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Abstract

Summary Romosozumab is a novel bone-building drug that reduces fracture risk. This health economic analysis indicates that
sequential romosozumab-to-alendronate can be a cost-effective treatment option for postmenopausal women with severe oste-
oporosis at high risk of fracture.

Purpose To estimate the cost-effectiveness of sequential treatment with romosozumab followed by alendronate (“romosozumab-
to-alendronate”) compared with alendronate alone in patients with severe osteoporosis at high risk of fracture in Sweden.
Methods A microsimulation model with a Markov structure was used to simulate fractures, costs, and quality-adjusted life years
(QALYsSs), for women treated with romosozumab-to-alendronate or alendronate alone. Patients aged 74 years with a recent major
osteoporotic fracture (MOF) were followed from the start of treatment until the age of 100 years or death. Treatment with
romosozumab for 12 months was followed by alendronate for up to 48 months or alendronate alone with a maximum treatment
duration of 60 months. The analysis had a societal perspective. Efficacy of romosozumab and alendronate were derived from
phase III randomized controlled trials. Resource use and unit costs were collected from the literature. Cost-effectiveness was
estimated using incremental cost-effectiveness ratio (ICER) with QALY's as effectiveness measures.

Results The base case analysis showed that sequential romosozumab-to-alendronate treatment was associated with 0.089 addi-
tional QALY's at an additional cost of €3002 compared to alendronate alone, resulting in an ICER of €33,732. At a Swedish
reference willingness-to-pay per QALY of €60,000, romosozumab-to-alendronate had a 97.9% probability of being cost-
effective against alendronate alone. The results were most sensitive to time horizon, persistence assumptions, patient age, and
treatment efficacy.

Conclusion The results of this study indicate that sequential romosozumab-to-alendronate can be a cost-effective treatment
option for postmenopausal women with severe osteoporosis at high risk of fracture.

Keywords Cost-effectiveness - Economic evaluation - Imminent fracture risk - Markov-microsimulation model - Osteoporosis -
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Introduction

Osteoporosis causes 9 million new fractures worldwide each
year with rising numbers in many countries [1]. The disease is
associated with substantial humanistic and economic burden
[1]. In Sweden, osteoporosis is estimated to affect 400,000
women aged 50 years and older in a given year, corresponding
to a prevalence rate of 22% [2]. In addition, Sweden has one of
the highest incidence fracture rates worldwide [3] and it is
estimated that one in two Swedish women over the age of
50 years will suffer a fragility fracture during their remaining
lifetime [4].

The association between a prior fracture and the risk for a
subsequent fracture is well documented [5, 6]. The risk of
subsequent fractures following a first fracture is highest within
the first 2 years following the initial fragility fracture and ~
50% of all fractures occurring after an initial fracture will
happen in those first 2 years [7—10]. This increased risk in
the first 2 years following a fracture has been termed “immi-
nent risk” and these patients can be characterized as being at
very high fracture risk [6]. Recurrent fractures are burdensome
to the healthcare system, since they incur high costs for in- and
outpatient care and impact the quality of life and mortality of
patients [11]. Despite this, patients who suffer a fragility frac-
ture remain largely untreated [12].

Bisphosphonates are the most common pharmacological
treatments for osteoporosis in Sweden with a primary effect
to inhibit bone resorption [13]. Romosozumab is a bone-
forming sclerostin monoclonal antibody for the treatment of
severe osteoporosis in postmenopausal women at high risk for
fracture and was approved for use in the Europe in 2019 [14].
To extend the benefit achieved with romosozumab treatment,
the recommendation is to use romosozumab in a treatment
sequence, where 210-mg romosozumab is administered sub-
cutaneously once monthly for 12 months followed by
antiresorptive treatment [15]. In a clinical phase III trial, 12
months treatment with romosozumab, followed by
alendronate, significantly reduced the risk of vertebral and
non-vertebral including hip fractures versus alendronate alone
in postmenopausal women with severe osteoporosis [16].

The effective bone-forming action of romosozumab may
offer an opportunity to achieve an improved fracture risk re-
duction among patients with a recent fracture compared with
previously available treatment options. Starting bone-building
treatment with romosozumab immediately after the fracture
event and following up with antiresorptive treatment improves
bone mineral density (BMD) significantly. Sequential therapy
could thereby more effectively prevent new fractures, as com-
pared with traditional treatment pathway where patients start
antiresorptive treatment following the fracture event, or
starting bone-building treatment without a subsequent
antiresorptive [17]. With recent Swedish treatment guidelines
recommending subsequent antiresorptive treatment after
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romosozumab [18], and romosozumab having been evaluated
in its pivotal trial ARCH as a sequential treatment [16], the
cost-effectiveness of romosozumab should be assessed as-
suming that it is used in a treatment sequence.

The objective of this study was to assess the cost-
effectiveness of sequential romosozumab followed by
alendronate (“romosozumab-to-alendronate”) compared with
the use of alendronate alone from a Swedish societal perspec-
tive using a Markov microsimulation model for the treatment
of postmenopausal women with severe osteoporosis at high
risk of fracture.

Methods
Target patient population

In line with the approved indication for romosozumab, the
target patient population for the analysis consisted of
Swedish women with severe osteoporosis at high risk of
fracture. The base case population used in the model was
selected to be similar to the average population within the
approved indication. Age at treatment start was assumed to
be 74 years which was the mean age in the phase III clin-
ical trial ARCH [16]. Femoral neck BMD T-score was
assumed to be — 2.5, and all patients were assumed to have
a recent MOF; including hip, vertebral, forearm, or proxi-
mal humerus).

Model structure

A Markov microsimulation model was used to estimate the
cost-effectiveness of romosozumab-to-alendronate compared
with alendronate alone. In a microsimulation model, patients
are evaluated individually and a record of previous health
states for each patient is created within the model. The patient
is tracked through health states for which costs and benefits
are accumulated over time. These models are appropriate
when many health states are of relevance as well as when
patients are assumed to be at a changing risk of incurring
multiple events with long term consequences, as is the case
with osteoporosis. The model is described in more detail in
Soreskog et al. (draft manuscript) [19].

The model consisted of five health states; ‘At risk of frac-
ture’, ‘Hip fracture’, “Vertebral fracture’, ‘Non-hip-non-verte-
bral fracture NHNV)’, and ‘Death’. The model cycle length
was 6 months, which is commonly used in cost-effectiveness
models for osteoporosis treatments [20]. In the model, all pa-
tients started in the ‘At risk’ health state, and at the end of each
6-month cycle, they had a probability of incurring new hip,
vertebral, or NHNV fractures, remaining in a health state with-
out a new fracture, or dying. In case of death, the patient
transitioned to the ‘Death’ state and stayed there during the
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remainder of the simulated time horizon and incurred no fur-
ther events or costs (absorbing health state). Figure 1 summa-
rizes the health states and possible transitions.

Due to the chronic nature of osteoporosis, a lifetime
horizon was chosen in the base-case analysis. All patients
were followed on an individual basis from their age at start
of treatment until the age of 100 years or death, whichever
came first.

Treatment duration and persistence

In the economic analyses, patients in the romosozumab-to-
alendronate treatment arm were assumed to be treated for a
maximum of 1 year with romosozumab immediately followed
by 4 years with alendronate, while patients in the alendronate
alone treatment arm were assumed to remain on treatment
with alendronate for a maximum of 5 years consistent with
Swedish treatment guidelines that recommend re-evaluation
of treatment after 5 year [18]. Only patients who were persis-
tent with romosozumab for the initial 1 year were switched to
alendronate.

Persistence with romosozumab and sequential
alendronate in clinical practice is unknown due to its recent
approval. Treatment completion rates in phase III clinical
trial ARCH were ~90% at 12 months with romosozumab
and ~77% at primary analysis with sequential alendronate
[21]. Romosozumab persistence for this economic evalua-
tion was conservatively assumed to be 80% at 12 months.
The proportion persistent to teriparatide, an injectable
bone-forming agent administered daily, has been estimated
to 70% after 1 year [22]. Persistence with romosozumab
was assumed to be higher than teriparatide since less fre-
quently administered drugs have been shown to be associ-
ated with greater persistence [23]. Persistence for each time
point and treatment is shown in Supplementary Table 5.

At risk of fracture

Vertebral /D

fracture

Hip fracture

@

Fig. 1 Model structure. ‘Death’ is a transition state from any of the other
states (‘At risk of fracture’, ‘Vertebral fracture’, ‘Hip fracture’, and ‘Non-
hip, non-vertebral fracture’)
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vertebral fracture BeEn

Fracture risk and efficacy

The fracture risk in the model was based on a composite of
three elements: the general population risk of incurring a frac-
ture, the increased risk of fracture associated with severe os-
teoporosis (the relative risk) compared to the general popula-
tion, and the potential risk reduction attributed to a treatment
(versus placebo). Risk was updated every time a patient
sustained a fracture. The relative risk of fracture was estimated
using the FRAX tool combined with Swedish data on the
impact of imminent fracture risk [24]. FRAX was chosen as
it is recommended to use to estimate fracture risk in many
treatment guidelines [25]. Algorithms based on Swedish ret-
rospective data were used to estimate time-dependent (divided
in 6-month intervals) relative risk in patients. At treatment
start, it was assumed that fracture risk corresponded to a per-
son with a MOF in the last 6 months. Figure 2 provides an
example of how fracture risk is estimated in patients with a
first fracture. When the patient sustained their first fracture,
risk corresponds to the normal populations risk adjusted for
clinical risk factors according to FRAX,' and the maximum of
the time-dependent first recent fracture relative risk (RR) and
RR of fracture history according to FRAX. In the cost-
effectiveness analysis, this corresponds to the time point when
treatment is assumed to commence.

Efficacy of romosozumab-to-alendronate vs. alendronate
alone on the risk of hip, vertebral and NHNV fractures were
sourced from the phase III trial ARCH that studied the effica-
cy of romosozumab followed by alendronate compared with
alendronate alone [16]. To calculate hazard ratios for
romosozumab-to-alendronate vs. placebo, the hazard ratios
of romosozumab-to-alendronate vs. alendronate alone were
multiplied with hazard ratios of alendronate vs. placebo based
on a network meta-analysis (NMA). Hazard ratios were dif-
ferentiated by 6-month time period. In the NMA, it was not
possible to extract non-cumulative effect from the non-
romosozumab trials due to limited data available in the publi-
cations. The cumulative effect of 012 and 0-24 months for
alendronate based on the NMA was used in the model for the
first year and following years, respectively. Hazard ratios for
fracture occurrences are included in the model are described in
Table 1.

Anti-fracture efficacy persists for a time (offset time) fol-
lowing treatment discontinuation but few studies have directly
evaluated the duration of offset after stopping treatment [21,
26-28]. The results of those studies vary but indicate that the
residual efficacy may persist for at least as long as the time on
treatment (except for denosumab that likely has a shorter

! Smoking, secondary osteoporosis, body mass index, femoral neck T-score,
parental hip fracture, rheumatoid arthritis, glucocorticoid use corresponding to
> 5 mg prednisolone/day for more than 3 months, alcohol (> 3 units/day), and
secondary osteoporosis
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Fig. 2 Trajectory of fracture risk
after first fracture with sequential
and non-sequential treatment and
without treatment
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offset duration). In line with previous research, following
treatment discontinuation, treatment efficacy was assumed to
linearly decline to zero over a period corresponding to the time
a patient remained on treatment.

Epidemiological and cost data

Epidemiological and economic data representative of the
Swedish population were used to populate the economic mod-
el. The incidence of fracture in the general population was
derived from a prospective study in Malmo, Sweden [4, 29].
The age- and sex-adjusted all-cause mortality rates for the
general population in Sweden and year 2018 were sourced
from Statistics Sweden life tables [30]. Time-dependent in-
crease in fracture risk following the first, second, and third
fracture was based on analyses of Swedish register data [24].

First-year costs of hip, vertebral, and NHNV fractures
were taken from a study by Borgstrom et al. of women with

Table 1

Elevated risk after 15 fracture with non-sequential
treatment (alendronate alone)

Elevated risk after *stfracture with sequential
treatment (romosozumab-to-alendronate)

W Switch from romosozumab to alendronate

osteoporosis in Sweden which are the most recent data
appropriate for use in a health economic model [31].
Non-institutional care costs of hip and vertebral fractures
second and subsequent years were sourced from an assess-
ment of bisphosphonates by the National Institute of Care
Excellence in the UK due to lack of Swedish estimates
[32]. Probability of discharge to institutional care after
hip fracture (4-34%, depending on age) was based on a
study of Nanjayan et al. [33]. The daily cost of long-term
care used in the model was assumed to be €155 based on a
study by Hernlund et al. [1]. Resource utilization, the cor-
responding unit costs, and sources are described in
Supplementary Table 2. Alendronate drug price was
sourced from the Swedish Dental and Pharmaceutical
Benefits Agency database [34]. A 3.0% discount factor
was applied on costs and health effects in line with
Swedish health technology assessment guidelines [35].
All costs are stated in Euro (€) 2019 prices.

Fracture hazard ratio (95% confidence interval) by fracture type and time point of romosozumab and alendronate vs. placebo

Treatment strategy
(months)

Time since treatment start ~ Hip fracture

Vertebral fracture  Non-hip-non-vertebral fracture

(NHNV)

Romosozumab-to alendronate vs. placebo [16] 0-6
7-12
13-18
19-24
25-30
31-36
0-12
13-60

Alendronate vs. placebo

0.51 (0.27-0.98)
0.38 (0.21-0.68)
0.28 (0.18-0.44)
0.28 (0.18-0.45)
0.28 (0.2-0.39)

0.29 (0.2-0.38)

0.64 (0.17-2.42)
0.50 (0.18-1.38)

031 (0.16-0.6)

0.31 (0.18-0.53)
0.15 (0.08-0.27)
0.15 (0.09-0.23)
0.15 (0.11-0.21)
0.15 (0.10-0.21)
0.49 (0.28-0.85)
0.39 (0.28-0.53)

0.53 (0.36-0.77)
0.52 (0.42-0.64)
0.66 (0.55-0.79)
0.66 (0.54-0.79)
0.66 (0.57-0.78)
0.66 (0.57-0.77)
0.65 (0.44-0.95)
0.83 (0.55-1.24)
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The impact on quality of life during the first and subse-
quent years after hip, vertebral, and NHNV fractures was
based on the data from the International Costs and Utilities
Related to Osteoporotic Fractures Study (ICUROS) [36].
The multipliers (Supplementary Table 3) were used togeth-
er with population tariff values for Sweden
(Supplementary Table 4) [37].

Analysis

The main outcome of this economic evaluation was the
incremental cost-effectiveness ratio (ICER) representing
the additional costs required to gain one additional
QALY with romosozumab followed by alendronate
against alendronate alone. Deterministic sensitivity analy-
ses (DSA) were conducted to estimate the impact on the
ICER of changing one parameter input at a time. The im-
pact of changing time horizon, persistence rate, treatment
efficacy, treatment start age discount rate, and maximum
treatment duration were tested. Probabilistic sensitivity
analyses (PSA) were conducted by simultaneous sampling
from estimated probability distributions of model parame-
ters to obtain 1000 sets of model input estimates.
Distributional assumptions for the model parameters were
as follows: the unit costs of drugs were taken as given and
not sampled in the model. All other cost parameters were
sampled assuming a lognormal distribution since costs are
left-skewed and a standard error of 25% of the base-case
value. The utility multipliers for hip, vertebral, and NHNV
fractures, respectively, were sampled using a lognormal
distribution with standard errors based on study data de-
scribed above. Persistence to treatment and the proportion
of patients admitted into long-term care after a hip fracture
were sampled assuming beta distributions. A hypothetical
societal willingness-to-pay (WTP) per QALY gained
threshold of €80,000 was applied, which is a commonly
referenced threshold value in Sweden [38]. As a sensitivity
analysis, a WTP of €60,000 per QALY gained was tested.

Results
Base case

The results from the base case analysis are presented in
Table 2. A patient treated with romosozumab-to-
alendronate was expected to accrue 8.547 QALYs and a
cost of €60,396. The corresponding result for alendronate
alone was 8.458 QALY at a cost of €57,394. In incremen-
tal terms, romosozumab-to-alendronate was associated
with 0.089 additional QALYs at an additional cost of
€3002 compared to alendronate alone, resulting in an
ICER of €33,732.

Sensitivity analyses
Deterministic sensitivity analysis (DSA)

The results from the DSA are provided in Table 3. The ICER
was most sensitive to time horizon, persistence rate, and effi-
cacy of alendronate on hip fractures. Romosozumab-to-
alendronate was demonstrated to be cost saving (decreases
cost and increases QALYs) compared with alendronate alone
when assuming efficacy of alendronate on hip fractures to the
upper 95% confidence interval. Lower treatment persistence
with romosozumab-to-alendronate decreased cost-
effectiveness against alendronate alone. Cost-effectiveness is
impacted by age at treatment start. The ICER was above
€90,000 at age 50 and 60 years, and below €50,000 at age
70 and 80 years. When including patients with BMD T-score
of — 2.5 or less, the ICER decreases to €31,152.

Probabilistic sensitivity analysis (PSA)

The PSA shows that the base case results were robust to un-
certainty in the input parameters (Table 4). A probabilistic
incremental cost of €2676 and corresponding incremental
QALYs of 0.094 was estimated, resulting in a probabilistic
ICER of €28,467 (base case €33,732). The resulting cost-
effectiveness acceptability curves (CEAC) are depicted in
Fig. 3. The probability that romosozumab-to-alendronate is
cost-effective vs. alendronate alone is 97.9% at a WTP for a
QALY threshold of €60,000 and 99.7% at a WTP of €80,000.

Discussion

The objective of this study was to assess the cost-effectiveness
of sequential romosozumab-to-alendronate against
alendronate alone for the treatment of postmenopausal women
with severe osteoporosis at high risk of fracture. The analysis
was conducted using a Markov micro simulation model with a
structure similar to several previously published models for
osteoporosis interventions [20]. The model incorporated two
new features that have not been included in previous models
for osteoporosis treatments: treatment sequencing and the
time-dependent risk contribution from recent fractures. The
main finding of the study is that sequential treatment with
romosozumab-to-alendronate is expected to increase QALY's
and costs, compared with alendronate alone. The incremental
cost-effectiveness ratio was €33,732 per QALY in the base
case analysis which is below the hypothetical WTP for a
QALY of €80,000. In practice, there is no set WTP threshold
for pharmaceutical interventions in Sweden, but the WTP is
linked to an assessment of disease severity among other fac-
tors. Osteoporosis in adults at high risk of fracture has been
assessed to have a ‘medium high’ level of severity by the
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Table 2  Base case results

Romosozumab-to-alendronate Alendronate alone Incremental

Cost components (€)

Morbidity costs 54,158 57,008 —2850

Intervention costs 6239 387 5852

Total costs 60,396 57,394 3002
Effects

QALYs 8.547 8.458 0.089

Life years 11.929 11.909 0.020

ICER (€) 33,732

ICER, incremental cost-effectiveness ratio; QALYs, quality-adjusted life years

Swedish Dental and Pharmaceutical Benefits Agency (TLV)
[39]. In a study of TLV decisions during 2005-2011, the
median accepted ICER for severe diseases (excluding cancer)
was SEK363,000 (approximately €34,300) [40]. This indi-
cates that romosozumab-to-alendronate can be considered
cost-effective for the treatment of postmenopausal women
with severe osteoporosis at high risk of fracture in Sweden.
The cost-effectiveness ratio estimated in our study can be
compared to that of other treatment evaluations in Swedish
setting. However, there are few published studies that com-
pare two active treatments with each other like in this analysis.
One analysis assessed the cost-effectiveness for denosumab
compared with generic alendronate and the cost per QALY
was estimated at €27,000 in the year 2010 [20]. There have
also been a few publications on the cost-effectiveness of other
bone-forming agents, mainly teriparatide. For example, a
study compared teriparatide compared with no treatment,
yielding an ICER of €43,473 [41]. However, since this study
did not compare against alendronate and did not consider
treatment sequencing a comparison with this study is not
meaningful to assess the external validity of our estimates.
Sensitivity analyses show that the results were robust when
varying diverse input parameters in the model; the ICER was
most sensitive to changes to the time horizon, treatment per-
sistence, and efficacy of alendronate on hip fractures. The
confidence interval around the hazard ratio at 12 months of
hip fracture for alendronate was wide (hazard ratio 0.72, 95%
confidence interval 0.12-2.38), leading to romosozumab-to-
alendronate dominating alendronate when assuming the upper
bound of this interval. The ICER of romosozumab followed
by alendronate versus alendronate alone remained below the
hypothetical Swedish WTP threshold of €80,000 in all sensi-
tivity analyses. Based on the sensitivity analyses,
romosozumab-to-alendronate was less likely to be cost-
effective at ages below 60 years. This arises because of lower
fracture risks in the younger populations, despite having a
recent fracture and low BMD T-score. In clinical practice, it
is expected that the proportion of the target patient population
within the young groups is small since fracture risks increase
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exponentially with age, and the mean age in patient initiating
osteoporosis treatment is around 72 years [23].

Real-world persistence data with romosozumab-to-
alendronate is lacking. Teriparatide, another bone-forming
agent used for the treatment of postmenopausal osteoporosis,
has a 1-year persistence of approximately 70% [22]. Studies
indicate that less frequent administration (e.g. daily vs weekly)
is associated with better persistence [42]. Given that
romosozumab is intended to be administered less frequently
than teriparatide (monthly vs. daily), it is reasonable to assume
that patients treated with romosozumab will have a better per-
sistence compared with teriparatide. The magnitude is un-
known; however, it was conservatively assumed that 80% of
patients will remain on treatment with romosozumab through-
out its 12-month treatment length. Alendronate, orally admin-
istered daily or weekly, is known to have poor persistence.
About 50% discontinue treatment within 1 year [22]. For the
alendronate sequence following romosozumab, it was as-
sumed that patients will have a persistence corresponding to
the real-world persistence on alendronate 1 year into treatment
with alendronate. In the future, when real-world persistence
data with romosozumab-to-alendronate come available, the
cost-effectiveness analyses may be updated.

In this study, alendronate was chosen as the main compar-
ator and the sequential treatment for romosozumab, as
alendronate represents the most commonly used treatment in
the relevant patient population. Further, alendronate was the
comparator in the only phase III study of romosozumab made
in a patient population where all had prior fracture [16]. In
clinical practice, however, it is possible that some patients
may receive zoledronate or denosumab following
romosozumab.

In the model, treatment was assumed to start within
6 months after an initial MOF. However, in reality, time to
treatment after fracture, in those who actually receive treat-
ment, may be longer than 12 months. In a study based on
Swedish register data from 2007 to 2011, the proportion of
patients with hip fracture starting treatment within 3 and
6 months (out of those starting within 12 months) was 40%
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Table 3  Results from deterministic sensitivity analyses of romosozumab-to-alendronate vs alendronate alone
Romosozumab-to-alendronate vs. alendronate
Base case ICER €33,732
Scenario Base case Sensitivity ICER (€)
Time horizon Lifetime 10 years 60,719
15 years 39,709
Discount rate on effects and costs 3% 0% 20,720
5% 42,404
Total treatment duration 5 years 3 years 50,728
4 years 40,031
6 years 31,051
Treatment start age 74 years 50 years 138,186
60 years 94,908
70 years 47,822
80 years 39,461
T-score —-2.5 <=-25 31,152
Persistence romosozumab-to-alendronate 80% year 1, 39% year 2, +25% 19,173
30% year 3, 22% year —25% 71,885
4, 15% year 5
Persistence alendronate-alone 53% year 1, 39% year 2, +25% 49,785
30% year 3, 22 year 4, —25% 22,518
15% year 5
Efficacy offset duration Equal to time on treatment Fixed 1 year 50,108
(maximum 5 years) Fixed 2 years 45,177
Fixed 3 years 40,888
Fixed 4 years 36,743
Fixed 5 years 32,109
Romosozumab-to-alendronate HR hip fracture Point estimate Lower 95% CI 24,991
Higher 95% CI 51,980
Romosozumab-to-alendronate HR vertebral fracture Point estimate Lower 95% CI 26,561
Higher 95% CI 53,330
Romosozumab-to-alendronate HR NHNYV fracture Point estimate Lower 95% CI 30,406
Higher 95% CI 38,589
Alendronate HR hip fracture Point estimate Lower 95% CI 60,358Cost saving
Higher 95% C1
Alendronate HR vertebral fracture Point estimate Lower 95% CI 47,034
Higher 95% C1 21,391
Alendronate HR NHNV fracture Point estimate Lower 95% CI 41,075
Higher 95% CI 21,445

HR hazard ratio, CI confidence interval, /CER incremental cost-effectiveness ratio

and 70%, respectively [13]. Thus about 30% of those starting
treatment within 12 months are expected in month 7-12.
There is, however, a possibility that with the increased aware-
ness of imminent fracture risk after fracture, as well as in-
creased implementation of fracture liaison services, a larger
proportion of patients would be captured closer to the time of
the initial fracture.

Simplification is necessary in cost-effectiveness modelling.
Consequently, uncertainty is introduced, primarily related to
assumptions and model inputs. Validation of the model by
clinical experts was undertaken to reduce uncertainty.
However, some key inputs remain uncertain, and some sim-
plifications cannot be avoided. Fracture efficacy data of
alendronate were only available for the time periods 0—

12 months and 24 months. It was therefore not possible to
specify efficacy in more granular time intervals as for
romosozumab (6 months intervals). However, alendronate
could be expected to have a slower onset than romosozumab,
and the available granularity may be sufficient to capture
alendronate’s efficacy over time. Another uncertainty relates
to the general population fracture incidences used in the model
which were based on fracture recordings from 1987 to 1994
[4]. More recent data would have been desirable; however,
this has not been sufficiently published.

Recently, probability ratios have been developed to adjust
conventional estimates of FRAX according to the recency of a
sentinel fracture derived from a large population-based cohort
in Iceland [17, 43]. For example, for a woman at age 70 years,
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Table 4 Summary of PSA for pairwise comparison of romosozumab-to-alendronate and alendronate

Romosozumab-to-alendronate

Alendronate

Expected costs, mean (€)
Mean
SD
95% CI (lower, upper)
Expected QALYs, mean

60,653
2151

Mean 8.561
SD 0.153
95% CI (lower, upper) 8.197, 8.771

Difference in costs (€), romosozumab-to-alendronate vs. alendronate
Mean
SD
95% CI (lower, upper)

Difference in QALY's, romosozumab-to-alendronate vs. alendronate
Mean
SD
95% CI (lower, upper)

56,444, 64,851

57977
2409
53,044, 62,765

8.467
0.167
8.076, 8.704

2676
637
1203, 3763

0.094
0.021
0.060, 0.138

a prior clinical vertebral fracture within the past 2 years is
associated with a 1.5-fold higher fracture probability than for
a woman of the same age with a prior fragility fracture of
uncertain recency. In the context of FRAX for Sweden, the
10-year probability of a MOF is uplifted from 25 to 38%. Hip
fracture probability is uplifted from 8.8 to 12% for the same
clinical scenario. However, probably adjustment ratios were
very sensitive to age (as well as to recency of fracture and the
site of prior fracture). In the case of age and sentinel vertebral
fracture, adjustment ratios varied from 7.1 at the age of
40 years to 0.9 at the age of 90 years, respectively. The ad-
justment ratios used in the model were based on Swedish
register data. These ratios were adjusted for several covariates;
however, not all clinical risk factors were available in the
register data. This entails that the modelled fracture risk may
to some extent be overestimated; however, the impact is likely

Fig. 3 Cost-effectiveness
acceptability curves for pairwise
comparisons of romosozumab-to-
alendronate vs. alendronate alone.
Note: WTP levels of €60,000 and
€80,000 are indicated by the grey
vertical lines
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limited. In future developments of the model, the new adjust-
ment ratios incorporated in FRAX will be included in the
model to improve the prediction of fracture risk.

A strength of this study was the incorporation of time-
dependent fracture risk in patients with recent fracture. This
feature has not been available in previous cost-effectiveness
models of osteoporosis treatments. In prior models, the risk
contribution of a historical fracture has been assumed to be
constant over time possibly underestimating the imminent
fracture risk. Further, these estimates were based on Swedish
retrospective real-world data, which better reflects patients
whom may be eligible for treatment in Swedish clinical prac-
tice. Another novel feature of this study was the incorporation
of treatment sequences, which better reflects the treatment
regimen for bone-forming agents and the chronic treatment
as signalled by guidelines and label indication. An underlying
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assumption of this analysis is to evaluate romosozumab as
treatment sequence to reflect its pivotal trial and Swedish
treatment guidelines [16, 18]. Evaluating romosozumab as a
non-sequential treatment underestimates its cost-effective-
ness, as recently demonstrated by Soreskog et al. [manuscript
submitted] [19].

Conclusion

The results indicate that sequential treatment with
romosozumab followed by alendronate compared to
alendronate alone can be a cost-effective treatment option
for postmenopausal women with osteoporosis and a recent
fracture in Sweden.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00198-020-05780-8.
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