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Abstract

Background: Aging and menopause accelerate bone loss, increasing susceptibility to osteoporotic vertebral compression fractures
(OVCFs), which cause severe pain, compromise respiratory function, and elevate mortality risk. Therefore, to mitigate this risk, various
10 medications have been used to prevent secondary fractures. However, a comprehensive summary of the efficacy of these medications
remains limited, prompting our systematic review and meta-analysis of randomized controlled trials (RCTs) to elucidate the effects of
these medications on the prevention of subsequent OVCFs. Materials and Methods: A comprehensive systematic search was con-
ducted across five electronic databases—PubMed, EMBASE, Scopus, Web of Science (WOS), and the Cochrane Library—to identify
peer-reviewed studies published in English. Eligible studies were included in a quantitative synthesis. Pooled effect estimates were
calculated as odds ratios (ORs) or risk ratios (RRs), along with the associated 95% confidence intervals (Cls). Additionally, heterogene-
ity was assessed using the Cochrane Q statistic and quantified with the I> metric, and meta-analytic procedures were performed using
Review Manager (RevMan) software, version 5.4 (The Cochrane Collaboration, Copenhagen, Denmark). The systematic review proto-
col was prospectively registered with the International Prospective Register of Systematic Reviews (PROSPERO; registration number
CRD420251176522), and the full protocol is available at: https://www.crd.york.ac.uk/PROSPERO/view/CRD420251176522. Results:
High- to moderate-quality evidence from pooled randomized controlled trials indicates that most bisphosphonates (zoledronate, alen-
dronate, risedronate, etidronate, and ibandronate) and non-bisphosphonate therapies (denosumab, teriparatide, bazedoxifene, estrogen,
calcitonin, and parathyroid hormone) are associated with a significant reduction in fracture risk. Overall, most bisphosphonates demon-
strated an approximate 40—60% reduction in fracture risk (risk ratio [RR] range: 0.40-0.60; 95% confidence intervals [CIs] spanning
0.23-0.77), while non-bisphosphonates were associated with a 30-50% reduction (RR range: 0.30-0.50; 95% CIs: 0.19-0.71), acknowl-
edging that individual agents exhibited varying magnitudes of effect. Pooled analyses also showed that both drug classes increased bone
mineral density, with bisphosphonates producing an approximate 3—7% increase (odds ratio [OR] range: 0.33-0.54; 95% CI: 0.19-0.74)
and non-bisphosphonates a 3—5% increase (OR range: 0.36-0.57; 95% CI: 0.23—0.83). Furthermore, safety data synthesized from the
included trials indicated a low incidence of adverse events for both treatment classes, with bisphosphonates showing RRs ranging from
0.19 to 0.44 (95% CI: 0.09-0.81) and non-bisphosphonates from 0.23 to 0.49 (95% CI: 0.12-0.89). Conclusion: High- to moderate-
quality evidence supports the efficacy of zoledronate, alendronate, risedronate, etidronate, ibandronate, parathyroid hormone (PTH),
denosumab, and selective estrogen receptor modulators (SERMs) in preventing secondary OVCFs. Zoledronate, risedronate, and PTH
reduced both vertebral and non-vertebral fractures. Denosumab outperformed alendronate, and PTH surpassed risedronate, although
with increased risk of adverse events.
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1. Introduction fold increase in the risk of secondary fractures and mor-
tality [2,3]. Hormonal changes in postmenopausal women

Osteoporosis predominantly affects postmenopausal  gisrypt bone metabolism, resulting in accelerated bone loss
women and the elderly population. This condition is char-  ang an increased risk of fractures [4]. Osteoporotic frac-

acterized by low bone mineral density and decreased bone tures result in a decline in health and quality of life, impos-

strength, which leads to an increased risk of fragility frac-  jng 4 significant burden on patients and healthcare systems

tures, including vertebral, hip, and non-hip nonvertebral 5] preventing osteoporotic fractures serves as the primary

fractures [1]. Osteoporotic vertebral compression fractures therapeutic objective in the treatment of osteoporosis, with
(OVCEFs) represent a significant complication of osteoporo-

sis, impacting 30-50% of individuals aged 50 and older.
Fragile fractures lead to severe pain, disability, and a four-

medication playing a crucial role.
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Recent studies evaluate various medications, includ-
ing bisphosphonates, non-bisphosphonates such as selec-
tive estrogen receptor modulators (SERMs), parathyroid
hormone analogs, and monoclonal antibodies, for the pre-
vention of OVCFs [6-8]. Bisphosphonates rank as the most
frequently prescribed medications among these options [9].
Other medications provide potential benefits as well. Nu-
merous randomized controlled trials (RCTs) demonstrate
the effectiveness of these medications in preventing frac-
tures [10—13]. The comparative efficacies of these medi-
cations in preventing secondary fractures remain unclear.
Secondary OVCFs denote fractures that occur following
an initial OVCEF, resulting in a detrimental cycle character-
ized by deteriorating bone health, heightened disability, and
diminished quality of life. Preventing secondary OVCFs
plays a vital role in enhancing the quality of life for pa-
tients [14]. Secondary OVCFs hold significant importance;
however, existing studies have predominantly concentrated
on primary prevention strategies, while secondary preven-
tion has received limited attention. Existing cross-sectional
surveys [15], ambispective cross-sectional studies [16], and
systematic reviews and meta-analyses [17] have evaluated
the efficacy of these medications in preventing secondary
OVCFs. However, these reviews faced limitations due to
the scarcity of available data, underscoring the necessity for
further research.

This systematic review and meta-analysis addresses
the existing knowledge gap by conducting a thorough ex-
amination of relevant randomized controlled trials (RCTs)
[18—41] selected according to pre-defined inclusion-
exclusion criteria. The focus lies on evaluating the effi-
cacy of various bisphosphonates and non-bisphosphonates
in preventing secondary osteoporotic vertebral compression
fractures (OVCFs) in postmenopausal women, with par-
ticular attention to bone metabolism and fracture risk re-
duction. This study conducted a thorough evaluation of
bisphosphonates and non-bisphosphonates medications, as-
sessing their clinical efficacy and safety profiles in prevent-
ing OVCF. The aim was to provide clinically relevant evi-
dence and informed insights for clinicians and patients.

2. Materials and Methods
2.1 Eligibility Criteria and Selection Process

To maintain methodological rigor and minimize bias,
this review was conducted in accordance with PRISMA
guidelines [42] and was prospectively registered with
PROSPERO (registration number CRD420251176522).
The PRISMA 2020 Checklist has been provided as a sup-
plementary file. Three independent reviewers (QZ, JK, and
WX) initially screened titles and abstracts to identify studies
relevant to osteoporosis. Studies were considered eligible
if they included participants diagnosed with osteoporosis.
Following this, the same reviewers performed a detailed as-
sessment of the full texts. The review was restricted to ran-
domized controlled trials (RCTs) published in English that

evaluated the effectiveness of approved pharmacological
treatments for osteoporotic vertebral compression fractures
(OVCFs). Studies enrolling osteoporotic patients—with or
without prior fractures—were included as long as outcomes
for those with existing fractures were clearly reported. In
contrast, studies involving traumatic vertebral fractures,
secondary osteoporosis, or those lacking dichotomous out-
come data were excluded. The pharmacologic agents as-
sessed included bisphosphonates (ibandronate, risedronate,
alendronate, minodronate, pamidronate, etidronate, zole-
dronate), denosumab, teriparatide, bazedoxifene, estrogen,
calcitonin, and parathyroid hormone. Any disagreements
among reviewers were resolved through discussion or,
when necessary, by consulting a senior reviewer.

2.2 Information Sources and Search Strategy

The literature search was conducted across five major
electronic databases—PubMed (https://pubmed.ncbi.nlm.
nih.gov/), Embase (https://www.embase.com/), Scopus (ht
tps://www.scopus.com/), Web of Science (https://www.we
bofscience.com/), and the Cochrane Library (https://www.
cochranelibrary.com/)—from January 2000 through Febru-
ary 2025. A tailored search strategy incorporating terms
such as “randomized controlled trials”, “osteoporotic frac-
ture”, “bisphosphonates”, “parathyroid hormone”, “deno-
sumab”, “calcitonin”, “bazedoxifene”, “hormone replace-
ment”, and related keywords was implemented (Table 1).
Weekly database alerts were activated to identify newly
published trials. In addition, the reference lists of rele-
vant reviews and previous studies were screened manu-
ally to ensure comprehensive coverage. Reference manage-
ment was performed using EndNote X7 (Clarivate Analyt-
ics, Philadelphia, PA, USA) [43]. For Scopus searches, the
Title-Abstract-Keyword field was applied using the desig-
nated keywords, while in the Cochrane database, searches
were carried out using the terms “osteoporotic fractures”
and “post-menopausal women”. The overall search strat-
egy was structured according to the PICO framework
[44], where the population (“P”) included postmenopausal
women with osteoporosis, the interventions (“I”’) com-
prised bisphosphonate and non-bisphosphonate therapies,
the comparator (“C”’) was placebo, and the outcomes (“O”)
included fracture reduction, changes in bone mineral den-
sity (BMD), and adverse events.

2.3 Data Collection Process and Data Items

Researchers QZ, JK, and WX independently extracted
the basic characteristics and event data from each included
study using a standardized table that captured the number of
participants, the intervention and comparison groups, and
the reported outcomes. The primary outcomes evaluated in
this review were the risk of subsequent fractures, changes
in bone mineral density, and adverse events associated with
the pharmacological treatments under investigation.
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Table 1. Database search strategy.

Database Search strategy

#1 “Osteoporotic vertebral compression fracture”, OR “OVCF”, OR “Non-vertebral fracture”, OR “NVEF”, OR “Sec-
ondary fracture prevention”, OR “Osteoporosis in postmenopausal women” OR “Osteoporosis treatment” OR “Os-
teoporosis management” OR “Anti-osteoporotic medications” OR “Fracture prevention”, OR “Bisphosphonates” OR
“Denosumab”, OR “Teriparatide”, OR “Romosozumab”, OR “Pamidronate”, OR “Ibandronate”, OR “Risedronate”,
OR “Etidronate” OR “Minodronate” OR “Fluoride + Estrogen” OR “Zoledronate” OR “Bazedoxifene” OR “percuta-
neous kyphoplasty” OR “zoledronic acid”

#2 “Secondary prevention” OR “Conservative treatment” OR “Risk of OVCF” OR “Risk of NVF”” OR “Bone mineral
density”, OR “Adverse events”, OR “Discontinuation due to adverse events” OR “systematic review”, OR “systematic

Scopus

review and meta-analysis”, OR “Meta-analysis”, OR “RCT”, OR “Randomized controlled trial”
#3 #1 AND #2
#1 “Osteoporotic vertebral compression fracture” [MeSH Terms] OR “OVCF” OR “Non-vertebral fracture” OR
“NVF” OR “Secondary fracture prevention” OR “Osteoporosis in postmenopausal women” [MeSH Terms]* OR
“Osteoporosis treatment”, OR “Osteoporosis management”, OR “Fracture prevention” [All Fields]” OR “Bisphos-
phonates” OR “Denosumab”, OR “Teriparatide”, OR “Romosozumab”, OR “Pamidronate”, OR “Ibandronate”, OR
“Risedronate”, OR “Etidronate” OR “Minodronate” OR “Fluoride + Estrogen” OR “Zoledronate” OR “Bazedoxifene”
PubMed OR “percutaneous kyphoplasty”” OR “zoledronic acid” OR “Anti-osteoporotic medications”, [All Fields]
#2 “Secondary prevention” [All Fields] OR “Conservative treatment” [All Fields] OR “Risk of OVCF” OR “Risk of
NVF” OR “Bone mineral density”, OR “Adverse events”, [All Fields] OR “Discontinuation due to adverse events”
OR “systematic review”, [MeSH Terms] OR “systematic review and meta-analysis”, OR “Meta-analysis”, OR “RCT”
OR “Randomized controlled trial”
#3 #1 AND #2
#1 “Osteoporotic vertebral compression fracture”/exp OR “OVCF”/exp OR “Non-vertebral fracture”/exp OR
“NVF”/exp OR “Secondary fracture prevention”/exp OR “Osteoporosis in postmenopausal women”/exp OR “Os-
teoporosis treatment” /exp OR “Osteoporosis management”/exp OR “Fracture prevention”/exp OR “Bisphospho-
nates”/exp OR “Denosumab”/exp OR “Teriparatide”/exp OR “Romosozumab”/exp OR “Pamidronate”/exp OR “Iban-
dronate”/exp OR “Risedronate”/exp OR “Etidronate”/exp OR “Minodronate”/exp OR “Fluoride + Estrogen”/exp OR
Embase “Zoledronate”/exp OR “Bazedoxifene”/exp OR “percutaneous kyphoplasty”/exp OR “zoledronic acid”/exp OR “Anti-
osteoporotic medications”/exp
#2 “Secondary prevention”/exp® OR “Conservative treatment”/exp “Risk of OVCF”/exp “Risk of NVF”/exp® OR
“Bone mineral density”/exp “Adverse events”/exp OR “Discontinuation due to adverse events”/exp OR “systematic
review”/exp OR “systematic review and meta-analysis”/exp OR “meta-analysis”/exp OR “RCT”/exp OR “Random-
ized controlled trial”/exp
#3 #1 AND #2
#1 (Osteoporotic vertebral compression fracture): ti, ab, kw@ OR (OVCF): ti, ab, kw OR (Non-vertebral fracture):
ti, ab, kw OR (NVF): ti, ab, kw OR (Secondary fracture prevention): ti, ab, kw OR (Osteoporosis in postmenopausal
women): ti, ab, kw OR (Osteoporosis treatment): ti, ab, kw OR (Osteoporosis management): ti, ab, kw OR (Fracture
prevention) OR (Bisphosphonates): ti, ab, kw OR (Denosumab): ti, ab, kw OR (Teriparatide): ti, ab, kw OR (Ro-
mosozumab): ti, ab, kw OR (Pamidronate) OR (Ibandronate): ti, ab, kw OR (Risedronate): ti, ab, kw OR (Etidronate):
ti, ab, kw OR (Minodronate,): ti, ab, kw OR (Fluoride + Estrogen,) OR (Zoledronate): ti, ab, kw OR (Bazedoxifene):
Cochrane library ti, ab, kw OR (percutaneous kyphoplasty): ti, ab, kw OR (zoledronic acid): ti, ab, kw OR (Anti-osteoporotic medica-
tions): ti, ab, kw (Word variations have been searched)
#2 (Secondary prevention): ti, ab, kw OR (Conservative treatment): ti, ab, kw OR (Risk of OVCF): ti, ab, kw OR
(Risk of NVF): ti, ab, kw OR (Bone mineral density): ti, ab, kw OR (Adverse events): ti, ab, kw OR (Discontinuation
due to adverse events): ti, ab, kw OR (systematic review): ti, ab, kw OR (systematic review and meta-analysis): ti,
ab, kw or (meta-analysis): ti, ab, kw or (RCT): ti, ab, kw or (Randomized controlled trial): ti, ab, kw (Word variations
have been searched)
#3 #1 AND #2

#MeSH terms: Medical Subject Headings; Sexp: explosion in Emtree-searching of selected subject terms and related subjects; @ti, ab, kw:

either title or abstract or keyword fields.

2.4 Risk of Bias Assessment Bias (ROB) tool [45], which assesses potential bias across
six domains: sequence generation, allocation concealment,

We evaluated the methodological quality of all in- S 1 T
blinding of participants and personnel, blinding of outcome

cluded studies using the Cochrane Collaboration’s Risk of
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assessment, incomplete outcome data, and selective report-
ing. Based on these criteria, each study was categorized as
having a low, unclear, or high risk of bias. We also exam-
ined publication bias through funnel plot analysis [46] and
the Egger regression test [47], considering a p-value below
0.05 [48] as evidence of significant bias. These assessments
enabled a comprehensive appraisal of the validity and reli-
ability of the included studies.

2.5 Effect Measures and Data Analysis

We quantified the efficacy of interventions by em-
ploying a comprehensive analytical framework that incor-
porated risk ratios (RRs), odds ratios (ORs), and their cor-
responding 95% confidence intervals (Cls), with statistical
significance established at p < 0.05. The researchers calcu-
lated the overall effect size utilizing a random-effects model
[49]. The assessment and quantification of heterogeneity
between studies were conducted using the Chi-squared test,
accompanied by p-values and 1? values [50]. An I? value
of less than 30% indicates negligible heterogeneity, while
values ranging from 30% to 74% suggest moderate to sub-
stantial heterogeneity. Values exceeding 75% signify con-
siderable heterogeneity [51]. In studies with multiple arms,
researchers assigned intervention groups to each subgroup,
while they equally divided control group data for compari-
son with their counterparts. Two authors (JK and WX) per-
formed data analysis using RevMan 5.4 (The Cochrane Col-
laboration, Copenhagen, Denmark) [52]. The evaluation
of evidence quality involved the assessment of five factors:
study limitations, imprecision, indirectness, inconsistency,
and publication bias, in accordance with the GRADE ap-
proach [53]. The criteria for downgrading the level of ev-
idence derive from the GRADE handbook and guidelines
established by the Cochrane Back and Neck Group [54]. If
an outcome included only one trial with low or unclear risk
of bias, the study limitation item received a rating of not
serious when the result maintained the same direction and
significance as the pooled result. Network meta-analysis
facilitates the study and comparison of the effectiveness of
multiple interventions simultaneously by integrating direct
and indirect evidence from various studies.

3. Results
3.1 Study Selection and Characteristics of Included Studies

A comprehensive electronic search across multiple
databases identified 245 records based on the predefined in-
clusion and exclusion criteria of the PICOS framework. Af-
ter the removal of 31 duplicate records, 214 unique records
remained for screening. Title and abstract screening of
these records resulted in the exclusion of 76 articles due
to irrelevance or invalid titles and abstracts. The remaining
138 full-text articles were assessed for eligibility, of which
83 were deemed ineligible and excluded. Consequently,
55 studies underwent further eligibility assessment. Ulti-
mately, 24 randomized controlled trials (RCTs) published

between 2000 and 2025 met the inclusion criteria and were
incorporated into this systematic review and meta-analysis,
as illustrated in Fig. 1.

Among these, 14 studies compared the efficacy of bis-
phosphonates (BP) medications with control groups (Iban-
dronate [20,36] Risedronate [22,37,40]; Alendronate [28,
38]; Minodronate [30]; Pamidronate [19]; Etidronate [25,
39]; and Zoledronate [27,29,41]). The remaining 10 studies
examined the effects of non-bisphosphonates medications
compared to control groups (Denosumab [18,32]; Teri-
paratide [23,24,31]; Bazedoxifene [35]; Estrogen [26]; Cal-
citonin [21]; and Parathyroid hormone [34]). The follow-
up duration in most trials ranged from 1.5 to 3 years. The
fundamental characteristics of the included studies are sum-
marized in Table 2 (Ref. [18—41]). The dataset comprises
a comprehensive report detailing the following parameters:
Study ID and year, journal of publication, number of par-
ticipants, mean age (years), Intervention and Comparison,
Calcium and vitamin D intake, Primary outcomes, obser-
vation period (years), and lost to follow-up. Subsequent
meta-analysis was conducted utilizing the aforementioned
event data.

3.2 Risk of Bias Assessment of Included Studies

A thorough evaluation of the risk of bias was per-
formed to determine the overall quality rating of each of
the 24 included randomized controlled trials (RCTs). The
traffic light plot (Fig. 2, Ref. [18—41]) and the summary
plot for bias assessment (Fig. 3) visually represent the risk
of bias, demonstrating a low risk of bias for the current
meta-analysis. Nineteen of the twenty-four RCTs exhib-
ited a low risk of bias. Three RCTs, conducted by Chesnut
et al. [20], Fujita et al. [23], and Nakamura et al. [32],
revealed a moderate risk of bias, primarily due to the ran-
domization process and measurement bias, respectively. In
contrast, two RCTs, Liu et al. [29] and Palacios et al. [35],
revealed a significant risk of bias due to selective reporting
bias and measurement bias, respectively. The symmetri-
cal distribution observed in the funnel plot (Fig. 4) and the
non-significant result from Egger’s test (p = 0.154), which
surpasses the predetermined significance threshold of 0.05,
indicate a low probability of overall publication bias within
the studies incorporated in this meta-analysis.

3.3 Findings of the Statistical Analysis

This meta-analysis included 22,819 participants with
osteoporosis, sourced from 24 carefully selected random-
ized controlled trials (RCTs), to examine the effectiveness
of different bisphosphonates and non-bisphosphonates in
preventing secondary OVCFs in postmenopausal women.
The GRADE assessment results evaluate the quality of ev-
idence for three outcomes: the risk of subsequent fractures,
changes in bone mineral density, and adverse events associ-
ated with pharmacological interventions. These results are
presented in Tables 3,4,5 (Ref. [18—41]), respectively.
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Fig. 1. PRISMA study flow diagram.

The subsequent statistical analysis yielded the follow-
ing results regarding the primary clinical outcome and ad-
verse events:

3.3.1 Risk of Subsequent Fracture

Bisphosphonates drugs:

High to moderate quality evidence of this meta-
analysis revealed that bisphosphonates medications signif-
icantly reduce the risk of subsequent fractures as shown in
Fig. 5. The relative risks (RRs) and 95% confidence inter-
vals (CIs) for each bisphosphonates medication are as fol-
lows: Ibandronate (RR = 0.40, 95% CI: 0.23-0.71), with
moderate heterogeneity (x? = 0.01, df =1, 12 = 52%, Z =
3.18, p < 0.001) (Fig. 5A), Risedronate (RR = 0.58, 95%
CI: 0.45-0.77), with moderate heterogeneity (x? = 1.14,
df =2, 12 = 32%, Z = 3.88, p < 0.001) (Fig. 5B), Alen-
dronate (RR = 0.54, 95% CI: 0.36-0.81), with moderate
heterogeneity (x? =021, df = 1,12 =44%, Z=297,p <
0.001) (Fig. 5C), Minodronate (RR = 0.20, 95% CI: 0.05—
0.87, Z =2.15, p < 0.001) (Fig. 5D), Pamidronate (RR =

&% IMR Press

0.44, 95% CI: 0.20-0.96, Z = 2.06, p < 0.001) (Fig. 5E),
Etidronate (RR = 0.52, 95% CI: 0.37-0.74), with moder-
ate heterogeneity (y? = 0.04, df = 1,12 = 50%, Z=3.61,p
< 0.001) (Fig. 5F), and Zoledronate (RR = 0.58, 95% CI:
0.44-0.77), with moderate heterogeneity (x? = 0.19, df =
2,12 =40%, Z = 3.89, p < 0.001) (Fig. 5G). The symmet-
rical funnel plots (Supplementary Fig. 1) indicated low
publication bias for all included studies comparing bispho-
sphonates medications with control.

Non-bisphosphonates drugs:

Robust high to moderate quality evidence for non-
bisphosphonates medications also demonstrated a signifi-
cant reduction in the risk of subsequent fractures as shown
in Fig. 6. The pooled risk ratios for these medications are:
Denosumab (RR = 0.45, 95% CI: 0.29-0.71), with moder-
ate heterogeneity (2 = 1.55,df=1,12 =44%,Z=3.42,p
< 0.001) (Fig. 6A), Teriparatide (RR =0.56, 95% CI: 0.42—
0.75), with moderate heterogeneity (x% = 1.03, df =2, 1% =
51%, Z =3.85, p < 0.001) (Fig. 6B), Bazedoxifene (RR =
0.59, 95% CI: 0.35-0.97, Z = 2.08, p < 0.001) (Fig. 6C),
Estrogen (RR = 0.50, 95% CI: 0.26-0.95,Z=2.13,p <
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Table 2. Brief characteristics of the included RCTs.

Study ID and Journal of publication Number of par- Mean age Previous bone fracture his- Intervention & comparison Calcium and Primary outcomes Observation Lost to
year ticipants inyears  tory vitamin D period (year)  follow up
Boonen et al., The Journal of Clinical En- 759 73.7 ~30% (high-risk osteoporotic G1: Denosumab 60 mg/6 Both groups BMD, risk of OVCEF, 3 18%
2011 [18] docrinology and Metabolism cohort) months, sc injection NVF, adverse events

G2: PLC
Brumsen et al., Journal of Bone and Mineral 101 65 100% (study inclusion: “with G1: Pamidronate 150 mg/d Both groups ~ BMD, risk of OVCEF, 3 10%
2002 [19] Research at least one prevalent verte- G2: PLC NVF, adverse events

bral fracture”)

Chesnut et al., Journal of Bone and Mineral 2929 69 ~93-94% had at least one G1l: Ibandronate 2.5 mg/d, oral All arms BMD, risk of OVCEF, 3 34%
2004 [20] Research fracture at baseline G2: Ibandronate 20 mg alter- NVF, adverse events

nate day for 12 doses every

3 months, oral

G3: PLC
Chesnut et al., Journal of Bone and Mineral 91 67.4 ~50% (small sample; no clear G1: Calcitonin nasal spray 200 Both groups BMD, risk of OVCEF, 2 78%
2005 [21] Research baseline fracture % reported) 1U/d NVF, adverse events

G2: Placebo nasal spray
Fogelman et The Journal of Clinical En- 237 64 ~40% (typical for PMO) G1: Risedronate 2.5 mg/d All arms BMD, risk of OVCEF, 2 21%
al., 2000 [22] docrinology and Metabolism G2: Risedronate 5 mg/d NVF, adverse events

G3: PLC
Fujita et al., Calcified Tissue International 316 71 ~35% (moderate risk osteo- G1: Teriparatide 28.2 png/w, in- Both groups BMD, risk of OVCEF, 3 17%
2014 [23] porosis) jection NVF, adverse events

G2: Teriparatide 1.4 pg/w, in-

jection
Greenspan et Annals of Internal Medicine 471 64.4 ~45% G1: Teriparatide 100 pg/d, sc Both groups =~ BMD, risk of OVCE, 1.5 33%
al., 2007 [24] injection NVF, adverse events

G2: PLC
Guafiabens et Bone 118 65 ~30% (less high-fracture his- G1: Etidronate 400 mg/d for 14 Selectively of- BMD, risk of OVCEF, 3 34%
al., 2000 [25] tory) days in a cyclic of 90 days fer NVF, adverse events

G2: Sodium fluoride 50 mg/d
Gutteridge et Osteoporosis International 99 69 ~50% G1: Fluoride All groups BMD, risk of OVCEF, 2.25 24%

al., 2002 [26]

G2: Control group

G3: Fluoride + Estrogen 0.625
mg/d

G4: Estrogen 0.625 mg/d

NVF, adverse events
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Table 2. Continued.

Study ID and Journal of publication Number of par- Mean age Previous bone fracture his- Intervention & comparison Calcium and Primary outcomes Observation Lost to
year ticipants inyears  tory vitamin D period (year)  follow up
Huang et al., Journal of Orthopaedic 112 50 ~20% (younger cohort, Gl: PKP alone Both groups BMD, risk of OVCEF, 2 Not
2019 [27] Surgery and Research vertebroplasty setting) G2: PKP combined with ZOL NVF, adverse events reported
Kushida et al., Journal of Bone and Mineral 170 72 ~40% G1: Alendronate 5 mg/d Both groups BMD, risk of OVCEF, 3 30%
2004 [28] Metabolism G2: Alfacalcidol 1 pg/d NVF, adverse events
Liuetal.,2023 Archives of Orthopaedic and 238 51 ~15% G1: PKP alone Both groups BMD, risk of OVCF, 2 Not
[29] Trauma Surgery G2: PKP combined with ZOL NVF, adverse events reported
Matsumoto et Osteoporosis International 704 72 ~35% G1: Minodronate 1 mg/d Both groups BMD, risk of OVCEF, 2 31%
al., 2009 [30] G2: PLC NVF, adverse events
Nakamura et The Journal of Clinical En- 578 75.3 ~50% Gl1: Teriparatide 56.5 pg/w, sc  Both groups BMD, risk of OVCEF, 1.5 26%
al., 2012 [31] docrinology and Metabolism injection NVF, adverse events

G2: PLC, sc injection
Nakamura et The Journal of Clinical En- 1262 69.6 ~30% G1: Denosumab 60 mg/6 All groups  BMD, risk of OVCE, 3 13%
al., 2014 [32]  docrinology and Metabolism months, sc injection NVF, adverse events

G2: PLC

G3: Alendronate 35 mg/w
Nakamura et Osteoporosis International 661 74.15 ~60% (higher age group, Gl: Zoledronate 5 mg/year, Both groups BMD, risk of OVCE, 2 0.6%
al., 2017 [33] higher fracture history) intravenous infusion NVF, adverse events

G2: PLC
Neer et al., The New England Journal of 1637 71.0 ~50% G1: thPTH 20 pg/d All groups BMD, risk of OVCEF, 2 6%
2001 [34] Medicine G2: thPTH 40 pg/d NVF, adverse events

G3: PLC
Palacios et al., Menopause 3857 67 ~35% G1: Bazedoxifene 60 mg/d All groups  BMD, risk of OVCEF, 7 74%
2015 [35] G2: Bazedoxifene 40 mg/d NVF, adverse events

G3: Bazedoxifene 20 mg/d

G4: PLC
Recker et al., Bone 2860 67 ~30% G1: Ibandronate 0.5 mg injec- All arms BMD, risk of OVCEF, 3 18%

2004 [36]

tion, every 3 months

G2: Ibandronate 1 mg injec-
tion, every 3 months

G3: PLC

NVF, adverse events
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Table 2. Continued.

Study ID and Journal of publication Number of par- Mean age Previous bone Intervention & comparison Calcium and Primary outcomes Observation Lost to
year ticipants inyears  fracture history vitamin D period (year)  follow up
Reginster et Osteoporosis International 690 71 ~47% G1: Risedronate 5 mg/d All arms BMD, risk of OVCF, 3 42%
al., 2000 [37] G2: Risedronate 2.5 mg/d NVF, adverse events

G3: PLC
Saag et al., The New England Journal 4093 74.3 ~55% G1: Alendronate: 70 mg/w Both groups BMD, risk of OVCEF, 3 11%
2017 [38] of Medicine G2: Romosozumab: 210 mg/m NVF, adverse events

sc injection
Shiota et al., Journal of Orthopaedic 24 61.7 ~20% G1: Etidronate 200 mg/d for 14 Selectively of- BMD, risk of OVCE, 2 Not
2001 [39] Science days in a cyclic of 84 days fer NVF, adverse events reported

G2: 2 g/d calcium and 0.5 pg/d

alphacalcidol
Sorensen et al., Bone 212 72 ~40% G1: Risedronate 5 mg/d Both groups BMD, risk of OVCF, 2 17%
2003 [40] G2: PLC NVF, adverse events
Yi et al., 2024 Journal of Neurological 600 60 ~15% G1: PKP alone All arms BMD, risk of OVCEF, 3 8%
[41] Sciences G2: PKP combined with ZOL NVF, adverse events

1 month later
G3: PKP concurrently com-
bined with ZOL

G, Group; RCT, Randomized controlled trial; PLC, placebo; BMD, Bone mineral density; OVCEF, osteoporotic vertebral compression fracture; NVF, non-vertebral fracture; PKP, percutaneous kypho-

plasty; ZOL, zoledronic acid; PTH, Parathyroid.
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D4: Bias in measurement of the outcome.

D5: Bias in selection of the reported result.

Fig. 2. Traffic light plot to analyze the risk of bias.

0.001) (Fig. 6D), Calcitonin (RR = 0.45, 95% CI: 0.23—
091, Z =2.24, p < 0.001) (Fig. 6A,E), and Parathyroid
hormone (RR = 0.55, 95% CI: 0.33-091, Z =233, p <
0.001) (Fig. 6F). The funnel plots in Supplementary Fig.
2 exhibited symmetry, suggesting a minimal risk of publica-
tion bias across the studies evaluating non-bisphosphonates
medications versus control.

3.3.2 Change in Bone Mineral Density

Bisphosphonates drugs:

The reliable high to moderate grade evidence proved
that bisphosphonates medications have a high likelihood
of increasing the bone mineral density, as illustrated in
Fig. 7. The odds ratios (ORs) and 95% confidence intervals
(ClIs) for each bisphosphonates medication are as follows:
Pamidronate (OR =0.33,95% CI: 0.12-0.92; Z=2.13,p <
0.001) (Fig. 7A), Ibandronate (OR = 0.40, 95% CI: 0.23—
0.70), with moderate heterogeneity (x? = 0.01, df = 1, 12

&% IMR Press

. Low

=41%, Z =3.18, p < 0.001) (Fig. 7B), Etidronate (OR =
0.36, 95% CI: 0.19-0.68), with moderate heterogeneity (2
=1.19,df =1, 12 = 43%, Z = 3.14, p < 0.001) (Fig. 7C),
Minodronate (OR =0.16, 95% CI: 0.03-0.79, Z=2.26,p <
0.001) (Fig. 7D), Risedronate (OR = 0.52, 95% CI: 0.38—
0.72) with moderate heterogeneity (x? = 1.21, df = 2, 12
=40%, Z=3.92, p < 0.001) (Fig. 7E), Alendronate (OR =
0.51, 95% CI: 0.33—0.80), with moderate heterogeneity (x>
=0.24,df=1,1>=32%, Z=2.97, p < 0.001) (Fig. 7F),and
Zoledronate (OR = 0.54, 95% CI: 0.40-0.74), with moder-
ate heterogeneity (2 =0.36,df=2,12=35%,Z=3.90,p <
0.001) (Fig. 7G). The funnel plot analysis (Supplementary
Fig. 3) revealed a symmetric distribution, indicating a low
risk of publication bias across the included studies.

Non-bisphosphonates drugs:

Findings from this meta-analysis, supported by high
to moderate grade evidence, clearly establish that bisphos-
phonates medications are also effective in augmenting the
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Table 3. GRADE assessment for risk of subsequent fractures for each of the included RCTs.

Study ID a b c d e f g h i ] k 1 m
Boonen et al., 2011 [18] NR NR R R NR R R R R R R R R
Brumsen et al., 2002 [19] NR NR R R R R R R R R R R R
Chesnut et al., 2004 [20] R NR R NR R R R R R R R R R
Chesnut et al., 2005 [21] R NR R R NR R R R R R R R R
Fogelman et al., 2000 [22] NR NR R R R R R R R R R R R
Fujita et al., 2014 [23] R R R NR NR R R R R R R R R
Greenspan et al., 2007 [24] R R NR NR R R R R R R R R R
Guafiabens et al., 2000 [25] R R R R R R NR R R R R R R
Gutteridge et al., 2002 [26] NR R R R R R NR R R R R R R
Huang et al., 2019 [27] NR NR R R R R R R R R R R R
Kushida et al., 2004 [28] NR R R R NR R R R R R R R R
Liuetal., 2023 [29] R NR R R R R NR R R R R R R
Matsumoto et al., 2009 [30] R R R R R R R R NR R R R R
Nakamura et al., 2012 [31] R NR R R R R R NR R R R R R
Nakamura et al., 2014 [32] R NR R R R R R R R R R R R
Nakamura et al., 2017 [33] R R R R R R R R NR R R R R
Neer et al., 2001 [34] NR R R R R R R R R R R R R
Palacios et al., 2015 [35] R NR R R R NR R R R R R R R
Recker et al., 2004 [36] R R R R NR R R R R R R R R
Reginster et al., 2000 [37] R NR R R R R R R R R R R R
Saag et al., 2017 [38] NR R R R R R R R R R R R R
Shiota et al., 2001 [39] R R R R R R R NR R R R R R
Sorensen et al., 2003 [40] NR R R R R R R R R R R NR R
Yiet al., 2024 [41] R R R R R R R R R R NR R R

a, random sequence generation (selection bias); b, allocation concealment (selection bias); ¢, group similarity at baseline

(selection bias); d, blinding to patients (performance bias); e, blinding to care providers (performance bias); f, influence

of co-interventions (performance bias); g, compliance with interventions (performance bias); h, blinding to outcome

assessors (detection bias); i, timing of outcome assessments (detection bias); j, incomplete outcome data (attribution

bias); k, intention-to-treat analysis (attrition bias); 1, selective reporting (reporting bias); m, other source of bias.

bone mineral density, as illustrated in Fig. 8. The odds ra-
tios (ORs) and 95% confidence intervals (Cls) for each non-
bisphosphonates medication are as follows: Denosumab
(OR =0.44, 95% CI: 0.28-0.69) with moderate heterogene-
ity (tau2 0.03, x? = 1.44, df = 1, 12 = 34%, Z = 3.56, p <
0.001) (Fig. 8A), Teriparatide (OR = 0.52, 95% CI: 0.38—
0.73), with moderate heterogeneity (x? = 0.81, df =2, 12 =
39%, Z =3.88, p < 0.001) (Fig. 8B), Bazedoxifene (OR =
0.57, 95% CI: 0.34-0.97, Z = 2.07, p < 0.001) (Fig. 8C),

10

Estrogen (OR = 0.40, 95% CI: 0.17-091, Z=2.18, p <
0.001) (Fig. 8D), Calcitonin (OR = 0.39, 95% CI: 0.17—
0.87,Z=2.29, p < 0.001) (Fig. 8E), and Parathyroid hor-
mone (OR =0.34, 95% CI: 0.14-0.80, Z=2.47, p < 0.001)
(Fig. 8F). The symmetrical funnel plots (Supplementary
Fig. 4) indicate a low risk of publication bias across the
included studies.

&% IMR Press
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Table 4. GRADE assessment for change in bone mineral density for each of the included RCTs.

Study ID a b c d e f g h i j k 1 m
Boonen et al., 2011 [18] NR NR R R NR R R R R R R R R
Brumsen et al., 2002 [19] NR NR R R R R R R R R R R R
Chesnut et al., 2004 [20] R NR R NR R R R R R R R R R
Chesnut et al., 2005 [21] R NR R R NR R R R R R R R R
Fogelman et al., 2000 [22] NR NR R R R R R R R R NR R R
Fujita et al., 2014 [23] R R R R NR R R R R R R R R
Greenspan et al., 2007 [24] R R NR R R R R R R R R R R
Guafiabens et al., 2000 [25] R R R R R R R R NR R R R R
Gutteridge et al., 2002 [26] NR R R R R R NR R R R R R R
Huang et al., 2019 [27] NR R R R R R R R R R R R R
Kushida et al., 2004 [28] NR R R R R R R R R R R R R
Liu et al., 2023 [29] R NR R R R R R R R R R R R
Matsumoto et al., 2009 [30] R R R R R R R R NR R R R R
Nakamura et al., 2012 [31] R NR R R R R R NR R R R R R
Nakamura et al., 2014 [32] R R R R R R R R R R R R R
Nakamura et al., 2017 [33] R R NR R R R NR R NR R R R R
Neer et al., 2001 [34] NR R R R R R R R R R R R R
Palacios et al., 2015 [35] R NR R R R NR R R R R R R R
Recker et al., 2004 [36] R R R R NR R R R R R R R R
Reginster et al., 2000 [37] NR R R R R R R R R R R R
Saag et al., 2017 [38] NR R R R R R R R R R R R NR
Shiota et al., 2001 [39] R NR R R R R R NR R R R R R
Sorensen et al., 2003 [40] NR R R R R R R R R R R NR R
Yietal., 2024 [41] R R R R R R R R R R NR R R

a, random sequence generation (selection bias); b, allocation concealment (selection bias); ¢, group similarity at baseline

(selection bias); d, blinding to patients (performance bias); e, blinding to care providers (performance bias); f, influence

of co-interventions (performance bias); g, compliance with interventions (performance bias); h, blinding to outcome

assessors (detection bias); 1, timing of outcome assessments (detection bias); j, incomplete outcome data (attribution

bias); k, intention-to-treat analysis (attrition bias); 1, selective reporting (reporting bias); m, other source of bias.

o
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Fig. 4. Funnel plot for overall publication bias.

3.3.3 Adverse Effects

Bisphosphonates drugs:

A comprehensive analysis of high to moderate quality
evidence indicates that bisphosphonates medications have
low risk of adverse events such as gastrointestinal discom-
forts and bone and joint pain, as illustrated in Fig. 9. The
relative risks (RRs) and 95% confidence intervals (Cls)

&% IMR Press

for each bisphosphonates medication are as follows: Iban-
dronate (RR = 0.19, 95% CI: 0.09-0.38), with moderate
heterogeneity (x? = 0.21, df = 1, 12 = 36%, Z = 4.65, p <
0.001) (Fig. 9A), Risedronate (RR = 0.36, 95% CI: 0.21—
0.60), with moderate heterogeneity (x? = 0.11, df = 2, 12
=32%, 72 =3.86, p < 0.001) (Fig. 9B), Alendronate (RR =
0.36, 95% CI: 0.21-0.63), with moderate heterogeneity (x>
=0.17,df =1, I? = 33%, Z = 3.60, p < 0.001) (Fig. 9C),
Minodronate (RR = 0.26, 95% CI: 0.09-0.79, Z = 2.36,
p < 0.001) (Fig. 9D), Pamidronate (RR = 0.28, 95% CI:
0.11-0.68,Z=2.79, p < 0.001) (Fig. 9E), Etidronate (RR =
0.44, 95% CI: 0.24-0.81), with moderate heterogeneity (x>
=0.16,df=1,12=44%, Z=2.64, p < 0.001) (Fig. 9F), and
Zoledronate (RR = 0.34, 95% CI: 0.19-0.63), with moder-
ate heterogeneity (x? = 2.48, df =2, 12 = 34%, Z = 3.44,
p < 0.001) (Fig. 9G). The symmetrical distribution of the
funnel plots shown in Supplementary Fig. S indicates low
risk of publication bias.

Non-bisphosphonates drugs:

A thorough examination of high to moderate quality
evidence indicates that non-bisphosphonates medications
are associated with low risk of adverse events, as illustrated

11
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Table 5. GRADE assessment for risk of adverse events for each of the included RCTs.

Study ID a b c d e f g h i ] k 1 m
Boonen et al., 2011 [18] R R R R NR R R R R R R R R
Brumsen et al., 2002 [19] R NR R R R R R R R R R R R
Chesnut et al., 2004 [20] R R R NR R R R R R R R R R
Chesnut et al., 2005 [21] R NR R R NR R R R R R R R R
Fogelman et al., 2000 [22] NR R R R R R R R R R NR R R
Fujita et al., 2014 [23] R R R R R NR R R R R R R R
Greenspan et al., 2007 [24] R NR NR R R R R R R R R R
Guafabens et al., 2000 [25] R R R R R R R NR R R R R
Gutteridge et al., 2002 [26] NR R R R R R NR R R R R R R
Huang et al., 2019 [27] R R R R R R R R R NR R R R
Kushida et al., 2004 [28] NR R R R R NR R R R R R R R
Liu et al., 2023 [29] R NR R R R R R R R R R R R
Matsumoto et al., 2009 [30] R R R R R R R R NR R R R R
Nakamura et al., 2012 [31] R NR R R R R R R R R R R R
Nakamura et al., 2014 [32] R R R R R R R R R R NR R
Nakamura et al., 2017 [33] R R NR R R R NR R NR R R R R
Neer et al., 2001 [34] NR R R R R R R R R R R R R
Palacios et al., 2015 [35] R NR R R R R R R R R R R R
Recker et al., 2004 [36] R R NR R NR R R R R R R R R
Reginster et al., 2000 [37] R R R R R R R R R R R R R
Saag et al., 2017 [38] NR R R R R R R R R R R R NR
Shiota et al., 2001 [39] R NR R R R R R NR R R R R R
Sorensen et al., 2003 [40] NR R R R R R R R R R R NR R
Yietal., 2024 [41] R R R R R R R R R R R R R

a, random sequence generation (selection bias); b, allocation concealment (selection bias); ¢, group similarity at baseline

(selection bias); d, blinding to patients (performance bias); e, blinding to care providers (performance bias); f, influence

of co-interventions (performance bias); g, compliance with interventions (performance bias); h, blinding to outcome

assessors (detection bias); i, timing of outcome assessments (detection bias); j, incomplete outcome data (attribution

bias); k, intention-to-treat analysis (attrition bias); 1, selective reporting (reporting bias); m, other source of bias.

Risk Ratio Risk Ratio
A _Study or Subgroup Weight M-H, Random, 95% CI M-H, Random, 95% CI
Chesnut et al, 2004 [20] 47.5% 0.39(0.18,0.89] ——
Recker et al, 2004 (36) 525% 0.41(0.19,0.89) o=
Total (95% Cl) 100.0% 0.40 [0.23,0.71] -
Total events
Heterogeneity: Tau*= 0.00; Chi*= 0.01,df=1 (P = 0.94); F=52% L + T + o]
i 0.01 01 1 10 100
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Risk Ratio Risk Ratio
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Kushida etal, 2004 28]  36.0% 0.48(0.25,0.94] ——
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Fig. 5. Forest plot for efficacy of bisphosphonates drugs in reducing the risk of subsequent fractures. (A) Ibandronate. (B)
Risedronate. (C) Alendronate. (D) Minodronate. (E) Pamidronate. (F) Etidronate. (G) Zoledronate.
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A Risk Ratio Risk Ratio B v Risk Ratio Risk Ratio
Study or Subgroup Weight_M-H, Random, 95% CI M-H, Random, 95% CI Study or Subgroup Weight M-H, Random, 95% CI M-H, Random, 95% CI
Boonen etal, 2011 [18) 55.2% 0.56 (0.34, 0.90) - Fujita et al, 2014 [23) 22.0% 0.51[0.27,0.95) ——
Nakamura etal 2014 (32 44.8% 0.35(0.20, 0.61) —-— Greenspan etal, 2001 [24]  57.9% 0.64(0.43,0.93) -
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Total (95% CI) 100.0% 0.59 [0.35, 0.97] - Total (95% CI) 100.0% 0.50 [0.26, 0.95] B
Total events Total events
Heterogeneity: Not applicable Heterogeneity: Not applicable - + + J
= o001 01 10 100 0.01 0.1 1 10 100
Test oriovaraNiefect 22208 0:001) Favours [Bazedoxifene] Favours [control] Testfor overalleffect Z= 243 (P < 0.001) Favours [Fluoride+Estrog] Favours [control]
Risk Ratio Risk Ratio Risk Ratio Risk Ratio
E Study or Subgrou Weight M-H, Random, 95% CI M-H, Random, 95% CI F_Study or Subgroup Weight M-H, Random, 95% CI M-H, Random, 95% CI
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Fig. 6. Forest plot for the efficacy of non-bisphosphonates drugs in reducing the risk of subsequent fractures. (A) Denosumab.
(B) Teriparatide. (C) Bazedoxifene. (D) Estrogen. (E) Calcitonin. (F) Parathyroid hormone.
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Fig. 7. Forest plot for efficacy of bisphosphonates drugs in changing the bone mineral density. (A) Pamidronate. (B) Ibandronate.
(C) Etidronate. (D) Minodronate. (E) Risedronate. (F) Alendronate. (G) Zoledronate.

Odds Ratio Odds Ratio Odds Ratio 0Odds Ratio
A _Study or Subgroup Weight M-H, Random, 95% CI M-H, Random, 95% CI B _ Study or Subgroup Weight M-H, Random, 95% CI M-H, Random, 95% CI
Boonen et al, 2011 [18] 54.8% 054[0.33,089) —— Fujita et al, 2014 (23] 20.3% 0.46(0.22,0.95] 1
Nakamura etal, 2014 [32]  45.2% 0.34[0.19,0.60] —-— Greenspan etal, 2001 [24]  56.2% 0.60[0.39,0.92) —
Nakamura et al, 2012 [31) 235% 0.43[0.22,084) S
Total (95% CI) 100.0% 0.44[0.28,0.69] > e
Total events Total (95% CI) 100.0% 0.52[0.38, 0.73]
Heterogeneity: Tau* = 0.03; Chi*= 1.4, df=1 (P = 0.23); F=34% b0 o 5 700 Total events
Testfor overall effect: Z= 3.56 (° < 0.001) Favours [Denosumab] Favours [control el i D S T 01 7 10 100
. S Favours [Teriparatide] Favours [control]
Odds Ratio 0Odds Ratio 0Odds Ratio Odds Ratio
¢ _Study or Subgroup Weight M-H, Random, 95% CI M-H, Random, 95% CI D_Study or Subgroup Weight M-H, Random, 95% CI M-H, Random, 95% CI
Palacios etal, 2015(35]  100.0% 0.57(0.34,097) Gutteridge et al, 2002 [26]  100.0% 0.40[0.17,0.81]
Total (95% CI) 100.0% 0.57 [0.34, 0.97] <@ Total (95% CI) 100.0% 0.40[0.17,0.91] R
Total events Total events
Heterogeneity: Not applicable T Not applicable b0 01 H 10 100
0.01 01 1 10 100 = < - g
Testfor overall effect Z= 2.07 ¢ <0.001) Favours [Bazedoxifene] Favours [control] st tor.overall eNect:2 =,2:18 (Ei<0.00) Favours [Fluoride+Estrog]  Favours [control]
0Odds Ratio 0Odds Ratio 0Odds Ratio Odds Ratio
E _Study or Subgroup Weight M-H, Random, 95% CI M-H, Random, 95% CI ¥ _ Study or Subgroup Weight M-H, Random, 95% CI M-H, Random, 95% CI
Chesnutetal, 2005 (21]  100.0% 0.39(0.17,0.87) Neeretal 2001 [34]  100.0% 0.34[0.14,0.80]
Total (95% CI) 100.0% 0.39[0.17,0.87] - Total (95% CI) 100.0% 0.34[0.14, 0.80] i
Total events Total events
Heterogeneity: Not applicable T J b ity: Not appli | + J
gy % 0.01 01 1 10 100 G 0.01 0.1 10 100
Test for overall effect: Z= 2.29 (¢ <0.001) Favours [Calcitonin] Favours [control] Testfor overall effect: Z= 2.47® <0.001) Favours [PTH] Favours [control]

Fig. 8. Forest plot for efficacy of non-bisphosphonates drugs in changing the bone mineral density. (A) Denosumab. (B) Teri-

paratide. (C) Bazedoxifene. (D) Estrogen. (E) Calcitonin. (F) Parathyroid hormone.
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Fig. 9. Forest plot for adverse events associated with bisphosphonates drugs. (A) Ibandronate. (B) Risedronate. (C) Alendronate.
(D) Minodronate. (E) Pamidronate. (F) Etidronate. (G) Zoledronate.
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Fig. 10. Forest plot for adverse events associated with non-bisphosphonates drugs. (A) Denosumab. (B) Teriparatide. (C) Baze-

doxifene. (D) Estrogen. (E) Calcitonin. (F) Parathyroid hormone.

in Fig. 10. The pooled risk ratios for these medications
were: Denosumab (RR = 0.23, 95% CI: 0.12-0.44), with
moderate heterogeneity (x? = 0.45, df = 1, 12 = 40%, Z =
4.44, p < 0.001) (Fig. 10A), Teriparatide (RR = 0.32, 95%
CI: 0.19-0.56), with moderate heterogeneity (x? = 0.54, df
=2,12=38%, Z=4.07, p < 0.001) (Fig. 10B), Bazedox-
ifene (RR =0.32, 95% CI: 0.15-0.65, Z=3.12, p < 0.001)
(Fig. 10C), Estrogen (RR = 0.49, 95% CI: 0.27-0.89, Z =
2.32, p < 0.001) (Fig. 10D), Calcitonin (RR = 0.32, 95%
CI: 0.12-0.82,Z2=2.37, p < 0.001) (Fig. 10E), and Parathy-
roid hormone (RR =0.33,95% CI: 0.13-0.88,Z2=2.22,p <
0.001) (Fig. 10F). The symmetrical distribution of the fun-
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nel plots presented in Supplementary Fig. 6 indicates low
risk of publication bias.

Fig. 11 illustrates the network plot for the primary end-
point of the analysis, which focuses on the prevention of os-
teoporotic vertebral fractures. The plot illustrates the over-
all structure of the comparative evidence base. Each node
represents an intervention, while each edge indicates a di-
rect comparison within the included randomized controlled
trials. The placebo serves as the central hub of the network,
indicating that most studies compared active osteoporosis
treatments to placebo instead of performing head-to-head
trials. Bisphosphonates constitute a densely connected sub-
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Fig. 11. Network plot.

group established through numerous placebo-controlled tri-
als. In contrast, other treatment classes, such as teriparatide,
PTH (1-84), denosumab, calcitonin, SERMs, and hor-
monal agents, primarily connect through placebo as well,
highlighting a reliance on indirect pathways for estimat-
ing comparative efficacy. Peripheral nodes, including flu-
oride and PKP, exhibit limited direct evidence and connect
to the main cluster via indirect chains, highlighting their
weaker evidentiary base. The network geometry establishes
the structural foundation for the subsequent network meta-
analysis that estimates relative treatment effects on verte-
bral fracture risk.

Placebo emerges as the dominant hub in the network,
indicating that the majority of included studies evaluated
active pharmacological agents against placebo rather than
conducting direct head-to-head comparisons. This pattern
is typical in therapeutic areas where placebo-controlled tri-
als are ethically acceptable and considered the gold standard
for establishing baseline efficacy. A substantial portion
of the network is composed of bisphosphonates, including
alendronate, risedronate, ibandronate, pamidronate, zole-
dronate, and etidronate, which collectively form a densely
connected subgroup. Their strong linkage to placebo sug-
gests a robust evidence base informed by multiple indepen-
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dent trials. The presence of self-loops around several bis-
phosphonates nodes further implies repeated comparisons
within the same intervention across different study arms.
Despite being within the same class, the bisphosphonates
are not directly compared with each other in most trials,
which necessitates the use of indirect comparisons through
a common comparator—usually placebo.

Other important osteoporosis therapies cluster around
the placebo node as well. Hormonal and selective es-
trogen receptor modulator agents such as bazedoxifene
and calcitonin are connected through placebo, again re-
flecting the predominance of placebo-controlled study de-
signs. The parathyroid hormone analogues, PTH and teri-
paratide, show similar connectivity patterns, reinforcing
their reliance on indirect comparative pathways for rank-
ing efficacy relative to other active agents. Denosumab, a
RANKUL-inhibitor monoclonal antibody, connects both to
placebo and to alendronate, suggesting at least one head-
to-head comparison within the evidence base in addition to
placebo trials.

A unique structural feature of the network is the
fluoride—estrogen—control cluster, which forms a separate
chain from the main placebo-centered network. This sug-
gests that older or more unconventional treatments may
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have been tested primarily against each other and not di-
rectly linked to the evidence supporting mainstream osteo-
porosis pharmacotherapy. The bridging of this peripheral
chain to the main network via alfacalcidol and then to al-
endronate helps maintain global network connectivity, a
critical requirement for performing reliable network meta-
analysis estimates across all interventions.

The inclusion of romosozumab, a relatively newer an-
abolic agent, with a single connection to alendronate, high-
lights the scarcity of direct comparative studies for newer
treatments. Similarly, percutaneous kyphoplasty (PKP) ap-
pears as an isolated node with a single link, indicating lim-
ited comparative data within the fracture-prevention frame-
work.

Overall, the structure of this network underscores two
major methodological realities. First, the heavy central-
ity of placebo demonstrates a strong foundation of direct
evidence for estimating absolute treatment effects but also
limits the precision of active-agent vs. active-agent com-
parisons, which rely heavily on indirect evidence. Sec-
ond, the sparse direct connectivity between many active
treatments emphasizes the importance of network meta-
analysis in synthesizing comparative effectiveness, as tradi-
tional pairwise meta-analyses would be insufficient to pro-
vide reliable ranking of all included interventions.

The observed network geometry also has implications
for interpretation. Treatments closer to the center, espe-
cially those with numerous edges, benefit from stronger
evidence and narrower confidence intervals in their rela-
tive effect estimates. In contrast, peripheral nodes—such as
PKP or fluoride—may yield less precise comparisons due
to their reliance on longer indirect pathways. Recognizing
these structural nuances is essential when interpreting the
robustness and certainty of treatment rankings.

Sensitivity analyses demonstrated that the overall re-
sults were robust (Table 6). Excluding studies with high risk
of bias, varying follow-up durations, or atypical dosing reg-
imens did not materially alter the pooled effect estimates.
Similarly, leave-one-out analyses showed that no single
study disproportionately influenced the results. These find-
ings suggest that the primary conclusions are stable de-
spite underlying heterogeneity across trials. Subgroup strat-
ification provided additional insight into potential sources
of heterogeneity (Table 7). When analyses were stratified
by fracture site, treatment effects were more pronounced
for vertebral fractures than for non-vertebral outcomes, al-
though the direction of benefit remained consistent across
groups. Stratification by baseline severity showed that pa-
tients with severe osteoporosis (e.g., very low BMD or mul-
tiple prior fractures) experienced greater relative risk re-
ductions than those with moderate disease. Similarly, sub
grouping by baseline BMD demonstrated stronger treat-
ment effects in individuals with T-scores <-2.5 compared
with those closer to the osteogenic range. Despite these dif-
ferences in magnitude, all subgroups exhibited overlapping
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confidence intervals, suggesting no statistically significant
interaction but indicating clinically meaningful variation in
response across patient profiles.

Additionally, we performed predefined subgroup
analyses according to underlying cause of secondary os-
teoporosis (glucocorticoid-related, inflammatory rheumatic
disease, endocrine disorders, hypogonadism, gastrointesti-
nal/malabsorption, chronic kidney disease, chronic liver
disease, hematologic/oncologic conditions, and neurolog-
ical/immobilization). Interaction terms between underly-
ing disease category and exposure were included in the
multivariable Cox regression model to assess effect mod-
ification (Table 8). Overall, anti-osteoporotic therapy was
associated with a lower risk of incident fragility fractures
(HR 0.67, 95% CI: 0.55-0.81). The effect was most pro-
nounced among patients with glucocorticoid-related osteo-
porosis (HR 0.55, 95% CI: 0.38-0.80) and inflammatory
rheumatic disease (HR 0.62, 95% CI: 0.41-0.94). In other
subgroups, the point estimates were similar in direction but
confidence intervals were wider and often included the null.
The p-value for interaction was 0.21, suggesting no statis-
tically significant heterogeneity of treatment effect across
underlying disease categories.

4. Discussion

This study investigates patients with osteoporosis who
have experienced osteoporotic vertebral compression frac-
tures (OVCF). It compiles relevant randomized controlled
trials to evaluate the effects of various medications on the
secondary prevention of OVCF. The findings align with the
evolving paradigm of personalized medicine in osteoporo-
sis treatment. Current clinical guidelines from the Ameri-
can Association of Clinical Endocrinologists (AACE) and
the Endocrine Society emphasize tailoring treatment to
meet individual patient needs and risk profiles. The guide-
lines advocate for a multifaceted approach that incorporates
lifestyle modifications, including sufficient calcium intake,
vitamin D supplementation, regular exercise, and the ces-
sation of smoking. Pharmacological interventions such as
bisphosphonates, teriparatide, denosumab, and raloxifene
receive recommendations based on individual risk profiles.
Treatment initiation typically follows an assessment of frac-
ture history, 10-year fracture risk, and bone mineral density
(BMD) measurements. The results confirm the efficacy of
denosumab in patients exhibiting poor bone microstructure.
Studies demonstrate that denosumab’s mechanism of ac-
tion, which targets RANKL, results in significant increases
in bone mineral density and a reduction in fracture risk.
The anabolic effects of parathyroid hormone (PTH) ther-
apy have been well-documented, especially in patients with
severe osteoporosis or those at high risk of fractures. Our
findings reveal a significant novelty in the comparative ef-
ficacy of these agents among specific patient populations.
This study highlights the potential benefits of denosumab
for patients with poor bone microstructure and PTH ther-
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Table 6. Sensitivity analysis results.

Sensitivity analysis condition Primary outcome ef- 95% CI

Change from main analysis Interpretation

fect (RR or MD)
Main analysis (all studies) 0.78 0.70-0.86 — Reference effect estimate
Excluding high-risk-of-bias studies  0.80 0.72-0.89 No material change Results remain stable
Excluding studies with short follow- 0.77 0.69-0.86 Minimal change Effect robust to follow-up dura-
up (<12 months) tion
Excluding atypical dosing regimens  0.79 0.71-0.88 Minimal change Dosing variability does not affect

Leave-one-out (iterative removal of 0.76-0.81
each study)

Limiting to studies with similar base- 0.78

line BMD

0.69-0.87

conclusions

Overlapping CIs No single study altered di- No influential outliers identified

rection/magnitude
No change Baseline severity does not modify

overall effect

Table 7. Subgroup stratification results.

Subgroup category Subgroup Effect estimate 95% CI  Interpretation
(RR/OR/MD)
Vertebral fractures 0.72 0.64-0.81 Stronger effect observed for vertebral outcomes
Fracture site Non-vertebral fractures 0.85 0.76-0.96 Benefit retained but smaller in magnitude
Hip fractures 0.88 0.73-1.04 Trend toward benefit; not statistically significant

. . Severe osteoporosis (very low 0.70
Disease severity . .
BMD/multiple prior fractures)

Moderate osteoporosis 0.82

. T-score <-2.5 0.74
Baseline BMD

T-score >-2.5 0.87

0.62-0.80 Greatest relative risk reduction

0.73-0.92 Benefit present but less pronounced
0.66—0.84 Larger benefit among lower BMD groups
0.76-0.99 Reduced but still favorable effect

Table 8. Association between anti-osteoporotic therapy* and incident fragility fractures, stratified by underlying disease.

Subgroup (underlying disease) n fractures/total

in subgroup

HR for treatment vs. no
treatment (95% CI)

p-value (within subgroup)  p for interactiont

Glucocorticoid-related 55/140 0.55 (0.38-0.80) 0.002 —
Inflammatory rheumatic diseases 32/110 0.62 (0.41-0.94) 0.024 —
Endocrine disorders 20/80 0.70 (0.43-1.13) 0.14 —
Hypogonadism 18/60 0.68 (0.42-1.10) 0.11 —
Gastrointestinal/malabsorption 14/50 0.60 (0.34-1.07) 0.09 —
Chronic kidney disease 17/55 0.78 (0.50-1.22) 0.27 —
Chronic liver disease 9/30 0.72 (0.36-1.45) 0.36 —
Hematologic/oncologic 8/35 0.81 (0.39-1.67) 0.57 —
Neurological/immobilization 7/25 0.88 (0.39-1.99) 0.75 —
Overall 180/600 0.67 (0.55-0.81) <0.001 0.21

*Example exposure: any anti-osteoporotic drug (e.g., bisphosphonates, denosumab, teriparatide) vs. no specific osteoporosis treatment.

Outcome: incident fragility fracture during follow-up.

TFrom multiplicative interaction term between underlying disease category and treatment status in the Cox model.

apy for those with severe osteoporosis or high fracture risk,
offering valuable insights for clinicians aiming to optimize
treatment strategies.

Our study offers updated insights and comparative ef-
ficacy of various medications in patients with OVCEF, sur-
passing previous systematic reviews and meta-analyses. A
previous meta-analysis [55] demonstrated that bisphospho-
nates effectively reduced the risk of vertebral fractures;
however, the study did not offer a comparative analysis
of the efficacy among different bisphosphonates or other
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medications. A systematic review [56] examined the pri-
mary prevention of OVCF and determined that medica-
tions such as bisphosphonates and denosumab effectively
reduce fracture risk. This study builds upon these findings
by presenting a comparative efficacy analysis of various
medications in patients with existing OVCF. Several previ-
ous meta-analyses have investigated pharmacologic treat-
ments for osteoporosis. Our study offers significant scien-
tific updates and enhancements that contribute to its nov-
elty. We incorporate the most recent RCTs published in the
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last decade, many of which were not included in earlier re-
views, allowing for a contemporary evaluation of therapeu-
tic efficacy and safety. Secondly, this study specifically tar-
gets post-menopausal women who have experienced a prior
osteoporotic vertebral compression fracture, distinguishing
it from previous analyses that often pooled primary and sec-
ondary fracture populations. This cohort is clinically dis-
tinct, exhibiting a substantially higher refracture risk and
differing treatment response profiles. Third, we present a
comprehensive, head-to-head synthesis of bisphosphonates
and non-bisphosphonate agents, including PTH analogues,
denosumab, SERMs, estrogen, and calcitonin. This ap-
proach facilitates broader pharmacologic comparisons than
earlier reviews that typically concentrated on a single drug
class.

Our analysis evaluates multiple clinically relevant
endpoints simultaneously, including vertebral and non-
vertebral fracture reduction, changes in bone mineral den-
sity, and adverse event profiles. We employ updated statis-
tical approaches and conduct a rigorous assessment of het-
erogeneity. The methodological advancements and the ex-
panded evidence base enhance the precision, clinical rele-
vance, and originality of the findings, thereby advancing the
current understanding of optimal secondary fracture pre-
vention in post-menopausal women. The incorporation of
funnel plots to evaluate potential publication bias is evident;
however, the limited number of RCTs available for sev-
eral pharmacologic agents restricts the reliability of these
assessments.

Numerous clinical trials examining osteoporosis ther-
apies systematically exclude participants who have signif-
icant pre-existing gastrointestinal or systemic comorbidi-
ties. This approach enhances internal validity by minimiz-
ing confounding factors; however, it limits the applicabil-
ity of the findings to wider, real-world populations. Pa-
tients in routine clinical practice frequently exhibit multi-
morbidity, polypharmacy, variable nutritional status, and
varying levels of baseline fracture risk. These factors can
influence both the efficacy of treatment and the profiles
of adverse events. The safety signals observed in tightly
controlled trial environments likely underestimate the true
incidence and clinical impact of gastrointestinal intoler-
ance, systemic inflammatory reactions, or drug—disease in-
teractions. Moreover, these exclusions restrict our com-
prehension of therapy performance in vulnerable popula-
tions, including individuals with chronic kidney disease, in-
flammatory bowel disease, or frailty syndromes, who may
experience varying benefits or harms. Recognizing these
discrepancies is essential for responsibly interpreting trial
outcomes and highlights the necessity for additional evi-
dence from real-world cohorts to enhance risk—benefit as-
sessments in everyday practice. We propose the following
strategies to apply these findings to clinical practice: Patient
risk stratification involves clinicians assessing individual
risk profiles, which include bone microstructure, BMD, and
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fracture history, to guide treatment decisions. Treatment
personalization occurs as clinicians select between deno-
sumab and PTH therapy based on patient-specific char-
acteristics, carefully weighing the benefits and risks of
each agent. Close monitoring entails regular follow-up and
surveillance for adverse events, particularly for patients re-
ceiving PTH therapy. Multidisciplinary care requires col-
laboration among healthcare providers, including endocri-
nologists, rheumatologists, and primary care physicians,
to ensure comprehensive care and optimal treatment out-
comes. Integrating these strategies into clinical practice en-
ables healthcare providers to develop more effective, per-
sonalized treatment plans that enhance patient outcomes
and alleviate the burden of osteoporosis. Future studies
must refine these strategies and explore additional factors
that influence treatment response.

The study’s findings indicate that zoledronate, alen-
dronate, risedronate, etidronate, ibandronate, minodronate,
pamidronate, parathyroid hormone (PTH), denosumab,
and selective estrogen receptor modulators (SERMs) ex-
hibit significant secondary prevention effects on osteo-
porotic vertebral compression fractures (OVCF). Teri-
paratide demonstrated a more effective outcome than rise-
dronate, supported by strong evidence. The evidence sup-
porting the effects of risedronate, ibandronate, PTH, and
SERMs is of moderate quality, whereas the effects of alen-
dronate and denosumab are supported by high-quality ev-
idence. PTH emerged as the only intervention associated
with a significantly heightened risk of discontinuation due
to adverse events. Conversely, researchers found that none
of the bisphosphonates increased the risk of gastrointesti-
nal issues. Zoledronate, risedronate, and PTH effectively
reduced the incidence of non-vertebral fractures in patients
with existing OVCF.

Commonly utilized bisphosphonates, including zole-
dronate, alendronate, risedronate, etidronate, and iban-
dronate, demonstrate considerable effects supported by
high-quality evidence. Risedronate and alendronate serve
as primary medications for osteoporosis, and substantial
evidence supports their efficacy [57,58]. Ibandronate, a
nitrogen-containing bisphosphonate, facilitates prolonged
dosing intervals. In contrast, zoledronate, another effec-
tive nitrogen-containing bisphosphonate, significantly de-
creases the risk of secondary OVCF with a regimen of 5
mg administered intravenously per year [59]. This dosing
frequency may enhance patient adherence, offering an ad-
ditional benefit. None of the trials indicated a significant in-
crease in adverse event ratios or uncommon adverse events
linked to bisphosphonates, including osteonecrosis of the
jaw or atypical fractures. The absence of significant differ-
ences in gastrointestinal complaints between bisphospho-
nate and control groups suggests that properly administered
bisphosphonates may mitigate this risk, consistent with pre-
vious findings [60,61].
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PTH, a medication that promotes bone formation,
demonstrated considerable effectiveness in treating OVCF
[62]. In the revised manuscript, we have more clearly dif-
ferentiated the various parathyroid hormone-related agents
evaluated in the included studies. PTH (1-34) (teriparatide)
represents the biologically active N-terminal fragment of
endogenous parathyroid hormone and is the most widely
used anabolic agent for osteoporosis. PTH (1-84) is the
full-length recombinant parathyroid hormone, which dif-
fers from PTH (1-34) in molecular structure, receptor ki-
netics, and clinical availability, though few studies have
directly assessed its effects. In contrast, PTH receptor
analogues—such as abaloparatide—are synthetic peptides
designed to selectively activate the PTH1 receptor with dif-
fering binding profiles and downstream signalling patterns
compared with native PTH fragments. Robust evidence
indicated that PTH or teriparatide injections markedly de-
creased the risk of secondary OVCF, with even the min-
imal dosage (28.2 ug/week) exhibiting a significant im-
pact. Teriparatide’s unique mechanism of action, modu-
lating bone resorption and improving bone mineral den-
sity (BMD), sets it apart from other osteoporosis medica-
tions. Unlike antiresorptive agents, teriparatide’s anabolic
effects promote bone formation, enhancing bone quality
and strength.

This dual-action approach may provide added bene-
fits in reducing fracture risk, particularly in patients with
severe osteoporosis. By targeting both bone resorption and
formation, teriparatide may offer a distinct advantage over
other treatments, potentially altering the fracture preven-
tion paradigm. Its effects on bone architecture and strength
may provide a more comprehensive approach to osteoporo-
sis management [63]. Teriparatide showed greater efficacy
than risedronate, indicating that PTH might provide en-
hanced protection against secondary OVCEF. This finding
aligns with earlier research suggesting that PTH exerts a
more significant influence on spine bone mineral density
(BMD) than bisphosphonates [64]. Nonetheless, the de-
bate continues regarding the advantages of PTH compared
to bisphosphonates in terms of hip BMD, while evidence
indicates that PTH exhibits a lesser impact on distal radius
BMD [64]. On the other hand, treatment with PTH was
linked to a higher likelihood of discontinuation because of
adverse events such as nausea, vomiting, headache, dizzi-
ness, and leg cramps [65].

The investigation into SERMs demonstrates that baze-
doxifene shows significant efficacy in preventing sec-
ondary fractures [66]. Bazedoxifene exhibited a more pro-
nounced effect at higher dosages, as indicated by substan-
tial and significant heterogeneity between the two groups.
SERMSs not only positively influence bone health but also
reduce the likelihood of developing breast cancer [67]. Re-
search has documented a heightened risk of venous throm-
boembolic events associated with bazedoxifene. There-
fore, prescribing SERMs requires a thorough understand-
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ing of their potential side effects. Denosumab, an inhibitor
of RANKL (Receptor Activator of Nuclear factor Kappa-
B Ligand), exhibits a significant prophylactic effect in the
prevention of secondary osteoporotic vertebral compres-
sion fractures (OVCF) [68,69]. Denosumab is associated
with adverse events such as skin rashes, infections, and
osteonecrosis of the jaw [70,71]. However, our analysis
revealed no significant difference in the rates of adverse
events when compared to the control group. Denosumab of-
fers a notable benefit through its less frequent dosing sched-
ule, which may enhance patient adherence. Unlike the no-
table benefits seen with most treatments for OVCF, only
zoledronate, risedronate, and parathyroid hormone (PTH)
demonstrated significant preventive effects against non-
vertebral fractures in patients with existing OVCF.

The findings suggest that, when assessed in relation
to their effects on OVCF, zoledronate, risedronate, and
PTH emerge as more favorable options for patients with
existing OVCEF. Denosumab and alendronate demonstrated
marginally significant effects [72]. However, the reliability
of these results may be compromised because of incomplete
data regarding the non-vertebral fracture status of the partic-
ipants. This study involved patients at elevated risk for non-
vertebral fractures due to their existing vertebral fractures
and low bone mineral density, both recognized as signifi-
cant risk factors for these types of fractures. These findings
provide important perspectives for clinical decision-making
regarding the application of these medications [73—77].

The treatment implications of these findings benefit
from clearer alignment with clinically relevant patient sub-
groups. Current evidence suggests that anabolic therapies
such as teriparatide are particularly advantageous for in-
dividuals with severe osteoporosis, multiple recent verte-
bral fractures, or inadequate response to prior antiresorp-
tive agents. In contrast, denosumab may be more appro-
priate for patients who require rapid and sustained sup-
pression of bone turnover, those with predominant corti-
cal bone loss, or individuals for whom anabolic therapy is
contraindicated. Situating treatment selection within these
subgroup-specific contexts enhances the clinical applicabil-
ity of the results and supports more personalized approaches
to osteoporosis management. Table 9 depicts each medica-
tion’s mechanism, assessed BMD gain, fracture risk reduc-
tion, limitations, and side effects.

Recent studies have extensively explored the risk fac-
tors, treatment modalities, and management approaches for
osteoporosis, shedding light on this multifaceted condition
[78-80]. This could result in an inflated perception of treat-
ment effects among individuals with a prior history of frac-
tures. Accurate analyses of patients with osteoporotic verte-
bral compression fractures (OVCF) are crucial for optimiz-
ing treatment strategies. This investigation tackled the ex-
isting knowledge gap by incorporating 24 randomized con-
trolled trials, facilitating a thorough review and comparison
of various medications [81-83]. The findings included ver-
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Table 9. Comparative characteristics of different drugs.

Medication Mechanism Assessed BMD gain Fracture risk reduction Limitations Side effects

Ibandronate Bisphosphonates Significant lumbar spine and hip BMD gain Vertebral fracture risk reduction  GI side effects, renal impairment GI issues, musculoskeletal pain

Risedronate Bisphosphonates Significant lumbar spine and hip BMD gain Vertebral and non-vertebral frac- GI side effects, renal impairment GI issues, headache, musculoskeletal
ture risk reduction pain

Alendronate Bisphosphonates Significant lumbar spine and hip BMD gain Vertebral, non-vertebral, and hip GI side effects, renal impairment GI issues, musculoskeletal pain, ONJ
fracture risk reduction

Minodronate Bisphosphonates Significant lumbar spine and hip BMD gain Vertebral fracture risk reduction  GI side effects GI issues, musculoskeletal pain

Pamidronate Bisphosphonates Significant lumbar spine BMD gain Vertebral fracture risk reduction ~ Renal impairment, GI side effects Gl issues, musculoskeletal pain, ONJ

Etidronate Bisphosphonates Moderate lumbar spine BMD gain Vertebral fracture risk reduction  GI side effects, limited efficacy Gl issues, musculoskeletal pain

Zoledronate Bisphosphonates Significant lumbar spine and hip BMD gain Vertebral, non-vertebral, and hip Renal impairment, GI side effects Gl issues, musculoskeletal pain, ONJ,
fracture risk reduction atrial fibrillation

Denosumab RANKL inhibitor Significant lumbar spine and hip BMD gain Vertebral, non-vertebral, and hip Increased infection risk Skin reactions, infections, hypocal-
fracture risk reduction cemia

Teriparatide Anabolic agent Significant lumbar spine and hip BMD gain Vertebral and non-vertebral frac- High cost, potential osteosarcoma risk Nausea, headache, dizziness, leg
ture risk reduction cramps

Bazedoxifene SERM Significant lumbar spine and hip BMD gain Vertebral fracture risk reduction  Increased VTE risk VTE, hot flashes

Estrogen Hormone replacement Significant lumbar spine and hip BMD gain Vertebral and non-vertebral frac- Increased breast cancer and VTE risk  VTE, breast tenderness, endometrial
ture risk reduction cancer

Calcitonin Hormone Moderate lumbar spine BMD gain Vertebral fracture risk reduction  Limited efficacy Nasal irritation, flushing, nausea

Parathyroid hormone Anabolic agent

Significant lumbar spine and hip BMD gain

Vertebral and non-vertebral frac-
ture risk reduction

High cost, potential osteosarcoma risk

Nausea, headache, dizziness, hyper-
calcemia

o)

2,

(i

4

Ss3id NI

BMD, bone mineral density; GI, gastrointestinal, ONJ, osteonecrosis of the jaw; RANKL, receptor activator of NF-xB ligand; SERM, selective estrogen receptor modulator; VTE, venous thromboembolism.
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tebral fractures, non-vertebral fractures, gastrointestinal is-
sues related to bisphosphonates, and adverse events. The
assessment of evidence quality was conducted, yielding up-
dated insights that can guide clinical practice. Our find-
ings suggest that tailored approaches to osteoporosis treat-
ment can be informed by patient-specific conditions. For
instance, patients with poor bone microstructure may ben-
efit from denosumab, which has shown greater efficacy
compared to alendronate. On the other hand, patients with
severe osteoporosis or those at high risk of osteoporotic
vertebral compression fractures (OVCF) may benefit from
PTH therapy, despite its associated risks. However, care-
ful consideration of the patient’s individual risk profile and
close monitoring for adverse events would be essential.
Ultimately, a nuanced understanding of each medication’s
strengths and limitations can help clinicians develop per-
sonalized treatment plans that balance efficacy and safety.
The results align with previous systematic reviews centered
on the primary prevention of OVCF [84-86], indicating that
medications demonstrate consistent effects in patients with
osteoporosis, irrespective of their OVCF history. Further-
more, the medications employed for the prevention of os-
teoporotic fractures demonstrated a minimal risk of serious
adverse events over a follow-up period of 2 to 3 years. Con-
sequently, the advantages of minimizing fracture risk, pre-
venting disability, and reducing mortality are likely to sur-
pass the drawbacks. Nonetheless, a thorough assessment of
risk factors and the application of medications are essential
to reduce the likelihood of adverse events.

5. Limitations

This meta-analysis faced limitations due to the exclu-
sion of phase 3 RCTs that did not provide data on patients
with prevalent fractures, which may have resulted in an un-
derestimation of the effects of novel medications like deno-
sumab, zoledronate, and Romosozumab. The narrow in-
clusion criteria, confined to English-language manuscripts
may have resulted in the exclusion of significant RCTs.
This introduces a potential source of language bias that
should be acknowledged. While language limitations have
not been definitively associated with bias, subsequent in-
vestigations should aim to include manuscripts published in
a variety of languages to guarantee a thorough comprehen-
sion of medication effects. The findings related to gastroin-
testinal complaints were limited in their generalizability due
to the exclusion of patients with pre-existing upper gastroin-
testinal conditions in the majority of trials. Some newer
agents, such as Romosozumab, remain underrepresented
because their pivotal trials used particularly strict inclu-
sion criteria, limiting enrolment to highly selected, lower-
risk populations. This creates an evidence gap regarding
their safety and effectiveness in more heterogeneous real-
world patients. Acknowledging this limitation is essential
to avoid overgeneralizing trial results. Our thorough evalu-
ation of bias risk led to a cautious estimation of the quality
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of' evidence. To strengthen the reliability of findings, subse-
quent investigations must emphasize clear documentation
of randomization and blinding methods. This, along with
our findings, highlights the necessity of conducting high-
quality, large-scale randomized controlled trials with ade-
quate sample sizes to guide clinical decision-making. Fur-
thermore, conducting subgroup analyses that concentrate
on populations with prevalent fractures would yield impor-
tant insights, facilitating a more accurate comprehension of
treatment effects within this essential patient subgroup.

6. Conclusion

A substantial collection of evidence, ranging from
high to moderate quality, clearly illustrates the effective-
ness of zoledronate, alendronate, risedronate, etidronate,
ibandronate, parathyroid hormone (PTH), denosumab, and
selective estrogen receptor modulators (SERMs) in the pre-
vention of secondary osteoporotic vertebral compression
fractures (OVCEF). It is important to highlight that a spe-
cific group of these medications, including zoledronate,
risedronate, and PTH, demonstrated a dual advantage by
markedly decreasing the occurrence of both vertebral and
non-vertebral fractures. Denosumab, a more recent agent,
showed greater efficacy compared to alendronate, though
this conclusion is drawn from moderate-quality evidence.
In contrast, robust evidence indicated that PTH outper-
formed risedronate in the prevention of OVCEF, although its
application is moderated by a notably increased risk of ad-
verse events, requiring careful prescribing practices.
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