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ABSTRACT
Bisphosphonates have been found to be effective in preventing fragility fractures. However, their comparative effectiveness in popu-
lations at risk has yet to be defined. In light of recent clinical trials, we aimed to compare four bisphosphonates (alendronate, iban-
dronate, risedronate, and zoledronate) and to identify which are the most effective for the prevention of fragility fractures. This is an
update of a systematic review previously published as part of a NICE HTA report. We conducted a systematic review and network
meta-analysis, updating the estimates regarding the comparative effectiveness of the aforementioned bisphosphonates. Studies
identified from published and unpublished sources between 2014 and 2021 were added to the studies identified in the previous
review. Screening, data extraction and risk of bias assessment were independently undertaken by two reviewers. Outcomes were
fractures, femoral neck bone mineral density (BMD), mortality, and adverse events. We identified 25 additional trials, resulting in a
total population of 47,007 participants. All treatments had beneficial effects on fractures versus placebo with zoledronate being
the most effective treatment in preventing vertebral fractures (hazard ratio [HR] 0.38; 95% credibility interval [CrI], 0.28–0.49). Zole-
dronate (HR 0.71; 95% CrI, 0.61–0.81) and risedronate (HR 0.70; 95% CrI, 0.53–0.84) were found to be the most effective treatments
in preventing nonvertebral fractures. All treatments were associated with increases in femoral neck BMD versus placebo with zole-
dronate being the most effective treatment mean difference (MD 4.02; 95% CrI, 3.2–4.84). There was a paucity of data regarding
hip and wrist fractures. Depending on its cost-effectiveness, zoledronate could be considered a first-line option for people at
increased risk of fragility fractures. © 2022 The Authors. JBMR Plus published by Wiley Periodicals LLC on behalf of American Society
for Bone and Mineral Research.
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Introduction

Bisphosphonates, such as alendronate (ALN), risedronate
(RIS), ibandronate (IBN), and zoledronate (ZOL), have been

found to be effective in reducing the risk of osteoporotic fragility
fractures.(1) However, there is no conclusive evidence regarding
their comparative effectiveness in specific patient groups, such

as patients with low bone mineral density (BMD).(2) This can be
accounted for by the paucity of comparative trials that would
provide insight on how bisphosphonates work through time in
the light of adverse events associated with the use of bispho-
sphonates.(2) There is a need, therefore, to undertake a compar-
ative evaluation of bisphosphonates, testing their effectiveness
in reducing the risk of fragility fractures.
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This is an update of a systematic review that was previously
published as part of a National Institute for Health and Care
Excellence (NICE) health technology assessment (HTA) report.(3)

The update of the systematic review is timely given that there
are recently published trials which are likely to alter the confi-
dence in findings, providing an opportunity to update estimates
to facilitate clinical decision-making.(4) In the current review, five
interventions were considered: alendronate 10 mg/daily or
70 mg/weekly (ALN), orally-administered ibandronate 150 mg/
monthly (IBN-oral), intravenously-administered ibandronate
3 mg/quarterly (IBN-iv), risedronate 5 mg/daily or 35 mg/weekly
(RIS), and zoledronate 5 mg/annually (ZOL). Supplementary to
fractures, this review also investigated the effects of bisphospho-
nates on femoral neck BMD, health-related quality-of-life
(HRQoL), adverse events, and mortality. Within the context of
osteoporosis, BMD constitutes a biological surrogate measure
of patients’ risk to develop fragility fractures,(5) although recent
evidence has shown that treatment-induced BMD changes at
femoral neck predict lower risk in developing vertebral, nonver-
tebral, and hip fractures.(6) The aim of this systematic review was
to provide updated estimates regarding the comparative effec-
tiveness of the aforementioned bisphosphonates, which in turn
will inform an economic evaluation regarding bisphosphonates’
benefit-to-risk ratio.

Methods

This network meta-analysis is an update of a systematic review
that was previously published as part of a NICE HTA report.(3) This
study was reported following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) Extension
Statement for Reporting of Systematic Reviews Incorporating
Network Meta-Analyses of Health Care Interventions checklist
(Appendix 12).(7) This systematic review and network meta-
analysis has been registered with the PROSPERO database
(CRD42020177155).(8)

Eligibility criteria

The eligibility criteria of this systematic review have been
described.(3) Briefly, only studies in which the interventions
of interest (ALN, IBN-iv, IBN-oral, RIS, and ZOL) have been
assessed within their licensed doses for treating osteoporosis
were eligible for inclusion. Studies that report data for both
licensed and unlicensed dose study groups were considered
eligible only if data for the licensed groups were separately
reported. Studies reporting comparisons among the interven-
tions of interest were considered eligible for inclusion. Inter-
ventions could also be compared with placebo or other
nonactive treatments (eg, treatment without the potential to
augment bone, calcium/vitamin D). Outcomes consisted of fra-
gility fractures, BMD at femoral neck, mortality, adverse effects,
and HRQoL. Only randomized controlled trials (RCTs) were eli-
gible for inclusion.

Search strategy and information sources

A comprehensive search was undertaken to systematically iden-
tify eligible studies regarding the aforementioned bisphospho-
nates’ effects in preventing the occurrence of fragility fractures
(Appendix 1). Only studies published in the English language
were included at the full-text stage, given that no relevant

studies published in other languages were identified. The search
strategy comprised the following main elements: searching of
electronic databases (including unpublished data and trial regis-
tries), extensive keyword hand-searching, and scrutiny of bibli-
ographies of retrieved papers. The following databases were
searched:

•MEDLINE® In-Process & Other Non-Indexed Citations and
MEDLINE® (Ovid), including PubMed;

•EMBASE (Ovid);
•Cochrane Database of Systematic Reviews (Wiley

Interscience);
•Cochrane Central Register of Controlled Trials (CENTRAL)

(Wiley Interscience);
•Cumulative Index to Nursing and Allied Health Literature

(CINAHL, EBSCO);
•Database of Abstract of Reviews of Effects (Wiley Online

Library);
•Health Technology Assessment Database (CRD Database);
•NHS Economic Evaluation Database (CRD Database);
•OpenGrey;
•Science Citation Index (ISI Web of Knowledge);
•Conference Proceedings Citation Index - Science (Web of

Science);
•ClinicalTrials.gov.
Searches of Medline, EMBASE, CINAHL, and CENTRAL cov-

ered the period from September 2014, to March 1, 2021.
Searches of the rest of databases and trial registries were con-
ducted from 2014 to February 8, 2021. All potentially relevant
citations were downloaded to Endnote X8 Reference Manager
bibliographic software (version 8.0; Clarivate Analytics, Phila-
delphia, PA, USA).

Study selection, data collection process, and data items

Newly-identified studies were imported into Rayyan online soft-
ware.(9) Two independent reviewers screened studies for rele-
vance based on titles/abstracts and later full-texts (AB, TL) with
disagreements resolved through discussion or by consulting a
third reviewer (OS). Two independent reviewers (AB, TL) con-
ducted full-text screening with a high-level of agreement
(κ= 0.91). A standardized and pilot-tested data extraction form
was used to extract relevant data. One reviewer (AB) extracted
data with a second reviewer (TL) independently checking at
least of 80% of the extracted records. Where multiple publica-
tions of the same study were identified, data extraction was
undertaken on the associated publications where relevant data
exists. Where different follow-ups of an eligible study were iden-
tified, these were included in the extraction phase where rele-
vant data existed. Data extracted consisted of the following
categories: (i) descriptive statistics (eg, number recruited and
randomized, participants’ characteristics); (ii) baseline data on
outcomes of interest (eg, comorbidities, fractures at baseline,
alcohol use, number of falls); (iii) moderators of action (eg, glu-
cocorticoids [GC] use, patients with osteoporosis, history of frac-
tures/fractures at baseline); (iv) intervention characteristics (eg,
drug-type, administration mode, concomitant treatments);
(v) statistics and relevant data on the main outcome expressed
either as continuous or binary outcomes; (vi) data on adverse
events (total and by type); and (vii) data on mortality and
HRQoL. Authors were contacted when there was lack of data
on outcomes of interest and/or further information were
needed in order to attest eligibility of relevant studies.
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Geometry of networks

Both treatment-placebo and treatment-active comparisons were
examined and network plots were created for all outcomes
(Appendix 3). Nodes indicate the different treatments included
in the analysis and thickness of edges connecting the nodes indi-
cate the number of studies informing each comparison (thicker
lines indicate more populated comparisons). For those from
the main outcomes with connected networks (ie, femoral neck
BMD and vertebral fractures), an additional visual representation
of network plots is provided (Appendix 7). Node size indicates
the number of studies included in each node and thickness of
lines indicate the overall sample size informing each comparison
(thicker edges indicate more populated pairwise comparisons).

Risk of bias within individual studies

The methodological quality of the included RCTs was indepen-
dently assessed at the study-level by two reviewers (AB, JLB),
using the Cochrane Collaboration risk of bias tool 1.0.(10) Any dis-
agreements were resolved through discussion. The Cochrane
Collaboration risk of bias tool 1.0 addresses the following specific
domains: sequence generation; allocation concealment; blinding
of participants and personnel; blinding of outcome assessment;
and incomplete outcome data and selective outcome reporting.
Studies were rated with a low-risk of bias in randomization
sequence if they provided an explicit statement on how they
performed the randomization. Open-label trials were rated as
high risk in the “blinding” category, whereas higher than 20%
attrition at 12 months’ follow-up resulted in high-risk rating in
the “incomplete outcome data” category. Risk-of-bias plots were
created by using the “robvis” tool.(11)

Summary measures and methods of analysis

Fractures, mortality, and adverse events were reported in a
binary form (number of participants experiencing at least one
event out of the total number of participants). The data genera-
tion process followed a binomial likelihood, assuming an under-
lying Poisson process for each trial arm. The complementary log–
log link function was used to model the network meta-analyses
(NMAs) for the binary outcomes.(12) Log hazard ratios (HRs) were
estimated from the median and corresponding 95% credibility
intervals (CrIs) from the 2.5th and 97.5th centiles of the posterior
distribution. Treatment ranking probabilities for all fracture out-
comes are reported. Changes in BMD were reported as percent-
age changes per arm from baseline (mean percentage difference
per arm plus standard error of the mean [SE]). The data genera-
tion process followed a normal likelihood. The identity link func-
tion was used to model the NMA for BMD change, including
study duration as a trial-level covariate and assuming an equal
interaction effect between treatments and reference treatment
one.(13) The treatment effects represent the mean difference
between the percentage change in the treatment group and
the comparator group. Mean percentage difference plus 95%
CrI were estimated from the posterior distribution. Treatment
ranking probabilities and surface under the cumulative ranking
(SUCRA) are reported for the BMD data.(14)

Two different modeling strategies were considered for the
treatment effects: (i) a standard, independent random (treatment)-
effects model(15) was fitted for assessing the comparative effective-
ness of bisphosphonates in increasing femoral neck BMD; and
(ii) exchangeable treatment-effects models (ie, effects model where
the treatment effects are assumed to arise from a common

distribution according to the class of drug)(16,17) were fitted for
assessing the comparative effectiveness of bisphosphonates in pre-
venting fractures, deaths, and adverse events, given the relative
paucity of data in the aforementioned variables. For BMD changes,
the model was completed by using conventional reference prior
distributions: (i) trial-specific baseline, μi � N(0,1002); (ii) treatment
effects relative to reference treatment, d1k � N(0,1002); and
(iii) between-study standard deviation (SD) of treatment effects,
τ � U(0,100). Where therewere sufficient data for binary outcomes,
conventional reference prior distributions were used: (i) trial-specific
baseline, μi � N(0, 1002); (ii) treatment effects relative to reference
treatment, d1k � N(0, 1002); and (iii) between-study SD of treatment
effects, τ � U(0, 5). Due to the paucity of data, we used a weakly
informative prior distribution for the between-study SD (ie,
τ � HN(0,0.322)) for the NMAs of hip and wrist fractures, and
specific-type adverse events (ie, influenza-like symptoms, myalgia,
nasopharyngitis, and headache). Based on clinical plausibility, a
weakly informative prior distribution for the between-study SD (ie,
τ � HN(0,0.322)) was used for the NMA of mortality data.

All analyses were conducted using OpenBUGS (MRC Biostatis-
tics Unit, Cambridge, UK)(18) and R Studio (R version 4.0.3),(19)

using the “gemtc”(20,21) and “rjags”(22) packages. Convergence
to the target posterior distributions was assessed using the
Gelman–Rubin statistic for three independent chains with differ-
ent initial values. For all outcomes, results were based on three
independent chains of initial values and 105,000 iterations after
a burn-in of 50,000 iterations. Most of NMAs exhibited moderate
correlation between successive iterations of theMarkov chain, so
were thinned by retaining every 10th sample.

Assessment of inconsistency

Consistency of evidence was assessed by using the node-
splitting method(23–25) in OpenBUGS and RStudio (R version
4.0.3). Differences between direct and indirect evidence in all
network loops were calculated with p values <0.05 indicating
the presence of significant inconsistency. In the case of fracture
data, inconsistency was assessed for vertebral fractures only.
For nonvertebral fractures, no indirect evidence was available.
For hip fractures, an assessment of inconsistency was not per-
formed because the direct evidence between ALN and RIS was
provided by one small and, unbalanced in terms of sample size,
study(26) with zero events in one arm. For wrist fractures, an
assessment of inconsistency was not performed because the
direct evidence between ALN and RIS was provided by the same
small study and the only direct evidence between ALN and oral
IBN-oral was provided by the only three-arm study included in
the NMA.(27) For BMD data, the assessment of inconsistency
was performed after excluding an outlier study,(28) which was
the only study informing the direct relationship between ZOL
and ALN, and the three-arm study,(27) which was the only study
providing direct evidence for the relationship between RIS and
IBN-oral. For the overall adverse events outcome, an assessment
of inconsistency was not formally performed because the fit of
the model with the data was poor. For myalgia, headache, and
pyrexia, assessment of inconsistency was not performed
because there was no indirect evidence. For influenza-like symp-
toms, an assessment of inconsistency was not performed
because there was only one small study with zero events in the
control arm informing the direct relationship between IBN-oral
and placebo and three small studies with zero events in control
arms informing the direct relationship between ZOL and
placebo.
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Credibility of the findings/risk of bias across studies

A post hoc assessment of methodological quality of the included
studies was undertaken at outcome level. A more liberal assess-
ment was applied to the categories of “blinding” and “incom-
plete outcome data,” taking into account that the NMAs
assessed pharmacological treatment effects on objective out-
comes. When attrition was comparable between arms (≤10%)
at follow-up, a low risk rating was applied. Our aim was to appro-
priately evaluate the credibility of results obtained from the NMA
of RCTs with different endpoints. The assessment of the credibil-
ity of findings was conducted by following the Confidence in
Network Meta-Analysis (CINeMA) approach,(29) where the credi-
bility of findings is accounted for by the assessment of:
(i) within-study bias, (ii) reporting bias, (iii) indirectness,
(iv) imprecision, (v) heterogeneity, and (vi) incoherence.(29) Con-
ventional levels of HR (0.8, 1.25) and mean difference (MD) 2.71
(1/2 SD of baseline control arms) were used to indicate clinical
significance for fractures and BMD outcomes, respectively. The
assessment of credibility of findings was conducted using CIN-
eMA’s freely available web application.(30)

Additional analyses

Sensitivity analysis was conducted on the main outcomes (verte-
bral and nonvertebral fractures and BMD at femoral neck). Studies
with an overall high risk of bias, studies in which patients were
switched to different treatment doses, and a single study that
was an independent substudy of an included trial were excluded
in the sensitivity analysis of vertebral and nonvertebral fractures.
For BMD outcome, two sensitivity analyses were conducted. The
first sensitivity analysis assessed the comparative effectiveness
of bisphosphonates after excluding those studies with an overall
high-risk rating in the risk of bias assessment and the one study
thatwas an independent substudy of an included trial. The second
sensitivity analysis was conducted after excluding those studies in
which BMD data was extracted from graphs.

Heterogeneity in treatment effects was explored by consider-
ing potential treatment effect modifiers.(13) A set of subgroup
meta-regressions were conducted on the main outcomes, test-
ing the effects of the following three covariates: (i) proportion
of patients with osteoporosis ≥75%, (ii) proportion of patients
with increased risk of fractures ≥75%, and (iii) mode of adminis-
tration (oral versus intravenous). In all subgroup analyses, we
assumed a common interaction effect that applies to relative
effects of all the treatments relative to the reference treatment
one.(13) For BMD changes, study duration was included in
meta-regression as a trial-level continuous covariate (centered).
For both fractures and BMD outcomes, additional meta-
regressions were run, adjusting for participants’ baseline-risk,
where the interaction term indicates the change in the treatment
effect (eg, log-HR for fracture data and change in mean differ-
ence between treatments for BMD data) per unit change in the
baseline risk/response.

Results

Study selection

A PRISMA flow diagram shows the selection of papers for inclusion
and exclusion in the updated systematic review (Fig. 1). A total of
6623 articles were retrieved, of which 1889 were duplicates. Over-
all, 4535 studies were excluded following title and abstract screen-
ing, and 170 were excluded following full-text screen (Appendix

10). Data from25newly identified trials obtained from29published
reports were added to the data obtained from43 trials identified in
the previous review,(3) resulting in a total of 68 trials of 47,007 par-
ticipants (Appendices 9 & 11).

Network structures and geometry

Network graphs comparing bisphosphonates for the prevention
of fragility fractures are presented for all outcomes (Appendix 3).
Four networks were created for fractures data. Data for vertebral
and hip fractures provided us with one closed loop of evidence.
Data for nonvertebral fractures did not provide us with a closed
loop of evidence, and the indirect effects were drawn from a sin-
gle study. Similarly, data for wrist fractures provided us with a sin-
gle loop after removing the only three-arm study of the network.
Data for BMD provided us with five closed loops after removing
the single three-arm study, whereas three of the loops were
accounted for by single studies. A total of 28,340 (nstudies= 27)
participants received bisphosphonates (ntreatments= 5) to pre-
vent vertebral fractures. The most commonly studied treatments
were ZOL (n= 10) and RIS (n= 10). Placebowas used as the com-
parator arm in 24 studies. Themost frequently used comparisons
were ZOL versus placebo (n = 9) and RIS versus placebo (n = 8).
A total of 26,435 (nstudies = 19) received bisphosphonates
(ntreatments = 5) for preventing nonvertebral fractures. The
drug that was more commonly studied was ZOL (n= 7). Placebo
was used as the comparator arm in 18 studies. The most com-
monly studied comparisons were ZOL versus placebo (n = 7)
and ALN versus placebo (n= 6). A total of 28,570 (nstudies= 44)
participants received bisphosphonates (ntreatments = 5) pro-
viding us with data for femoral neck BMD. Data was drawn from
43 two-arm studies and one three-arm study. The studied medi-
cations were more commonly ALN (nstudies= 23) and RIS (nstu-
dies = 16). Placebo was used as the comparator arm in
37 studies. The most commonly studied comparisons were ALN
versus placebo (n = 17 studies) and RIS versus placebo (n = 11
studies). No trials testing IBN-iv against any of the aforemen-
tioned bisphosphonates were identified.

Characteristics of studies and risk of bias within individual
studies

Twenty-five new trials of 6318 participants were identified from
29 published reports, covering the period from 2014 to 2021.
Overall, 10 studies were conducted in China,(28,31–39) five studies
were conducted in Europe,(27,40–43) three were conducted in the
United States,(44–46) three were conducted in Oceania,(47–49) one
in Japan,(50) one in South Korea,(51) and twowere conducted inter-
nationally.(52,53) Four extensions of original trials(54–57) and one
ancillary substudy of a main trial(43) were available, accounting
for the total number of eligible studies identified. In two
cases,(40,47) trials published before 2014 were deemed eligible
for inclusion and included in the updated review after receiving
clinicians’ feedback. The sample sizes of the trials identified in
the updated review ranged from 30 to 2000 participants. A full list
of included studies’ characteristics are reported in Appendix 2.
Overall, 19 trials recruited exclusively female partici-
pants.(27,28,32,34,36–38,40–47,49,51–53) In nine trials, most of participants
had received a diagnosis of osteoporosis before entering the
study,(28,31–34,36,37,41,43) participants in nine trials fulfilled the cri-
teria for secondary causes of osteoporosis,(28,41,42,45,46,48,51,53,54)

participants in four trials received the treatments of interest
postoperation,(31,33,35,37) whereas the majority of participants
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had a history of fractures or were recruited on the basis of frac-
tures at baseline in six trials.(32,33,35,37,50,54) Overall, 15 trials identi-
fied in the updated review provided us with data regarding the
occurrence of fractures,(27,31–33,37–39,43,45,47,48–51,54) whereas 13 tri-
als provided data regarding percentage BMD change at femoral
neck(27,28,36,38,40,43–46,50–52,54) and three provided data regarding
absolute BMD changes(33,34,41) (Appendix 2). All but two of the
newly identified trials(36,41) reported prevalence of adverse events
(Appendix 2). In total, the overall risk of bias was high in 12 tri-
als(27,31–33,35,37,38,40,41,44,51,53) (Appendix 6). Most of the high-risk
ratings were observed in the “blinding of participants and person-
nel” and “incomplete outcome data” domains.

Synthesis of results on the main outcomes

Primary outcome: vertebral fractures

Data were available from 27 RCTs (Appendix 3). The network pro-
vided six direct treatment comparisons. Three contrasts were

checked for inconsistency with none of the comparisons show-
ing significant evidence of inconsistency (p > 0.1) (Appendix 8).
The model fitted the data relatively well (data points: 54; total
residual deviance [Dres]: 56.34; deviance information criterion
[DIC]: 298.5). The between-study SD was estimated to be 0.18
(95% CrI, 0.01–0.46), whereas the between-treatment SD was
estimated to be 0.19 (95% CrI, 0.01–0.46). All treatments were
associated with beneficial treatment effects relative to placebo
and all treatment effects were statistically significant (p < 0.05)
(Table 1). ZOL, ALN, and RIS were also found to exert clinically sig-
nificant effects. ZOL was associated with the greatest effect
(HR 0.38; 95%CrI, 0.28–0.49) and it wasmost likely to be themost
effective treatment (probability: 0.55) (Appendix 4).

Outcome: nonvertebral fractures

Data were available from 19 RCTs (Appendix 3). The model fitted
the data well (data points: 38; Dres: 28.57; DIC: 224.8).
The between-study SD was estimated to be 0.08 (95% CrI,

Fig. 1. PRISMA flow diagram of the selected studies in the updated review. PRISMA = Preferred Reporting Items for Systematic reviews and Meta-
Analyses.
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0.06–0.24), whereas the between-treatment SD was estimated
to be 0.21 (95% CrI, 0.005–0.99). All treatments were associated
with beneficial treatment effects relative to placebo, with RIS,
ALN, and ZOL being statistically significant (p < 0.05) (Table 1).
RIS was associated with the greatest effect (HR 0.7; 95% CrI,
0.53–0.84) and was most likely to be the most effective treat-
ment (probability: 0.44) (Appendix 4). ZOL was found to be com-
parably effective, showing more precise effects (HR 0.71; 95%
CrI, 0.61–0.81).

Primary outcomes: hip fractures and wrist fractures

Data on the occurrence of hip fractures were available from
14 RCTs. The model fitted the data well (data points: 28; Dres:
22.22; DIC: 144.8). The between-study SD was estimated to be
0.1 (95% CrI, 0–0.33), whereas the between-treatment SD was
estimated to be 0.36 (95% CrI, 0–1.8). All treatments were asso-
ciated with beneficial treatment effects relative to placebo,
whereas ZOL, ALN, and RIS were found to exert statistically sig-
nificant treatment effects (p < 0.05). ZOL (HR 0.61; 95% CrI,
0.47–0.79) and ALN (HR 0.61; 95% CrI, 0.4–0.86) were associated
with the greatest effects, with the effects of the former being
clinically significant.

Data on the occurrence of wrist fractures were available from
10 RCTs with one RCT comparing three treatments. The model
fitted the data well (data points: 21; Dres: 21.83; DIC: 95.26).
The between-study SD was estimated to be 0.29 (95% CrI, 0–
0.68), whereas the between-treatment SD was estimated to be
0.44 (95% CrI, 0.01–1.8). All treatments were associated with
beneficial treatment effects relative to placebo, although the
treatment effects were not statistically significant (p > 0.05).
ZOL was associated with the greatest effect, with HR 0.54 (95%
CrI, 0.04–1.36), and was most likely to be the most effective
treatment (probability: 0.47) (Appendix 4).

Primary outcome: percentage change in femoral neck BMD

Data were available from 44 RCTs with one RCT comparing three
treatments.(27) The model’s fit with the data was moderate (data
points: 89; Dres: 92.21; DIC: 173.4), whereas none of the seven
comparisons showed significant evidence of inconsistency
(p > 0.1) (Appendix 8). The between-study SD was 0.93 (95%
CrI, 0.64–1.34). The interaction term for duration of study was
0.78 (95% CrI, 0.3–1.24), implying that longer study duration pre-
dicts BMD increases for treatment arms. All treatments were
associated with beneficial effects relative to placebo (Table 1),
and all treatment effects were statistically significant (p < 0.05).
ZOL was associated with the greatest effect (MD 4.02; 95% CrI,
3.2–4.84), andwasmost likely to be themost effective treatment
(probability: 0.96; SUCRA %: 99) (Appendix 4). ZOL was also
found to exert clinically-significant effects. Additional
analysis was performed on BMD data by undertaking two sepa-
rate NMAs for 12-month and 24-month to 36-month
data (Appendix 5). Both models fitted the data well with ZOL
being the most effective treatment at both time points
(MD 12-month: 3.05; 95% CrI, 2.25–3.85, p < 0.05; MD
24-36 months: 4.11; 95% CrI, 2.84–5.52, p < 0.05). In those stud-
ies where BMD changes were reported as absolute difference
from baseline,(33,34,41) statistically significant increases in BMD
at femoral neck were observed in treatment groups at
12-month follow-up. Ta
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Outline of results on the secondary outcomes

Eleven NMAs were conducted on secondary outcomes (Appen-
dix 5). ZOL was found to be significantly worse compared to pla-
cebo on overall adverse events (HR 1.52; 95% CrI, 1.19–1.96),
arthralgia (HR 1.95; 95% CrI, 1.17–3.01), headache (HR 2.76; 95%
CrI, 2.32–3.29), influenza-like symptoms (HR 6.05; 95% CrI, 3.07–
10.86), myalgia (HR 5.21; 95% CrI, 4.35–6.3), and pyrexia symp-
toms (HR 9.37; 95% CrI, 7.11–15.56). The model fit with the data
was: poor on overall adverse-events outcome (Dres: 91.23; data
points: 77), good on arthralgia outcome (Dres: 31.98; data points:
32), moderate on headache outcome (Dres: 25.46; data points:
22), poor on influenza-like symptoms outcome (Dres: 35.93; data
points: 24), relatively good on myalgia outcome (Dres: 24.69;
data points: 22), and moderate on pyrexia outcome (Dres:
27.27; data points: 24). Additional information regarding the
analysis of secondary outcomes is provided in Appendix 5.

Risk of bias across studies and credibility of findings

Risk of bias assessment at outcome level was undertaken for all
studies conferring data to vertebral fractures and BMD. For verte-
bral fractures, most of major concerns were detected in the com-
parisons of RIS versus placebo (>70%) and ALN versus RIS (>40%)
with the former being informed by eight direct comparisons and
the latter by one direct comparison (Appendix 7). From mixed-
treatment comparisons, findings drawn from two treatment-
placebo comparisons were rated as highly credible (ALN versus
placebo; ZOL versus placebo). Findings drawn from RIS versus
placebo and RIS versus ZOL comparisons were considered of
moderate credibility, with the latter being informed by only
one direct pairwise comparison. Findings drawn fromALN versus
IBNor and ALN versus RIS comparisons were considered of low
credibility with the former comparison being informed by a small
study of zero events in the control group. From indirect compar-
isons, evidence drawn from the treatment-placebo comparison
(placebo versus IBN-oral) and one active comparison (ALN versus
ZOL) were both rated as highly credible, whereas the rest of indi-
rect comparisons produced evidence of low credibility.

For percentage BMD change, most of major concerns were
detected in the active comparison of ALN versus RIS (marginally
>10%) with four studies providing evidence (Appendix 7). Pro-
portion of evidence drawn from studies with major concerns
were <10% in the rest of comparisons. Apart from two active
comparisons (ALN versus ZOL; IBNor versus ZOL), all the compar-
isons provided us with highly credible findings. With regard to
the two comparisons providing us with evidence of low credibil-
ity, the direct evidence for the comparison of ALN versus ZOL
were drawn from a single, outlier study.(28)

Results of additional analysis

Heterogeneity of effects was explored by undertaking separate
sensitivity analyses for each of the main outcomes and using risk
of bias assessment as a moderator variable (Appendix 5). For ver-
tebral fractures, data were available from 22 two-arm studies.
The model had a good fit with the data with a total residual devi-
ance of 43.47 (data points: 44). The between-study SD was esti-
mated to be 0.23 (95% CrI, 0.01–0.53), implying mild
heterogeneity in treatment effects between RCTs. The direction
of the findings remained the same compared to the main analy-
sis whereas only minimal differences were detected in the mag-
nitude of observed effects. All treatment effects were different
compared to placebo (p < 0.05). ZOL was found to have themost

beneficial effects compared to placebo (HR 0.41; 95% CrI, 0.3–
0.55). For nonvertebral fractures, data were available from
16 two-arm studies. The model had a good fit with the data with
a total residual deviance of 23.96 (total number of data points:
32). The between-study SD was estimated to be 0.08 (95% CrI,
0.004–0.24), implying only minimal heterogeneity in treatment
effects between RCTs. The direction of findings remained the
same compared to the main analysis whereas the larger devia-
tions were detected in the observed effect sizes of ALN and
IBN-oral. Similar to the main analysis, only the treatment effects
related to IBN-oral were not statistically significant compared
to placebo (p > 0.05). RIS was found to have the most beneficial
effects compared to placebo (HR 0.64; 95% CrI, 0.42–0.84). For
percentage BMD change, data were available from 33 two-arm
studies (Appendix 5). The model had a good fit with the data
with a total residual deviance of 61.49 (data points: 66). The
between-study SD was estimated to be 0.75 (95% CrI, 0.5–1.09),
implying high heterogeneity in treatment effects between RCTs
with reasonable uncertainty. The direction of the findings
remained the same compared to the main analysis and all treat-
ment effects were statistically significant compared to placebo
(p < 0.05). ZOL was found to have the most beneficial effects
compared to placebo (MD 3.69; 95% CrI, 2.91–4.45). Additional
information regarding sensitivity analyses are provided in
Appendix 5.

Heterogeneity was also explored by undertaking a set of four
meta-regressions on the main fracture outcomes (Appendix 5).
None of the tested effect modifiers were found to significantly
interact with the treatment effects apart from participants’ oste-
oporotic status on vertebral fractures. For vertebral fractures, the
model fit of the meta-regression on the osteoporotic status of
participants was good with a total residual deviance of 52.59
(data points: 54). The between-study SD was estimated to be
0.12 implying mild heterogeneity in treatment effects between
RCTs. Treatment effects were found to vary according to the type
of participants, with larger treatment effects found to be associ-
ated with osteoporotic status, providing an interaction term of
�0.61 (95% CrI, �1.07 to �0.17). The model fit was improved
by including participants’ osteoporosis status as an effect modi-
fier. Additional information regarding subgroup analyses are
provided in Appendix 5.

Discussion

This is an update of a systematic review that was previously pub-
lished as part of a NICE HTA report. Overall, 44 trials provided
data for femoral neck BMD, whereas 27 and 19 trials provided
data for vertebral and nonvertebral fractures, respectively. Only
14 and 10 trials provided data for hip and wrist fractures, respec-
tively. ZOL was found to be the most effective treatment in pre-
venting the occurrence of vertebral fractures and increasing
femoral neck BMD. ZOL was also found to be comparably effec-
tive to RIS and ALN in preventing nonvertebral fractures and hip
fractures respectively. ZOL’s effects in preventing hip and verte-
bral fractures, and increasing femoral neck BMD were found to
be clinically significant. In addition, treatment effects in prevent-
ing vertebral fractures were found to be stronger in people with
osteoporosis compared to placebo. Uptake of ZOL was also
found to be accompanied by more frequently reported adverse
events; however, these events are likely to be short-lived. Based
on these updated estimates, ZOL could be considered as the
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first-line treatment for people who experience or are at increased
risk of fragility fractures.

These findings arguably have important implications for clini-
cal decision-making in terms of the preferred therapeutic
approach for people with varying fracture risk. It has recently
been suggested that anabolic treatments should be preferred
as the first-line treatment for people who are at high risk for
developing osteoporotic fractures.(58) Although recent evidence
has shown that anabolic treatment is more effective than
bisphosphonates in reducing fracture risk in females who are at
high risk to develop fractures,(59,60) their effectiveness has only
been tested against oral bisphosphonates. There is an urgent
need therefore, for future comparative studies to test the effec-
tiveness of anabolic treatments versus ZOL in reducing the frac-
ture risk in high-risk populations. This becomes more apparent
when the imminent fracture risk and the need to expedite clini-
cal decision-making(61,62) are taken into account. Based on our
findings, ZOL seems a promising treatment that could decrease
the imminent fracture risk for high-risk populations within
24 months after administration. Future studies should investi-
gate whether ZOL or anabolic treatments are more effective in
reducing imminent fracture risk in high-risk populations.

Strengths and limitations

These network meta-analyses provide updated estimates
regarding bisphosphonates’ effect in preventing the occurrence
of fractures. This updated systematic review has several
strengths. First, this review includes a robust search strategy with
clearly-demarcated eligibility criteria, covering a wide range of
databases, trial registries, and gray literature. Second, this review
employed gold-standard methods in analyzing, reporting, and
assessing the quality of findings, which in turn facilitates clinical
decision-making. Inevitably, this review has also some limita-
tions. First, treatment networks for hip and wrist fractures were
sparse, something that might limit the generalization of our con-
clusions regarding bisphosphonates’ effects on those outcomes.
Second, none of the included studies had tested IBN-iv against
any other bisphosphonate or placebo, preventing the provision
of updated estimates regarding IBN-iv effectiveness. Third, there
was scarcity of data regarding bisphosphonates’ effects on male
populations and populations with exposure to glucocorticoids.

Conclusions

ZOL was found to be the most effective bisphosphonate com-
pared to ALN, RIS, and IBN-oral for reducing the risk of fragility
fracture. Depending on its cost-effectiveness, ZOL could be con-
sidered as a first-line option for people at increased risk of subse-
quent fractures.
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