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Abstract

Objectives: Analyzing the population dynamics of Cervical Cancer
(CC) in Colombia, in order to achieve an efficient selection of policies for
the prevention and surveillance of the disease, which must adjust to the bud-
get or governmental restrictions and allow to reduce the prevalence in all its
states. Methods: A Linear Optimization Model is implemented to serve as
support to the decision making of selection of Vaccination and Screening in-
terventions for the prevention of the Human Papilloma Virus and treatment
of Neoplastic Lesions and CC. The model is formulated as a mathematical
model, which, based on certain parameters, constraints and objectives, finds
an optimal solution for the interventions that must be carried out in Colom-
bia during the respective time horizon. We obtained the necessary data from
Government sources such as the Ministry of Health and revised Academic Ar-
ticles related to the subject in question. Results: Results were obtained for
four different objective functions, each with a different behavior over a time
horizon of 20 years. The costs varied depending on each policy, as well as
the selected interventions. Conclusions: According to the results obtained,
it is possible to identify the policies that allow to reduce the prevalence and
adjust to the available budget, without generating an increase in the cases
of CC at the end of the time horizon. It was observed that a combination of
vaccination and screening policies allows to achieve this behavior in the long
term due to the effect they have on women of short and medium age.

Keywords: Cervical cancer, Vaccination, Screening, Optimization, public
health decision-making.
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1. Introduction

Cervical cancer (CC) is defined as the abnormal growth of the cells that
are found lining the cervix. Annually, more than 260,000 death cases among
women are due to this type of cancer worldwide, which is one of the most
common types of cancer in the female gender. An average of almost 2,000
women die in Colombia per year, thus making CC the second largest source
of deaths in women, especially among those in their fertile ages and sexually
active (World HPV Information, 2017).

Worryingly, over the last years, the incidence of CC in Colombia has been
increasing, since the age of onset of sexual activity among women has been
gradually decreasing. This type of cancer is almost invariably caused by the
consequences of the infection of the Human Papilloma Virus (HPV), which
is transmitted by sexual contact. Although both men and women can be
carriers of the virus, only in women the HPV infection is capable of developing
cancerous lesions. In the vast majority of cases, women can spontaneously
eliminate HPV, but in some cases the infection becomes persistent and may
lead to the development of cancerous lesions that affect the cells of the uterus
and cause the growth of abnormal tissue. Initially, affected women will go
through pre-cancerous stages, which are classified into 3 levels named CIN1,
CIN2 and CIN3, depending on their severity, being the categories CIN2 and
CIN3 the most serious ones (Almonte et al., 2010), as the tissue is already
quite affected and a large number of cells show abnormal traits.

The need to contrast the growing public health problem of CC has been
approached in two main ways. The first one is vaccination of women against
HPV, which must be carried out before the person has acquired the virus in
order to ensure its effect, and the second one is screening, which it is intended
to detect the presence of abnormal pre-cancerous cells in time to initiate a
treatment against the disease before it evolves to CC, so to reduce the large
number of death cases. It is worth mentioning that the vaccination approach
is more effective for young women who have not started their sexual life, as
it ensures a much greater effectiveness in mitigating the risk of contracting
HPV infections.

However, vaccination cannot provide a perfect immunity, mainly due to
the existence of many different HPV strains (Almonte et al., 2010). There-
fore, vaccination can not be the unique approach for fighting CC. On the
contrary, tests such as cytology or molecular testing have to performed to
periodically monitor the status of the cells of the cervix in women, in order
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to early detect any anomalies. It is therefore important to set both preven-
tion and surveillance policies for this disease and to implement them in an
appropriate manner to maximize the effects and reduce the burden imposed
by CC.

There are several ways to conduct CC prevention campaigns, starting
with vaccination days in schools, universities, residential areas and hospitals.
In addition, it is possible to allocate state funds to early detection and treat-
ment of the disease in order to reduce deaths, but it is clear that the first
option would be less expensive than the second if applied correctly. However,
it must also be taken into account that in Colombia a large proportion of
women do not receive adequate care due to several factors, such as lack of
education, lack of resources or simply due to the barriers imposed by the
health system of the country.

From the point of view of public health decision-makers, identifying the
best vaccination and screening schemes to be applied to the population in
order to reduce CC death rate is a very complex problem. Indeed, multiple
vaccination schemes can be defined, each one with distinct population target
and periodicity. The same applies to screening, which can also be realized
with different tests for triage, primary and follow up. Each of these types
of action has different costs and benefits in terms of the health population
results. So, an interesting problem for decision-makers is how to define the
best actions, i.e. those that achieve the best benefits for the population,
within the constraints imposed by budget availability.

In this paper we address the problem of identifying the best options for
implementing prevention by vaccination and surveillance by screening against
CC, subject to budget restrictions. We build an optimization model that can
take as input a a project bank that represents the possible implementations
of vaccination for HPV and screening for CC, together with their costs and a
prediction of their effects on HPV and CC incidence and prevalence, and on
CC death rate. The model allows finding the best public health strategy, i.e.
the combination of vaccination and screening implementations over a multi-
ple year time horizon under a set of given restrictions, which can represent
budget restrictions or goals the decision-makers can set on indicators such
as death rate. We embed the optimization model into an automated spread-
sheet tool that can be used to identify, for given user-selected parameters
and restrictions which is the best option to be applied, and when it should
be applied in the time horizon, for prevention and detection of the disease.

The rest of this document is organized as follows: the sections 2 and 3
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make a review of similar investigations found in the literature and a descrip-
tion of CC. The section 4 explain the formulation of the model step by step
and realize the due validation. The sections 5 describes the case study that
will be evaluated by the model. By last, the sections 6 and 7 present the
obtained result and the conclusions based on this result.

2. Literature review

A number of studies has appeared in the literature for the definition of
prevention and surveillance policies for different countries, taking into ac-
count their population characteristics. For instance Benard et al. (2012),
analyzed United States data of CC diagnostic and treatment periods in the
time intervals between 1996-2002 and 2003-2009. The authors estimated a
linear regression of the data previously mentioned, with the objective of de-
termining the policy with the best benefits, in terms of health-care, for the
country. This investigation had a main limitation the lack of information
about patients, since it only considered demographic characteristics such as
the age, sex, race and place of residence, without any detail on the health
state. This is possibly the reason why the research conclusion is that it is
not possible to determine a policy with an optimal coverage, as originally
planned, but a changing of emphasis must be made in the current effective-
ness of the policies.

In a study that used data from Mexico, Gutierrez-Delgado et al. (2008)
evaluated ten different CC prevention interventions using Markov chain mod-
els. The purpose of the study was to find the combination of interventions
that would generate the best cost-effectiveness, using as metrics for the com-
parison the cost per Quality-Adjusted Life Year (QALY) (Whitehead and
Ali, 2010). The Markovian model accounts for the appearance and progress
of the disease since the beginning of sexual life to the death caused by inva-
sive CC. However, although this model takes into account the evolution of
women during the prevention and screening periods, the population param-
eters of the transitions probabilities between an individual health states are
not specific for the considered population, which can cause inconsistencies
in the validity of the results. Similarly,Rogoza et al. (2008), use a Marko-
vian decision model with the purpose of combining vaccination interventions
with the current screening policies in Canada, The Netherlands, Taiwan, UK
and US. Their results indicate that the inclusion of the modern vaccination
methods generate a significant decrease in the number of women who develop

4



CC. Additionally, they estimate the total cost the would represent a QALY
with the implementation of vaccination policies. Finally, van den Akker-van
Marle et al. (2002), make a micro simulation screening analysis program to
compare a great number of screening policies with the main policies imple-
mented by the high income countries and then identify the most efficient of
all.

In conclusion, despite the fact that studies have been carried out to de-
termine the optimal CC prevention and screening policies, none has included
specific population data that may be relevant for the results. This appears
to be of utter importance in order to ensure that the best combination of
interventions returned by a model is indeed the one that provides the best
results for a specific population.

3. A brief review of cervical cancer epidemics

Cervical cancer is an invasive cancer that affects women, and develops
in the cervix, the lower part of the uterus. This disease is caused 99% of
the times by the consequences of Human Papilloma Virus (HPV) infection.
Fortunately, it is a slowly developing type of neoplastic disease, as it takes
on average about 15 years from the moment of HPV initial infection to the
appearance of cervical intraepithelial neoplasia (CIN), the first observable
cervical tissue lesions (Lea and Lin, 2012).

HPV is a sexually transmitted virus that is currently infecting a significant
percentage of the population aged between 15 and 24 years worldwide. The
infection has several risk factors mainly associated with the sexual habits of
people in their adolescent and young adult years (Hager, 2009).

HPV infection is usually totally asymptomatic, and the vast majority of
infections get cleared by the action of an healthy immune system, and possi-
bly by the inherent stochasticity of the epithelial cell differentiation process
(Ryser et al., 2015). However, in a very small percentage of cases, the in-
fection becomes persistent. The integration of the virus DNA into the host
genetic material leads to the alteration of the cell cycle and promotes a ten-
dency to proliferation. Progression along this abnormal development finally
can generate precancerous lesions of the cervix, called Cervical Intraepithelial
Neoplasia (CIN) (Hager, 2009).

CIN is actually indicating a range of different health states, each one
associated with the presence of precancerous cells grouped in areas located
in the uterus (Ismail et al., 1989). According to the number of abornmal

5



cells and the grade of the lesions, the CIN is classified in 3 categories CIN1,
CIN2 and CIN3. This classification corresponds to a low, moderate and
severe lesions of precancerous cells, respectively (Cortés, 2017). CIN3 can
possibly evolve to CC. In Cortés (2017), a diagrammatic scheme is provided
for describing process of HPV infection and the development of CC (for
women only). This scheme is divided in 7 states, and it is shown in Figure 1.
The first state is representing the population who has not been infected by

Figure 1: Cervical cancer states transition

HPV (susceptible individuals), the second one those people who are infected
by HPV. The diagram shows a state of partial immunity, which individual
acquire when their immune system spontaneously clears an HPV infection.
Even if there is not a consensus on the protection effects that this partial
immunity can provide, studies published in the literature shows that it may
reduced the incidence of CC (Franceschi and Baussano, 2014). The two CN
states in the diagram of Figure 1 group the three CIN stages of precancerous
lesions, and finally a state for CC is present. Notice that regression of the
disease is possible apart from the CC state, which is an absorbing one.

It is important to mention that, when detected at an early stage of devel-
opment, the treatment of precancerous lesions is very effective. A cytology
(PAP-smear) is the most common screening test applied to women to detect
abnormal cells in the tissue of the cervix. Depending of the development
stage in which a woman is diagnosed, a treatment is carried out in order to
extract the whole infected area and eliminate the entire number of precancer-
ous cells (Lea and Lin, 2012). While the treatment of early stages (CIN) is
highly effective and practically eliminates the disease, patients treated in CC
stages have low survival rates. In Colombia, approximately 50% of women
who are diagnosed with CC die within a year.

6



4. Methodology

Several approaches have been used to determine optimal interventions to
be the definition of public health policies against different diseases. As we
said previously in the Section 2, these approaches were based on statistical
models such as linear regressions or on state-based representation, in the
form of a Markov chain models. However, a mathematical model, with the
right data, could give the optimal policy and generate a reliable view of
its effectiveness. However, the implementation of a mathematical model
requires a series of steps that have to be followed in order to ensure a proper
model definition. Medaglia and Sefair (2009) proposed a process to create a
mathematical model, which is diagramatically described in Figure 2.

Figure 2: Decision making-process supported by optimization models

This process is composed by seven steps, the first one being the structur-
ing of the problem. This part of the process consists of defining the relevant
stakeholders in the decision-making process and in the identification of those
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aspects that would be affected by making a decision and of the necessary in-
formation. Additionally, an evaluation of the availability of the information
is necessary to determinate the feasibility of modeling.

The second step is the formulation of a mathematical model. In this step,
the information relevant for problem solution, which was defined in the step
one, is processed and represented mathematically. This representation of the
model has to take into account the decisions that have to be made and the
cost that these decisions would involve. Medaglia and Sefair (2009) while
define three fundamental aspects that the model has to represent, which are:
the decisions, the rules that define restrictions on these decisions and the
impact of the decision on the relevant environment .

The next step is about collecting the information that will be used as an
input to parametrize the model. The reliability of the sources is fundamental
for the development of the correct model and for assuring validity of model
results. Once the information has been collected, the next step is translating
the mathematical model in computational language and implement it in a
specialized software that can determine feasible solutions to the problem.

Then, the results of the implementation of the model are taken and com-
pared to the real situation, in order to validate the model. If the results of
the model are not consistent with reality it is necessary go back to the second
step and amend the mathematical model. When the validation is satisfac-
tory, the model is finished and implemented. The results are analyzed and
the best policy is defined.

We shall go now into the application of the process in Figure 2, by de-
tailing the way we executed each of its steps and the results we obtained.

4.1. Structuring of the problem

The problem in our case is the selection of optimal interventions (preven-
tion and surveillance) based on a group of possible interventions, each one
with specific associated costs and expected benefits, and subject to several
restrictions that will be explained in detail in this document. For this selec-
tion, there is a time horizon in which the selected interventions should be
distributed, in order to achieve a maximum effect in the decrease of cases
of CC in Colombian women. The result of the model should identify the
best interventions to be carried out during the period of time described, as
well as the periods (years) in which those interventions have to be carried
out. It is important to clarify that there are two types of interventions to
take into account. Initially, interventions for HPV prevention, which would
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be applied by means of vaccines to people between 9 and 19 years, because
the effectiveness would be much higher in people who have not yet started
their sexual life. The other type of interventions are thought to implement
surveillance schemes for the early detection of precancerous lesions, and will
be realized in the form of screening, which would be carried out through
specialized tests for women from 30 years of age onward.

The benefits of the implementation of the interventions will be in some
cases immediately visible but some of them will the delayed in time. For in-
stance, in the case of vaccination, we expect to observe immediately a reduc-
tion in the incidence of HPV, a slightly delayed reduction of HPV prevalence,
and a long-term beneficial effect on the incidence and prevalence of CC.

The optimality of a group of interventions will depend on the objective
function to be considered, which has to be set accordingly to the interests of
the decision-makers. We will be considering in this work several possible ob-
jective functions, so that a user could define his/her interests when specifying
model parameters.

We collect in Table 1 all the information gathered in this phase of the
process.

Table 1: Parameters of the Problem
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4.2. Mathematical formulation of the model

Now, we will explain in detail the mathematical model that we developed,
taking into account population dynamics, incidence and prevalence. For this
purpose, we divide this section in three parts. We first focus on the modeling
of population dynamics, independently of the disease, by introducing a set of
time-indexed variables and explaining how they can be used to keep track of
the number of individuals. Then, in the second part we consider the definition
of the optimization model for vaccination type interventions, which as target
only have individuals under 20 years of age in order to maximize the effect of
the vaccines. Finally, in the third part we will approach the definition of an
optimization model for screening policies, which will focus on adult women,
with the aim of maximizing of early detecting precancerous and cancer states.

4.2.1. Modeling population dynamics

Let us denote by T the discrete set of years in the planning horizon, with
T = 0, 1, . . . , T̄ , where year 0 corresponds to the present. Let us denote by
A = 0, 1, . . . , Ā the set of segments (age ranges) to be we considered in the
model, where an age range is a single-year interval.

To formulate our model, we use time-indexed variables to keep track of the
women population dynamics over the whole time horizon of the optimization.
We remark that these variables are not decision variables.

Let the time-indexed variable Na,t denote the number of women in seg-
ment a ∈ A at time t ∈ T . The time-indexed variables are partitioning the
women population into segments, which are counting the number of individ-
uals in the different age ranges. The number of women in each segment will
be changing during the years of the planning horizon. However, we make the
simplifying assumption that the rate of birth and death for the population
are constant over the time horizon. To represent in the model the constant
birth rate, we assume the following

N0,t = N0, ∀t ∈ T (1)

where N0 is the constant number of newborn females that join the popula-
tion, each year. We model deaths by introducing the parameters da, which
provide constant with time percentages of women who are subtracted from
the population each year, due to all death causes. The constants da do not
depend on time given our assumption of constant population size and only
depends on the age range a ∈ A to account for the age-dependent mortality,
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which in Colombia, same as for may developing countries, has a bath-tube
shape with maximum values for newborn and elder individuals DANE (2013).

To illustrate how the population dynamics can be modeled using the
time-indexed variables over the time horizon, First of all, we initialize the
population in all the ranges for year 0 in the time horizon, i.e. we set the
initial state for the population, by assigning to each variable Na,0 a constant
value Na. We can model then population dynamics for the future years in
the time horizon by the following equations:

N0,t = N0 ∀t ∈ T, t 6= 0 (2)

Na,t = Na−1,t−1(1− da−1) ∀a ∈ A,A 6= 0, ∀t ∈ T, t 6= 0 (3)

Equation 2 adds, during each year in the time horizon, the constant number
of newborn in the population, while equation 3 sets, for each future period
t, computes the population in each age range which is not the first one as
given by the individuals who have aged minus those who died.

We will now add to this basic model the dynamics of HPV infection and
vaccination, to define an optimization model for the interventions of type
prevention.

4.2.2. Vaccination model

The control of HPV epidemics is very important particularly in Colombia,
where the consequences of the infection are imposing a very high burden in
terms of lost human lives. It must be taken into account that vaccination is
useless if applied to a person that has already experienced an HPV infection,
which is high likely to have occurred for any person who has already started
sexual activity. The expected effect of applying vaccination interventions is
first a reduction in the incidence and after that of the prevalence of HPV,
and in a longer range a reduction in the CC cases.

To model HPV epidemics and the effects of vaccines, we need to refine the
segmentation of the population. Let H = S, I be the possible health states
of a woman, where S stands for susceptible, I for HPV infected. Then, we
replace variables Na,t defined above with variables Nhs

a,t, which we use to keep
track of the number of women in age range a ∈ A, that in year t ∈ T within
the time horizon are in the health state h ∈ H.

Let us first model the dynamics of the epidemics with disregarding the
vaccination. We can model the incidence of HPV as a percentage, or a
probability, assuming that each year, each susceptible woman in age range
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a ∈ A will have the same likelihood P SI
a of contracting an HPV infection.

In a similar way, we model the spontaneous clearance of the HPV by the
likelihood P IS with which each infected woman will recover from an infection.
We assume that all newborns have an health state susceptible, and that HPV
infection is not determining any change in the death rate of the population.

Then, to model the dynamics of HPV epidemics in the population, we
initialize the population in all the ranges for year 0 in the time horizon, by
setting each variable NS

a,0 to a constant value NS
a . The population dynamics

for the future years in the time horizon will follow the equations:

NS
0,t =NS

0 ∀t ∈ T, t 6= 0 (4)

N I
0,t =0 ∀t ∈ T, t 6= 0 (5)

NS
a,t =(1− da−1)

[
NS

a−1,t−1(1− P SI
a−1) + N I

a−1,t−1P
IS
a−1
]

(6)

∀a ∈ A,A 6= 0, ∀t ∈ T, t 6= 0 (7)

N I
a,t =(1− da−1)

[
NS

a−1,t−1P
SI
a−1 + N I

a−1,t−1(1− P IS
a−1)

]
(8)

∀a ∈ A,A 6= 0, ∀t ∈ T, t 6= 0 (9)

The first two equations 4 and 5 are setting the population in the first
age range at each period to the constant value N0. Equation 7 determines
the number of susceptible individuals in age range a for period t as being
equal to the number of individuals in the previous range (a − 1) who were
susceptible the previous year (period t−1), who survived and have not being
infected, plus the number of those infected individuals who in the previous
year where in the previous age range, have not died and have cleared the
infection. Equation 9 is analogous to 7, but for infected women.

We are now ready to include into the model the effect of vaccination cam-
paigns, so let H = S, I, IM , where IM is the immune state after applying a
vaccine to a vulnerable woman. We suppose that all vaccinated individuals
will acquire a perfect immunity from HPV, so that they cannot be infected
anymore. We represent a vaccination campaign V by its characterizing pa-
rameters:

• The set of age ranges of the population to which it will be applied,
which we denote by AV , AV ⊂ A;

• The percentage of the population in each age range a ∈ AV which will
be vaccinated, which we denote by pV (equal for all age ranges in AV ).
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The effect of vaccination is to reduce the number of susceptible individuals
to which it is applied. If a vaccination is applied to an infected individual, it
has no effect. Now, suppose that at a given year t ∈ T, t < T̄ the vaccination
policy V is applied. Then, the equations of population dynamics for year
t + 1 will be as follows:

P S,S
a =1− P SI

a ∀a ∈ A (10)

NS
0,t =NS

0 ∀t ∈ T, t 6= 0 (11)

N I
a,0 =N I

0 ∀a ∈ A (12)

N IM
a,0 =0 ∀a ∈ A (13)

NS
a,t =(1− da−1)[(1− pv)

(
NS

a−1,t−1P
SS
a−1
)

+ N I
a−1,t−1P

IS] (14)

∀a ∈ A,A 6= 0, ∀t ∈ T, t 6= 0 (15)

N I
a,t =(1− da−1)

[
(1− pv)N

S
a−1,t−1P

SI
a−1 + N I

a−1,t−1(1− P IS)
]

(16)

∀a ∈ A,A 6= 0, ∀t ∈ T, t 6= 0 (17)

N IM
a,t =(1− da−1)

[
NS

a−1,t−1pV
]

(18)

∀a ∈ A,A 6= 0, ∀t ∈ T, t 6= 0 (19)

We will let the optimization model to decide about what will be the best
time window for the application of the campaigns. To this goal we introduce
the following decision variables:

If a vaccination scheme is applied to a target population for a certain
number of years. Let xi,t be the variable that explains wether the intervention
i is active during the period t. Taking into account the activation of different
interventions

In the equation 26 we represent the whole dynamics in the vaccination
model, including the activation of any intervention i. It’s important to make
clear that the interventions in this category will be applied in women between
9 and 16 years due to the effectiveness generated in girls who have not started
their sexual life.

13



NS
0,t =NS

0 ∀t ∈ T, t 6= 0 (20)

N I
a,0 =N I

0 ∀a ∈ A (21)

N IM
a,0 =0 ∀a ∈ A (22)

NS
a,t =(1− da−1)[(1−

∑
(pv ∗ xi,t))

(
NS

a−1,t−1P
SS
a−1
)

+ N I
a−1,t−1P

IS] (23)

∀a ∈ A,A 6= 0, ∀t ∈ T, t 6= 0 (24)

N I
a,t =(1− da−1)

[
(1−

∑
(pv ∗ xi,t))N

S
a−1,t−1P

SI
a−1 + N I

a−1,t−1(1− P IS)
]

(25)

∀a ∈ A,A 6= 0, ∀t ∈ T, t 6= 0 (26)

N IM
a,t =(1− da−1)[(

∑
(pv ∗ xi,t))

(
NS

a−1,t−1
)
] (27)

∀a ∈ A,A 6= 0, ∀t ∈ T, t 6= 0 (28)

Given a no linear case, because we are multiplying the binary variable
x(i, t) with the population variable NS

a−1,t−1, it’s necessary to create a new
variable with the correct characteristics. For that matter, variable Lv is
created. This variable Lv must be attached to some constraints in order to
transform the no linear function into a linear one. The constraints used in
this case are established in the next lines:
Variable Lv

Lvi,t,a,hs − Non-negative variable (29)

Lvi,t,a,hs ≤ xi,t ∗M (30)

Lvi,t,a,hs ≤ NS
a,t (31)

Lvi,t,a,hs ≥ 0 (32)

∀i ∈ I, a ∈ A, t ∈ T, hs ∈ HS|hs = S (33)

Finally, the equation 38 shows the population dynamics for the lineal
vaccination model. In this equation we take into account the activation of
the interventions and the different probabilities to change form states in each
year.
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NS
0,t =NS

0 ∀t ∈ T, t 6= 0 (34)

N I
a,0 =N I

0 ∀a ∈ A (35)

N IM
a,0 =0 ∀a ∈ A (36)

NS
a,t =(1− da−1)[(N

S
a−1,t−1P

SS
a−1)−

∑
(pvLvi,t−1,a−1,sP

SS
a−1) + N I

a−1,t−1P
SI ]

(37)

∀a ∈ A,A 6= 0, ∀t ∈ T, t 6= 0 (38)

N I
a,t =(1− da−1)

[
NS

a−1,t−1P
SS
a−1 −

∑
(pvLvi,t−1,a−1,sP

SS
a−1) + N I

a−1,t−1P
II
]

(39)

∀a ∈ A,A 6= 0, ∀t ∈ T, t 6= 0 (40)

N IM
a,t =(1− da−1)[(

∑
(pv ∗ Lvi,t−1,a−1))] (41)

∀a ∈ A,A 6= 0, ∀t ∈ T, t 6= 0 (42)

As the equation 35 shows, the prevalence of non-infected women is com-
posed by the women that don’t die and either keep in the same state, or
get naturally cured without any treatment. It’s important to clarify that in
our model there is no link between the state of infected with HPV and any
treatment for these ages. In the next section we will explain the dynamics
for the screening model and all its implications.

4.2.3. Screening model

As the vaccination is important for the prevention of HPV and , conse-
quently, CC. The screening interventions are vital in the process of detecting
the transition from HPV to CC. The early detection of the precancerous
lesions leads the increment of the percentage of women who can go to treat-
ment on time and lead a decrease in the deaths caused by CC. In this section
we model the incidence and prevalence of the states related with the screen-
ing interventions. As we mention in the section 3 these states are the low
grade lesions state (C1) and the moderate and severe lesions state (C23).The
relations between these states that are taken by our model are showed in the
figure 3 and will be described along this section. Additionally, it is important
to remark that the dynamics of the state I equivalent to the women infected
by HPV change when they start to perform screening test in order to detect
if they have any abnormality associated with CC or not.
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Figure 3: Screening states of the model

For the formulation of this part of the model we need to redefine the
dynamics of each health state of the model. Let HS = I,C1,C23,CC,T be
the health states where the women are directly affected by the screening
interventions. This states stands I for HPV infected, C1 for low grade pre-
cancerous lesions, C23 for moderate and severe precancerous lesions, CC for
cancer cervical diagnosed and T for treatment. Also, we set As= 20...69 as
the range of ages when the women are sexually active and, by consequence,
are at risk of developing precancerous lesions or contract CC. As we pre-
viously remarked, the range of ages a ∈ As is where the women begins to
move for the states HS, this movements depends on transitions probabilities
that we define as P hs,hs1 that represents the probability to go from the state
hs ∈ HS to another state hs1 ∈ HS.

In order to introduce the effects of the interventions in the model, we
define a variable xi,t that indicate when an intervention i ∈ I is activate in
the time horizon.

4.2.3.1. HPV infected state (I).

The dynamics of the state I, infected by HPV, change when the women
have an age within the range a ∈ As. For this dynamics we include the
women that come from the states C1 and C23 with a probability PC1,I and
PC23,I in the following equations:
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N I
0,t =0 ∀t ∈ T, t 6= 0 (43)

N I
a,0 =N0I

a ∀a ∈ As (44)

N I
a,t =(1− da−1)[N

I
a−1,t−1P

II + NS
a−1,t−1P

SI
a−1 (45)

+ NC1
a−1,t−1P

C1I + NC23
a−1,t−1P

C23I ] (46)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0 (47)

Now, we have to introduce the impacts of the screening interventions with
the probability qi,a that represents the percentage of women of the state that
follow the screening policy. Then, the equation 48 takes the women of the
age (a-1) in the range of age a ∈ As who survived and were in others states
hs ∈ HS in the year (t-1) that did not follow the policy with a probability
P hs,I , this is analogous to the incidence of the state I.

N I
a,t =(1− da−1)

[
(1−

∑
i∈I

xi,t−1 · qi,a−1) ·
∑

hs∈HS

(Nhs
a−1,t−1 · P hs,I)

]
+ (48)

(1− da−1)

[
(1− Sens) ·

∑
i∈I

∑
hs∈HS

xi,t−1 · (qi,a−1) · (Nhs
a−1,t−1P

hs,I)

]
(49)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0 (50)

By consequence of the inclusion of the interventions in the dynamics, a
no-linearity problem was generated. The multiplication of the variables Nhs

a,t

of the health states hs ∈ HS at the age a ∈ As with the variable xi,t of
the interventions i ∈ I in the time t ∈ T induce the necessity to make a
linearization in order to ensure the linearity of the model. The linearization
is showed in the equations bellow.

Lsi,t,a,hs − Non-negative variable (51)

Lsi,t,a,hs ≤ xi,t ·M (52)

Lsi,t,a,hs ≤ Nhs
a,t (53)

Lsi,t,a,hs ≥ 0 (54)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0, ∀hs ∈ HS (55)
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Once the linearization have been done, we replace the multiplication of
the variables Nhs

a,t and xi,t with the variable Lsi,t,a,hs. So now we have the
dynamics of the state I for the range of ages a ∈ As that we will use in this
section represented by the equation 56.

N I
a,t =(1− da−1)

[ ∑
hs∈HS

Nhs
a−1,t−1 · P hs,I −

∑
i∈I

∑
hs∈HS

Lsi,t−1,a−1,hs · P hs,I · qi,a−1

]
+

(56)

(1− da−1)

[
(1− Sens) ·

∑
i∈I

∑
hs∈HS

Lsi,t−1,a−1,hs · P hs,I · qi,a−1

]
(57)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0 (58)

4.2.3.2. Low grade lesions state (C1).

The low grade lesions state is the lowest state of precancerous lesions
which the women reach a few years after contracting HPV. We formulate the
women in this health state keeping them in the variable NC1

a,t that represents
the number of women in age range a ∈ As in the year t ∈ T within the time
horizon. Our model assumes that the woman who are in others states hs ∈
HS have a probability P hs,C1 to pass to this health state, this is equivalent
to the incidence. The equation 59 shows that, as we mention previously,
the new births will be always in the susceptible state. The next equation
63 calculates the number of women in the age a ∈ As in the time t ∈ T
that did not die in the previous year and remained in the same health state
C1, additionally the equation adds the women of age a-1 who were in others
states hs ∈ HS in the year t-1 and passed to the state C1 with a probability
of P hs,C1.

NC1
0,t =0 ∀t ∈ T, t 6= 0 (59)

NC1
a,0 =N0C1

a ∀a ∈ A (60)

NC1
a,t =(1− da−1)[N

C1
a−1,t−1 · PC1,C1 + N I

a−1,t−1 · P I,C1 (61)

+ NC23
a−1,t · PC23,C1] (62)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0 (63)
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Now we move to the dynamics of the state considering the effect qi,a,
mentioned in the section 4.2.3, of the interventions. In the equation 64 we
show the effect previously mentioned as the probability of that a women of
the age a-1 had survived the year t-1 and had followed the current screening
policy with a probability qi,a, and those who did not follow the policy as
(1 − qi,a). furthermore, there is a chance that the women who followed the
policy had a false-positive and go to the state C1 from the states hs ∈ HS
with probability P hs,C1 and the same case if the women definitely did not
follow the policy the year before. It is important to clarify that the effect qi,a
is activated when the variable xi,t , which defines if the intervention i ∈ I is
being implemented in the year t ∈ T , is equal to 1.

NC1
a,t =(1− da−1)

[
(1−

∑
i∈I

xi,t−1 · qi,a−1) ·
∑

hs∈HS

(Nhs
a−1,t−1 · P hs,C1)

]
+ (64)

(1− da−1)

[
(1− Sens) ·

∑
i∈I

∑
hs∈HS

xi,t−1 · qi,a−1 · (Nhs
a−1,t−1 · P hs,C1)

]
(65)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0 (66)

As we can see in the equation 64 there is a linear problem in the dynamics
of the prevalence of this state, represented by the variable Na,t of all the states
. This variable is multiplied with the variable xi,t in order to apply the effect
of each intervention i ∈ I at the time t ∈ T in the time horizon. Due this, we
perform a linearization that is carried out in the equations 67, 68, 69 and 70.
These equations guarantee the linearity of the model applying the screening
interventions effects when it is necessary. In these equations, as we show
bellow, we add new variable for each linear problem that could be present in
the dynamics of the state C1.

Lsi,t,a,hs − Non-negative variable (67)

Lsi,t,a,hs ≤ xi,t ·M (68)

Lsi,t,a,hs ≤ Nhs
a,t (69)

Lsi,t,a,hs ≥ 0 (70)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0, ∀hs ∈ HS (71)
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By last, we replace the created variables in each part of the equation
where there were multiplication of variables. Then, now that there are no
linearity problems, the dynamics of the state C1 with the interventions effects
can be freely used in our optimization model. The equation 72 represents
the behaviour of the variable NC1

a,t including the new variables Lsi,t,a,hs.

NC1
a,t =(1− da−1)

[ ∑
hs∈HS

Nhs
a−1,t−1 · P hs,C1 −

∑
i∈I

∑
hs∈HS

Lsi,t−1,a−1,hs · P hs,C1 · qi,a−1

]
+

(72)

(1− da−1)

[
(1− Sens) ·

∑
i∈I

∑
hs∈HS

Lsi,t−1,a−1,hs · P hs,C1 · qi,a−1

]
(73)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0 (74)

4.2.3.3. Moderate and severe grade lesions state (C2+C3).

This state contents the women with lesions with a higher grade than the
lesions in the state C1. The early detection of the lesions of this state is very
important in the future health of the individuals given that there is more
probability to acquire CC from this state than the others and the lesions
are harder to treat than the C1 state ones. The first equation 75 exposes
the number of women that birth being in this state, again we assume that
this number is always 0 ( view section 4.2.2). The follow equation 76 sets
the variable NC1

a,t for each age a ∈ As in the year 0 a value of NC23
a,0 which

is introduced in the model as a parameter. The last equation 77 represents
the dynamics from the year 0 onward, this takes the value of the women
who survive the previous year (t-1) and remained in the state C23 plus the
incidence of the state that we take as those who were in other health states
hs ∈ HS and came to the state with a probability P hs,C1. Said this, the
dynamics without any screening interventions effects are showed in the follow
equations:
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NC23
0,t =0 ∀t ∈ T, t 6= 0 (75)

NC23
a,0 =N0C23

a ∀a ∈ As (76)

NC23
a,t =(1− da−1)[N

C23
a−1,t−1P

C23,C23 + N I
a−1,t−1P

I,C23 (77)

+ NC1
a−1,tP

C1,C23] (78)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0 (79)

Continuing, we introduce the effects of each screening intervention in the
equation 80, showed bellow. As we did with the state C1, the effects men-
tioned are represented by the parameter qi,a and correspond to the probability
that a single woman follow or not the screening policy. Due this, there are
two options to come to this state : women of age (a-1) that did not follow the
policy in the year (t-1) and passed to the state C23 with probability P hs,C23

from the state hs ∈ HS, and the women of the age (a-1) who did follow the
policy but their results were wrong and went to the state C23 with the same
probabilities mentioned.

NC23
a,t =(1− da−1)

[
(1−

∑
i∈I

xi,t−1 · qi,a−1) ·
∑

hs∈HS

(Nhs
a−1,t−1 · P hs,C23)

]
+

(80)

(1− da−1)

[
(1− Sens) ·

∑
i∈I

∑
s∈HS

xi,t−1 · qi,a−1 · (Nhs
a−1,t−1 · P hs,C23)

]
(81)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0 (82)

Once the interventions impacts are included, in the equation 80 we no-
tice a variables multiplication between the variable Nhs

C 23 and the variable
xi,t, these variables represent the prevalence of the health states and the in-
terventions that are being implemented, respectively. To solve this problem
we propose a linearization by adding one variable for each variables multi-
plication presented in the equation 80. The equations bellow represent the
process mentioned.
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Lsi,t,a,hs − Non-negative variable (83)

Lsi,t,a,hs ≤ xi,t ·M (84)

Lsi,t,a,hs ≤ Nhs
a,t (85)

Lsi,t,a,hs ≥ 0 (86)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0, ∀hs ∈ HS (87)

Finally, we include the variables Lsi,t,a,hs in the population dynamics re-
placing them by the variables that are multiplied together . The equation
125 represents the dynamics of the state C23 including the screening inter-
ventions effects in each year of the time horizon without any no-linearity
problem.

NC23
a,t =(1− da−1)

[ ∑
hs∈HS

Nhs
a−1,t−1 · P hs,C23 −

∑
i∈I

∑
hs∈HS

Lsi,t−1,a−1,hs · P hs,C23 · qi,a−1

]
+

(88)

(1− da−1)

[
(1− Sens) ·

∑
i∈I

∑
hs∈HS

Lsi,t−1,a−1,hs · P hs,C23 · qi,a−1

]
(89)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0 (90)

4.2.3.4. Treatment state (T).

The treatment state is the state where the women go after detecting any
abnormality in their test results. According to this, the treatment state will
receive women from the state I, C1, C23 and even from the state CC. The
women who go to treatment are assume to go out of the model so that they
are considered as cured and do not go to other of the health states HS. It is
important to clarify that if there is not interventions none women will go to
treatment. Said this, The equation 93 represent the dynamics of the state T.
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NT
0,t =0 ∀t ∈ T, t 6= 0 (91)

NT
a,0 =0 ∀a ∈ As (92)

NT
a,t =(1− da−1) · Sens ·

∑
i∈I

(xi,t−1 · qi,a−1)[NC23
a−1,t−1 + N I

a−1,t−1 (93)

+ NC1
a−1,t]+ (94)

(1− da−1) · (1−Dcc) · Sens ·
∑
i∈I

(xi,t−1 · qi,a−1)(NCC
a−1,t−1) (95)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0 (96)

Due to the non-linearity problem presented in the equation 93 we apply
the linearization proposed for the other health states. This linearization is
exposed in the equations bellow:

Lsi,t,a,hs − Non-negative variable (97)

Lsi,t,a,hs ≤ xi,t ·M (98)

Lsi,t,a,hs ≤ Nhs
a,t (99)

Lsi,t,a,hs ≥ 0 (100)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0, ∀hs ∈ HS (101)

Once the linearization have been done we proceed to include the created
variables Lsi,t,a,hs in the equation that represent the dynamics of the state
T. The equation 103 is equivalent to the equation 93 without any linearity
problem.

NT
a,t =(1− da−1) · Sens ·

∑
i∈I

∑
hs∈HS

(Lsi,t−1,a−1,hs · qi,a−1Nhs
a−1,t−1)+ (102)

(1− da−1) · (1−Dcc) · Sens ·
∑
i∈I

(Lsi,t−1,a−1,CC · qi,a−1NCC
a−1,t−1)

(103)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0 (104)

4.2.4. Cancer Cervical model

This state shows the women who are diagnosed with cervical cancer.
In this state, the women who do not detect their lesions on time and are
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diagnosed with CC and the women who had survived other year with the
disease. It is important to point that a new death rate is include in the
modeling of the state. This rate is the cervical cancer death rate Dcc.In
the equations 106, 107 and 108 we show the normal dynamics for this state
without any intervention effect and including the CC death rate previously
mentioned.

Dcc− Cervical cancer death rate (105)

NCC
0,t =0 ∀t ∈ T, t 6= 0 (106)

NCC
a,0 =N0CC

a ∀a ∈ As (107)

NCC
a,t =(1− da−1) · (1−Dcc)[NCC

a−1,t−1P
CC,CC ]+ (108)

(1− da−1)[N
C23
a−1,tP

C23,CC ] (109)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0 (110)

Once we have modeled the CC population dynamics , we proceed to
include the interventions impacts in the state using the equation 111 just
like we did in the previous health states of the screening category.

NCC
a,t =(1− da−1) · (1−Dcc)

[
(1−

∑
i∈I

xi,t−1 · qi,a−1) · (NCC
a−1,t−1 · PCC,CC)

]
+

(111)

(1− da−1) · (1−Dcc)

[
(1− Sens) ·

∑
i∈I

xi,t−1 · qi,a−1 · (NCC
a−1,t−1 · PCC,CC)

]
(112)

+ (1− da−1)

[
(1−

∑
i∈I

xi,t−1 · qi,a−1) · (NC23
a−1,t−1 · PC23,C23)

]
+ (113)

(1− da−1)

[
(1− Sens) ·

∑
i∈I

xi,t−1 · qi,a−1 · (NC23
a−1,t−1 · PC23,CC)

]
(114)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0 hs 6= CC (115)
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And, again, there is a non-linearity problem with the variables of preva-
lence and implementation activity Na,t and xi,t respectively. In order to solve
this problem we make the linezarization that is showed next.

Lsi,t,a,hs − Non-negative variable (116)

Lsi,t,a,hs ≤ xi,t ·M (117)

Lsi,t,a,hs ≤ Nhs
a,t (118)

Lsi,t,a,hs ≥ 0 (119)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0, ∀hs ∈ HS (120)

By last, we replace the new variables, created in the linearization, with
the pair of variables that were been multiplied together.

NCC
a,t =(1− da−1) · (1−Dcc)

[
NCC

a−1,t−1 · PCC,CC −
∑
i∈I

Lsi,t−1,a−1,CC · PCC,CC · qi,a−1

]
+

(121)

(1− da−1) · (1−Dcc)

[
(1− Sens) ·

∑
i∈I

Lsi,t−1,a−1,CC · PCC,CC · qi,a−1

]
+

(122)

(1− da−1)

[
NC23

a−1,t−1 · PC23,CC −
∑
i∈I

Lsi,t−1,a−1,C23 · PC23,CC · qi,a−1

]
+

(123)

(1− da−1)

[
(1− Sens) ·

∑
i∈I

Lsi,t−1,a−1,C23 · PC23,CC · qi,a−1

]
(124)

∀a ∈ AS, A 6= 0, ∀t ∈ T, t 6= 0 hs 6= CC (125)

And now that we have already modeled the CC state, we move to the
deaths cause of the disease. It is important to clarify that a woman who
has cancer has a higher probability of die than the women who are in other
health states. This probability defines how many people die per year and
this number is kept in the variable ND

t . The equation which shows the way
to count these individuals is modeled in the following equations:
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ND
t = 0 ∀t ∈ T, | t = 0 (126)

ND
t = ·

∑
a∈A

(1− da−1) ·Dcca−1 ·NCC
t−1 ∀t ∈ T, | t 6= 0 (127)

The equations 126 and 127 show the value assignation of the variable ND
t ,

variable that keeps the number of women who death by CC per year. For
the first year or year 1 the equation 126 takes the value of 0. For the year
two onward the value depends on the variable NCC

t in the year t-1 and the
death rate Dcca−1 as we present in the equation 127.

4.2.5. Objective functions

Defining a unique objective of this problem is a complex problem. The
significant number of stakeholders involved in the model generate an interest
conflict in the decision of which policy should be implemented. Herzlinger
(2006), mention the main stakeholders in the investment in health-care fo-
cusing in the profitability that represent for each one and how their interest
can change if they considered the long-term profitability. In order to gen-
erate the best results for all the stakeholders of the model we propose four
objective function. These objective functions will change according with the
purposes or interests required.

4.2.5.1. Maximizing the budget spending.

This objective function has the finality of spend most of the budget pos-
sible. This function ensures that the composition of the policy given by the
model will spend a certain percentage of the budget of the government for
interventions available per year, this budget is a defined parameter as we
mentioned in the section 4.1.

min
∑
a∈A

∑
hs∈HS|hs 6=I

Nhs
a,max(t) (128)

gapt ≤ pb · prest ∀t ∈ T (129)

The equation 128 is the objective function. This expression minimize the
prevalence of the states belonging to the screening category in the last year
of the planing horizon. Additionally, the equation 129 guarantees that the
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variable gapt , the variable that represents the difference between the spent
money and the money of the budget each year, take a value of at least a
percentage pb of the total money destined for the interventions. This pb
percent takes a value in the interval of 0%-10%.

4.2.5.2. Minimizing the total cost for the government.

For this objective function we take into account not only the cost of
implement the intervention, but also the cost that implies having a women
in each health state such as C1, C23 and CC state. The sum of these cost
represents the total cost that the government has to pay for having women
in each infection state and for each intervention that is been implemented
per year.

Important

TotalCostt =(NumberOfV accinest) ∗ CosV ac+ (130)

(NumeberOfTreatmentst) ∗ CostTre (131)

min
∑
t∈T

TotalCostt +
∑

se∈SE

∑
t∈T

∑
hs∈HS

Nhs
a,t · cosths (132)

In equation 132 we joint the two costs previously mentioned in a single
function for the whole time horizon. Making this equation we ensure that
the model will define the policy with the minimum cost.

4.2.5.3. Reaching the goals at the minimum cost.

In this objective function we take into account the goals parameters of
incidence and prevalence of each category ( view section 4.1). These param-
eters represent the reduction percents seeking by the model at the end of the
planing horizon.

Important

TotalCostt =(NumberOfV accinest) ∗ CosV ac+ (133)

(NumeberOfTreatmentst) ∗ CostTre (134)
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min
∑
i∈I

∑
t∈T

TotalCostt (135)

(TotalCostt) ≤ prest + M

∀t ∈ T
(136)

Nhs
a,t ≤ Nhs

a,0 · (1− prese,s)

∀t ∈ T, se ∈ SE, s ∈ S|t = max(T )
(137)

As the main purpose of this objective function is reaching the goals, the
budget constraint is eliminate by adding a very big number to the original
constraint as we show in the equation 136. Given this, the equation 137
makes the model meet the goals at the end of the horizon and the objective
function ( equation 135) guarantees spend the minimum amount of money
possible. By the end of the implementation, the model will give the minimum
cost for meeting the goals and the policy associated with this cost.

4.2.5.4. Minimizing the lost life years.

This objective function is focused in the number of lost life years of the
women who die due to CC, this value is known as DALY (Anand and Hanson,
1997). As we mention in the section 4.2.4, the variable ND

t keeps the number
of women who dies by CC in each of the years of the time horizon. The
national cancer institute of the United States distributes the CC deaths by
different range of ages, this distribution is showed in the figure 4.
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Figure 4: Cervical cancer deaths distribution by age

Using the information of the figure 4 we calculate the expected age of
death for a woman who die by CC. Then, we subtract this value to the
life expectancy of women in Colombia. The value obtained is the expected
number of life years that a woman would lost (DALY) if she dies by CC. By
last, the objective function bellow, equation 138, calculates the value of the
total lost life years in the whole time horizon in order to get the minimum
value of this index. This operation is made by multiplying the variable ND

t

with the lost life years expected value (DALY) of CC.

min
∑
t∈T

(ND
t · Expected Lost Life Years (DALY)) (138)

4.3. Estimation of Parameters

As explained above, during the last years Optimization has begun to be
used in an important way in the practice of Medicine. This has happened
because the wide computational possibilities have allowed the development
of adequate models to help decision-making in that area. In the case of this
project, the optimization model developed aims to support the selection of
interventions to be carried out in order to reduce the large number of cases of
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Cervical Cancer found annually in Colombia. Therefore, there are different
types of parameters that have had to be estimated in different ways. In this
section we will explain the way in which each of the parameters that we are
going to use in the model was found, taking into account population data in
Colombia based on the dynamics of the disease. An initial time horizon of 20
years will be used, but the tool allows you to change the horizon if you want
to see later results. To explain the estimation of parameters, a division will
be made in three sections; general and population parameters, vaccination
and screening. Below are the general parameters, including costs, population
data and the State budget with a brief explanation of its meaning. Then,
proceed to explain the origin and obtaining of each of these parameters and
the sources used for that purpose.

4.3.1. Probability of a woman changing from one state to another within the
model

The data of the probabilities of transition between each one of the states,
starting in Susceptible and reaching Cervical Cancer, were taken from the
Simulation Model of Angulo (2017), which has been previously validated, so
it provides reliable data that we have been able to use. Additionally, our
validation was made with respect to that model, so the parameters were
adequate. It is important to mention that these probabilities depend only
on the states in question, but in the case of the probabilities of becoming
infected, there is also a dependency with age, so this probability will be
explained in detail later.

4.3.2. Probability of dying in Colombia for women in different age ranges

Data on mortality rates by age range were obtained from the official
estimates of DANE (2013). It is important to clarify that the values taken
represent the mortality rate that are different each segment.

4.3.3. Number of vaccinations to be implemented in each intervention

The number of vaccinations depends directly on the intervention to be
performed, which is explained in detail in our case study. However, the model
allows adding and suppressing interventions with the specifications desired
by the user, which can define the number of vaccinations for each age group
and find the relevant policies depending on their interests.
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4.3.4. Adherence and probability for a woman to follow a screening policy

The adherence found for screening policies in Colombia is 60.8% (Garcés
et al., 2012). From this data it is possible to understand the probability
that a woman will follow a specific screening policy, by the ratio between the
adherence and the frequency of each of the interventions (cytology or DNA
test).

4.3.5. Sensitivity of the screening test

The specificity of the screening test most used in Colombia (cytology)
is 88.2% (Gamboa and Murillo, 2016). This value refers to the probability
of obtaining a positive result in the test and not making a mistake in the
diagnosis.

4.3.6. Probability of obtaining HPV

This probability depends on the sexual relations carried out by women
in each age segment. This data was obtained from the parameters of the
Simulation Model of Angulo (2017), which as we explained before, was the
same model that we used to validate our results.

4.3.7. Initial population of women in each state (S, I, C1, C23, CC)

For these parameters, we classify people according to their segment (age),
and by data from DANE. The total population was initially taken into ac-
count in the country, but subsequently the population previously infected
with HPV or with some of the cervical cancer states was discriminated. The
life expectancy in Colombia is approximately 74 years (The World Bank,
2015). We performed the division by ages in one year intervals from 9 to
69, specifying that the vaccines would not be made to people older than 19
years due to the low effect that they would have, since many of them would
be previously affected with the virus. Thus, the individuals will belong to
one of the following age segments: 9,10,11, ..., 69. It is worth mentioning
that the tool allows changes in the age ranges, but we consider adequate
those that we implemented given the life expectancy and the age of average
detection of the disease, which occurs in general in women under 50 years,
but which often extends to senior citizens (American Cancer Society, 2017).
The final data for each state were obtained from the simulation model of
Angulo (2017), in order to subsequently perform the respective validation.
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4.3.8. Weight of the cytology in a screening intervention

On this case, the weight of the cytology in a screening test is found as
the divition of the adherence and the frequency of the cytology within the
policy, and it is useful to later calculate the costs due to cytologies.

4.3.9. Weight of the DNA test in a screening intervention

On this case, the weight of the DNA test, similar to the previous case, is
calculated based on the division of the adherence and the frequency of the
DNA test within the policy, and it is useful to then calculate the costs due
to these tests.

4.3.10. Cost of vaccine, cytology and DNA test

The direct costs of carrying out each intervention were estimated taking
into account what it would cost to the State to cover all vaccination and
screening costs. The value found of a vaccine was COP $23,700, while the
cost of the cytology is over COP $19,070. Meanwhile, the cost of a DNA-HPV
test results in a value of COP $30,000 (Gamboa et al., 2013).

4.3.11. Budget of the State for the realization of the interventions

The budget given by the State is a useful parameter to fulfill some of the
objective functions to be evaluated in our model. For example, a specific
budget is required to maximize the effects on the population and minimize
the years of life lost in a person. This budget was found from the breakdown
of the validity granted to the Ministry of Health (Colombia Ministerio de
Salud y Protección Social, 2016), in which we took into account the specific
budget for Cervical Cancer, with a final value of COP $5,215,636,157 for
each year.

4.3.12. Mortality rate for Cervical Cancer

This data was obtained from the parameters of the Simulation Model of
Angulo (2017), with a value of 52%. As can be seen, the number of women
who die after developing the disease is considerably high.

4.3.13. Annual cost of having a woman in the states C1, C23 or CC

For the State it is quite expensive, in terms of treatments, to keep a
woman in one of the previous stages of Cervical Cancer, and even more in
the CC state . Therefore, we used these costs calculated by Gamboa et al.
(2013), obtaining an annual cost per woman of COP $769,156.36 for C1,
COP $2,396,500.00 for C23 and COP$12,536,350.39 for Cervical Cancer.

32



4.3.14. Expected loss of years of life

Initially, we obtained from DANE the life expectancy of women in Colom-
bia, which is 74. 18 years. Subsequently, based on the results of the Sim-
ulation Model of Angulo (2017) we obtained the average age of death of
women due to Cervical Cancer, which resulted in 58.23 years. Therefore, the
expected loss of years of life due to the disease would be 15.95 years.

4.4. Validation of the Model

For the validation of the model we make a comparing between the cervical
cancer simulation model proposed by Angulo (2017) and our model. We run
the cervical model with out any interventions for 20 years in order represent
a valid behaviour of the population of the women in each of the states. On
the other hand, we give a budget of 0 to our model in order to restrict the
selection of any policy. This was done with the objective of turning our model
in a population model. The results of both models for the main health states
related with CC are showing bellow:

(a) Our model (b) Cervical cancer simulation model

Figure 5: HPV prevalence
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(a) Our model (b) Cervical cancer simulation model

Figure 6: Prevalence of C1

(a) Our model (b) Cervical cancer simulation model

Figure 7: Prevalence of C23

(a) Our model (b) Cervical cancer simulation model

Figure 8: Prevalence of CC
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The results show a high level of similarity between the behaviour of the
prevalence of each state over 20 years of both models. To have a certain
idea of the relation between the two models we calculate the correlations of
the results obtained for the two models. The correlations of the models are
exposed in the figure 9.

Figure 9: Correlation between our model and the cervical cancer simulation model

As we can see in the figure 9 the correlation coefficient for the states C1,
C23 and CC is over 0,99 while the same value of the state is approximately
0,86. Giving this we valid our model and we conclude that it can reliably
represent the population dynamics of the CC.

5. Case Study

The case study that we are going to carry out in this paper is composed by
a set of interventions divided in two categories; Vaccination and Screening.
For the vaccination interventions we will develop four politics that are being
or were implemented for the HPV prevention in Colombia. Furthermore, we
will propose a fifth intervention of this category that has not been imple-
mented in order to evaluate its performance and decide whether it should
be part of the prevention policy or not. On the other hand, the screening
interventions will have just two interventions that are being implemented
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in Colombia and other countries. Additionally, as we did previously in the
vaccination part, we are going to propose another intervention that has not
been executed with the objective to evaluate it.

5.1. Vaccination interventions

The policies of vaccinations will be directed to women between 9 and
16 years depending on each intervention. As we explained previously, we
won’t even evaluate vaccination interventions for older women due to their
high probability of being infected with the HPV, which would immediately
reduce the effect of the campaign on the population. The first intervention
consists of applying the HPV vaccine to 20% of the total population of girls
between 9 and 14 years in Colombia, which would be possible carrying the
vaccines to their schools and programming specific vaccination days.The sec-
ond intervention refers to the vaccination of 40% of women between 9 and
12 years old. The difference between this and the first one is the population
coverage and of course the total cost of implementation. In the third inter-
vention we defined to vaccinate 20% of the women between 12 and 14 years
old in Colombia, which implementation is very similar. The fourth politic,
similarly to the third one, consists of the vaccination of the 40% of the girls
between 9 and 14 years old.

Finally, the fifth politic, which we defined to evaluate along the others,
consists of the vaccination of 15% of the women between 10 and 16 years
old. The advantage of this politic is that covers more girls, so in the future
the incidence of HPV would decrease. Nevertheless, the expected cost of this
intervention in much higher compared to the others.

5.2. Screening interventions

The first intervention for this section is the ”1-1-3” that is the pap test
policy implemented in most of the developed countries includes the US. This
intervention consists in carried out the pap test in women between 21 and 65
years old every 3 years, if the test result is abnormal the woman must have
a follow-up pap test in a year. If this test is abnormal the woman should
have a colposcopy, otherwise she will have to have the pap test in a year and
if it is normal every 3 years again (Society, 2016). The second intervention
is the current CC screening policy in Colombia. This policy has been being
implemented since the year 2017 and consists in the combination of the con-
ventionally pap test scheme ”1-1-3” with the realization of a HPV-DNA test
every 5 years (Ministerio de Salud y Protección Social [MSPS],2017).
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Finally, the third intervention of this part is the combination of the con-
ventionally pap test scheme ”1-1-3” with the implementation of a HPV-DNA
test, but in this case the HPV-DNA test must be done every 3 years.

6. Results Analysis

To illustrate the main results obtained by running the model for each of
the four objective functions, we decided to graph the behavior of the three
most representative variables: the prevalence of the infected women, status
CIN1, CIN23 and Cervical Cancer. Below we present the results with an
explanation of their behavior. We also completed a validation comparing
our results with the results of the Simulation Model presented by Angulo
(2017), and the behaviors resulted very similar.

6.1. Infected population

The results that were obtained for a time horizon of 20 years are presented
graphically below:

Figure 10: Prevalence of HPV

For the first objective function an increasing behavior is initially observed,
and then the population decreases until year 15, where it grows again. The
effect of the chosen interventions can begin to be evidenced approximately
in year 6, in which the prevalence of infected women changes their course of
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natural growth and begins to decrease until they reach their goal. During
the last few years, its behavior has been increasing since the model stops
selecting alternatives because its effect is not evident from that moment.
The second objective function, which consists of minimizing expenditure for
the State, shows an almost constant and even increasing behavior over the
time horizon, since although the model is forced to carry out interventions,
it mainly seeks to minimize the cost, which Later it will be seen. The third
objective function shows a very interesting behavior, since it generates a
constant period of interventions until reaching a point of very low prevalence,
but then shows an increasing behavior, in order not to exceed the established
budget and finish in the target of prevalence.

6.2. CIN1 population

The results that were obtained for a time horizon of 20 years are presented
graphically below:

Figure 11: Prevalence of C1 state

For the first objective function an increasing behavior is initially observed,
and then the population decreases until the end of the horizon. The effect of
the chosen interventions this time includes screening, so the prevalence can
decrease until the end of the horizon and the effect will be evident imme-
diately while trying to expend the budget minimizing this prevalence. The
second objective function, which consists of minimizing expenditure for the
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State, shows an almost constant behavior over the time horizon after decreas-
ing during the first couple of years, since although the model is forced to carry
out interventions, it mainly seeks to minimize the cost. In this case again,
the screening policies show their effect since the first year. The third objec-
tive function shows a very interesting behavior again, just as happened for
the infected population, since it generates a constant period of interventions
until reaching a point of very low prevalence, but then shows an increasing
behavior, in order not to exceed the established budget and finish in the
target of prevalence. Finally, the fourth objective function shows a behavior
very similar to the second. The model tries to stop deaths due to CC, so its
target will be the population with a higher level of disease. Nevertheless, the
prevalence decreases during the first part of the horizon.

6.3. CIN23 population

The results that were obtained for a time horizon of 20 years are presented
graphically below:

Figure 12: Prevalence of C23 state

For the first objective function an increasing behavior is initially observed,
and then the population decreases until the end of the horizon. Its behavior
results very similar to the observed before. The second objective function,
which consists of minimizing expenditure for the State, shows an almost
constant behavior over the time horizon after decreasing during the first
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couple of years, again showing a behavior that minimizes the costs, and in
this case reduces the prevalence considerably. The third objective function
reaches the goals on a different way this time, because keeps reducing the
prevalence and there is not a big increasing at the end of the horizon. It can
be explained because the screening interventions affect directly this state, and
the vaccination interventions show their effect during the last years. Finally,
the fourth objective function shows an increasing behavior and in the end
a great decrease. This is a logical behavior because the interventions are
selected mainly during the first years in order to minimize deaths. After the
first years there is a period where the effect of the vaccinations is not evident
yet, but then they generate a great decrease or the prevalence.

6.4. CC population

The results that were obtained for a time horizon of 20 years are presented
graphically below:

Figure 13: Prevalence of CC

Its behavior results very similar to the observed before, with a natural
increase at first, and then a decrease when the interventions show their effect
on the prevalence of women with Cervical Cancer. The second objective
function consists of minimizing expenditure for the State. On this case,
it’s evident that the cost of Cervical Cancer is very high, so the prevalence
in decreasing during the whole time horizon, even trying to minimize the
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variable. The third objective function reaches the goals trying to reduce the
population each year after a natural period of increasing at first. It can be
explained because the cost is very high again, so the model tries to reduce
this prevalence of CC. Finally, the fourth objective function shows a similar
behavior than the second one, because it is trying to minimize the deaths for
CC, so it has to minimize also the prevalence of CC during all the horizon,
as shown in the graphic.

It is important to clarify that the first objective function shows in general
the preferred behavior, because after some years of increasing, the prevalence
decreases until the end of the time horizon, which shows that an increment
after year 20 wouldn’t appear. This can be explained due to the interest
applied in this function, because the main objective is to maximize the budget
spending while minimizing the prevalence of CC and its respective states. We
strongly recommend to follow the first objective function in order to decrease
the high levels of Cervical Cancer in Colombia.

6.5. Costs

First of all, we will show the cost due to interventions and the costs for
the State for each objective function in order to understand their behavior:

Figure 14: Costs of interventions for each OF

It results evident that the third function carries the minor intervention
costs for the implementation of the model, which is a very logical result
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because its objective is to minimize these costs. The difference between this
alternative and the rest is huge, but the costs for the State have not been
taken into account yet, so it is not pertinent to conclude about only this
result.

Figure 15: Costs for the State for each OF

On this case, taking into account only the costs for the State, the sec-
ond function minimizes the costs, which is logical because that is precisely
its objective, so the behavior of the model is correct. However, the best
comparison in terms of costs results of the next data.

Now we will show the total costs obtained while running the model with
each objective function:
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Figure 16: Total costs for each OF

As results logical, the second objective function minimizes the costs and
the first one represents more costs to the Government because tries to select
more policies and reduce effectively the prevalence of CIN1, CIN23 and Cer-
vical Cancer. The four objectives can be evaluated depending on the interest
of the user, and as we showed the results will be different, but will find an
optimal response for the model presented.

6.6. Selection of interventions

After applying the four objective functions, the model selected effectively
the vaccination and screening interventions to implement during the time
horizon of 20 years. Now we will present the selected alternatives in the next
graphics:
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6.6.1. Objective Function 1

Figure 17: Vaccination Interventions selected in OF 1

As it can be appreciated, the first objective function selects the four
different vaccination alternatives in different periods of time, which shows
that the model tries to select first policies for younger girls, and during the
last periods tries to reduce the prevalence by the implementation of vaccines
to older girls.

Figure 18: Screening Interventions selected in OF 1

In this case, for the screening interventions, the model selects between the
1-1-3 politics and the 1-1-3 with DNA HPV test each 3 years. This occurs
because the third intervention results very expensive, and the first one is the
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cheapest one. Nevertheless, the second intervention carries a bigger impact
than the first, so the model selects it when necessary.

6.6.2. Objective Function 2

Figure 19: Vaccination Interventions selected in OF 2

In this case, the model tries to minimize the costs. For that reason, since
the first year implements screening interventions that reduce immediately the
prevalence of the CC states, so never picks vaccination interventions, because
its effect would not be immediate.

Figure 20: Screening Interventions selected in OF 2

In this case, for the screening interventions, the model selects between
the 1-1-3 with DNA HPV test each 3 years politics and the 1-1-3 with DNA
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HPV test each 5 years. This occurs because the model needs to reduce the
prevalence very fast in order to minimize the high costs of keeping women in
an advanced state.

6.6.3. Objective Function 3

Figure 21: Vaccination Interventions selected in OF 3

In this case, the model tries to reach the goals of prevalence of the states
C1, C23 and CC. For that reason, it selects vaccination interventions during
the last years in order to reach the goal in the period 20.

Figure 22: Screening Interventions selected in OF 3

In this case, for the screening interventions, the model selects between
the 1-1-3 politics and the 1-1-3 with DNA HPV test each 3 years, but only

46



during the last 10 years. This occurs because the model needs to reach the
prevalence goals only in the last period, so it doesn’t spend money at first.

6.6.4. Objective Function 4

Figure 23: Vaccination Interventions selected in OF 4

In this case, the model tries to minimize the loss of life years. For that
reason, since the first year implements screening interventions that reduce
immediately the prevalence of the CC states, so never picks vaccination in-
terventions, because its effect would not be immediate.

Figure 24: Screening Interventions selected in OF 4

In this case, for the screening interventions, the model selects between
the 1-1-3 with DNA HPV test each 3 years and the 1-1-3 with DNA HPV
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test each 5 years, because it tries to generate immediate effects to minimize
the loss of life years, and those interventions are the most effective for that
matter.

7. Conclusions and Recommendations

7.1. Conclusions

Based on the optimization model developed, it was possible to repre-
sent the population dynamics associated with the Cervical Cancer states in
Colombia. Initially, it was necessary to formulate the model step by step tak-
ing into account each one of the representative variables that can influence
the decision making about the implementation of prevention and detection
interventions of the disease in question, and how these depend on the main
objective defined and the temporary conditions that arise. The parame-
ters estimated based on the formulation were extracted from various reliable
sources depending on their nature, including public institutions of the State
such as DANE, the Ministry of Health and the National Institute of Can-
cerology, as well as research work that has been carried out and previously
validated and that we have cited throughout the document.

By consolidating the model, four main objectives to be optimized were
established. After implementing the model with each of them, the respective
results were found, and showed the behavior of each one of the states analyzed
over time, selecting also the best vaccination and screening alternatives that
could be executed during each period in a time horizon of 20 years.

The common objective of the four functions evaluated is to seek to reduce
the prevalence of Cervical Cancer and its previous stages in Colombia, taking
into account the economic capacity that is available for investments in health
and specifically in the fight against Cancer. Therefore, in all cases there is
a tendency to decrease the number of women who suffer from this disease
in the medium term, according to the restrictions that vary in each case.
When analyzing the results obtained, we have been able to conclude that the
adequate behavior of the population dynamics of women with this disease
does not consist of generating an immediate reduction of the prevalence in
the first periods, since it would tend to increase it in the long term and the
effect would not be positive. On the other hand, the most favorable results of
the model are presented when choosing the first objective function, and tend
to select policies that begin to decrease the prevalence of Cervical Cancer
in the medium term until the end of the horizon, which in the long term
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is of great benefit both in terms of health and in terms of costs, since such
reduction prevails over a long period of time, without generating an upward
trend in the affected population.

In order to validate the model and ensure its correct functioning, we
compare the population dynamics by restricting the budget to zero with the
Simulation model of Angulo (2017), in order to identify the similarities in the
behavior of the prevalences in each state by not applying any intervention. As
we explained above, the behaviors are considerably similar, with correlations
higher than 86% in the prevalences of all the states, which allows to establish
that the model is adequate and correctly adjusts to the exposed dynamics.
Therefore, we can conclude that the optimization model meets the objectives
defined correctly and can be used effectively.

7.2. Recommendations

Although the proposed model reliably represents the population dynamics
associated with cervical cancer and can evaluate different types of interven-
tions choosing the most appropriate combination of them to achieve a goal.
The model has a large number of variables and restrictions that significantly
affect its computational efficiency and its ability to evaluate large time hori-
zons. Various methods can be proposed to increase the performance of the
model and thus be able to add new features to it that can increase the quality
of its results, as well as being able to evaluate the policies for many more
years. Additionally, new objective functions can be proposed in order to gen-
erate results of interest for the whole stakeholders of the system and allow
the selection of policies from different points of view and, likewise, improve
the decision-making process.
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