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The cathepsin K inhibitor odanacatib (ODN) is a potent and reversible inhibitor of osteoclastic resorption activity.
This drug is currently under development for the treatment of postmenopausal osteoporosis. Previously, we de-
scribed data on the treatment efficacy of ODN in a preclinical estrogen-deficient model of an ovariectomized
(OVX) rhesus monkey using HR-pQCT based finite element analysis (FEA) in vivo estimates of bone strength
on the distal radius. To support the bone safety profile of ODN, we report ex vivo data on the apparent and
hard tissue biomechanical properties of the trabecular bone of vertebrae of animals after 20 months of dosing
in three treatment groups: Vehicle (VEH), ODN (2 mg/kg/day), and ALN (30 μg/kg/week).
Biomechanical axial compression tests were performed on cylindrical trabecular samples cored out of the third
lumbar vertebra of each animal at the end of the study. The biomechanical test results demonstrated that a nor-
mal (positive correlation between bonemineral density and bone strength) apparentmaterial property relation-
ship was maintained in the lumbar spine of ODN and ALN treated non-human primates (NHP). Trabecular bone
hard tissue Young's modulus value was estimated using experimentally measured stiffness combined with FEA.
The FEA and experimental results demonstrated that ODN treatment for 20 months maintained normal trabec-
ular bone material hard tissue properties in the OVX-monkeys and was comparable to ALN.

© 2017 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/).
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1. Introduction

Osteoporosis results from an imbalance between bone resorption
and bone formation, when bone resorption outweighs formation. The
resulting low bone mineral density (BMD) and accompanying
microarchitectural deterioration lead to increased skeletal fragility and
an increased risk of fracture (NIH Consensus Development Panel on
Osteoporosis Prevention, Diagnosis, and Therapy, 2001). Themost com-
monly used drugs for the treatment of osteoporosis are the inhibitors of
bone resorption (antiresorptives), including bisphosphonates, selective
estrogen receptor modulators and the RANK ligand neutralizing anti-
body denosumab (Baron et al., 2011).

Cathepsin K (CatK), the most abundant cysteine protease expressed
in osteoclasts, is primarily responsible for the degradation of bone
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matrix necessary for bone resorption. Deficiency of CatK activity in
humans causes a rare autosomal recessive bone sclerosing disorder
called pycnodysostosis (Gelb et al., 1996). Affected individuals are typi-
cally short in stature and, in spite of dense bones, suffer from increased
non-traumatic fractures. Disruption of the CatK gene inmice produced a
phenotype of high bone mass (Duong, 2012); however, the effect on
gene deletion of CatK on bone biomechanical properties in mice
seems to be strain dependent (Pennypacker et al., 2009). Even if the
poor bone quality in affected individuals could be due to the life-long
defect of CatK during growth, it is important to address the impact of
long-term pharmacological effects of a CatK inhibitor on bone material
properties in adult patients.

Several CatK inhibitor drug candidates, relacatib, balicatib,
odanacatib (ODN) andONO-5443have been evaluated for safety and ef-
ficacy in humans (Bromme and Lecaille, 2009); however, ODN is the
only clinical candidate that advanced into Phase III development for
the treatment of postmenopausal osteoporosis. ODN is an orally active,
potent, and selective CatK inhibitor which potently inhibits human CatK
enzyme activity (IC50 = 0.20 nM) and has ≥300-fold selectivity against
all other known human cathepsins (Gauthier et al., 2008). The five-year
Phase II trial demonstrated progressive dose-dependent increases in
BMD in postmenopausal women with low BMD (Bone et al., 2010;
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Eisman et al., 2011; LangdahlB et al., 2012). In the randomized, placebo-
controlled, double-blinded, even-driven, Phase 3 Long-Term
Odanacatib Fracture Trial (LOFT; NCT00529373) (Bone et al., 2015),
the planned analysis after 5-years of therapy has demonstrated that
ODN 50-mg once-weekly continuously increases bone mass and signif-
icantly reduced the risk of osteoporotic spine, hip and non-vertebral
fractures in post-menopausal women with osteoporosis as compared
to those on placebo (McClung et al., 2014; Duong et al., 2016).

As a novel therapeutic for the treatment of osteoporosis, it is nec-
essary to investigate the long-term treatment effects of ODN on the
quality of bone. The importance of assessing the bone safety profile
of osteoporosis drugs is exemplified by sodium fluoride treatment
where increased bone mass was accompanied by increased fragility
of bone (Riggs et al., 1990a; Sogaard et al., 1994a; Jiang et al.,
1996a). At the tissue level, structural integrity of whole bones has
contributions from the total bone mass, the macro and micro archi-
tecture of bone, and the properties of the constituent tissue
(Meulen et al., 2001). However, the only available clinical assess-
ment for diagnosis of osteoporosis as well as evaluation of fracture
risk in osteoporotic patients is currently limited to the measurement
of bone mineral density (BMD). Therefore, pre-clinical studies to as-
sess the long-term treatment effects of a bone drug on the quality of
bone have remained a requirement for drug approval (FDA, 1994
Guidelines). Moreover, animal studies allow testing in the same skel-
etal site for multiple bone quality metrics, including bone mass by
DXA, macro- and micro- architecture by low and high resolution
computer tomographic imaging methods, and ex vivo measure-
ments of biomechanical strength, composition of bone tissue, and
detailed histomorphometry (Balena et al., 1993b).

The efficacy and bone safety of CatK inhibitors have been studied in
estrogen-deficient non-human primates and rabbits (Pennypacker et
al., 2011; Jerome et al., 2011; Ochi et al., 2011). In these studies, CatK in-
hibitors significantly reduced bone resorption while relatively preserv-
ing bone formation, resulting in both increased BMD and bone
strength (Duong, 2012). Previously, ODN dosed in prevention mode at
subclinical exposures has been demonstrated to effectively prevent
bone loss and increased bone strength in the estrogen-deficient model
of ovariectomized (OVX) rhesus monkeys treated for 21 months
(Pennypacker et al., 2014). In that study, ODN treatment decreased tra-
becular remodeling of the spine and hip, but promoted endocortical
modeling-based bone formation in the hip of OVX-monkeys
(Pennypacker et al., 2014). In addition, ODN stimulated periosteal
bone formation in the femoral neck, proximal and central femur
(Pennypacker et al., 2014).

More recently, a second study in OVX-rhesus monkeys also dosed
with ODN in prevention mode for 20-months provided drug plasma
exposures that approximated or exceeded the clinical exposure of
the 50-mg once-weekly dose in humans (Williams et al., 2013). It
demonstrated that treatment protected BMD of spine and hip to
levels comparable with alendronate (ALN)-treated OVX-monkeys,
while improving cortical thickness of long bones significantly
above to that with ALN (Williams et al., 2013). The same study also
described in vivo data on the treatment efficacy of ODN in OVX-
rhesus monkeys using HR-pQCT based finite element analysis (FEA)
in vivo estimates of bone strength on the distal radius (Cabal et al.,
2013). To further support the bone safety profile of ODN, we report
here ex vivo analysis on the apparent (experimentally determined
on whole trabecular core) and hard tissue (intrinsic of bone materi-
al) biomechanical properties of the trabecular bone of vertebrae of
animals in the above mentioned study after 20 months of dosing. A
control vehicle treated group and an active comparator alendronate
treated group are also included. The high resolution images obtain-
able from ex vivo micro-CT allow the generation of more accurate
meshes for FEA estimation of mechanical properties of the vertebral
trabecular bone to evaluate ODN treatment effect on bone hard tis-
sue Young's modulus.
2. Methods

2.1. Animals and study design

All procedures were approved by the Institutional Animal Care and
Use Committee ofMerck Research Laboratories. The in-life studydesign,
baseline characteristics, in-life areal and volumetric bonemineral densi-
ty (BMD), and bone turnover markers have been previously described
(Williams et al., 2013). Briefly, 64 female rhesus monkeys (Macaca
mulatta 12–22 years of age) were randomized into 4 groups according
to femoral neck aBMD and 1/3 distal radial Ct.Th. Ten days after bilateral
OVX, the 4 groupswere dosedwith: (1) Vehicle (VEH) containing novel
formulation hydroxypropyl methyl cellulose acetate succinate (HPMC-
AS) polymer; (2) ODN at 2 mg/kg, (L-ODN, p.o., q.d.); (3) ODN at
8 mg/kg (H-ODN, p.o., q.d.); (4) ALN at 30 μg/kg/week (15 μg/kg twice
weekly, s.c.). The ALN subcutaneous dose was selected to produce an
approximate plasma concentration in the monkeys equaling that of
ALN 70-mg oral and once-weekly clinical dose, taking into account the
oral bioavailability of 0.75% in humans (Balena et al., 1993a). ODN was
dosed in the same HPMC-AS formulation. L-ODN dose provided the
mean daily exposure of ODN (AUC0–24) in plasma was ~12 μM·h0–24

which was ~1.8-fold of the daily clinical exposure as estimated from
the ODN 50-mg once-weekly. H-ODN dose at 8 mg/kg/d provided
mean daily exposure of ODN at 142 μM·hr0–24. This dose group was
therefore adjusted to ODN 4 mg/kg/day after 5.5 months of dosing to
target a steady state exposure of 51 μM·hr0–24 or 7.8 times the clinical
exposure for the rest of the study duration. Because the H-ODN group
was included for a toxicology study, this group was not subjected to
the exploratory high resolution imaging of the study reported here. An-
imals were euthanized at 20 months, lumbar vertebrae (LV3–5) were
harvested for ex-vivo imaging and biomechanical testing.
2.2. Specimen preparation and imaging

The third lumbar vertebrae (LV3) were excised for ex-vivo μCT im-
aging. The LV3 were scanned at an isotropic 20 μm resolution using a
Scanco μCT-35 scanner (Scanco Medical AG, Brütisellen, Switzerland).
The first step in the bone coring process was to estimate the average
surface area available for cylindrical coring from the center slice of the
μCT scans in order to avoid the vertebral vein space during coring. The
location of the core was determined by positioning a 4.25 mm diameter
circle on the full vertebral body μCT image center slice as described in
Fig. 1A.

A computer numerical control (CNC) Sherline milling machine was
fitted with a water bath to enable coring of the vertebral body bone
underwater (Fig. 1B). The frozen bone samplewasfirst thawed in saline
solution to bring to room temperature. The vertebral bodywasprepared
for coring by cutting off the processes. The bone length (in the z-direc-
tion) was then measured using calipers. Specimens were cored such
that themain trabecular orientationwas alignedwith the axis of the cyl-
inder. The Sherlinemillingmachinewas programmed to perform a peck
drilling code. The code was programmed such that the bone was cored
0.04mmabove its base in ten small steps. This was done to avoid coring
all theway through the discmaterial causing the core to become lodged
in the coring bit.

Once the coring was completed, the entire vertebral body was re-
moved from the water tub and the core was pushed out gently from
bone using a narrow steel rod. All the coreswere then scanned at an iso-
tropic 12 μm resolution using a Scanco μCT-35 scanner. Fig. 1C shows a
typical μCT image of a lumbar vertebral core. Before endcapping the
cores for compression testing, theywere cleaned using awater jet to re-
move marrow and blood. The bone cores were then dried using com-
pressed air, and fitted and glued into brass endcaps using Loctite 401
(Keaveny et al., 1994). The bones were then wrapped in plastic film to
preserve the bonemoisture and stored in a refrigerator until performing



Fig. 1. Preparation of trabecular core specimen. (A). Representative μCT images of third lumbar vertebrae (LV3) at 20 μm isotropic resolution from two animals. The images are used to
estimate the average surface area available for cylindrical coring in order to avoid the vertebral vein space. (B). A trabecular bone cylinder was cored under water using a computer
controlled Sherline milling machine. (C). A mCT image of a core at 12 μm isotropic resolution.
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compression testing. The bone cores were tested as wet bone, not in a
dehydrated state.

2.3. Biomechanical testing

The endcapped cores were compressed using the MTS Alliance RT/
50 machine (see Fig. 2A) to record the loads and displacement. The
endcapped cores were place between the two fixtures on the MTS Alli-
ance RT/50 actuator using key type chucks as shown in Fig. 2A. Three
preconditioning cycles to 0.1% strain were followed by a final ramp at
0.5% strain per second that loaded the specimen all the way to failure
(Morgan and Keaveny, 2001). The force and deformation data was re-
corded for each experiment and the experimental stiffnesswas comput-
ed as the initial linear slope of the force-deformation curve (Fig. 2B). The
experimental stress was computed for each specimens using the aver-
age of cross-sectional areas of each slice that formed the specific animal
Fig. 2. Biomechanical testing of trabecular core. (A) The cores were endcapped and compres
recorded. Typical curves for (b) Load vs extension and (C) Stress vs Strain indicating the lin
calculations.
μCT image. A representative stress-strain curve is shown in Fig. 2C (ef-
fective length as defined in (Keavery et al., 1997)). The Apparent
Young's Modulus was computed as the initial linear slope of the
stress-strain curve (Fig. 2C).
2.4. Finite element analysis (FEA)

Finite element (FE) models were generated from the μCT images of
the cores and subsequently used in the estimation of the trabecular
bone hard tissue Young's Modulus in-silico, as illustrated in Fig. 4. The
images had a 12 μm isotropic voxel size, making the files too large for
reasonable CPU demands, and it was necessary to coarsen the mesh to
run the FE-simulations in ANSYS Mechanical (ANSYS Inc.) in a realistic
time frame of a few hours (as opposed to a number of days with the
original resolution) using 6 nodes of a 13-node dual-core 64-bit Linux
sed to failure under water at 0.5% strain per second, and load-displacement curves were
ear elastic region (red line) and the Peak force (red x) used for biomechanical property

Image of Fig. 1
Image of Fig. 2
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clusterwith 2.66GHzprocessors, 48 GB of RAMon themaster node, and
16 GB RAM per 2-processor node.

Downsampling the images via merging the individual pixels can
bring about averaging of the merged pixels and produce changes in
the bone volume (BV) of the downsampled image. The bonemorpholo-
gy and BV are important determinants of bone strength, and thus it is
imperative tomaintain a constant value of BV in the downsampling pro-
cess. This was accomplished using an adaptive threshold that preserved
the BV of the parent images. Two different test thresholds were first ap-
plied: a lower one that gave a FE-volumewith a BV above that for parent
images and a higher one that gave a FE-volume below the original BV.
The threshold corresponding to the FE-volume with BV of parent
image was then determined from a linear interpolation of the two test
thresholds. The resulting FE-volume corresponding to 20 μm voxel
size matched within 1% the BV of the original parent image.

FE-models were created on the downsampled images using ANSYS
Mechanical (ANSYS, Inc.) assuming a homogeneous linear–elastic iso-
tropic material (Young's modulus E = 12 GPa; Poisson's ratio ν =
0.3). A fixed displacement was applied on the top side wall nodes of
the core, the location where the core was affixed in the top brass end-
cap. The nodes corresponding to the locationwhere the corewas affixed
in the bottom brass endcap were clamped.

2.5. Statistics

Data are shown asmeans± the standard deviation (SD). The homo-
geneity of the group variances was evaluated using the Levene test at
the 0.05 significance level. If differences between group variances
were not found to be significant (p N 0.05), then a one way analysis of
variance (ANOVA)was performed followed by Dunnett's multiple com-
parison test to compare each treatmentwith the VEH group. Differences
were considered significant in the control Dunnett's test when p b 0.05.

If Levene's test indicated heterogeneous group variances (p ≤ 0.05),
then the non-parametric comparison with control was performed
using the Steel Method (Steel, 1959). Each group was compared to the
control group (α of 5% was considered significant).

3. Results

3.1. Effect of ODN on vertebral bone density and microarchitecture

Table 1 summarizes the bone density and microarchitecture param-
eters obtained frommicroCT images of the trabecular LV3 cores, togeth-
er with the biomechanical properties. The 3D microarchitectural
parameters Tb.N, Tb.Th. and Tb.Sp showed only slight changes with no
statistically significant signal. We used Dunnetts multiple comparisons
Table 1
Density and geometry parameters for OVX + VEH, OVX + ALN and OVX + ODN groups;
mean ± SD.

Group OVX vehicle ODN 2 mg/kg ALN 30 μg/kg/wk

Specimens (N) 14 15 15
Peak force (N) 120.68 ± 18.02 122.57 ± 28.19 138.66 ± 38.34
Stiffness (N/mm) 1026.96 ± 207.78 1069.02 ± 185.33 1160.58 ± 233.44
Trab. vBMD
(mg HA/cm3)

392.13 ± 40.20 425.53 ± 50.81 443.29 ± 91.91

Trab. BMC
(mg HA/mm)

5.63 ± 0.58 6.11 ± 0.73 6.30 ± 1.24

Trab. BV/TV 0.236 ± 0.038 0.260 ± 0.047 0.276 ± 0.090
Trab. number (1/mm) 2.055 ± 0.179 2.186 ± 0.286 2.182 ± 0.250
Trab. thickness (mm) 0.119 ± 0.018 0.119 ± 0.023 0. 127 ± 0.033
Trab. separation (mm) 0.457 ± 0.040 0.436 ± 0.059 0.428 ± 0.043
Peak stress (MPa) 8.11 ± 1.29 8.54 ± 1.98 9.70 ± 2.74
Apparent modulus
(MPa)

886.30 ± 166.97 969.49 ± 162.76 1078.49 ± 224.93⁎

Tissue modulus (GPa) 5.61 ± 0.72 5.91 ± 0.76 5.52 ± 0.96

⁎ p b 0.05 with OVX-Veh as control group for Dunnettt's test.
test for means comparisons to the VEH group. High resolution CT imag-
ing results of the trabecular cores show a trend of higher but not statis-
tically significant vBMD in the ALN (p = 0.07) and ODN (p = 0.3)
groups. Animals in this study were also subjected to regular in vivo im-
aging of the spine using DXA and QCT, and data have been reported in a
previous publication (21). At 18 months, vBMD of trabecular bone in
vertebrae averaged over LV3–LV5 obtained from QCT demonstrated a
higher vBMD compared to VEH for ODN (p b 0.01) and ALN (p b 0.01).
At 18 months, aBMD of the whole vertebrae at averaged over LV1-LV4
using DXA demonstrated a higher aBMD compared to VEH for ODN
(p b 0.001) and ALN (p b 0.001).

3.2. Effect of ODN on bone quality

Therewas a strong positive correlation (r=0.77, F-Ratio p b 0.0001)
between volumetric bonemineral density (vBMD) and peak force (max-
imum of the load-deformation curve shown in Fig. 3A reached during
biomechanical trabecular core bone compression testing Fig. 2B). Fig.
3B shows a similarly strong linear relationship (r = 0.73, F-Ratio
p b 0.0001) between bone volume fraction (BV/TV) and peak force. Re-
gressions had similar slopes across all groups, with ODN and VEH
being closer to each other and slightly steeper than the ALN group.

Apparent Young's modulus for trabecular LV3 cores was also posi-
tively correlated with vBMD and BV/TV in all treatment groups, with
slightly steeper slopes in the ODN and VEH groups. The data plotted in
Fig. 3D showed that increases in BV/TV strongly correlate with increases
in apparent Young's modulus (r= 0.75, F-Ratio p b 0.0001). The corre-
lation between apparent Young'smodulus and vBMD is slightly (but not
significantly) stronger (r=0.79, F-Ratio p b 0.0001) than the one exhib-
ited between peak force and vBMD (Fig. 3C). An indicator variable re-
gression with an interaction was used to compare the slopes and
intercepts of the treatment group regression lines plotted in Fig. 3 for
the different arms of the study. No statistically significant differences
were found between the slopes of the treatment groups in any of the
4 plots shown in Fig. 3. We have evidence the regression intercepts of
Peak Force (p = 0.046) and Apparent Modulus (p = 0.007) on BV/TV
differ between the treatment groups; e.g. we rejected the null hypothe-
sis that the intercepts are the same in each treatment group.

3.3. FEA and bone hard tissue properties

Using an initial bone hard tissueYoung'smodulus value of 12GPa for
FE modeling, the apparent stiffness was computed for each specimen.
The true hard tissue Young's Modulus was estimated from the ratio of
the experimental (Kexp) and FE-model (KFEM) computed stiffness as il-
lustrated in Fig. 4. Themean hard tissue Young's Modulus and their cor-
responding standard errors for each group are shown in Fig. 5. The
results clearly showed only small differences between the mean
Young's Modulus value of different treatment groups (ANOVA p=0.4).

4. Discussion

The primary objective of thisworkwas to evaluate the effect of long-
term ODN treatment in OVX-NHP on the biomechanical properties of
the trabecular bone of vertebrae. Destructive biomechanical testing at
different skeletal sites in a previous study have shown that long term
ODN treatment even at subclinical exposures improved structural
strength of the femoralmidshaft (Pennypacker et al., 2014) and femoral
neck (Cusick et al., 2012), improved bone strength in the ultradistal ra-
dius (Cabal et al., 2013), and maintained normal bone strength at the
spine in estrogen-deficient monkeys (Masarachia et al., 2012). The in-
creased strength in these skeletal sites, particular in the lumbar verte-
bra, was accompanied by an increase in BMD, suggesting that
increases in bone mass by ODN treatment may have led to an increase
in bone strength, thus preserving bone quality in all of these skeletal



Fig. 3. Relationship of biomechanical properties of the cylindrical trabecular core to common measurements of bone mass determined from μCT images. Effect of (A) volumetric BMD
(vBMD, mg HA/cm3), and (B) bone mineral content (BMC, mg HA/mm), on the Peak Force to Failure (N). (C) Effect of BV/TV on the experimentally determined Young's Modulus.

Fig. 4. Schematic of the methodology used to estimate the hard tissue Young's Modulus from the experimentally determined stiffness and the FEA-computed stiffness.
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Image of Fig. 3
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Fig. 5. Estimated hard tissue Young's Modulus (GPa) of trabecular tissue in the
OVX + VEH, OVX + ALN and OVX + ODN groups. Error bars represent the standard
error of the mean (SEM).
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sites (Pennypacker et al., 2014; Cabal et al., 2013; Cusick et al., 2012;
Masarachia et al., 2012; Williams et al., 2013).

Long-term treatment with sodium floride has been known to result
to poor bone quality associated with its use for the treatment of osteo-
porosis. Riggs and coworkers (Riggs et al., 1990b) found after a four-
year treatment with sodium floride, the postmenopausal women in
their study had on average a 35% increase in lumbar spine BMD but
therewas no fracture risk reduction in the spine of treatedwomen com-
pared to the placebo group. A later publication (Sogaard et al., 1994b)
provided support for these findings using iliac crest biopsies on the
same patients before and after a 5-year osteoporosis treatmentwith so-
dium fluoride. The authors found a trabecular bone strength reduction
of about 50% compared with pretreatment biopsies. Preclinical work
in rats (Jiang et al., 1996b) confirmed the conclusions regarding the dis-
crepancy between increases in bone mass and the expected increase in
bone strength. Results from thework presented here directly assess the
treatment-related impact on bone quality in preclinical models prior to
clinical outcomes in support of the regulatory requirement guidance for
the development of new osteoporosis drugs (FDA, 1994 Guidelines;
Colmna, 2003).

The biomechanical properties mentioned above are extrinsic prop-
erties as they were determined on the whole, or sections of the intact
skeletal site, and therefore were dependent on several factors of the
tested specimen such as overall shape, size, cortical:trabecular bone
mass. The hard bone tissue Young's Modulus examines if ODN treat-
ment causes any undesired changes to the bone tissue's material char-
acteristics; ideally, osteoporosis treatment reduces fracture risk by
increasing bonemass and not by altering the intrinsic mechanical prop-
erties of bone. Direct measurement of intrinsic bone biomechanical
properties can give insight into changes to its structural integrity at
the level of the biomechanical properties of the tissue per se, but this
ideally requires testing of the particular bone type in isolation from its
host structure. Intrinsic tissue material properties of cortical bone
have beenmade using techniques such as three-point bending or nano-
indentation, but application of thesemethods to trabecular bone is con-
siderably more difficult due primarily to the experimental challenges
imposed by the small dimensions of individual trabeculae (Guo,
2001). However, preparing a cylindrical core of the trabecular scaffold
and measuring its biomechanical properties are relatively easier to
achieve, but still provides biomechanical properties relating to trabecu-
lar tissue, albeit an ‘apparent’ value because it is measured in the host
trabecular network. We performed biomechanical axial compression
of cylindrical trabecular samples cored out of the third lumbar vertebra
of each animal at the end of the study. The elastic properties of the tra-
becular bone hard tissue were obtained using an scaling procedure
using the biomechanical compression data of the trabecular cores and
FEA using micro-CT images of the cores. We used this approach to ex-
perimentally measure the ‘apparent’ trabecular tissue properties, and
back-calculate the trabecular bone intrinsic tissue material properties
using FEA (Hou et al., 1998; Ladd et al., 1998; Bevill et al., 2009).
We adopted here the operational definition of bone quality pro-
posed and used by other authors (Hernandez and Keaveny, 2006;
Ominsky et al., 2011). Bone quality is considered to group the features
of a bone, independent of mass, that influence its strength. The existing
whole bonemorphology evidence about the bone quality in the spine of
ODN treated OVX-NHPwas expanded using trabecular cores specimens
tested in compression. These data allow us to isolate pure trabecular
bone and evaluate its biomechanical performance independently of
the whole bone, including the vertebral cortex. In doing so we investi-
gatedwhether ODN treatment had any bone quality impact in bone vol-
ume fraction and hard tissue properties at the microarchitectural level.
An important background information to keep in mind here are the
findings from Homminga et al. (2002) who showed no significant dif-
ferences in the proximal femora trabecular bone hard tissue Young's
modulus between patients with and without hip fractures.

The positive linear correlation exhibited by all the arms of the study
in the strength-density relationship displayed in Fig. 3A led us to con-
clude that, unlike sodium fluoride, neither ALN or ODN altered bone
quality in NHP in any way that would depict negative clinical implica-
tions. Thus, increases in vBMD correspondwith linearly proportional in-
creases in bone strength which support the normal bone quality
hypothesis, i.e. bone biomechanical performance can be assessed and
quantified from bone density. Fig. 3B shows that bone strength has in-
creases that are commensurate with increases in bone volume fraction
(BV/TV), which, given the direct proportionality between BV/TV and
bone apparent density, supports the findings of long-term ODN treat-
ment preserving normal bone quality in the spine microarchitecture.

The positive correlations found between apparent Young's modulus
along the main loading orientation of the tested specimens plotted as a
function of vBMD in Fig. 3C and as a function of BV/TV in Fig. 3D provide
intrinsic data support for the preservation of bone quality in all arms of
the study. A step further in the evaluation of intrinsic properties was
performed using μFEA following the procedure illustrated in the sche-
matic of Fig. 4. The key assumptionhere is that the ratio between the ap-
parent stiffness measured during the compression tests and the μFEA-
estimated stiffness is equal to the ratio of the respective tissue Young's
moduli, as shown in the schematic of Fig. 4 (Hou et al., 1998; Ladd et
al., 1998; Bevill et al., 2009; Homminga et al., 2002). We found only
minor differences between the mean hard tissue elastic-modulus
value of different treatment arms which are not statistically significant
(p = 0.4) as shown in Fig. 5. Only one parameters for the ALN group
(see Table 1) reached statistically significant differentiation (p b 0.05)
from the VEH group: apparent elastic-modulus.

This study assessed the long-term effects of the CatK inhibitor ODN
on hard tissue biomechanical properties of OVX NHP vertebral trabecu-
lar bone after 20 months of dosing. The results indicate that long-term
treatment with ODN maintains normal trabecular bone material hard
tissue properties in the OVX-monkeys and was comparable to ALN.
These findings are consistent with the existing preclinical data showing
ODNmaintained normal bone strength at the spine of treated OVX-NHP
and clinical evidence showingODN significantly reduced fracture risk in
postmenopausal women with osteoporosis and led to progressive in-
creases in BMD at the lumbar spine and hip compared with placebo
for ODN patients.

Despite the robust efficacy of this drug for the treatment of osteopo-
rosis as demonstrated in the LOFT study, clinical development of the
CatK inhibitor ODN was recently terminated due to an increased risk
of stroke in the postmenopausal patients with osteoporosis on active
ODN treatment versus a placebo group (Langdahl et al., 2012;
Langdahl et al., 2015; McClung et al., 2016). To date, there is no preclin-
ical evidence to link the inhibition of CatK to any cardiovascular risks,
and it is thus unclear whether the adjudicated stroke adverse event is
directly related to the CatK mechanism. Furthermore, unlike the stan-
dard antiresorptives, the bisphosphonates or denosumab, ODN blocks
osteoclastic bone resorptionwhilemaintaining subsequent bone forma-
tion during bone remodeling (Duong et al., 2016). Taking into account

Image of Fig. 5
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the overall risk-to-benefit of ODN in the aged osteoporotic population,
the class of CatK inhibitors still represents a novel and potentially im-
portant therapy for the treatment of diseases, such as metastatic- or in-
flammatory-induced acute bone loss.
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