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Abstract

Recent evidence confirms the superiority of osteoanabolic therapy compared to anti-remodeling drugs for rapid improvement
in bone density and fracture risk reduction, providing strong justification for the use of these anabolic agents as the initial
therapy in high-risk patients, to be followed by anti-remodeling therapy. This review will highlight the results of recent
studies and define the current status of osteoanabolic therapy for osteoporosis.

Keywords Osteoporosis - Osteoanabolic - Abaloparatide - Romosozumab - Teriparatide - Sequence

Introduction

Osteoporosis affects at least half of postmenopausal women
and perhaps 20% of older men [1]. It is a chronic disorder
in which gradual, progressive bone loss after menopause
in women and with aging in both men and women occurs
because of an imbalance in the process of bone remodeling
in which rates of bone resorption exceed that of bone for-
mation. This causes deterioration of the architecture of both
trabecular and cortical bone, weakening the skeleton and
predisposing afflicted patients to experience fractures with
even modest trauma.

The primary objective of medical management of patients
with osteoporosis is to reduce the risk of fracture by improv-
ing bone mass and bone strength and by limiting the fre-
quency of falls and injuries [2, 3]. While non-pharmacologic
measures are important components of osteoporosis man-
agement, pharmacological intervention is required to effect
significant skeletal strengthening. Most of the treatments
available to treat osteoporosis are anti-remodeling drugs
(often referred to an anti-resorptive agents), including the
most commonly used medications, bisphosphonates, and
denosumab. By decreasing the activity and/or number of
bone-resorbing osteoclasts, these agents reduce the num-
ber and depth of resorption cavities, increase bone mineral
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density (BMD), strengthen the skeleton, and reduce fracture
risk. However, they also indirectly reduce bone formation,
precluding their ability to restore skeletal architecture toward
or to normal.

Osteoanabolic action is necessary to stimulate new bone
formation and to restore the damaged and disconnected
trabecular architecture. Three biological drugs possessing
osteoanabolic actions are now available for clinical use: teri-
paratide which has been in use since 2002 and two agents,
abaloparatide and romosozumab, which have recently
become available. (Table 1) While it seems intuitive that
inducing greater increases in BMD and strengthening archi-
tecture with a bone-building agent should be more effective
than anti-remodeling drugs, evidence to support that intui-
tion has only recently become available [4, 5]. As a result,
teriparatide has been used less often than less expensive and
more convenient anti-remodeling drugs.

Recently, separate but related lines of evidence have pro-
vided new perspectives on the role of anabolic agents in the
osteoporosis treatment paradigm. The strong relationship
between BMD and fracture risk in untreated patients has
been known for many years [6]. Studies with denosumab,
romosozumab, and alendronate, drugs with very different
mechanisms of action, have shown a significant relationship
between on-treatment BMD achieved at the proximal femur
and a patient’s current risk of non-vertebral fracture [7, 8].
These studies were the first to document such a relationship
while patients were receiving osteoporosis therapy. This
important information was corroborated by a recent meta-
regression analysis of 38 studies evaluating the effectiveness
of 19 different drugs with varied effects on bone remodeling
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Table 1 Osteoanabolic agents

Drug Mechanism of action Effect on bone formation Effect on bone resorption Approved clinical dose Route of
adminis-
tration

Teriparatide PTH receptor agonist Increased +++ Increased ++ 20 ugm daily SQ

Primarily remodeling based
Abaloparatide ~ Selective PTH receptor agonist  Increased ++ Increased + 80 ugm daily SQ
Romosozumab Humanized IgG2 anti-sclerostin  Increased ++++, transient; Decreased 210 mg QM SQ

antibody

primarily modeling based

PTH parathyroid hormone, QM once monthly, SO subcutaneous

[9]. That study, funded by the Foundation of the National
Institutes of Health, demonstrated strong and significant
relationships between the magnitude of the increases in hip
or spine BMD with osteoporosis therapies and the reduction
in risks of vertebral, non-vertebral and hip fractures.

A second line of new information is a set of head-to-head
clinical trials documenting the superiority of osteoanabolic
agents over anti-remodeling agents for reducing fracture
risk. These studies, discussed subsequently, provide the
long-awaited justification for the proposition that therapy
with a drug that rebuilds the skeleton should be the pre-
ferred treatment for osteoporosis, especially for patients at
very high or imminent risk of fracture in whom rapid and
substantial facture risk reduction is needed [10, 11].

Recent comprehensive reviews have provided in-depth
analyses of each of the three anabolic agents [12—15]. This
review will present the major clinical information of each of
the three currently available bone-forming agents, including
direct comparisons of these agents, on BMD and fracture
risk with each other and with anti-remodeling drugs. Using
this information, the newly defined roles of the osteoana-
bolic agents in the management of patents with osteoporosis
will be discussed.

Studies evaluating efficacy and safety
including pivotal registration trials

Teriparatide

Parathyroid hormone (PTH) is an 84 amino acid protein,
secreted by the parathyroid glands, that modulates calcium
metabolism by activating specific PTH1 receptors in bone
and kidney [16, 17]. All of the known effects of PTH reside
9in the first 29 amino acids of the molecule. Teriparatide is
a synthetic peptide consisting of the first 34 amino acids of
intact human PTH (Table 1). Originally produced by labo-
rious chemical peptide synthesis, it is now synthesized by
recombinant DNA technology in bacteria.

Excessive levels of PTH, seen in patients with primary or
secondary hyperparathyroidism, stimulate bone resorption
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and may be detrimental to the skeleton. While continuous
administration of PTH is catabolic due to increased resorp-
tion, intermittent exposure is osteoanabolic, resulting in an
overall improvement in bone balance [18]. By activating the
surface-bound PTH1 receptor on osteoblasts and osteocytes,
PTH induces the differentiation of stem cells and bone lining
cells into functioning osteoblasts, enhances the activity of,
and prolongs the lifespan of existing osteoblasts [19, 20].
PTH also reduces expression of sclerostin, an inhibitor of
bone formation [21]. These actions, singly and in concert,
increase the number and function of osteoblasts, increasing
bone formation and mass. By stimulating secretion of recep-
tor activator of nuclear factor kappa-p ligand (RANKL),
PTH increases osteoclast activity and bone resorption [20].

Efficacy

The earliest clinical studies with teriparatide were conducted
in publicly funded research laboratories. Daily subcutane-
ous (SQ) injection of teriparatide in doses of 25-100 ugm
resulted in increased bone turnover, improved calcium bal-
ance in some by not all patients, and marked increases in
bone formation and improved trabecular but not cortical
volume on transiliac bone biopsies [22—-24]. These results
caused concern that the benefit of teriparatide on the tra-
becular compartment of the skeleton was occurring at the
expense of the cortical compartment [22]. Estrogen was
shown to blunt the acute rise in markers of bone resorp-
tion during teriparatide infusion in postmenopausal women
[25]. This led to studies evaluating the effects of teripara-
tide combined with estrogen in women with postmenopausal
osteoporosis and receiving glucocorticoid therapy, thinking
that estrogen might protect the cortical skeleton from the
induction by teriparatide of cortical porosity and bone loss
[26, 27].

The Pivotal Fracture Trial (PFT), conducted by Eli Lilly
and Company, evaluated the responses to daily SQ doses of
20 and 40 ugm of teriparatide in a high-risk cohort of 1637
women with postmenopausal osteoporosis and prior verte-
bral fracture [28] (Table 2). The trial, originally planned
for 3 years, was abruptly truncated (average time from
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Table 2 Baseline characteristics of fracture end-point studies

Study [reference] Treatment group Number of Age years (SD) % with vertebral frac- % with non-vertebral
subjects tures at baseline fractures at baseline

Registration studies

Pivotal Fracture Trial [27] Placebo 448 69 (7) 100% NA
Teriparatide 444 69 (7) 100% NA

ACTIVE[32] Placebo 821 68.7 (6.5) 22.9% 32.4%
Abaloparatide 824 68.9 (6.5) 21.5% 30.1%
Teriparatide 818 68.8 (6.6) 26.9% 29.3%

FRAME [73] Placebo 3591 70.8 (6.9) 18.0% 21.8%
Romosozumab 3589 70.9 (7.0) 18.7% 21.7%

ARCH [75] Alendronate QW 2047 742 (7.5) 95.9% 37.6%
Romosozumab 2046 74.4 (7.5) 96.2% 37.5%

Non-registration studies

Body 2002 [90] Alendronate daily 73 65 (9) NA NA
Teriparatide 73 66 (8) NA NA

Hadji 2012 [91] Risedronate 350 71.6 (8.1) 90.0% NA
Teriparatide 360 70.5 (8.8) 89.7% NA

VERO [95] Risedronate 680 71.6 (8.6) 100% 42%
Teriparatide 680 72.6 (8.8) 100% 44%

In patients receiving glucocorticoids

Saag 2007 [92] Alendronate daily 214 57.3 (14.0) 53 (25.4) 89 (41.6)
Teriparatide 214 56.1 (4, 13) 62 (30.0) 93 (43.5)

Study subjects were postmenopausal women except in Saag 2007 in which 19.4% of subjects were men

NA not available, QW once weekly, SD standard deviation

randomization to last study visit was 19 months) because
of results of a rat carcinogenicity study (see below). BMD
increased in the lumber spine by 9.7% with the 20 ugm dose
and 13.7% with the higher dose. However, reductions in
fracture risk, compared to placebo, did not differ between
the two treatment groups, vertebral fracture relative risk 0.35
(95% CI 0.22, 0.55) with 20 ugm and 0.31 (0.19,0.50) with
40 ugm. Non-vertebral fracture risk was reduced by 35% and
40% with the 20 and 40 ugm doses, respectively.

When it was decided to proceed with filing for registra-
tion, study participants were recalled for additional evalua-
tion. After a median of 6 months since leaving the original
study, 1262 women enrolled in a follow-up study [29, 30].
Spine radiographs were obtained at an average of 18 months
after treatment discontinuation. During that interval, the
incidence of radiographic vertebral fractures was 41% lower
in the group who had received 20 ugm teriparatide daily
compared to the group who had received placebo (p =0.004)
[29]. Over a median of 30 months follow-up since treatment
discontinuation, non-vertebral fracture risk was 36% lower
in the combined teriparatide treatment groups compared to
placebo (p=0.035) [30]. These results were confounded by
the fact that about 60% of the participants had received other
osteoporosis medications (usually a bisphosphonate) dur-
ing the 30-month follow-up study, but they did suggest a

persistence of some of the protection from fracture for up to
30 months after stopping teriparatide therapy.

In an observational community-based study of women
treated with teriparatide for 24 months, non-vertebral frac-
ture risk was reduced by 36-51% in the latter three 6-month
intervals compared to the first 6 months [31]. That risk
reduction appeared to persist during a 24-month follow-up
after discontinuing therapy.

Retreatment with teriparatide has been evaluated in small
groups of patients with an interval of 12 months between
courses of teriparatide during which patients received no
therapy or a bisphosphonate [32—-34]. Markers of bone for-
mation and/or BMD increased with the second course of
treatment, but the changes were somewhat less with the
second course of therapy whether or not the patients had
received a bisphosphonate [32, 33].

Bone histology

Transiliac bone biopsies, obtained in 18 women who
received teriparatide 20 ugm daily and 19 women who
received placebo during the PFT, revealed no histological
abnormalities, excess osteoid or woven bone [35]. Com-
pared to placebo, teriparatide significantly increased can-
cellous bone volume and connectivity and cortical thickness.
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An additional set of 23 transiliac biopsies were obtained
after 12—18 months of treatment with teriparatide in the
Abaloparatide Comparator Trial In Vertebral Endpoints
(ACTIVE) trial [36, 37]. No histological abnormalities were
noted. Few significant differences were noted in histomor-
phometric indices compared to placebo. Cancellous bone
volume was 19.8.% and 17.3% in the teriparatide and pla-
cebo groups, respectively. Mineral apposition rate and cor-
tical porosity were increased with teriparatide. Stimulation
of bone formation is more evident after shorter treatment
intervals. After 3 months of teriparatide, large increases in
bone formation were observed on cancellous, endocortical
and periosteal surfaces [38]. Remodeling-based formation
dominated on the former two surfaces. In a separate study,
histomorphometric indices of bone formation were signifi-
cantly increased after 6 months of therapy but returned to
levels comparable with untreated postmenopausal women
at 18 months [39]. This waning of the teriparatide anabolic
effects may be due to increased Dkk1 levels, an inhibitor of
bone formation [40].

Safety

Teriparatide is generally well tolerated. Dizziness and syn-
cope were more common with teriparatide than placebo in
the PFT [28]. Orthostatic hypotension has been reported,
especially with the first dose. Transient hypercalcemia was
noted when serum calcium was tested 4-6 h after dosing
in 11% of patients in the 20 ugm daily teriparatide group
compared to 2% with placebo and 28% with teriparatide
40 ugm daily. Sustained hypercalcemia is uncommon. In
the ACTIVE trial, hypercalcemia, based on albumin cor-
rected serum calcium measured before and 4 h after injec-
tion, occurred in 0.4% of the placebo group and 6.4% with
teriparatide [36]. Dose-dependent risk of bone tumors,
including osteosarcoma, were observed when high doses of
teriparatide were administered to a strain of rats predisposed
to bone tumors [41]. A national surveillance registry has not
detected a causal association between teriparatide treatment
and osteosarcoma in humans [42].

Registration

Teriparatide was first approved in the United States in 2002
for the treatment of women with postmenopausal osteoporo-
sis and high risk of fracture. Registration in Europe and Aus-
tralia occurred in 2003. The drug was subsequently approved
to increase bone mass in men with primary or hypogonadal
osteoporosis at high risk for fracture and to treat men and
women with osteoporosis associated with chronic systemic
glucocorticoid therapy. A boxed warning states that the drug
should not be used in patients at increased risk for osteosar-
coma, including patients with bone metastases or history
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of skeletal radiation. The drug should be used with caution
in patients with a history of hypercalcemia or renal stones
and in patients receiving digoxin. Transdermal and nasal
preparations have been evaluated but are not registered for
clinical use [43, 44].

In Japan, teriparatide is approved in a dose of 56.5 ugm
administered SQ once weekly for 72 weeks. This approval
was based upon a study documenting reduction in vertebral
fracture risk from 14.5% with placebo to 3.1% with weekly
teriparatide over an interval of 72 weeks (relative risk 0.20
(95% CI10.09, 0.45) [45, 46]. Several teriparatide biosimilar
preparations are available in Europe and parts of Asia and,
recently, the first such product was approved by the FDA in
the United States [47, 48].

Dosing practicalities

Teriparatide is given as a daily SQ injection into the thigh
or abdominal wall from a pre-filled syringe containing 28
doses [49]. Injections may be self-administered. The injec-
tion device should always be refrigerated. Patients should
receive their first dose while sitting in case of dizziness or
orthostatic hypotension. Since safety beyond 2 years was
not assessed in the PFT, the cumulative use of any PTH
analog for more than 2 years during a patient’s lifetime is
not recommended. No safety of laboratory monitoring is
required except for serum calcium (measured 24 h after dos-
ing) or urinary calcium in patients at risk for hypercalcemia
or renal stones.

PTH 1-84

The full-length active parathyroid hormone molecule
(rhPTH 1-84), obtained by recombinant DNA technology,
was evaluated in the Treatment of Osteoporosis study, an
18-month, randomized, placebo-controlled trial that enrolled
2532 postmenopausal women with osteoporosis [50]. Com-
pared to placebo, PTH 1-84 100 ugm, administered daily
by subcutaneous injection, reduced the incidence of a new
vertebral fracture by 61%. No difference in non-vertebral
fracture risk was observed. Hypercalcemia was reported
in 27.8% of treated subjects vs 4.5% with placebo. PTH
1-84 did not receive approval from the US FDA, but it was
approved in Europe in 2006. Because of low use by pre-
scribers and without an American market, the marketing
authorization for PTH 1-84 was withdrawn at the request of
the marketing authorization holder [51].

Abaloparatide
Abaloparatide is a synthetic 34 amino acid analog of para-

thyroid hormone-related peptide (PTHrP) that has 76%
homology with human PTHrP 1-34 and 41% homology
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with teriparatide [52] (Table 1). This specific molecule was
selected by Radius Health from many candidate molecules to
optimize the osteoanabolic effect relative to the anti-resorp-
tive effect. Like teriparatide, abaloparatide stimulates bone
formation by activating the PTH1 receptor on osteoblasts
and osteocytes. In vitro, abaloparatide has a preferential
selectivity for the RG conformation of the PTH receptor
compared to teriparatide, resulting in a shorter duration of
intracellular actions and less calcemic response with aba-
loparatide. In preclinical studies with ovariectomized rats
and monkeys, abaloparatide increased trabecular and cortical
BMD, microarchitecture, and bone strength with little or no
increase in bone resorption [53-55].

Efficacy

In a Phase 2 study, daily subcutaneous doses of 20, 40, and
80 ugm of abaloparatide were given to women with low
bone mass and compared to open-label teriparatide 20 ugm
daily [56]. Dose-dependent increases in BMD were observed
over 24 weeks with abaloparatide. These results led to the
daily dose of abaloparatide of 80 ugm being evaluated in
the Phase 3 ACTIVE trial in which 2463 women (mean age,
69 years) were randomly assigned to receive abaloparatide,
teriparatide 20 ugm daily, or placebo for 18 months [36]
(Table 2). Larger increases were noted with abaloparatide
than with teriparatide at 6 months. Compared to baseline,
abaloparatide increased BMD in the lumbar spine by 10%
and at the total hip by 4.1% at 18 months. New vertebral
fractures and non-vertebral fractures were significantly
reduced by 86% and 43%, respectively, with abalopara-
tide and by 80% and 28%, respectively, with teriparatide.
The effects of the two drugs were not significantly differ-
ent. Similar reductions in vertebral and non-vertebral risk
were demonstrated with abaloparatide across subgroups
defined by baseline age, BMD, prevalent fracture history,
and renal function, according to geography and in patients
with diabetes [57-60]. The incidence of wrist fracture was
numerically reduced with abaloparatide therapy compared
to placebo (HR 0.49, 95% C10.20,1.19, p=0.11) [61]. In a
network meta-analysis of 10 pharmacological osteoporosis
agents, abaloparatide reduced the relative risk of vertebral,
non-vertebral, and wrist in postmenopausal women versus
placebo compared with other treatment options [62].

In the ACTIVExtend Trial, 1139 of the 1243 eligible
women who had completed the 18-month course of abalo-
paratide or placebo in the ACTIVE Trial were enrolled to
receive open-label alendronate therapy for up to 24 months
[63, 64]. BMD increased modestly in the group who transi-
tioned from abaloparatide to alendronate, ultimately reach-
ing an increase from the pre-treatment baseline of about 16%
in the lumbar spine and about 6.3% in the total hip. While
on alendronate for 24 months, vertebral fracture risk was

87% lower (0.37% vs. 2.82%) in the group who had received
abaloparatide compared to the women who has received pla-
cebo. Non-vertebral, clinical, and major osteoporotic frac-
ture risks were reduced by 39%, 34%, and 50%, respectively.
Fracture risk reduction with the sequence of abaloparatide
followed by alendronate was similar in subgroups of baseline
age, BMD, and prevalent fracture status [65].

Bone histology

A subset of women in the ACTIVE trial (N=35 placebo,
26 abaloparatide) underwent transiliac crest bone biopsies
between 12 and 18 months of treatment [37]. No histologi-
cal abnormalities, excess osteoid, or woven bone was noted.
About 75% of the biopsy specimens were suitable for quanti-
tative histomorphometry. Cancellous bone volume/total vol-
ume was 17.3% with placebo and 18.7% with abaloparatide.
Eroded surface was lower and cortical porosity higher in the
abaloparatide group.

Safety

The overall incidence of adverse effects and serious adverse
effects did not differ between abaloparatide and placebo in
the ACTIVE study [36]. Nausea (8.3%), dizziness (10%),
headache (7.5%), and palpitations (5.1%), generally mild to
moderate in severity, occurred more frequently with abalo-
paratide than placebo. Hypercalcemia measured 4 h after
injection occurred in 0.4% of the placebo group and 3.4%
with abaloparatide. An association with bone tumors was
observed in an abaloparatide rat toxicity study [41].

Registration

Abaloparatide was approved in the United States in 2017 for
the treatment of women with postmenopausal osteoporosis
at high risk of fracture with the same boxed warning and the
same restrictions regarding osteosarcoma as does teripara-
tide. Abaloparatide did not receive approval in Europe [66].

Dosing practicalities

Abaloparatide is administered as a daily subcutaneous
injection from a pre-filled syringe containing 30 doses [67].
Injections may be self-administered. The syringe should be
refrigerated before its first use but can be kept at room tem-
perature after it is opened. Patients should receive their first
dose while sitting in case of dizziness or orthostatic hypo-
tension. The cumulative use of either abaloparatide and/or
teriparatide for more than 2 years during a patient’s lifetime
is not recommended. No safety or laboratory monitoring
is required except in patients at risk for hypercalcemia or
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renal stones. A microneedle transdermal patch formulation
of abaloparatide is being developed [68].

Romosozumab

Romosozumab is a humanized IgG2 monoclonal antibody
with high specificity for human sclerostin, an osteocyte-
derived glycoprotein that inhibits bone formation by bind-
ing to low-density lipoprotein receptor-related proteins 5 and
6, preventing activation of canonical Wnt signaling in bone
[69] (Table 1). By inhibiting the skeletal effects of sclerostin,
romosozumab increases bone formation while decreasing
expression of RANKL and bone resorption. Bone formation
is primarily modeling based, accounting for the large and
rapid increases in bone mass [70]. In ovariectomized rats and
gonad-intact female cynomolgus monkeys, anti-sclerostin
therapy induced anabolic responses on all bone surfaces,
increasing trabecular and cortical thickness, reducing cor-
tical porosity, and substantially increasing bone mass and
strength [71, 72].

In single- and multiple-dose phase 1 studies, divergent
effects on biochemical indices of bone formation (increased)
accompanied by a decrease in markers of bone resorption
were observed [73, 74]. These effects on bone remodeling
are very distinct from the reductions in both resorption and
formation by anti-remodeling agents and the increases in
both components of the remodeling cycle seen with teri-
paratide [36, 75].

Efficacy

In an international phase 2 dose-finding study, 419 postmen-
opausal women with low bone mass were randomly assigned
to receive various doses of romosozumab or placebo injec-
tions [14]. Dose-dependent increases in BMD were noted
over 12 months of therapy, with changes from baseline being
11.3% in the lumbar spine and 4.1% in the total hip with
the 210 mg once monthly (QM) dose of romosozumab, the
highest dose evaluated. During the second year of therapy,
additional increases of 3.8% and 1.3% in lumbar spine and
total hip BMD, respectively, occurred [76]. Large increases
in bone formation markers were observed after the first dose
of romosozumab, but the post-dose increments gradually
diminished over the course of the first year of therapy and
post-dose values remained below baseline during year 2 of
therapy. Bone resorption markers remained below baseline
during the two-year study. Similar findings were observed
in Japanese women with low bone mass [77]. Mechanisms
for the waning of the anabolic effects could include upregu-
lation of other inhibitors of bone formation or exhaustion
of osteoblast precursors [78, 79]. Discontinuation of romo-
sozumab resulted in return of BMD toward baseline over
12 months, whereas transitioning to denosumab after 2 years
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was associated with further gains in BMD [76]. These find-
ings shaped the design of the Phase 3 fracture studies in
which romosozumab was given for only 12 months followed
by an anti-remodeling drug.

Retreatment with romosozumab for 12 months after 1
year of placebo or denosumab therapy was evaluated in the
Phase 2 study extension [80]. The bone loss experienced
while on placebo was promptly restored. In patients who
received 2 years of romosozumab followed by 12 months of
denosumab, lumbar spine BMD increased modestly (2.3%),
hip BMD was maintained with retreatment, and the rebound
in markers of bone remodeling expected upon discontinua-
tion of denosumab was not observed.

In the Fracture Study in Postmenopausal Women with
Osteoporosis (FRAME) a multi-national, randomized, dou-
ble-blind placebo-controlled study, 7180 women at modest
fracture risk were randomly assigned to placebo or romo-
sozumab 210 mg QM for 12 months [81] (Table 2). Both
groups then received open-label denosumab 60 mg Q6M
for an additional 24 months [82]. Compared to placebo,
romosozumab reduced the incidence of new vertebral frac-
tures by 73% during the first 12 months of the study. During
the second and third years of the study, while all women
were receiving denosumab, the fracture protecting benefit
of romosozumab persisted [81, 82]. During the first year of
open-label denosumab therapy, 80% fewer women (n=15)
who had received romosozumab had vertebral fractures
than in the group who had taken placebo (n=25). The risk
of clinical fractures (symptomatic vertebral fractures and
non-vertebral fractures) was reduced by 36% compared to
placebo at 12 months. No reduction in non-vertebral frac-
ture risk was observed at 12 months (adjusted p =0.10).
In a prespecified subgroup analysis, the incidence of non-
vertebral fractures in the 43% of the study population from
Latin America was noted to be particularly low (1.2% in
the placebo group over 12 months). In a post hoc analy-
sis, non-vertebral fracture risk was significantly reduced
after 12 months of therapy by 42% in all study sites after
excluding those from Latin America. We should recall that
non-vertebral fracture risk reduction at 12 months has rarely
been observed with any osteoporosis treatment. Analyses of
subgroups defined by baseline age, BMD, and fracture status
were consistent with the overall study results.

The Active-Controlled Fracture Study in Postmenopau-
sal Women with Osteoporosis at High Risk (ARCH) was
the first active-controlled registration study in our field. A
total of 4093 women with postmenopausal and high fracture
risk (almost all had a previous fracture) were randomized to
receive romosozumab 210 mg QM or oral alendronate 70 mg
QW for 12 months, followed by open-label alendronate
therapy in both treatment groups for up to an additional
2 years [83]. (Table 2) At 12 months, a relative reduction in
vertebral fracture risk of 37% was seen with romosozumab
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vs. alendronate. Vertebral fracture risk was 48% lower at
24 months in the women who had taken romosozumab for
the first 12 months compared to the group who received
alendronate during year 1 (6.2% vs. 11.9%), demonstrating
again that the vertebral fracture benefit afforded by the ana-
bolic therapy persisted after transitioning to an anti-remod-
eling agent. The 26% reduction in non-vertebral fracture risk
with romosozumab at 12 months was not quite statistically
significant. However, at the primary analysis (median of
2.7 years in this event-driven trial), non-vertebral fracture
risk was reduced by 19% (p=0.037), clinical fracture risk
was reduced by 28% (p <0.001) and hip fracture risk by
38% (p=0.015) in the romosozumab group compared to
the alendronate group. BMD changes were much greater
at 12 months with romosozumab compared to alendronate
(Table 4), and this difference remained for the duration of
the study.

Bone histology

A subset of 107 women in the FRAME study underwent
transiliac bone biopsy at month 2 or month 12. At month 2,
significant increases in indices of formation and decreases in
bone resorption parameters were noted with romosozumab
[84]. At month 12, evidence of increased bone formation
was no longer present, but the romosozumab group had
increased bone mass and trabecular thickness, improved
trabecular connectivity, and no increase in cortical porosity.

Safety

The overall incidence of adverse and serious adverse events
(SAEs) in FRAME and ARCH did not differ between romo-
sozumab and control groups [81, 83]. Mild injection site
reactions were reported in 4.4-5.2% of participants receiving
romosozumab vs. 2.6-2.9% of controls. Mild reductions in
serum calcium have been reported [81, 83, 85]. Single adju-
dicated cases consistent with osteonecrosis of the jaw and
femoral shaft fracture with atypical findings were observed
during the year of romosozumab therapy in FRAME [81].
Hypersensitivity reactions have been reported infrequently.
Anti-romosozumab antibodies have been detected in
15-20% of patients during the first year of therapy, including
rare patients with neutralizing antibodies. However, these
antibodies were not associated with altered efficacy, injec-
tion site reactions, hypersensitivity, or other adverse events.
Canonical Wnat signaling modulates cellular growth,
including neoplasms. No differences in rates of malig-
nancy between romosozumab groups and control groups in
FRAME and ARCH studies, and no treatment-related effects
on tumor incidence, including bone tumors, were observed
in a lifetime study in rats treated with romosozumab [86].

Because sclerostin is expressed in small amounts in
vascular smooth muscle tissue, a formal adjudication pro-
cess was established to review and adjudicate all cardio-
vascular (CV) SAEs in the FRAME and ARCH studies.
The adjudicating committee of expert cardiologists also
performed a post hoc analysis comparing rates of major
adverse cardiac events (MACE) consisting of non-fatal
stroke and MI and CV deaths. In FRAME over 12 months,
CV SAEs occurred in 1.5% of both romosozumab and pla-
cebo treatment groups, and MACE was observed in 0.8%
of each group [81, 87]. However, after 12 months of ther-
apy in ARCH, adjudicated CV SAEs occurred more often
with romosozumab (2.5%) than alendronate (1.9%; odds
ratio, 1.31; 95% CI, 0.85 to 2.00) [83]. MACE occurred
in 41 subjects (2.0%) with romosozumab and 21 (1.1%)
with alendronate, resulting in a hazard ratio of 1.87 (95%
CI 1.11,3.14) In contrast to the differences in ischemic
CV events, the incidences of heart failure, non-coronary
revascularization, and peripheral vascular ischemic events
not requiring revascularization were numerically lower in
the romosozumab group [83]. The difference in ischemic
CV event between the two treatment groups occurred dur-
ing the first few months in the ARCH study and did not
progress with longer-term treatment or upon transition
to alendronate, and subgroup analyses did not identify
a subset of patients who were particularly susceptible to
the observed CV risks [87]. Thirty of the 2040 women
(1.5%) in the romosozumab group died during the first
year of ARCH compared to 21 of 2014 (1.0%) women
taking alendronate.

The reason(s) for the disparity in CV safety results from
the FRAME and ARCH studies is not known. Although
sclerostin has been hypothesized to inhibit progression
of atherosclerosis, no CV signal was noted in preclinical
studies in sclerostin-deficient animals or with anti-scle-
rostin therapy [87, 88]. While some studies have dem-
onstrated cardioprotection and reduced mortality with
intravenous bisphosphonate therapy, meta-analyses have
not identified a relationship between oral bisphosphonate
therapy and CV risk [89-92]. The possibility that the dif-
ference in CV events in the ARCH study is simply due to
chance has been suggested [93, 94].

In the FRAME study, 23 (0.6%) of women died during
the 12 months of placebo therapy compared to 29 (0.8%)
in the romosozumab group [81]. In the ARCH study,
where the average age was 74 years, 4 years older than the
mean age in FRAME, all-cause mortality was 1.0% in the
alendronate group and 1.5% in the romosozumab group
during the first 12 months of the study [83]. However,
mortality was significantly greater with romosozumab
(2.0% vs 1.2%; HR 1.71, 95% CI 1.06-2.78) in the sub-
group of women aged 75 and older [95].
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Registration

Romosozumab was registered in Japan and the United States
in early 2019 for the treatment of women with postmeno-
pausal osteoporosis and high risk of fracture. The drug has
subsequently been registered in Europe and many other
countries. The drug is marketed by UCB and Amgen who
collaborated on the clinical development of the drug since
2004. Therapy is approved for an interval of 12 months to
be followed by an anti-remodeling agent. There is no limit
on lifetime exposure. The CV safety data in the ARCH study
resulted in warnings in the romosozumab prescribing infor-
mation in Europe, the United States, and other countries
[95, 96]. The use of romosozumab is contraindicated in
patients with a history of myocardial infarction or stroke
within the preceding year. For other patients the benefit of
fracture reduction should be weighed against the risk of CV
events, and romosozumab should only be used if the ben-
efit outweighs the risk. Therapy should be discontinued if
a patient experiences a stroke or heart attack while taking
romosozumab.

Dosing practicalities

Romosozumab is given as two subcutaneous injections, each
in a single-use, pre-filled syringe containing 105 mg of the
drug, into abdomen, thigh, or upper arm once monthly for
12 doses [96]. The injections are to be administered by a
health care provider. Hypocalcemia and hypersensitivity to
the drug are contraindications. There is no contraindication
for use in patients with impaired renal function, cancer, or
risk factors for osteosarcoma.

Ancillary clinical information
Adherence to anabolic therapies

Efficacy of any therapy requires adherence to the treatment
regimen. Even short-term persistence to oral bisphosphonate
therapy is poor with most patients discontinuing their drug
within the first year of treatment [97]. Substantial heteroge-
neity exists in reports of adherence rates with teriparatide
with results ranging from 21 to 89% at 1 year (median 53%)
and 37 to 68% (median 40%) at 2 years [98]. Adherence to
abaloparatide and romosozumab has not yet been evaluated.

Head-to-head comparison studies
Comparing the effects of osteoporosis treatments across
studies is problematic because of differences in assess-

ments, baseline characteristics, and fracture risk in the study
cohorts (Table 2). A much clearer sense of relative efficacy
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and safety can be derived from head-to-head comparisons
when study participants are randomly assigned to treatment
groups.

Comparisons with anti-remodeling drugs

In addition to the ARCH study, several studies have directly
compared anabolic agents to other osteoporosis treatments.
Most of those studies compared changes in BMD as detailed
in Table 3. Such comparisons are thought to have signifi-
cance because of the aforementioned associations between
treatment-associated BMD changes and fracture risk [9].
In direct comparisons, teriparatide or abaloparatide treat-
ment resulted in consistently larger increases in BMD at
the spine and proximal femur than did oral bisphosphonates
[56, 75, 99—-101]. Larger increases in lumbar spine BMD
but smaller BMD gains at the total hip were seen with teri-
paratide compared to zoledronate or denosumab [102, 103].
Romosozumab was associated with larger BMD gains than
alendronate [83, 85].

Fewer studies have directly compared fracture risk reduc-
tion (Table 4). The superior fracture risk reduction of romo-
sozumab over alendronate in the ARCH trial has been dis-
cussed [36, 83]. Three studies have demonstrated greater
reduction in vertebral fracture risk with teriparatide than
with an oral bisphosphonate in women with postmenopau-
sal osteoporosis or patients receiving glucocorticoid therapy
[100, 101, 104]. The VERO trial is of particular importance
because of its size (1360 participants), duration of therapy
(24 months), and that most patients had previously received
bisphosphonate therapy [104]. In that study of postmeno-
pausal women with prior vertebral fractures, vertebral frac-
ture risk was reduced with teriparatide compared to rise-
dronate by 48% (RR 0.52; 95% C1 0.30, 0.91) at 12 months
and by 56% (RR 0-44; 95% CI 0.29, 0.68) at 48 months.
Clinical fracture risk was reduced by 52% at 24 months
(p=0-0009) but the 34% in non-vertebral fracture risk was
not statistically significant. A smaller study demonstrated
a 70% greater reduction in non-vertebral fracture risk with
teriparatide compared to alendronate after 12 months treat-
ment [99]. These head-to-head study results showing greater
effects on BMD and fracture risk reduction with an anabolic
agent compared to either a bisphosphonate or to denosumab
are supported by the final results of the ACTIVExtend
and FRAME studies [64, 81, 82]. Lower fracture risk was
observed in patients receiving anti-remodeling agents for up
to 2 years who had been pretreated with an anabolic drug for
12—-18 months compared to pretreatment with placebo. Col-
lectively, these studies clearly document the superiority of
an anabolic agent compared to either an oral bisphosphonate
or to denosumab for rapid increase in BMD and reduction
in fracture risk.
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Table 3 Head-to-head comparisons of BMD responses to anabolic drugs vs. other agents
Study [reference] Treatment group  Number of subjects Therapy BMD % (+SE) or (95% CI)*
(months) - - - -
Lumbar spine Total hip Distal (1/3) radius)
Body 2002 [90] Alendronate daily 73 12 6%** 2.2%**
Teriparatide 73 14%** 4.9%%**
FACT-Lilly [68] Alendronate daily 101 18 5.5% 3.5%***
Teriparatide 102 10.3% 3.9%***
Hadji [91] Risedronate 350 18 2.6+0.5% 0.83+0.5%
Teriparatide 360 7.8+0.5% 2.05+0.4%
Cosman [93] Zoledronate 137 12 4.4% 2.2%
Teriparatide 138 7.0% 1.1%
DATA [94] Denosumab 33 24 83%+3.4 32%+2.5 21%+3.1
Teriparatide 31 9.5%+5.9 2.0%+3.0 -1.7%+4.6
Abaloparatide Phase 2 [5S0] Placebo 45 6 1.6+3.4% 04+3.1%
Abaloparatide 45 6.7+4.2% 2.6+3.5%
Teriparatide 45 55+4.1% 0.5+3.9%
ACTIVE [32] Placebo 821 18 0.6% -0.1% -0.6%
Abaloparatide 824 11.2% 4.2% —-1.0%
Teriparatide 818 10.5% (10.1,10.9)  3.3% (3.0, 3.5) -2.3%
Romosozumab Phase 2 Placebo 52 12 -01%(-12t009) -07(-14,-0.1) -09(-1.8,0.1)
(771 Romosozumab 52 11.3(10.3, 12.4) 4.1 (3.5,4.8) —12(=2.1,-0.2)
Alendronate QW 51 4.1.0,5.1) 1.9(1.3,2.6) -03(-1.2,0.7)
Teriparatide 55 7.1(6.1,8.2) 1.3(0.7,2.0) -1.7(=2.7,-0.7)
ARCH [75] Alendronate QW 1757-1829 12 5.0% 2.8%
Romosozumab 1750-1826 13.7% 6.2%
STRUCTURE [99] Teriparatide 209 12 5.4% -0.5% (-1.0,-0-2)
Romosozumab 206 9.8% 2.6% (2.2,3.0)
In GIOP
Saag 2007 [92] Alendronate daily 214 18 3.4+0.7% 24+0.6%
Teriparatide 214 72+0.7%. 3.8+0.6%

CI confidence interval, QW once weekly, SE standard error

*SE or 95% CI provided when available

**Estimated from Figs. 1 and 2 in Body [99]

*#**Femoral neck BMD listed since total hip BMD was not available

Comparisons of anabolic agents with each other

In direct comparisons, BMD responses were greater with
abaloparatide 80 ugm daily than with teriparatide 20 ugm
daily [56, 105] (Table 3). Compared to placebo, the rela-
tive risk reductions in vertebral, non-vertebral and clinical
fractures were numerically lower with teriparatide compared
to abaloparatide but the differences between the two active
treatments were not statistically significant [36] (Table 4).
The reduction in major osteoporotic fracture, a pre-specified
exploratory endpoint, was greater with abaloparatide than
with teriparatide (HR 0.45; 95% CI 0.21, 0.95; p=0.30)
[36]. The overall incidence of AEs and SAEs did not dif-
fer between abaloparatide and teriparatide in the ACTIVE
study. Hypercalcemia occurred more often with teriparatide
(6.4%) than with abaloparatide (3.4%).

Teriparatide and romosozumab have been compared in
two studies. In the romosozumab Phase 2 study, BMD
increased more over 12 months with romosozumab
than teriparatide at the lumbar spine and total hip [85]
(Table 3). Volumetric BMD of the spine and especially the
hip was greater with romosozumab than with teriparatide
as were finite element analysis (FEA) estimates of bone
strength [106, 107]. In a study of 436 women with oste-
oporosis previously treated with bisphosphonates for at
least 3 years (mean = 6 years), areal and volumetric BMD
of the lumbar spine and proximal femur increased more
with romosozumab than with teriparatide as did estimates
of bone strength by FEA [108]. Adverse events were simi-
lar between treatment groups except that transient hyper-
calcemia occurred more commonly with teriparatide (10%
vs. < 1%).
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Table 4 Head-to-head comparisons of fracture risk with anabolic drugs vs. other agents

Study [reference]  Treatment group Therapy Vertebral ~ Relative risk Non-vertebral Hazard ratio
(Months)  fracture %  (95% CI) fracture % (95% CI)
Body 2002 [90] Alendronate daily 12 NA 13.7%
Teriparatide NA 4.1% RR 0.30
p=0.042
Hadji [91] Risedronate 18 9.4% 8.3%
Teriparatide 4.4% 0.53 7.8% RR 0.06
p=0.01 p=0.89
VERO [95] Risedronate 24 12.0% 6.1%
Teriparatide 5.4% 0-44 (0.29,0.68) 4.0% 0.66 (0.39,1.10)
ACTIVE [32] Placebo 4.2% 4.7%
Abaloparatide 18 0.6% vs. placebo 0.14 (0.05,0.39)  2.7% vs. placebo 0.57 (0.32,1.00)
Teriparatide 0.8% vs. placebo 0.20 (0.08,0.47)  3.3% vs. placebo 0.72 (0.42,1.22)
Arch [75] Alendronate QW 12 6.3% 4.6%
Romosozumab 4.0% 0.63 (0.47,0.85) 3.4% 0.74 (0.54,1.01)
In glucocorticoid-induced osteoporosis
Saag 2007 [92] Alendronate daily 6.1% 3.7% 0.36
Teriparatide 18 0.6% 0.004 5.6%

CI confidence interval, QW once weekly, RR relative risk

Sequential use of osteoporosis drugs

Caring for patients with osteoporosis requires having a life-
long management plan, taking advantage of all treatment
options. Although we are still searching for the optimal treat-
ment strategy, it is now very apparent that using an osteo-
anabolic treatment followed by an anti-remodeling drug
results in greater gains in BMD that occurs when the reverse
sequence is used. However, since many patients are treated
initially with an anti-remodeling drug, evidence regarding
the use of anabolic agents following those therapies will be
reviewed.

Anabolic agents followed by anti-remodeling drugs

Teriparatide and romosozumab treatment should be followed
by an anti-remodeling drug to prevent the rapid loss in BMD
that occurs when treatment is stopped. While studies have
not evaluated the BMD response to discontinuing abalopara-
tide, it is likely to mimic the effect of stopping teriparatide.
Bisphosphonates and denosumab, the drugs most often used
as follow-on therapy, effectively preserve or increase BMD
when anabolic therapies are stopped [64, 76, 81, 83, 109,
110]. The results of the ACTIVExtend, FRAME, and ARCH
studies also make it clear that the fracture protection real-
ized from 12 to 18 months of treatment with an anabolic
drug persist for at least 2 years after patients transition to
alendronate or denosumab [64, 83, 111]. Raloxifene, a weak
anti-remodeling agent, given after a 12-month course of teri-
paratide, blunted or prevented bone loss in the lumber spine
and increased proximal femur BMD [112, 113].
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Anabolic agents after anti-remodeling drugs

Smaller gains in BMD (or even decreases in cortical BMD),
especially in the first 6—12 months, are achieved when teri-
paratide is used following bisphosphonate treatment than
in treatment-naive patients [114—118]. This is a predictable
result since the BMD increase with all osteoporosis drugs
is directly related to the rate of bone turnover when treat-
ment is started [119-121]. The decline in cortical BMD with
teriparatide after bisphosphonate therapy is accompanied by
an increase in cortical thickness and porosity and no change
in estimated hip bone strength [118, 122]. In a European
study, 29 postmenopausal women were switched to teripara-
tide 20 pg daily after having taken alendronate for at least
33 months. Lumbar spine and femoral neck BMD increased
by 5.3% and 3.3%, respectively, after 24 months of teripara-
tide compared to increases of 10.2% in the spine and 5%
in the femoral neck in 16 matched treatment-naive patients
[116]. However, biochemical and histological indices of
bone formation as well as measures of bone structure were
similar in the groups who had and had not received prior
bisphosphonate therapy [123—125]. Smaller BMD responses
to both teriparatide and romosozumab were also noted in
women who had taken bisphosphonates for at least 3 years
than observed in other studies without previous bisphospho-
nate exposure [108].

These results suggest that stimulation of bone formation
and increased BMD with anabolic therapies may be some-
what delayed in patients with vs. without previous bisphos-
phonate exposure but are still robust. How these smaller and
slower responses to osteoanabolics after bisphosphonates
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relate to fracture risk reduction is unclear. In the VERO trial,
59% of the subjects in the teriparatide group had previously
received bisphosphonates, and the effect of teriparatide on
fracture risk reduction, compared to risedronate, was evident
[104].

Transition from 2 years of denosumab to teriparatide
resulted in transient decreases in both lumbar spine and,
especially, proximal femur BMD [109]. This result likely
reflects the inability of teriparatide to prevent the rebound
in bone remodeling that occurs when denosumab in discon-
tinued [126]. One year of romosozumab treatment following
12 months of denosumab prevented the expected rebound in
remodeling and preserved or slightly increased BMD [80].

Combining anabolic and anti-remodeling agents

The concept of combining a PTH receptor agonist with an
anti-remodeling drug to inhibit the increase in bone resorp-
tion began many years ago with the simultaneous use of
teriparatide or PTH 1-84 and estrogen [26, 27, 127]. Large
increases in BMD were observed, demonstrating a robust
osteoanabolic response to the PTH analog, but none of those
studies compared the effects of that combination with teri-
paratide monotherapy. A 6-month study did compare teri-
paratide plus raloxifene with teriparatide alone in women
with postmenopausal osteoporosis [128]. The addition of
raloxifene did not reduce bone formation, as assessed by
serum PINP, and the increase in bone resorption due to teri-
paratide was attenuated but not prevented. BMD increases
were greater with combined therapy vs. teriparatide alone,
and the difference at the hip was statistically significant.
Adding teriparatide to ongoing raloxifene therapy resulted
in no BMD advantage after 18 months of therapy compared
to switching from teriparatide to raloxifene [117].

Combining PTH receptor agonists, including PTH
1-84, with a bisphosphonate has resulted in variable BMD
responses compared to PTH analog monotherapy [5]. The
most important of these studies was the simultaneous ini-
tiation of teriparatide with an intravenous infusion of zole-
dronate compared to teriparatide and zoledronate mono-
therapies [102]. At 13 and 26 weeks, BMD increases were
greater at the lumbar spine and total hip with combined
therapy, but by 52 weeks, the differences between the com-
bined therapy group and zoledronate monotherapy were no
longer apparent.

The most interesting combination therapy regimen is
that of teriparatide with denosumab because the increase
in bone resorption with teriparatide is due to upregulation
of RANKL. This combination was evaluated a cohort of 94
postmenopausal women with osteoporosis randomized to
take teriparatide, denosumab, or both [129]. Bone resorp-
tion was dominated by denosumab, while bone formation
decreased more slowly in the combination group than in the

denosumab group. Lumbar spine and hip BMD increased
more with combined therapy than with either monotherapy.
That BMD advantage of combined therapy persisted but
did not become larger during the second year of the study
[103]. Combined therapy was superior to teriparatide but
not denosumab in most parameters of bone structure and to
both monotherapies in bone strength estimated by FEA of
the radius and tibia after 12 months of treatment [130] These
advantages of combined over single drug treatment were less
evident after 24 months [131]. Similar BMD and bone turno-
ver marker findings were observed in an even smaller Japa-
nese study comparing the combination of denosumab plus
teriparatide with denosumab alone over 24 months [132].
There was not a teriparatide comparison group. These dif-
ferences persisted over a 48-month treatment interval [133].
Significantly larger increases in BMD were observed over
15 months with the combination of teriparatide 40 ugm daily
plus denosumab compared to the approved 20 ugm dose of
teriparatide [134]. Whether these BMD effects of combined
therapy result in faster or greater reductions in fracture risk
is unclear.

In a unique study design, teriparatide was added 3 months
after denosumab therapy was begun [135]. Changes in BMD
were numerically but not significantly greater in the com-
bination therapy group compared to single therapy. Unlike
the studies in which teriparatide and denosumab were begun
simultaneously, average serum CTX values returned to base-
line and serum PINP rose to levels above baseline in the
combination therapy group at 12 months, providing a favora-
ble balance between bone formation and resorption.

A meta-analysis evaluated the effects of teriparatide
combined with anti-remodeling therapies vs. monotherapy
in 19 randomized clinical trials [136]. Combination therapy,
driven primarily by the studies evaluating the combination
of teriparatide and denosumab, was superior to monotherapy
regarding improvement of the lumbar spine and total hip
BMD, without risk of serious adverse events. Combination
therapy also appeared to have an advantage over monother-
apy on fracture risk reduction although the confidence in
that outcome was limited by the paucity of fracture data
in these studies. Combinations with either abaloparatide or
romosozumab have not been evaluated.

Cost-effectiveness

Decisions about using specific osteoporosis drugs are often
based upon health economic considerations. Such analy-
ses depend upon several factors and assumptions beyond
simple cost and effectiveness such as the fracture risk in
the target population, comorbid conditions, and estimated
adherence to therapy. For anabolic drugs administered for
only 12-24 months, the follow-on treatment and its duration
are also important variables. Even estimates of efficacy can
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be problematic when data from separate studies are used to
compare absolute reduction in risk.

In the United States the differences in medication cost
is great between branded anabolic agents and generic anti-
remodeling drugs. As a result, economic analyses do not
support the use of any of the anabolic drugs compared to
low-cost alternatives [137—-139]. One analysis demonstrated
that teriparatide reduced fractures more effectively than did
alendronate but that the incremental cost of teriparatide over
generic alendronate was $455,000 and $1,555,000 per verte-
bral and non-vertebral fracture prevented, respectively [137].
In the 2020 National Institute for Health Research report,
both teriparatide and romosozumab were considered to be
effective in preventing fractures, but the incremental cost-
effectiveness ratios were greater than the commonly applied
threshold of £20,000-30,000 per quality-adjusted life-year.
[139] An exception was a study using health services data
from the United States in very high-risk patients in which
abaloparatide for 18 months followed by alendronate for
5 years was cost-effective compared to generic alendronate
monotherapy [140]. This study had the advantage of the data
from the ACTIVExtend study which precluded some of the
difficulties in making comparisons across studies. Separate
analyses using data from that study demonstrated that the
sequence of abaloparatide therapy followed by alendronate
for 5 years was cost-effective compared with treatment
with teriparatide for 18 months followed by alendronate for
5 years in American women at high risk of fracture [141,
142]. The advantage of abaloparatide in these studies was
driven primarily by difference in cost in the US market. To
date, a cost-effective analysis based on the ARCH study
head-to-head comparison of romosozumab followed by
alendronate compared to alendronate monotherapy has not
been generated.

Osteoporosis in men

A study was conducted with 437 men having idiopathic or
hypogonadal osteoporosis who were randomized to receive
teriparatide therapy 20 ugm or 40 ugm daily or placebo
[143]. As occurred in the teriparatide PFT, study partici-
pants were discharged early from the study after a median
of 11 months of therapy when the rat osteosarcoma study
results became available. During that interval of therapy,
gains in BMD with teriparatide 20 ugm daily at the lumbar
spine and total hip were 5.9% and 1.2%, respectively, from
baseline compared to changes of 0.5% at both sites with
placebo. About 6 months after the original study was dis-
continued, the study cohort was reconvened to be followed
for an additional 24 months. Spine radiographs taken about
18 months after discontinuation of study medication dem-
onstrated a 51% reduction of new vertebral fractures in the
combined teriparatide groups compared to placebo (absolute
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risk reduction 6%; p=0.07) [144]. There are no studies of
abaloparatide in men.

Romosozumab was evaluated in 265 men with osteo-
porosis, randomized 2:1 to receive romosozumab 210 mg
QM or placebo for 12 months. Increases at the lumbar spine
(12.1% vs. 1.2%) and total hip (2.5% vs. —0.5%) were sig-
nificantly greater with romosozumab than with placebo
[145]. While the frequency of AEs and SAEs were similar
between treatment groups, there was a numerical imbal-
ance in the positively adjudicated CV SAEs [romosozumab
8 (4.9%); placebo 2 (2.5%)]. Only 5 clinical fractures were
observed, precluding meaningful comparison between treat-
ment groups.

Glucocorticoid therapy

Because the pathogenesis of glucocorticoid-induced osteo-
porosis (GIOP) involves inhibition of bone formation, there
is special interest in the roles of anabolic therapies in these
patients. Teriparatide therapy, compared to alendronate,
significantly increased BMD and reduced vertebral frac-
ture risk, compared to alendronate, over 18 months in 428
men and women receiving glucocorticoid therapy [101].
(Tables 3, 4) No clinical studies with either abaloparatide
or romosozumab have been conducted in GIOP. In rabbits,
abaloparatide 25 pg/kg/day significantly increased trabecular
and cortical BMD and femoral strength [146].

Premenopausal women with low bone mass

Neither abaloparatide nor romosozumab has been studied
in this population. Teriparatide therapy for 18—-24 months
increased BMD and improved cortical and trabecular archi-
tecture in a small number of women with premenopausal
osteoporosis [147, 148]. Increases in BMD have also been
observed with teriparatide therapy in women with osteopo-
rosis associated with pregnancy and lactation [149]. Teri-
paratide is not approved for use in these patients.

Fracture healing

Studies with all three anabolic agents have shown improved
fracture healing in rodents and, with romosozumab, in sub-
human primates [150—-153]. Despite substantial enthusiasm
among orthopedists for the use of anabolic drugs to promote
fracture healing, there is limited clinical evidence to support
this practice. The primary endpoint was not met in a formal
study to evaluate healing of distal radius fractures with teri-
paratide [154]. However, in a post hoc analysis, time to frac-
ture healing was significantly reduced from 9.1 to 7.4 weeks
with teriparatide 20 ugm daily compared to placebo. Clinical
studies with romosozumab have not shown accelerated heal-
ing after tibial or hip fractures [155, 156].
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Summary

Strong clinical evidence now exists that osteoanabolic
agents increase bone mass and improve skeletal micro-
structure, leading to a stronger skeleton and more rapid
and more effective protection from fractures than do anti-
remodeling therapies. Importantly, these benefits are then
maintained for at least 2 years upon transitioning to anti-
remodeling therapy, extending the benefit of the bone-
building therapy. Total hip BMD, a proven surrogate for
fracture risk, increases more and faster with this treatment
sequence than with any other treatment regimen. Because
of cost considerations, the current roles of anabolic drugs
include their use as primary therapy in very high-risk
patients or, based on the VERO and STRUCTURE studies,
in patients who remain at high fracture risk after a course
of bisphosphonate therapy. If or when costs of the drugs
become lower, these osteoanabolic therapies will be appro-
priate for all patients with osteoporosis in need of skeletal
reconstruction and/or rapid reduction in fracture risk.
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