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Abstract

Summary This registry-based study of 3068 patients with osteoporosis compared the anti-fracture effectiveness of deno-
sumab versus bisphosphonates. Denosumab was associated with significantly greater risk reduction than alendronate or
ibandronate for vertebral and any fractures. No difference in fracture risk reduction was found between zoledronate and
denosumab.

Purpose To analyse the fracture risk of patients with osteoporosis receiving bisphosphonates or denosumab in a real-world
setting.

Methods This registry-based cohort study evaluated patients taking denosumab, bisphosphonates or both sequentially.
Fractures were analysed using rates, rate ratios and hazard ratios (HR), including both therapies as time-varying co-variates.
Fracture risk hazards were adjusted (aHR) for baseline T-Scores and trabecular bone score (TBS) and were additionally
analysed with inverse probability treatment weighting.

Results A total of 3068 patients (89% female; median age at treatment onset, 69 years [63 to 76]) received denosumab
(median duration 2.8 years, [2.2 to 4.7]), bisphosphonates (3.4 years, [2.1 to 5.7]) or both sequentially. Thus, 11,078 subject-
years were assessed for bisphosphonates (41% alendronate, 36% ibandronate, 23% zoledronate) and 4216 for denosumab.
Moreover, 48,375 subject-years were observed before treatment onset, in addition to 2593 years of drug holidays. A total
of 1481 vertebral fractures (435 under therapy), 1508 non-vertebral fractures (499 under therapy) and 202 hip fractures (67
under therapy) occurred after age 50. The risks of vertebral, non-vertebral and hip fractures were significantly lower under all
bisphosphonates, denosumab and drug holidays than before treatment onset (all p <0.001). After adjusting for age, baseline
T-scores and TBS, denosumab was associated with lower risk than alendronate or ibandronate for vertebral fractures (aHR
0.47 (0.35 t0 0.64) and 0.70 [0.53 to 0.91], p <0.001 and p =0.009, respectively) and any fractures (aHR 0.62 [0.51 to 0.76]
and 0.77 [0.64 to 0.92], p <0.001 and p=0.004). With propensity weighting, denosumab was associated with a lower hip
fracture risk compared to alendronate (HR 0.54 [0.29 to 0.98], p =0.044). No difference in fracture risk reduction (vertebral,
non-vertebral or hip) was found between zoledronate and denosumab.

Conclusions When adjusting for disease severity, denosumab was associated with significantly greater risk reduction than
alendronate and ibandronate for vertebral fractures. No difference in fracture risk reduction was found between zoledronate
and denosumab.
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Introduction

Osteoporosis is a systemic skeletal disease characterized by
These data were presented in part at the American Society of Bone low bone mass and microarchitectural deterioration of bone
eslr;itle\:[r;rtl)zrralz(l){;;earch 2022 Annual Meeting in Austin, Texas, 9-12 tissue, with a consequent increase in bone fragility and frac-

ture risk [1]. Antiresorptive therapies such as bisphospho-
Extended author information available on the last page of the article nates and denosumab increase bone mineral density (BMD)

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00198-023-06863-y&domain=pdf
http://orcid.org/0000-0002-8792-8199
http://orcid.org/0000-0001-8123-0438
http://orcid.org/0000-0001-8098-6567
http://orcid.org/0000-0003-0739-5562

1962

Osteoporosis International (2023) 34:1961-1973

and reduce the risk of fractures, which are major causes of
disability and high healthcare costs [2]. Both agents inhibit
osteoclast function, albeit with different mechanisms of
action. When internalized from the bone surface, bisphos-
phonates bind to bone mineral and inhibit osteoclast func-
tion or promote osteoclast apoptosis [3]. These effects are
long-lasting, extending for several months or years beyond
treatment discontinuation. Denosumab, a fully humanized
monoclonal IgG2 antibody, binds to the receptor activator
of nuclear factor-«B ligand (RANKL) and thereby impairs
the formation, activation and survival of osteoclasts [4].
This effect is quickly reversed upon denosumab discontinu-
ation, which usually necessitates an alternative antiresorp-
tive subsequent therapy [5]. Since osteoporosis is a chronic
disease, most patients receive sequential therapies with both
bisphosphonates and denosumab over the course of several
decades, with or without temporary discontinuations (“drug
holidays”) after bisphosphonate therapy. Thus far it remains
unclear which antiresorptive agent is most effective regard-
ing fracture risk reduction. In randomised controlled trials,
denosumab was superior to alendronate in increasing BMD
[6-10], and the transition from a bisphosphonate to deno-
sumab was more effective in improving BMD than continu-
ing with a bisphosphonate [11]. BMD is an important sur-
rogate marker for fracture risk, and larger increases in BMD
are associated with greater reductions in fracture risk, as
observed across randomised controlled trials of osteoporosis
therapies with different mechanisms of action [12, 13]. Still,
head-to-head studies designed to compare the anti-fracture
efficacy of denosumab with bisphosphonates are lacking.
Most real-world studies have shown no significant differ-
ence in this regard, but they have often been limited by the
use of indirect comparisons, short observational periods or
missing information on BMD [14—16]. Thus, selection bias
(different indication due to variable disease severity) might
confound these findings.

We evaluated the anti-fracture effectiveness of bispho-
sphonates (zoledronate, ibandronate and alendronate) and
denosumab in our patients in the osteoporosis registry of
the Swiss Society of Rheumatology. This registry records
not only fractures, including the time of their occurrence and
their location, but also T-scores at different locations and
trabecular bone scores (TBS) at the beginning of treatment
and during follow-up. Hence, fracture risk can be adjusted
for baseline BMD levels.

Methods
Study population

This study was conducted at a single non-academic out-
patient centre in Switzerland, named OsteoRheuma Bern.
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Patients reviewed in this cohort study derive from a national
register for osteoporosis maintained by the Swiss Society
of Rheumatology [17, 18]. Subjects who were referred for
a dual-energy X-ray absorptiometry (DXA) scan were con-
secutively enrolled in this registry. Eligible cohort members
were patients followed from January 1, 2015, to September
30, 2019 who received denosumab, bisphosphonates or both
sequentially. Retrospective data about past fractures and
anti-osteoporotic therapies were collected in detailed face-
to-face interviews, and like prospective data obtained after
cohort entry, they were verified against referral information
provided by each patient’s general practitioner. Patients were
usually followed up by DXA scans every 1 to 3 years depend-
ing on their individual fracture risk and therapeutic strategy.
Anti-osteoporotic drug therapy was administered in cases of
fragility fracture or high fracture risk. The choice of medica-
tion was at the discretion of the treating physician, but there
are certain constraints stipulated by the health authorities: In
Switzerland, denosumab, zoledronate and ibandronic acid/
ibandronate sodium can only be administered to patients
with a fragility fracture and/or a T-score below -2.5 SD. In
addition, denosumab can be prescribed to patients receiving
hormone ablative therapy, regardless of fracture state or bone
density. Alendronate has no restrictions and can be used in
patients with osteopenia and no fractures.

The study was approved by the Ethics Committee of the
Canton of Bern, Switzerland (KEKBE 2019-01037), and all
subjects provided written informed consent.

Fracture assessment

Prior fracture history after the age of 50 years and new
fractures during the follow-up period were recorded during
structured face-to-face interviews, in addition to treatment
modalities before and after cohort entry. Patients were seen
at least every 1-3 years for a DXA scan that always included
a vertebral fracture assessment. All clinical fractures after
the age of 50 years were considered to be osteoporotic frac-
tures; fractures of the fingers, toes and skull, as well as those
associated with high-energy trauma, were excluded. Mor-
phometric vertebral fractures were identified by vertebral
fracture assessment using the semiquantitative method of
Genant on lateral scans of the spine (Th6 to L4) [19]. Grade
2 and 3 vertebral fractures (>25% loss of vertebral height)
were recorded as morphometric vertebral fractures at base-
line and during follow-up.

BMD assessment

BMD was measured at the lumbar spine (L1-L4), total hip
and femoral neck. If patients could not be evaluated at one
of these regions, additional measurement at the forearm
was performed, and the BMD of the distal 1/3 radius of the
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non-dominant arm was recorded in the register. This was
necessary generally in subjects with spine degeneration,
metal spinal implants or bilateral hip replacements. TBS
was measured in all patients after January 1, 2014 (the date
that software evaluation of this score became possible). Hol-
ogic Delphi S/N 70197 C or GE Lunar Prodigy Pro “Full”
JBO/557-C devices were used for all measurements (BMD,
TBS and vertebral fracture analyses). In most cases (> 90%),
each patient’s measurements were performed using the same
device. A few patients underwent their baseline DXA scan
outside our centre, and in these situations, we recorded these
externally measured baseline T-scores in the registry.

Statistical analyses

We analysed the association of bisphosphonates (zole-
dronate, ibandronate and alendronate) and denosumab
therapy with osteoporotic fractures at different sites (hip,
vertebra, non-vertebra and other) in a time-to-event manner.
This analysis included treatments as time-varying covari-
ates in a Cox regression model, accounting for multiple
events per patient. We modelled individuals with multiple
fractures by indicating clusters of standard errors by patient
in the regression model to account for the treatment at the
time of fracture. Patients aged > 50 years were considered
at risk. We distinguished four different settings, specifi-
cally ‘before treatment onset’, ‘bisphosphonate therapy’,
‘denosumab therapy’ and ‘drug holidays’, and calculated
hazard ratios (HRs) with 95% confidence intervals (CIs)
using ‘before treatment’ as the reference and with standard
errors to allow for intra-patient correlation. The time ‘before
treatment onset’ refers to the specific period beginning at
age 50 and before receiving therapy. In separate analyses,
we compared bisphosphonates and denosumab in a similar
way. As a sensitivity analysis, we stratified patient age into
two 15-year ranges, specifically from 50 to < 65 years and
from 65 to < 80 years, to check for different patterns over
long-term follow-up. Proportional hazard assumptions were
checked using Schoenfeld residuals. We further adjusted for
age, gender, TBS, T-scores at different sites (lumbar spine,
total hip, femoral neck and distal 1/3 radius) and use of glu-
cocorticoids or aromatase inhibitors. Since BMD was not
assessed at every site in all patients, we created 25 imputed
datasets based on chained equations and conducted multiple
imputations using T-scores at the lumbar spine, total hip,
femoral neck, distal 1/3 radius, TBS and age. After multiple
imputation, we calculated pooled chi-squared statistics based
on Rubin’s rules to assess proportional hazard assumptions
of the adjusted time-to-fracture analysis.

As an additional analysis, we used propensity modelling
to construct two balanced treatment groups, namely ‘ini-
tial denosumab’ versus ‘initial zoledronate’, ‘initial iban-
dronate’ or ‘initial alendronate’. This model considered only

the initial treatment, not subsequent therapies and/or drug
holidays. Further, this model accounted for the time to first
fracture only. The covariates included in the model were age,
gender, use of glucocorticoids or aromatase inhibitors, prior
vertebral or non-vertebral fractures and BMD (lumbar spine,
total hip, femoral neck and distal 1/3 radius). We derived the
balanced inverse probability of treatment weights by replac-
ing weights that exceeded 10 with 10. For baseline char-
acteristics, we calculated standardised differences between
treatment groups. We calculated HRs with 95% ClIs for every
distinct outcome using Cox regressions of the inverse prob-
abilities of treatment weights considering multiple events.
In contrast to the main analysis, the observation time started
with the initiation of treatment rather than at patient age 50.
For this part of the analysis, we applied simple mean imputa-
tion to derive the inverse probability of treatment weights in
cases of missing values. We performed statistical analyses
using Stata 16 (StataCorp, College Station, TX, USA).

Results
Study cohort

The study cohort included 3068 subjects who received bis-
phosphonates, denosumab or both sequentially. They were
consecutively enrolled between January 1, 2015 (the imple-
mentation date of the osteoporosis register of the Swiss
Society of Rheumatology), and September 30, 2019. Of
these patients, 2384 were first treated with a bisphospho-
nate, compared to 684 with denosumab. We analysed 11,078
observed patient-years for bisphosphonate therapy (41%
alendronate, 36% ibandronate [28% intravenous ibandronic
acid and 8% oral ibandronate sodium], 23% zoledronate) and
4216 for denosumab therapy. The median treatment duration
was 2.8 years [2.2 to 4.7] for denosumab, 4.7 [2.7 to 6.5] for
alendronate, 3.4 [2.2 to 5.3] for ibandronate and 2.1 [1.0 to
3.1] for zoledronate. A total of 48,375 patient-years were
analysed after age 50 and before therapy was begun (‘time
before therapy’), compared to 2593 patient-years of drug
holidays (defined as the time between two treatment cycles)
that had a median duration of 1.7 years [0.54 to 3.1]. The
characteristics of all patients are shown in Table 1 accord-
ing to the initial therapy (bisphosphonates or denosumab).

Fracture rates

In all 3068 patients, 2989 fragility fractures occurred after age
50. These included 1481 vertebral fractures (435 under ther-
apy), 1508 non-vertebral fractures (499 under therapy) and 202
hip fractures (67 under bisphosphonates or denosumab). The
fracture rates under bisphosphonates or denosumab, and those
occurring during a drug holiday, are indicated in Table 2.

@ Springer
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Table 1 Baseline characteristics

First treatment: BP  First treatment: Dmab  p

(n=2384) (n=684)
Male 295 (12%) 31 (4.5%) <0.001
Age 70+10 69+10 0.021
BMI (kg/m?) 25+4.7 24+4.7 0.07
Postmenopausal 1831 (77%) 560 (82%) 0.005
Family history of osteoporosis 258 (11%) 67 (10%) 0.48
Use of glucocorticoids (>5 mg/d for >3 months) 256 (11%) 28 (4.1%) <0.001
Prostate cancer with hormone ablative therapy 4(0.17%) 2 (0.29%) 0.62
Use of aromatase inhibitors 40 (1.7%) 74 (11%) <0.001
Use of antiepileptic medication 12 (0.50%) 2 (0.29%) 0.75
Rheumatoid arthritis 108 (4.5%) 20 (2.9%) 0.07
Axial spondylarthritis 11 (0.46%) 2 (0.29%) 0.75
Immobility / need for a walking aid 118 (4.9%) 33 (4.8%) 1.00
Type 1 diabetes 25 (1.0%) 8 (1.2%) 0.83
Chronic obstructive pulmonary disease 79 (3.3%) 20 (2.9%) 0.71
Hypogonadism in males 12 (0.50%) 0 (0.00%) 0.08
Early menopause in females (<45 years) 155 (6.5%) 50 (7.3%) 0.49
Primary hyperparathyroidism 20 (0.84%) 2 (0.29%) 0.20
Alcohol intake of >30 g/d 30 (1.3%) 4 (0.58%) 0.21
Tobacco abuse 216 (9.1%) 57 (8.3%) 0.59
T-score lumbar spine -19+1.4 2.0+1.5 0.07
T-score femoral neck -2.1+0.73 -2.1+0.80 0.82
T-score total hip -1.8+1.1 -1.8+0.88 0.19
T-score 1/3 radius 23+1.4 23+15 0.99
T-score minimum 25+1.1 -2.6+0.93 0.17
Trabecular bone score 1.196 +£0.172 1.192+0.202 0.67
Vertebral fracture(s) 745 (31%) 192 (28%) 0.12
Hip fracture(s) 133 (5.6%) 28 (4.1%) 0.14
Non-vertebral fracture(s) 706 (30%) 175 (26%) 0.044

BP: bisphosphonate; Dmab: denosumab

Continuous variables: Median +interquartile range [IQR], Categorical variables: Percentage of total of

each subgroup

Fracture risks

Crude hazard ratios for hip, vertebral, non-vertebral and any
fractures, with hazards adjusted for age, gender, baseline
T-scores (lumbar spine, femoral neck, total hip, distal 1/3
radius), TBS and use of glucocorticoids or aromatase inhibi-
tors are shown in Table 3. These analyses indicate that all
bisphosphonates and denosumab, in addition to drug holi-
days, were associated with a significantly decreased risk of
any fractures (including vertebral, non-vertebral and hip
fractures) compared to the fracture risk before treatment
onset (after age 50). After adjusting for disease severity
(namely age and baseline BMD) and/or differences between
groups at baseline, denosumab was associated with lower
risk than alendronate or ibandronate for vertebral frac-
tures (aHR 0.47 (0.35 to 0.64) and 0.70 [0.53 to 0.91],
p<0.001 and p=0.009, respectively) and any fractures
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(aHR 0.62 [0.51 to 0.76] and 0.77 [0.64 to 0.92], p <0.001
and p =0.004), but not for hip fractures. No difference in
crude or adjusted fracture risk reduction was found between
zoledronate and denosumab. (Fig. 1). In this multivariate
regression model, patient age was significantly associated
with the occurrence of any fractures. The baseline T-scores
at the lumbar spine and distal 1/3 radius were significantly
associated with the risk of vertebral, non-vertebral and any
fractures, but not with hip fractures. In contrast, the base-
line T-score at the femoral neck was associated with the hip
fracture risk. TBS and male gender showed a significant
association with the risk of vertebral fractures.

In the Cox regression models for crude or adjusted HRs,
the proportional hazard assumption was violated for some
fracture locations (mainly non-vertebral fractures). After
adjusting for age, this violation was eliminated in most but not
all cases. However, age might be one of the most important
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Table 2 Fracture rates

Fracture location Treatment #events Rate per 100

patient-years (95% CI)

Hip Rates
Overall 202
Before treatment 98

Drug holidays 37 1.43 (1.03 to 1.97)

Bisphospho- 42 0.38 (0.28 to 0.51)
nates
Alendronate 17 0.37 (0.23 to 0.60)
Ibandronate 15 0.38 (0.23 to 0.63)
Zoledronate 10 0.39 (0.21 t0 0.72)
Denosumab 25 0.59 (0.40 to 0.88)
Vertebral Rates
Overall 1481
Before treatment 831
Drug holidays 215 8.29 (72510 9.48)
Bisphospho- 328 2.96 (2.66 to 3.30)
nates
Alendronate 126 2.75 (2.31 t0 3.28)
Ibandronate 125 3.18 (2.67 to 3.79)
Zoledronate 77 2.99 (2.39t03.74)
Denosumab 107 2.54 (2.10 to 3.07)
Non-vertebral ~ Rates
Overall 1508

Before treatment 774

Drug holidays 235 7.35 (6.47 to 8.36)

Bisphospho- 351 3.17 (2.85t0 3.52)
nates
Alendronate 112 2.45 (2.03t02.94)
Ibandronate 142 3.62 (3.07 to 4.26)
Zoledronate 97 3.77 (3.09 to 4.60)
Denosumab 148 3.51 (2.99t04.12)
Any Fracture Rates
Overall 2989

Before treatment 1605

Drug holidays 450 17.4 (15.8 t0 19.0)

Bisphospho- 679 6.13 (5.68 t0 6.61)
nates

Alendronate 238 5.20 (4.58 to 5.90)

Ibandronate 267 6.80 (6.03 to 7.67)

Zoledronate 174 6.76 (5.83 to 7.85)

Denosumab 255 6.05 (5.35t0 6.84)

Any Fractures: All fractures except for skull, toes and fingers

factors explaining the varying fracture risk observed across
the wide range of ages in this study (age 50 to 80), apart from
other factors like an increased imminent fracture risk after an
index fracture or extraskeletal risk factors that change over
time. We therefore analysed patterns after stratifying patient
age into two 15-year ranges, namely from 50 to <65 years
and from 65 to <80 years. Antiresorptive treatment was

associated with significantly reduced fracture risk in older
patients (> 65 years), but with a smaller reduction in younger
ones (Table 4). In older individuals, bisphosphonates and
denosumab both reduced hip fracture risk by about 60% and
vertebral fracture risk by about 70-80%. Comparisons of frac-
ture risk reduction in this older subgroup did not demonstrate
a significant difference between bisphosphonate and deno-
sumab treatment for any fracture location. This subanalysis,
however, did not adjust for baseline BMD.

As an additional analysis, we used propensity modelling to
compare the fracture risk under bisphosphonate versus deno-
sumab (Suppl. Table 1). Of note, this model considered only the
initial treatment, not subsequent therapies and/or drug holidays,
and analyzed the time to first fracture only and not to subsequent
fracture(s). After inverse weighting of treatment probabilities,
denosumab was associated with a lower risk than alendronate
and ibandronate in terms of vertebral fractures (HR 0.37 (0.28
to 0.49) and HR 0.55 (0.42 to 0.73), both p <0.001) and any
fractures (HR 0.38 (0.31 to 0.47) and HR 0.62 (0.50 to 0.76),
both p <0.001, respectively). Further, denosumab was associ-
ated with a lower risk of non-vertebral fractures compared with
alendronate (HR 0.38 (0.29 to 0.50), p <0.001) and ibandronate
(HR 0.67 (0.50 to 0.89), p=0.005). No difference in fracture risk
reduction (vertebral, non-vertebral or hip) was found between
zoledronate and denosumab. However, the hip fracture analysis
showed a significant lower risk under denosumab compared to
alendronate, HR 0.54 (0.29 to 0.98), p=0.044) (Fig. 1). Thus,
the findings in the propensity model are mostly consistent with
the main analysis that used both therapies as time-varying covar-
iates and adjusted the fracture hazards for baseline differences.
The main differences were a significant risk reduction for non-
vertebral fractures under denosumab compared to alendronate
and ibandronate, and a significant hip fracture risk reduction
under denosumab compared to alendronate, neither of which
was found in the first analysis using time-varying co-variates.

Discussion

This registry-based cohort study of 3068 patients who
received bisphosphonates (zoledronate, ibandronate and
alendronate) or denosumab analysed the anti-fracture
effectiveness of treatment after age 50. Overall, 67,169
observation-years were recorded, including 11,078 years
of bisphosphonate therapy and 4128 years of denosumab
therapy. A total of 2989 fragility fractures arose after age
50, and among them, 934 fractures occurred during antire-
sorptive therapies. The risks of vertebral, non-vertebral and
hip fractures were significantly lower under any bisphos-
phonate, denosumab and drug holidays than before treat-
ment onset. Crude and adjusted HRs, as well as HRs after
propensity weighting, revealed a significant difference in
vertebral fracture risk reduction between alendronate and
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Table 3 Crude and adjusted hazard ratios

A. Crude hazard ratios

Hip Fracture

HR (95% CI)
No treatment Reference
Drug holidays  2.23 (1.50 to
3.31)
BP 0.69 (0.47 to
1.01)
Alendronate 0.78 (0.45 to
1.34)
Ibandronate 0.69 (0.40 to
1.19)
Zoledronate 0.69 (0.40 to
1.19)
Denosumab 1.00 (0.64 to
1.57)
BP Reference
Denosumab 1.50 (0.91 to
2.48)
Alendronate Reference
Denosumab 1.28 (0.68 to
2.41)
Ibandronate Reference
Denosumab 1.57 (0.84 to
2.92)
Zoledronate Reference
Denosumab 1.72 (0.81 to
3.64)
B. Adjusted hazard ratios
Hip Fracture
HR (95% CI)
No treatment  Reference
Drug holidays  0.50 (0.32 to
0.77)
BP 0.16 (0.11 to
0.24)
Alendronate 0.24 (0.14 to
0.42)
Ibandronate 0.14 (0.08 to
0.25)
Zoledronate 0.12 (0.06 to
0.23)
Denosumab 0.17 (0.10 to
0.27)
Age 1.13(1.11 to
1.15)
T-Score LS 1.03 (0.92 to
1.14)
T-Score FN 0.76 (0.59 to
0.99)
T-Score TH 0.95 (0.88 to
1.02)
T-Score 1.15 (0.99 to
Radius 1.34)

p

<0.001

0.059

0.368

0.181

0.181

0.991

0.112

0.443

0.157

0.158

0.002

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.648

0.038

0.165

0.072

Vertebral Fracture*
HR (95% CI)
Reference

1.28 (1.11 to 1.48)

0.57 (0.50 to 0.64)

0.63 (0.52 t0 0.76)

0.61 (0.51 t0 0.73)

0.61 (0.51 t0 0.73)

0.45 (0.37 t0 0.55)

Reference
0.80 (0.64 to 1.00)

Reference
0.76 (0.58 to 0.99)

Reference
0.75 (0.58 to 0.98)

Reference
0.90 (0.65 to 1.25)

0.001

<0.001
<0.001
<0.001
<0.001

<0.001

0.05

0.044

0.035

0.52

Vertebral Fracture®
HR (95% CI) p

Reference

0.31 (0.26 to <0.001
0.37)

0.14 (0.12 to <0.001
0.16)

0.21 (0.17 to <0.001
0.26)

0.14 (0.11 to <0.001
0.17)

0.09 (0.07 to <0.001
0.12)

0.08 (0.07 to <0.001
0.10)

1.13(1.12to <0.001
1.14)

0.95 (0.91 to 0.009
0.99)

1.05 (0.96 to 0.324
1.15)

0.99 (0.96 to 0.551
1.02)

1.14 (1.07 to <0.001

1.21)

Non-vertebral Fracture

HR (95% CI) p

Reference

1.79 (1.54 to
2.07)

0.82 (0.72 to
0.94)*

0.71 (0.57 to
0.88)

0.92 (0.76 to
1.11)

0.92 (0.76 to
1.11)

0.45 (0.37 to
0.55)

Reference

1.05 (0.85 to
1.30)

Reference

1.21 (0.92 to
1.61)

Reference

0.94 (0.73 to
1.21)

Reference

1.01 (0.76 to
1.34)

<0.001
0.003
0.002
0.382
0.382

<0.001

0.663

0.173

0.629

0.957

Non-vertebral Fracture*
HR (95%CI) p

Reference

0.50 (0.42 to <0.001
0.60)

0.21 (0.18 to <0.001
0.25)

0.23 (0.18 to <0.001
0.30)

0.21 (0.17 to <0.001
0.26)

0.20 (0.15 to <0.001
0.25)

0.16 (0.13 to <0.001
0.20)

1.12(1.11to <0.001
1.12)

0.91 (0.87 to <0.001
0.96)

0.95 (0.87 to 0.249
1.04)

0.98 (0.95 to 0.377
1.02)

1.19 (1.12 to <0.001
1.26)

Any Fracture*

HR (95%CI) p

Reference

1.62 (1.47 to
1.78)

0.68 (0.62 to
0.74)

0.67 (0.58 to
0.77)

0.74 (0.65 to
0.84)

0.74 (0.65 to
0.84)

0.62 (0.54 to
0.71)

Reference

0.93 (0.80 to
1.08)

Reference

0.97 (0.80 to
1.17)

Reference

0.85 (0.71 to
1.02)

Reference

0.96 (0.78 to
1.19)

<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

0.325

0.756

0.079

0.7

Any Fracture*
HR (95% CI) p

Reference

0.39 (0.34 to <0.001
0.44)

0.17 (0.15 to <0.001
0.19)

0.22 (0.19 to <0.001
0.26)

0.17 (0.14 to <0.001
0.19)

0.13 (0.11 to <0.001
0.16)

0.11 (0.10 to <0.001
0.13)

1.12 (1.12 to <0.001
1.13)

0.93 (0.90 to <0.001
0.96)

1.00 (0.93t0  0.962
1.07)

0.99 (0.96t0  0.303
1.01)

1.17 (1.11 to <0.001
1.22)
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Table 3 (continued)

A. Crude hazard ratios

TBS 0.61 (0.28t0  0.219 1.53(1.01to  0.043 1.06 (0.70to  0.798 1.27(094t0  0.125
1.34) 2.31) 1.60) 1.72)

Male gender 1.05 (0.65t0  0.836 1.33(1.11to  0.002 0.70 (0.56 to  0.002 1.02 (0.88to  0.82
1.71) 1.60) 0.88) 1.18)

Glucocorto- 0.97 (0.56t0  0.904 0.88 (0.70t0  0.23 0.87 (0.69to  0.259 0.87 (0.74to  0.086

coids 1.68) 1.09) 1.11) 1.02)
Aromatase 1.29 (0.58to  0.532 0.70 (047to  0.078 1.17 (0.83to  0.364 0.96 (0.74to  0.741
inhibitors 2.91) 1.04) 1.66) 1.24)

Inhib

BP Reference Reference Reference Reference

Denosumab 1.15(0.70to  0.577 0.67 (0.53t0  0.001 0.87 (0.71to  0.219 0.78 (0.67to  0.001
1.91) 0.85) 1.08) 0.91)

Alendronate Reference Reference Reference Reference

Denosumab 0.67 (0.33t0  0.27 0.47 (0.35 to <0.001 0.80(0.60to  0.142 0.62 (0.51 to <0.001
1.37) 0.64) 1.08) 0.76)

Ibandronate Reference Reference Reference Reference

Denosumab 1.24 (0.66to  0.497 0.70 (0.53to  0.009 0.83 (0.64to  0.152 0.77 (0.64 to  0.004
2.34) 0.91) 1.07) 0.92)

Zoledronate Reference Reference Reference Reference

Denosumab 1.52 (0.69to  0.295 1.02(0.73t0  0.92 0.90 (0.67to  0.485 0.95(0.76to  0.635
3.34) 1.43) 1.21) 1.18)

BP: bisphosphonate, HR: hazard Ratio, LS: lumbar spine, FN: femoral neck, TH: total hip, TBS: trabecular bone score

* Proportional hazard assumption violated

denosumab as well as between ibandronate and denosumab.
Further, denosumab was associated with a significantly
lower hip fracture risk compared with alendronate (but not
ibandronate or zoledronate) in the model that used propen-
sity weighting. Hip fractures are associated with increased
mortality, and therapies directed against further hip fractures
improved survival [20]. Both alendronate and zoledronate
are effective in preventing hip fractures [21-23]. Thus far,
no real-world study or meta-analysis of clinical trials with
fractures as a secondary outcome has shown that denosumab
is superior to bisphosphonates regarding hip fracture reduc-
tion [9, 14-16, 24, 25]. Pedersen and colleagues identified
no significant difference in hip fracture reduction between
denosumab and alendronate within 3 years of follow-up in a
Danish nationwide cohort study using healthcare data [15].
A real-life study of Adami and colleagues that retrieved clin-
ical and densitometric data from a web-based fracture risk
assessment tool also demonstrated no significant fracture
risk reduction with denosumab compared with bisphospho-
nates [25]. Finally, a recent meta-analysis of randomised
controlled trials found denosumab to be more effective than
oral bisphosphonates in reducing the risk of vertebral but
not hip fractures [26]. This is somewhat surprising as deno-
sumab increases hip BMD to a greater degree than alen-
dronate [10]. In addition, denosumab leads to continued
increases in hip BMD for at least 10 years [27], which is
not the case with bisphosphonates [28—30]. One reason why

these studies did not show that denosumab was superior to
bisphosphonates in preventing hip fractures might be the
short treatment duration. The median duration of denosumab
therapy in our study population was 2.9 years [2.2 to 4.7].
One might speculate that the superiority of denosumab in
hip fracture risk reduction compared to bisphosphonates
appears only after 3—5 years of therapy, as denosumab leads
to continuous BMD increases at the total hip with a further
reduction of non-vertebral fracture risk beyond 3 years of
therapy [27, 31]. Further, hip fracture risk is also determined
by extraskeletal factors (i.e., fall risk, co-medications and
comorbidities, socioeconomic status and lifestyle factors),
which might explain why the greater potency of denosumab
with regard to improving BMD does not translate into higher
effectiveness in reducing hip fracture risk.

The results of the three statistical models used to calcu-
late fracture risk were generally consistent. However, while
the correction for baseline fracture risk (in terms of age
and baseline T-scores) changed the HR in the comparison
between alendronate and denosumab, the difference was less
pronounced for ibandronate versus denosumab and it was
hardly present at all for the comparison of zoledronate versus
denosumab. From a clinical point of view and in light of the
reimbursement regulations in Switzerland, this is plausible, as
zoledronate and denosumab are both preferred treatments in
high-risk patients. Further, the model that used time-varying
co-variates considered all treatment sequences (as well as
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A Fracture HR (95% CI) B Fracture HR (95% CI)

Hip Hip

crude T—— 1.50 (0.91 to 2.48) crude ———— 1.57 (0.84 to 2.92)
adjusted —T— 1.15(0.70 to 1.91) adjusted —_—T— 1.24 (0.66 to 2.34)
after IPTW —_—— 0.85 (0.43 to 1.67) after IPTW —_—r 0.94 (0.50 to 1.77)
Vertebral Vertebral

crude —e— 0.80 (0.64 to 1.00) crude —e— 0.75 (0.58 to 0.98)
adjusted —— 0.67 (0.53 to 0.85) adjusted — 0.70 (0.53 t0 0.91)
after IPTW — 0.51 (0.39 to 0.68) after IPTW — 0.55 (0.42 t0 0.73)
Non-Vertebral Non-Vertebral
crude —— 1.05 (0.85 to 1.30) crude —e— 0.94 (0.73 to 1.21)
adjusted —o 0.87 (0.71 to 1.08) adjusted —e— 0.83 (0.64 to 1.07)
after IPTW — 0.54 (0.41 to 0.69) after IPTW —— 0.67 (0.50 to 0.89)
Any Fracture Any Fracture
crude —or 0.93 (0.80 to 1.08) crude —o 0.85(0.71 t0 1.02)
adjusted —— 0.78 (0.67 to 0.91) adjusted —— 0.77 (0.64 to 0.92)
after IPTW —— 0.54 (0.44 to 0.65) after IPTW —— 0.62 (0.50 to 0.76)
5 1 2 4 6 810 5 2 4 6 810
Favours Dmab Hazard ratio (95% CI) Favours BP Favours Dmab Hazard ratio (95% CI) Favours Ibandronate
C D
Fracture HR (95% CI) Fracture HR (95% CI)
Hip Hip
crude —1 1.28 (0.68 to 2.41) crude —1———— 1.72 (0.81 to 3.64)
adjusted —_— 0.67 (0.33 to 1.37) adjusted —_— 1.52 (0.69 to 3.34)
after IPTW ———e—— 0.54 (0.29 to 0.98) after IPTW * 2.48 (0.69 to 8.99)
Vertebral Vertebral
crude —— 0.76 (0.58 to 0.99) crude —— 0.90 (0.65 to 1.25)
adjusted — 0.47 (0.35 to 0.64) adjusted — 1.02 (0.73 to 1.43)
after IPTW —e— 0.37 (0.28 to 0.49) after IPTW —_—f— 1.08 (0.64 to 1.83)
Non-Vertebral Non-Vertebral
crude T 1.21 (0.92t0 1.61) crude — 1.01 (0.76 to 1.34)
adjusted —— 0.80 (0.60 to 1.08) adjusted —— 0.90 (0.67 to 1.21)
after IPTW —e— 0.38 (0.29 to 0.50) after IPTW — 0.71 (0.49 to 1.02)
Any Fracture Any Fracture
crude —a— 0.97 (0.80 to 1.17) crude —— 0.96 (0.78 to 1.19)
adjusted —— 0.62 (0.51 t0 0.76) adjusted —— 0.95 (0.76 to 1.18)
after IPTW —e— 0.38 (0.31 t0 0.47) after IPTW —— 0.89 (0.63 to 1.26)
5 1 2 4 6 810 5 2 4 6 810

Favours Dmab Hazard ratio (95% CI) Favours Alendronate

Fig. 1 Fracture risk under denosumab versus bisphosphonates. This
forest plot shows the fracture hazards (with 95% confidence intervals)
under denosumab versus overall bisphosphonate therapy (A), iban-
dronate (B), alendronate (C) and zoledronate (D) with three statisti-
cal methods: Crude hazard ratios, adjusted hazard ratios (adjusted
for age, BMD and TBS) and hazard ratios after inverse probability of

drug holidays), while the model with inverse probability treat-
ment weighting focused only on the first treatment sequence
and the time to first fracture. The results of the two models
were comparable, which might indicate that the therapy order
(first bisphosphonate versus first denosumab) is not highly
relevant in terms of fracture risk reduction. On the other hand,
the baseline T-score at each location (lumbar spine, hip and
radius) correlated with the fracture risk at the same site, which
is a well-known association [32]. Our study also showed that
fracture risk was lower during drug holidays compared to
before treatment onset, supporting the rationale for a drug
holiday after several years of bisphosphonate therapy [28, 29].
Of note, the vast majority of patients who discontinued deno-
sumab in this study received subsequent bisphosphonate ther-
apy [33]. Thus, only a small number of all vertebral fractures
under bisphosphonate therapy occurred shortly after switch-
ing denosumab to bisphosphonates (<3%). Administering
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Favours Dmab Hazard ratio (95% CI) Favours Zoledronate

treatment weighting. The crude and adjusted hazards considered all
treatment sequences and all fractures, while the model using propen-
sity weighting accounted for the first treatment sequence and time to
first fracture. Abbreviations: BP: bisphosphonate, Dmab: denosumab,
HR: hazard ratio, IPTW: inverse probability of treatment weighting

bisphosphonates (usually zoledronate in this population) after
denosumab seems to sufficiently prevent ‘rebound-associated’
vertebral fractures [34], although bisphosphonates do not fully
prevent bone loss, particularly not after long-term denosumab
[35]. This has to be taken into account when comparing the
effectiveness of denosumab with bisphosphonates in the long-
term management of patients with sequential treatments.

In previous studies with the same study population and
observation time, we not only analysed treatment efficacy,
but also the safety of bisphosphonates and denosumab. We
found a higher risk of medication-related osteonecrosis of
the jaw (MRON]J) in patients under denosumab (n=12) ver-
sus bisphosphonates (n=5), particularly in those receiving
denosumab with prior bisphosphonate use (n=9) [17]. On
the other hand, there were only four cases of atypical femoral
fracture (AFF) in the whole population, yielding no signifi-
cant difference in patients treated with bisphosphonates versus
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Table 4 Fracture rates and hazard ratios depending on age
A. Observation times
Patient age, years*
Patient years Total 50 to<65 65 to <80
Entire cohort 67,169 39,593 24,746
Before treatment 48,375 35,326 13,012
Drug holidays 2593 724 1869
Bisphosphonates 11,078 2829 7331
Denosumab 4216 566 2052
B. Rates and hazard ratios in younger or older patients
50 to < 65 years, n=3,028 65 to <80 years, n=2,540
Outcome # Fx Estimate (95% CI) p # Fx Estimate (95% CI) p
Hip Fx Rates
Overall 55 0.14 (0.11 to 0.18) 144 0.57 (0.49 to 0.68)
Before treatment 42 0.12 (0.09 to 0.16) 90 0.66 (0.53 t0 0.81)
Drug holidays 6 0.82 (0.37 to 1.82) 17 0.87 (0.54 to 1.40)
BPs 0.14 (0.05 to 0.38) 28 0.38 (0.26 to 0.55)
Denosumab 3 0.53 (0.17 to 1.65) 9 0.44 (0.23 t0 0.84)
Hazard ratio
Before treatment Reference Reference
Drug holidays 2.56 (1.08 to 6.08) 0.033 0.77 (0.46 to 1.31) 0.337
BPs 0.53 (0.19 to 1.48) 0.228 0.40 (0.26 to 0.62) <0.001
Denosumab 1.69 (0.51 to 5.61) 0.390 0.41 (0.21 t0 0.81) 0.011
BPs Reference* Reference
Denosumab 3.22 (0.65 to 16) 0.152 1.03 (0.48 to 2.20) 0.947
Non-vertebral Fx Rates
Overall 566 1.41 (1.30 to 1.54) 1141 4.56 (4.30 to 4.83)
Before treatment 436 1.21 (1.11 to 1.33) 743 5.42 (5.05 to 5.83)
Drug holidays 37 5.05 (3.66 to 6.98) 109 5.56 (4.61 t0 6.71)
BPs 79 2.80 (2.24 to 3.48) 228 3.11 (2.73 t0 3.54)
Denosumab 14 2.48 (1.47t0 4.19) 61 2.98 (2.32 to 3.83)
Hazard ratio
Before treatment Reference Reference
Drug holidays 1.65 (1.17 to 2.32) 0.004 0.65 (0.53 t0 0.79) <0.001
BPs 1.06 (0.81 to 1.37) 0.686 0.42 (0.36 to 0.49) <0.001
Denosumab 0.80 (0.47 to 1.38) 0.429 0.36 (0.28 to 0.47) <0.001
BPs Reference Reference
Denosumab 0.75 (0.42 to 1.34) 0.336 0.86 (0.64 to 1.15) 0.309
Vertebral Fx Rates
Overall 423 1.06 (0.96 to 1.16) 1108 4.42 (4.17 to 4.69)
Before treatment 338 0.94 (0.85 to 1.05) 771 5.63 (5.24 t0 6.04)
Drug holidays 24 3.28 (2.20 to 4.89) 106 5.41 (4.47 t0 6.54)
BPs 51 1.80 (1.37 to 2.37) 184 2.51 (2.17 to 2.90)
Denosumab 10 1.77 (0.95 to 3.29) 47 2.29 (1.72 to 3.05)
Hazard ratio
Before treatment Reference Reference
Drug holidays 0.97 (0.59 to 1.60) 0.916 0.47 (0.38 t0 0.57) <0.001
BPs 0.71 (0.52 to 0.96) 0.029 0.29 (0.24 t0 0.34) <0.001
Denosumab 0.56 (0.29 to 1.09) 0.088 0.23 (0.17 t0 0.31) <0.001
BPs Reference Reference
Denosumab 0.85 (0.41 to 1.74) 0.65 0.82 (0.58 to 1.15) 0.244
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Table 4 (continued)

A. Observation times

Patient age, years*

Any Fx Rates
Overall 989 2.47 (2.32 to0 2.63) 2249 8.98 (8.62 t0 9.36)
Before treatment 774 2.16 (2.01 t0 2.31) 1514 11.1 (10.5to 11.6)
Drug holidays 61 8.33 (6.48 to 10.7) 215 11.0 (9.60 to 12.5)
BPs 130 4.60 (3.87 to 5.46) 412 5.62 (5.10 t0 6.19)
Denosumab 24 4.25 (2.85t0 6.34) 108 5.27 (4.36 t0 6.36)

Hazard ratio

Before treatment Reference Reference

Drug holidays 1.30 (0.99 to 1.72) 0.063 0.55 (0.48 t0 0.63) <0.001
BPs 0.89 (0.73 to 1.08) 0.231 0.35 (0.31 t0 0.39) <0.001
Denosumab 0.68 (0.46 to 1.02) 0.063 0.29 (0.24 t0 0.35) <0.001
BPs Reference Reference*

Denosumab 0.79 (0.51 to 1.23) 0.293 0.84 (0.68 to 1.04) 0.114

*Age at inclusion

“Proportional hazard assumption violated

Any Fx: All fractures except for skull, toes and fingers, BPs: bisphosphonates, Fx: fracture

denosumab [18]. When interpreting these safety outcomes
in the context of the effectiveness of bisphosphonates and
denosumab in this study, the treatment benefits of these antire-
sorptive agents outweigh the risks of MRONJ and AFF by far.

Limitations

Our observations have several limitations. First, residual
confounding cannot be completely excluded, despite statis-
tical corrections. We aimed to reduce bias with two differ-
ent statistical approaches: utilising time-varying co-variates
with adjustments for group differences and performing inverse
weighting of treatment probabilities. Both models showed
comparable results, which might suggest that there was no
relevant confounding after adjusting. On the other hand, mul-
tiple testing increases the risk of type I errors, and our results
need to be interpreted with caution. Second, the treatment
durations may have been too short to analyse the effective-
ness of both bisphosphonates and denosumab in terms of pre-
venting hip fractures. Third, nearly half of the antiresorptive
therapies and about 60% of the fractures were recorded retro-
spectively, and missing or false information cannot formally
be excluded. However, these retrospective data were obtained
directly from patients and from data provided by the patients’
general practitioners. Further, it can be assumed that it was
more likely that previous fractures were forgotten than that
additional fractures were erroneously reported. This means
that the fracture rate in the period before inclusion or before
the start of therapy would tend to be underestimated. How-
ever, our results show that the fracture risk during therapy
was significantly lower than before treatment onset, so the
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risk of missed fractures was probably not very relevant and
including these fractures would only increase the observed
differences. Further, with respect to oral bisphosphonates
(48% of all bisphosphonates), all information on treatment
adherence was provided by patients. Thus, one reason for the
higher efficacy of denosumab versus alendronate might be the
better adherence to the parenterally administered denosumab
[36]. This, however, would not explain the difference in terms
of vertebral fracture risk reduction between denosumab and
ibandronate, as ibandronate was mostly administered paren-
terally (78% intravenous, 22% oral). Finally, we did not use
negative outcome control analyses to assess the comparabil-
ity of the two treatment groups [37]. One important strength
of this cohort study was the assessment of both fractures
and BMD data. Most previous real-world studies relied on
claim data and did not adjust for BMD, which is one of the
most important surrogate marker of fracture risk. We also
accounted for morphometric vertebral fractures (>25% loss
of vertebral height), which is important for managing patients
with osteoporosis [38].

Conclusion

Among patients of age 50 years or older, the risks of vertebral,
non-vertebral and hip fractures were lower under denosumab
and/or bisphosphonate treatment than before treatment onset.
Similarly, the risks of vertebral and non-vertebral fractures
were lower during drug holidays than before treatment onset.
Of note, the term ‘drug holiday’ is only relevant to bisphos-
phonate therapy, as denosumab should not be discontinued
without subsequent treatment.
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The anti-fracture effectiveness of both bisphosphonates and
denosumab was particularly evident in older patients (> 65 years
at treatment onset). After adjusting for baseline T-scores (lum-
bar spine, hip and distal 1/3 radius), age and other differences
between groups, denosumab was associated with significant risk
reduction compared to alendronate and ibandronate for vertebral
fractures. Using propensity weighting, denosumab was associ-
ated with a lower hip fracture risk than alendronate. No differ-
ence in fracture risk reduction (vertebral, non-vertebral and hip
fractures) was found between zoledronate and denosumab. Dif-
ferent statistical models showed comparable results, but none-
theless, residual confounding cannot formally be excluded and
our findings need to be interpreted with caution.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00198-023-06863-y.
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