
mathematics

Article

Markov Models for Economic Evaluation in
Osteoporosis Treatment

Marta Osca-Guadalajara 1 , Javier Díaz-Carnicero 2, Silvia González-de-Julián 2,* and David Vivas-Consuelo 2

����������
�������

Citation: Osca-Guadalajara, M.;

Díaz-Carnicero, J.;

González-de-Julián, S.;

Vivas-Consuelo, D. Markov Models

for Economic Evaluation in

Osteoporosis Treatment. Mathematics

2021, 9, 2331. https://doi.org/

10.3390/math9182331

Academic Editor: Michael Voskoglou

Received: 27 July 2021

Accepted: 16 September 2021

Published: 20 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Hospital Universitario de la Plana, 12540 Villarreal, Spain; martaoscag@gmail.com
2 Research Unit for Health Economics and Management, Universitat Politècnica de València,

46022 Valencia, Spain; jadiacar@upv.es (J.D.-C.); dvivas@upv.es (D.V.-C.)
* Correspondence: silgonde@upv.es

Abstract: Osteoporosis is frequent in elderly people, causing bone fractures and lowering their
quality of life. The costs incurred by these fractures constitute a problem for public health. Markov
chains were used to carry out an incremental cost-utility analysis of the four main drugs used in
Spain to treat osteoporosis (alendronate, risedronate, denosumab and teriparatide). We considered
14 clinical transition states, from starting osteoporotic treatment at the age of 50 until death or the age
of 100. Cost-effectiveness was measured by quality adjusted life years (QALYs). The values used in
the Markov model were obtained from the literature. Teriparatide is the cost-effective alternative in
the treatment of osteoporosis in patients with fractures from the age of 50, establishing a payment
threshold of 20,000 EUR/QALY. However, it is the most expensive therapy, not appearing cost-
effective in cases that do not present fracture and in ages over 80 years with fracture. Alendronate and
denosumab therapies are presented as cost-effective osteoporosis treatment alternatives depending
on the age of onset and duration of treatment. From the perspective of cost-effectiveness, establishing
a payment threshold of 20,000 EUR/QALY, teriparatide is the cost-effective alternative in patients
with fracture from the age of 50 to 70 years old in Spain.

Keywords: Markov chains; cost-utility; QALY; osteoporosis

1. Introduction

Osteoporosis is a chronic disease, characterized by the loss of bone quality and mass.
Generally, there is no symptomatology until a fracture occurs. In the age group of 50–84,
approximately 6% of men and 21% of women suffer from osteoporosis [1]. The principle
risk factors for the disease are age and being female, and it is calculated that 2% of 50-
year-old women suffer from it, rising to 25% at 80 [2]. Additionally, sustaining a fragility
fracture is considered to be one of the most important factors in experiencing subsequent
fractures [3,4]. At present, it is estimated that there are 323 million people over 65 with the
disease worldwide, and, given the increase in life-expectancy, this is expected to increase
to up to 1.555 billion by 2050 [5], thus increasing the prevalence of fragility fractures. In
Europe in 1990 [6], there were 2.7 million osteoporotic fractures, giving rise to a direct cost
of 36 billion euros, of which 24.3 billion were for hip fractures. Moreover, it was estimated
that this cost would rise to 76.8 billion euros in 2050 [7]. Similar figures were reached by
another European study [8], which foresaw a 25% increase in osteoporosis costs, from
37.4 billion euros in 2010 to 46.8 billion in 2025. To evaluate the efficacy of a therapy from
an economic viewpoint, cost-utility analysis is used, which has the aim of quantifying
how much a health system is willing to pay for quality-adjusted life years (QALYs) [9]. In
Spain, the total cost in QALYs lost due to fractures is estimated to increase from 70,800
in 2010 to 89,000 in 2025, which corresponds to a 26% increase, and in the overall cost of
the disease, the QALYs lost to osteoporosis will be 7.8 billion euros in 2025 [10]. From the
above, health care for osteoporotic fractures and the reduction in quality of life this causes
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for patients gives rise to a significant clinical impact and healthcare cost, which can be
reduced principally with the pharmaceutical treatment of osteoporosis.

There are different drugs for the treatment of osteoporosis, mainly classified into
antiresorptive drugs, which impede the resorption and loss of bone, and anabolic drugs,
which promote bone formation. In Spain, the majority of drugs used are antiresorptive,
among which are bisphosphonates (alendronate and risedronate) and denosumab; the only
bone-forming agent used and sold in Spain is teriparatide. All of these have demonstrated
their efficiency in reducing fractures [11–15] and are included in the national clinical
recommendations [16,17].

To analyze the cost-utility of healthcare interventions in the context of a chronic dis-
ease, Markov chains are used. Several studies have used this model for the economic
analysis of osteoporosis treatment in Spain. One compares risedronate with no treatment
in Spain, together with three other European countries [18], while another analyzes alen-
dronate against a placebo, also in Spain together with eight more European countries [19].
Regarding studies carried out exclusively in Spain [20–22], one compares a daily adminis-
tration of risedronate with alendronate given weekly [22]; to these two drugs, another [20]
adds strontium ranelate, ibandronate and raloxifene compared to a placebo or calcium and
vitamin D, and the most recent work [21] adds denosumab to compare with the above-
mentioned drugs. The transition cycles of the cited studies was one year, except for that of
Darbà et al. [21], which was only six months. Additionally, the models considered between
seven [18–20] and eight states [21,22].

Given that healthcare and economic resources are limited, the goal of the study was
to evaluate the economic impact on quality of life of the main treatments and drugs used
in Spain for osteoporosis and in preventing fragility fracture, to help facilitate decision
making by healthcare professionals and managers. Additionally, we analyzed the cost-
utility impact of the age at which treatment was started. A total of 14 possible health states
were considered, which can include a patient without fracture or after experiencing an
osteoporotic fracture, that best reflect reality and with a transition period from one state to
another of 12 months. We analyzed five strategies: no intervention and treatment with four
drugs—alendronate, risedronate, denosumab and teriparatide. Population quality of life
values were expressed in years of life with full health (QALYs).

This article is organized as follows: in Section 2, we present the Markov mathematical
model, the sensitivity analysis and the sources of the values used for its application;
Section 3 gives the results obtained and these are discussed in Section 4.

2. Materials and Methods
2.1. Design of the Markov Models

The methodology of discrete Markov chains has been used in medicine to model events
over uniformly spaced times or cycles [23,24]. It is a special type of discrete stochastic
process in which the probability of an event occurring depends only on the immediately
preceding event. This process is defined by a sequence of random variables, X1, X2, X3,
. . . , called states.

We defined 14 possible health states in which a person may be placed, from starting
osteoporotic treatment at age 50, through its evolution, to death or reaching 100 years of
age:

X1 Event free: no fracture.
X2 Hip fracture: the patient experiences their first fracture, in this case, of the hip.
X3 Vertebral fracture: the patient experiences their first fracture, in this case, of the

vertebral column.
X4 Wrist fracture: the patient experiences their first fracture, in this case, of the wrist.
X5 Other fractures: the patient experiences their first fracture, in this case, not hip,

wrist or vertebral.
X6 Subsequent hip fracture: the patient experiences a subsequent fracture, in this case,

of the hip.
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X7 Subsequent vertebral fracture: the patient experiences a subsequent fracture, in
this case, of the vertebral column.

X8 Subsequent wrist fracture: the patient experiences a subsequent fracture, in this
case, of the wrist.

X9 Subsequent other fracture: the patient experiences a subsequent fracture, in this
case, not hip, wrist or vertebral.

X10 Hip post-fracture: the health state of the patient after experiencing a hip fracture.
X11 Vertebral post-fracture: the health state of the patient after experiencing a vertebral

fracture.
X12 Wrist post-fracture: the health state of the patient after experiencing a wrist

fracture.
X13 Other post-fractures: the health state of the patient after experiencing a fracture,

in this case, not hip, wrist or vertebral.
X14 Dead (absorbing state to which there is a probability of transit from any other

state).
The transitions between the states in the Markov model is shown in Figure 1.
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Figure 1. Diagram of the Markov model. States and transitions. Source: prepared by the authors. 
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Figure 1. Diagram of the Markov model. States and transitions. Source: prepared by the authors.

The Markov model is formulated as follows:

X1,n+1
X2,n+1
X3,n+1

. . .

. . .
X14,n+1

 = TT



X1,n
X2,n
X3,n
. . .
. . .

X14,n

, (X1,0, X2,0, X3,0, . . . X14,0)
T = (x1,0, x2,0, x3,0, . . . x14,0)

T n = 0, 1, 2 (1)

where X1,n, X2,n, . . . , X14,n are the proportion of population in each of the 14 states in the
n cycle. It is assumed that X1,n + X2,n+ . . . + X14,n = 1 for each n cycle. As initially, it is
assumed all the people are event-free, the initial cohort corresponds to the deterministic
vector (x1,0, 0, . . . , 0)>, x1,0 = 1. If pi,j is the probability of transition from state i to state j in
each of the n cycles, it is assumed that the transition matrix is given by:
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T =



p1,1 p1,2 p1,3 p1,4 p1,5 0 0 0 0 0 0 0 0 p1,14
0 0 0 0 0 p2,6 p2,7 p2,8 p2,9 p2,10 0 0 0 p2,14
0 0 0 0 0 p3,6 p3,7 p3,8 p3,9 0 p3,11 0 0 p3,14
0 0 0 0 0 p4,6 p4,7 p4,8 p4,9 0 0 p4,12 0 p4,14
0 0 0 0 0 p5,6 p5,7 p5,8 p5,9 0 0 0 p5,13 p5,14
0 0 0 0 0 p6,6 p6,7 p6,8 p6,9 p6,10 0 0 0 p6,14
0 0 0 0 0 p7,6 p7,7 p7,8 p7,9 p7,10 p7,11 0 0 p7,14
0 0 0 0 0 p8,6 p8,7 p8,8 p8,9 p8,10 p8,11 p8,12 0 p8,14
0 0 0 0 0 p9,6 p9,7 p9,8 p9,9 p9,10 p9,11 0 p9,13 p9,14
0 0 0 0 0 p10,6 p10,7 p10,8 p10,9 p10,10 0 0 0 p10,14
0 0 0 0 0 p11,6 p11,7 p11,8 p11,9 0 p11,11 0 0 p11,14
0 0 0 0 0 p12,6 p12,7 p12,8 p12,9 0 0 p12,12 0 p12,14
0 0 0 0 0 p13,6 p13,7 p13,8 p13,9 0 0 0 p13,13 p13,14
0 0 0 0 0 0 0 0 0 0 0 0 0 p14,14



(2)

The probabilities pi,j that an event occurs (changing from one state to another, or
remaining in the same state) between two consecutive cycles n and n + 1 constitute the
entries of the transition matrix. These entries are constant, deterministic, are not random
variables and take a value between 0 and 1. A transition matrix was compiled for each of
the five possible treatments, as the probabilities of experiencing a fracture vary for each
treatment.

It is guaranteed that the condition is met that ∑j pi,j = 1 on computing the probability
of remaining in the present state, or of passing to the corresponding post-fracture state in
the case of states X2 to X9, as the complementary probability to the rest of events, that is:

pi,k = 1−∑
j 6=k

pi,j, i = 1, . . . , 14 (3)

where k takes the value of i if the patient can remain in the same state the next cycle, or
the value corresponding to the appropriate post-fracture state in the case of states X2 to
X9. It has been verified that in no case is the summation of probabilities greater than 1, to
guarantee that it is a closed cycle in which the number of patients does not vary.

The probabilities vary according to the value of n, associating the number of cycles
with the age of the patient according to the starting age considered. To modify these,
lookup tables registering the probability values associated with the age ranges were used.

Each transition cycle n between the 14 possible states has a duration of 12 months,
taking this period to be the duration of the clinical impact of recovery and costs for these
fractures. All begin in the “event-free” state, from which they can experience any fracture
in the following cycle, remain event-free or die. The patients who enter the “dead” state
will remain there for the whole simulation. Those who experience a fracture can develop a
subsequent fracture in the following cycle or pass to the post-fracture state of the fracture
experienced. In the case of a patient presenting various fractures, they will go to the
post-fracture state with greatest clinical impact, taken in this order: hip, vertebral and, at
the same level, wrist or others. Once having experienced a fracture, a patient cannot pass
to the “event-free” state, but must remain in the “post-fracture” state. A patient can pass to
the “dead” state from any other state.

For each of the five strategies, the annual cost caused by osteoporosis in each possible
state was obtained. The total costs for the treatment of the possible fractures, the costs
derived from possible post-fractures and the pharmaceutical treatments according to the
particular characteristics of each state were taken into consideration.

The utility in each health state was also measured by the QALYs gained in each
strategy. There are different questionnaires that serve to measure and quantify the quality
of life of a person: EuroQol-5D, SF-36 and SF-12, among others [25,26]. In all of them,
utility takes the value 0 for dead and the value 1 for a perfect state of health. The gain in
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quality of life from a therapeutic alternative is expressed in QALYs and allows comparison
of improvement in health for different alternatives.

To obtain the results for costs and utility, the number of patients remaining in each
of the states at the end of the cycle is multiplied by the cost or utility associated with this
state and cycle. Given that the Markov model takes into consideration costs incurred over
different years in a quite wide time frame, it is necessary to homogenize these amounts to
the present time. To achieve this, costs and utility were adjusted by applying a 3% discount
rate according to the recommended practice in Spain [27], in order to update the values
along the chain and compare them in terms of present value, which is why the values for
costs and utility vary with value of n.

The values for each cycle can be calculated by matrix using the vector of resulting
states (X) and the corresponding vector of costs or utilities (Y) as follows:

(X1,n, X2,n, X3,n, . . . X14,n)× (Y1,n, Y2,n, Y3,n, . . . Y14,n)
T = Vn (4)

where V indicates the total of costs or utilities for the cycle n, depending on the variable
chosen for vector Y. The total costs or utilities after n cycles can be calculated by the
summation of the individual n values obtained (∑n Vn).

Given the aggregated utility and cost values obtained after n cycles, the comparison
between two options is carried out through the ratio of the increment in cost over the
increment in effectiveness (ICER), according to the following formula:

ICERA,B =
∆Cost

∆E f f ectiveness
=

CostB − CostA
E f f ectivenessB − E f f ectivenessA

(5)

The results are expressed in euros (EUR)/quality adjusted life years (QALYs).
We carried out a cost-utility analysis for the base scenario and subsequently, a sensi-

tivity analysis, modifying possible treatment alternatives.
In the base scenario, the patients commence treatment for five years with alendronate,

risedronate and denosumab at the beginning of the model. However, teriparatide is
administered for two years from the time of experiencing fracture. The duration of each
treatment was established according to the clinical guidelines [17,28,29]. Once the treatment
is finished, an efficiency of two years for all the drugs was considered (known as offset
time), with a linear reduction in the effect until reaching 0 during this period.

A Markov model was developed for each strategy, that is, non-intervention and
treatment with each of the four drugs (alendronate, risedronate, denosumab and teri-
paratide). Furthermore, the base scenario was analyzed according to different ages of
starting treatment: 50, 60, 70 and 80 years old.

A value for cost and for utility is obtained as a result of each of the Markov models,
with the goal of maximizing health gains of the patients. Following this, the ICER is
calculated for the treatments with the four drugs compared with non-intervention (the
control group), as well as between the four drugs themselves. In the comparison with no
intervention, a willingness-to-pay (WTP) threshold of 20,000 EUR/QALY was established,
in accordance with initial work carried out in Spain that proposed an WTP threshold of
20,000–30,000 EUR/QALY [30,31].

Additionally, two sensitivity analyses were carried out:

1. The duration of treatment with denosumab is extended to 10 years, once its efficacy
and safety are demonstrated [32].

2. Treatment with teriparatide is started at the beginning of the model in patients without
fractures.

The program TreeAge Pro Healthcare 2020 was used in the design and analysis of
Markov modeling.
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2.2. Materials

The following factors were used to calculate probabilities in the design and develop-
ment of the five transition matrices: risk of experiencing a fracture without intervention,
efficacy and safety of the pharmaceutical treatment, and mortality. To calculate the state
variables, we estimated the costs, quality of life and treatment adherence and persistence.
The values for these factors considered in the model have been extracted from other
previously published works, detailed below.

2.2.1. Incidence of Fractures without Intervention

Given the lack of a national registry of osteoporotic fractures in Spain, the data for the
incidence of fractures without intervention were compiled from Svedbom et al. [10], who
published the epidemiological data of osteoporosis for 27 countries of the European Union.
These data were adjusted for the Spanish population in 2010 according to the National
Institute of Statistics (Instituto Nacional de Estadística—INE) and were merged by gender for
each age range in the Markov model (Table 1).

Table 1. Fracture incidence × 100,000 inhabitants/year in the Spanish population in 2010, adjusted according to INE.

AGE
(Years)

Hip
Women

Hip
Men

Vertebral
Women

Vertebral
Men

Wrist
Women

Wrist
Men

Others
Women

Others
Men

50–54 8 5 21 14 51 5 53 23
55–59 24 17 65 30 181 26 207 159
60–64 44 42 78 102 166 80 170 417
65–69 75 54 110 85 183 81 258 347
70–74 179 103 253 157 322 66 508 527
75–79 386 190 375 219 376 54 811 507
80–84 858 387 540 269 537 75 1460 1029
>85 1709 811 804 545 729 149 2870 2349

Source: Authors’ compilation from [10].

Furthermore, patients who have experienced an osteoporotic fracture have a greater
risk of experiencing further fractures compared to those who have not yet developed any.
For this reason, a distinction has been made in the model, using states, between the first
osteoporotic fracture and the second and subsequent fractures. The data for the incidence
for second and subsequent fractures were obtained from Klotzbuecher et al. [3] (Table 2).
This work estimates the risk of experiencing a second fracture for post-menopausal women
according to the type of fracture previously experienced. Given the lack of works in the
literature that provide data for men, we considered the risk of subsequent fracture for both
sexes to be the same.

Table 2. Relative risk of experiencing a second osteoporotic fracture according to previous type of fracture in peri/post-
menopausal women.

Location of
Previous Fracture

Location of Subsequent Fracture

Wrist Vertebral Others Hip All

Wrist 3.3 1.7 2.4 1.9 2.0
Vertebral 1.4 4.4 1.8 2.3 1.9

Others 1.8 1.9 1.9 2.0 1.9
Hip 1.9 * 2.5 1.9 2.3 2.4
All 1.9 2.0 1.9 2.0 2.0

* No studies exist. Adjusted using the relative risk of Others. Source: Article by Klotzbuecher et al. [3].
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2.2.2. Efficacy and Safety in the Pharmaceutical Treatments

The efficacy of the four drugs analyzed in the model was taken from the meta-
analysis [33] published in 2020 by the National Institute for Health Research in the UK.
These data are shown in Table 3.

Table 3. Model parameters in this study.

Value Range Reference

Teriparatide

Efficacy (hazard ratio)
Hip fracture 0.35 0.15–0.73 [33]
Clinical vertebral fracture 0.23 0.16–0.32 [33]
Wrist fracture 0.66 0.33–1.26 [33]
Other osteoporotic fracture 0.58 0.45–0.66 [33]

Treatment duration (years) 2

Alendronate

Efficacy (hazard ratio)
Hip fracture 0.64 0.45–0.88 [33]
Clinical vertebral fracture 0.50 0.40–0.64 [33]
Wrist fracture 0.83 0.51–1.30 [33]
Other osteoporotic fracture 0.77 0.64–0.90 [33]

Treatment duration (years) 5

Denosumab

Efficacy (hazard ratio)
Hip fracture 0.56 0.31–0.94 [33]
Clinical vertebral fracture 0.30 0.23–0.43 [33]
Wrist fracture * 0.86 0.69–1.12 [33]
Other osteoporotic fracture 0.86 0.69–1.12 [33]

Treatment duration (years) 5

Risedronate

Efficacy (hazard ratio)
Hip fracture 0.66 0.46–0.99 [33]
Clinical vertebral fracture 0.52 0.42–0.65 [33]
Wrist fracture 0.82 0.50–1.30 [33]
Other osteoporotic fracture 0.73 0.59–0.88 [33]

Treatment duration (years) 5

Costs (2018 Euros)

Formal health care sector (Euros)
Alendronate, annual 147.28
Denosumab, annual 418.48
Risedronate, annual 258.65
Teriparatide, annual 4888.10

Treatment costs ** (Euros)
Hip fracture, first year

50–64 years 11,758.00 [20]
65–74 years 12,592.00 [20]
75–84 years 13,613.00 [20]
85–100 years 19,887.00 [20]

Hip fracture, second year and subsequent
50–64 years 4874.00 [20]
65–74 years 5062.00 [20]
75–84 years 4782.00 [20]
85–100 years 7329.00 [20]

Clinical vertebral fracture
50–64 years 4382.00 [20]
65–100 years 15,016.00 [20]

Wrist fracture, first year 2277.00 [20]
Other osteoporotic fracture 2277.00 [20]

* The value of the non-vertebral fracture was used, as the risk quotient published in the meta-analysis is greater
than 1. ** Includes direct healthcare costs, direct non-healthcare costs and indirect costs.
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2.2.3. Costs of Fractures and Treatments

The cost of each osteoporotic fracture in Spain is published in the work by Imaz
et al. [20] for the direct and indirect healthcare costs of a hip fracture in the first year, second
and subsequent years, as well as the costs of vertebral fracture and wrist fracture in the
first year, in 2010. These costs have been updated for 2018 according to the consumer price
index (Table 3). The same cost for the first and for subsequent vertebral fractures has been
assumed. Additionally, the cost of other fractures has been accepted to be the same as that
of a wrist fracture.

The cost of each drug used in the model was obtained from the price published in the
official list of medicines published by the Ministry of Health of Spain in 2018 (Table 3).

2.2.4. Mortality

The mortality rate used for healthy individuals in the model is that published by the
INE in 2016 [34] by age group.

Regarding the mortality rate caused by fractures, the most complete publication
found in the literature is Svedbom et al. from 2013 [10]. This work presents the information
segregated by gender and for its use in our model, the average has been calculated (Table 4).
Nevertheless, it was observed that the published rates were lower than those for the healthy
population. Therefore, it was decided to add the mortality rate in the first year after fracture
from Svedbom’s work to that published by the INE (Table 5), to emphasize in the model the
increase in mortality that occurs in the first year of the fracture and that in subsequent years
is the same as in the rest of the population. The assigned mortality rate at the beginning of
the model was zero, thus allowing all people to participate.

Table 4. Mortality rate per 100,000 inhabitants in the first year after fracture adjusted by comorbidities
in Spain in 2010.

Age Hip Fracture Vertebral Fracture Other Fractures

50–54 1130 1379 20
55–59 1273 1471 28
60–64 1649 1806 46
65–69 1970 2041 71
70–74 2419 2360 109
75–79 3089 2818 186
80–84 3669 3062 339
85–89 4886 3640 627
>90 6273 3958 1100

Table 5. Gross mortality rate for both sexes in Spain in 2016 according to INE.

Age Mortality Rate × 100,000 Inhabitants for Both Sexes

50–54 294.43
55–59 455.74
60–64 692.86
65–69 1023.48
70–74 1568.69
75–79 2731.29
80–84 4998.71
>85 13,116.13

Source: Ministry of Health, Social Services and Equality. Mortality patterns in Spain, 2016 (Ministerio de Sanidad,
Servicios Sociales e Igualdad. Patrones de mortalidad en España, 2016). Madrid: Ministerio de Sanidad, Servicios
Sociales e Igualdad, 2019.

2.2.5. Utility or Quality of Life

Fractures result in a reduction in the quality of life of a patient, which varies according
to the type of fracture. The values used for the utility of each fracture were obtained from
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the Australian work by Abimanyi-Ochom et al. [35], published in 2015, and which used
the EQ-5D questionnaire. This work breaks down the utilities according to the type of
osteoporotic fracture and the point at which the patient finds themself (before experiencing
fracture, experiencing fracture and post-fracture state at 4, 12 and 18 months). In the model,
for each state of fracture, we used the utility produced at the moment of the fracture for
the cycle corresponding to that fracture and according to the type of fracture, and for the
“hip post-fracture” and “vertebral post-fracture” states, we used the values published for
12 months post-fracture (Table 6).

Table 6. Utility at 12 months after each type of fracture.

Type of Fracture Moment of Fracture At 12 Months Post-Fracture

Hip 0.26 0.74
Wrist 0.58 —

Vertebral 0.43 0.73
Other fractures 0.37 —

Source: Authors’ compilation from [35].

2.2.6. Treatment Adherence and Persistence

The Professional Society for Health Economics and Outcomes Research (ISPOR) de-
fines therapeutic compliance or adherence as “the extent to which a patient acts in accor-
dance with the prescribed interval and dose of a dosing regimen”. As well as the manner
in which a treatment is taken, the results also depend on time. Therefore, the concept of
persistence has been added, which is defined as “the duration of time from initiation to
discontinuation of therapy” [36]. In order to simplify the model, the present work has
assumed complete adherence and persistence by the patients.

3. Results

The results obtained in the cost-utility analysis are presented below for treatment
starting at 50, 60, 70 and 80 years old with alendronate, risedronate and denosumab, and
at the time of the fracture in the case of teriparatide. A comparison was carried out of the
treatments with that of non-intervention (control group), and later between each of the
interventions.

Comparing the four treatments in the scenario starting at 50 years old, all of them
are effective alternatives with regard to non-intervention (c) and, therefore, could be
cost-effective alternatives, depending on the WTP threshold established (Table 7). In this
case, teriparatide is the most cost-effective alternative and is within the established WTP
threshold of 20,000–30,000 EUR/QALY. Regarding the antiresorptive drugs, alendronate
and risedronate are dominated by teriparatide, as they are less effective and more expensive.
Denosumab shows greater utility than teriparatide, but its ICER is very high, surpassing the
established WTP thresholds. As such, for this age range, it could be said that teriparatide,
begun with the appearance of the fracture, is the cost-effective therapy. The rest of the
treatments should be discouraged, as the cost is very high for the gain obtained.
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Table 7. The ratio of the increment in cost over the increment in effectiveness (ICER) for the 4 drugs compared with non-intervention and with each other.

Strategy
Annual Cost

(Euros)
(a)

Incremental Annual
cost (Euros)

(b) = (a) − Control

Utility
(QALYs)

(c)

Incremental Utility
(QALYs)

(d) = (c) − Control

ICER
(e) = (b)/(d)

Incremental Utility
(QALYs)

(f) = (c) − (c*)

ICER
(g) = (b)/(f) Dominance

Starting age 50

No intervention (control) 3183.37 0.00 19.6667 0.0000 0.00 −0.0082 (Teriparatide) −15,586.74 Dominated
Teriparatide 3054.80 −128.56 19.6749 0.0082 −15,586.74 0.0000 (Teriparatide) 0.00 -
Alendronate 3821.32 637.95 19.6744 0.0077 82,662.94 −0.0005 (Teriparatide) −1,443,877.15 Dominated
Risedronate 4335.63 1152.26 19.6744 0.0077 150,216.55 −0.0006 (Teriparatide) −2,217,253.75 Dominated
Denosumab 5066.16 1882.80 19.6761 0.0094 200,005.65 0.0012 (Teriparatide) 1,725,951.35 -

Starting age 60

No intervention (control) 4085.46 0.00 15.7688 0.0000 0.00 −0.0114 (Teriparatide) −14,173.67 Dominated
Teriparatide 3923.98 −161.48 15.7802 0.0114 −14,173.67 0.000 0.00 -
Alendronate 4618.54 533.08 15.7886 0.0199 26,838.09 0.0085 (Teriparatide) 81,999.39 -
Risedronate 5129.66 1044.20 15.7885 0.0198 52,846.09 −0.0001 (Alendronate) −4,933,710.38 Dominated
Denosumab 5832.93 1747.47 15.7927 0.0240 72,905.15 0.0041 (Alendronate) 295,745.24 -

Starting age 70

No intervention (control) 4921.87 0.00 11.2751 0.0000 0.00 −0.0159 (Teriparatide) −13,850.43 Dominated
Teriparatide 4701.44 −220.43 11.2910 0.0159 −13,850.43 0.0000 0.00 -
Alendronate 5162.58 240.71 11.3162 0.0411 5854.99 0.0252 (Teriparatide) 18,301.50 -
Risedronate 5669.80 747.93 11.3158 0.0407 18,379.85 −0.0004 (Alendronate) −1,209,891.07 Dominated
Denosumab 6280.28 1358.41 11.3248 0.0496 27,372.36 0.0085 (Alendronate) 131,266.50 -

Starting age 80

No intervention (control) 5136.44 0.00 6.5968 0.0000 0.00 −0.0773 (Alendronate) −6449.00 Dominated
Teriparatide 4876.26 −260.18 6.6186 0.0217 −11,973.75 −0.0556 (Alendronate) −4289.55 Dominated
Alendronate 4637.80 −498.65 6.6742 0.0773 −6449.00 0.0000 0.00 -
Risedronate 5109.83 −26.61 6.6741 0.0773 −344.42 −0.0001 (Alendronate) −7,423,931.48 Dominated
Denosumab 5488.50 352.06 6.6853 0.0884 3982.26 0.0111 (Alendronate) 76,739.95 -

(c*): The utility value of other comparator drug, with the comparator in parentheses.
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In the scenario with the starting age of 60 (Table 7), as with that of 50, all the therapies
are more useful than that of non-intervention. In this case, teriparatide continues to be the
alternative with greatest cost-utility. An important change appears with the antiresorptives,
as alendronate is the most cost-effective therapy within the WTP threshold of 20,000–
30,000 EUR/QALY, with risedronate dominating. Denosumab would also be a cost-effective
treatment with a much higher WTP threshold established (ICER of 72,905.15 EUR/QALY)
than that of alendronate (26,838.09 EUR/QALY). Therefore, for the starting age of 60,
teriparatide would be the cost-effective treatment when there is a fracture and alendronate
would be a cost-effective starting treatment in patients with osteoporosis.

In the scenario with the starting age of 70 (Table 7), as with the previous ages, all
the treatments are more cost-effective than non-intervention. As in the scenario with a
starting age of 60, teriparatide is the most cost-effective alternative. It should be noted that
treatment with denosumab, which at 60 was not within the established WTP threshold, now
is. Therefore, at 70, alendronate and denosumab would be two cost-effective antiresorptive
alternatives.

In the scenario with the starting age of 80 (Table 7), continuing with the trend of the
previous results, all the treatments are more cost-effective than non-intervention. Neverthe-
less, there are important changes in cost-utility for this age with respect to the previously
described scenarios. In this case, teriparatide and risedronate are dominated by alen-
dronate, due to lower utility. For this age range, alendronate is the most cost-effective
treatment, followed by denosumab, both included within the established WTP threshold
of 20,000–30,000 EUR/QALY.

Below, the results of the cost-utility plane are shown (Figure 2), with the cost-utility
increments compared to the control or reference point, and the typical WTP threshold
established at 20,000 EUR/QALY in the case base scenario with a starting age of 50. This
figure graphically expresses the results commented previously, showing that teriparatide
is the only alternative below the WTP line.
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3.1. Sensitivity Analysis
3.1.1. Denosumab for 10 Years

The results obtained in the cost-utility analysis are shown for a treatment starting
age of 50 for alendronate and risedronate, both with a treatment duration of five years,
and with treatment extended to 10 years for denosumab. Teriparatide is started with the
appearance of the fracture as in the base scenario. A comparison of the treatments with non-
intervention (control group) was carried out and later between each of the interventions
(Table 8).
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Table 8. The ratio of the increment in cost over the increment in effectiveness (ICER). Extension of denosumab to 10-year treatment.

Strategy
Annual Cost

(Euros)
(a)

Incremental Annual
Cost (Euros)

(b) = (a) − Control

Utility
(QALYs)

(c)

Incremental Utility
(QALYs)

(d) = (c) − Control

ICER
(e) = (b)/(d)

Incremental Utility
(QALYs)

(f) = (c) − (c*)

ICER
(g) = (b)/(f) Dominance

Non-intervention
(control) 3183.37 0.00 19.6667 0.0000 0.00 −0.0082 (Teriparatide) −15,586.74 Dominated

Teriparatide 3054.80 −128.56 19.6749 0.0082 −15,586.74 0.0000 (Teriparatide) 0.00 -
Alendronate 3821.32 637.95 19.6744 0.0077 82,662.94 −0.0005 (Teriparatide) −1,443,877.15 Dominated
Risedronate 4337.28 1153.91 19.6744 0.0077 150,431.72 −0.0006 (Teriparatide) −2,220,110.96 Dominated
Denosumab 5630.65 2447.28 19.8440 0.1774 13,799.04 0.1691 (Teriparatide) 15,232.39 -

(c*): The utility value of other comparator drug, with the comparator in parentheses.
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As with the base scenario starting treatment at 50, all the therapies are more useful than
non-intervention. Teriparatide remains the most cost-effective. However, there is a substan-
tial change in the treatment with denosumab, as, by extending the treatment to 10 years, the
ICER values descend drastically (from 200,005.65 EUR/QALY to 13,799.04 EUR/QALY),
and it becomes a cost-effective therapy within the previously established WTP threshold.
Thus, when starting a therapy with an antiresorptive, denosumab would be the choice for
the long term.

3.1.2. Teriparatide Given at the Start of the Model

The results are shown for the analysis giving all the drugs, including teriparatide, at
the start of the model—that is, in patients with osteoporosis who have not experienced
a fracture, from 50 years of age (Table 9). For this case, all the treatments continue to be
more useful than non-intervention. However, the ICER of the treatments are very high, far
above the 20,000–30,000 EUR/QALY WTP threshold, with teriparatide having the highest
cost, dominated by denosumab. As such, teriparatide is not cost-effective if administrated
without the appearance of a fracture.

Figure 3 shows the treatment decision tree according to the cost-utility results obtained
in this work.

Figure 3. Treatment decision tree according to cost-utility results. * The same result as at 50 is assumed.

The results obtained indicate teriparatide as the cost-effective alternative in the treat-
ment of osteoporosis in patients with a fracture aged 50 and above, establishing a WTP
threshold of 20,000 EUR/QALY. Nevertheless, it is the most expensive therapy, not being
cost-effective in cases without fracture or in ages above 80 with fracture. The therapies
with alendronate and denosumab are shown to be cost-effective treatment alternatives for
osteoporosis, depending on the starting age and duration of the treatment. Thus, with
a WTP threshold of 20,000 EUR/QALY, treatment with denosumab started at 50 is only
cost-effective when given for 10 years. However, for older patients, the best choice from
the point of view of cost-utility is alendronate for five years.



Mathematics 2021, 9, 2331 14 of 20

Table 9. The ratio of the increment in cost over the increment in effectiveness (ICER). Teriparatide administered at the start of the model.

Strategy
Annual Cost

(Euros)
(a)

Incremental Annual
Cost (Euros)

(b) = (a) − Control

Utility
(QALYs)

(c)

Incremental Utility
(QALYs)

(d) = (c) − Control

ICER
(e) = (b)/(d)

Incremental Utility
(QALYs)

(f) = (c) − (c*)

ICER
(g) = (b)/(f) Dominance

Non-intervention
(control) 3183.37 0.00 19.6667 0.0000 0.00 −0.0000 0.00 -

Teriparatide 12,621.64 9438.27 19.6716 0,0049 1,937,157.55 −0.0045
(Denosumab) −1,663,652.17 Dominated

Alendronate 3821.32 637.95 19.6744 0.0077 82,662.94 −0.0077
(Non-intervention) 82,662.94 -

Risedronate 4335.63 1152.26 19.6744 0.0077 150,215.80 −0.0000
(Alendronate) −10,991,760.24 Dominated

Denosumab 5066.16 1882.79 19.6761 0.0094 200,004.81 0.0017 (Alendronate) 15,232.39 -

(c*): The utility value of other comparator drug, with the comparator in parentheses.
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4. Discussion

Using Markov models, in this work we have analyzed the principal strategies used
to treat osteoporosis in Spain from a point of view of cost and clinical utility. It is the
first cost-utility work in Spain to compare a bone-forming agent, teriparatide, with other
antiresorptive drugs, as other works [18–21] have only analyzed antiresorptive or dual
action drugs, such as strontium ranelate.

Furthermore, the majority of works have used simpler models, including only hip
or vertebral fractures [37], or later adding other locations and with certain limitations to
transition between states [38,39]. In the model we developed, we consider all the possible
states in the evolution of osteoporosis in the patient. We carried out a simulation the most
similar to reality as possible, represented by 14 states in which the patient may be placed,
allowing transition between all fracture states. All patients can experience a subsequent
fracture, even if having previously presented a hip or vertebral fracture, emphasizing the
risk factor of experiencing another osteoporotic fracture when having experienced one
previously. This has not been carried out in the Spanish [20,21] and European works [18,19],
in which patients who had experienced hip or vertebral fractures could not go on to have
another in the wrist or other location.

As in other Spanish [20,22] and European works [18,19], as well as in different interna-
tional studies [37,39–42], the proposed transition cycle between states is 1 year, given that
it is unlikely that another fracture occurs in this period and in order to facilitate analysis
and evaluation of the model’s results.

Faced with the lack of primary data in Spain for developing the models, data from the
literature were used, as in other Spanish studies [20,21]. The data for fracture incidence
were taken from epidemiological references of other countries in the European Union.
Additionally, are there no specific data for the mortality rate by age, sex or fracture in Spain;
therefore, the mortality rates published by the INE were used, adding the mortality rate
published in the work by Svedbom et al. [10]. Other Spanish works have used regional
mortality rates [43], have only adjusted the increase in mortality in the first year of the
fracture [44] or only in hip and vertebral fractures in the case of other publications, and
later extrapolated the data to the whole Spanish population [21].

There is no consensus on the correct value for the WTP threshold per QALY. Each
country establishes an unofficial guideline value for agents to make decisions in medication
and healthcare technology policies, and very different values can be found between them.
In the USA, the values are between 100,000–297,000 USD/QALY [45]. In Great Britain,
the NICE recommendations are for 20,000–30,000 GBP/QALY, giving higher values in
pathologies with a life expectancy of less than two years [46,47]. The WHO suggests that a
procedure is cost-effective if the value is between 1 and 3 times the per capita income of
the country [48]. A Greek work carried out in 2015 [42] proposed a cost-utility threshold
of 30,000 EUR/QALY, which would correspond to twice the per capita income for 2014.
There is no officially recommended figure in Spain. Initial works situated it at 20,000–
30,000 EUR/QALY [30,31]. Later, a Spanish revision carried out by De Cock et al. [9] in
2007 suggested that a reasonable value would be in the range of 30,000–45,000 EUR/QALY.

In the initial analysis of the present work, all the drugs (alendronate, risedronate,
denosumab and teriparatide) were more useful than non-intervention. Therefore, depend-
ing on the WTP threshold established, all of them could be cost-effective alternatives to
non-intervention. Our work established the threshold at 20,000 EUR/QALY, situated in the
lower range of the values mentioned above. In the base scenario, the cost-utility results
vary according to the treatment starting age. From 50 to 70 years old, teriparatide is the
cost-effective alternative when administered to patients with a fracture. Nevertheless,
after 80 years old, it is dominated by alendronate and is not a cost-effective alternative.
Furthermore, in the sensitivity analysis, it is seen that it is not cost-effective if administered
before fractures appear, in this sense corroborating its indication in the clinical guidelines as
a second-line treatment for osteoporosis—that is, for high-risk patients who have presented
fracture.
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Reviewing similar works, a model developed using Swedish data by Murphy et al. [49]
justifies the use of teriparatide with a threshold of 50,000 EUR/QALY as first-line treatment
compared to bisphosphonates in patients of 69 years old with low bone mineral density
or under treatment with corticosteroids, and who had a recent fracture. In that study, for
70 years old, the ICER of teriparatide compared to no treatment is 18,701 EUR/QALY, and
36,995 EUR/QALY compared to the bisphosphonates, similar results, if a little higher, to
those found in our work, which are 13,850 EUR/QALY and 18,301 EUR/QALY, respectively.
Similarly, the Iranian model developed by Taheri et al. [50] considers teriparatide as
cost-effective, with a probability of 51% or 83% and an accepted WTP threshold 2 or
3 times the gross domestic product/capita, respectively, when used in patients with severe
osteoporosis (low bone mineral density and/or prior fracture). On the other hand, different
Chinese [40] and American works [51–53] present greatly different results than ours and
the aforementioned works for two fundamental reasons: the high price of teriparatide
in those countries and its use in some of them as a first-line treatment in patients with
osteoporosis and a high risk of fracture, but without having yet experienced one. The cost
of teriparatide in 2018 was 20,161 USD/year in the USA [53], compared to 4888 EUR/year
in Spain and 5380 EUR/year in Sweden in 2011 [49].

In the present work, at the age of 50, the cost-utility threshold for antiresorptives
(bisphosphonates and denosumab) is very high (>50,000 EUR/QALY) compared to no
treatment. However, if the duration of the denosumab treatment is extended to 10 years,
it is a cost-effective alternative within the established WTP threshold. It is after ages 60
and 70 that alendronate and denosumab become cost-effective alternatives within the ac-
cepted threshold of 20,000–30,000 EUR/QALY compared with non-intervention. The great
majority of published works on cost-utility refer to these two drugs, with different results
according to the population analyzed. For example, Parthan et al. [39] published a work
in 2013 with reference to the USA which compared denosumab and the bisphosphonates,
finding alendronate to be a cost-effective alternative in patients with high risk of fracture,
but the incremental cost with respect to denosumab is only 7900 dollars. On the other
hand, denosumab is the cost-effective alternative for patients over 75, taking as reference
a threshold of 100,000 USD/QALY. Two Japanese articles [53,54] found that denosumab
is cost-effective with respect to alendronate in patients with high risk of fracture over 65,
75 and 80 years old, accepting a threshold of 50,000 USD/QALY. However, an Australian
work carried out in 2016 [55] based on a transition model rather than Markov concluded
that the price of denosumab needed to be reduced by 50% in order for it to be cost-effective
compared to alendronate. A systematic review, recently published in June 2020 [33] that
compares various non-bisphosphonate drugs (denosumab, raloxifene, romosozumab, teri-
paratide) with each other, with the bisphosphonates and with non-intervention, concluded
that the non-bisphosphonate drugs are effective in reducing fractures, but their ICER is
above the 20,000–30,000 GBP/QALY threshold generally applied. In said work, denosumab
could be below a threshold of 30,000 GBP/QALY in very high risk levels or patients at high
risk (low bone mineral density and high risk of fracture) with specific characteristics.

Analyzing the Spanish references on cost-utility, a work published in 2002 [22] com-
pares alendronate and risedronate with a placebo, finding that risedronate gives better
cost-utility results in patients over 70. By contrast, the work by Imaz et al. [20] using
costs from 2010, finds, as in our work with costs from 2018, alendronate to be cheaper
than risedronate for this age, and the cost-utility results change. In this same work, which
analyzes various bisphosphonates, non-intervention is the cost-effective alternative if
treatment is started between 50–72 years old, but after 73, alendronate dominates all the
alternatives considered, taking as reference the NICE proposal for the WTP threshold
(20,000–30,000 GBP/QALY), the same as the results of the present work. A recent Spanish
study carried out by Darbà et al. [21] compares denosumab with non-intervention, generic
bisphosphonates and strontium ranelate. However, unlike our work, teriparatide is not
included in the analysis. In this study, published in 2015, denosumab is the cost-effective
alternative, with a WTP threshold of 30,000 EUR/QALY in patients older than 70 and with
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prior fracture or low bone mineral density. The cost-utility values improve even more
when the duration of treatment is extended to 10 years, as is observed in the present work.
Thus, denosumab does not give cost-effective results in patients younger than 70 without
fracture, with alendronate being the dominant alternative in this case.

In the design of our model, it was assumed that adherence and persistence were
complete with respect to all the drugs, in line with other works such as the Greek by
Makras [42] or the Chinese by Na Li [40] in order to facilitate modeling. Unfortunately,
this does not occur in realty. Therefore, this must be taken into consideration when
prescribing treatment in scenarios where the accepted WTP threshold offers various cost-
effective alternatives, since, as observed in the work by Freemantle et al. [56], it seems
that denosumab could have the greatest adherence. A French work [57] observed that
risedronate, administered in gastro-resistant tablets to avoid side effects and improve
adherence, was cost-effective with a WTP threshold below 60,000 EUR/QALY compared
with alendronate taken weekly or non-intervention, the results improving with the greater
the patient’s risk of fracture, reaching a threshold below 20,000 EUR/QALY in patients
with low bone mineral density and prior fractures.

In conclusion, the choice of drug from the cost-utility perspective varies princi-
pally according to the WTP threshold accepted. It must be borne in mind that below
20,000 EUR/QALY, teriparatide is the dominant option when there is a fracture and an
age range of 50–70 years old. Given its high price, it is not cost-effective in cases with-
out fracture. Regarding the antiresorptives, from 50 years of age on, denosumab is a
cost-effective alternative if administered for 10 years, possibly adding better treatment
adherence according to the patient’s characteristics. On the other hand, alendronate would
be indicated from a cost-utility perspective in patients with osteoporosis from 60 years of
age on, and is the lowest cost option for those over 80.

Regarding limitations, the ideal scenario for constructing the economic evaluation
Markov model would have been to obtain data extracted from a national register of
osteoporotic fractures in Spain, something that does not yet exist. It is also possible to
underestimate the occurrence of some events, for example, a new fracture while in a
transition state or a patient with two fractures at the same time, events which are difficult
to incorporate in this type of model that tries to simplify the processes to provide easier
analysis. In scenarios where there are various cost-effective therapies according to the WTP
threshold accepted, adherence and persistence should be considered in the prescription of
treatment according to the characteristics of the patient.

5. Conclusions

From the cost-utility model designed from osteoporosis treatment in Spain, it can be
concluded that the pharmaceutical therapies with alendronate, risedronate, denosumab
and teriparatide are more useful than non-intervention. However, from a cost-utility
perspective, the choice of treatment varies principally according to the WTP threshold
established.

Teriparatide is the cost-effective alternative in treating osteoporosis in patients 50 years
and older with a fracture, with a WTP threshold of 20,000 EUR/QALY. Nevertheless, it
is the most expensive therapy, not being cost-effective in cases without fracture and in
ages over 80 with fracture. Therefore, from an economic point of view, its use should
follow its clinical guideline recommendations as a second-line therapy in patients with
prior fractures and high risk of subsequent fracture, where other treatments have not been
effective and/or it is indicated for the patient for its bone-forming characteristics.

The antiresorptive therapies with alendronate and denosumab are shown to be cost-
effective alternatives for treatment of osteoporosis, depending on the starting age and
duration of treatment. Thus, with a WTP threshold of 20,000 EUR/QALY, treatment
with denosumab starting at 50 years old is only cost-effective when administered for
10 years. However, for older patients, in terms of cost-utility, the cost-effective treatment is
alendronate for 5 years.
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