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Abstract
Summary A novel cost-effectiveness model framework was developed to incorporate the elevated fracture risk associated with a
recent fracture and to allow sequential osteoporosis therapies to be evaluated. Treating patients with severe osteoporosis after a
recent fracture with a bone-forming agent followed by antiresorptive therapy can be cost-effective compared with antiresorptive
therapy alone. Incorporating these novel technical attributes in economic evaluations can support appropriate policy and reim-
bursement decision-making.
Purpose To develop a cost-effectiveness model accommodating increased fracture risk after a recent fracture and treatment
sequencing.
Methods Amicro-simulation cost-utility model was developed to accommodate both treatment sequencing and increased risk with
recent fracture. The risk of fracture was estimated and simulated using the FRAX® algorithms combinedwith Swedish registry data
on imminent fracture relative risk. In the base-case cost-effectiveness analysis, a sequential treatment starting with a bone-forming
agent for 12 months followed by an antiresorptive agent for 48 months initiated immediately after a major osteoporotic fracture
(MOF) in a 70-year-old woman with a T-score of 2.5 or less was compared to an antiresorptive treatment alone for 60 months. The
model was populated with data relevant for a UK population reflecting a personal social service perspective.
Results The cost per additional quality-adjusted life year (QALY) gained in the base-case setting was estimated at £34,584. Sensitivity
analyses revealed the sequential treatment to be cost-saving compared with administering a bone-forming treatment alone. Without
simulating an elevated fracture risk immediately after a recent fracture, the cost per QALY changed from £34,584 to £62,184.
Conclusion Incorporating imminent fracture risk in economic evaluations has a significant impact on the cost-effectiveness when
evaluating fracture prevention treatments in patients with osteoporosis who sustained a recent fracture. Bone-forming treatment
followed by antiresorptive therapy can be cost-effective compared to antiresorptive therapy alone depending on treatment
acquisition costs.

Keywords Bone-forming agents . Cost-effectiveness . Economic evaluation . Imminent fracture risk . Markovmicro-simulation
model . Osteoporosis . Recent fracture

Introduction

Osteoporosis results in approximately 9 million fractures an-
nually worldwide [1]. The total monetary burden of osteopo-
rosis in 27 EU countries, including both fracture-associated
costs and pharmacological interventions, was estimated at €37
billion in 2010 [2]. In addition, osteoporotic fractures account
for around 2 million disability-adjusted life years lost annually
in Europe [1].

A previous fracture is a major risk factor for future fractures
[3–6]. The risk of suffering a subsequent fracture following a
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first fragility fracture changes over time and is highest within
the first 1 to 2 years following the initial fragility fracture
[3–6]. During this period, 12–34% of women experience a
subsequent fracture, with vertebral fractures particularly in-
creasing the re-fracture risk [3, 5]. This temporal elevated
fracture risk that is associated with recency of a fracture is
termed “imminent risk” [7].

The majority of available osteoporosis therapies decrease
bone resorption (antiresorptive agents) [8]. However, an in-
crease in bone mass can primarily be achieved with a few
treatments called bone-forming agents [9]. These bone-
forming treatments have the potential to reduce the risk of
fracture faster and to a higher degree than antiresorptive
agents [10–14].

The International Osteoporosis Foundation (IOF) and the
European Society for Clinical and Economic Aspects of
Osteoporosis, Osteoarthritis and Musculoskeletal Diseases
(ESCEO) recently recommended that increased fracture risk
should be differentiated into “high risk” and “very high
risk” [7]. High and very high risk is categorised by fracture
risk and the thresholds depend on age. The rationale for the
more refined characterisation of risk was to help direct ap-
propriate bone-forming interventions to those designated at
very high risk. Bone-forming treatments include
teriparatide, romosozumab and, in some countries,
abaloparatide. Intervention thresholds for the very high-
risk group, i.e. at what 10-year major osteoporotic fracture
(clinical vertebral, forearm, hip or humerus fracture, MOF)
probability should a bone-forming treatment be initiated,
were determined from a clinical perspective. However, it
is also important to ensure that initiating treatment at the
intervention thresholds can be considered cost-effective.
To be able to assess the cost-effectiveness of bone-
forming agents at the intervention threshold, it is necessary
to have a model that can accommodate the specific charac-
teristics of bone-forming treatments and any additional risk

associated with a recent fracture. Bone-forming agents,
such as romosozumab, are seen as appropriately adminis-
trated in sequence with another osteoporosis drug. For ex-
ample, 1 year with a bone-forming agent followed by a
switch to an antiresorptive treatment from the second year
onwards to maintain the improvement in bone mineral den-
sity (BMD) [11, 15].

The objective of this paper is to present a novel cost-
effectiveness model framework that incorporates both the risk
associated with a recent fracture and treatment sequencing.
This paper describes the structure of the economic model.
Furthermore, it reports results on the potential impact on the
cost-effectiveness of the example where a bone-forming agent
followed by an antiresorptive agent is compared against an
antiresorptive agent alone.

Methods and materials

Model structure and simulation technique

The health states in the model and the possible transitions be-
tween these states are shown in Fig. 1. All patients begin in the
“at risk” health state, where the simulated patient is a 70-year-old
woman with a T-score of − 2.5 and a recent MOF. At the end of
each cycle, a patient has a probability of incurring a fracture
(any), remaining in the same health state without a new fracture,
or dying. If a patient dies, she moves to the “death” state. The
model is run using a micro-simulation technique in which pa-
tients are simulated individually in the model. This technique is
chosen since changes in fracture risk, mortality and patient’s
disease progression related to (re-)occurrence of fractures are
highly individualised and depends on time and historical fracture
events and therefore need to be tracked individually during the
course of the simulation to allow for an accurate depiction of

At risk of fracture

Hip fracture Vertebral 
fracture

Non-hip, non-
vertebral fracture Death

Fig. 1 Markov micro-simulation
model structure. Footnotes: All
patients begin in the “at risk of
fracture” state, and, at the end of
each cycle, a patient has a proba-
bility of incurring a fracture (any),
remaining in a health state with-
out a new fracture, or dying.
“Death” is an absorbing state
from any of the other states (“at
risk of fracture”, “vertebral frac-
ture”, “hip fracture” and “non-hip,
non-vertebral fracture”). If a pa-
tient dies, she moves to the
“death” state and remains there
for the rest of the simulation
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individual fracture risk, multiple fractures and treatment patterns
(e.g. sequencing and treatment persistence).

Modelling fracture risk

The risk of fracture for a specific target patient population in
the model depends on three elements:

I. The risk for an individual in the general population of
incurring a fracture;

II. The increased fracture risk associated with osteoporosis
(the relative risk) compared to the general population and

III. A risk reduction, if any, attributed to treatment.

General population fracture risk

The general population risk of fractures required for the model is
differentiated by age, sex and fracture type and is derived from
published sources. Fracture incidence used in this analysis
reflected a UK population and is described in Supplementary
Table 1.

Increased risk of fracture for target patient population

The increased fracture risk for the target patient population is
estimated using the FRAX® algorithm [16]. In addition, with
lacking UK data, algorithms derived from a Swedish retro-
spective real-world study were used to estimate imminent
fracture risk [17].

FRAX®

FRAX® is a fracture risk assessment tool that estimates a pa-
tient’s fracture risk and can be used to inform intervention deci-
sions for patients at increased risk of fracture [16, 18]. Its use is
currently recommended in more than 80 osteoporosis treatment
guidelines worldwide [19]. The FRAX® algorithms estimate the
10-year probability of hip andMOF. The fracture risk is based on
a number of clinical risk factors: age, gender, BMD, prior frac-
tures, parental hip fracture history, body mass index, ethnicity,
smoking, alcohol use, glucocorticoid use, rheumatoid arthritis
and secondary osteoporosis [16, 18]. In addition to the 10-year
probabilities, FRAX® can also produce the relative risk (RR) of
hip fracture, MOF as well as RR of pre-fracture mortality com-
pared to gender- and age-matched controls. The RRs derived
can, thus, be used to adjust the population fracture risk for any
combination of the clinical risk factors (CRFs) included in
FRAX® in the model. The implementation of FRAX® in health
economic modelling is described in more detail in Ström et al.
[20]. Also, the National Institute for Health and Care Excellence
(NICE) has used FRAX® for fracture risk estimation in their

recent health technology assessments (HTAs) of osteoporosis
treatments [21].

However, a novel FRAX®-related model feature is a func-
tionality that allows for updating the FRAX® relative fracture
risk and mortality at pre-specified intervals during the simulation
(every year, every 5th or 10th year) related to increasing age and
decreasing BMD. In previous cost-effectiveness models, the RR
calculated at baseline has been kept constant during the whole
simulation [20, 22, 23]. Keeping the RR of fracture constant over
time overestimates the fracture risk because with increasing age
(all else equal) the RR of fracture decreases. Thus, with this
modification, the fracture risk trajectory over the lifetime for a
patient is more realistically simulated.

Other CRFs are kept constant in the model due to a lack of
data indicating that the prevalence of those factors changes with
age.

Imminent fracture risk

While it is well established that a fragility fracture increases
the risk of a subsequent fracture over a patient’s lifetime, re-
cent studies have shown that the increase in RR is not constant
over time and varies by age and number of fractures [5, 17]. A
limitation of the FRAX® algorithm is that it does not capture
this time-dependent elevated fracture risk after a recent
fracture.

In the model, the relative imminent fracture risk is updated
each time a fracture is experienced. Fracture risk at any time
point during the model simulation is estimated as a function of
the general population risk, the RR estimated by FRAX® for a
given patient profile excluding the prior fracture CRF and the
maximum of the time-dependent RR of an imminent fracture
and the RR of fracture as estimated by FRAX® including the
prior fracture CRF.

Data on the imminent fracture risk for the model was de-
rived from a Swedish real-world data study [17]. In this study,
women with fractures were matched to controls without a prior
fracture, based on gender and birth year. Survival regression
analysis was used to estimate the incidence functions of hip,
vertebral and MOF (after 1st, 2nd and 3rd fracture), with the
first subsequent incident fragility fracture as the failure event.
Relative risks for each time period (0–6, 7–12, 13–18, 19–24,
25–36, 37–48, 49–60 months), age group (50–64, 65–75, 75+)
and fracture site (any, hip and vertebral) were estimated by
interacting exposure status and age with a time period.
Separate survival regressions for different types of recent frac-
tures of recent fracture (hip, vertebral and any) were estimated.

Figure 2 provides an example of how the fracture risk tra-
jectory is estimated at different time points in a patient without
a fracture at baseline.

& T0: At this point, the patient has no fracture history. The
simulated fracture risk corresponds to the normal
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population’s risk adjusted for the patient profile’s CRFs
according to FRAX®.

& T1: The patient suffers her first fracture. The simulated risk
corresponds to the normal population’s risk adjusted for
the patient profile’s CRFs according to FRAX®, and the
maximum of time-dependent recent (first) fracture RR and
the RR of having fracture history according to FRAX®.

& T2: The patient suffers her second fracture. The simulated
risk corresponds to the normal populations’ risk adjusted
for the patient profile’s CRFs according to FRAX® and
the maximum of time-dependent recent (second) fracture
RR and the RR of having fracture history according to
FRAX®.

Modelling the intervention

In its simplest form, a relative fracture risk reduction due to
treatment is applied to the target patient population fracture risk
during the treatment period. This period of risk reduction is usu-
ally followed by a period where the treatment effect is declining
(the residual effect after treatment discontinuation). Treatment
persistence is important to consider in cost-effectiveness models
in osteoporosis [24, 25]. These features (residual effect and treat-
ment persistence) have been included in published osteoporosis
cost-effectiveness models and are included in this economic
model as well. In addition, a few novel features (i.e. treatment
sequencing and imminent risk) are incorporated into this novel

economic model, which were required to more appropriately
reflect characteristics of osteoporosis disease and to capture the
impact of bone-forming agents.

Treatment sequencing

The model accommodates functionality to specify the treat-
ment sequence and the timing of how or when the patient
switches treatment. The implemented switch “triggers” are
either a fracture (any fracture site) or a specific time point
(months since treatment start). Only patients who are persis-
tent with the first treatment will be switched to the next treat-
ment in the sequence. This assumption is made due to the
difficulty to distinguish the reason for non-persistence in
available data. After a treatment switch, patients have the
probability of non-persistence corresponding to the time since
the start of the entire treatment regimen. No additional treat-
ments were initiated when a fracture occurred.

Patient population

The model allows for a simulation of patient profiles based on
the FRAX® CRFs in combination with the recency of prior
fracture, as described above. A recent fracture may be
narrowed down to a specific fracture site, including hip, ver-
tebral or MOF. Overall, 13 risk factors need to be defined to
run the model simulation; the number of potential patient pro-
files is almost inexhaustive. However, when performing cost-
effectiveness analyses of osteoporosis treatments, it is more

Fig. 2 Estimation of risk
trajectory accounting for
imminent fracture risk after a
recent fracture. Footnotes:
Example patient with no fracture
at baseline. MAX, maximum;
RR, relative risk; fx, fracture
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relevant to assess broader patient groups that are in line with
treatment guidelines or the indication of the drugs. For exam-
ple, 70-year-old women with a recent vertebral fracture, a T-
score of − 2.5 and all other CRFs set at the average for this
patient group.

To assess the cost-effectiveness for such broader patient
groups, the model runs simulations on a larger set of patient
profiles that on aggregate are representative of the target pa-
tient population. Such data sets of representative patient pro-
files for a specific target patient population were drawn from a
prevalence and correlation matrix of CRFs from the FRAX®
cohort. The default number of patient profiles drawn from the
FRAX® matrix was after calibration set to 8000, which was
deemed sufficiently large to represent the most possible com-
binations of risk factors. The distribution of risk factors is
described in Supplementary Table 2.

Time horizon and cycle length

Osteoporosis is a chronic disease with long-term consequences
after a fracture, so a lifetime time horizon was deemed appropri-
ate. All patients are individually followed through the model
from the patient’s age at treatment initiation to their time of death
or age of 100 years, whichever comes first.

In most cost-effectiveness (CE) models of osteoporosis treat-
ments, the cycle length has been 6 months or 1 year [22, 26]. For
fast-acting bone-forming agents which are mainly intended to be
given for shorter periods (i.e. 12–24 months), a 1-year model
cycle would be too long as it would only allow for one transition
during a 12-month treatment course and miss potentially mean-
ingful achievements in the first 6 months of treatment in which
patients are at high risk of subsequent fracture following a recent
fracture [5]. In the economic model, the cycle length is flexible
and may be changed at a specific time point during the simula-
tion. As a default, a 6-month cycle length during the entirety of
the time horizon was used as it was deemed sufficiently short to
capture an imminent increase in fracture risk and anymeaningful
short-term treatment effect.

Data inputs

The model was populated with economic and epidemiological
data relevant to a female UK population.

The age- and gender-specific all-cause mortality rates for
the general population in the UK were based on the years
2012–2014 [27]. The model calculates the absolute risk of
death by applying the normal UK population mortality to the
excess mortality 1 year and subsequent years, respectively,
after hip, vertebral and other fractures, down adjusted for co-
morbidities [28, 29]. Increased mortality after a fracture was
assumed to persist for 8 years [22].

Available data indicates that bone-forming agents have a
better persistence profile compared with antiresorptives [30,

31]. Approximately 50% of patients discontinue treatment
with alendronate, administered orally daily or weekly, after
1 year [30, 32]. Persistence with a bone-forming agent was
assumed to be 80% during the first year of treatment.
Following bone-forming treatment, patients switching to
antiresorptive were assumed to have a persistence (percentage
of patients on treatment) corresponding to the persistence of
patients on alendronate after 1 year of treatment [33].

The impact on the quality of life during the first and sub-
sequent years after hip, vertebral and NHNV fractures were
based on EuroQol-5 dimension (EQ-5D) data from the
International Costs and Utilities Related to Osteoporotic
Fractures Study (ICUROS) [34]. This data source was chosen
because ICUROS is to date the largest prospective study
collecting quality of life data designed to be appropriate for
health economic analysis (Supplementary Table 3 and
Supplementary Table 4).

Costs of hip, vertebral andNHNV fractures were taken from a
study of postmenopausal women in the UK [35, 36]
(Supplementary Table 5). The cost of NHNV fractures was cal-
culated by weighting the cost of wrist fractures and the cost of
otherNHNV fractures based on the population incidence of these
fractures [37]. Hip and vertebral fractures are assumed to incur
costs in subsequent years (£115 and £357, respectively) [21].

Because no specific treatment strategy was evaluated, an
annual treatment acquisition cost of £5000 was assumed for
the bone-forming agent and £20 for the antiresorptive agent,
in line with treatment acquisition costs of existing reimbursed
antiresorptive treatments. In sensitivity analyses, the annual
price of the bone-forming agent was varied to £3000 and
£7000. In addition, a physician visit every second year and a
dual-energy X-ray absorptiometry (DXA) scan every fourth
year were assumed and included in the treatment-related costs.

Costs and effects were discounted within the analysis at
3.5% per annum in accordance with NICE guidelines [38].
All costs are presented in 2019 prices.

Model outputs

The primary outcome in the economic model is the cost-
effectiveness of a defined treatment versus an alternative treat-
ment strategy reported both as the cost per quality-adjusted
life year gained and cost per life year gained. Other outcomes
include estimates of life years (LYs), number of fractures
avoided and number needed to treat (NNT) to avoid one hip
or vertebral fracture.

Analyses

The main purpose of the analysis was to show the potential
impact of the novel features of the model framework and not
conduct a cost-effectiveness analysis for a specific treatment
strategy. Therefore, the intervention treatment strategy was a
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sequential treatment starting with a bone-forming agent for
12 months initiated immediately after a MOF followed by
an antiresorptive agent for 48 months. As a starting point to
evaluate the impact of the novel model features on cost-
effectiveness results, the intervention treatment strategy was
compared to an antiresorptive treatment for 60 months (“base
case”).

To explore the impact of treatment sequencing on cost-
effectiveness results, the intervention treatment strategy was
compared with the two following alternatives: non-sequential
bone-forming treatment for 18 and 24 months. To explore the
impact of imminent fracture risk on cost-effectiveness results, the
intervention treatment strategy was compared with the three fol-
lowing alternatives: sequential treatment as the main strategy but
treatment initiated 6, 12 and 24 months after the fracture. As an
additional scenario, the impact of deactivating the imminent frac-
ture risk algorithm, thus neglecting the demonstrated imminent
fracture risk after a recent fracture, was explored.

The analyses were run based on a set of common assump-
tions. The patient population tested was assumed to be women
starting treatment at an age of 70 years. Compared with no treat-
ment, bone-forming treatment was assumed to reduce the relative
risk of fractures by 50% for hip fractures, 60% for vertebral
fractures and 40% for other fractures. This treatment efficacy
(relative risk reduction from bone-forming treatment) was as-
sumed to be maintained during the entirety of the treatment du-
ration (12 months + 48 months). The relative risk reduction for
antiresorptive treatment in isolation was assumed to be 30%,
50% and 20% for hip, vertebral and other fractures, respectively.
The relative risk reductions were chosen to be similar to a recent
network meta-analysis of bone-forming and antiresorptive

treatments for osteoporosis [39]. After treatment discontinuation,
the treatment effect was assumed to linearly decline over a period
equal to time on treatment (“offset time”). For the treatment
sequence (bone-forming agent to antiresorptive), the offset time
for both drugs was modelled jointly, referring to the discontinu-
ation of the sequence.

Additional sensitivity analyses were run to explore the im-
pact of imminent risk and treatment sequencing based on the
new model features: recent fracture was assumed to be hip or
vertebral fracture alone and the starting age of treatment varied
between 60 and 80 years. The results from the sensitivity
analyses are presented comparing the bone-forming agent
for 12 months followed by an antiresorptive agent for
48 months to antiresorptive treatment for 60 months.

Results

Base case

Base case results for the treatment sequence of 12-month
bone-forming treatment followed by 48 months of
antiresorptive treatment compared with 60-months
antiresorptive treatment are presented in Table 1. The bone-
forming agent treatment sequence was associated with higher
treatment costs and lower fracture-related costs. The total in-
cremental cost was £2978, with an increase in QALYs of
0.086 yielding an incremental cost-effectiveness ratio
(ICER), expressing the additional cost per additional QALY
gained, of £34,584.

Table 1 Base case results
Patient population: 70-year-old women starting treatment immediately following a MOF having a T-score of
− 2.5 or less and no other clinical risk factors

12m bone-forming agent + 48m
antiresorptive

60m
antiresorptive

Bone-forming vs.
antiresorptive

Cost components (£), discounted

Treatment-related
costs

4857 151 4706

Fracture-related
costs

38,748 40,476 − 1728

Total costs 43,605 40,631 2974

Effects, discounted

QALYs 8.416 8331 0.086

Life years 12.265 12.236 0.029

Number of fractures avoided (per 100 patients) 12

NNT to avoid 1 hip fracture 25

NNT to avoid 1 vertebral fracture 15

Incremental cost per QALY (£) 34,584

12m, 12 months; 48m, 48 months; 60m, 60 months; NNT, number needed to treat; QALY, quality-adjusted life
years; MOF, major osteoporotic fracture
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Impact of treatment sequencing

Modelling the intervention treatment strategy as sequence (12-
month bone-forming followed by 48-month antiresorptive) had
a significant impact on the cost-effectiveness results when com-
pared to a non-sequential bone-forming agent for 18 and
24 months, respectively (Table 2). Compared with bone-
forming agent only for 18 months, sequential treatment was
associated with incremental QALYs of 0.05 at a lower cost.
The comparison with 24-months bone-forming agent showed
lower incremental QALYs (0.031) compared with 18-months
bone-forming, but to a lower incremental cost.

Impact of imminent fracture risk

Initiation of treatment immediately after fracture, when the frac-
ture risk is highest, was associated with more QALYs and lower
costs compared with initiating treatment 6, 12 or 24 months after

the initial fracture (Table 2). Deactivating the imminent fracture
risk algorithm, i.e. assuming that fracture risk corresponds to any
historical fracture and is non-time dependent, was associated
with lower incremental QALYs and higher incremental costs
compared with the base-case scenario.

Sensitivity analyses

Lower age at treatment initiation was associated with worse
cost-effectiveness compared with the base case age of
70 years, in a population with T-score − 2.5 or less and
MOF (Fig. 3). Higher age was however associated with better
cost-effectiveness. Decreasing the price of the bone-forming
agent led to an improved cost-effectiveness compared with the
base case, due to lower total cost but did not change the
QALYs gained (Table 3). A higher price of bone-forming
treatment consequently led to a decreased cost-effectiveness.

Table 2 Incremental cost-
effectiveness for scenario
analyses

Patient population: 70-year-old women starting treatment following a MOF having a T-score of − 2.5 or less and
no other clinical risk factors

Scenario Incremental
cost (£)

Incremental
QALYs

Incremental cost per
QALY (£)

Base case 2974 0.086 34,584

Sequence vs. 18 months bone-forming agent alone − 3131 0.050 Cost-saving

Sequence vs. 24 months bone-forming agent alone − 4715 0.031 Cost-saving

Treatment initiated immediately vs. treatment
initiated 6 months after fracture

− 622 0.022 Cost-saving

Treatment initiated immediately vs. treatment
initiated 12 months after fracture

− 541 0.026 Cost-saving

Treatment initiated immediately vs. treatment
initiated 24 months after fracture

− 618 0.029 Cost-saving

Deactivated imminent fracture risk. Sequence vs.
antiresorptive

3330 0.054 62,184

QALYs, quality-adjusted life years; MOF, major osteoporotic fracture

£0

£20,000

£40,000

£60,000

£80,000

£100,000

£120,000

£140,000

60 years 70 years 80 years

IC
ER

 (£
)

Fig. 3 Incremental cost-
effectiveness ratio (ICER) by age
at treatment initiation
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Simulating the patients to only initiate treatment after a
recent hip fracture was associated with decreased cost-
effectiveness as opposed to the base case where patients were
simulated to initiate treatment after incurring any MOF.

Discussion

The overall objective of this study was to present a cost-
effectiveness model framework that incorporates both recency
of fracture and treatment sequencing. These two novel com-
ponents have so far not been captured in existing osteoporosis
modelling approaches. These features have been shown to be
important to consider in osteoporosis management and are
therefore expected to enable to more accurately capture the
progression of osteoporosis patients in any economic evalua-
tion. This paper assesses the impact on economic evaluations
when evolving cost-effectivenessmodelling in osteoporosis to
incorporate these novel features with the example of estimat-
ing the cost-effectiveness of bone-forming agents against
antiresorptive treatments. Bone-forming agents may be of par-
ticular benefit for patients with a recent fracture, where rapid
BMD improvement is needed to interrupt a potential fracture
cascade, and where sequential antiresorptive treatments can
maintain the improved BMD over time. This important clini-
cal evolution was demonstrated in this research to also impact
the economic value assessment of osteoporosis treatments as
the incremental cost-effectiveness ratio almost doubled (from
£34,584 to £62,184) when the novel imminent fracture risk
was deactivated. Additionally, under the assumption that the
relative risk reduction of the bone-forming agent can be main-
tained during the sequential treatment with an antiresorptive,
the cost-effectiveness results show that a treatment sequence is
the dominating strategy compared with a bone-forming agent
as a standalone treatment. The results further highlight the
importance of starting treatment as early as possible after a
fracture occurs. Immediate intervention compared to delayed
treatment start was cost-saving in all explored scenarios.

The objective of this study was to present a model frame-
work for estimating the cost-effectiveness of bone-forming
agents and not to determine the cost-effectiveness of a specific
treatment. In order to evaluate a specific treatment or treatment
sequence, the economic model would need to be modified to
accommodate the specific characteristics of the intervention
and its comparators (i.e. drug price and relative efficacy) in
more detail. However, the results presented in this study pro-
vides a good indication that treatment with a bone-forming
agent followed by an antiresorptive compared to
antiresorptive only in patients at imminent risk of fracture
could be considered cost-effective despite the substantial price
difference. In a recent publication by Kanis et al. [7], the
potential added value of a treatment sequence with a bone-
forming agent followed by an antiresorptive was calculated as
fractures saved. Over a 10-year time frame they estimated that
the number of saved fractures increased from 5.7 at a starting
age of 50 years to 126.6 at 90 years of age.

There are a considerable number of publications that have
estimated the cost-effectiveness of various interventions for
treatment and prevention of osteoporotic fractures [22, 40,
41]. Only a few publications have estimated the cost-
effectiveness of treatments in a sequence [42, 43]. In Mori
et al., the cost per QALY gained of sequential teriparatide/
alendronate compared with alendronate alone in osteoporotic
women with prior vertebral fracture was greater than
$280,000 in a US setting [43]. Le et al. estimated the cost
per QALY gained of sequential abaloparatide/alendronate
compared with placebo/alendronate in osteoporotic women
with a prior vertebral fracture to $188,891 in the USA [42].
Neither of these studies are directly comparable to this study
as the study design differs in several aspects (e.g. patient
groups, time horizon and comparators) and perhaps, most
importantly, they do not consider the imminent risk of frac-
ture. The modelling approach of this research is to the best
of knowledge the first study presenting a cost-effectiveness
model for osteoporosis treatments that include imminent
fracture risk and allows for treatment sequencing at the same
time.

Table 3 Incremental cost-
effectiveness for sensitivity
analyses

Scenario Incremental
QALYs

Incremental cost
(£)

Incremental cost per QALY
(£)

Base case 0.086 2974 34,584

Recent hip fracture* 0.073 3157 43,293

Recent vertebral fracture* 0.094 3067 32,460

Price of bone-forming agent
£3000

0.086 1077 12,513

Price of bone-forming agent
£7000

0.086 4878 56,654

*Age 70 years, T-score − 2.5 or less, recent fracture and no other clinical risk factors

QALYs, quality-adjusted life years
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Other cost-effectiveness studies on bone-forming agents
are available [23, 41, 44] but it is not meaningful to compare
these with the results in this study because they use different
comparators, are based on other countries and do not consider
imminent fracture risk or treatment sequencing.

The algorithms for time-dependent fracture risk in patients
with recent fracture (i.e. imminent fracture risk) were derived
from a Swedish retrospective real-world data study [3, 17].
Preferably, as much data as possible should be country spe-
cific in cost-effectiveness analyses. However, sufficiently de-
tailed and comprehensive data required to estimate imminent
fracture risk functions are scarce in most countries. Sweden is
one of few countries that can provide population-based pa-
tient-level data of such granularity that is required to calculate
algorithms for imminent fracture risk appropriate for econom-
ic modelling. When using the Swedish data on imminent frac-
ture risk in other countries, this relies on the assumption that
the relative risk of recent fracture versus no recent fracture is
similar between countries. The validity of this assumption is
supported by other studies [5]. Recently, granular data have
become available from Iceland which have been used to pro-
vide adjustments to conventional estimates of fracture proba-
bility using FRAX [7]. In addition to the recency of fracture,
probability adjustment was age dependent, decreasing with
age in both men and women. Probability ratios also varied
according to the site of sentinel fracture with higher ratios
for hip and vertebral fracture than for humerus or forearm
fracture. These observations may permit refinements in
modelling with significant implications for cost-effectiveness.

The imminent fracture risk data from Söreskog et al. incor-
porated in the model were adjusted for a range of observable
confounders (such as prior drug use impacting fracture risk,
secondary osteoporosis and comorbidities) [17]. However, not
all risk factors that are included in FRAX® were available in
the study, such as BMD T-score. Therefore, the risk contribu-
tion of a recent fracture, when added on top of the risk esti-
mated by FRAX®, may have been overestimated and should
be considered a limitation of the cost-effectiveness model.

Mortality was estimated as a function of normal population
mortality and excess mortality one and subsequent years after
the fracture, respectively. Since excess mortality was estimat-
ed as the cumulative number of deaths during the first year
after fracture, mortality risk immediately after fracture may
have been underestimated.

The model has the capability of running probabilistic sen-
sitivity analysis (PSA) as well. However, results were not
presented because PSA is a standard model functionality and
not a novel feature and the deterministic sensitivity analyses
provided in this study serve the purpose of this research in a
sufficient manner.

In this study, the cost-effectiveness was estimated for a
bone-forming agent that might correspond to some overall

perception of the characteristics of this class of compounds.
However, in future reimbursement applications, the model
should be tailored to assess the cost-effectiveness of a specific
bone-forming drug in its intended indications in relevant
countries. In addition, another future use of the model would
be to calculate cost-effectiveness intervention thresholds (i.e.
10-year MOF probabilities at which the bone-forming agent
becomes cost-effective) to support the clinical intervention
thresholds as recently suggested for very high fracture risk
patients by IOF and ESCEO [7].

Conclusion

Incorporating imminent fracture risk in osteoporosis cost-
effectiveness modelling has a significant impact on the cost-
effectiveness when evaluating fracture prevention treatments
in a patient with a recent fracture. Bone-forming agents in a
sequence with antiresorptive treatment can be cost-effective
compared with antiresorptive therapy despite the difference in
treatment acquisition costs.
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