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Abstract

Cervical cancer (CC) is the second leading cause of cancer-related deaths among Colom-
bian women, caused most commonly by the consequences of Human Papillomavirus (HPV)
infection. Screening programs, vaccination against HPV and improved socio-economic con-
ditions have significantly reduced CC mortality rate over the last 40 years. The proper
definition of public health policies for prevention and surveillance is of paramount impor-
tance to ensure cost-effective disease control strategies are deployed, which make the best
usage of the limited available resources. However, predicting the long-term effects of vacci-
nation and screening programs is no trivial at all, as it builds upon the ability to compound
the uncertainties associated with the results of interventions on a growing population such
as the Colombian one. We propose a compartmentalized epidemiological simulation model
based on differential equations, which represents population dynamics, HPV transmission
within the population, likelihood of infection clearance, virus induced appearance of precan-
cerous lesions and eventually of CC, as well as the immunity gained with vaccination and the
likelihood of early detection provided by screening policies. The model is implemented into
an open software tool that allows evaluating the predicted effects of public health policies
against HPV, providing valuable support to healthcare decision-makers.

Keywords: Cervical cancer, vaccination, screening, HPV epidemics, compartmentalized
models, free software tool, medical decision-making.

1. Introduction

Cervical cancer (CC) is the fourth most common cancer in women worldwide, with an
estimated 530,000 new cases diagnosed and 270,000 deaths per year. CC is defined as the
condition where an unregulated growth of malignant cells occurs in the lower part of the
uterus (American Cancer Society, 2014b). This abnormal growth is almost always caused
by the consequences of Human Papillomavirus (HPV) sexually transmitted infection. HPV
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incidence in very high worldwide, and according to (Bekkers et al., 2004) the estimated
lifetime risk for women of one or more genital HPV infections is 80%.

The majority of HPV infections resolve spontaneously within less than 2 years. However,
persistent infection caused by specific strains of HPV, most frequently HPV 16 and 18, may
lead to the development of precancerous lesions (World Health Organization, 2016). Cervical
Intraepithelial Neoplasia (CIN) is one of most common terms used to refer to precancerous
lesions. CIN is graded on a scale of 1 to 3 based on how much of the cervical tissue looks
abnormal when viewed under the microscope (American Cancer Society, 2014a).

Due to the magnitude of the public health problem, governments have implemented
different public health policies to prevent the disease. Policies include prevention measures,
such as vaccination against HPV, and surveillance schemes, i.e. the periodic application
of screening tests. There are several types of vaccines that protect against high-risk HPV
strains, including the most common causes of CC HPV strains 16 and 18, but others exist
that can provide immunity against a larger number of strains, such as 31, 33, 45, 52 and
58, and even more (Chatterjee, 2014). It has been proven that HPV vaccines work best if
they are administrated prior to exposure to HPV, therefore the ideal time to get vaccinated
is before the start of sexual activity (World Health Organization, 2016). Since the vaccine
is preventive rather than therapeutic, once the infection is developed or the person acquires
some kind of pre-cancerous lesion the vaccine has no effect. That is why, although the
vaccine can prevent the infection, it is not enough as the sole means to fight CC epidemics
(Profamilia, 2015).

CC is highly preventable if it is detected in the early stages. According to the World
Health Organization, early treatment would prevent up to 80% of cervical cancers cases
that occur in developing countries, which account for 80% of CC total prevalence worldwide
(World Health Organization, 2016). Cytology and HPV-DNA tests are two of the most
common screenings for CC detection in women worldwide.

The screening schemes implemented in each country have changed over time. The age
range at which screening should be started, the period of screening and the type of tests
to be applied, are all elements that should be tuned depending on country-specific aspects,
such as the demographic and socio-economic factors. Similarly, many different options are
possible for the implementation of vaccination campaigns, which consider different target
age ranges, and/or whether to vaccine girls only or boys as well. All in all, finding optimal
vaccination and screening strategies is a priority to maximize the cost-effectiveness of the
prevention and surveillance actions.

There have been multiple approaches for modeling cost-effective strategies for CC. For
Colombia, Gamboa et al. (2013) developed a Markov model that represent the natural history
of CC to evaluate the effectiveness of primary and secondary screening strategies in the
country. The authors defined an efficient frontier by comparing the effectiveness and cost of
each strategy. Within the frontier there were strategies that include vaccination and HPV-
DNA test as a primary screening policy. Goldie et al. (2005) simulated the natural history
of HPV-induced cervical neoplasia for India, Kenya, Peru, South Africa, and Thailand.
They include HPV, CIN (1,2 and 3) and invasive cancer health states in a model that
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allows calculating the incremental cos-effectiveness ratio for different screening strategies.
The authors concluded that an alternative to the conventional three-visit cytology-based
screening could be visual cervix inspection with HPV-DNA test in at most two clinic visits.
Kim et al. (2005) compared the current screening policies, which consider cytology and with
triage testing with HPV-DNA test in United Kingdom, Netherlands, France, and Italy. They
created a computer-based model for the natural history of cervical cancer using country-
specific data. As a result, they found that both strategies would be more effective than the
currently adopted screening policy, in each country. Finally, Kim et al. (2013) developed a
spreadsheet-based model that projects the population health and economic impact of HPV
vaccination for Sub-Saharan Africa countries. They found considerable health gains when
pre-adolescent girls are vaccinated. Goldie et al. evaluated the of cost-effectiveness of HPV-
DNA testing as a primary screening test in women age more than 30 years. They used a
state-transition mathematical model to simulate a cohort of U.S women. They estimated a
reduction in a lifetime CC risk of nearly 81%.

The results of the studies reported in the brief survey above are strongly suggesting the
necessity of capturing country specific aspects into any model that aims at predicting the
cost effectiveness of CC public health policies against CC. Consequently, the objective of the
research study we present in this paper is to define a modeling and analysis method for the
evaluation of cost and effectiveness of prevention and surveillance interventions, which can
assimilate country specific data on population dynamics, HPV epidemics, CC progression,
access to health services and adherence to public health policies, and obviously costs. Our
approach is based on compartmentalized epidemiological simulation models, rendered in
form of ordinary differential equations, which on top of the dynamics of population growth
reproduce the transmission of HPV and the possible progression to CC under the effects of
defined vaccination and screening policies.

To provide a modeling solution that provides for a flexible usage by public health decision-
makers, all the steps defined by our modeling and analysis method have been automated
into an open software tool, developed with R® (The R Foundation). The software tool is
endowed with a Shiny© (RStudio) graphical user interface, which allows users to select a
compartmentalization of the population, assimilate country specific parameters and to define
and evaluate vaccination and screening policies. This highly parameterizable solution almost
completely hides to the user the inherent complexity of modeling and analysis.

We exercise our implementation by analyzing Colombian case. Vaccination, screening
and joint vaccination and screening policies were evaluated. Results are presented in terms
of a cost-effective ratio between the decrease in death rate due to CC with respect to a
baseline scenario without any prevention policy, over the cost of the policy. Change in the
policy is evaluated when the probability of acquire the infection is different for genders. As a
result we found there is a higher cost-effectiveness ratio is only women are vaccinated. Also,
we found a more cost-effective screening policy compare to the actual Colombian policy.

The rest of the paper is organized as follows. In Section 2 we detail the methodology used
to approach the cost effectiveness evaluation of CC public health policies, and in Section 3
we provide the details of the modeling and of the data we assimilate to instantiate them.
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Section 4 describes the software tool we designed and developed for the implementing and
automating the evaluation. In Section 5 we show an example of application of the method by
analyzing the Colombian case study. Finally, in Section 6 we present our concluding remarks
and perspectives for future research work.

2. Methodology

The overall objective of our research is to define and automating a method for modeling
and analyzing the effects of HPV vaccination and screening policies at the country level.
Predictive modeling is thus the key element around which our research revolves. To ensure
models reflect the specific reality of a country, a wealth of data needs to be assimilated
to instantiate model parameters. As in our approach we aim at evaluating public health
policies, provisions for modeling and integrating them into the predictive models must also
be provided as a part of our approach. Finally, a visual support for the comparative anal-
ysis of costs and effectivity of the policies is also of paramount relevance, as public-health
decision-makers will need to look at many different facets when judging the merits of possible
interventions.

Figure 1: The process of policy evaluation.

The relations between the elements mentioned above is graphically illustrated in Fig. 1.
In this section we shall be describing the methodological references and the rationale for the
conceptualization, design and implementation of the steps depicted in Fig. 1.

We begin by characterizing the approach used to define the predictive models. Since our
objective is to model the spread of diseases (HPV and CC) on a population, we base our
modeling on classical, deterministic continuous-time epidemics modeling (Hethcote, 2000).
This approach considers a partition of the whole population into a discrete number of subsets,
called compartments, which are considered to contain individuals who are homogeneous with
respect to the the dynamics of the disease. The change in the number of individuals in the
compartment is expressed in terms of a set of ordinary differential equations. Given the initial
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state provided at time t = 0, the numerical integration of the set of differential equation can
provide a prediction for the population state over time.

To provide an example, we can consider the simple SIR epidemics model, whereby a
population exposed to an infectious agent is divided into the S = susceptible, I = infected
and R = recovered compartments. Individuals in the S compartment have not been infected
yet and are susceptible to be, individuals in the I compartment are currently infected by
the disease, and finally in the R compartment the model counts those individuals who have
recovered from the disease.

Suppose the infection spread occurs at a base rate kS and is proportional to the number
of already infected individuals, and the infected people recover at a rate kR. Let us denote
by S(t), I(t) and R(t) the number of individual in each compartment at time t > 0, so
that the dynamics of the system over time can be described by the following set of coupled
differential equations:

d

dt
S(t) = −kSS(t)I(t) (1)

d

dt
I(t) = kSS(t)I(t)− kRI(t) (2)

d

dt
R(t) = kRI(t) (3)

Once the initial state of the population at time t = 0 is known for the three compartments,
the numerical integration of the differential equations provides an approximate solution to
the initial value problem, which we show in Fig. 2.

Figure 2: SIR model predictions. Initial state: S(0) = 106, I(0) = 1, R(0) = 0. Rate parameters: kS = 10−6,
kR = 0.05.

We base our HPV and CC epidemics modeling on this same approach, by considering a
more refined compartmentalization as well as a more complex population structure. Many
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examples of applications of compartmentalized disease modeling can be found in the lit-
erature, see for instance Dimitrov and Meyers (2010). We chose continuous deterministic
modeling because the large number of entities (the whole population of a country) is en-
suring that a continuous approximation is adequate for the number of individuals in the
system. Moreover, the type of simulation (numerical integration of differential equations) is
very fast and allows obtaining predictions over long-ranges (30 to 50 years) with a reasonable
computing time.

Since our goal is to create a model that is able to reproduce population dynamics under
infection disease and prevention policies, we will build be considering multiple layers of
compartmentalized modeling. Specifically, we will use three layers, as follows:

• the first layer is the population layer, where we will model the dynamics of popula-
tion without considering the disease, so that the processes affecting the number of
individuals in each compartment will be births, deaths and aging;

• the second layer is the disease layer, where we model the transmission and clearance
of HPV infection within the population and the possible transitions to pre-cancerous
and cancerous stages that can occur in women;

• the third layer is the intervention layer, in which we model the effects of the prevention
and/or surveillance actions that have the effect of contrasting the HPV epidemics and
the progression of cervical cancer lesions.

Each model layer builds on top of the previous one, by refining the compartmentalization
with a finer subdivision of the population. Also, each layer will be instantiated and validated
using data from layer specific sources. Thus, the population layer can be parameterized using
official statistics about the number of births and deaths in the population, and validated using
records of population projections, which can be found for instance through the statistics of
the World Bank. For the second layer, the parameters of disease spread have to be obtained
from HPV and CC incidence and CC death rates, and validation requires a comparison of
model predictions against health records for disease prevalence in the population. For The
last layer, the parametrization requires to define details of the vaccination and/or screening
policies to be evaluated, as well as their effectiveness, e.g. immunity acquired, quality of the
screening tests, etc., while a validation is possible with respect to the results of other studies
in the literature that evaluated the cost-effectiveness of specific policies.

We consider prevention and surveillance interventions that decision-makers can be in-
terested in comparatively evaluating. Among the possible prevention actions, we focus on
vaccination. We assume vaccination campaigns are defined according to a pulse vaccination
strategy, by which a fraction p of the susceptible population is vaccinated in a single pulse
applied every T periods of time (Shulgin et al., 1998). Our models considers that vacci-
nated individual can be from any gender and age, according to the definitions entered by
the decision-makers.

As for surveillance, we consider screening policies that consist of primary, triage and
follow up test done every γ years. In the primary test precancerous lesions will be detected
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with a probability equivalent to the screening coverage of the country and to the sensitivity
of the test applied. If lesions are detected women will start a treatment and therefore will
have partial immunity to the infection. Otherwise, disease will continue its natural course.
If primary test is positive, then result will be confirm with the triage test. Triage test will
detect lesions with a probability equivalent to the sensibility of the test applied. If lesions are
detected women will start a treatment. Otherwise, if tracking policy is available, women will
have a follow up test after α months of having performed the triage test. On the contrary,
if lesions are not detected and there is not a follow up policy, the disease will continue its
natural course. Figure 3 shows the screening policies that can be evaluated by the model.

Figure 3: Screening scheme.

With the aim of standardizing the representation of vaccination and screening policies, we
formalize their description by introducing a notation. For vaccination, the policy will be
represent by a letter, describing the target population for the vaccines, by a number which
represent the vaccination percentage (i.e W20%, M40%, W&M60%, where W stands for
women and M for men), and by the age(s) to which the vaccination will be applied, and
finally by the T periods of time to applied vaccination. For screening, the policy will be
represent by two letters and two numbers. The first letter refers to the primary test and the
second to the triage test. The subsequent number of each letter is the periodicity of the test.
C5−H4 is an example of the screening notation, meaning cytology as a primary test done
every 5 years, and HPV as an triage test done every 4 years.

We consider it is important to evaluate policies in terms of their cost and effectiveness.
Costs will give the notion to the decision makers of the budget necessary to implement the
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policy, while the effectiveness will inform what will be gained terms of public health by
implementing a policy.

The policy costs will be the sum of the vaccination and screening costs. Vaccination cost
is calculated by multiplying the unitary cost of a vaccination dose by the number of vaccines
administered to the population in a given time frame. Primary, triage and follow up costs
for a screening policy are calculated as the total number of tests performed in a given time
frame multiplied by the unitary cost of each test. in

As for the effectiveness, The WHO guide to cost-effectiveness analysis Edejer (2003) rec-
ommends to use Disease Adjusted Life Years (DALY) as a reference metric for the estimation
of the health effects of a policy on a population. DALY’s are the sum of years of life lost and
years of life lived with disability. The effectiveness in our model is calculated as the DALY’s
gained for performing treatments to a women. For instance, the effectiveness of a screening
policy is proportional to the amount of precancerous lesions detected before they reach CC
stages.

3. Modeling details

In this section, we provide the details of the compartmentalized modeling approach we
will be using. We proceed bottom up to describe the three modeling levels mentioned in the
previous section.

3.1. Population layer model

The necessity of carefully the dynamics of population stems from the fact that in any
country where population is not stable, the number of individuals, their distribution over
the ages and possibly by gender, will change over time. For developing countries (such has
Colombia), population is still growing at an appreciable 0.9% yearly rate. Such a change
is relevant when one intends to conduct a long-range study. On the other hand, developed
countries are mostly experiencing a population decline, with a rearrangements of their dis-
tribution due to the aging. Therefore, we envisaged the need to building epidemics models
on top of reliable predictive models of population dynamics.

For the population layer model, we divide the population into genders (females and males)
and age ranges. The number of age divisions are modeler‘s decision. Each individual will
belong to one gender and one age range at any time t. As a notation, we will be using Fi(t)
and Mi(t) for the number of women and men in age range i, at time t. Hence, Fi(t) and
Mi(t), for each possible value i of the modeled age ranges are the continuous variables of our
model. The changes that can affect the continuous variables, and that will be modeled as
differential equations, only take into account for this layer the births, deaths and population
aging (moves across age compartments). The sets, variables and parameters used in the
model are summarized in Table 1.

Equations 4 to 5 provide the mathematical formulation for the dynamics of the population
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Table 1: Variables and parameters used in the population model.

Sets Description Parameter Description

G = F,M Set of genders pf Probability that a newborn is
a woman

A = 0, 1, . . . , K Set of age ranges πi(t) Reproductive rate for women
in age range i ∈ A

Variable

Fi(t) Number of women of age
range i ∈ A at time t

µF
i (t) Death rate for women in age

range i ∈ A
Mi(t) Number of men of age

range i ∈ A at time t
µM
i (t) Death rate for men in age

range i ∈ A

model. For the sake of conciseness, we do not write the parameter t in the equations.

d/dt(Fi) = pf

(∑
j∈A

πjFj

)
Ii=0 + θFi−1Ii 6=0 − θFiIi<K − µF

i Fi ∀i ∈ A (4)

d/dt(Mi) = (1− pf )

(∑
j∈A

πjFj

)
Ii=0 + θMi−1Ii 6=0 − θMiIi<K − µM

i Mi ∀i ∈ A (5)

Equations 4 and 5 represent the change in the number of individuals in each age range i ∈ A
at a time t. The notation Ie stands the the indicator function, whose value is 1 when the
predicate e is true and zero otherwise. Each equation includes a positive first term for births,
which will only be non-zero for the first age range, a positive term for the individuals who
came from an earlier age compartment, which is null for the first age range, a negative term
for those who progress to the next age compartment (againg), which is null for the last age
range K, and finally a negative term for the deaths. We are not incoming nor outgoing
immigration flows, but including them will not change the fundamental structure of the
population model.

3.2. Disease layer modeling

We extend the population model by first adding HPV transmission dynamics and then
the various health states determined by the infection and its consequences. We assume that
within each one of the compartments defined in the population layer model the population
is homogeneous with respect to the sexual behavior, so that the odds of contracting an HPV
infection are the same for all the individuals in the compartment.

We add new compartments representing the biological state of HPV infection and the
eventual progression to cervical cancer. Therefore, at any time t each individual must have
one gender, one age group and one biological compartment. The sets, variables and param-
eters used in the model are shown in Table 2.
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Table 2: Variables and parameters used in the infection model.

Sets Description

BF Set of biological compartments for females

BM Set of biological compartments for males

Variable

F j
i (t) Number of women of age range i ∈ A in the biological compartment j ∈ BF

at time t

M j
i (t) Number of men of age range i ∈ A in the biological compartment j ∈ BM at

time t

Parameter

PF
i (t) Transition probability matrix between biological compartments for females in

the age range i ∈ A for the time t

PM
i (t) Transition probability matrix between biological compartments for males in

the age range i ∈ A for the time t
−−→
DF ,
−−→
DM Death rate for females and males due to being in the certain biological stage,

respectively.
−→
SF ,
−−→
SM Average number of sexual partners for females and males in a year for every

age range i ∈ A, respectively

Transition probability to model the likelihood of an individual changing its biological
state over time can be estimated from medical records (longitudinal studies) that allow a
traceability of cohorts of patients. The death rates of individuals in the various biological
states can be estimated from the number of deaths attributed to CC over the total population.

Many of the parameters mentioned above are used to calculate the likelihood that an
individual who is susceptible will acquire the infection within a year. Let define PSFi(t)
as the probability of acquiring the infection for males in the age range i in the time t and
PSMi(t) the same for females. These probabilities can be computed as follows:

PSFi(t) = 1− e−(
# infected females in t

#females in t

−−→
SM iPinfected)1, ∀i ∈ A (6)

PSMi(t) = 1− e−(
# infected males in t

#males in t

−→
SF iPInfected)1, ∀i ∈ A (7)

The differential equations that model the dynamics of the disease layer are the following
ones:

d/dt(F j
i ) = θ

[∑
k∈BF

PF
k,j(t)F

k
i−1(t)

]
− F j

i (t)
[
θ +
−−→
DF j + µF

i

]
, ∀i ∈ A, j ∈ BF (8)

d/dt(M j
i ) = θ

[ ∑
k∈BM

PM
k,j(t)M

k
i−1(t)

]
−M j

i (t)
[
θ +
−−→
DM j + µM

i

]
, ∀i ∈ A, j ∈ BM(9)
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The equations represent the change in the number of individuals in each age range i ∈
A, j ∈ BF/BM at a time t. This equations are similar to the ones for the population model,
however we are now considering:

• transition of individuals who come from the immediately preceding age range are dis-
tributed across health state compartments according to the probabilities biological
transitions matrices;

• additional death rates are now included to account for the death cases caused by the
disease.

3.3. Intervention layer modeling

Finally, we define the intervention layer model, which takes into account vaccination and
screening as possibles prevention and surveillance policies.

We assume that only susceptible individuals can receive vaccination, and that a vac-
cinated individual will acquire a permanent immunity. As for the screening policies we
consider all possible structures described in Section 2. For this model a further classification
of biological compartments is performed according to Table 3. The new sets, variables and
parameters used in the intervention layer model are shown in Table 4.

Table 3: Clasification of biological compartments.

Type Description Convention

Susceptible Individuals in this compartment do not have the
infection but they are susceptible to get it.

S

Infected Individuals in this compartments are infected
with HPV

I

Partially Immune Individuals in this compartment had the infec-
tion, and now they have less probability of ac-
quiring

PI

Progress Individuals in this compartment have a progres-
sion from the infection but that haven’t reach
cancer.

PL

Cancer Individuals at any stage of cervical cancer. C

Parameters for this model can be extracted from the national demographic and health
surveys World Health Organization. DALY’s can be found in the records of the World Health
Organization Global Health Data Exchange — GHDx.

To facilitate the definition of the dynamics we will introduce some auxiliary variables
to capture the effect of vaccination and screening policies. Thus, for the sake of modeling
vaccination, let:

• vFi (t) be the percentage vaccination for females in the age range i at a time t;
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Table 4: Variables and parameters used in the infection model.

Sets Description

DF Set of detected biological compartments for females

S, V Set of screening and vaccination policies, respectively

Variable

FDj
i (t) Number of women of age range i ∈ A in the biological compartment j ∈ DF

at time t

FVi(t),MVi(t) Number of vaccinated females and males of age range i ∈ A at time t

Parameter

ses, cs Sesnsibility and cost of the test s ∈ S
DALYi Disability Adjusted Life Years (DALY’S) gain for performing treatment to a

women in age range i ∈ A
cvi Screening coverage for the women in age range i ∈ A
α Time from a negative triage test to the follow up test

• vMi (t) be the percentage vaccination for males in the age range i at a time t.

Additionally, to model screening policies, let:

• Xx
i be a binary variable that takes the value of 1 if the primary screening test x is

applied to women in the age range i;

• Y y
i be a binary variable that takes the value of 1 if the triage test y is performed in

the age range i;

• Zz be a binary variable that takes the value of 1 if there is a follow up policy with test
z.

Equations 10 to 18 are the modified differential equations of the intervention layer. For
the individuals that have been vaccinated, the equations are:

d/dt(FVi) =
∑
j∈S

vFi−1F
j
i−1(t) + θ · FVi−1 − FVi

[
θ + µF

i

]
, ∀i ∈ A (10)

d/dt(MVi) =
∑
j∈S

vMi−1M
j
i−1(t) + θ ·MVi−1 −MVi

[
θ + µM

i

]
, ∀i ∈ A (11)

We assume the immunity is perpetual. A vaccinated individual only moves from one age
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range to another. For the Susceptible (S) states the equations are:

d/dt(F j
i ) = vFi−1F

j
i−1 + θ

[∑
k∈BF

PF
k,jF

k
i−1

]
− F j

i

[
θ +
−−→
DF j + µF

i

]
, ∀i ∈ A, j ∈ S (12)

d/dt(M j
i ) = vMi−1M

j
i−1 + θ

[ ∑
k∈BM

PM
k,jM

k
i−1

]
−M j

i

[
θ +
−−→
DM j + µM

i

]
, ∀i ∈ A, j ∈ S (13)

The modified equations for the Infected (I) states are:

d/dt(F j
i ) =

[
(1−Xx

i−1) +Xx
i−1(1− cvi−1sex) +Xx

i−1cvxsexY
y
i−1(1− sey)

]
θ[∑

k∈PL PF
k,jF

k
i−1
]

+ [αZz(1− sez) + (1− α)Zz] θ
[∑

k∈DF PF
k,jF

k
i−1
]

−F j
i

[
θ +
−−→
DF j + µF

i

]
, ∀i ∈ A, j ∈ I (14)

The modified equations for the Partially Immune (PI) states are:

d/dt(F j
i ) = θ

[∑
k∈S∪I∪PL PF

k,jF
k
i−1
]

+
[
Xx

i−1cvi−1senx(1− Y y
i−1) +Xx

i−1cvi−1sexY
y
i−1sey

]
·

θ
∑

k∈PL F
k
i−1 + [(1−Xx

i−1) +Xx
i−1(1− cvi−1sex) +Xx

i−1cvi−1sexY
y
i−1(1− sey)

+αZz(1− sez) + (1− α)Zz] · θ
[∑

k∈DF PF
k,jF

k
i−1
]

+
[
αZz

i−1sez + (1−Xx
i−1)
]
·

θ
∑

k∈DF F
k
i−1 − F

j
i

[
θ +
−−→
DF j + µF

i

]
, ∀i ∈ A, j ∈ PI (15)

The modified equations for the Progression (PL) states are:

d/dt(F j
i ) = θ

[∑
k∈S∪I∪PL PF

k,jF
k
i−1
]

+ [αZz(1− sez)] θ
[∑

k∈DF PF
k,jF

k
i−1
]

+[(1−Xx
i−1) +Xx

i−1(1− cvi−1sex) +Xx
i−1cvi−1sexY

y
i−1(1− sey)(1− Zz)

+αZz(1− sez)] · θ
[∑

k∈PL PF
k,jF

k
i−1
]
− F j

i

[
θ +
−−→
DF j + µF

i

]
, ∀i ∈ A, j ∈ PL (16)

The modified equations for the Cancer (C) states are:

d/dt(F j
i ) = θ

[∑
k∈BF |k 6∈PL PF

k,jF
k
i−1

]
+ [αZz(1− sez) + (1− α)Zz] θ

[∑
k∈DF PF

k,jF
k
i−1
]

+
[
Xx

i−1(1− cvi−1sex) + (1−Xx
i−1) +Xx

i−1cvi−1sexY
y
i−1(1− sey)

]
·

θ
[∑

k∈PL PF
k,jF

k
i−1
]
− F j

i

[
θ +
−−→
DF j + µF

i

]
, ∀i ∈ A, j ∈ C (17)

Finally, the differential equations for the biological states j ∈ DF are:

d/dt(F j
i ) = (1− α)θ

[∑
k∈DF PF

k,jF
k
i−1
]

+
[
Xx

i−1cvi−1sexY
y
i−1(1− sey)Zz

]
·

θ
[∑

k∈PL PF
k,jF

k
i−1
]
− F j

i

[
θ +
−−→
DF j + µF

i

]
, ∀i ∈ A, j ∈ DF (18)
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4. Modeling and analysis automation

We present in this section a software application that has been developed to automate all
the steps of model definition, data assimilation, analysis and visualization of results shown
in Figure 1. There are various reasons that justify the necessity of such a development:

1. An automated process will facilitate the adoption of our research results for the decision-
makers.

2. A user-friendly software solution permits introducing flexibility in modeling and anal-
ysis steps.

3. The model size varies according to model configuration choices, for instance the num-
ber of age ranges, so it is necessary to actually generate the differential equations of
the model on-the-fly, which needs to be done by using a software program. Equation
19 shows an expression for the number of equation, as a function of the compartmen-
talization choices:.

Neq = |A| · [|BF |+ |DF |+ |BM |+ |G|] (19)

For yearly age ranges (0 to 75), two genders, seven biological states for women and three
for males, Neq, which corresponds to the number of compartments and of variables in
the model, is larger than 900.

We implemented the application in the open software R®, and also developed a simple
user interface with Shiny©. These development choices have been dictated by the need to
providing an open, free and extensible solution that decision-makers could use and trust.
The software is capable of defining and solving the differential equations that represent a
population. The tool will allow decision-makers to:

• configure the compartmentalization of the population;

• load the necessary data files to fully parametrize the model;

• define and solve the differential equations that define the model;

• visualize, compare and download the results.

We describe in the following the graphical user interface of the tool, which consists of
several views (tabs), whose explanation is provided here in order according to the order
they appear in the application. Figure 9 shows the introductory tab of the tool, here we
provide a description of the tool functionality, of the intended usage, the models that will
be constructed as well as the biography of the authors.

Figure 10 shows the parametrization tab, which the user can define compartmentalizations
different form the defaulting one. This tab also explains how the different compartments in
which the population is divided, will be generated.

After going through these two tabs, the user will find the results tab. Results will be
displayed in graphical form and in tables, and the user will be allowed to download them.
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Inside this tab, there will be four sub-tabs , where the user can parametrize the preven-
tion and surveillance policies and explore their effect over the variables in different, highly
customizable ways.

With the Policy tab the user must select all the parameters to define a vaccination/screening
policy according to the notation described in Section 2. The user will be allowed to configure
and save multiple policies, which can be later comparatively evaluated as desired.

For vaccinations, the user must select the target population, the age ranges, the vaccina-
tion percentage, and the years during which the policy will be applied, as shown in Figure
11. For screening policies, the user must select which tests will be applied, the age range at
which the screening starts, the last age range at which women are invited to screening and
the number of years that a woman should wait before retesting. Once the prevention policy
has been parameterized, results can be visualized in terms of population, health indicators,
or by comparing policies that have been previously created.

Results of the number of people in each compartment are shown in the Population Pre-
diction tab. The tab has a left panel in which the user can choose the length of the simulation
and the population segment for which the predicted values are to be visualizes. The sum
checkbox is meant to indicate the application that the sum of the other selected fields is to
be displayed on the graph, as shown in Figure 13.

Below the graph, the costs of vaccination and screening test will be displayed, together
with the effectiveness of the policy. Results of public health indicators are shown in the
Public Health Indicators tab. The tab has a left panel were the user can select the biological
compartments and the health indicators to be shown, as illustrated in Figure 14. In the
biological compartments field the user can choose any of the Progression type biological
compartments that he defined in the parametrization step. Moreover, five health indicators
will always be displayed: number of cases, number of deaths, incidence, deaths per million
and, death rate. Finally, the user can compare different policies in the Policy Comparison
tab. The tab let the user to select and upload the stored (on files), precomputed results of
the evaluation of up to four policies.

5. Case Study

In this section, we present an application of our approach to the evaluation of public
health policies for CC in Colombia. Approximately 4,661 new cases of CC are detected
in Colombia and 1,986 deaths are reported, per year (Bruni et al., 2014). The estimated
Disability-Adjusted Life Years (DALYs) for 2016 were [47, 505.14; 65, 681.70] (Kassebaum
et al., 2016). Although these figures remain alarming, Colombia has made significant pro-
gresses in reducing them over the last 40 years. Through improvements in socio-economic
conditions, implementing more effective screening programs and teaching self-care proce-
dures the mortality rates have been reduced from 14 deaths per 100,000 women in 1987 to
7.08 deaths per 100,000 in 2013 (Ministerio de Salud, 2013).

For the aim of our study, the population was partitioned into 71 disjoint age ranges:
{0, 1, ..., 70 or older}. Birth and mortality rates were estimated based on the population
statistics published annually by the National Department of Statistics (DANE) in Colombia
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(Departamento Nacional de Estad́ıstica, 2016). The initial population in each age range and
gender was estimated using DANE population projections for 2017. The probability that a
newborn is female was estimated from the Colombian birth data available in World Bank
(2016). Figure 4 shows the possible biological stages for males and females.

Figure 4: Biological compartments for Colombia.

To provide and example of the transition probability matrices, we show here below those
for t = 1 and i = 21. The software automatically computes all the matrices for any time t and
for all age ranges. We estimate the transition probabilities based on the studies conducted
by Andrés-Gamboa et al. (2008), Wilches (2015), Briceño (2016) and Carter et al. (2000).
Also, the probabilities of contracting an HPV infection from susceptible or partially immune
states are computed in the model for all age ranges as a function of time. Notice that these
infection probability have to be computed based on other state variables, as they will be
affected by the prevention policies applied.

PM
21(1) =


S I PI

S 0.95 0.05 0.0

I 0 0.03 0.97

PI 0 0.19 0.81

 PF
21(1) =



S I CIN1 CIN23 C PI

S 0.96 0.04 0 0 0 0

I 0 0.02 0.1 0 0 0.88

CIN1 0 0.15 0.8 0.03 0 0.02

CIN23 0 0.04 0.07 0.85 0.03 0.01

C 0 0 0 0 1 0

PI 0 0.19 0 0 0 0.81


Various policies were evaluated. Results are presented in terms of a cost-effective ratio
between the decrease in death rate due to CC with respect to a baseline scenario without
any prevention policy, over the cost of the policy. Results are presented by first taking into
account only vaccination, then only screening and finally scenarios where both vaccination
and screening are jointly applied.

Figure 5 and 6 show the cost-effectiveness ratio for various pulse vaccination policies. The
policies implemented differ in the target population and in the percentage p of vaccination.
All of these policies are applied within the same T periods of time. The differences between
the results in Figure 5 and Figure 6 are rooted to a different assignment to the value of
the parameter that specifies the probability with which a susceptible or partially immune
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individual contract the HPV infection after a sexual intercourse with an infected partner.
This parameter is highly critical with respect to the choice of vaccinating only girls (which
has been so far the choice in Colombia) or of vaccinating both genders. In Figure 5, women
infection probability is 10% less than man’s, while in Figure 6 the probability is the same
for both genders.

Figure 5: Different infection probability Figure 6: Same infection probability

As it can be seen, the cost-effectiveness ratio varies with the degree of asymmetry in
the probability, and so does the best vaccination policy. When the infection probability is
the same, the policies that only consider vaccinating girls have the higher cost-effectiveness
ratio. Moreover, the ratio increases as the women vaccination percentage does. On the
contrary, when the infection probability is less for women, the ratio increases as the women
vaccination percentage decreases. However, vaccination policies that only include males are
always those that have the smallest cost-effectiveness ratio.

Figure 7: Comparison of screening policies.
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For the screening policies we compare scenarios were the primary and triage test, as
well as the periodicity of each of the test, change. We evaluate primary and triage test for
Cytology and HPV-DNA test, the two most common tests worldwide and the only ones
recommended by Colombian public health policies. Figure 7 shows that most cost-effective
screening policy is cytology every 5 years and triage test every 8 years. We also simulated
the actual Colombian Policy which it is HPV-DNA test every 5 years and Triage test every
3 years and a follow up test within 18 months.

Finally, we create evaluation scenarios taking into account vaccination and screening
policies. Vaccination was made by varying the target population, and 20% was chosen as
a baseline percentage based on literature. Figure 8 shows that the most cost-effectiveness
prevention strategy is the 20% pulse vaccination strategy for women and cytology every 5
years.

Figure 8: Comparison of policies that include both vaccination and screening.

6. Conclusions

We create a methodology for the evaluation of cost and effectiveness of prevention and
surveillance interventions for CC at a country level. In order to do so, we build continuous-
time, deterministic representation of population dynamics, epidemics of disease and inter-
ventions based on multiple layers of compartmentalized models. The population layer repro-
duce the natural processes of a population. The infection layer models the transmission and
clearance of HPV infections within the population, as well as the progression/regression of
infection to precancerous lesions and eventually to CC. The intervention layer models the
effects of prevention and surveillance policies. Our modeling solution provides for a flexible
usage by public health decision-makers, facilitated by the automation of modeling and anal-
ysis into an open software tool. We exercise our implementation by analyzing Colombian
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case, where vaccination, screening and joint vaccination and screening policies were evalu-
ated. As a result we found that vaccinating women hast a higher cost-effectiveness ratio.
However, if the infection probability differs between genders, the vaccination percentage p
tends to decrease. Moreover, results of our models indicate that screening with cytology as a
primary and triage test has a higher cost-effectiveness ratio than the actual screening policy.
Future work will focus on creating a more robust case study for Colombia. Including new
compartments such as race and socio-economic status to the model, to allow studying the
implications of the infection transmission in different strata, and to study how vaccination
and screening policies could change in this new compartments.
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Appendix

Figure 9: Introductory Tab

Figure 10: Parametrization Tab
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Figure 11: Vaccines Policy Tab

Figure 12: Screening Policy Tab
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Figure 13: Population Tab

Figure 14: Indicators Tab
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Figure 15: Policy Comparison Tab
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Profamilia. ¿Qué Hace la Vacuna para Prevenir el Cáncer de Cuello Uterino?
http://profamilia.org.co/inicio/mujer-2/preguntas-y-respuestas-mujer/

cancer-de-cuello-uterino/?id=29, 2015. Online;accessed 07 October 2017.

RStudio. Shiny. URL http://shiny.rstudio.com/.

Boris Shulgin, Lewi Stone, and Zvia Agur. Pulse Vaccination Strategy in The SIR Epidemic
Model. Bulletin of Mathematical Biology, 60(6):1123–1148, 1998.

The R Foundation. The R Project for Statistical Computing. URL https://www.

r-project.org/.
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