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Abstract

Osteoporosis, defined by reduced bone mineral density and macro- and micro-architectural degradation, leads to increased
fracture risk, particularly in aging populations. While randomized controlled trials (RCTs) demonstrate that PTH1 receptor
agonists, teriparatide and abaloparatide, are effective at reducing fracture risk, real-world evidence (RWE) remains sparse.
This study reviews and compares the anti-fracture efficacy of these agents, against each other and against other osteoporosis
treatments using both RCTs and RWE. We systematically searched Medline, Embase, and Cochrane up to May 2024, focus-
ing on RCTs and RWE studies reporting reduction in vertebral, non-vertebral, hip, or all fractures as primary endpoint. A
network meta-analysis (NMA) was conducted, first through pairwise meta-analyses of teriparatide versus abaloparatide, then
a Bayesian NMA comparing each to other treatments. Safety assessments included adverse events classified by MedDRA,
with a particular attention to hypercalcemia and cardiac events. Seventeen studies (11 RCTs, 6 RWE) met inclusion criteria.
Teriparatide and abaloparatide were effective in reducing vertebral and non-vertebral fractures in all pairwise meta-analyses
versus placebo. Abaloparatide showed an advantage over teriparatide for non-vertebral fractures (OR: 0.87, 95% CI: 0.80-
0.95) and hip fractures (OR: 0.81, 95% CI: 0.71-0.93). In the NMA model, teriparatide and abaloparatide were superior to
placebo, raloxifene, and calcitonin in reducing vertebral fracture while teriparatide was further superior to denosumab and
risedronate. For non-vertebral fracture, abaloparatide was better than any other treatment while teriparatide was only superior
to alendronate or placebo. PTH1 analogs were better than placebo at reducing all fractures while no difference was observed
for the risk of hip fracture. Both abaloparatide and teriparatide demonstrate comparable safety to other osteoporosis treat-
ments, with no increased cardiovascular risk. This review highlights that PTH1 receptor agonists effectively reduce fracture
risk, with abaloparatide offering enhanced benefits for non-vertebral and hip fractures compared to teriparatide. Both agents
exhibit acceptable safety profiles, suggesting their valuable role in managing osteoporosis, particularly for high-risk patients.

Keywords PTH-1 receptor agonists - Abaloparatide - Teriparatide - Osteoporosis - Fractures - Safety - MACE - Network
meta-analysis - Randomized controlled trials - Real-world evidence studies

Introduction Osteoporosis Foundation (IOF) projects that, over the next
decade, osteoporotic fractures will affect more than 5 million
individuals across the European Union, the UK, and Swit-
zerland, a substantial rise of about 25% from 2019 levels [2].

It was overall reported that more than 50% of the patients

affected by osteoporosis are not appropriately treated [3].

Osteoporosis is a bone disease marked by reduced bone
mineral density (BMD) and deterioration of bone structure,
resulting in a heightened risk of fractures [1]. Often called
the “silent disease” because it advances without noticeable

symptoms until a fracture occurs, osteoporosis presents a
major health concern, particularly within aging populations
worldwide [1]. In Europe, the recent ScoreCard for OsteoPo-
rosis in Europe (SCOPE) collaboration by the International

Extended author information available on the last page of the article

This is particularly true for patients at very high risk of
osteoporotic fractures for whom the most potent treatments
and comprehensive monitoring may be appropriate [4]. In
this regard, bone-forming agents, such as abaloparatide and
teriparatide, are of importance in osteoporosis management
due to their efficacy in fracture prevention among high-risk
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patients [5]. These anabolic agents have demonstrated the
ability to improve vertebral and hip BMD and to reduce the
risk of vertebral and non-vertebral fractures in clinical tri-
als, systematic reviews, and network meta-analysis (NMA)
[6-11].

Even if these works were of importance, they may suffer
from some important limitations. First, we should point the
lack of comprehensive real-world evidence (RWE) studies,
as most randomized controlled trials (RCTs) do not ade-
quately represent the broader patients’ demographics and
the patient “behavior” seen in clinical practice [12]. It is
possible, for example, that some RCTs are underpowered
to detect significant differences in fracture incidence, par-
ticularly for less common fracture types like those of the
hip, which limits the generalizability of findings to every-
day clinical settings [13]. In this regard, RWE is increas-
ingly recognized for its value in capturing data from diverse,
larger populations, reflecting actual clinical practice and
long-term patient outcomes [12]. Observational studies and
registry data provide insights into the sustained safety and
efficacy of abaloparatide and teriparatide in routine care,
supporting more informed decision-making for osteoporosis
management [12]. This approach is essential for understand-
ing the long-term effects, adherence rates, and comparative
effectiveness of therapies, which can ultimately guide clini-
cal guidelines and improve patient outcomes in managing
osteoporosis-related fracture risks. Finally, new publications
have recently emerged [14—17], overall suggesting that this
information should be integrated into a new NMA clarifying
the role of PTH1 receptor agonists in the management of
patients at increased risk of osteoporotic fractures.

Given this background, with this systematic review and
NMA, we aim to explore the risk of vertebral, non-vertebral,
hip, and all fractures in primary osteoporosis in all studies
(RCTs and RWE studies) including PTH1 receptor agonists
(i.e., teriparatide or abaloparatide) versus other treatments
(placebo, no treatment or any other active treatment). We
also aim at evaluating the overall safety of these agents by
compiling all adverse events reported in RCTs and RWE
studies.

Materials and methods

The proposed systematic review was conducted and reported
in accordance with the Preferred Reporting Items for Sys-
tematic Review and Meta-analysis (PRISMA) using the
Extension Statement for Reporting of Systematic Reviews
Incorporating Network Meta-analyses of Health Care Inter-
ventions (PRISMA-NMA) [18]. The completed PRISMA-
NMA is available in Supplementary 1. A protocol has been
developed and published in PROSPERO registry (RecordID:
558868). In the initial protocol, BMD was included as a
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secondary outcome. However, a slight deviation from the
protocol was made, with safety analyses being prioritized
for the current manuscript.

A project has been created on the Open Science Frame-
work (OSF) (https://osf.io/fmbp2/), a platform for sharing
scientific research. All materials and resources associated
with this work are accessible through this open-access
repository.

Research question

The research question can be summarized using the PICOs
format: P (Population): primary osteoporosis, with or with-
out history of fractures; I (Intervention): PTH1 receptor
agonists (i.e., teriparatide or abaloparatide); C (compara-
tor): placebo, no treatment or any other active treatment
(i.e., denosumab, alendronate, risedronate, ibandronate,
romosozumab, zoledronate); O (Outcome): main efficacy
outcome: incidence of vertebral, non-vertebral, hip, and all
fractures; secondary safety outcomes: all adverse events
(AEs) classified according to MedDRA (English version
27.1) system organ class (SOC).

Literature search

Literature search was executed from database inception until
1 May 2024. Medline (via Ovid), Cochrane Central, and
Embase databases used tailored search strategies to identify
relevant papers. PRISMA-Search and Peer Review of Elec-
tronic Search Strategies (PRESS) guidelines were followed
for literature searches conduct. A combination of terms of
Medical Subject Headings (MeSH) and keywords was used
in the search strategy (the complete search strategies for
both databases are available in Appendix A). Additionally,
a manual search within the bibliography of relevant papers
was performed and experts in the field were contacted in
order to complete the bibliographic search. Previous system-
atic reviews, meta-analyses, and network meta-analyses of
interventions for osteoporosis were searched for backward/
forward referencing. The search was limited to English stud-
ies [19, 20].

The search results from the electronic sources and hand
searching were imported into Covidence software for data
management. Covidence is a web-based collaboration soft-
ware platform that streamlines the production of systematic
and other literature reviews (https://support.covidence.org/
help/how-can-i-cite-covidence).

Study selection
All identified articles were screened for their eligibility by

two independent reviewers, in couples (N.V., F.B., P.A., and
G.V.), first based on their titles and abstracts and, second,
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based on their full texts. Any conflicts were resolved by a
third reviewer (C.B.). Inclusion criteria (Table 1) guided
the study selection process. Peer-reviewed RCTs or obser-
vational RWE studies were included if they reported the
incidence of vertebral, non-vertebral, hip, or all fractures
as the primary endpoint, involving at least two groups of
treated patients, with one group receiving a PTH-1 receptor
agonist (either abaloparatide or teriparatide) and the other
group receiving placebo or any other active anti-osteoporosis
treatment.

Studies with secondary causes of osteoporosis (e.g.,
cancer-related, hypogonadism, and glucocorticoid-induced
osteoporosis), not original studies (case reports, review, let-
ters to the editors, conference abstracts, opinion pieces), and
protocols were excluded. To ensure robust statistical analy-
ses, the following decisions were made: studies involving
bisphosphonates were excluded if detailed information about
the specific type of bisphosphonate was not provided since
the efficacy of these agents is markedly different [21]; stud-
ies that used standard care as a definition of the comparator
were excluded; studies that defined the placebo group as
one receiving a low dose of active treatment (e.g., 1.4 pg
teriparatide) were also excluded [22].

Data extraction

Study characteristics were extracted by one independent
reviewer (N.V.) according to a standardized data extrac-
tion form pretested on a sample of four studies. A second
reviewer checked data extraction (C.B.). The following data
were extracted: information related to the study (author, year
of publication, journal, DOI), demographics, and informa-
tion related to the treatment (groups, type of treatment, dose,
length of follow-up).

Efficacy data were extracted by two independent review-
ers (C.B. and N.V.). The following data were extracted for
efficacy assessment: absolute number of vertebral, non-ver-
tebral, hip, or all fractures in each group.

Safety data were extracted by two independent reviewers
(C.B. and J.D.). The following data were extracted for safety

Table 1 Inclusion criteria

assessment: absolute number of AEs classified by the Med-
DRA system into SOC.

Any disagreements were resolved through consensus
between reviewers. Authors of individual papers were con-
tacted in case of any missing information.

Quality appraisal

The quality of individual studies was assessed using the
Revised Cochrane Risk-of-Bias Tool for Randomized Tri-
als (RoB2) [23]. This tool evaluates five key domains: the
randomization process, deviations from intended interven-
tions, missing outcome data, measurement of outcomes, and
the selection of reported results. Each domain, as well as the
overall risk of bias, was judged, categorizing studies as hav-
ing a low risk of bias, some concerns, or a high risk of bias.
Each study was independently evaluated by two reviewers
(G.V., N.V.), with any disagreements resolved by consensus.

Strategy for efficacy data synthesis

Meta-analyses models were performed for the four efficacy
outcomes separately, i.e., vertebral fractures, non-vertebral
fractures, hip fractures, and all fractures. When at least two
similar studies were available to be pooled in a meta-ana-
lytical model, an NMA was performed following two steps:
(1) standard pairwise meta-analyses, considering only direct
comparisons of PTH1 receptor agonists versus placebo; and
(2) an NMA combining both direct and indirect comparisons
versus other treatments.

For efficacy analyses, in the first step, random-effects
pairwise meta-analyses were conducted by pooling studies
that compared teriparatide versus placebo or abaloparatide
versus placebo for each type of fractures (i.e., vertebral, non-
vertebral, hip, and all fractures). A pooled Peto odds ratio
(OR) and 95% CI were obtained using absolute number of
fractures reported within each group of intervention. Peto
ORs have been privileged to better account for the small
number of observed outcomes [24]. Heterogeneity was
assessed using the Q-test and quantified through /2.

PICOS criteria

Population Adults with primary osteoporosis, with or without history of fracture
Intervention PTHI1 receptor agonists, namely teriparatide or abaloparatide
Comparator Placebo, no intervention or any other active drugs (i.e., denosumab, alendronate, risedronate, ibandronate, romo-
sozumab, zoledronate, teriparatide, abaloparatide). Both arms can include vitamin D and/or calcium)
Outcomes Main outcome: incidence of vertebral, non-vertebral, hip fractures or all fractures
Secondary outcome: absolute number of AEs classified by the MedDRA system into system organ classes (SOC)
Study design

Peer-reviewed randomized controlled trials (RCTs) and observational longitudinal real-world evidence (RWE) studies
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In the second step, the transitivity assumption was
assessed, which implied that studies comparing different sets
of interventions were sufficiently similar to provide valid
indirect inferences. For that, the distribution of the potential
effect modifiers (e.g., gender, age, dose of treatment) of the
primary outcome was compared across studies grouped by
comparison. As the transitivity assumption was confirmed
(i-e., no difference of distribution of potential effect modi-
fiers), network meta-analyses were carried out for each out-
come. A single heterogeneity parameter for each network
was assumed. The available evidence was presented in a
network diagram, where the width of each edge was propor-
tional to the inverse of the variance of the summary effect
of each direct treatment comparison. In each NMA model,
PTHI1 analogs should be considered as the comparator arm
for any of the reported effect size, i.e., a positive OR indi-
cates a higher risk of fracture for other treatment versus the
PTHI analog of interest.

The probability of each intervention being ranked as the
most effective in reducing the risk of fracture was calculated,
and a hierarchy of the competing interventions was deter-
mined using the surface under the cumulative ranking curve
(SUCRA) and mean ranks. SUCRA values were expressed
as percentages, indicating the relative probability of an inter-
vention being among the best options.

Strategy for safety data synthesis

Safety analyses were performed on the same set of stud-
ies identified for efficacy. Nevertheless, as not all studies
reported safety outcomes, especially RWE studies [14,
15, 25-28], the analysis primarily included RCTs [16, 17,
29-37].

The main analysis comprised “all AEs.” A sub-analysis
was performed on all AEs by excluding the preferred term
(PT) "hypercalcemia" from the analysis since hypercalce-
mia is a well-known adverse effect associated with PTH1
analogs, as they promote osteoblast activity, leading to
increased bone resorption and the release of calcium into
the bloodstream. The MedDRA classification was then used
to group adverse events into SOC [38]. The following SOC
were investigated: cardiac disorders, gastrointestinal disor-
ders, general disorders and administration site conditions,
metabolism and nutrition disorders, musculoskeletal and
connective tissue disorders, and, finally, neoplasms. Then,
sub-stratifications were applied to PTs within the category
of cardiac disorders, including the following groups: car-
diac arrhythmias, coronary heart disease and stroke, heart
failure, blood pressure disorders, and various definitions of
major adverse cardiovascular events (MACE:s). Specifically,
MACE3 included myocardial infarction (MI), stroke, and
cardiovascular death; MACE4 included these events plus
heart failure; and MACES expanded this further to include
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heart rhythm problems (excluding palpitations). Stroke
was classified under coronary heart disease and stroke. All
SOC, PT, and supplementary safety analyses are described
in Appendix B.

Statistical considerations

To avoid displaying studies in the NMA models comparing
no treatment versus placebo as indirect evidence, placebo
and no treatment have been merged to form one unique com-
parator option. For studies reporting outcomes across multi-
ple follow-up periods, the outcomes for the longest follow-up
period were selected. When the outcome “all fracture” was
not directly reported by authors of individual studies, the
outcome (i.e., vertebral, non-vertebral, or hip) with the high-
est cumulative incidence was used in the analyses. When a
study had zero events in one arm, one event was added to
each arm to allow for OR and its 95% CI calculation.

Potential publication bias was explored using a funnel
plot (not reported in the manuscript) and Egger regression
test.

All analyses were performed using the R package “meta,”
“netmeta,” and its extensions. For all results, a two-sided
p-value of 0.05 or less was considered significant.

Results
Study characteristics and risk-of-bias evaluation

A total of 7165 references were identified through the search
strategies applied on bibliographic databases in May 2024.
After removing duplicates, 5470 references were assessed
for eligibility based on their title/abstract. Among those ref-
erences, 178 were assessed based on their full text and 16
studies met the inclusion criteria. The list of excluded stud-
ies in the stage of full-text review as well as of the reason
for exclusion is available on an Open Science Framework
deposit (https://osf.io/fmbp2/). Manual search identified
one additional reference, so a total of 17 studies were fur-
ther included in this systematic review and meta-analysis
(Fig. 1).

Among the 17 studies included, 11 were RCTs [16,
29-37, 39] and 6 were observation RWE studies [14, 15,
25-28]. Sample sizes ranged from 34 [39] to 1,278,296
individuals [26]. Length of treatment ranged from 12 to
36 months.

Ten different treatments were included, i.e., teriparatide,
abaloparatide, alendronate, zoledronic acid, raloxifene, rise-
dronate, ibandronate, denosumab, calcitonin, and placebo/no
treatment. A visual netgraph presentation of all treatments
direct and indirect evidence is available in Fig. 2.
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Fig. 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA 2020) flowchart of study selection

All RWE studies were of good to excellent quality (7 to
9/9 stars on the NOS scale). RCTs were all rated at low risk
of bias except the study of Li et al. [33], Neer et al. [29],
and Lindsay et al. [39] that demonstrated some concerns in
respectively domains 2, 1, and 1.

Characteristics and quality assessment of the 17 included
studies are presented in Table 2.

Effect of PTH1 on fracture risk
Vertebral fractures

Eleven studies (i.e., nine RCTs and two observational RWE
studies) reported vertebral fracture incidence [16, 26, 27, 29,
31, 32, 34-37, 39]. Pairwise meta-analyses reported a sig-
nificant reduction of vertebral fractures for patients treated
with teriparatide versus placebo (k=4, n individuals =3822,
Peto OR: 0.27, 95% CI: 0.20-0.36, I*=0%, p for heterogene-
ity =1.00) and for patients treated with abaloparatide versus
placebo (k=2, n individuals = 1850, Peto OR: 0.17, 95% CI:
0.06-0.45, I’=18%, p for heterogeneity =0.27) (pairwise
meta-analyses available in Appendix C).

In the NMA model, including the same 11 studies, 38
pairwise comparisons, and 10 treatments (Fig. 3), teri-
paratide is reported to provide a numerically greater ben-
efit in preventing vertebral fractures than risedronate (OR
risedronate vs. teriparatide for fracture risk: 1.98, 95% CI:

1.002-3.91), denosumab (OR: 2.99, 95% CI: 1.04-8.62),
calcitonin (OR: 4.17, 95% CI: 1.21-14.29), raloxifene (OR:
4.08, 95% CI: 1.79-9.31), and placebo (OR: 4.38, 95% CI.:
2.15-8.93). Abaloparatide, on the other hand, is reported to
be significantly better in preventing vertebral fractures than
calcitonin (OR: 7.17,95% CI: 1.15-44.61), raloxifene (OR:
7.02,95% CI: 1.44-34.18), and placebo (OR: 7.53, 95% CI:
2.21-26.7) (Fig. 4).

No publication bias has been detected in this meta-anal-
ysis model (Egger test p =0.26).

Non-vertebral fractures

Eleven studies (i.e., nine RCTs and two observational RWE
studies) also reported non-vertebral fracture incidence
[15-17, 30-32, 34-37]. Pairwise meta-analyses reported a
significant reduction of non-vertebral fractures for patients
treated with teriparatide versus placebo (k=3, n individu-
als=3792, Peto OR: 0.62, 95% CI: 0.41-0.93, *=16%, p
for heterogeneity =0.30) and for patients treated with aba-
loparatide versus placebo (k=2, n individuals = 1851, Peto
OR: 0.56, 95% CI: 0.33-0.95, I>’=0%, p for heterogene-
ity =0.74). Two observational RWE studies [17, 34] also
reported comparison between abaloparatide and teriparatide
for reducing non-vertebral fracture. A pooled Peto OR of
0.87 (95% CI: 0.80-0.95) has been found using a pairwise
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Calcitonin Alendronate

Denosumab Abaloparatide

Ibandronate

Pt
Zoledronic acid

Placebo/ no treatment Teriparatide

Raloxifene Risedronate

Fig.2 Netgraph of included treatments (netgraph generated for the outcome “all fractures”)

meta-analysis, in favor of abaloparatide (I 0%, p for hetero- No publication bias has been detected in this meta-anal-
geneity 0.60). ysis model (Egger test p=0.79).

In the NMA model, including the same 11 studies, 13
pairwise comparisons, and 5 treatments (Fig. 3), teriparatide
is reported to be significantly less effective in preventing  Hip fractures
non-vertebral fractures than abaloparatide (OR for abalo-
paratide versus teriparatide for non-vertebral fracture risk: Nine studies (i.e., five RCTs and four observational RWE
0.88,95% CI: 0.81-0.95). Teriparatide is reported to be sig-  studies) also reported hip fracture incidence [15, 17, 26,
nificantly more effective than alendronate (OR: 2.00, 95% 27, 29, 31, 35-37]. Only one RCT reported the incidence
CI: 1.06-3.79) and placebo (OR: 1.63, 95% CI: 1.20-2.22)  of hip fracture for teriparatide versus placebo [29]. This
while no difference in terms of efficacy was observed com-  study did not report a significant reduction of hip fracture
pared to risedronate. Abaloparatide, on the other hand, dem-  for teriparatide versus placebo. No RCT reported the inci-
onstrated to be significantly better than any other treatments  dence of hip fracture for patients treated with abaloparatide
included in the model (namely, teriparatide (OR: 1.14,95%  versus placebo. Two observational RWE studies [15, 17]
CI: 1.06-1.23), risedronate (OR: 1.49, 95% CI: 1.03-2.15),  reported comparison between abaloparatide and teripara-
alendronate (OR: 2.29, 95% CI: 1.20-4.35), and placebo  tide for reducing non-vertebral fracture. A pooled Peto
(OR: 1.86,95% CI: 1.36-2.55) (Fig. 4). OR of 0.81 (95% CI: 0.71-0.93) has been found using a

@ Springer



Osteoporosis International

SBIq JO YSLI MO

Se1q JO YSLI Mo

SUIdOUO0D dWoS

SUIddUO0d dWoS

SeIq JO YSII MO

SeIq JO YSLI MO

SeIq JO YSLI MO]

SeIq Jo YSII MO

SHOVIA ‘Tew

-[oyso[nosnu ‘wsI[oqe)dw

‘[e1ouad ‘onsed ‘OeIpIed
‘SHV SnOLISS SV [IV

WIS[[OQRIAW ‘SY)eap
‘SHV SNOLIdS 'SPV [[V

AN

onsed ‘syreap sV [V

[e19[SO[Nd

-SNW ‘WSI[0qeIoW ‘[eIuad

‘onses ‘syIeap ‘sgv v

swise[doau ‘[eio[ayso[nd

-SNW ‘WSI[0qRIAW ‘[eIouad

‘onse3 ‘orIpIed ‘SgV [V
e

-[oySo[nosSnW ‘WSI[0qeIow

‘onses ‘oeIpIed ‘syjeap
‘SHV SNOLIS STV [[V

SHOVIN YHOVIN

‘CHOVIN ‘TeI9[aso[nosnw

“ORIPIED ‘SUIEIP STV [TV

JAN dA syjuow §|

dH ‘AAN dA syjuowr |

dA syjuowr 9¢

v syiuow g1

dV ‘dH dAN dA syuow 47
AV ‘IH IAN A syuow 69|
dH dAN dA syuow g
JAN syjuowr 1

(zL=u) 0qadeld
(oy1=u)
A[rep 3 g opneredoreqy

(€r1=u

APJoam 3w G§ 91BU0IPASTY
(arr=w

Aqrep 31 o epnereduay,

(L1 =u) judwiean oN
(€1=u

Aqrep 31 gz opnereduay,
(zr1=u)

Apream ) O uruoore)
(Ive=uw)

Arep 3rl gz opnereduag,

(€89=1u)

ApP[oam 3w G 9JBUOIPASTY
(€89=u)

Arep 81l 0z opnereduay,

(905 =1) (syoom ¥
KI2A2 20U0) Feq uorISnjur
31 006 10 “(Apjeam) 1ol
10 39[qe) Sw G¢ “(K[rep)

191q®) SW G AJRUOIPU[Y
(sos=u)

Appoam 31 ¢ 96 opneredria],

(0se=uw)

ApP[oam Sw G 9)eUOIPasTY
(09g=u)

Arep 3rl 0z opnereduay,
(€L=u)

A[rep Sw ()] 91eUOIPUIY
(eL=u)

A[rep 3 o opneredua],

Apmis r-AALLDY € asvyd 2y
(uswom jo

%88) S1eaK 489 JO e UL
s15010d09)s0

ynm uedep ur syuoned g1z
(udwom Jo

9%.,L) STeaK §°9/ JO e Ued]N
(Anunoo-nnu) saInjoely
diy onojueyoomnad jusoar

e P syuaned A[Ieple $¢¢

sIeak 6°19 JO 93 UBIIN
s1s010d09)s0
ym uaSo1)se uo S Ul
uswom [esnedousunsod 4¢

SIB9A [°GQ JO 95® UBIN
s15010d09180 Y)IM BUIYD) UT
uowom [esnedousunsod ¢y

M OYHA YL

s1edk 1°7/ JO a3e uedN
(Anunoo-n)nur)
S15010d09)S0 QI9ADS YIIM

uawom Tesnedouaunsod 99¢
DL uoyUIA

-123u] s15040d0oais () asauvdpf

sTe9A G'18 JO aSe uvoN
QIMoRIy JO YSLI
Y31y Je pue s1so10dodyso
Krewrnid yyim ueder ur
I9P]O 10 SIBAK G/ JO uaWom

resnedouawnsod 1101

SIBOA [/ JO 95® UBIN
(Anunoo-mnur) saInjoey
[e1q9119A 213010d09ISO IM
uowom [esnedouaunsod (1
S1B2A G'G9 JO 95k UBOIN
(Anunoo
-nnw) s1so10doyso YPIm
uowom [esnedouaunisod 941

[91] 120 ‘orounsivpy

[s€l L1oz ‘aaig-fnoppy

l6€] 2661 “Apspury

[ecl €10z 17

[ocl 810T “121puay

[L€] 120z ‘omdvy

1€l zroz “porH

log] zooz “Apog

S[eLI) PI[[OTUOD PIZIWOPUERY

JUQWISSISSE SBIq-JO-YSIY

sauwrooino Kjoyes

SOWOoIN0 AoBOLYH UONEINp JUSW)BAL],

juounjean 1od az1s opdweg

uonduosep uonendod

Ieak ‘sioyiny

SOTISLID)ORIRYD SAIPMIS ¢ d|qel

pringer

As



Osteoporosis International

9[eds SON U3
uo sIe)s /6 Airenb juoreoxyg

9[e3s SON
) uo sIe)s g/g :Aenb poon

9[eds SON
) uo sIe)s g/g :Aenb poon

9[eds SON =2y}
uo sIejs g/6 :Aenb jusqeoxg

9[eds SON 2}
uo sIelS /6 Arenb judreoxyg

SUIdJOUO0)D WOoS

SeIq JO YSII MO

SeIq Jo YSLI MO

SHOVIN ‘PHOVIN

‘CHOVIN “OeIpIed ‘sHV [V JH ‘AAN sypuour G971

AN dV ‘dH ‘dA sypuout ¢

AN dH ‘AAN syuow 61

AN 4V sypuout ¢

AN AV ‘AAN ‘dA skep 8¢
swsejdoau ‘Teje
-[yso[nosnu ‘wsIogelow

‘[e10Ua3 ‘0nsES ‘SHY [V AV ‘dH ‘JAN HA syjuont 7¢
SHOVIN ‘vHOVIN
‘CHDVIN ‘swiseidoau ‘Tejo
-[oy[so[nosnu ‘[erouad
‘onses ‘orIpIed ‘SYIEap

‘SHV SnOLILs SV [[V AAN syjuowt 691
SHOVIN ‘VHOVIA ‘€AOVIN
‘swse[doau ‘[ejo[aysorno
-SNUW ‘WSI[0qRIAW ‘TeIouad
‘onsed ‘orIpIed ‘syjeop

‘SHV SnOLIas ‘SHV [[V JAN ‘dA sypuowr ¢'9[

(929‘1¢ =) epneredua],
(9,917 =u) apneredoreqy
(ZE 1 =u) proe d1UuoIpa[07,
(7§ =u) spnereday,
(S188=1) S1RUOIPASTY
(€SLy =u) Suajrxorey
(9566 = 1) syeuopueq|
(¥L01 =u) utuolore)
(S6£°97 =u) SrEU0IpUS[Y

(91911 =u) opnereduay,
(91911 =u) opneredoreqy

(Z16=U) 1uounean oN
(z16=1u) opnereduia],
(67¢ =u) sareuoydsoydsig
($ST =u) qeunsoud(y
(97=u) epneredLy],
(590€ =u) yusuean oN

(P =u) ogodeld
(pauIquod SAsOp Y1oq
€60'T =) (&1rep S gy Jo

A[rep 3rl 0g) opneredro],

(887 =u) 0gade[d
(06T=1)
Appeam 31 ¢ 9¢ opnerediia],
(128 =u) 0ga0e[d
(818=1)
Aqrep 3r gz opnereduag,
(Yeg=u)
Aqrep 3 g opneredoeqy

(epneredro))
sIeak [°/9 pue (epnered
-o[eqe) 1°99 Jo oSe uea|y

(Anunoo-nnw) apn
-eredr19) 10 opneredofeqe
)IM PaIeaI) USWOM 7SE CH

(uowom
JO 9%$6) ST 9G 93k UBSIA
uon
-eo1paw S15010d03)JSO MIU B
Sunreys ySn oY) uI syuened
SIedA 4 /9 93e UBON
opneredrid) 1o
opneredoreqe yym pajean
VS 9y} UI USWoM HE€Z°ET
SIeok §°¢/ JO 93 UBIIN
opneredro)
)M PaJeaI) 10U 11070
payorews & 03 apneredrio)
[IIM Pajeal) pue aInjoey
JUQOAI B Y)IM YS() 9} UT
uowom [esnedousunsod 7871
SIB9A 99 JO 93® UBII\
Qmoey Jo Ysu ySry
Je AJe)] Ul USWOM /GE
JO 110409 2AnBIUAsAIdoY

[L1] 2oz trqvivgn]

[LT] 810Z ‘sprousay

[S1] zzog ‘uvwso)

[s2] S10z ‘aosidog

[¥11 czoz 1uvpy

SOIPNIS QOUIPIAD PLIOM-[BIY

SIBA (9 JO 938 UBIN
(Anunoo
-nnw) s1so10do)so YPIm
uowom [esnedouawsod /¢9T
WM AMOL YL
(uowom jo
%16) STeK ¢°G/ JO 93e uBdN
s1sorodoojso Arewrtad
ynm ueder ur syuened g/ ¢

STB2A §°89 JO 95k UBIN
(Anunoo-mynur)
$15010d09)SO )IM USWOM

resnedousunisod g9

[6T] 100C 422N

[z€l ¢rog ‘vamupyoN

[vel 910C “21mmm

JUQWISSISSE SBIq-JO-YSIY

SQWoINO £)9JeS  SAWO0INO ASLdIYH UOnERINp JUSWILAL],

juourjean) 1od az1s opdweg

uondriosep uoniendog

Ieak ‘sioyny

(ponunuoo) zsjqey

pringer

AQs



Osteoporosis International

pairwise meta-analysis, in favor of abaloparatide (I* 0%, p
for heterogeneity =0.73).

In the NMA model, including 9 studies, 34 pairwise com-
parisons and 10 treatments, neither teriparatide nor abalo-
paratide demonstrated to be more effective in reducing hip
fractures compared to other treatments included in the model
(Figs. 3 and 4).

No publication bias has been detected in this meta-anal-
ysis model (Egger test p=0.56).

Good quality: 7/9 stars on the
NOS scale

Risk-of-bias assessment

All fractures

All fractures were reported directly per se in eight studies
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< . . . .
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hypercalcemia events reported in the teriparatide and abalo-
paratide arms since exclusion of these AEs leads to similar
safety profile between all treatments including placebo/no
treatment in the model. In terms of serious AEs and deaths,
neither teriparatide nor abaloparatide was associated with a
higher risk relative to other treatments or placebo.

System organ class specific analysis

Both teriparatide and abaloparatide demonstrated similar
safety profiles to other treatments or placebo/no treatment
for SOC gastrointestinal disorders, SOC musculoskeletal
and connective tissue disorders, SOC neoplasms, and SOC
cardiac disorders, including cardiac arrhythmias, coronary
heart disease, and heart failure. Supplementary analyses
were conducted on grouped cardiovascular events, includ-
ing MACE3, MACE4, and MACES. No significant differ-
ences in cardiovascular death or other MACE categories
were observed between teriparatide, abaloparatide, and other
treatments, suggesting a comparable cardiovascular safety
profile between PTH R1 agonists and compared to other
anti-osteoporosis treatments.

For SOC general disorders and administration site condi-
tions, risedronate, alendronate, and placebo showed slightly
better safety profiles compared to teriparatide and abalo-
paratide. For the SOC metabolism and nutrition disorders,
placebo and risedronate were associated with fewer meta-
bolic and nutrition-related AEs than teriparatide while only
placebo was demonstrated safer than abaloparatide. Hyper-
calcemia accounts for 88% of the AEs classified in this SOC.
Excluding hypercalcemia leads to no difference between
treatments and placebo/no treatment.

Discussion

This NMA provides a robust evaluation of the anti-fracture
efficacy of PTHI receptor agonists (namely, abalopara-
tide and teriparatide) within a comprehensive network of
osteoporosis treatments. This work highlights the distinct
anti-fracture benefits of these PTH1 analogs, particularly
emphasizing their comparative impact across vertebral and
non-vertebral fractures. These findings contribute to the cur-
rent understanding of the role of anabolic agents in osteo-
porosis therapy, offering novel insights beyond those previ-
ously reported in individual trials and observational studies.

This NMA demonstrates that both abaloparatide and
teriparatide are highly effective in reducing vertebral, non-
vertebral, and hip fracture risk compared to other osteopo-
rosis treatments. In the direct comparison of teriparatide
and abaloparatide, abaloparatide appears to have a distinct
advantage over teriparatide, particularly in reducing non-
vertebral and hip fractures. This finding is particularly

relevant, as non-vertebral and hip fractures are associated
with significant morbidity and mortality, and their preven-
tion remains a central goal in osteoporosis management
[40, 41]. The hip fracture reduction is mainly observed in
RWE [15, 17], but the ACTIVE-ACTIVExtend study also
showed a greater efficacy of abaloparatide on major osteo-
porotic fractures compared to teriparatide [34, 42]. In the
same study, abaloparatide showed a significant reduction in
non-vertebral fractures and clinical fractures, which was not
reported for teriparatide. It should, however, be mentioned
that the head-to-head comparison between abaloparatide and
teriparatide was not blinded and that the patients included
in the ACTIVE-ACTIVExtend study were at lower risk for
fracture compared to the population included in the pivotal
study of teriparatide [29]. Nevertheless, one hypothesis sup-
ports these results could be that the distinct receptor bind-
ing profile of abaloparatide, which promotes transient and
targeted anabolic signaling, could potentially contribute to
a more favorable bone quality and architecture, especially
at cortical sites [43]. Indeed, PTHI receptor has two high-
affinity conformations: the G protein—independent RO and
G protein—dependent RG conformations. Thus, despite both
teriparatide and abaloparatide binding to the PTH]1 receptor
[44], abaloparatide is more selective than teriparatide for
the RG conformation of PTH1 receptor and induces a faster
and more transient signaling response, consistent with a net
anabolic effect [15, 44]. This selective binding of abalopara-
tide to the RG versus RO conformation of PTH1 receptor,
and the subsequent expected net anabolic effect [43, 45],
translates into a greater anabolic window for abaloparatide
compared to teriparatide, e.g., a lower rate of bone formation
and bone resorption but a higher net anabolic effect [46]. In a
meta-analysis published by Hong et al. including four RCTs
assessing changes in BMD, at the lumbar spine, femoral
neck, and total hip in patients treated with abaloparatide or
teriparatide, abaloparatide showed a greater increase com-
pared to teriparatide, after 48 weeks, at all skeletal sites
[9]. When performing a three-dimensional analysis of Dual
Energy X-Ray Absorptiometry (DEXA) data, abalopara-
tide significantly increases cortical volumetric BMD versus
baseline and changes in both cortical volumetric BMD and
cortical surface BMD were significantly greater with abalo-
paratide compared to teriparatide [47].

It is important to note that the results observed in the
present study do not challenge the anti-fracture efficacy of
teriparatide, which has been unequivocally demonstrated
over more than two decades, for spinal and non-spinal frac-
tures [29], confirmed in a sub-population of older patients
[48] and confirmed at the level of the hip by meta-synthesis
evidence [7]. More recently, anti-fracture efficacy of teri-
paratide on non-vertebral fragility fractures was shown to
be greater than that observed with risedronate (a bispho-
sphonate which was previously shown to be effective at
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fracture reduction), at all skeletal sites, in randomized con-
trolled trials [36, 49] and in meta-analyses [50, 51]. Addi-
tionally (after the statistical analyses of the present studies
were completed), a study comparing the effectiveness and
cardiovascular safety of romosozumab and teriparatide in
a Japanese population was published [52]. In this cohort
study, based on health claims data, the antifracture efficacy
(non-vertebral fracture and hip fracture) of teriparatide was
reported as non-significantly different from what is observed
in patients receiving romosozumab. In addition, the risk of
MACE was comparable between the two drugs [52].

Results of this NMA, align with and expand on evidence
from prior NMAs, which have often focused primarily on
BMD outcomes rather than fracture-specific effects across
diverse skeletal sites [53, 54]. This might have important
implications for treatment strategies, particularly in tailoring
osteoporosis management to individual patient needs. The
most recent guidelines for the management of osteoporosis
[55] suggest categorizing fracture risk to better target thera-
peutic interventions for the prevention of fragility fracture
in post-menopausal women. Patients at very high fracture
risk, e.g., immediately after a prevalent sentinel fracture,
and the consequent further loss in quality of life, occurring
immediately after a subsequent fracture, suggest that pre-
ventive treatment given as soon as possible after a fracture
would avoid a higher number of new fractures and would
reduce the mortality and morbidity compared to a delayed
treatment. Such an immediate intervention justifies the use
of agents that have a fast and strong effect on fracture reduc-
tion. Anabolic agents, like PTH R1 agonists, demonstrated
a more rapid and a greater fracture risk reduction compared
to anti-resorptive treatments [34, 36]. Thus, while current
osteoporosis guidelines emphasize the importance of frac-
ture risk reduction and categorization [55-59], our findings
suggest that selecting an anabolic agent like abaloparatide
could be particularly beneficial for patients at high risk of
hip and non-vertebral fractures.

Given that non-vertebral fractures are often challenging
to prevent and are associated with increased healthcare costs
and burden [2], the use of abaloparatide could provide a
strategic advantage in reducing these more debilitating frac-
ture types. Currently, PTH R1 agonists are predominantly
prescribed to patients at very high risk for osteoporotic frac-
tures. The health economic studies conducted, to date, show
that teriparatide and abaloparatide are cost-efficient or dom-
inant compared to anti-resorptive agents in such patients.
The lack of cost-efficiency of teriparatide and abaloparatide
in patients at a lower risk for fracture is mainly driven by
the relatively high price of PTH R1 agonists compared to
oral bisphosphonates, particularly to generic alendronate or
risedronate. However, since the greater efficacy of PTH R1
agonists compared to anti-resorptive agents is not limited to
patients at very high risk for fracture, a decrease in the price

@ Springer

of teriparatide or abaloparatide (i.e., when biosimilars will
be widely available) may change the outcomes of the health
economic studies and open the access to such medications
in a greater subset of the osteoporotic population. Therefore,
it is interesting to confirm the anti-fracture efficacy of teri-
paratide and abaloparatide both in patients with a prevalent
fracture and in patients with low bone mineral density.

In terms of safety, this NMA primarily summarized data
reported in RCTs, as no RWE studies, except for Tabata-
bai et al. (2024) which investigated cardiovascular events
[17], described safety data in their manuscripts. The NMA
highlights the long-standing, established safety profile of
PTH receptor agonists compared to placebo and other oste-
oporosis therapies. An important concern which has been
highlighted previously with these agents is the risk of osteo-
blastic osteosarcoma. This caution stems from findings in
preclinical studies on rats, where dose-dependent increases
in osteosarcoma were observed [60]. However, it is essen-
tial to analyze these preclinical findings in their context,
especially because hypotheses regarding the mechanism of
pathogenesis have not been observed in humans. The first
difference to consider is the dosage used in animal stud-
ies, as even the lowest dose administered to rats (5 pg/kg
for teriparatide and 10 ug/kg for abaloparatide) was respec-
tively three and four times the typical human dose [60]. This
excessive exposure may have contributed to the genesis of
osteoblastic osteosarcoma. Importantly, these preclinical
observations led to additional safety measures as teriparatide
was initially limited in its treatment duration to 24 months of
treatment [61-64]. However, the establishment of a 2-year
treatment limit also needs to consider the relative lifespan
exposure of rats which is totally different from humans’
lifespan exposure. Indeed, in Fischer 344 rats, a 2-year treat-
ment period represents approximately 90% of their lifespan,
suggesting that the observed number of osteosarcoma cases
could be unusually high under these conditions [60, 65, 66].
In contrast, the same duration does not represent a substan-
tial portion of a human lifespan.

The Food and Drug Administration (FDA) and the Euro-
pean Medicines Agency (EMA) have both adopted similar
and divergent regulatory positions regarding the duration
of restrictions for PTH1 analogs. For teriparatide, approved
by the FDA in 2002, an initial 24-month treatment restric-
tion was implemented due to concerns about osteosarcoma
and insufficient long-term safety data [64]. In 2020, the
FDA removed the black box warning on treatment dura-
tion but continues to recommend limiting cumulative use to
24 months unless the patient remains at high fracture risk. In
contrast, the EMA, which approved teriparatide in 2003 with
the same restriction, has maintained this limit despite US-
based Post-Authorization Safety Studies (PASS) showing
no increased osteosarcoma risk [67]. The EMA’s cautious
position may reflect a need for further safety monitoring or
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differences in evaluation processes. For abaloparatide, the
FDA approved it in 2017 with a 24-month lifetime treat-
ment limit, consistent with its broader approach to mini-
mize cumulative exposure to PTH1 analogs [63]. The EMA,
however, approved abaloparatide in 2022 with a stricter
18-month restriction, likely based on the duration of clini-
cal studies, which only assessed safety and efficacy for
18 months [61].

However, no causal link to osteosarcoma has been con-
firmed in human studies, including extensive PASS [66, 68,
69] and this NMA, which both suggest an absence of osteo-
sarcoma cases among treated patients. These restrictions,
while precautionary, may be excessive given the absence
of clinical evidence indicating increased osteosarcoma risk
in humans.

Hypercalcemia is also a known and expected effect of
PTHI1 analogs due to their mechanism of action, which
stimulates bone turnover and leads to transient increases in
serum calcium levels although the pharmacodynamic pro-
file of abaloparatide suggests a lower risk with this agent
[43]. This side effect is primarily responsible for 88% of
AEs categorized under the SOC “metabolism and nutrition
disorders” in studies of abaloparatide and teriparatide. Typi-
cally, hypercalcemia associated with these drugs is mild and
transient, peaking within hours post-injection and return-
ing to baseline by the next day [34, 70]. Routine calcium
monitoring is not generally required unless patients have
additional risk factors for hypercalcemia, making PTH1 ana-
logs appropriate for most patients. However, patients with a
history of urolithiasis or active hypercalcemia may require
closer monitoring or alternative treatments, as hypercalce-
mia could exacerbate these conditions [61-64].

Regarding cardiovascular safety, the EMA, but not the
FDA, recommends additional cardiovascular precautions
before initiating abaloparatide therapy, as outlined in the
Summary of Product Characteristics (SmPC) for Eladynos,
but this statement warrants careful examination [61, 63].
The requirement to assess blood pressure, cardiac status, and
ECG before beginning abaloparatide treatment is not mir-
rored in the SmPC for teriparatide (Forsteo) [62], despite the
two drugs being in the same pharmacological class and shar-
ing similar mechanisms of action. This discrepancy, if we
refer to current evidence, may be considered overly cautious
and lacking in sufficient scientific grounding. Indeed, our
NMA and others demonstrate no statistically significant dif-
ference in cardiovascular safety between abaloparatide and
teriparatide [17, 71]. The current CV safety sub-analysis,
which includes 48,433 patients, evaluated various MACE
categories, including MACE3, MACE4, and MACES, and
applied stratified assessments for conditions such as myocar-
dial infarction and stroke. The consistent findings across all
cardiovascular outcomes suggest that neither abaloparatide
or teriparatide increases the risk of such events compared

to placebo and other osteoporotic treatments, which is fur-
ther confirmed in another recent NMA conducted by Seeto
et al. [71]. Moreover, no difference was observed between
abaloparatide and teriparatide themselves, challenging the
necessity of additional cardiovascular screening exclusively
for abaloparatide. The EMA’s recommendation appears to
rely on early clinical observations of transient orthostatic
hypotension and increased heart rate within hours of abalo-
paratide administration, effects also noted with teriparatide
but without the same degree of caution.

Consequently, the current statement from regulatory bod-
ies regarding the safety of these agents may seem exces-
sively cautious considering the documented low-risk profiles
of both treatments. This could create an undue burden on
healthcare providers and patients, potentially discouraging
the use of safe and effective osteoporosis therapies.

Strength and weaknesses

Meta-analyses, including network meta-analyses, represent
a high level of evidence as they integrate multiple sources of
data, thereby enhancing the external validity of the results.
Moreover, in this specific work, we took an additional step
by including RWE studies alongside RCTs, rather than
restricting the analysis to RCTs alone, thereby enhancing the
pragmatic relevance of the results. To our knowledge, this
is the first NMA investigating the efficacy of PTHI recep-
tor agonists for osteoporosis fracture prevention including
also RWE studies, making these findings uniquely original
in the field. Safety analyses, on the other hand, were only
performed on RCT evidence as RWE studies did not report
AEs related to the use of products. Nevertheless, these safety
analyses have been carefully performed using the MedDRA
classification to group adverse events into SOC. However, a
common critique of such meta-syntheses is that they often
combine studies that differ significantly in terms of inter-
ventions. Indeed, variations are frequently observed across
studies regarding treatment dose, duration, and allowable
rescue medications. This current analysis is not exempt from
such methodological limitations. While doses of abalopara-
tide appear consistent between studies, reported doses of
teriparatide vary between 20 and 40 pg per day, with treat-
ment durations ranging from 12 to 36 months. However,
focusing the meta-analysis assessing the anti-fracture effi-
cacy of teriparatide on the currently marketed 20 ug daily
dose and excluding the 40 pg daily dose arm of the currently
published studies did not generate results which were sig-
nificantly different from our primary analysis (a posteriori
sensitivity analyses, available on https://osf.io/fmbp2/).
Another limitation stands in the fact that the limited number
of studies included in the pairwise meta-analyses restricted
our ability to perform sensitivity and subgroup analyses.
Specifically, performing a leave-one-out sensitivity analysis,
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though included in our protocol, was deemed impractical
given the small number of studies included in the pairwise
meta-analyses (i.e., only two or three individual studies).
Additionally, this work also slightly deviates from the ini-
tial protocol, as we did not analyze the impact of therapies
on BMD. Since we chose to include only studies reporting
fractures as the primary outcome, some RCTs that provided
BMD data were excluded from the model. Conducting sta-
tistical analyses on BMD with a sample of studies biased for
this outcome was therefore deemed irrelevant. A subsequent
manuscript will address the effects on BMD, expanding the
sample to include studies that report BMD as either a pri-
mary or secondary outcome.

Conclusion

In conclusion, this comprehensive NMA underscores the
significant benefits of PTH1 analogs in reducing the risk of
fractures across diverse skeletal sites. These findings high-
light the potential for PTH1 analogs to serve as agents for
the management of primary osteoporosis, particularly for
patients at high risk of fractures. Despite longstanding con-
cerns about their safety, particularly regarding cardiovascu-
lar events and osteosarcoma risk, this analysis, summarizing
the most recent clinical evidence, confirms a highly satis-
factory safety profile. Both abaloparatide and teriparatide
demonstrate identical safety compared to other osteoporosis
treatments, with no signal of increased cardiovascular risk,
suggesting that cardiac evaluation at treatment initiation for
abaloparatide may be unnecessary and could hamper patient
access to these beneficial therapies. Given their effective-
ness and favorable safety profile, PTH1 analogs should be
considered essential in the therapeutic arsenal for osteopo-
rosis, offering promising outcomes for most patients without
unwarranted restrictions.
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