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ABSTRACT

Romosozumab is a monoclonal antibody that inhibits sclerostin and has been shown to
reduce the risk of fractures within 12 months. In a Phase II, randomized, placebo-controlled
clinical trial of treatment-naive postmenopausal women with low bone mass, romosozumab
increased BMD at the hip and spine by the dual effect of increasing bone formation and
decreasing bone resorption. In a substudy of that trial, which included placebo and
teriparatide arms, here we investigated whether those observed increases in BMD also
resulted in improvements in estimated strength, as assessed by finite element analysis.
Participants received blinded romosozumab s.c. (210 mg monthly) or placebo, or open-label
teriparatide (20 pg daily) for 12 months. CT scans, obtained at the lumbar spine (n = 82) and
proximal femur (n = 46) at baseline and month 12, were analyzed with finite element
software (VirtuOst, O.N. Diagnostics) to estimate strength for a simulated compression
overload for the spine (L1 vertebral body) and a sideways fall for the proximal femur, all
blinded to treatment assignment. We found that, at month 12, vertebral strength increased
more for romosozumab compared with both teriparatide (27.3% vs 18.5%; p = 0.005) and
placebo (27.3% vs —3.9%; p < 0.0001); changes in femoral strength for romosozumab
showed similar but smaller changes, increasing more with romosozumab versus teriparatide
(3.6% vs —0.7%; p = 0.027), and trending higher versus placebo (3.6% vs —0.1%; p = 0.059).
Compartmental analysis revealed that the bone-strengthening effects for romosozumab were
associated with positive contributions from both the cortical and trabecular bone
compartments at both the lumbar spine and hip. Taken together, these findings suggest that
romosozumab may offer patients with osteoporosis a new bone-forming therapeutic option
that increases both vertebral and femoral strength within 12 months. This article is protected

by copyright. All rights reserved
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Introduction

Osteoporosis is characterized by loss of bone mass and impairment of bone architecture,
which decreases bone strength and increases risk of fracture.!"’ Improving bone mass and
strength is imperative in managing patients at risk for fracture.

While antiresorptive therapies remain the most commonly used agents to treat
osteoporosis, new anabolic or bone-forming agents under development are likely to be soon
available in the clinic. Antiresorptive therapies reduce bone remodeling by inhibiting
osteoclast function whereas bone-forming therapy improves bone mass by stimulating or
promoting bone formation. Teriparatide is currently the only US-approved bone-forming
agent and works by increasing both remodeling and modeling activity on bone surfaces.®
While teriparatide increases trabecular BMD at the hip and spine,®® the increase in bone
resorption during up to 24 months of treatment has been associated with a decrease in
volumetric BMD (vBMD) of the cortical bone at the hip®*— presumably due to an increase
in cortical porosity.”"® Thus, there is clinical interest in the development of bone-forming
agents that are associated with increases in mass of both the trabecular and cortical

compartments and without any increase in cortical porosity.

Romosozumab is a monoclonal antibody that inhibits sclerostin with a dual effect on
bone, increasing bone formation on modeling and remodeling surfaces while decreasing bone
resorption, and has been shown to reduce the risk of fractures within one year of treatment.®)
In a Phase II clinical trial of postmenopausal women with low bone mass (NCT00896532),
romosozumab was well-tolerated and the dual effect was associated with larger gains in
BMD, measured by DXA imaging, compared with placebo and teriparatide.'”) In a QCT
analysis of a subset of these participants, the effect of romosozumab was assessed on vBMD

and BMC at the lumbar spine and total hip, and romosozumab was found to significantly
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increase integral vBMD and BMC at both sites from baseline and compared with both
placebo and teriparatide groups.!'V These findings were consistent with preclinical studies
that showed increased bone mass after sclerostin inhibition, which also was associated with
increased bone strength.!>!3) Since finite element analysis (FEA) can provide a non-invasive
assessment of strength changes after treatment,'*) we sought to evaluate how the changes in
vBMD and BMC observed in this study influenced FEA-estimated strength at the spine and
hip.

Here we analyze this subset of participants from the Phase II trial and report on changes
in bone strength at the spine and hip assessed by FEA. FEA is a technique endorsed by
official guidelines of the International Society for Clinical Densitometry (ISCD)!'> and
accepted by the US FDAU#!7 to estimate whole bone strength for assessment of fracture risk

and monitoring of osteoporosis treatment.

Materials and Methods

Phase II study design and participants

The methods and primary results of this Phase II randomized, placebo-controlled, parallel-
group study have previously been reported.!*!) Briefly, 419 postmenopausal women aged
55 to 85 years with low BMD (ie, lumbar spine, total hip, or femoral neck T-scores between
—2.0 and —3.5) were enrolled at 28 study centers. Patients were randomized to five dosing
regimens each administered for 12 months: blinded romosozumab in subcutaneous dosages
of 70 mg (n =51), 140 mg (n =51), or 210 mg (n = 52) monthly, or 140 mg (n =54 ) or
210 mg (n = 53) every three months; placebo administered subcutaneously either monthly (n
=30) or every three months (n = 22); open-label oral alendronate 70 mg weekly (n = 51); or
20 pg daily of subcutaneous teriparatide (n = 55). All participants received daily calcium

(1000 mg) and vitamin D (800 IU).
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The study protocol was approved by an independent ethics committee or institutional
review board at each study site before the study started. All subjects provided written,

informed consent to participate in the trial.

QCT substudy design

A subset of participants from the Phase II study had QCT scans and the results of this QCT
substudy have been previously reported.! ) At study sites with suitable CT scanners,
participants in each of the treatment groups were invited to participate in the QCT substudy
prior to randomization, until the number of planned subjects was reached. Participants in the
substudy had QCT scans of the lumbar spine (romosozumab 210 mg monthly n = 24; placebo
n =27, teriparatide daily n = 31) (Fig. 1). These participants also underwent either a QCT
scan of the hip (romosozumab n = 9; placebo n = 18; teriparatide n = 19) or a specialized
high-resolution QCT scan of the 12th thoracic vertebra (these high-resolution spine scans
were not included in the current analysis). Given this study design, fewer participants had hip
scans than lumbar spine scans and the blinded randomization at the start of the study resulted

in a different number of hip scans in each of the treatment groups.

QCT assessment

Details on the QCT methodology are described elsewhere.!) In brief, whole-body spiral CT
scans (>4 detector rows) were performed at the lumbar spine (L1—L>) and total hip at baseline
and month 12, the patient lying on a Mindways calibration phantom (Mindways Software
Inc., Austin, TX) during scanning. Scans were performed at 120 kV with a pitch of 1 (or
close to 1), using defaults of 100 and 170 mAs for the spine and hip, respectively, and were
reconstructed at 1.0 (or 1.25) mm slice thickness, using a 36 or 40 cm field of view for the

spine and hip, respectively, and a medium kernel. Scanner cross-calibration and stability were
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assessed using the Mindways QA phantom and the European Spine Phantom (ESP, QRM

GmbH, Mdhrendorf, Germany).

FEA assessment
We applied FEA to all participants who had a baseline and postbaseline QCT scan of either
the hip or spine. For each participant, we estimated the changes in strength compared to
baseline for the whole-bone, and the trabecular and cortical compartments, blinded-to-
treatment, using the VirtuOst software (O.N. Diagnostics Berkeley, CA) as previously
described.'® Briefly, after segmenting, calibrating, registering, and resampling the images,
the scans were converted into finite element models by converting image voxels into cube-
shaped finite elements (1.0 mm size for the spine, 1.5 mm for the hip; both approaches
producing finite element models having approximately 40,000 elements). For the lumbar
spine, a thin layer of plastic was virtually applied over each endplate through which the
vertebral body was loaded to simulate failure for a uniform compressive overload. For the
hip, an unprotected sideways fall was simulated, the diaphysis angled at 15° to the ground
and 15° of internal rotation. For both sites, the bones were virtually loaded to failure to
estimate the breaking strength (defined from the resulting non-linear force-deformation
curves as the force at 1.9% and 4.0% overall deformation for the spine and hip, respectively).
To provide mechanistic insight into the biomechanical mode of action of the treatments,
additional controlled variations of these models were performed to provide estimates of the
changes in overall strength associated with changes in only the cortical and trabecular
compartment. Lumbar spine trabecular strength was computed using models that had the
outer 2 mm of bone virtually removed. Lumbar spine cortical strength was calculated as the
overall spine strength minus the spine trabecular strength. Hip cortical strength was computed

using models that had all the bone in the trabecular compartment converted into (a low-
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stiffness) plastic, leaving the bone within the cortical compartment unaltered. Hip trabecular
strength was computed using models that had all the bone in the cortical compartment at each
time point converted into plastic (a stiffer plastic for the bone having an apparent density of
more than 1.0 g/cm® and a less stiff plastic for the remaining bone), leaving the bone within
the trabecular compartment unaltered (Fig. 2). For the hip, the trabecular compartment was
defined as all the bone within 3 mm of the outer surface, minus any bone having an apparent

density of more than 1.0 g/cm?; the cortical compartment was all other bone.

Statistical analyses

All patients with a baseline and post-baseline QCT FEA measurement by month 12 were
included in this analysis. There was no imputation of missing data. Following a pre-specified
statistical plan, the percentage changes from baseline in strength to month 12 at the lumbar
spine and hip were estimated using an analysis of covariance (ANCOVA) model, with
baseline QCT FEA value, treatment (categorical), and geographic region as the independent
variables. Least square means and associated 95% Cls for each treatment were determined.
Since the overall analysis was considered exploratory, pairwise comparisons of the adjusted
means between the treatment groups were tested at month 12 without adjusting for
multiplicity. All statistical analyses were conducted using SAS software v9.3 (SAS Institute,

Cary, NC, USA)

Results

The baseline characteristics of this subset were generally similar across treatment groups
(Table 1) and similar to the overall study population.!®) The mean age of participants was

65.5 years, with mean T-scores at baseline of —2.4 at the lumbar spine and —1.3 at the hip.
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At 12 months, romosozumab significantly increased vertebral and femoral strength
compared with baseline for the whole bone and the cortical and trabecular compartments, (all
p <0.03; Fig. 3). From baseline, vertebral strength increased by 27.3% with romosozumab
(Fig. 3A), and this change was greater than the 18.5% increase with teriparatide (difference
between romosozumab and teriparatide of 8.9%; p = 0.005) and the 3.9% decrease with
placebo (difference between romosozumab and placebo of 31.2%; p < 0.0001). Despite the
small sample size of the romosozumab group, romosozumab also significantly increased
femoral strength by 3.6% compared with baseline (p = 0.026; Fig. 3B), which was greater
than the —0.7% non-significant change from baseline with teriparatide (difference from
romosozumab 4.3%; p = 0.027) and the non-significant change of —0.1% with placebo
(difference from romosozumab 3.7%; p = 0.059).

Further analysis of the FEA models showed that the strengthening effect observed with
romosozumab at 12 months was due to positive contributions from both the cortical and
trabecular bone compartments. At the lumbar spine, strength associated with the cortical
compartment increased from baseline by 28.8% with romosozumab (p < 0.0001) and 16.2%
with teriparatide (p < 0.0001), and decreased by 2.0% with placebo (p = 0.188), which
corresponded to significantly greater increases in cortical strength with romosozumab
compared with both the teriparatide (p < 0.0001) and placebo (p < 0.0001) groups. Also, at
the spine, strength in the trabecular compartment increased by 26.0% with romosozumab (p <
0.0001) and 21.4% with teriparatide (p < 0.0001), and decreased by 6.0% with placebo (p =
0.047), resulting in a significantly greater increase in trabecular strength with romosozumab
compared with placebo (p <0.0001).

At the hip, strength in the cortical compartment significantly increased from baseline to
month 12 by 2.4% with romosozumab (p = 0.01) and changed non-significantly by 0.2% with

both teriparatide and placebo; these changes were greater for romosozumab than for both
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teriparatide (p = 0.045) and placebo (p = 0.048). For the trabecular compartment at the hip,
strength increased significantly by 3.8% with romosozumab (p = 0.01) and changed
insignificantly by —0.4% and 0.3%, respectively, with both teriparatide and placebo; these
changes were greater for romosozumab than for both teriparatide (p = 0.016) and placebo (p

= 0.042).

Discussion

In this study of postmenopausal women with low bone mass, 12 months of treatment with
romosozumab significantly increased both vertebral and femoral strength from baseline and
also compared to treatment with teriparatide. These larger gains in strength with
romosozumab treatment were consistent with the gains that occurred in areal BMD (aBMD),
as measured by DXA in the same subjects from this QCT substudy cohort," ) which in turn
were consistent with the aBMD gains observed in the parent Phase II trial.!?) Positive gains
in strength at the spine and hip after 12 months of treatment with romosozumab extend to
humans the preclinical data showing that inhibition of sclerostin was associated with
significant and rapid improvements — after 6 or 26 weeks — in bone strength at the spine,
femoral diaphysis, and femoral neck in rats.(!?

The FEA analysis provides insight into how changes in overall BMD and bone mass at
the spine and hip are expected to relate to changes in whole-bone strength. In the QCT
substudy for this cohort,'V changes in total hip aBMD were 3.9%, 0.8%, and —0.7% for
romosozumab, teriparatide, and placebo, respectively. These changes closely corresponded
with the changes in BMC as measured by DXA (3.9%, 1.3%, —0.4%), with the changes in
both integral vBMD (4.1%, 1.2%, 0.3%) and BMC (4.7%, 0.8%, 1.1%) as measured by QCT,
and also were consistent with the mean changes in femoral estimated strength (3.6%, —0.7%,

and —0.1%, respectively). Thus, at the hip the average changes in mass and density as
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measured by DXA and QCT corresponded to the changes in overall bone strength, an
observation that is relevant to interpreting how treatment-induced changes in BMD might be
associated with changes in risk of fracture at the hip. By contrast, the changes measured for
the total spine (mean of L1—L4 vertebrae, posterior elements included) by DXA both for
aBMD (12.3%, 6.9%, —0.4% for romosozumab, teriparatide, and placebo, respectively) and
BMC (14.9%, 8.6%, —0.2%, respectively) underestimated the changes for the vertebral body
(mean of L and L vertebrae, no posterior elements) as measured by QCT both for integral
vBMD (17.7%, 12.9%, and —0.8%) and BMC (17.7%, 12.8%, and —1.0%).') Furthermore,
unlike at the hip, these changes in BMD and BMC at the spine underestimated the changes in
strength (L; vertebra, no posterior elements) as estimated by FEA (27.3%, 18.5%, —3.9%). In
general, the relation between changes in mean BMD (or bone mass) and changes in whole-
bone strength depends on the spatial distribution of the changes in BMD including relative
changes in the cortical versus trabecular compartments, any changes in geometry, the relation
between BMD and bone material properties (which is nonlinear), the external loading
conditions of the bone, as well as the internal load transfer patterns within the bone, which
results from bone macro- and microarchitecture. These collective findings demonstrate this
complexity, and suggest that greater increases in whole-bone strength can be expected with
these treatments at the spine (for a compressive load) than at the hip (for a sideways fall) for

any observed changes in average BMD or bone mass.

Biomechanically, the FEA analysis also provides unique mechanistic insight into how
changes in the individual trabecular and cortical compartments might independently
contribute to changes in overall whole-bone strength. For example, at the spine, the changes
in vertebral strength attributed to changes in the cortical compartment only (28.8% vs 16.2%

for romosozumab and teriparatide, respectively) were more consistent with the reported
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changes from the QCT substudy in cortical bone mass (23.3% vs 10.9%) than in cortical
vBMD (13.7% vs 5.7%).1") The QCT study also reported that a large portion of the change
in cortical mass for both romosozumab and teriparatide was due to an appreciable increase in
cortical thickness for each treatment (22.7% vs. 12.3%). Additional analyses (not reported)
indicated no significant treatment-related changes in external geometry for the spine (or hip),
implying that the treatment-induced increases in cortical thickness reported in the QCT
substudy were due to the result of bone accretion at the endosteal surface of the cortex.
Because of the way we defined the vertebral “cortical” compartment in our study — all bone
within 2 mm of the periosteal surface — and because the true vertebral cortex is so thin, these
endosteal cortical changes were captured within our “cortical” compartment, as were any
changes in any adjacent trabecular bone within that 2-mm region. Supporting this approach to
estimating the strength effects of changes in just the trabecular compartment at the spine,
detailed micro-CT-based FEA has shown that when the thin vertebral cortex is removed,
about 1 mm or more of adjacent trabecular bone loses its load-carrying ability since that bone
is no longer attached to any load-bearing tissue.'®!?) In the current study, slightly larger
strength increases occurred in the “cortical” than trabecular compartment for romosozumab,
while for teriparatide slightly larger strength increases occurred in the trabecular
compartment, an observation also noted with denosumab.'® Thus, the biomechanical effect
of romosozumab on the “cortical” compartment — and presumably the thin vertebral cortex
— may be a differentiating attribute. Interestingly, in our study, there was a statistically
significant decrease in the strength of the trabecular compartment for the placebo group that
was not apparent from the QCT results,!") perhaps indicative of a biomechanically relevant

change in the spatial distribution of vBMD within the trabecular compartment.

Biologically, the increases in strength for romosozumab compared with teriparatide are

likely the result of the different mechanisms of actions of these two treatments. Teriparatide
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stimulates remodeling and consequently also increases bone resorption. The increase in
resorption with teriparatide can increase endosteal bone resorption and cortical porosity, at
least temporarily and thus counteract the gains associated with the bone accretion know to
also occur.®29 Romosozumab has a dual effect, increasing bone formation and
simultaneously decreasing bone resorption, via sclerostin inhibition.!%?! Sclerostin is a
negative regulator of bone formation by blocking Wnt signaling in bone, and also increases
bone resorption by promoting osteoclast formation and activity through augmented
RANKL/OPG ratio.**?¥ QCT scans and FEA results from subjects treated with romosozumab
indicate that these biological mechanisms result in improvements in both trabecular and
cortical bone mass and in overall spine and hip strength; there may also be subtle changes in
the spatial distribution of vBMD. Of note, significant gains in cortical strength at the hip were
observed within one year of romosozumab treatment, whereas no change in cortical strength
was observed with teriparatide over the same time period, which is consistent with previous
studies of teriparatide that reported either no change or a slight decrease in the strength

associated with the hip cortical compartment.*>

The main limitation of this study is the small sample size, particularly for the
romosozumab group that received a QCT scan of the hip. Thus, while our observed hip
strength increases were consistent with the hip BMD changes previously reported for the
larger DXA cohort,'V our FEA results should be interpreted with caution, and merit
confirmation in a larger trial. A second limitation is that FEA only provides estimates of bone
strength and not direct destructive measurements. However, FEA estimates of strength have
been validated clinically for fracture risk assessment in numerous fracture-outcome studies at
both the hip and spine and in women and men.(!”-*>-3% FEA is now cleared by the FDA and
endorsed by the ISCD! to assess spine and hip fracture risk and to monitor treatment

changes, and a recent study of cynomolgus monkeys demonstrated that treatment effects with
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denosumab on vertebral strength as estimated by FEA were highly correlated with strength as
measured by destructive mechanical testing (R?>=0.97).!'¥ Furthermore, the results from the
recent “Fracture Study in Postmenopausal Women with Osteoporosis” (FRAME)® on
postmenopausal women with BMD-defined osteoporosis showed a 73% lower risk of
incident vertebral fracture for those treated with romosozumab compared with placebo at 12
months, which is consistent with the large increases in vertebral strength shown here. A final
limitation of the study is the use of teriparatide for only one year, which prevents
comparisons with longer administration.

In summary, the results of this study indicate that romosozumab increased FEA-
estimated bone strength at both the lumbar spine and hip over 12 months in comparison with
placebo and teriparatide in postmenopausal women with low bone mass. These strength
improvements suggest that the distinctive dual effect of romosozumab to increase bone
formation and decrease bone resorption may offer patients with osteoporosis a new bone-

forming therapeutic option to increase both vertebral and femoral strength within 12 months.
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Figure Legends

Fig, 1. Study schema. N = subjects with QCT scan at lumbar spine or hip at baseline and post
baseline.
*Open-label administration. BL = baseline; PO = orally; QD = daily; QM = monthly; Q3M =

once every three months; QW = weekly.

Fig. 2. Example of finite element models for a 68 year-old subject at baseline. 3D cut-out
views depict the distribution of volumetric BMD (gray scale) and regions of failure (colored)
under virtual loading via a thin layer of plastic (blue) for a sideways fall for the hip (TOP)
and for a compressive overload for the spine (BOTTOM); virtual deformations are magnified
for viewing purposes. 2D sections from the full models that were used for estimating strength
changes due only to treatment effects on the individual trabecular and cortical compartments

(color shows material properties).

Fig. 3. Mean percentage changes (95% CI) in FEA strength at month 12 for (A) lumbar spine
and (B) hip. An ANCOVA model was used to compare the treatment arms from baseline to
month 12.

*p < 0.05 compared with placebo; p < 0.05 compared with teriparatide. QD = daily; QM =
monthly. Significance from baseline not shown.

n = Number of subjects randomized to QCT substudy and have baseline and at least one post-

baseline QCT FEA measurements on or prior to the month 12.
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Table

Table 1. Baseline characteristics

Placebo Teriparatide Romosozumab
(n=27) 20 pg/day 210 mg/month
(n=31) (n=24)
Mean age (SD), years 66.1 (5.8) 65.8 (5.7) 64.3 (4.7)
Mean lumbar spine values (SD)
DXA aBMD T-score —2.3(0.6) -2.3(0.5) -2.5(0.5)
QCT vBMD, mg/cm? 170 (19) 172 (21) 164 (19)
FEA strength, Newtons 4344 (932) 4523 (717) 4165 (610)
Mean total hip values (SD)
DXA BMD T-score —1.3 (0.6) —1.2 (0.8) —1.4 (0.6)
QCT vBMD, mg/cm’ 251 (28) 249 (38) 243 (21)
FEA strength, Newtons 3285 (425) 3415 (508) 3331 (313)
Serum P1NP concentration, pg/L
Median (IQR) 49.4 (37.9-62.7) 47.6 (42.5-58.6) 51.6 (41.0-62.5)
Serum CTx-1 concentration, ng/mL
Median (IQR) 0.5 (0.4-0.7) 0.5 (0.4-0.6) 0.5 (0.4-0.6)

aBMD = areal BMD; FEA = finite element analysis; IQR = interquartile range; n = number of

subjects randomized to the QCT substudy; vBMD = volumetric BMD.
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