21,516.00) (5757.20-16,424.40) (5757.20-23,373.20)
Lacunar volume 123.36 138.10% 141.90% 136.77

(mm®) (93.87-173.23) (119.82-176.73) (133.27-170.77) (93.87-176.73)
Lacunar orientation 42.62 50.49 47.27 47.16

©) (37.92-72.29) (36.01-59.14) (33.43-53.65) (33.43-72.29)

@ Statistically different from the 77-year old male.

b Statistically different from both the 71-year-old female and 77-year-old male, p < 0.05.
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Table 3
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The median (range: max-min) elastic modulus and fatigue life of the irradiated (IRR) and control (CTRL) samples. Statistical differences between the irradiated and
control samples were only calculated using the pooled sample set (i.e., combined) and examined using non-parametric Mann-Whitney U tests.

Male (77 y/o) Female (71 y/0) Female (99 y/0) Combined
Irradiated n (IRR) 4 4 2 10
Modulus (GPa) 16.31 13.29 16.76 16.02
(14.76-17.87) (9.11-16.34) (16.62-16.89) (9.11-17.87)
Fatigue life (cycles) 44 325 29 43"
(25-114) (2-82) (25-33) (2-114)
Control n (CTRL) 5 6 3 14
Modulus (GPa) 17.88 14.21 19.29 16.17
(16.66-18.91) (10.00-15.68) (13.40-21.66) (10.00-21.66)
Fatigue life (cycles) 6327 123 854 468
(699-12,433) (6-237) (13-2282) (6-12,433)

@ Statistically different from the control group, p < 0.05.

Table 4

Linear (y = m = x + b) and logarithmic (y = m * In(x) + b) relationships between microarchitectural parameters and fatigue life measurements of irradiated
samples. Pearson product-moment correlations (r%) are italicized if the relationship was significant, p < 0.05.

Porosity (%) Mean canal diameter (um)

Max canal diameter (um)

Lacunar density (mm ™) Lacunar volume (um®)  Lacunar orientation (*)

Linear m = —0.09b =12.08 m = —0.45b = 71.48 m= -103b=17493 m = 84.66b = 11,835.1 m=016b = 12719 m = -0.07b = 54.23
r* = 0.32p = 0.092 ¥ = 0.48p = 0.027 = 041p = 0.048 r? = 0.45p = 0.033 r* = 0.05p = 0.55 r* = 0.05p = 0.53

Log m= -362b=1981 m= -1477b=9985 m = —-3579b = 24658 m = 1177.97b = 11,685.87 m = 0.08b = 13373 m = —1.49b = 56.03
¥ = 0.69p = 0.003 = 0.73p = 0.002  =0.71p = 0.002 r? = 0.13p = 0.316 r* = 0.00 p = 0.991 r? = 0.03p = 0.62
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Fig. 2. The relationship between the irradiated fatigue life and a) porosity, b) lacunar density, c) mean canal diameter and d) maximum canal diameter.

bone, as well as potential toughening mechanisms; however, the in-
fluence of microarchitecture on the fatigue behavior of bone is not well
described. The purpose of this pilot study was to investigate the re-
lationship between intracortical microarchitecture and the compressive
fatigue life of human bone. The current results suggest that increased
porosity and larger vascular canals are associated with a reduced fa-
tigue life, whereas increased lacunar density was related to a longer
fatigue life. The findings from this study also demonstrate the profound
effects that synchrotron radiation microCT scanning can have on

compressive fatigue life measurements. In addition, this initial in-
vestigation helped identify several methodological shortcomings that
will serve to inform our future investigations into the potential re-
lationship between intracortical microarchitecture and mechanical fa-
tigue behavior.

Intracortical porosity has previously been reported to explain 76%
of the variance in bone strength (McCladen et al., 1993), illustrating the
dramatic effects that microarchitecture may have on the monotonic
mechanical properties of bone. In fact, Hernandez et al. reported a
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Fig. 3. The relationship between the microarchitecture of irradiated samples and the fatigue life of control samples. For each donor the vertical and horizontal
crosshairs demonstrate the range microarchitectural parameters from the irradiated samples and fatigue life measurements from the control samples, respectively.

strong power-law relationship between bone volume fraction
(Vf = 1 — porosity) and the ultimate compressive strength (UCS) of
bone (Hernandez et al., 2001):

UCS = 17418V}°, 12 =091,

In the current study, porosity values ranged from 1.9% to 20.7%, for
which this equation would predict a 33% reduction in ultimate
strength. However, the logarithmic relationship between porosity and
fatigue life (Table 4) observed in this study would predict a 99.4% re-
duction in fatigue life for the same change in porosity. Increased por-
osity would, of course, reduce the effective cross-sectional area of the
bone, and consequently its load carrying capacity. While this fact may
explain the observed reductions in monotonic strength, additional
factors closely related to porosity, such as canal diameter, may be able
to account for the additional decline in fatigue resistance.

Vascular canals are the primary contributors to intracortical por-
osity, so it is not surprising that canal diameter had a similar effect on
fatigue life measurements. However, a sample with a single large canal
may produce the same porosity as a sample with many small canals.
Yeni et al. suggested that an abundance of smaller canals may increase
the fracture toughness of cortical bone (Yeni et al., 1997). As a pore in
the bony matrix, vascular canals are often thought of as stress con-
centrations, the magnitude of which (i.e., maximum stress) is theore-
tically independent of pore size. However, pore size will determine the
size of the stress gradient radiating from the canal edge, dictating the
volume of highly stressed bone within the matrix (Kasiri and Taylor,
2008). In other words, smaller canals would produce a smaller volume
of highly stressed matrix in which microcracks may initiate but will
likely not propagate as they quickly reach the boundary of the stress
gradient. This concept is well explained by the Critical Distance Theory,
which evaluates the sensitivity of material failure to various stress
concentrating features (Taylor, 2008). Despite the fact that circular
pores of various sizes will produce stress concentrations of equal

magnitude, according to the Critical Distance Theory, failure will only
take place when the stress at a critical distance from the feature is equal
to some critical stress magnitude. In this way canal diameter may be a
more specific determinant of bone fatigue behavior than porosity alone,
but additional confirmatory data are required to support this hypoth-
esis.

Alternative explanations related to the strong relationship observed
between canal diameter and fatigue life may be that our measurements
of canal diameter are correlated to other aspects of bone quality not
accounted for herein, such as osteon geometry or matrix mineralization.
An age-dependent increase in canal diameter has been associated with a
concurrent reduction in both osteon area and osteon wall thickness
(Bernhard et al., 2013). Bernhard et al. calculated geometric indices of
osteon cross-sections to estimate the mechanical capacity of an in-
dividual osteon. It was suggested that thinner osteon walls (likely due
to by the presence of a larger canal) would reduce an osteon's com-
pressive and bending strength (Bernhard et al., 2013). Furthermore,
Yeni et al. hypothesized that the stress concentrating effects of a canal
may be mitigated by the surrounding osteon's ability to dissipate energy
through various toughening mechanisms, but a large enough canal
would eventually negate an osteon's contribution to fracture toughness
(Yeni and Norman, 2000). The size of osteons and canals are a reflec-
tion of bone remodeling dynamics; larger osteons indicate increased
bone resorption while larger canals are indicative of decreased bone
deposition (Busse et al., 2010; Qiu et al., 2010). Without new bone
formation the matrix will have a higher and more homogeneous mi-
neral content (Roschger et al., 2008). Increased mineral content may
improve the fatigue strength of cortical bone (Zioupos et al., 2007);
however, a more heterogeneous distribution throughout the bone ma-
trix is an essential component of bone toughness by facilitating crack
deflection, ultimately increasing the crack length and fatigue resistance
of bone (Katsamenis et al., 2015).

The effect of osteocyte lacunar density on the mechanical fatigue
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behavior of bone observed herein is somewhat contradictory.
Histomorphometric examinations of human cortical bone have de-
monstrated that microdamage is more likely located in lacunae-defi-
cient regions (Qiu et al., 2005; Vashishth et al., 2000), suggesting that
lacunae do not promote the development of microdamage. In contrast,
studies investigating the presence of damage caused by monotonic and
cyclic loading observed microcracks initiating adjacent to and touching
osteocyte lacunae (Reilly, 2000). If more abundant lacunae do act as
nucleation sites for microdamage, the current results suggest that this
damage would not impair the overall fatigue resistance of bone and
may actually increase fatigue life. Measures of osteocyte lacunar den-
sity could simply be an indicator of overall bone quality. Lacunar
measurements were found to be extremely sensitive to post-processing
techniques, and previous research suggests considerable natural varia-
tion within bone (Carter et al., 2013). Although our segmentation
methods were consistent amongst all samples, lacunar density demon-
strated a large degree of variability within each donor and a larger
sample size is needed to understand that true effects of osteocyte la-
cunae on the fatigue life of bone.

Radiation doses typical of synchrotron X-ray scattering and tomo-
graphy experiments have been estimated to range between 0.04 and
6000 kGy (Barth et al., 2010). A dose of 210 kGy has previously been
shown to lower the facture toughness of bone by a factor of five (Barth
et al., 2010), and even a fraction of this radiation (34 kGy) may reduce
the tensile fatigue life by two orders of magnitude (Akkus and Belaney,
2005). Our results are consistent with these findings as the average
fatigue life of the irradiated group was 91% lower than the control
group. Despite the considerably reduced fatigue life of the irradiated
samples, similar logarithmic trends were observed between micro-
architectural parameters and fatigue life of the control samples. The y-
intercept of the logarithmic models describing the irradiated fatigue life
(Fig. 2) were comparable to the y-intercept of the trend lines describing
the fatigue life of the control group (Fig. 3); however, the slope of the
irradiated model was steeper than that of the control trend line. Col-
lectively this suggests that radiation exposure likely modifies the effects
of microarchitecture but is not a confounding factor. Although the
statistical comparison of these trend lines is inappropriate given the
limited number of donors and our small sample size, this finding pro-
vides confidence that the general role of microarchitecture in the fa-
tigue failure of bone is not significantly affected by exposure to radia-
tion.

The effects of radiation observed in this study are also consistent
with previous findings that report irradiation being more detrimental to
the plastic properties of bone compared to the elastic properties (Currey
et al., 1997). The elastic modulus did not differ between the irradiated
and control groups, but fatigue life was significantly reduced, demon-
strating considerable loss of plasticity. Irradiation causes the embrit-
tlement of bone by increasing the degree of collagen cross-linking and
reducing its ability to plastically deform (Barth et al., 2011). Intrinsic
toughening mechanisms that control crack initiation are heavily de-
pendent on the collagen network (Ritchie et al., 2009) and, thus, may
be eradicated by irradiation. On the other hand, extrinsic toughening
mechanisms that control crack growth rely on microarchitecture fea-
tures such as osteons that will be less effected by irradiation (Ritchie
et al., 2009). Therefore, the influence of microarchitecture on the fa-
tigue life of both irradiated and non-irradiated bone should be similar,
at least mechanistically, although irradiated microarchitecture may be
less effective at resisting crack growth. Given the dramatic reductions in
fatigue life measurements for irradiated bone, care should be taken
when interpreting results from mechanical tests following microCT
scanning.

It was expected that a loading magnitude of 88 MPa (approximately
50% ultimate compressive strength of non-irradiated bone) would
cause fatigue failure within 103-10* cycles (Zioupos et al., 2007;
Vashishth et al., 2001). While the average fatigue life of the control
group was within this range (2640 cycles), the majority of the fatigue
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life measurements were on the order of 102 cycles and only two samples
survive > 10* cycles. These shorter fatigue lives may be due in part to
the older age of the donors used in the current study (71-99 y/o)
compared to the younger donors (52-79 y/o) tested in the referent
study (Zioupos et al., 2007). Regardless, the chosen loading magnitude
resulted in low-cycle fatigue. Future work should consider lower
loading magnitudes to observe high-cycle fatigue failure which better
describe physiological loading conditions and are more relevant for
clinical applications. This pilot study should also serve as a warning of
the detrimental effects that irradiation may have on the fatigue beha-
vior of cortical bone in compression. Radiation doses of 25 and 35 kGy
have been shown to drastically reduce both the bending and tensile
fatigue life of bone, respectively (Akkus and Belaney, 2005; Islam et al.,
2016). The present results demonstrate similar reductions in the com-
pressive fatigue life of bone even when the radiation dose was reduced
by > 75% (7.9 kGy). Although some measures of bone quality seem to
be unaltered by low radiation doses associated with desktop mi-
croCT < 1 kGy (Lee and Jasiuk, 2014), a systematic study to determine
a tolerable dose that does not affect the fatigue behavior of bone is
needed.

This study was limited to morphological measures of intracortical
microarchitecture and therefore we can only assess the association
between these parameters and the fatigue life of bone. To gain a more
mechanistic understanding of the fatigue failure process, the develop-
ment and progression of fatigue damage should be quantified with re-
spect to the spatial and morphological differences in microarchitecture.
Furthermore, it was difficult for us to evaluate the influence of porosity
and canal diameter separately because they were directly related
(r* = 0.87, p < 0.001). Quantifying canal separation or canal density
may help decipher the effects of vascular canals independent from
porosity. Similar to previous findings (Wachter et al., 2002), canal
diameter (r> = 0.50, p = 0.022) and porosity @ = 0.57,p = 0.011)
were strongly correlated with the elastic modulus and this may, in part,
explain the strong relationships observed between intracortical micro-
architecture and fatigue life measurements. In fact, elastic modulus
accounted for more variation in the fatigue life than any of the mi-
croarchitectural measures in the irradiated group (> = 0.86,
p < 0.001) and was significantly associated with the fatigue life of the
control group (r> = 0.73, p < 0.001; Fig. 4). Elastic modulus is a
composite measure reflecting the cumulative influence of many bone
characteristics such as microarchitecture and composition. While we
cannot rule out that elastic modulus governs the fatigue behavior of
bone, it does not explain how morphological differences in intracortical
microarchitecture may directly impact the fatigue life. This study was
also limited to tissue samples from three donors. Although theses
samples illustrated considerable variation, which allowed us to assess

— Male (77 y/o) —Female (71 y/o) Female (99 y/0)

o
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Fig. 4. Fatigue life of irradiated samples (r* = 0.86, open circles) and control
samples (r? = 0.73, closed circles) as a function of elastic modulus.
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the relationship between microarchitecture and fatigue life, the cause of
death for two donors was chronic diseases known to affect bone quality
(Misof et al., 2016; Nickolas et al., 2013). Therefore, a larger sample
size is required to confirm the generalizability of the findings from this
pilot study.

To summarize, a substantial amount of work has been done to
quantify the fatigue behavior of cortical bone, yet there remains a large
amount of scatter in fatigue life measurements that has not been pre-
viously explained. Considering that the toughening mechanisms of bone
are derived from its microarchitecture and contribute to the bone's
ability to withstand repetitive loading, the large differences observed in
fatigue life are likely related to these inherent differences in in-
tracortical microarchitecture. This pilot study attempted to establish,
for the first time, the relationship between canal diameter, lacunar
density and lacunar volume with the fatigue life of cortical bone in
compression. Although both canal diameter and porosity explained a
significant amount of the variance in fatigue life, canal diameter may be
a better predictor of the overall fatigue behavior. We suspect that this is
due to the volume of the stress concentration created by larger canals.
However, future studies are needed to confirm the current results and
explicitly investigate the mechanisms by which microarchitecture af-
fects the fatigue behavior of cortical bone. Finally, radiation doses
consistent with synchrotron X-ray microCT scanning eradicated the
fatigue resistance of bone. Although microCT scanning modified the
relationship between microarchitecture and fatigue life measurements,
logarithmic trends remained suggesting that porosity and canal dia-
meter may influence the fatigue life of irradiated and non-irradiated
bone in a similar manner.
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