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CÁNCER DE MAMA EN CHILE (2002-2018): ESTUDIANDO LA BRECHA
PÚBLICO-PRIVADA A TRAVÉS DE SIMULACIÓN ESTOCÁSTICA.

Este trabajo está enfocado en el estudio del cáncer de mama en Chile y las inequidades
entre los sistemas de salud público y privado. Se divide en dos partes. Primero, se calcularon
incidencia, mortalidad y sobrevida usando bases de datos públicas del Ministerio de Salud y
usando el estimador de Kaplan Meier y el modelo de riesgos proporcionales de Cox. Estas
estadísticas fueron estudiadas a nivel nacional y regional, y por sistema de salud, encontrán-
dose una diferencia importante en sobrevida entre los sistemas de salud público y privado.
En segundo lugar, se desarrolló un proceso de simulación estocástica basado en modelos de
crecimiento tumoral que considera políticas de tamizaje. Este fue usado para estudiar las
diferencias de sobrevida antes mencionadas y entender en qué medida está relacionada con
diferencias en el tamizaje con mamografías. A pesar de que el tamizaje mostró un impacto
relevante en los resultados de sobrevida, éste logra explicar solo una fracción de la diferencia
encontrada entre los sistemas de salud público y privado.

Palabras clave: cáncer de mama, incidencia, mortalidad, sobrevida, inequidad en salud,
sistema de salud en Chile, simulación estocástica
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BREAST CANCER IN CHILE (2002-2018): STUDYING PUBLIC-PRIVATE
GAP THROUGH STOCHASTIC SIMULATION.

This work is focused on breast cancer in Chile and the inequities between the public
and private health care systems. It is separated in two parts. Firstly, incidence, mortality
and survival rates were calculated making use of public databases provided by the Health
Ministry and using the Kaplan Meier estimator and the Cox proportional hazards model.
These statistics were studied at a national and regional level, and by health care system,
finding an important difference in survival between the public and private system. Secondly, a
stochastic simulation process based on tumor growth models that considers screening policies
was developed. This was used to study the above mentioned difference in survival and to
understand in which degree it is related to differences in screening through mammography.
Although screening showed an important impact in survival outcomes, this impact only
explains a fraction of the difference found between the public and private system.

Keywords: breast cancer, incidence, mortality, survival rates, health care inequalities, Chi-
lean health system, stochastic simulation.
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Introduction

Breast cancer (BC) is one of the most common cancers in women worldwide, with 2.26
million new cases and 685 thousand deaths globally in 2020, and 7.8 million women alive
with breast cancer diagnosed in the past 5 years [1]. In 2020, the world age standardized
incidence and mortality rates were 47.8 and 13.6, respectively [2]. It is also the cancer with
highest mortality for women in Chile [3].

Although the breast cancer treatments have advanced over the last years, chances of
improvement highly depend on the early diagnosis of the tumor. Tumors detected in an early
stage can increase the survival rate from 27% to 98% compared to those in late stages [4].
This is why screening mammography programs have been implemented, mainly in developed
countries, aiming to reduce breast cancer mortality [5].

In Chile this problem is addressed in different ways depending on the health care provider.
The Chilean health care system is a hybrid of public and private providers and insurances
consisting of three main players: the National Health Fund (FONASA) for 78% of the Chilean
population, the private health care insurers (ISAPREs) for 14% of the Chilean population,
and, finally, the Military and Police Forces’ health system for approximately 3% of the
population. Privately insured patients can solely access private providers (with a variety of
coverage). On the other hand, FONASA patients – paying a lower monthly price – might
access public and private hospitals, depending on their income level with different amounts
of co-payments. Thus, FONASA has four different segments of patients (A,B,C, and D), with
higher co-payments for higher income patients, being A people with no monthly income, B
people with monthly income lower than USD 409, C people with monthly income between
USD 409 and 597 and D people with monthly incomes higher than USD 597.

The selection of the health care provider is determined mainly based on the individual
economic income [6], [7]. As a consequence, health care indicators are significantly better for
those with private health insurance. For this reason, in 2004, Chile implemented a profound
health reform, the Explicit Health Guarantees (GES), originally known as AUGE plan, that
aimed to achieve a more equitable and fairer system [8]. The objective of this reform was
to ensure access, quality, opportunity and financial protection to those who require care for
a set of pathologies to all Chilean citizens. It started in 2005 with 25 pathologies, including
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breast cancer (for people aged 15 years and over with suspected, diagnosed or recurrent breast
cancer), and has gradually grown to currently cover 85 pathologies.

There is an important bulk of evidence that the GES plan has reached the goals of op-
portunity [9] and is constantly monitoring the quality of health care centers [10]. However,
to the best of our knowledge, there is no evidence showing that the effectiveness of the GES
plan on breast cancer, through leveling out these guaranties for all citizens, has resulted in
a reduction (or elimination) of the gap on health outcomes, such as mortality and survival
rates among Chilean women.

According to the World Health Organization (WHO) [11], a screening program is not just
a single test but rather a pathway that starts by identifying the people who are eligible for
screening and stops when the outcomes are reported. Screening should invite people who do
not have symptoms to undergo testing. Despite having preventive mammographies, neither
public nor private health systems have a screening program in accordance with the previous
definition.

Preventive mammographies in the public system were included through the Preventive
Medicine Exams program (EMP), but this is not properly implemented as a screening pro-
gram, for this only considers financial support and there is no follow up or active search of
women. The EMP initially considered a single mammography applied at the age of 50, which
was then enlarged to the realization of mammographies every 3 years between the ages of 50
and 54 in the year 2009. Now a days, and since 2013, women between the ages of 50 to 59
years old have right to preventive mammographies every 3 years.

The Chilean private health system not only does not have a screening program, but neither
does it established any mammographies guideline. Nevertheless, physicians in the private
system tend to recommend yearly mammographies to adult female patients. Thus, according
to the National Socioeconomic Characterization Survey (CASEN) performed by the Ministry
of Social Development, 50% of women over 35 years old from the private sector have had at
least one mammography in the last year, and 71.4% in the last three years, while the same
values are 31.9% and 55.1% for the public system [12]. This exhibits a important difference
in terms of breast cancer prevention between the public and private health care systems.

In order to study the impact of this disease and to take effective measures to improve the
populations health, such as screening programs, it is necessary to have reliable and up to
date statistics over the incidence, mortality and survival rates.

In Chile, due to the lack of a national cancer registry, breast cancer crude and age standar-
dized incidence rates are estimated based on projections on the number of breast cancer cases
diagnosed from 1998 to 2012 with follow ups until 2015, from four regional population-based
registries (Antofagasta and Los Ríos regions, and Concepción and Biobío provinces). The
estimates for the rest of the country and from 2013 onwards are based on statistical models,
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with assumptions such a constant fatality rate across regions and time, and, in some instan-
ces, using neighboring countries data [13, 14]. The figures reported by the Chilean Ministry
of Health (Minsal) for 2018 correspond to 44.1 and 11.3 for breast cancer age standardized
incidence and mortality rates, respectively [14, 15]. Thus, knowing the significant differences
in ethnicity, urbanization, socioeconomic composition and health coverage between regions
[12, 16, 17, 18], assumptions such as a constant fatality rate across the country might lead to
imprecise estimations and therefore, inadequate public policies. A similar effect might have
the non-consideration of advances in breast cancer treatment over time.

On the other hand, mortality rates are much more reliable. This because of the national
death registry which includes a series of demographic variables along with the cause of death
of every decease in Chile. Studies such as [19] by Icaza, Nuñez and Bugueño exploit the
potential of this registry by studying breast cancer mortality including ecological analysis by
socio-demographic variables.

Other important health parameters to measure are the survival rates. Survival rates for
Chile were found in the clinical study of Del Castillo et al [20], who only considers women
from the public health system, showing a average 5 year survival of 75.1%. This survival
was calculated considering 5,119 medical records and the study also presents survival rates
separating cases by cancer stage and other medical variables. Another study that presents
Chilean survival rates is [21], where such rates are estimated for a more extensive set of
countries. Here Allemani estimates the Chilean five year survival rate and its 95% CI to be
77.1% and [70.4%,83.8].

The main objective of this thesis is to study breast cancer in Chile, to estimate key
statistics segregating by demographic variables and by health care provider, and to study to
which extent this results are influenced by the use of preventive screening mammographies.

In order to achieve such objectives, the study is separated in two main parts. The first
part will estimate breast cancer incidence, mortality, and survival rates using publicly avai-
lable data from 2002 to 2018, at national and regional levels, by age group and health care
insurer (public vs private), with the aim of measuring the impact on breast cancer health
care outcomes in different segments of Chilean women. To meet this objective, a complete
anonymized public database of national registry of hospital discharges was used, which in-
cludes information and diagnosis at the patient level, and the national death registry, with
primary and secondary causes of death through a unique id classification, compiled by the
Department of Health Statistics and Information (DEIS) of the Ministry of Health. To the
best of our knowledge the public database of hospital discharges has not been used to study
breast cancer.

Then, the second part will develop and use a stochastic model to evaluate the impact of
preventive mammographies in the survival of women and compare such outcomes between
different screening programs. It will be of particular interest to estimate the differences bet-
ween no screening, the screening applied in the public and private systems, and a best case
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scenario. Such findings will be compared with those of the first part.

Ethics statement

This work used publicly available data at the Chilean Ministry of Health through the DEIS.
All data are protected, and personal information is anonymized. Therefore, no consent from
participants was required.
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Chapter 1

Analysis of Incidence, Mortality and
Survival Rates

In this first part of the study, the authors are interested in evaluating the state of breast
cancer in Chile and its differences between public and private health care systems. With this
purpose, breast cancer incidence, mortality and survival rates will be estimated. This will
be done by analysing two databases provided by the Department of Health Statistics and
Information (DEIS) of the Ministry of Health.

1.1. Data

The two public anonymized databases provided by DEIS are the national death registry
and the hospital discharges database. The national death registry includes 2,549,800 deaths
from January 1990 to December 2018. For each death entry, the patient’s id (identifying
code), date of birth, date of death, gender, town and region of residence, health insurance,
marital status, occupation and a cause of death code according to the International Statistical
Classification of Diseases and Related Health Problems (CDI-10) were available.

The second database includes all discharges from all public and private healthcare facilities
in the country, which consists of 32,443,591 registries from January 2001 to December 2020.
Each registry has 39 fields, such as the patient’s id (same as the national death database),
date of birth, gender, town and region of residence, ethnicity, health insurance, benefit range,
length of stay, condition at discharge, and primary and secondary diagnoses according to
CDI-10 classification among others.
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1.1.1. Inclusion and exclusion criteria

Although the digitized entries for the hospital discharges starts in 2001, the first year
contained a large amount of inconsistencies and missing data, with 21% fewer breast cancer
registries than the rest of the years. Furthermore, data from 2019 onward is not reliable due
to the political and social uprising in Chile (October - December 2019) [22] and COVID
19 pandemic, which largely influenced hospital discharges and deaths. Therefore, this study
considers data from 2002 to 2018. Accordingly, the same period of time will be considered
for the national death registry.

A discharge or death registry is considered to directly correspond to breast cancer if its
CDI-10 diagnostic code belongs to the categories C50 and D05, or to the subcategory D486.

In order to calculate breast cancer mortality, all female registries whose cause of death
was directly associated with breast cancer were selected from the 2,549,800 available in the
deceases database. After this, 18 death registries with missing ids were removed, reaching a
total of 22,149 breast cancer deaths.

For the calculation of incidence rates, all female patients whose primary diagnosis was
breast cancer were selected from the 32,443,591 registries available in the discharges database.
Additionally, other registries were included based on diagnoses associated with breast cancer
for female patients who appeared in the death registry having breast cancer as the cause of
death (see Appendix A for a detailed explanation).

Finally, after correcting inconsistencies and missing ids in the hospital discharge database,
there were still 6,156 ids in the death register without an entry associated in the discharge
database. In order to improve incidence estimations, a discharge was added to these deaths
assuming that they had a uniform random survival time between one and five years. With
this method, only 4,649 of the 6,156 ids had a discharge inside the 2002-2018 period and
where therefore added to the discharges database. These discharges were only considered for
the calculation of incidence and that other methods were tested, resulting in similar incidence
rates.

The resulting discharge database for breast cancer patients consists of 149,181 registries,
corresponding to 80,957 patients (some patients require several hospitalizations). Figures 1.1
and 1.2 summarize the inclusion and exclusion criteria for the death and discharge databases,
respectively.
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Total # of BC deaths:  22,149
Total # ID's:              22,149

Total # of deaths:   2,549,800
Total # ID's:           2,546,816

Total # of BC deaths:  22,167
Total # ID's:          22,149

Deleted entries with missing ids.

Selected female deaths with a primary code of
breast cancer between 2002 and 2018.

Figure 1.1: Inclusion and exclusion criteria for the breast cancer death da-
tabase (2002–2018).

Total # of BC discharges: 149,181
Total # ID's:               80,957

Total # of BC discharges: 144,532 
Total # ID's:                        76,308

Total # of BC discharges: 145,808 
Total # ID's:                        77,298

Total # of BC discharges: 156,296 
Total # ID's:                        75,486

Total # of BC discharges: 159,478 
Total # ID's:      78,038

Selected all female discharges.

Added discharges with uniform 1 to 5 year
random distribution for death registries without
incidence ***.

Total # of BC discharges: 140,043
Total # ID's:               76,252

Selected discharges with a primary code of
breast cancer between 2002 and 2018.

Added discharges from other diagnoses related
to breast cancer *.

Corrected entries with inconsistent records **.

Recovered entries with missing ids based on
coincidences **.  The rest were deleted.

Total # of discharges:    32,443,591
Total # ID's:         2,427,334

Figure 1.2: Inclusion and exclusion criteria for the breast cancer hospital
discharge database (2002–2018).

∗ Several diagnosis were included considering health problems that could arise due
to breast cancer progression or its treatment, and therefore, those diagnosis were
included under certain specific conditions. See appendix A for further explanation.
∗∗ Inconsistent records and missing ids were processed based on the consistency
of some characteristics such as gender, date of birth and region of residence. See
appendix B for further explanation.
∗∗∗ A discharge registry was created for all breast cancer deaths whose ids did not
appear in the discharges database. This estimation was made assuming that these
patients had an uniform random survival duration between 1 and 5 years.
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1.2. Methods

Incidence and mortality rates were calculated, as crude rates (CRs) and age standardized
rates (ASRs), for breast cancer at a country and region level. Population estimates and
projections provided by the Chilean National Institute of Statistics (INE) [23, 24] were used.
For the age standardized incidence and mortality rates, the standad population from the
International Agency for Research on Cancer (IARC) was considered [25]. Incidence and
mortality rates were also calculated for each year from from 2002 to 2018 by health insurer
(public and private systems), by region of residence, and by age groups (crude rates).

The data provided by FONASA in its yearly statistical bulletin, which is only available
online from 2009 onwards [26], was used to obtain the female population beneficiary of the
public health system. Prior to this, FONASA bulletins had incomplete information, not
segmented by age intervals or by gender. Therefore, linear regression was used to estimate
2002 to 2008 population from the available data.

Information from private health system beneficiary population (ISAPRE) was obtained
using the data provided by the Health Superintendence in its yearly statistics publication for
ISAPREs’ beneficiaries [27].

For the survival analysis, the standard estimator of the survival function proposed by
Kaplan and Meier [28] was used, namely the Product-Limit estimator, considering right-
censored data. In our application, censored data consists of breast cancer patients that either
died of other causes during the timeline under study, or survived from then on. In order
to estimate survival, the variable of interest will be time-on-study, and not age, due to the
similarity with respect to a clinical trial, this is, survival is measured from the time from the
first breast cancer diagnosis to death.

With out loss of generality, time is measured in months, and therefore, the survival time
was recorded as months difference, this is, a patient diagnosed by 1/1/2002 that died on
01/31/2002 has a 0 month survival, while a patient diagnosed the 1/31/2002 that died on
2/01/2002 had a 1 month survival. From the 80,957 resulting patients in the discharge data-
base, there were 4,914 whose first diagnosis only registered the year of diagnosis. The month
of diagnosis was randomly generated for such patients, using a uniform distribution during
the year of diagnosis.

Finally, the Cox proportional hazards model [29] was used to study the effects of cova-
riates. Although this model does not assume any particular survival model, it does assume
that the effects of the covariates on the survival function are constant over time. Information
concerning health insurance, age, year of discharge, region of residence and FONASA benefit
segments were used as covariates. A variable indicating if the registry was before or after the
implementation of the GES plan was also included. These variables were processed, transfor-
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ming some of them into dummy variables, resulting in a total of 27 covariates from where to
select those relevant for the model. Selection was based on the Akaike’s information criterion
[30] and on the p-value for each variable’s significance. See Appendix C for a description of
the model selection procedure.

1.3. Results

Table 1.1 presents a summary of the resulting new cases and deaths by year, with the
average age and standard deviation, for the period under study. It can be observed that the
number of new breast cancer diagnosis increased in 43.2% from 3,771 in 2002 to 5,399 in
2018. Total breast cancer deaths increased in 47.3% from 1,050 to 1,547 in the same period.
There is a mild increasing trend in the mean age of death, with a 3.4% growth, from 64.9 to
67.1, while there is no significant change in the mean age at diagnostic. It is important to take
into account that the female population in Chile grew 19.3% from 7,971,000 to 9,506,921 in
the same period.

New cases Deaths
Year Cases Mean age (std) Cases Mean age (std)

2002 3,771 57.8 (15.0) 1,050 64.9 (15.4)
2003 4,275 58.1 (14.4) 1,071 64.4 (15.9)
2004 3,595 58.9 (14.9) 1,096 64.6 (15.4)
2005 4,571 57.6 (15.2) 1,170 65.0 (15.6)
2006 4,062 57.3 (15.4) 1,147 64.8 (15.6)
2007 4,469 58.2 (15.1) 1,158 65.4 (15.6)
2008 4,256 58.5 (14.8) 1,228 65.3 (15.6)
2009 4,400 58.1 (14.6) 1,337 65.8 (15.6)
2010 4,778 58.7 (14.6) 1,298 64.9 (15.6)
2011 5,113 58.7 (14.5) 1,349 66.2 (15.5)
2012 5,275 58.1 (14.4) 1,371 66.4 (15.6)
2013 5,419 58.6 (14.3) 1,391 65.8 (15.6)
2014 5,197 59.0 (14.2) 1,424 66.3 (16.0)
2015 5,492 58.3 (14.0) 1,512 66.5 (15.6)
2016 5,588 57.9 (14.2) 1,492 66.4 (15.3)
2017 5,297 58.3 (14.1) 1,508 66.8 (15.3)
2018 5,399 57.9 (14.0) 1,547 67.1 (16.0)

Total 80,957 58.2 (14.5) 22,149 65.8 (15.6)

Table 1.1: Breast cancer new cases and deaths by year for period 2002 –
2018.
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1.3.1. Incidence

Figure 1.3 shows both crude and age adjusted incidence rates (new cases/100,000 women).
CRs are higher than ASRs and have a growing trend over time, with an increase of 20.1%,
from 47.3 in 2002 to 56.8 in 2018. ASRs show a constant trend with an average rate of 42.3
and a standard deviation of 2.5 during the period under study.
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Figure 1.3: Crude and age standardized incidence rates by year (case-
s/100,000 women).

Figure 1.4 shows crude incidence rates by age groups for periods (2002–2007), (2008–2012),
and (2013–2018). As expected, women younger than 29 years old and between 30 and 39 years
old had the lowest incidence rates with average crude rates of 2.3 and 25.0, respectively. There
are greater fluctuations in incidence rates over time for older age intervals than for younger
age intervals, this may be because improvements in health care and prevention have a greater
influence in older women’s outcome.

There is a clear decreasing trend in the incidence rate for women older than 80 years old,
evolving from having the highest rate, with a mean of 208.6 in the (2002–2007) period to
being the third interval with higher incidence in the period (2013–2018) with a mean of 132.5
cases per 100,000 women. The latter is lower than the incidence for women in age group
from 60 to 79 years old from any of the periods. A mild increasing trend can be observed
for women aged 30 to 49 and women aged 70 to 79. There are no clear trends for women
between 50 and 69 years old.
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Figure 1.4: Mean crude incidence rates by age interval.

As shown in Figure 1.5, despite having considerable differences in incidence rates among
regions, there is no clear geographical trend for the crude incidence rates. The higher inci-
dences are found in the northern (Arica and Parinacota region) and in the center part of
the country corresponding to Valparaiso region and Metropolitan area, with crude incidence
rates of 67.7, 66.5 and 62.8 respectively. Interestingly, the regions with the lowest rates are
also found in the northern area, Tarapacá and Atacama regions, with incidences of 34.3 and
36.9, respectively, followed by two southern regions, Los Lagos and Aysén, with crude inci-
dence rates of 36.0 and 37.0, respectively. The rest of the regions have crude incidence rates
between 39.6 and 57.1.
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Figure 1.5: Map of mean crude incidence rates during (2002–2018) per
100,000 women by region.

Incidence values can be found in Table D.1 in Appendix.

Table 1.2 shows incidence rates by year for women affiliated to the private and public
health insurance systems. For this analysis, only 69,374 out of the 80,957 registries were
considered. This difference is due to discharges associated to other health care plans, from
which 2,045 women belonged to the armed forces health insurance, 1,191 women had no health
insurance, and 8,347 women had missing information. As digital registries started in 2001, in
2002 there is a much higher number of registries with missing health insurance information
corresponding to the 44.5% of that year’s registries. Thus, mean and standard deviation were
calculated without considering year 2002. Missing health care information corresponds to the
8.6% of registries in the period 2003 to 2018 and has a decreasing tendency.

Women affiliated to a private provider (ISAPRE) have higher incidence rates in the period
under study, having an average age adjusted incidence rate of 61.9, while women affiliated to
the public provider (FONASA) have an average age adjusted incidence rate of 36.8. Neither
of the systems had a clear trend (nor increasing nor decreasing). The private health system
had a higher fluctuation, with a standard deviation of 9.8 in the age adjusted rates, while
FONASA had a standard deviation of 1.8.
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ISAPRE FONASA
Year Crude Age adjusted Crude Age adjusted

2002* 20.5 28.8 30.9 28.0
2003 72.4 82.2 40.7 35.9
2004 47.2 51.8 39.2 33.0
2005 66.2 70.0 48.2 39.8
2006 58.0 62.3 43.5 35.2
2007 45.2 45.2 47.7 37.9
2008 42.2 42.3 46.3 36.3
2009 65.6 64.3 46.9 37.2
2010 69.4 68.8 47.9 36.0
2011 66.8 63.6 52.0 38.1
2012 65.3 61.9 53.0 38.7
2013 62.3 58.4 54.1 38.5
2014 68.8 63.9 50.6 35.1
2015 69.4 63.6 55.4 38.8
2016 81.0 72.1 53.7 37.2
2017 69.7 59.9 51.6 35.6
2018 70.9 59.8 52.1 36.2

Mean (Std)** 63.8 (10.6) 61.9 (9.8) 48.9 (4.8) 36.8 (1.8)

Table 1.2: Crude and age adjusted incidence rates for women with private
and public health insurance.

∗ There is a high proportion of ids without health insurance information.
∗∗ Mean and std for 2003 to 2018.

1.3.2. Mortality

Figure 1.6 shows both crude and age adjusted mortality rates for the period under study.
Crude mortality rates increased 23.5%, growing from 13.2 in 2002 to 16.3 in 2018. However,
age adjusted mortality rates decreased in 10.9% during the same period, from 11.0 to 9.8.
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Figure 1.6: Crude and age adjusted mortality rates by year.

Figure 1.7 shows crude mortality rates by age group for periods (2002–2007), (2008–
2012), and (2013–2018). There is a significant decrease in crude mortality rates in women
older than 79, from 134.9 in (2002–2007), to 116.6 in (2013–2018). Women aged 50 to 69
years old experienced a smaller decrease in mortality. On the other hand, women aged 70 to
79 years old had a small increase in their mortality rates, from 59.7 in (2002–2007) to 63.4
in (2013–2018). Women younger than 50 years old did not experience any significant change
in their mortality rates.
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Figure 1.7: Crude mortality rate by age interval for the periods (2002–2007),
(2008–2012) and (2013–2018).

Figure 1.8 shows that the southern region of Magallanes y la Antártica Chilena has the
highest crude mortality rate of 19.7, followed by Valparaiso region with an average crude
mortality of 18.6. On the other hand, the region with the lowest mortality rate is the southern
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region of Los Lagos with a crude mortality rate of 11.3, followed closely by three northern
regions (Atacama, Antofagasta and Tarapacá) with crude mortality rates of 11.4, 11.6 and
11.9 respectively. The rest of the regions have similar mortality rates, averaging between 12.1
and 16.0 deaths by 100,000 women.
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Figure 1.8: Map of mean crude mortality over the years 2002-2018 per
100,000 women by region.

Mortality values can be found in Table D.1 in the Appendix.

1.3.3. Survival rates

As discussed in the exclusion and inclusion criteria, the survival analysis will consider only
76,246 out of the 80,957 new cases registered during the period under study. The difference
is due to the lack of data in the discharge database and inconsistencies such as records with
discharge dates later than their death date.

1.3.3.1. Kaplan Meier estimations

The Kaplan Meier estimator was computed considering 76,246 observations, from which
63,591 were right-censored observations. Figure 1.9 shows the survival rates when considering
all patients under the study period, and also separated by health care system. It is important
to clarify that when referring to all patients under the studied period it is referred to the
survival rate for Chile, this is, it refers to women affiliated to FONASA, ISAPRE, other
health insurance systems and with no health insurance. The log rank test confirmed that
the survival curves for the private (ISAPRE), the public health systems (FONASA) and all
women (Chile) are statistically different (p<0.001).

15



The estimated one year survival rate 95% confidence intervals are [0.918 ± 0.002] for
FONASA, [0.967 ± 0.003] for ISAPRE patients, and [0.929 ± 0.002] when considering all
women. The 95% confidence interval for the five year survival rate are [0.781 ± 0.004],
[0.890 ± 0.006], and [0.805 ± 0.003] for FONASA, ISAPRE and all women, respectively.
This is, women in ISAPRE system have a five year survival rate 0.109 higher than women in
FONASA.
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Figure 1.9: Kaplan Meier survival curves for Chilean women, and separated
by health insurance system (public vs private).

A similar result if obtained when analyzing the survival curves for patients in each segment
within the public health system shown in Figure 1.10. Women in the benefit range C and D
have similar survival rates, which are significantly higher than those for women in FONASA
segments A and B. Women in benefit range A have the worst survival of the four groups.
Their 5-year survival rates are 0.82, 0.81, 0.78 and 0.75 for benefit ranges D, C, B and A,
respectively. All these survival rates are lower than those for women in the private system.
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Figure 1.10: Kaplan Meier survival curves for FONASA patients by benefit
range.
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Figure 1.11 shows the survival curves as a function of year of diagnosis. The estimated 5
year survival for the population steadily increases over time, increasing from 0.71 for women
diagnosed in 2002 to 0.85 for those diagnosed in 2014. This increment is not constant over
time and seems to be slowing down in the last years.
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Figure 1.11: Kaplan Meier curve separated by year of diagnostic.

1.3.3.2. The Cox proportional hazards model

A Cox proportional hazards model with 11 selected variables out of 27 considered was
optained using the procedure described in appendix C. The results are summarized in Table
1.3, where the first column contains the coefficient with its associated confidence interval and
the second column shows the p value for the null hypothesis corresponding to equality of the
base and the affected covariable.

The Cox model allows to evaluate the survival rate of a patient identified through these 11
selected covariates, such as dummy variables for private and public health insurance, benefit
ranges A and B, age, squared age, year of diagnosis and the existence of GES at the time of
diagnosis, among other variables. The Cox model also allows to compare the survival curves
by modifying selected variables while maintaining the rest constant. For the results below,
the variables that remain unmodified are set as the median of the data.
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Variable Coefficient p value

Year of diagnosis -0.049 ± 0.005 <0.001
Age -4.782 ± 0.692 <0.001
Squared age 5.531 ± 0.578 <0.001
FONASA 0.194 ± 0.072 <0.001
ISAPRE -0.347 ± 0.080 <0.001
FONASA beneficiary A 0.297 ± 0.054 <0.001
FONASA beneficiary B 0.100 ± 0.050 <0.001
GES -0.130 ± 0.059 <0.001
Region RM -0.126 ± 0.037 <0.001
Region XV -0.457 ± 0.166 <0.001
Region VI 0.156 ± 0.085 <0.001

Table 1.3: Results for the Cox proportional hazard regression model.

Hazard ratios (or odds ratios) between two sets of characteristics can be evaluated through
the Cox regression. Table 1.4 shows the hazard ratio for some specific variables. It can be
observed that women of 40 and 50 years old have almost the same hazard, and that women
of 60 years old have slightly higher hazard of dying due to breast cancer than women of 40
years old. The hazard ratios for 10 and 20 years of difference increase for older ages, thus the
hazard of 60 year old women is 1.14 times that of 50 year old women and the hazard of 70
year old women is 1.46 times that of 50 year old women. The hazard of FONASA beneficiaries
from the benefit range C-D is 1.72 times that of ISAPRE beneficiaries. FONASA patients
form benefit ranges B and A have even higher hazard, being 1.11 and 1.35 times higher than
that of FONASA patients from the benefit range C-D, respectively. The presence of the GES
plan also produces a difference in hazard ratios, having women without the GES a hazard
1.14 times higher than that of women with GES. The presence of GES also influences the
hazard progression through the years of diagnosis. Women diagnosed on 2018 have less than
half the hazard (0.4) than a women diagnosed on 2002, this due to the variables year of
diagnosis and presence of GES.
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Coefficient Hazard ratio

Age 40 → Age 50 1.02
Age 40 → Age 60 1.16
Age 50 → Age 60 1.14
Age 50 → Age 70 1.45
ISAPRE → FONASA Beneficiary C-D 1.72
FONASA Beneficiary C-D → FONASA Beneficiary B 1.11
FONASA Beneficiary C-D → FONASA Beneficiary A 1.35
With GES → Without GES 1.14
Year 2002 → Year 2004 0.91
Year 2004 → Year 2006 0.80
Year 2002 → Year 2018 0.40
Region RM → Region XV 0.72
Region RM → Region VI 1.33
Region RM → Any other region 1.13

Table 1.4: Hazard ratios obtained through the Cox model.

Figure 1.12 presents the Cox survival curves for women affiliated to public and private
health insurance systems. The survival rates have a similar behavior than those obtained by
the Kaplan-Meier estimations, with a survival curve for the patients in the private system
that is significantly better than that for patients affiliated to the public health insurance.
The Cox regression estimates the one year survival rates to be 0.965 and 0.940 for the private
and public sector, respectively, on the other hand, the Cox regression estimates the five year
survival rates to be 0.901 and 0.836, respectively. The Cox survival rates for ISAPRE patients
are similar to those found by the Kaplan Meier estimations; the one year Cox survival rate
lies in the confidence interval found with the Kaplan Meier method. The difference between
the survival rates estimated by the Cox regression and the Kaplan Meier method is greater
for women in FONASA than for women in ISAPRE. The survival rates for FONASA affiliates
calculated by the Cox regression are 0.022 and 0.055 higher than those estimated by Kaplan
Meier method for the one year and five year survival rates, respectively. Then the difference
in five year survival rates between ISAPRE and FONASA patients calculated by the cox
regression is of 0.06.
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Figure 1.12: Cox survival curves adjusted by health insurance: public (FO-
NASA) vs private (ISAPRE) health plans.

Figure 1.13 shows us the particular effect of the GES program. The one year survival of a
women passes from 0.932 to 0.94 when evaluating her outcomes without and with the GES
plan, respectively. The five year survival rate for a women without GES is 0.816, meanwhile
the same rate for a women with GES is 0.836.
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Figure 1.13: Cox survival curves adjusted by presence of GES: With GES
vs Without GES.

Figure 1.14 shows the survival curves for different ages for both health insurance systems.
The difference in survival rates between ISAPRE and FONASA patients increases for older
people. The five year survival rates for women aged 40 are 0.91 and 0.85 for ISAPRE and
FONASA systems respectively, this is a survival difference of 0.06. On the other hand, the
five year survival rates for women aged 80 are 0.82 for ISAPRE and 0.71 for FONASA, with
a survival difference of 0.11. The five year survival rates are shown in table 1.5

20



0 20 40 60
Time (months)

0.6

0.7

0.8

0.9

1.0

91.0
89.6

87.0
82.0

73.0

ISAPRE

0 20 40 60
Time (months)

0.6

0.7

0.8

0.9

1.0

85.0
82.8

78.7

71.2

58.3

FONASA

Age
40
50
60
70
80
90

Figure 1.14: Survival curves obtained by the Cox regression, adjusted by
age, for each health insurance.

Age 40 50 60 70 80 90

ISAPRE 0.91 0.908 0.896 0.870 0.820 0.730
FONASA 0.85 0.848 0.828 0.787 0.712 0.583

Table 1.5: Five year survival rate predicted by Cox model by age and health
care system.
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Chapter 2

Assessing the public-private survival
gap

The following section will aim to evaluate the differences in survival produced by the early
detection policies from the public and private health care systems.

In order to do that the progression of breast cancer will be simulated, evaluating the
outcomes of such simulation over different screening policies.

2.1. Methods

2.1.1. Breast cancer natural progression

This section briefly presents a breast cancer tumor growth model developed by Plevritis
et al. [31] which is used as the basic model for the natural evolution of the disease. The model
allows to obtain transition probabilities between cancer stages, as well as to detected stages.
There are different kinds of tumor classifications that use characteristics such as tumor size,
lymph nodal involvement, hormonal receptors and metastatic state. A classification based
on lymph nodal involvement will be used, where a tumor is said to be in local stage if the
cancer is confined within the breast; regional if the lymph nodes, primarily in the armpit, are
involved; and distant if the cancer is found in other parts of the body as well. Besides this,
ductal carcinoma in situ (DCIS) is considered a non invasive tumor stage. This last stage
will be considered in the following section. In what follows, the following notation will be
used:
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V (t): Volume of the tumor at time t.

V0: Initial volume of the tumor. The modeling of the natural progression of the disease
is measured from the moment the tumor reaches this size V0.

DT : Volume doubling time, i.e., time that takes for a tumor to double its volume.

o(t): Little-o notation. limt→∞
o(t)
t

= 0.

Tdet: Random variable representing the time of clinical detection. The latter is defined
as the ability to feel a tumor through palpating the breast, or the manifestation of other
symptoms such as swelling, skin irritation, or pain.

Treg: Random variable representing the time for the tumor to evolve from local to regional
stage.

Tdist: Random variable representing the time for the tumor to evolve from regional to
distant stage.

R: Gamma distributed random variable representing the inverse growth rate of a tumor.
The higher the value of R, the slower the progression of the tumor.

The continuous tumor growth model proposed by Plevritis et al. [31] describes the natural
history of breast cancer and considers invasive tumors in local, regional and distant stages.
The model assumes that tumors are spheroidal and grow exponentially with a constant vo-
lume doubling time. Thus, tumors grow from an initial volume V0 = 4

3π mm
3, corresponding

to a sphere of diameter 2 mm. Thus, the volume for a tumor at time t is given by equation
(2.1), where the inverse growth rate R is a gamma distributed random variable with shape
and size parameters α and 1/β, respectively, which are empirically estimated. Plevritis et al.
[31] notes that R is such that E(R) = α/β and the tumor volume doubling time is given by
DT = ln(2) ·R.

V (t) = V0e
t/R (2.1)

This model assumes that the time of clinical detection Tdet, measured from the moment
the tumor volume reaches the value V0, depends on the current tumor volume through a
hazard function as shown in equation (2.2).

P(Tdet ∈ [t, t+ dt)|Tdet > t) = γV (t)dt+ o(dt) (2.2)

The model also assumes that tumors start at a local stage with a volume of V0. The time
that it takes to evolve from local to regional stage, Treg, is expressed by (2.3).
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P(Treg ∈ [t, t+ dt)|Treg > t) = ηV (t)dt+ o(dt) (2.3)

Similarly, the disease may progress to a distant stage only from a regional stage, and this
occurs at a random time Tdist. Its hazard function is expressed in equation (2.4).

P(Tdist ∈ [t, t+ dt)|Tdist > t, Treg = treg) =
ωV (t)dt+ o(dt) t > treg

0 t ≤ treg
(2.4)

Similar growth models to the one developed by Plevritis et al. [31] can be found in [32, 33,
34, 35]. The parameters (γ, η, ω, β, α) were estimated by maximum likelihood methods using
data provided by the Surveillance, Epidemiology and End Results (SEER) program . This
dataset contains registries of the tumor size and stage of breast cancer for female patients
who were clinically detected with invasive tumors between 1975 and 1981 [36].

The likelihood function used by Plevritis et al. [31] does not change its value when the
first four parameters are escalated by a constant. Therefore, they maximize the likelihood
constraining to α = β, and as a consequence, E(R) = 1. For further details on the modeling
and the source of parameters please refer to [31].

Lets recall that the value of R is related to the rate at which tumors grow. Plevritis
explains that in order to modify the scale of time at which the events occur, the expected
value of R can be modified. This produces a re escalation of the original parameters.

The assumption of E(R) = 1 will be modified following Plevritis’ advice. By doing this,
the natural progression found in [31] remains unmodified, but the time scale at which these
transitions occur is changed. As stated above, the expected value of R is related to the
tumor doubling time by E(DT ) = ln(2) · E(R). The average tumor volume doubling time
calculated by MacInnes et al. [37] of 167 days with 95% CI [151,186], this is, 0.469 years
95% CI [0.424,0.522]. Then, the expected value of R is modified to E(R) = 0.469/ ln(2) and
the parameters found by Plevritis were escalated as specified in appendix F. A consequence
of this escalation is that the time of this transitions is measured in years.

Using the tumor growth model developed above, a stochastic process will be formulated.
In order to obtain this stochastic process, the above equations must be reinterpreted as
probabilities of passing from one cancer stage to other in a time dt . States C1, C2 and C3
correspond to the presence of breast cancer in local, regional and distant stages, respectively.
Similarly, states D1, D2 and D3 represent breast cancer tumors detected in local, regional
and distant stages, respectively. Thus, a continuous non homogeneous Markovian process is
obtained, defined by its Q matrix shown in equation (2.5).
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Q(t) =

C1 C2 C3 D1 D2 D3︷ ︸︸ ︷

(−γ − η)V (t) ηV (t) 0 γV (t) 0 0
0 (−γ − ω)V (t) ωV (t) 0 γV (t) 0
0 0 −γV (t) 0 0 γV (t)
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0


(2.5)

Given that the Q matrix can be factorized as Q(t) = V (t)W , an explicit expression for
the transition probabilities can be obtained, namely the matrix P (t,∆t), where element
[P (t,∆t)]i,j is the probability of being in state j at time t + ∆t, given that at time t the
disease is on state i. For details see [38].

P (t,∆t) = e

(∫ t+∆t
t

V (τ)dτ
)
W = eV̄ (t,∆t)W

= AeV̄ (t,∆t)DA−1
(2.6)

where V̄ (t,∆t) =
∫ t+∆t
t V (τ)dτ = V0R(e(t+∆t)/R−et/R) andW = ADA−1. The explicit values

of this transition probabilities matrix as well as details on the parameters used can be found
in Appendix F.

This explicit probability matrix allows the computation of transition probabilities for any
time interval. Notice that this stochastic process starts when a tumor reaches the local stage.
This is important because as it is a non-homogeneous Markov chain, the transitions not only
depend on the width of a time interval but also on the current time.

As the states C1, C2 and C3 are transient, and D1, D2 and D3 are absorbent, notice
that for a big enough ∆t the matrix P (t,∆t) will reach a steady state distribution that is
concentrated in the D1, D2 and D3 components. Then, this steady state D1, D2 and D3
components provides us with the probability of detecting the tumor in stages local, regional
and distant, respectively. In particular, notice the importance of the first row when evaluating
the matrix P (0,∆t) for a big enough ∆t, for this is the probability distribution of detecting
a tumor that started in state C1.

The current model was preferred to others for integrating tumor growth with stage progres-
sion (local, regional, distant) in a population that is not undergoing breast cancer screening.
The presence of stages was desired because it provides us with a direct way to estimate sur-
vival rates. For example, an alternative model by Plevritis, Sigal, Salzman, Rosenberg and
Glynn [33], which also includes nodal progression through local, regional and distant stages,
was not considered because it includes a parameter independent of time in the hazard fun-
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ction that introduces a great degree of difficulty on finding an explicit form of the transition
matrix P , without major improvements in the goodness of fit.

2.1.1.1. Adjustment to Chilean records

As mentioned above, the parameters of the natural history of breast cancer were estimated
using the SEER database with population from the USA. In this data tumors were staged
50% of local, 45% regional, and 5% distant at the moment of diagnosis. This stage distri-
bution corresponds to data from 1975 to 1981 when there was a negligible level of screening
mammography. A study by Prieto for the Chilean public system [39] reports for the year 2000
a distribution of 44.8%, 35.3% and 19.9% for local, regional and distant tumors, respecti-
vely. The mean distribution for years 2000 to 2003 is 60.9%, 27.8% and 11.3%, respectively.
Before the implementation of GES in 2004, there was a negligible level of preventive mammo-
graphies in Chile, and therefore the tumors detected in this period correspond symptomatic
detection. Although the reality of USA between 1975 to 1981 and Chile between 2000 to 2003
agree in having little to non screening mammographies, there are other factors, where the
two countries do not match, that influence the detection of breast tumors such as education
and the population’s awareness of the disease and its consequences, among others.

This difference between the observed tumor stage distribution in USA and Chile might
imply that the modeled natural progression will most likely not resemble the Chilean case.
Although differences have been found in incidence rates and risk factors between Hispanic
and non-Hispanic women in the US [40], it will be assumed that the major difference between
the tumor stage distributions reported by Prieto and SEER come from preventive measures,
such as self examination and educational campaigns. Therefore, this difference will be reduced
by modifying the γ parameter. The γ parameter reflects the rate at which women self-detect
their tumors, and therefore, changes the transitions of the P (t,∆t) matrix.

Therefore, a parameter γ∗ that reflects the Chilean reality was estimated. This is estimated
by minimizing the absolute error between the stage distribution from [39] and the stage
distribution from P (0,∆t) for a big enough ∆t, so that it reaches the steady state distribution.
This minimization offers two options, to do it with respect to the distribution reported by
Prieto for the year 2000, or to consider the mean of the years 2000 to 2003. The year 2000 could
be a better reference, for there was less prevention, but to take a single year makes the measure
subject to errors. Both options were implemented. When minimizing the absolute error with
respect to the 2000 distribution, a γ∗ parameter of γ∗1 = exp(−9.429) was achieved. This
way, the steady state distribution for detected states using such γ∗1 are 44.8%, 48.14% and
7.06% for local, regional and distant stages, respectively. On the other hand, when minimizing
with respect to the mean of the years 2000 to 2003, a γ∗ parameter of γ∗2 = exp(−8.775)
was achieved. This γ∗2 parameter generates a steady state distribution for detected states of
60.94%, 36.29% and 2.77% for local, regional and distant stages, respectively.
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Both methods tend to adjust the distribution to the proportion of women detected in local
stages. It is important to notice that women diagnosed in the regional and distant stages have
higher impact on the survival outcomes, especially the distant stage, whose survival may be
even a third of the survival of local stages [41]. The authors chose to use the parameter found
when adjusting to the distribution of stages reported for the year 2000 for it produces higher
values for the distant stage, which is closer to the Chilean reality.

2.1.2. Breast cancer model including screening mammograms

In Subsection 2.1.1, the natural evolution of breast cancer without any intervention but the
possibility of clinical detection is described. Furthermore, it considered the tumors evolution
from the time it reaches a initial volume, V0. In this subsection, a discrete Markov process
is presented, which integrates the natural evolution of the disease with screening programs,
the inclusion of death by other causes, and the transition probabilities from healthy to sick
stages. The following additional notation will be used.

(Zn)n≥0: Discrete non homogeneous Markov process representing the health state of a
woman.

ρ(n): Probability of a woman to die by a cause different than breast cancer at age n.

φ0(n): Probability of a healthy woman to develop breast cancer at age n. It can be
estimated using breast cancer incidence rates.

φ0,1: Probability that a breast cancer in DCIS stage evolves to a local stage.

λ: Probability of a women with breast cancer in DCIS stage to detect such tumor through
clinical detection.

N̂ : Random variable representing the age in months, when a woman first reaches state
C1.

q0: Sensitivity of a mammography for a tumor at stage DCIS.

q(V ): Sensitivity of a mammography for an invasive tumor of volume V .

P : Transition probability matrix from the disease model.

N0: Initial age in months. All women start the process at this age.

Nf : Maximum age in months. A women stops the process if she reaches this age.

In order to integrate the natural disease evolution with incidence, mortality by other causes
and breast cancer screening mammograms, a discrete time finite state stochastic process
(Zn)n≥0 is considered, representing the health state of a woman. Some transitions may depend
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on the age of the patient and, therefore, the process corresponds to a non-homogeneous
Markov chain.

Non-homogeneous Markov chain states :

• H: Healthy state; women do not have breast cancer.
• C0: Ductal carcinoma in situ (DCIS), which corresponds the first stage in the pro-

gression of breast cancer.
• Ci: Invasive cancer states according to those described in section 2.1.1, ∀i = 1− 3 .
• Di: Diagnosed states. Each of these states considers patients in state Ci that have

been diagnosed due to screening or by a clinical exam. Patients who enter these
states are considered to begin an appropriate treatment, and therefore, their survival
rates can be estimated. ∀i = 0− 3.

• R: Removed state, where patients move when dying for causes different than breast
cancer or reaching the time horizon.

It is important to notice that H and Ci,∀i, are transient and R and Di,∀i, are absorbent
states. Also notice that there is no "death by cancer"state, because it is assumed that
nobody dies due to breast cancer without being previously diagnosed. This is a reasona-
ble consideration for countries with relatively good health coverage such as Chile where
this could happen only to a negligible amount of women.

Transition epochs: In real life, transitions between states can take place at any time
during the evolution of the disease. Therefore, although mammograms screening deci-
sions usually take place on a yearly basis, it is closer to reality to use shorter periods
of time to consider, for example, that a tumor might evolve from local to regional and
later to distant in less than a year. Monthly epochs will be used for considering them
small enough to capture the nature of transitions. Nevertheless, to choose months as
time intervals is arbitrary and can be changed to smaller intervals such as weeks. Thus,
the process (Zn) is indexed by age in months. Each person starts the process at age of
N0 months and continues until she dies, gets a breast cancer diagnosis or reaches the
end of the time horizon Nf months.
Without lost of generality, the following sequence of events during each epoch (month)
will be defined: i) at the beginning of each month, a person might reach the time horizon
Nf or die due to causes different than breast cancer and transition to R state. ii) If not,
and she is in H state, she might develop DCIS and evolve to C0. iii) Subsequently,
a decision is taken of whether or not a screening mammogram is performed. Women
in cancerous states might pass to detected states through screening detection, but the
transitions of women in healthy states is not affected by screening. It will be assumed
that there might be false negatives, but no false positives. Further details on screening
and its sensitivity are given below. iv) If the person is in some cancer state that was
not detected through screening, she might pass to a detected state due to the progress
of the cancer to a clinical stage or pass to a higher cancerous state.
All progressions to detected states and to higher stages occur only if the person did not
passed to the R state. This sequence of events is shown in Figure 2.1
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Figure 2.1: Diagram representing the sequence of events within an epoch.

Screening mammograms: Mammograms are considered as the standard breast cancer
screening test. When the mammogram is suspicious for a malignant tumor, further
exams (ultrasounds and biopsies) are performed to confirm or not the diagnosis. Thus,
there might be false negative results, but there are not false positives results. At the
beginning of each epoch, a decision is made of whether to perform a test on a certain
person. This will be denoted by M(n) ∈ {0, 1}, this is, M(n) = 1 if a woman is going
to have a mammogram at the age of n; and M(n) = 0 if a woman is not going to have
a mammogram at the age of n.
Mammograms have a sensitivity of q0 for diagnosing DCIS. Sensitivity for invasive tu-
mors is considered to depend on the tumor volume, this is q(V ). It is important to
remember that the volume in the disease model is measured from the instant the tumor
first reaches local cancer state C1 and that the time in the disease model is measured
in years. Let N̂ be the instant, measured as age in months, when a women first reaches
the C1 state, i.e., N̂ = inf{n ≥ 0|Zn = C1}. Then, the volume of an invasive tumor at
time n is V ((n− n̂)/12), with V as in equation (2.1). Once the volume is calculated, the
sensitivity of the mammographies can be evaluated by q(V ).

Transitions: Every person in states {H,C0, ..., C3} has a probability of ρ(n) of dying by
a cause different than breast cancer and pass to state R. Additionally, a healthy person
has a probability of φ0(n) of developing DCIS and moving to C0 state. This probability
is a function of the disease incidence rate at age n. It is important to notice that both
ρ and φ0 depend on the persons age, and therefore, on time.
All transitions between cancerous to detected states are affected by the screening policy.
A person in C0 state, given that she did not died from other causes and that was not
screened, has a probability λ of advancing to a detected state D0, and a probability φ0,1
to progress to C1. For simplicity, parameters λ and φ0,1 where considered as constants.
Similarly to the volume calculation for the mammogram’s sensitivity, notice that in order
to make use of the transition matrix P from the disease model from Section 2.1.1 the
instant N̂ must be considered. Then, transitions between cancerous states Ci, i = 1, 2, 3
and detected states Di, i = 1, 2, 3 from time n to n+1, given that she did not died from
other causes and that was not screened, is determined by the stochastic matrix P (t,∆t)
with t = (n− N̂)/12 and ∆t = 1/12. Thus, for X, Y ∈ {C1, C2, C3, D1, D2, D3}

P
(
Zn+1 = Y |Zn = X, N̂ = n̂,M(n+ 1) = 0

)
= P

(
(n− n̂)/12, 1/12

)
X,Y

The above is well defined since the transitions between cancerous states Ci, i = 1, 2, 3
and the detected states Di, i = 1, 2, 3 can take place only after a woman has reached
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the local tumor stage, this is, such transitions can only be evaluated for instants n such
that N̂ <∞ and n > N̂ .

Figure 2.2 summarizes the process described above.

This modelling allows for explicit transition probabilities. The transition probabilities
matrix can be found in appendix G.

R

 H

C1

C2

C3

D1

D2

D3

C0 D0

Tumor growth model

Figure 2.2: Diagram of the disease simulation process.

Arrows represent transition probabilities. For simplicity, transitions to stay in the
same state were omitted.

2.2. Computational experiments

In this section, computational experiments are designed and applied to study the impact
of breast cancer screening policies on the etapification, and therefore on survival, of diagnosed
patients. As was seen in section 1.3.3, there are significant differences in the survival rates
of Chilean women with breast cancer, depending on health insurance, which motivated the
current study to determine the weight of screening in such differences.

All the computational studies are carried out in Python environment on a Dell desktop
(Core 2.80GHz and RAM 8GB).
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2.2.1. Screening policies

In Chile there is no screening program as defined by WHO [11]. Currently, the ministry of
Health provides financial support for the realisation of 4 mammograms every 3 years between
the ages of 50 and 59 [42]. However, what screening is following each woman in Chile is
unknown, and is highly dependent on their health care system. Data shows that women in
the private system get more preventive mammograms than those in the public system. Table
2.1 shows the amount of screening mammograms in each system by age interval, elaborated
with data from the CASEN survey [12].

Age [35,40) [40,45) [45,50) [50,55) [55,60) [60,65) ≥65

FONASA 34.7 54.9 65.4 71.3 70.2 68.7 40.2
ISAPRE 52.4 70.4 80.2 80.4 82.3 75.4 65.9

Table 2.1: Percentage (%) of women that had a mammography in the last
three years, by age and health care system. Source: CASEN survey 2017
[12].

Five screening policies will be studied: the first three consider that all women comply with
the recommendation, while the others consider that women have a probability of having a
test in the recommended date. The screening policies are as follows:

1. No screening: This is the base case scenario where no mammograms are performed.

2. GES: This policy emulates the preventive mammograms recommended in the GES
program. As this guideline has changed over the years, the current policy was chosen,
in place since 2013, which instructs mammograms every 3 years between the ages 50 to
59 [42]. It is assumed that all women follow this guideline.

3. US screening: This policy apply the U.S. Preventive Services Task Force (USPSTF)
screening guidelines. It will be assumed that all women follow this guideline. This gui-
deline instructs to perform mammographies every two years from the age of 50 until 74
[43].

4. Random FONASA: Random Bernoulli assistance replicating FONASA. It will be
considered that each year women randomly chose to perform a mammography with
a probability pF . This probability depends on her age and will be taken such that it
replicates the behaviour shown on the first row of table 2.1. Further details are given
below.

5. Random ISAPRE: Random Bernoulli assistance replicating ISAPRE. It will be con-
sidered that each year women randomly chose to perform a mammography with a pro-
bability pI . This probability depends on her age and will be taken such that it replicates
the behaviour shown on the second row of table 2.1. Further details are given below.
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Women will be simulated under these policies in order to obtain the etapification of diag-
nosed women.

It is important to determine an appropriate amount of simulations to obtain confident
results. The sample size formula for infinite population will be used n = t2·p(1−p)

e2
, where e

is the margin error, t the critical value of the normal distribution for a desired confidence
level and p the sample proportion [44]. As the objective is to obtain the distribution for more
that 2 sub populations whose proportions p are unknown, the worst case will be considered,
which is p = 0.5. Therefore, 9604 women diagnosed by cancer are needed to reach a error of
1% with a confidence level of 95%. Thus, there will be as many simulated women as needed
to obtain such number of women diagnosed by cancer.

Once a policy is simulated the necessary amount of times to obtain a etapification, a
survival rate will be estimated based on such etapification. In order to do this, it will be
considered that once a woman in state Ci is diagnosed and moves to state Di, she begins
appropriate treatment, and therefore, her expected five year survival rate can be estimated.
Let ri(n) be the expected five year survival rate for a woman diagnosed with a tumor in stage
Ci at the age of n months. These rates are such that they satisfy ri(n) ≥ ri+1(n), i = 0, 1, 2
for a given age n. As a simplification, it is assumed that the survival of a women depends
only of her age and stage of cancer at the moment of diagnosis. For estimation purposes,
survival rates from the SEER Explorer [41] will be used, which are calculated using a large
database from women in USA. These rates and their 95% confidence intervals can be found
in appendix G. Finally, the estimated five years survival rate for the whole population R is
estimated by the mean survival of all the simulated women with breast cancer diagnosis.

2.2.2. Data

This section shows all parameters used in the simulation and their source.

In order to simulate the policies above stated, the authors selected as parameters N0 =
30 · 12 and Nf = 100 · 12 months.

The incidence rate φ0 was extracted from the results of the first part of this study. The
mean incidence rates for the 2002-2018 period were used. These rates are age specific and are
calculated for bins of 5 years. The annual probability obtained was then passed to a monthly
probability.

The decease rates depending on age were calculated using the national death registry and
population estimates and projections provided by the Chilean National Institute of Statistics
(INE). The number of deaths for each age and year in the period 2002 to 2018 were calculated
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by selecting all women who died from causes different than breast cancer (identified by the
C50 category) from the death registry. Dividing these number of deaths by the population
for each age and year, a probability of death is obtained. Finally, the mean was taken over
the years 2002 to 2018 to obtain a yearly probability of decease for each age. This yearly
probability was then passed to a monthly probability.

Values for the parameters λ and φ0,1 were not found in literature as age dependent.
Therefore they will be taken as constant.

The transition rates from the DCIS stage were obtained from [45]. The probability of
transitioning from DCIS to Local stage was calculated considering the mean sojourn time
before progressing to invasive cancer, which the study reports to be 2.4 months. Assuming
an exponential transition, its rate would be 1/2.4, and then the probability of performing
a transition in a month is 0.34. Tan et al [45] also calculates the probability to symptoma-
tically detect DCIS before the progression to invasive breast cancer to be 0.03. Assuming
the detection transition is also exponentially distributed, and considering a race of expo-
nential distributions, then the detection transition has a rate of 0.013. This means that the
probability of a women with DCIS to detect her tumor in a month is of 0.013.

This study [45] also provides us with mammography sensitivity values for DCIS and for
invasive cancers depending on their size. The sensitivity for invasive tumors is presented as
depending on the tumors diameter, separated the bins <10mm, [10,20), [20,50) and ≥50mm.
Calculating the corresponding volumes, the sensitivity rates are found as depending on vo-
lume for the bins < 103

6 π, [103

6 π,
203

6 π), [203

6 π,
503

6 π) and ≥ 503

6 π mm3.

The survival rates for invasive breast cancer in local, regional and distant stages where
found in the SEER explorer application [41]. These rates where found for four age bins, <50,
[50,65), [65,75) and ≥75 years old. Given that the survival rate for DCIS has to be such that
r1 ≤ r0 ≤ 1 and that DCIS is usually considered as not life-threatening [46], the authors
decided to set r0 as constant r0 = 1.

All parameters used in the simulation are shown in table 2.2.
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Parameter Source Value (95% CI)

φ0 Table D.2 -
ρ National death re-

gistry
-

φ0,1 [45] 0.34
λ [45] 0.013 (−)
q0 [45] 0.88 (±0.05)

q(V ) [45]

0.90 (±0.03) if V <
103

6 π mm3

0.91 (±0.03) if V ∈ [103

6 π,
203

6 π) mm3

0.92 (±0.03) if V ∈ [203

6 π,
503

6 π) mm3

0.93 (±0.03) if V ≥ 503

6 π mm3

r1(age) [41]

0.972 (±0.002) if age < 50
0.985 (±0.002) if age ∈ [50, 65)
0.999 (±0.017) if age ∈ [65, 75)
1 (−) if age ≥ 75

r2(age) [41]

0.874 (±0.005) if age < 50
0.877 (±0.005) if age ∈ [50, 65)
0.870 (±0.008) if age ∈ [65, 75)
0.738 (±0.015) if age ≥ 75

r3(age) [41]

0.393 (±0.019) if age < 50
0.298 (±0.013) if age ∈ [50, 65)
0.271 (±0.017) if age ∈ [65, 75)
0.186 (±0.019) if age ≥ 75

r0 Given the restric-
tion r1 ≤ r0 ≤ 1

1 (−)

Table 2.2: Parameters and their sources.

Recall that parameters pF and pI are the p parameters of the random policies replicating
FONASA and ISAPRE respectively. These values are taken such that the Bernoulli variable
replicates the information shown in Table 2.1. Notice that the probability of a Bernoulli
variable of parameter p of having at least one success in three experiments is 1 − (1 − p)3.
Then, the pF and pI will take values depending on the woman’s age as shown in equation
2.7.
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pF (age) =



0 if age < 35
0.132 if age ∈ [35, 40)
0.233 if age ∈ [40, 45)
0.298 if age ∈ [45, 50)
0.34 if age ∈ [50, 55)
0.332 if age ∈ [55, 60)
0.321 if age ∈ [60, 65)
0.158 if age ≥ 65

, pI(age) =



0 if age < 35
0.219 if age ∈ [35, 40)
0.334 if age ∈ [40, 45)
0.417 if age ∈ [45, 50)
0.419 if age ∈ [50, 55)
0.439 if age ∈ [55, 60)
0.373 if age ∈ [60, 65)
0.301 if age ≥ 65

(2.7)

2.2.3. Results

Each policy was simulated the necessary amount of times in order to get 9604 diagnosed
women. On average each policy was simulated 177,648 times. The results for each of the-
se policies are shown in table 2.3 and in figure 2.3. This table shows the average amount
of mammographies per women, the number of women diagnosed by screening and by clini-
cal detection, the mean age at diagnosis, the distribution of diagnosed women by stage of
diagnosis and the estimated five year survival rate R for each policy.

Policy No screening GES US screening Random FONASA Random ISAPRE

N° of sim. 183,517 181,808 180,551 175,133 167,231
N° of tests/w 0.0 3.8 11.7 10.8 16.1
Screened 0 2011 5050 4948 6189
Clinical 9604 7593 4554 4656 3415
Age 66.8 66.1 65.0 66.1 65.7
DCIS 0.042 0.054 0.101 0.089 0.11
Local 0.438 0.529 0.66 0.656 0.702
Regional 0.457 0.368 0.21 0.225 0.166
Distant 0.062 0.049 0.029 0.03 0.022
R 0.892 0.909 0.937 0.935 0.946

Table 2.3: Results obtained by simulating different policies.

All policies where simulated until 9,604 women where diagnosed. For each of the
five simulated policies, the table shows the number of simulations, average number
of test per women, tumors detected by screening, tumors detected by symptoms,
proportion of tumors detected in DCIS, local, regional and distant stages, and the
estimated five year survival rate R under such policy.

There is a clear tendency between the different policies, where the proportion of cases
diagnosed in DCIS and local stages increase with more screening, while women diagnosed
in regional and distant stages decrease, meaning that the more screening is performed, the
better survival rate is achieved.
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Figure 2.3: Distribution of women diagnosed in each stage for different po-
licies.

Values are shown in table 2.3.

The no screening policy generated a detection staging composed by 4.2% DCIS, 43.8%
local, 45.7% regional and 6.2% distant. The mean distribution for years 2000 to 2003 of
4.3% DCIS, 58.2% local, 26.6% regional and 10.8% distant reported by Prieto [39]. Then,
the computational experiments’ base case scenario does not replicate the Chilean situation
from the years 2000 to 2003 where there was little to none screening.

The policy that generate the higher survival rate is the random ISAPRE policy. This policy
also performs the most mammograms, with an average of 16.1 mammograms per woman, and
is able to detect more tumors through screening, detecting 6189 through this exam and only
3415 by clinical detection.

The random FONASA policy scores similarly to the US screening policy, which is consi-
dered a great case scenario, with survival rates of 0.935 and 0.937, respectively. This policy
that replicates the behaviour of FONASA patients performs an average of 10.8 mammograms
per woman and detects 4948 tumors by screening. Again, this is similar to the US screening
which performs an average of 11.7 mammograms per woman and detects 5050 tumors by
screening.

The US screening policy generates the lower ages at diagnosis, with an average of 65 years
old at diagnosis, which is 1.8 years less than the no screening policy.

The GES policy improved compared to no screening. Despite performing only 3.8 average
screening test per women, the GES policy detected 2011 tumors, resulting in a reduction of
0.017 in the five year survival rate compared to no screening. Even though the GES policy
performs far less mammograms that the random FONASA policy, they both achieve the same
average age at diagnosis.
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The estimated difference in five year survival rates between the policies replicating FO-
NASA and ISAPRE is of 0.011.
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Discussion

Incidence, mortality and survival rates were calculated using public anonimyzed databases.
It is important to remark that the estimated incidence rates are based on hospital discharges
and therefore they represent a lower bound of the real rates.

The Global Cancer Observatory (GLOBOCAN) estimated incidence and mortality ASRs
of 37.4 and 10.2 for 2020, respectively [2]. The ASR mortality found, 9.8, is consistent with
the measure of GLOBOCAN, while our estimation of ASR incidence, 41.2, is higher than that
of GLOBOCAN. However, the ASRs found for incidence at national level show a constant
trend, which is consistent with the world trend and differs from the decreasing trend found
by the Ministry of Health [14].

The significant decreasing trend found for women older than 80 years old goes along with
the milder increasing trends in the age intervals 30 to 49 and 70 to 79 to maintain the overall
ASR constant trend. The authors believe that this change in the age distribution of incident
cases is due to the increase in preventive measures, such as preventive mammograms, which
help women obtain an earlier diagnosis.

It is important to take into account that as shown in [47], the population in Chile has grown
older during the studied period. Therefore, although table 1.1 shows no decreasing trend for
the age at diagnosis, this might be because the aging of the population is compensated by
an earlier age of diagnosis.

In terms of mortality, the decreasing trend found for ASR is consistent with the decrea-
sing trends found for several age intervals by Icaza, Nuñez and Bugueño [19]. On the other
hand, unlike [19], this study shows an important, statistically significant, decreasing trend
for the mortality of women older than 80 years, which may be related to the earlier diagnosis
discussed above.

The survival rates found are similar to those reported by Del Castillo et al. [20] and by
Allemani et al. [21]. Del Castillo et al. [20] carried out a clinical study of the public system
in which they estimate the five year survival for the public system to be 0.751, which is only
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0.026 below the confidence interval found in this study by the Kaplan Meier method for the
public health care system. Allemani et al. [21] estimates survival rates for a more extensive
set of countries. Our measure with the Kaplan Meier method of the five year survival rate
for Chile of 0.805 lies inside the 95% CI estimated by Allemani, which is [0.704,0.838].

The hazard ratios found show that there is an important age impact on survival, which
grows for older ages. Thus, the hazard ratio for a 20 year difference between 40 and 60 year
old women is of 1.16, while the same 20 year difference between 50 and 70 year old women
produces a hazard ratio of 1.45. It is also relevant to highlight the hazard ratio between
ISAPRE and FONASA affiliates of 1.72. This is one of the highest hazard ratios found, with
far more relevance than the presence of GES, which has a hazard ratio of 1.14.

Most of the evaluations of the GES plan have focused on compliance of the explicit gua-
rantees offered by the plan: access, opportunity, financial protection, and quality [9]. In terms
of opportunity, in 2017 99.59% of the services fulfilled these guarantee, being 92.76% befo-
re the deadline. On the other hand, inspections by the General Contralory of the Republic
(CGR) makes sure that a series of quality measures are fulfilled by the health care facilities.

However, ultimately, the effectiveness of the GES plan must be reflected on the impro-
vement of health indicators, such as for example patients survival rates or quality-adjusted
years of life. As discussed in section 1.3, this study shows that since the incorporation of
the GES plan did have a modest improvement on the patients’ survival rate, with a odd
ratio of 1.14. Nevertheless, results show a marked difference in survival rates between insured
patients in the public and private health systems. Thus, according to the Cox regression, at
the age of 60 five year survival rates for FONASA and ISAPRE patients are 0.896 and 0.828,
respectively, with a difference of 0.068. Meanwhile at the age of 90 the five year survival rates
for FONASA and ISAPRE patients are 0.730 and 0.583, increasing the difference to 0.147.

Patiens from the public and private health care systems not only differ in the health
insurer of their choice, but also conform two different sociodemographic groups in terms of
economic income and education, and eventually comorbidities and age. For example, more
than 85% of the people from the five lower income deciles belong to FONASA, while only
25% of people in the highest income decile belong to FONASA [12]. Likewise, income is also
related to education, where the three lower income deciles have an average of less than 10
years of schooling, while people from the highest decile has an average of more than 15 years
of schooling [48]. These differences might translate into disparities of opportunity to consult
a doctor, adherence to treatments, treatment outcomes due to comorbidities, among others.

Hence, multiple reasons contribute to this inequality regarding health indicators between
private and publicly insured patients. Therefore it is not clear that the differences in survival
rates found between the public and the private health systems are due to the health systems
themselves. Nevertheless, to measure them is a key step to study such differences and aim
for improvements in the detection and treatment of breast cancer.
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The computational experiments provide important insight over the situation of breast
cancer in Chile, despite the fact that the no screening policy does not replicate the Chilean
situation.

It is important to recall that the modeling of the natural progression of the tumors came
from a study based on USA data, which may not represent the Chilean reality. This issue was
addressed by modifying the parameter related with the natural detection of breast cancer,
improving the fit to Chilean staging. Yet a complete fit could not be achieved for it also
relied on other parameters related to the natural progression of breast tumors which were
not modified. With the existence of a Chilean national registry of cancer, different and better
models could be applied to improve results.

The survival rates obtained by the simulation model are considerably higher that those
obtained in the first part of the study. This may be due to the disparity in staging above
mentioned, or to other factors that influence the survival rates that are not considered here,
such as quality and opportunity of breast cancer treatment and patient adherence.

It is also important to recall that it is unknown when people in FONASA and ISAPRE
will get screened. This because they don’t comply with a concrete guideline, but rather follow
a random behaviour. Moreover, this random screening decisions cannot be fully replicated,
for there is no available data with which such behaviour can be studied.

Although the distribution of diagnosed states does not completely explain the difference
in survival between FONASA and ISAPRE affiliates, it significantly influences the outcome.
Here we highlight that the screening method may provoke an increase in survival rates of
0.054 between no screening and the random policy replicating the ISAPRE behaviour.

We also highlight that women in FONASA experience an important improvement in their
five year survival rates, this comparing the no screening policy with the GES and the random
FONASA policies, having a five year survival rate raise of 0.017 and 0.043, respectively.

The difference in five year survival rates measured in the first part of this study between
FONASA and ISAPRE affiliates was of 0.06 according to the Cox Regression. According to
the simulation process, assuming that the random FONASA and random ISAPRE policies
resemble reality of mammographies performed, only 0.011 of this gap is attributable to the
differences in screening. Then, only a 18% of the survival difference found in chapter 1
between the public and private health care systems is directly attributable to the screening
policy.

There are several other differences between patients from FONASA and ISAPRE that
may help explain the survival gap. One of these differences is the financial support. There is
an additional coverage for catastrophic diseases (CAEC), which began in the year 2000 and
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is now a days provided by 99.2% of the ISAPREs [49]. This financial support program is
defined to cover all medical expenses that go beyond the GES plan. This also makes impact
in the quality of treatment. An example of this is the inclusion of a drug called trastuzumab,
which has shown a great impact in the treatment of HER2+ breast cancer [50]. This drug
was approved by the Public Health Insitute (ISP) in the year 2001 (registry B-1028/21), but
it wasn’t until 2016 with the implementation of the Ricarte Soto law [51] that the drug had
financial support for the public sector. Meanwhile it was available in the private system to
whoever could afford it.
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Conclusions

This work studied the state of breast cancer in Chile, giving special emphasis in the diffe-
rences by health care providers and how prevention through mammographies influences such
differences. Incidence, mortality and survival rates were calculated using public anonimyzed
databases.

The hospital discharges database provided by DEIS was used for the calculation of inciden-
ce and survival rates, obtaining values consistent with previous literature and international
trends. Moreover, the use of this database, which to the best of our knowledge has not been
used to study breast cancer, allowed to study incidence and survival rates by age, region of
residence, year of diagnosis and health care provider. The use of this database presents an
opportunity for the estimation of such key statistics without the costs of controlled trials.

The differences found in incidence and mortality among regions in section 1.3 cast doubt
on estimations such as the ones made by the Minsal for national incidence which assumed
constant fatality across regions [14]. This reinforces the utility of the use of the hospital
discharges database.

Survival rates where analyzed by the Kaplan Meier method and by the Cox regression.
The Kaplan Meier method estimates the breast cancer five year survival for chilean female
population and its 95% CI to be 0.805 and [0.802,0.808], respectively. The difference in
breast cancer survival found between women affiliated to the public and private sectors is
of key importance. The Cox regression, which besides the health care provider accounts for
covariables such as age, region of residence and year of diagnosis, estimates a difference in
the five year survival between the public and private health care systems of 0.06. Although
it is well known that there are vast differences between the public and private health care
systems, to the best of our knowledge this gap has not been previously quantified.

A stochastic model was developed based on previous work over the natural evolution of
breast tumors. This allowed to perform computational experiments under different mam-
mography screening policies. As expected, the computational experiments showed the high
impact that screening mammographies have in the etapification and therefore in survival. Ne-
vertheless, the difference in screening between the policies replicating the public and private
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health care providers resulted in a difference of only 0.011 points of survival.

As discussed in section 2.1.1.1, the etapification with which the natural progression of the
disease was originally calibrated may not represent the Chilean reality. Although this issue
was addressed by adjusting the parameter associated with natural detection of symptoms,
this may be a source of errors. For that matter, a sensibility analysis is yet to be performed
to assure consistency of results.

Another liability may surge from the policies used to study the survival outcomes of public
and private health care affiliates. As stated in section 2.2.1, the actual behaviour of these
women in terms of screening adherence is unknown.

Possible extensions of this work are the use of the discharges database to analyze key sta-
tistics of other diseases. A similar methodology based on stochastic modeling and simulation
could also be applied to other diseases to better understand differences between the public
and private health care systems.

Further work may focus on a better understanding of the breast cancer survival gap
between FONASA and ISAPREs systems. For this matter, it is yet to be studied the influence
of treatment opportunity, quality of treatment, financial support, patients adherence, among
others.
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Annexed A

Other breast cancer diagnosis

There is a considerable number of breast cancer death registries that do not have a any
discharge registry associated with breast cancer (8,292 deaths). However, there are other
discharge registries, different from breast cancer, which are not typically included in a breast
cancer incidence analysis. These are health problems that can arise due to the progression of
the disease or its treatment (surgery, chemotherapy, radiotherapy), and therefore, are included
under certain specific conditions. Thus, these diagnostics were taken into consideration only
when they belonged to a patient who died because of breast cancer. These diagnostics were
grouped in three classes:

1. Discharge registries directly attributable to breast cancer and its treatment. This item
includes examination, treatment by chemotherapy and radiotherapy, and different breast
related diseases and issues, which may be due to breast cancer misdiagnosis. These
diagnostics are: D486, D24X, Z123, Z803, Z853, Z031, Z080, Z081, Z082, Z087, Z088,
Z089, Z129, Z400, Z510, Z511, Z512, Z515, Z809, Z859, Z860.

2. Diagnostics of other cancers and malignancies associated with breast cancer. This item
includes secondary tumors and tumors of unspecified places. These diagnostics are: C798,
C782, C795, C793, C787, C786, C412, C800, D382, C792, C709, C383, C799, D059,
C770, D420, C796, C414, C500, C413, C771, C728, C967, C779, D383, C399, C773,
C781, C783, C700.

3. Other diagnostics, which might be attributable to symptoms of breast cancer and its
treatment. They are considered only if such discharge is close enough to the death
registry. Each diagnostic has a different period of time to be associated with the death
and are shown in Table A.1. Absence of period means the diagnostic is always included
independent of its gap from the death registry.
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Diagnostic Code Relation period

D649 2
G039 1
G540 2
G939 1
G952 2
I495 -
I891 1
I972 -
J80X 2
J90X 2
J948 2
J960 2
J969 1
J984 2
J989 2
M532 4
M544 4
M546 4
M549 4
M808 4
M844 4
N63X -
N645 -
N648 -
N649 -

Diagnostic Code Relation period

N850 -
R060 1
R17X 1
R18X 1
R51X 1
R53X 1
S220 4
S320 2
S323 4
S325 4
S327 4
S328 4
S423 4
S720 4
S721 4
S722 4
S723 4
S724 4
S728 4
S729 4
T08X 4
T12X 4
T142 4
T932 4

Table A.1: CDI-10 codes and relation periods (years) of the health problems
to be considered as the breast cancer debut.

In addition, discharges for breast tumors of unknown characteristics (D24X) were also
included whenever followed by a malignant or in situ tumor because it corresponds to the
real cancer debut.
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Annexed B

Failure data processing

It will be assumed that some characteristics such as gender and date of birth should be
invariant for each patient. There were several patients who had different registries with more
than one gender, date of birth or year of birth (10,157). It is important to note that this can
only be checked for registries with known ids and that not all registers had the patient’s date
of birth. For the patients that do not have any registry with a full date of birth, invariance
was checked for their year of birth. It is also assumed that the death database had no errors
in these fields, and therefore gender and date of birth were corrected for the people who had
a death register by any cause. For the people who had no death register, gender, date of birth
and year of birth were corrected by taking the mode of such characteristics over all registries
available. In case that the complete date’s mode was not conclusive, mode was taken by day,
month and year. All registers who had no death associated in the decease database and that
its patient’s gender, date of birth or year of birth were not conclusive in terms of mode were
deleted (2,552).

Besides these invariant characteristics, there were other characteristics that presented
little variance through the discharges registries. Less than 4% of the people with known
ids changed their region of residence and less than 6% their commune of residence. Also,
only 3.7% ever changed their health insurance and 8.5% changed their FONASA beneficiary
classification. Therefore, it was considered that a register with no id corresponds to the id of
another register if they match in the characteristics gender, date or year of birth, commune of
residence, health insurance and FONASA beneficiary classification, being the only match. It
was also considered that a register with no id corresponded to an id reported in a later date on
the death registry if it had no other discharge associated and they match in the characteristics
gender, date or year of birth and commune of residence, being this the only match. Finally,
it was considered that a register with no id belonged to a person not considered in the rest of
the breast cancer discharges database if the register had no match considering gender, date
or year of birth and region of residence. These last registries were given a new id different
from those already in the database. Thus, it was possible to recover 4,487 ids, while the rest
of registries with missing ids were deleted (12,793).
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Annexed C

Implementation of Cox regression

The variables were processed previous to the selection. Squared age was added as a new
variable to add more flexibility to the hazard’s modelling as a function of age. Both age
and squared age were normalized to a maximum age of 100 years. Categorical variables
(health insurance, region of residence and FONASA benefit ranges) were transformed into
dummy variables. A GES variable was added indicating if the diagnosis was from the year
2005 on, and therefore the GES plan was already implemented. The above transformations of
variables resulted in a total of 27 covariables to be studied, this is, 3 health insurance dummy
variables, 4 benefit range dummy variables, 16 region dummy variables, year of diagnose,
normalized age, squared normalized age and a dummy variable indicating the existence of
GES. The selection of relevant variables among these 27 covariables was done following a
greedy procedure based on the Akaike’s information criterion and on the p-value for each
variable’s significance, this is, variables were sequentially selected by taking the ones that
mostly improved the Akaike’s information criterion, while maintaining all variables’ p-value
as statistically significant.

More formally, given a set of n variables from where to choose which ones generate the
best model, based on each variable’s p-value and the models akaike information criterion the
selection was performed as follows.

1 Variable_selection:
2 Set the current best variables as an empty list.
3 Set the current best akaike value as infinity.
4 Set the n variables as a pending list.
5 While there are still variables in the pending list, do:
6 For each variable from the pending list, generate a cox model with it and the selected

↪→ variables.
7 For each such model, check if all their variables have significant p-values (≤0.05). If

↪→ none of the models comply with it, break.
8 For each model that meets the above:
9 Calculate the Akaike information criterion.
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10 If the calculated Akaike value is lower than the current best, set such value as the
↪→ current best akaike value and add such variable to the current best variables,
↪→ removing it from the pending list.

11 If none of the above models achieves an akaike value better than the current best,
↪→ break.

12 Return the model generated with the current best variables.

Code C.1: Pseudo-code for greedy variable selection for Cox model.

For the 27 variables before mentioned, the previous process selected the following 11 varia-
bles: normalized age, square normalized age, private health insurance, public health insurance,
discharge year, A FONASA beneficiary classification, B FONASA beneficiary classification,
residence in the Metropolitan region, residence in the Arica and Parinacota region, residence
in the Libertador O’higgins region and existence of GES.
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Annexed D

Incidence and Mortality Results

D.1. Breast cancer incidence and mortality by geographi-
cal region

The mean incidence and mortality for each of the 16 Chilean regions over the studied
period (2002-2018) are found in table D.1. Both are presented as age adjusted and crude
rates. They are sorted from north to south.

Incidence Mortality
Region Region Name Crude Age adjusted Crude Age adjusted

XV Arica y Parinacota 67.7 56.0 13.9 10.4
I Tarapacá 34.3 32.3 11.9 10.7
II Antofagasta 51.1 47.2 11.6 10.0
III Atacama 36.9 32.4 11.4 9.5
IV Coquimbo 41.5 33.4 12.9 9.3
V Valparaíso 66.5 48.3 18.6 11.7
RM Metropolitana de Santiago 62.8 49.5 16.0 11.2
VI Libertador General Bernardo O’Higgins 39.6 31.3 14.2 10.2
VII Maule 44.6 35.0 13.1 9.4
XVI Ñuble 49.5 37.2 15.8 10.6
VIII Biobío 48.9 38.6 14.5 10.4
IX La Araucanía 43.7 35.0 13.2 9.4
XIV Los Ríos 54.9 42.0 12.1 8.4
X Los Lagos 36.0 29.8 11.3 8.4
XI Aysén del General Carlos Ibáñez del Campo 37.0 33.6 12.4 10.5
XII Magallanes y de la Antártica Chilena 57.1 43.5 19.7 13.6

Table D.1: Average age adjusted and crude incidence and mortality over the
period 2002-2018 by region (cases/100,000 women).
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D.2. Breast cancer incidence by age group

Table D.2 presents age specific incidence rates for each age interval for each year from 2002 to 2018.

Age 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 Mean (Std)

0-19 0.7 0.3 0.5 1.5 1.2 1.0 0.6 0.8 0.9 0.7 0.7 0.7 0.5 0.9 0.5 0.7 0.6 0.8 (0.3)
20-24 3.2 3.2 2.8 4.5 5.1 3.2 3.2 4.3 2.3 3.2 3.1 3.6 1.9 2.1 3.5 4.1 3.7 3.3 (0.8)
25-29 6.4 6.5 4.4 8.3 8.9 9.8 8.4 5.3 7.5 6.1 6.2 6.8 5.8 6.3 8.5 6.7 9.4 7.1 (1.5)
30-34 14.0 16.0 11.5 18.2 17.6 14.6 12.3 13.3 14.1 13.8 18.8 15.4 15.8 16.5 20.2 17.2 18.8 15.8 (2.4)
35-39 34.2 35.8 23.9 35.3 36.6 32.8 30.4 32.6 33.3 36.0 37.9 36.6 34.8 37.5 35.9 35.9 36.7 34.5 (3.3)
40-44 67.1 63.6 55.7 74.4 64.5 66.1 62.2 61.6 62.0 69.7 74.2 71.5 67.8 68.1 78.9 71.2 64.2 67.2 (5.6)
45-49 91.4 106.5 87.3 111.4 94.0 105.3 92.8 100.0 103.7 112.4 117.1 106.3 101.3 111.9 117.9 97.6 104.0 103.6 (8.7)
50-54 110.2 123.8 100.7 113.9 99.7 111.2 105.6 114.0 114.0 119.0 123.0 121.7 108.1 129.1 125.9 102.8 115.9 114.0 (8.6)
55-59 140.0 164.6 126.7 149.6 119.4 131.0 111.8 122.1 122.2 124.9 122.2 140.1 127.3 138.5 125.1 124.5 121.9 130.1 (12.5)
60-64 142.9 173.2 124.0 173.8 143.9 161.0 152.5 144.1 158.5 165.4 162.1 159.3 147.0 138.0 138.9 136.9 133.1 150.3 (14.0)
65-69 151.2 172.5 135.9 162.5 143.1 169.3 178.0 157.2 177.0 184.7 180.4 196.0 177.9 171.9 163.7 164.2 144.5 166.5 (15.6)
70-74 165.9 176.9 160.1 176.0 164.8 150.2 152.8 157.9 182.6 185.9 179.8 181.7 198.5 188.6 173.4 178.6 178.7 173.7 (12.8)
75-79 172.3 189.6 165.9 207.0 153.5 170.7 154.0 163.8 168.9 169.1 182.0 171.7 166.3 180.7 181.3 160.3 163.3 171.8 (12.9)
80-84 207.8 208.0 195.4 197.8 178.5 200.5 167.0 149.5 181.1 173.1 163.1 178.3 156.0 147.1 144.4 128.3 124.5 170.6 (25.6)
85+ 230.0 224.4 234.2 225.8 194.2 228.7 213.5 179.3 189.5 204.1 161.6 156.4 149.5 118.9 111.7 100.1 75.1 176.3 (49.3)

Table D.2: Crude incidence rate by year and age group (cases/100,000 women).
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D.3. Breast cancer mortality by age group

Table D.3 presents age specific mortality rates for each age interval for each year from 2002 to 2018.

Age 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 Mean (Std)

0-19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 (0.0)
20-24 0.0 0.3 0.2 0.2 0.0 0.0 0.0 0.1 0.1 0.0 0.1 0.0 0.0 0.1 0.0 0.1 0.1 0.1 (0.1)
25-29 0.6 0.6 0.5 0.3 1.1 0.5 1.2 0.9 0.9 1.1 0.3 1.2 0.9 0.4 0.5 0.3 1.0 0.7 (0.3)
30-34 2.0 2.3 1.3 2.9 1.6 1.1 3.0 1.4 2.0 2.0 1.9 2.0 2.1 2.6 2.1 2.9 3.4 2.2 (0.6)
35-39 4.9 5.0 6.7 5.9 6.5 4.6 5.3 5.5 6.0 4.0 4.9 5.0 7.0 6.2 4.8 4.1 5.2 5.4 (0.8)
40-44 9.4 11.2 10.1 12.1 10.3 11.1 9.3 9.7 11.4 9.6 12.3 11.1 10.2 10.6 10.7 8.7 12.8 10.6 (1.1)
45-49 18.1 18.3 16.7 16.6 19.0 18.8 16.6 19.6 18.9 17.2 17.2 19.7 17.7 17.5 17.3 14.8 14.1 17.5 (1.5)
50-54 26.5 30.1 26.1 22.2 21.3 23.3 24.7 25.7 25.4 26.7 22.0 21.2 24.5 22.5 24.7 25.3 18.8 24.2 (2.6)
55-59 33.0 31.6 33.1 32.4 29.6 33.4 29.0 32.2 31.0 29.0 29.6 28.9 27.8 32.8 30.0 29.7 29.5 30.8 (1.7)
60-64 36.2 38.5 43.1 40.5 41.2 34.4 40.8 42.4 39.1 38.0 36.4 38.1 29.1 33.4 31.7 38.0 30.8 37.2 (4.0)
65-69 49.2 42.6 43.4 48.4 45.1 45.4 48.0 53.2 47.8 48.0 44.9 43.3 46.4 47.6 47.2 38.7 39.7 45.8 (3.5)
70-74 55.6 44.2 51.8 61.8 52.7 52.2 55.1 52.5 47.5 60.3 56.9 63.4 56.9 54.4 62.1 60.1 49.2 55.1 (5.2)
75-79 76.9 69.7 59.8 71.7 71.1 60.8 72.6 70.7 69.0 55.6 68.9 61.3 66.3 74.3 69.1 71.6 83.2 69.0 (6.5)
80-84 93.6 97.7 122.0 104.9 92.1 83.2 81.8 91.7 85.8 102.4 88.8 95.6 84.7 99.6 77.5 73.6 90.8 92.1 (11.2)
85+ 198.3 198.8 164.2 181.2 169.9 185.3 175.1 192.0 153.2 170.4 173.4 139.1 164.8 150.5 139.6 142.1 144.3 167.2 (19.4)

Table D.3: Crude mortality rate by year and age group (cases/100,000 women).
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Annexed E

Survival Records

The Kaplan-Meier curves for women in FONASA are made with the events observed and censored shown in table E.1. On the
other hand, table E.2 shows the events observed and censored used to make the Kaplan-Meier curves for women in ISAPRE. The
event table for both FONASA and ISAPRE women can be obtained by summing both tables.

Event tables for other Kaplan-Meier curves shown in results section are not included due to their extension.
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Time (months) Removed Observed Censored At risk

0 1,191 1,073 118 54,642
1 907 527 380 53,451
2 760 375 385 52,544
3 659 302 357 51,784
4 578 277 301 51,125
5 589 224 365 50,547
6 604 262 342 49,958
7 622 241 381 49,354
8 590 227 363 48,732
9 568 207 361 48,142
10 616 219 397 47,574
11 532 218 314 46,958
12 550 206 344 46,426
13 515 189 326 45,876
14 510 189 321 45,361
15 500 194 306 44,851
16 487 184 303 44,351
17 523 168 355 43,864
18 495 180 315 43,341
19 538 186 352 42,846
20 553 197 356 42,308
21 449 176 273 41,755
22 542 177 365 41,306
23 501 191 310 40,764
24 494 166 328 40,263
25 486 127 359 39,769
26 474 162 312 39,283
27 465 145 320 38,809
28 430 135 295 38,344
29 471 147 324 37,914
30 465 140 325 37,443

Time (months) Removed Observed Censored At risk

31 400 138 262 36,978
32 470 140 330 36,578
33 446 108 338 36,108
34 436 125 311 35,662
35 407 120 287 35,226
36 434 107 327 34,819
37 383 96 287 34,385
38 446 102 344 34,002
39 420 95 325 33,556
40 401 119 282 33,136
41 442 99 343 32,735
42 420 92 328 32,293
43 416 90 326 31,873
44 359 91 268 31,457
45 391 99 292 31,098
46 406 86 320 30,707
47 365 92 273 30,301
48 388 82 306 29,936
49 321 70 251 29,548
50 365 96 269 29,227
51 375 84 291 28,862
52 342 80 262 28,487
53 363 66 297 28,145
54 315 72 243 27,782
55 323 72 251 27,467
56 355 65 290 27,144
57 321 59 262 26,789
58 341 78 263 26,468
59 289 70 219 26,127
60 25,838 81 25,757 25,838

Table E.1: Event table for the survival curve for patients in the public health system.
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Time (months) Removed Observed Censored At risk

0 127 110 17 14,693
1 167 49 118 14,566
2 152 28 124 14,399
3 163 45 118 14,247
4 120 39 81 14,084
5 155 32 123 13,964
6 119 35 84 13,809
7 109 22 87 13,690
8 122 30 92 13,581
9 117 23 94 13,459
10 106 22 84 13,342
11 94 20 74 13,236
12 118 17 101 13,142
13 127 20 107 13,024
14 134 34 100 12,897
15 128 19 109 12,763
16 146 35 111 12,635
17 122 24 98 12,489
18 121 20 101 12,367
19 131 27 104 12,246
20 105 22 83 12,115
21 85 17 68 12,010
22 108 20 88 11,925
23 75 20 55 11,817
24 120 29 91 11,742
25 130 18 112 11,622
26 130 22 108 11,492
27 126 27 99 11,362
28 121 16 105 11,236
29 146 26 120 11,115
30 120 10 110 10,969

Time (months) Removed Observed Censored At risk

31 120 21 99 10,849
32 128 26 102 10,729
33 118 15 103 10,601
34 136 17 119 10,483
35 82 15 67 10,347
36 135 15 120 10,265
37 115 29 86 10,130
38 124 23 101 10,015
39 91 17 74 9,891
40 94 18 76 9,800
41 93 15 78 9,706
42 102 15 87 9,613
43 99 15 84 9,511
44 108 24 84 9,412
45 92 14 78 9,304
46 122 8 114 9,212
47 79 13 66 9,090
48 113 10 103 9,011
49 103 10 93 8,898
50 108 12 96 8,795
51 123 14 109 8,687
52 75 11 64 8,564
53 84 10 74 8,489
54 85 12 73 8,405
55 101 14 87 8,320
56 84 12 72 8,219
57 94 7 87 8,135
58 90 15 75 8,041
59 77 20 57 7,951
60 7,874 9 7,865 7,874

Table E.2: Event table for the survival curve for patients in the private health system.
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Annexed F

Disease progression

This appendix presents further details on the tumor growth model presented in section
2.1.1.

It was shown that the stochastic process representing the tumors stages had a probability
transition matrix P shown in equation 2.6.

For the diagonalization, the eigenvalues found for the Wmatrix are {−γ−η,−γ−ω,−γ, 0}.
The resulting transition matrix P is as follows.

M1 =



e(−γ−η)V̄ (t,∆t) η(e(−γ−ω)V̄ (t,∆t)−e(−γ−η)V̄ (t,∆t))
η−ω

ωe(−γ−η)V̄ (t,∆t)−ηe(−γ−ω)V̄ (t,∆t)

η−ω − e−γV̄ (t,∆t)

0 e(−γ−ω)V̄ (t,∆t) e−γV̄ (t,∆t) − e(−γ−ω)V̄ (t,∆t)

0 0 e−γV̄ (t,∆t)

0 0 0
0 0 0
0 0 0



M2 =



γ(1−e(−γ−η)V̄ (t,∆t))
γ+η

γη

η − ω

(
e(−γ−η)V̄ (t,∆t)

γ + η
−
e(−γ−ω)V̄ (t,∆t)

γ + ω

)
+

γη

(γ + η)(γ + ω)

γ

η − ω

(
ηe(−γ−ω)V̄ (t,∆t)

γ + ω
−
ωe(−γ−η)V̄ (t,∆t)

γ + η

)
− e−γV̄ (t,∆t) +

ωη

(γ + η)(γ + ω)

0 γ(1−e(−γ−ω)V̄ (t,∆t))
γ+ω

γe(−γ−ω)V̄ (t,∆t)+ω
γ+ω − e−γV̄ (t,∆t)

0 0 1− e−γV̄ (t,∆t)

1 0 0
0 1 0
0 0 1


P (t,∆t) = [M1,M2]
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The parameters found by Plevritis et al [31] under the assumtion that E(R) = 1 are shown
in table F.1.

Estimate Estimate 95% CI

ln(γ̂) -9.602 [−9.624,−9.580]
ln(η̂) -9.636 [−9.661,−9.610]
ln(ω̂) -11.765 [−11.816,−11.713]
ln
(
β̂
)

-0.165 [−0.187,−0.143]
α̂ β̂ -

Table F.1: Parameters found by Plevritis et al. [31] under the assumption
of E(R) = 1.

Then, considering E(R) = (167/365)/ln(2), parameters in table F.1 must be re escalated
as shown in equation F.1. The parameters obtained are shown in table F.2.

γ̂ = exp(−9.602)/E(R)
η̂ = exp(−9.636)/E(R)
ω̂ = exp(−11.765)/E(R) (F.1)
β̂ = exp(−0.165)/E(R)
α̂ = β̂/E(R) = exp(−0.165)

Estimate 95% CI

E(R) [0.66± 0.075]
ln(γ) [−9.186± 0.116]
ln(η) [−9.22± 0.117]
ln(ω) [−11.349± 0.125]
ln(β) [0.251± 0.116]
ln(α) [−0.165± 0.022]

Table F.2: Escalated parameters for the disease progression model.

Confidence intervals where estimated assuming the independence between variables
and that the variables where normal distributed.

In addition, and as stated in section 2.1.1, the parameter λ was modified in order to
improve the similarity with the Chilean reality. The parameter γ∗ = exp(−9.429) was found
by minimizing the absolute error between the distribution of stages from the P matrix at a
steady state distribution, and the distribution of stages reported by [39].
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Annexed G

Breast cancer model including
screening mammograms

This appendix presents further details on the stochastic model from section 2.1.2.

A explicit form of the transition probability matrix P ′ will be shown. To simplify notation,
define the following variables that depend on previous parameters.

ρ̃ := ρ̃(n) = 1− ρ(n)
M̃q0 := M̃q0(n) = 1−M(n)q0

M̃q := M̃q(n) = 1−M(n)q
(
V (n− N̂12 )

)

P̂S,S′ := P̂S,S′(n) = PS,S′

(
n− N̂

12 , 1/12
)

(G.1)

Then, the non homogeneus markov process (Zn) with states {H,C0, ..., C3, D0, ..., D3, R}
is defined by its transition matrix P ′(n) shown in equation G.2. Figure 2.2 shows a diagram
of this process.

62



P ′1(n) =



1− ρ̃φ0 − ρ ρ̃φ0 0 0 0
0 ρ̃M̃q0(1− φ0,1 − λ) ρ̃M̃q0φ0,1 0 0
0 0 ρ̃M̃qP̂C1,C1 ρ̃M̃qP̂C1,C2 ρ̃M̃qP̂C1,C3

0 0 0 ρ̃M̃qP̂C2,C2 ρ̃M̃qP̂C2,C3

0 0 0 0 ρ̃M̃qP̂C3,C3



P ′2(n) =



0 0 0 0 ρ

ρ̃(Mq0 + M̃q0λ) 0 0 0 ρ

0 ρ̃(Mq + M̃qP̂C1,D1) ρ̃M̃qP̂C1,D2 ρ̃M̃qP̂C1,D3 ρ

0 0 ρ̃(Mq + M̃qP̂C2,D2) ρ̃M̃qP̂C2,D3 ρ

0 0 0 ρ̃(Mq + M̃qP̂C3,D3) ρ



P ′(n) =
[
P ′1(n) P ′2(n)

05 I5

]
(G.2)

Where 05 is a 5x5 matrix with zeros and I5 is the 5x5 identity.
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