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Abstract
Summary Odanacatib (ODN) was investigated as an osteoporosis treatment in 292 men. Compared with placebo, odanacatib
improved bone mineral density and led to sustained bone resorption decreases while producing relatively little bone formation
reduction that leveled off with time. However, increased risk of stroke in another study stopped further odanacatib development.
Introduction ODN, a selective oral cathepsin K inhibitor, was in development for osteoporosis treatment. This phase 3, double-
blind, randomized, placebo-controlled, 24-month study investigated ODN safety and efficacy in men with osteoporosis.
Methods Men with idiopathic osteoporosis or osteoporosis due to hypogonadism and a lumbar spine or hip (total hip [TH],
femoral neck [FN], or trochanter) bone mineral density (BMD) T-score of ≤ − 2.5 to ≥ − 4.0 without prior vertebral fracture or
≤ − 1.5 to ≥ − 4.0 with one prior vertebral fracture were randomized (1:1) to once-weekly ODN 50 mg or placebo. All received
5600 IU vitamin D3 weekly and calcium supplementation as needed (≥ 1200 mg daily). The primary efficacy outcome was
changed from baseline in lumbar spine BMD versus placebo.
Results Overall, 292 men, mean age 68.8 years, were randomly assigned to ODN or placebo. Versus placebo, ODN increased
BMD from baseline at the lumbar spine, TH, FN, and trochanter by 5.6%, 2.0%, 1.7%, and 2.1%, respectively (all p < 0.01), and
decreased uNTx/Cr (68%, p < 0.001), sCTx (77%, p < 0.001), sP1NP (16%, p = 0.001), and sBSAP (8%, p = 0.019). The
between-group bone formation marker decrease peaked at 3 months, then returned toward baseline. The safety profile, including
cardiovascular events, was similar between groups.
Conclusion Though a promising osteoporosis therapy for men, ODN development was discontinued due to increased risk of
stroke in the LOFT phase 3 trial.
Trial registration Clinicaltrials.gov NCT01120600 (registered May 11, 2010).
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Introduction

Osteoporosis in men is associated with significant morbidity,
mortality, and societal expense [1]. The lifetime osteoporosis-
related fracture risk of a 50-year-old man is 13–22%, includ-
ing a hip fracture risk of 3–11% [2]. Approximately one-third
of all hip fractures occur in men [3] and are associated with
higher mortality than in women, with 1-year mortality rates
estimated at 32.5% and 21.9%, respectively [4].

Cathepsin K (CatK) is the primary protease involved in the
osteoclastic degradation of organic bone matrix proteins [5].
Odanacatib (ODN), an oral selective inhibitor of CatK, does
not reduce either osteoclast formation, general metabolic ac-
tivity, or number; instead, it only reduces bone resorption
mediated through inhibition of CatK released by the
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osteoclasts into resorption lacunae [6–11]. Clinical studies in
postmenopausal women treated with ODN demonstrated rel-
atively less reduction in bone formation than in bone resorp-
tion markers compared with bisphosphonates [12–15] and
progressive increases in bone mineral density (BMD) up to
5 years [16]. Unlike bisphosphonates [17, 18], the effect of
ODN on bone resorption was rapidly reversible, with BMD
decreasing to baseline following discontinuation [19]. This
24-month, placebo-controlled, phase 3 study investigated the
effect of ODN treatment of men with osteoporosis.

Materials and methods

Study design

This was an international, multicenter, double-blind, random-
ized, placebo-controlled, 24-month study (protocol MK-
0822-053; ClinicalTrials.gov NCT01120600). Fifty-six cen-
ters in 13 countries (Chile, Colombia, Denmark, Estonia,
France, Italy, Japan, Latvia, Mexico, the Netherlands,
Russia, the UK, and the USA) participated on an out-patient
basis. The study was conducted in accordance with the prin-
ciples of Good Clinical Practice and was approved by the
appropriate institutional review boards and regulatory agen-
cies. All participants provided written informed consent be-
fore the initiation of study procedures. The original study was
divided into two parts: the primary analysis was planned at
24 months (part 1) and patients were to remain in the study for
an additional 12months (part 2). Part 2 was removed (protocol
amendment 1 year into the study) to minimize the risk of bone
loss to patients who would be on placebo during months 24 to
36.

Eligible men were randomized by a computer-generated
allocation schedule using an interactive voice response system
in a 1:1 ratio to receive ODN 50 mg once weekly (OW) or
matching placebo OW, taken without regard to food. All par-
ticipants received vitamin D3 (5600 IU OW, a dose selected to
alleviate vitamin D deficiency; additional supplementation
limited to < 400 IU daily as part of a multivitamin only) and
daily calcium supplementation as needed to ensure a total daily
calcium intake of 1200 mg. Participants were stratified by go-
nadal function (serum testosterone < 250 or ≥ 250 ng/dL), with
a stratification goal of at least one-third of participants being
hypogonadal. Investigator site personnel, study participants,
and sponsor’s personnel were blinded to treatment allocation
during the 24-month study period. Data collected during the
study included BMD, biochemical markers of bone turnover,
adverse events (AEs), laboratory safety evaluations, and spine
radiographs (for morphometric fracture assessment). One stat-
istician, not involved in the conduct of the study, reported
unblinded safety results to an external data monitoring com-
mittee that performed periodic unblinded safety assessments of

this and other ongoing ODN clinical trials. There were seven
planned clinic visits (screening, randomization, and after
months 3, 6, 12, 18, and 24) and a posttreatment follow-up
telephone call (≥ 14 days after the last dose of blinded study
therapy or study discontinuation, whichever occurred later).
An optional transilial bone biopsy procedure was performed
for qualitative histology and quantitative histomorphometry
for consenting volunteers at month 24.

Participants

Participants were ambulatory men aged 40–95 years with id-
iopathic osteoporosis or osteoporosis due to hypogonadism,
who had lumbar spine anatomy suitable for dual-energy X-ray
absorptiometry and were candidates for osteoporosis therapy.
A BMD T-score (male reference range) of ≤ − 2.5 at either the
lumbar spine or total hip, femoral neck, or trochanter and
≥ −4.0 at all sites, without prior vertebral fracture (based on
morphometric evaluation of a baseline spine radiograph), or a
BMD T-score ≤ − 1.5 at either the lumbar spine or total hip or
any of the above hip subregions and ≥ − 4.0 at all sites, with
one prior vertebral fracture, was required for study inclusion.
Participants unable or unwilling to use available osteoporosis
treatments could be included with a BMD T-score ≤ − 2.5 at
the lumbar spine or the hip regions noted above without prior
vertebral fracture or ≤ − 1.5 with prior vertebral fracture.

Exclusion criteria included the following: prior clinical fra-
gility hip fracture; any clinical fragility fracture within the past
12 months; > 1 prior vertebral fracture; metabolic bone dis-
eases other than osteoporosis; daily calcium intake of
< 1200 mg (diet plus supplemental); inadequately controlled
primary or secondary hyperparathyroidism; vitamin D defi-
ciency (25-hydroxyvitamin D < 15 ng/mL; participants who
were otherwise eligible could be retested after vitamin D re-
pletion); malignancy within the past 5 years (except for ade-
quately treated skin cancer); inadequately controlled thyroid
disease; and severe renal insufficiency (creatinine clearance
≤ 29 mL/min). Oral bisphosphonates in the 6 months prior
to randomization or for > 6 weeks within the prior 3 years,
or any lifetime use of intravenous bisphosphonate or RANK
ligand inhibitor (i.e., denosumab), were not permitted; addi-
tional prohibited medications are listed in the Supplemental
Material.

Efficacy endpoints

The primary efficacy endpoint was the percent change from
baseline in lumbar spine BMD with ODN compared with
placebo at 24 months. Secondary efficacy endpoints included
the following: percent change from baseline in the femoral
neck, trochanter, and total hip BMDwithODN versus placebo
at 24 months and geometric mean percent change from base-
line in biochemical markers of bone resorption (serum
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C-telopeptides of type I collagen [sCTx], urinary N-
telopeptides of type I collagen/creatinine ratio [uNTx/Cr]) and
biochemical markers of bone formation (serum bone-specific
alkaline phosphatase [sBSAP], serum N-terminal propeptide
of type I collagen [sP1NP]) at 24 months. Within-group
changes from baseline were evaluated for primary and second-
ary BMD endpoints. Exploratory endpoints included percent
change from baseline in total body and distal forearm BMD at
24 months with ODN versus placebo and effect on qualitative
histomorphometry and skeletal microarchitecture of transilial
bone b iopsy spec imens us ing quan t i t a t i v e 2D
histomorphometry and 3D μ-computerized tomography at
24 months.

BMD and vertebral fracture assessment

BMD was measured by dual-energy X-ray absorptiometry
(GE Medical Systems Lunar, Madison, WI, USA, or
Hologic, Bedford, MA, USA) at the lumbar spine and hip at
screening and distal forearm and total body at randomization.
BMD at the hip and spine was measured at months 3 and 6,
and BMD at all skeletal sites was measured at months 12 and
24 or at early termination. Scans were analyzed at a BMD
analysis and quality control center (Perceptive Informatics,
Inc. [PARAXEL], Billerica, MA, USA). BMD eligibility
criteria were determined by the central imaging vendor based
on T-scores determined using the NHANES III 1998 refer-
ence values for Caucasian young adult men [20].

Radiographic vertebral fractures were evaluated by a cen-
tral imaging vendor (Perceptive Informatics, Inc.
[PARAXEL]) by semi-quantitative [21] and morphometric
analysis of the lateral spine radiographs at screening, month
24, and any other time a fracture was suspected. New mor-
phometric fractures were defined as progression of vertebral
deformity in a T4 through L5 vertebral body and were
assessed using a Genant semi-quantitative scale (score 0 to 3).

Serum and urine biochemical measures

Participants provided fasting morning blood samples and a
second morning voided urine specimen for bone turnover
marker measurements at randomization and at months 3, 6,
12, 18, and 24 or early termination. Markers were measured
using the following assays: sCTx, Elecsys–CrossLaps/serum
ECL kit (Roche Diagnostics, Mannheim, Germany);
uNTx/Cr, Vitros ECL/ECIQ (Ortho Clinical Diagnostics,
Rochester, NY, USA); sBSAP, Access Ostase (Beckman
Coulter, Brea, CA, USA); sP1NP, Elecsys–serum ECL kit
(Roche Diagnostics) and urine creatinine, Konelab 20 analyz-
er (Thermo Fisher Scientific, Waltham, MA, USA). Analyses
were performed by PPD Central Lab (Highland Heights, KY,
USA) in a non-batched fashion. Total serum testosterone
(morning samples; run on Siemens Centaur XP using

chemiluminescence [ADVIA Centaur testosterone; Siemens
Healthcare Diagnostics Inc., Tarrytown, NY, USA]) and 25-
hydroxyvitamin D (DiaSorin LIAISON 25 OH Vitamin D
TOTAL chemiluminescent immunoassay [DiaSorin,
Saluggia, VC, Italy]) were measured at the screening. Sex
hormone binding globulin levels were not measured, and
levels of free testosterone were not calculated.

Bone biopsy

Volunteers were given locally sourced tetracycline at month
23 for 3 days, with a 14-day interval prior to a second 3-day
course. Transilial bone biopsy was performed 5 to 14 days
later. The 2D histomorphometry on transilial bone biopsies
from month 24 included the following measurements: bone
volume, osteoid volume, trabecular number, trabecular thick-
ness, osteoid surface, osteoid thickness, mineral apposition
rate, and mineralizing surface [22].

The 3D μ-computerized tomography performed on
transilial bone biopsies from month 24 included the following
measurements: percent bone volume fraction, bone surface
density, trabecular number, trabecular thickness, and connec-
tivity density. All bone biopsy evaluations were performed at
a central laboratory (R. Recker, Creighton University, Omaha,
NE, USA).

Safety measurements

Safety was assessed by review of AEs, vital signs, and labo-
ratory safety evaluations. Clinical and laboratory evaluations
(including serum chemistry, hematology, and urinalysis) were
performed at screening and months 3, 6, 12, 18, and 24 or at
early termination. Laboratory evaluations were performed
centrally (PPD Laboratories, Highland Heights, KY, USA).
AE assessments were performed throughout the study period,
nominally through the final study visit. AEs reported after the
last scheduled study visit but within 14 days after the last dose
of study medication were also captured. Electrocardiograms
were performed at randomization. All participants were
assessed for vertebral fracture at screening and at month 24
with a lateral spine X-ray [21]. If an incident fracture was
suspected based on clinical signs or symptoms, it was evalu-
ated radiographically and, if present, reported as a fracture AE
based on review by the study investigators. Lateral spine films
were read by a radiologist at the central imaging vendor
(Perceptive Informatics, Inc. [PARAXEL]). Participants with
excessive BMD loss at the lumbar spine or total hip of ≥ 7%
from baseline at any postbaseline time point were
discontinued from both the study and study medication, and
instructed to pursue treatment for their osteoporosis from their
primary care physician. In countries where local regulatory
guidelines are allowed, patients who were discontinued from
the study were offered a 1-year supply of 70 mg OW
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alendronate, or 70 mg OW alendronate + 2800 IU vitamin D3,
or 70 mg OW alendronate + 5600 IU vitamin D3 for optional
prescription by their primary care physician. The following
four specific AE categories of special interest were adjudicat-
ed by an expert committee, to confirm their occurrence and
specific attributes: dental (to confirm or exclude osteonecrosis
of the jaw); skin AEs with skin thickening and hardening
suggestive of morphea or systemic sclerosis; delayed fracture
unions; and serious respiratory events. Each committee com-
prised external and independent specialists (i.e., neither inves-
tigators nor study monitors) and was organized and run by an
independent vendor (PAREXEL International, Waltham,
MA, USA).

Adherence

Compliance with study treatment was monitored with
participant-completed diary cards and tablet counts of
returned medication. Compliance was reported as the propor-
tion of the actual days with double-blind treatment intake to
the expected number of days of treatment intake.

Statistical methods

Full statistical methods are provided in the Supplemental
Materials. Briefly, a constrained longitudinal data analysis
(cLDA) method [23] was used to obtain a point estimate
and a 95% confidence interval (CI) of the between-
treatment difference for BMD endpoints using the full
analysis set (FAS) population, which included all partici-
pants who took at least one dose of study drug and had
baseline measurements. Secondary and exploratory BMD
endpoints were analyzed using a similar approach.
Biochemical markers were analyzed in the per-protocol
population, using a similar cLDA model as described for
the BMD endpoints. Safety analyses were performed using
the all-patients-as-treated (APaT) population, which in-
cluded all participants who took at least one dose of the
study drug.

Subgroup analyses

A prespecified subgroup analysis estimated (with a nominal
95% CI) whether or not the between-group treatment effect
on lumbar spine BMD was consistent across the following
subgroups: age (< 65 years, ≥ 65 years); geographical re-
gion (Europe, non-Europe); biochemical markers of bone
turnover at baseline (tertiles); and height and weight at
baseline (below/above median). Only summary statistics
were calculated for subgroups of serum testosterone < 250
or ≥ 250 ng/dL.

Results

Patients

The study took place between January 6, 2010, and July 22,
2013. Of the 949 men screened for inclusion, 294 were en-
rolled and randomized (Fig. 1). Of the randomized partici-
pants, 292 took ≥ 1 dose of study medication (one patient in
each group did not take any study medication) and were in-
cluded in the APaT population; 269 were included in the FAS
population for the primary efficacy parameter. Overall, 128
(87.1%) men in the ODN and 115 (78.2%) in the placebo
group completed the study. Study discontinuation was numer-
ically higher in the placebo group (n = 32, 21.8%) compared
with the ODN group (n = 19, 12.9%). There were no clinically
meaningful differences in reasons for discontinuation between
groups, although the excessive bone loss was the reason for
discontinuation in 4 men (2.7%) in the placebo group, com-
pared with none in the ODN group (Fig. 1). Demographic and
baseline characteristics were similar between the two treat-
ment groups (Table 1). Mean age of the study population at
baseline was 68.8 years, and total testosterone levels were
< 250 ng/dL in 8 patients (5.8%) and 9 patients (6.2%) in
the ODN and placebo groups, respectively.

BMD

Treatment with ODN for 24 months significantly increased
BMD from baseline at the lumbar spine and all three hip sites
compared with placebo (Fig. 2, Supplemental Table 1). Least-
squares (LS) mean differences in BMD versus placebo at
24 months were 5.6% at the lumbar spine (95% CI 4.5, 6.7;
p < 0.001), 2.0% at the total hip (95% CI 1.3, 2.8; p < 0.001),
1.7% at the femoral neck (95% CI 0.5, 2.9; p = 0.008), and
2.1% at the trochanter (95% CI 0.9, 3.3; p < 0.001). At the
lumbar spine, BMD increased continuously over time to
month 24 in the ODN-treated group. Total body BMD also
significantly increased from baseline with ODN treatment
compared with placebo by 0.8% (95% CI 0.2, 1.5; p = 0.007
[data not shown]). Between-group increases were generally
due to increases in the ODN treatment group, with relatively
small decreases in the placebo group (Supplemental Table 1).
No treatment difference was observed at 24 months between
ODN and placebo for one-third radius BMD (0.01%; 95% CI
− 0.87, 0.89; p = 0.976 [data not shown]).

Biochemical markers of bone turnover

ODN treatment significantly decreased biochemical markers
of bone resorption from baseline compared with placebo by
month 3 (Fig. 3a, b). The geometric LS mean treatment dif-
ferences were similar thereafter: at month 24, differences in
LS mean were − 76.6% for sCTx (95% CI − 92.6, − 60.6;
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Table 1 Baseline characteristics
ODN (n = 146) Placebo (n = 146)

Age (years), mean ± SD 69 ± 8 69 ± 8

≥ 65, n (%) 106 (72.6) 109 (74.7)

Hypogonadala, n (%) 8 (5.5) 9 (6.2)

Race, n (%)

White 118 (80.8) 121 (82.9)

Asian 16 (11.0) 12 (8.2)

Multiracial 11 (7.5) 12 (8.2)

Black 1 (0.7) 1 (0.7)

Region, n (%)

Europe 90 (61.6) 89 (61.0)

USA 30 (20.5) 31 (21.2)

Japan, Central/South America 26 (17.8) 26 (17.8)

Fracture history, n (%)

Any 64 (43.8) 67 (45.9)

Hip 3 (2.1) 5 (3.4)

Spine 20 (13.7) 17 (11.6)

Other 48 (32.9) 55 (37.7)

BMD T-scoresb, mean ± SD n = 133c n = 136c

Lumbar spine − 2.2 ± 1.3 − 2.1 ± 1.3
Total hip − 1.7 ± 0.7 − 1.7 ± 0.6d

Femoral neck − 2.2 ± 0.7 − 2.2 ± 0.6d

Trochanter − 1.6 ± 0.9 − 1.7 ± 0.8d

Markers of bone resorption, mean ± SD n = 144/139c n = 139/136c

sCTx (ng/mL) 0.30 ± 0.18 0.29 ± 0.15

uNTx/Cr (nmol[BCE]/mmol Cr) 36 ± 23 36 ± 17

Markers of bone formation, mean ± SD n = 145c n = 142c

sBSAP (ng/mL) 13 ± 5 13 ± 4

sP1NP (ng/mL) 43 ± 19 43 ± 19

Serum PTH (pg/mL) n = 51c n = 66c

Mean ± SD 57 ± 23 59 ± 25

Serum 25-hydroxyvitamin D (ng/mL) n = 146c n = 146c

Mean ± SD (range) 27 ± 11 (9–79) 27 ± 10 (8–76)

Medical history of cardiac or vascular disorderse, n (%)

Angina pectoris 10 (6.8) 6 (4.1)

Atrial fibrillation 11 (7.5) 5 (3.4)

Coronary artery disease 7 (4.8) 9 (6.2)

Essential hypertension 11 (7.5) 6 (4.1)

Hypertension 63 (43.2) 50 (34.2)

Myocardial infarction 4 (2.7) 8 (5.5)

Sinus bradycardia 2 (1.4) 8 (5.5)

BCE bone collagen equivalent, BMD bone mineral density, ODN odanacatib, PTH parathyroid hormone,
sBSAP serum bone-specific alkaline phosphatase, sCTx serum C-telopeptides of type I collagen, SD standard
deviation, sP1NP serum N-terminal propeptide of type I collagen, uNTx urinary N-telopeptide/creatinine ratio
a Total serum testosterone < 250 ng/dL
bMale normal range referent [20]
c n = number of patients treated who had a measurement available
d n = 135
e Incidence ≥ 5% in one or both treatment groups
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p < 0.001) and − 68.1% for uNTx/Cr (95% CI − 78.1, − 58.1;
p < 0.001). While the between-group differences of indices in
both bone resorption markers followed the same time course,
the within-group changes were somewhat different. There was
an increase in sCTx with placebo of 29.0% at month 3, 37.8%
at month 6, and 50.7% at month 12, and it was stable

thereafter (56.5% [95% CI 40.0, 75.0] at month 24). In con-
trast, the uNTx/Cr change was minimal over time (LS mean
change 6.65% [95% CI − 2.68, 16.87] at month 24) in
placebo-treated patients. In the ODN-treated group, there
was a marked decrease in the geometric LS mean percent
change from baseline in sCTx at month 3, increasing
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Assessed for eligibility

(N = 949)

Discontinued (n = 19)

▪ Adverse event (n = 7)

▪ Excessive bone loss (n = 0)

▪ Lost to follow-up (n = 1)

▪ Physician decision (n = 1) 

▪ Protocol deviation (n = 0) 

▪ Withdrawal by patient (n = 10)   

Discontinued (n = 32)

▪ Adverse event (n = 7)

▪ Excessive bone loss (n = 4)

▪ Lost to follow-up (n = 3)

▪ Physician decision (n = 3) 

▪ Protocol deviation (n = 4) 

▪ Withdrawal by patient (n = 11)   

Allocated to ODN

(n = 147)a

Allocated to placebo

(n = 147)a

Completed

(n = 128)

Completed

(n = 115)

Randomized (n = 294)

aOne patient in each treatment group did not take any study medication. ODN, odanacatib  

Fig. 1 Patient disposition
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thereafter with only a small decrease from baseline at month
24. There was also a marked decrease in the geometric LS
mean uNTx/Cr at month 3 in the ODN group that was main-
tained through month 24.

Biochemical markers of bone formation also signifi-
cantly decreased following 24 months of ODN treatment
compared with placebo (Fig. 3c, d). The geometric LS
mean treatment differences at 24 months were as follows:
− 7.9% for sBSAP (95% CI − 14.6, − 1.3; p = 0.019) and
− 16.0% for sP1NP (95% CI − 25.7, − 6.3; p = 0.001). The
maximum between-group difference in sBSAP was 16.0%
and in sP1NP was 33.3% at month 3, and the differences
between treatment groups decreased over time. In the
ODN-treated group, the geometric LS mean percent
change from baseline for sBSAP decreased by − 21.0% at
month 6 and then increased from the nadir while remaining
below baseline concentrations over time but with only a
modest reduction from baseline at month 24. In the placebo
group, sBSAP decreased slightly from baseline until month
6 (− 8.2%), then increased to baseline levels by month 24.
For sP1NP, a prominent decrease in the geometric LS
mean percent change was seen in the ODN group at month
3 (− 40.7%), with an increase from the month 3 nadir over
the remainder of the double-blind treatment period, but
remaining below baseline at month 24. In the placebo
group, sP1NP decreased slightly by month 6 (− 9.0%)
and then increased to baseline levels by month 12.

Bone biopsy histology and histomorphometry

Histologic evaluation of transilial bone biopsies from 26 pa-
tients (11 ODN, 15 placebo) revealed no qualitative abnormal-
ities in either treatment group within the categories of abnor-
mal osteoid, cortical trabecularization, marrow dyscrasia, mar-
row fibrosis, non-lamellar bone, osteomalacia, woven bone, or
other pathologic findings (data not shown). Tetracycline la-
beling occurred in all biopsies; however, the proportion of
biopsies with double-tetracycline labeling was lower in pa-
tients treated with ODN versus placebo (54.5% versus
100%). Histomorphometry showed no evidence of impaired
bone formation ormineralizationwith ODN (Table 2), but due
to the relatively small numbers of biopsies and the inability to
evaluate all parameters in all biopsies, hypothesis testing for
quantitative histomorphometry measures was not planned in
the statistical analysis plan and therefore not performed.

Subgroup analyses

The treatment effect on the percent change from baseline in
the lumbar spine (Supplemental Fig. S1) at month 24 was
generally consistent across the subgroups defined by age
(< 65, ≥ 65 years), region (Europe, non-Europe), and height
and weight at baseline (below/above median). For the bone
formation biomarkers sBSAP and sP1NP (analyzed by
tertile), a larger BMD treatment difference was observed in
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Fig. 3 Geometric mean percent
change from baseline in markers
of bone resorption a sCTx and
b uNTx/Cr, and markers of bone
formation c sBSAP and d sP1NP
(per-protocol population)
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patients in the tertile with the highest baseline concentrations.
A similar pattern was observed for the bone resorption marker
uNTx/Cr, with the largest BMD treatment difference in pa-
tients in the tertile subgroup with the highest, relative to the
lowest, baseline concentration. In contrast, no clear pattern in
the extent of BMD treatment difference was observed across
subgroups by tertiles of baseline concentrations of the bone
resorption marker sCTx. Analyses of the same subgroups per-
formed for total hip, femoral neck, and trochanter BMD did
not suggest any relationship between baseline biochemical
markers and change in BMD at these femoral sites. Mean
percent change in BMD at all four sites was ~ 2-fold greater
in patients with testosterone < 250 ng/dL versus those with
testosterone ≥ 250 ng/dL. However, the 95% CIs around the
point estimates for each BMD region widely overlapped.

Results of the subgroup analysis are based on relatively small
numbers and should, therefore, be interpreted with caution.

Safety

Clinical AEs (treatment-emergent and posttreatment but
during the study period) were reported for 230 (78.8%) of
the APaT population, with the overall incidence balanced be-
tween treatment groups (Table 3). There was a low incidence
of drug-related AEs and AEs leading to discontinuation in
both groups. One patient in the ODN group discontinued
due to myalgia that was considered by the study site investi-
gator to be drug related. The incidence of serious AEs was
similar between the two groups; these were not considered to
be drug related. There was one death in the placebo group

Table 2 Histomorphometry
parameters at month 24 Between-treatment difference

N Mean SD Median 95% CI Estimate 95% CI

Activation frequency (/year)

ODN 5 0.08 0.07 0.07 − 0.00, 0.17 − 0.21 − 0.52, 0.09
Placebo 14 0.30 0.32 0.16 0.11, 0.48

Osteoclast surface, bone surface (%)

ODN 9 0.21 0.31 0.14 − 0.03, 0.45 − 0.02 − 0.26, 0.21
Placebo 14 0.23 0.23 0.16 0.10, 0.37

Osteoblast surface (%)

ODN 9 0.66 0.85 0.35 0.01, 1.32 − 2.37 − 5.36, 0.61
Placebo 14 3.04 4.22 0.61 0.60, 5.47

Osteoid surface, total bone surface (%)

ODN 9 4.12 3.79 3.56 1.21, 7.03 − 5.97 − 10.54, − 1.40
Placebo 14 10.09 5.82 10.60 6.73, 13.45

Osteoid volume (%)

ODN 9 0.50 0.53 0.39 0.09, 0.92 − 0.72 − 1.49, 0.04
Placebo 14 1.23 1.01 1.19 0.64, 1.81

Mineralizing surface (%)

ODN 9 0.80 1.02 0.07 0.01, 1.59 − 4.03 − 7.50, − 0.56
Placebo 14 4.83 4.90 3.09 2.00, 7.66

Mineral apposition rate (μm/day)

ODN 5 0.49 0.18 0.42 0.26, 0.72 0.07 − 0.05, 0.19
Placebo 14 0.42 0.08 0.41 0.38, 0.46

Bone formation rate, total surface referent (μm3/μm2/day)

ODN 5 0.01 0.01 0.00 − 0.00, 0.01 − 0.01 − 0.03, 0.00
Placebo 14 0.02 0.02 0.01 0.01, 0.03

Morphometric trabecular number (/mm)

ODN 8 1.27 0.09 1.29 1.20, 1.35 0.11 − 0.08, 0.29
Placebo 14 1.17 0.24 1.16 1.03, 1.31

Trabecular separation (μm)

ODN 9 711.00 144.56 655.00 599.88, 822.12 − 222.57 − 424.96, − 20.19
Placebo 14 933.57 266.37 979.00 779.77, 1087.37

Trabecular thickness (μm)

ODN 9 116.44 18.81 111.00 101.99, 130.90 − 11.56 − 39.97, 16.86
Placebo 14 128.00 37.88 119.00 106.13, 149.87

CI confidence interval, ODN odanacatib, SD standard deviation
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where the AE onset was reported during the double-blind
period (alcohol-related hepatic failure); further three patients
died due to AEs that were reported > 14 days after their last
dose of study medication (two in the ODN group [sudden
death of no specific cause identified and multiorgan failure
following sepsis] and one in the placebo group [pancreatic
carcinoma]). Two patients experienced laboratory AEs that
led to discontinuation of study medication, both in the placebo
group. Evaluations of laboratory safety tests (group mean
changes and changes exceeding predefined limits), vital signs,
and weight showed no clinically meaningful between-group
differences. Serum calcium (mean) was approximately 0.1 to
0.2 mg/dL lower in the ODN group than in the placebo group,
and serum phosphate was similar between groups. There were
no AEs of clinical or laboratory (subclinical) hypocalcemia.

One patient in the ODN group had a skin event of clinical
interest (erysipelas). No confirmed events of morphea/
scleroderma occurred. A total of 13 patients (8 in the ODN
group, 5 in the placebo group) had clinical fracture AEs. One
patient in theODN group experienced a confirmed non-serious
AE of delayed fracture union. The fracture occurred following
moderate energy trauma and could not be repositioned without
surgery (which the patient refused). Among patients with
evaluable spine X-ray pairs, two patients in the ODN (2/128,
1.6%) and four in the placebo group (4/123, 3.3%) had one
new morphometric vertebral fracture during the 24-month
treatment period. There were no cases of osteonecrosis of the
jaw or atypical femoral fracture. One patient in the ODN group
reported a serious respiratory infection (pneumonia and respi-
ratory failure) confirmed by adjudication, but the investigator
considered this unrelated to study treatment.

Discussion

This, the only study of ODN in men with osteoporosis, was
designed to assess the effects of ODN on BMD at key skeletal
sites. Treatment with ODN 50 mg weekly for 24 months in-
creased BMD at the lumbar spine and all proximal femur sites.
The increases were numerically comparable at the spine and
perhaps less at the proximal femur sites than observed in a
prior study of postmenopausal women after 24 months of
treatment [12]. LOFT (Long-term Odanacatib Fracture
Trial), which included ~ 16,000 women with postmenopausal
osteoporosis, reported BMD increases versus placebo of
10.9% at the lumbar spine, 10.3% at the total hip, 10.1% at
the femoral neck, and 14.6% at the trochanter, after 5 years of
treatment [16].

Men who become hypogonadal due to disease or trauma,
or as a consequence of androgen deprivation therapy, experi-
ence bone loss and increased fracture risk [24]. While it is
standard to evaluate the effects of a drug in both men and
women, there are no data to indicate that hypogonadal osteo-
porotic men would respond to ODN any differently from post-
menopausal osteoporotic women. Given that many osteopo-
rotic men are not hypogonadal, it was important to include
them in this trial. Although that objective was achieved, this
study did not reach the 1/3 target enrollment of hypogonadal
men with osteoporosis, and only 17 of 292 osteoporotic men
treated in this study were hypogonadal (baseline testosterone
< 250 ng/dL). Many men with hypogonadism were excluded
from enrollment due to prior testosterone treatment or a his-
tory of cancer ≤ 5 years prior.

The observed increase in lumbar spine BMD with placebo
may be due to use of vitamin D and/or calcium by study
participants or alternatively due to progression of spinal de-
generative disease. Regardless, this phenomenon has been
observed previously in other interventional studies of men
with osteoporosis [25, 26]. However, BMD at the proximal
femoral sites was stable in the placebo group.

ODN treatment resulted in rapid, substantial, and sustained
decreases in bone resorption markers compared with placebo,
similar to those observed with ODN in postmenopausal oste-
oporotic women [12]. There was a gradual return of sCTx to
baseline with ODN, after an initial marked decrease, which is
explained by increases in larger CTx species and tartrate-
resistant acid phosphatase 5b, as shown by a post hoc batched
biomarker study using data fromLOFT [27]. In addition, there
was an initial, modest decrease in markers of bone formation
with ODN, which returned toward baseline levels (and levels
in patients treated with placebo) at the end of the 24-month
study, and which was also seen with ODN in postmenopausal
osteoporotic women [12]. The observed transient reductions
in sP1NP and sBSAP with ODN highlight the unique mech-
anism of action of ODN, whereby it is likely that bone resorp-
tion inhibition occurs while bone formation is preserved

Table 3 AE summarya

ODN (n = 146) Placebo (n = 146)
n (%) n (%)

Any AE 115 (78.8) 115 (78.8)

Drug-relatedb AE 7 (4.8) 10 (6.8)

Serious AE 26 (17.8) 26 (17.8)

Serious drug-relatedb AE 0 0

Death 2 (1.4) 2 (1.4)

Discontinued study medication due to

AE 5 (3.4) 7 (4.8)

Drug-relatedb AE 1 (0.7) 0

Serious AE 1 (0.7) 6 (4.1)

Serious drug-relatedb AE 0 0

AEs were reported during the double-blind treatment period through to
study discontinuation

AE adverse event, ODN odanacatib
a Including treatment-emergent and posttreatment
b Assessed by the investigator to be related to the drug
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because the signaling between osteoclasts and osteoblasts is
maintained.

The increase from baseline in sCTx in the placebo group
over the first 6 months to 1 year of the study was unanticipat-
ed. After a decrease in sCTx in the ODN group at month 3, a
similar “drift” upward was observed through month 24. The
sCTx analysis method was reviewed as part of a central labo-
ratory vendor data review; although several possible explana-
tions were hypothesized, no problem with the assay, specimen
collection, or handling was detected. While no assay-related
problem was identified, this remains a possibility. What does
appear clear is that treatment with ODN reduces sCTx versus
placebo by 76.6% after 24 months. This is quantitatively sim-
ilar to the reduction in uNTx/Cr versus placebo of 68.1% after
24 months. The between-group reduction in each resorption
marker was reached at month 3 and sustained through month
24.

Iliac crest histologic examination revealed no qualitative
abnormalities in any of the biopsies. Histomorphometric in-
vestigation did not indicate any impairment of bone mineral-
ization: mineral apposition rate and mineralization lag time
were similar in patients treated with ODN and placebo, and
osteoid thickness, surface, area, and volume were generally
lower in patients treated with placebo. However, our study did
not assess resorption parameters, which is where it would be
expected to see a difference between ODN- and placebo-
treated men. These results are consistent with histologic and
histomorphometry findings in postmenopausal women treated
with ODN [28] and with the unique mechanism of action of
ODN compared with other drugs that inhibit bone resorption.

ODN was generally well tolerated in this study, with no
unexpected safety findings. No AEs of morphea/scleroderma
were reported. Morphea-like lesions in women treated with
ODN were reported for the first time in LOFT (in 0.1% of
patients treated with ODN [12/8043; plus one further case
reported only after database lock] and 0.04% of patients
[3/8028] given placebo) [16]. It is unlikely that any
morphea-like AEs would have been observed in patients treat-
ed with ODN in the current study, based on sample size, if the
risk inmenwas similar to the risk observed in postmenopausal
women in LOFT. Further clinical development of ODN was
stopped following an observed increase in the risk of stroke in
LOFT [29]; however, it should be noted that neither the risk of
myocardial infarction nor other major adverse cardiovascular
events (MACE) were increased [16]. In the current study,
cerebrovascular accident was reported for one patient (0.7%)
in the ODN group and no patients in the placebo group.
Myocardial infarction was reported for no patients in the
ODN group and two patients (1.4%) in the placebo group.

There are differences in the pathophysiology of osteoporo-
sis in men and women; consequently, it is important to assess
new treatments in both sexes. While the potential causes of
osteoporosis are similar in older men and women,

hypogonadism is found in older women due to menopause.
While hypogonadism causes similar bone loss in men, it is
uncommon except in men with prostate cancer who are treated
to induce hypogonadism. Age-related decreases in estrogen
and testosterone are much more gradual in the great majority
of men. A recent study has shown that ~ 60% of interventional
trials of osteoporosis treatments enrolled only women, while
only 4% of trials were specific to men [30]. Generally, only
studies of glucocorticoid-induced osteoporosis enroll both
men and women in the same trial. Nonetheless, most current
treatments for postmenopausal osteoporosis (except for estro-
gens and selective estrogen receptor modulators) have been
evaluated in men after they have been shown to reduce frac-
ture risk in postmenopausal women. In men with osteoporosis
receiving calcium and vitamin D supplementation,
alendronate and risedronate demonstrated comparable BMD
increases at 24 months to those reported here for ODN.
Treatment with alendronate versus placebo resulted in BMD
increases of 5.3% and 2.6% at the lumbar spine and femoral
neck, respectively (p < 0.001 for both), as well as a significant
reduction in vertebral (but not non-vertebral) fracture risk
[26]. Compared with placebo, risedronate treatment resulted
in BMD increases of 4.6% (p < 0.001) at the lumbar spine and
approximately 1.2% at the femoral neck (p value not report-
ed); a significant treatment difference was not seen for fracture
risk reduction [31]. In men with primary or hypogonadism-
associated osteoporosis, treatment with zoledronate increased
lumbar spine BMD by 6.1% versus placebo (p < 0.001) at
24 months and reduced the risk of new morphometric verte-
bral fractures by 67% (relative risk 0.33; 95% CI 0.16, 0.70;
p = 0.002) [32]. Treatment with the RANK ligand inhibitor
denosumab has also been shown to increase BMD in men
with low BMD [33, 34]. Parathyroid hormone (teriparatide,
hPTH[1–34] analog) has also been investigated in men with
low BMD, although the study was halted due to safety signals
in preclinical models [35]. Increases in BMD in men treated
with teriparatide were comparable with those seen in women
with postmenopausal osteoporosis, although different treat-
ment durations were used in the two studies, making decisive
comparisons difficult [35, 36].

In addition to showing that ODN increases BMD in men as
well as in postmenopausal women, the present study supports
previous findings in postmenopausal women indicating that
treatment with ODN results in relatively less reduction in
markers of bone formation than bone resorption compared with
bisphosphonates [12–15, 19]. This bone-formation–sparing
antiresorptive effect of ODN differentiates it from other currently
available treatments for osteoporosis.

A strength of the study was that the data were obtained in
eugonadal men with idiopathic osteoporosis. Manymen in the
general population with osteoporosis are eugonadal and the
etiology idiopathic. There have been no studies of ODN (or
any other drug) in eugonadal premenopausal women with
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idiopathic osteoporosis that could be used for comparison.
This study had a number of limitations, notably the inability
to recruit the prespecified one-third of volunteers with
hypogonadism, meaning that the results may have limited
generalizability beyond eugonadal men with idiopathic oste-
oporosis. In addition, hypogonadism was only assessed by
serum total testosterone and not serum free testosterone.
Subgroup analyses indicated numerically greater BMD
changes in the hypogonadal subgroup at both spine and prox-
imal femoral sites. The population studied was predominantly
white and from Europe or the USA. While the study assessed
change in BMD with ODN at key skeletal sites, fracture pre-
vention was not evaluated directly; a much larger cohort
would be required to power the study to detect significant
change in fracture risk.

In conclusion, in this study of men with osteoporosis, ODN
resulted in significant increases in BMD versus placebo at key
sites of fragility fracture (lumbar spine and proximal femur),
reduced markers of bone resorption with comparatively small
effects on bone formation, and was generally well tolerated.
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