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Abstract

More than 85% of the global burden of cervical cancer occurs in developing countries, where it
is the second most common cancer among women. In Brazil alone, a total of 17,500 new cases
and 3,300 deaths of cervical cancer are expected in 2012. Despite the investments in cytology-
based screening in the country, the reduction of cervical cancer incidence has been less than
expected. The aim of this thesis was to investigate the cost-effectiveness of alternative cervical
cancer screening and HPV vaccination strategies in Brazil. This was achieved by focusing on
three specific objectives: 1) To evaluate the cost-effectiveness of cervical cancer screening
strategies for women presenting equivocal cytological results, 2) To evaluate the cost-
effectiveness of cervical cancer screening strategies for HIV-infected women, 3) To evaluate
the cost-effectiveness of HPV vaccination for pre-adolescent women. An additional objective
was to review and provide guidance on the use of model calibration methods in economic
modelling assessments, as they are particularly important in screening and vaccination studies.
The first empirical analysis found that HPV triage for women above 30 years-old presenting
equivocal cytology results was likely to be very cost-effective. The second empirical analysis
found that to screen HIV-infected women with HPV testing followed by cytology annually was
also likely to be very cost-effective. The third empirical analysis demonstrated that adding the
quadrivalent vaccination of pre-adolescent girls to the current efforts to control cervical cancer
in Brazil was very cost-effective for most of the scenarios analyzed. The vaccine was even cost
saving when considering low coverage and cost of vaccination. This thesis presents findings
that will inform cervical cancer screening and HPV vaccination policies in middle-income
countries like Brazil and also provides guidance to help improve the standards of model

calibration approaches used in cost-effectiveness analysis.
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1 Introduction

1.2 Background
Cervical cancer is the third most common cause of cancer among women worldwide, and the
second in developing countries [1]. According to GLOBOCAN, an estimated 530,000 new cases
and 275,000 deaths occurred in 2008 [2]. More than 85% of the global burden of disease
occurs in developing countries and this figure is expected to increase to 90% by the year 2020
[2, 3]. In Latin America, an average of 72,000 new cases of cervical cancer and 33.000 deaths
occur annually, representing an economic loss of approximately USS$ 3.3 billion per year [4]. In
Brazil, a total of 17,500 new cases and 3,300 deaths of cervical cancer are expected in 2012 [5].
This neoplasm has an especially profound societal impact because it primarily affects women

in their 30s to their 50s, a time when they are more likely to be raising and supporting families.

In Brazil as in most Latin American countries, despite the investments in cytology-based
screening, the impact in reducing cervical cancer incidence has been less than expected [6].
Cervical cancer control strategies in the region have been mostly centred on increasing the
coverage of cytology-based screening to the overall population [7]. Little has been made to
evaluate potential improvements by using new HPV vaccination and screening technologies, or
to better screen groups subjected to higher risk of pre-cancer and cancer lesions [8, 9]. For
example, women presenting equivocal results at routine screening and women infected with

HIV.

HIV-infected women are at increased risk of acquiring HPV, particularly the HPV-types with a
high risk of causing cancer [10]. HIV-mediated immunosupression appears to reduce clearance
of HPV and increase the risk of cervical cancer disease progression [11]. With the widespread

availability of highly active antiretroviral therapy (HAART) there has been a dramatic increase
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in the life expectancy of people infected with HIV [12]. Unfortunately, the incidence of cervical

cancer among HIV-infected women has not decreased [13-15].

Cervical cancer screening programmes based on cytology are difficult to implement in
resource-limited countries in the same way they have been implemented in industrialized
countries [6]. Cytology is a subjective test and in countries with limited quality control it is
difficult to attain or sustain high test performance [6]. Alternative strategies involving HPV
DNA testing (for high-risk types) have the potential to improve the current screening
standards. HPV DNA testing is more sensitive than cytology, but it is less specific and more
costly [16, 17]. Determining the optimal cervical cancer screening strategies for those women
presenting equivocal cytology results and those infected with HIV requires a formal analysis of

the costs and health outcomes of alternative strategies over a long time horizon.

Although low- and middle-income countries (LMIC) bear most of the global burden of cervical
cancer and could benefit the most of these cost-effectiveness analyses, these studies have
mainly been conducted in high income countries. In the UK, US and the Netherlands, studies
have shown that the HPV DNA test for high-risk types is a cost-effective technology for
managing women with equivocal cytological results [18-20]. For HIV-infected women, only two
studies from the US looked at the cost-effectiveness of primary and secondary screening
strategies [21, 22]. In fact, the second study is an extension of the first including HPV DNA
testing. This study concluded that HPV DNA testing followed by cytology triage would be an
effective and cost-effective modification of the screening protocol of annual cytology

screening for HIV-infected women [22].

In recent years, two HPV vaccines became available: a bivalent vaccine that prevents infections
by types 16 and 18, and a quadrivalent vaccine that besides 16 and 18 also prevents infection
by types 6 and 11 [23-25]. HPV types 16 and 18 are associated with 70% of cervical cancers and

types 6 and 11 are associated with 90% of anogenital warts [25, 26]. Although having the
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potential to reduce the burden of these two diseases in developing countries, neither vaccine
has been introduced in the publicly funded immunization programmes of most of these

countries.

Mathematical models offer the opportunity to synthesize the best available data and project
the impact of vaccination in order to evaluate its cost-effectiveness over a period of time
beyond those used in clinical trials. Dynamic individual-based models allow for more realistic
representation of the disease as well as a broader analysis of the benefits of the vaccine. The
bivalent vaccine has been previously evaluated for Brazil using a dynamic individual-based

model [27]; however, the quadrivalent vaccine has not yet been evaluated.

Following from literature reviews, discussions with international experts and decision makers
in Brazil, this thesis aim was to investigate the cost-effectiveness of alternative cervical cancer
screening and HPV vaccination strategies in Brazil. This broad investigation was composed by
three cost-effectiveness analyses based on three distinct mathematical models built according
to the research question. The first empirical analysis attempts to define what the most cost-
effective management for women presenting equivocal cytological results is by using a Markov
model representing the natural history of HPV. The second empirical analysis attempts to
define what the most cost-effective cervical cancer screening strategy for HIV-infected women
is by also using a Markov model that besides the HPV natural history also features the HIV-
mediated immunosupression. The third empirical analysis attempts to define whether the
inclusion of the HPV quadrivalent vaccination to the current efforts to contro! cervical cancer is
cost-effective using a dynamic individual-based model representing the natural history of the

four HPV types included in the vaccine.

Model calibration is particularly important in economic assessments looking at large
populations such as those evaluating screening and vaccination. These models tend to be

particularly complex and highly dependent on data from various sources subjected to different
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levels of certainty. Calibration is an important tool not only to estimate uncertain parameters
but also to evaluate the consistency of models. Despite its importance and growing use, the
literature on how to best calibrate models in EE is scarce. In order to shed some light on the
best practices in calibrating models, which would be useful in conducting the empirical

analyses proposed, an additional objective to review and provide guidance on these methods

was added to the thesis.

1.3 Aim and objectives

The overall aim of this thesis was to evaluate the cost-effectiveness of cervical cancer screening
and HPV vaccination strategies in Brazil. This was achieved by focusing on four specific objectives.
The first three objectives relate to the empirical examination of various HPV and cervical cancer
prevention questions. In addition, whilst reviewing the literature, particularly the calibration
methods used in screening and vaccination economic modelling assessments, | noticed the
lack of standards in calibrating these models, and how this could undermine the credibility of
economic evaluations. Therefore, a fourth objective was added to the thesis. The four

objectives of the thesis are:

1. To evaluate the cost-effectiveness of cervical cancer screening strategies for women
presenting equivocal cytological results

2. To evaluate the cost-effectiveness of cervical cancer screening strategies for HIV-infected
women

3. To evaluate the cost-effectiveness of HPV vaccination strategies for women

4. To review the current methods of calibration and provide guidance on the use of

model calibration in economic evaluation
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1.4 Thesis structure
The remaining chapters of the thesis are structured as follows. The second chapter provides
background information on the burden of HPV-related diseases. It then presents an overview
of the natural history of HPV infection and cervical cancer as well as potential control
strategies. Finally, the tenets of economic evaluation are discussed focusing on how they can

better inform decisions in health care.

The third chapter provides a review of the literature assessing the cost-effectiveness of
cervical cancer screening strategies. It also presents a review of the literature assessing the
cost-effectiveness of HPV vaccination. The methods and results of the studies are discussed in
detail, particularly of those studies looking at research questions similar to the ones explored

in this thesis.

Chapters four to seven comprise four research papers, each prefaced with a brief preamble.
Chapter four offers a practical seven-step approach to calibrate models in economic evaluation.
These seven steps are: (1) Which parameter should be varied in the calibration process? (2) Which
calibration target should be used? (3) What measure of goodness-of-fit should be used? (4) What
parameter search strategy should be used? (5) What determines acceptable goodness-of-fit
parameter sets (convergence criteria)? (6) What determines the termination of the calibration
process? (7) How should the model calibration results and economic parameters be integrated? In

each of these steps, the alternative methods that could be used were explained and

compared.

Chapter five presents an evaluation of the lifetime cost-effectiveness of alternatives strategies
to manage women presenting equivocal cytological results in Brazil in terms of cost per years
of life saved (YLS). It uses a Markov model that was populated using data from the Ludwig-

McGill cohort study and calibrated to independent observational data sets. This study analyzed
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five secondary screening strategies including repeated cytology, HPV hybrid capture Il testing

and colposcopy according for different age strata.

Chapter six evaluates the lifetime cost-effectiveness of alternative strategies to screen HIV
infected women for cervical cancer in Brazil in terms of cost per YLS. This analysis uses a
Markov model that was populated using data derived from the literature and calibrated to
data from the IPEC/FIOCRUZ Women'’s HIV-infected cohort. This study analyzed twenty seven
primary and secondary screening strategies combining cytology, HPV HCII, and colposcopy for

different time intervals and CD4 cell count strata.

The seventh chapter presents a cost-effectiveness analysis of HPV quadrivalent for pre-
adolescent women in Brazil in terms of cost per quality-adjusted life year (QALY). The model
used in this evaluation is a dynamic individual-based model representing the natural history of
the HPV types 6, 11, 16 and 18. The analysis focused on the impact of the HPV quadrivalent

vaccination of pre-adolescent girls to the current efforts to control cervical cancer in Brazil.

Chapter eight provides an overview of the thesis as a whole, bringing together the result of the
four research papers. The chapter also provides a balanced analysis of the strengths and
limitations of the thesis, pointing out potential areas for future research. In the conclusion of
the chapter, the implications of the findings for both analysts and decision-makers are

discussed.

1.5 Contribution of the candidate to the thesis

The candidate had the ideas for all four studies included in this thesis and also conducted most
of the investigations himself. Therefore, he is first author of the four resulting papers. Three of

which have already been published and the last one has been accepted for publication. It

17



constitutes his distinct contribution to the field of economic modelling assessment in health, as

detailed below.

Research paper 1 was conceived and developed by the candidate. He conceptualized the
seven step approach, conducted the literature review, discussed the findings, and drafted the
manuscript. Jonathan Karnon contributed to the discussion of the findings and accompanying
methodological guidance. Jason Madan contributed to the section on Bayesian methods.
Richard G White and John Edmunds also contribute to the design of the study and
interpretation of results. Rosa Legood and Anna Foss collaborated in the review of the
literature, interpreting the findings, and help manage each round of comments and
suggestions from co-authors. This paper has been published in the Pharmacoeconomics

journal.

The research question for research paper 2 was conceived by the candidate while he was
writing his Master’s dissertation on a similar topic. The candidate developed the mathematical
model, calibrated the model, discussed the results and drafted the manuscript. Eduardo
Franco and Luiza L Villa provided the data derived from the Ludwig-McGill cohort study to
populate the model and discussed the results. Paula Mendes Luz provided modelling and
calibration advice and helped discuss the findings. Rosa Legood and Gilberto Schwartsmann
helped the candidate to discuss the findings and to manage each round of comments and

suggestions from co-authors. This paper has been published in the International Journal of

Cancer.

Research paper 3 was linked to a research grant funded by IPEC/FIOCRUZ. The research
question for this paper was conceived by the candidate in collaboration with Paula Mendes Luz
and Beatriz Grinsztejn as part of a research grant financed by FIOCRUZ. The candidate
developed the mathematical model, calibrated the model, discussed the results and drafted

the manuscript. Paula Mendes Luz helped the candidate estimate the calibration targets,
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provided modelling advice, discussed the findings and interprets the results. Beatriz Grinsztejn,
Valdilea G Veloso and Marco Mesa-Frias also helped to discuss the findings and interpret the
results. Rosa Legood and Anna Foss helped to discuss the findings, and to manage each round
of comments and suggestions from co-authors. This paper has been published in the

International Journal of Cancer.

The candidate led in the conception of the research question for research paper 4 in
collaboration with Rosa Legood. The candidate developed the mathematical model, calibrated
the model, discussed the results and drafted the manuscript. Paula Mendes Luz provided
modelling and calibration advice, discussed the findings and interpret the results. Marco Mesa-
Frias also helped to discuss the findings and interpret the results. Rosa Legood and Anna Foss
helped to discuss the findings, interpret the results, and to manage each round of comments

from co-authors. This paper has been accepted for publication in the Vaccine journal.

2 Background

2.2 Disease and control

2.2.1 Burden of cervical cancer

Cervical cancer is the third most common cancer among women worldwide, and the second in
developing countries [2]. Some 85% of the cases occur in developing countries and this figure
is expected to increase to 90% by the year 2020 [1, 3]. Cervical cancer accounts for 13% of
female cancers in developing countries, with a cumulative risk before age 65 of 1.5%, while in
developed countries it accounts for only 3.6% of all female cancers, with a cumulative risk of
(ages 0-64) of 0.8% [2]. The incidence is generally higher in the developing countries of Eastern

and Western Africa (age-standardized incidence rates (ASR) 30.0 per 100,000), South-Central
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Asia (ASR 24.6.3) and South America (ASR 23.9) [2]. The incidence starts to rise from age 20 to

30 and is the highest between age 50 to 60 [5].

According to GLOBOCAN 2008, the overall cervical cancer mortality rate is 52%. In 2008, it was
responsible for 275,000 deaths worldwide. About 88% of which occurred in developing
countries: 53,000 in Africa, 31,500 in Latin America and the Caribbean, and 159,800 in Asia [2].
Since it affects relatively young women, it is an important cause of lost years of life in the
developing world. Yang et al. found that it was responsible for 2.7 million years of life lost (YLL)
worldwide in 2000 and it was the biggest single cause of YLL from cancer in the developing
world [28]. In Latin America and the Caribbean, cervical cancer contributes to more years of
life lost than AIDS or tuberculosis [28, 29]. In Brazil, cervical cancer is the second leading cause

of cancer among women and the fourth leading cause of cancer-related deaths in this group

(7, 30].

In Brazil, a total of 24,562 new cases of cervical cancer were diagnosed in 2008 which
corresponds to ASR incidence rate per 100,000 of 24.5 [2]. For 2012, a total of 17,540 cases are
expected corresponding to a ASR of 17 [5]. Screening has lead to less than expected impact in
reducing cervical cancer incidence in most Latin American countries, despite substantial efforts

and healthcare investments [7]. In Brazil the mortality rate remains stable and high around

10.9 deaths per 100,000 in 2008 (11,055 deaths in total) [5].

2.2.2 HPV infection and cervical disease

Over 100 HPV types have been characterized molecularly and about 40 types are able to infect
the genital tract. HPV infection is categorised by HPV type and carcinogenic risk as 1) high risk

types (HR HPV), including 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, 68, 73, and 82; and
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2) low risk types (LR HPV), including 6, 11, 26, 32, 34, 40, 42, 44, 53, 54, 55, 57, 62, 64, 67, 69,

70,71, 72, 81, 83, 84, 89 and others [31].

Human papillomavirus consists of 8,000 base-pair long circular DNA molecules wrapped into a
protein shell that is composed of two protein molecules (L1 and L2). The genome has the
coding capacity for these two proteins and at least six early proteins (E1, E2, E4-E7). These
early proteins are necessary for the replication of the viral DNA and for the assembly of the

newly produced virions within the infected cells [32].

Papillomavirus are well adapted to their natural host tissue, the differentiating epithelial cell of
skin or mucosae, and exploit the cellular machinery for their replication. The cycle starts when
infectious particles reach the basal layer of the epithelium through small breaks. It is believed
that for maintenance of the infection, the virus has to infect an epithelial stem cell. The
replication cycle is divided in two parts. First, the viral genome is replicated to a low copy
number and maintained at this low copy number within the initially infected, but still
replication competent, cells [33). The proteins E1 and E2 are necessary for this viral DNA
repli(;ation at this stage. It is believed that during viral persistence, the immune system keeps
the infection in this contained state. Second, the basal cells are pushed to the suprabasal
compartment, they lose their ability to divide and instead initiate the terminal differentiation
programme. Papillomaviruses replicate in this compartment, and for their release into the

environment, occurs on the basis of the disintegration of the epithelial cells that is part of their

natural turn-over at the superficial layers [32].

The critical molecules in the process of virus replication are the viral proteins E6 and E7, which
interact with a number of cellular proteins. In experimental systems these interactions have
been shown to induce proliferation and eventually immortalization and malignant
transformation of cells. The best characterized interactions are with the proteins pRB and p53,

which are pivotal in cell cycle control, and are mutated in numerous cancers. Binding of E7 to
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pRB activates the DNA replication process, whether E6 targets p53 which controls cellular
apoptosis (i.e. programmed cell death). The constant activity of viral proteins E6 and E7 leads
to increasing genomic instability, accumulation of oncogene mutations, further loss of cell-
growth control and eventually cancer [34]. There are differences between the E6/7 proteins of
high-risk and low-risk types, but these are often of a quantitative rather than a gualitative

nature [32].

Although the presence of HPV is necessary for the development of cervical cancer, being
detected in 5%-40% of asymptomatic women of reproductive age [32, 35], most infected
women do not develop the cancer. In fact, 90% of infected women clear the infection within 2
years [36]. Other cofactors for the development of cervical cancer include tobacco smoking,
high parity, use of contraceptives, and co-infection with other STis (e.g. herpes, Chlamydia and

HIV} [37].

Women who do not clear the infection are likely to develop pre-invasive (or pre-cancerous)
cervical cancer lesions [38]. This process is more likely to occur in the transformation zone,
where the ectocervical epithelium (vagina) transforms itself into endocervical epithelium
(uterus) through a process called metaplasia [39]. Alternative names for pre-cancer lesions are
cervical intraepithelial neoplasia (CIN) and squamous intraepithelial lesions (SIL) [38]. CIN
lesions are subdivided into three grades: CIN 1 — mild, CIN2 — moderate and CIN 3 — severe
dysplasia. The SIL (Bethesda) system is more often used to classify cytological specimens and
there are only two categories: low grade SIL (LSIL) and high grade SIL (HSIL) [40, 41]. It is often
considered that LSIL encompasses CIN 1 and HSIL encompasses CIN 2 and 3. However, it is
important to point out that the test can also generate more uncertain results, also called
equivocal results. Among these equivocal results one of the most frequent, which is also
associated with an increased risk for underlying high grade pre-cancer lesion is the atypical

squamous cells of unknown significance (ASC-US).
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As discussed in the next section, most screening efforts focus on detecting the pre-cancer
lesions and to treat them according to their risk of progression to invasive cancer, i.e. follow
more closely those women with LSIL and removing the CIN2/3 lesion of those women with
HSIL results [6]. While the median age of women with CIN 3 is 27-30, the median age of
women with invasive cervical cancer is skewed to older ages [38]. Women with screen-
detected cases of invasive cancer tend to be on average 10 years older than women with CIN

3, which suggest a long average sojourn time in CIN 3 state [38].

Women infected with HIV (WHIV) are at increased risk of HPV infection, particularly by HPV
types with a high risk of causing cervical cancer [10]. HIV-mediated immunosuppression
appears to reduce clearance of HPV and increase the risk of cervical disease progression [11].
Cervical cancer ranks as one of the most common cancers found in WHIV [42]. HAART has the
Potential to restore the immune response, therefore, reducing the risk of HPV infection and
persistence [13, 14]. This should decrease the occurrence of pre-cancerous and cancerous

lesions, however, the observed decrease in cervical cancer incidence has been smaller than

expected [15, 43).

The HPV-related disease with the greatest burden is squamous cells carcinoma of the cervix,
however, the virus also plays a role in other diseases with lower burden such as genital warts,
cervical adenocarcinoma, recurrent respiratory papillomatosis, anal cancer and others [32, 37).
HPV 6 and 11 alongside other low risk HPV types cause ano-genital warts (condylomas). Whilst
of those infected only a small percentage (between 1 to 5%) develops genital warts, those
infected can still transmit the virus. Warts are benign but their location and their recurrent

Nature are causes of distress and social stigma [44].
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2.2.3 HPV/Cervical cancer control

Cervical cytology has been used in the developed and parts of the developing world as the
main tool for population cervical cancer screening programmes [6]. In Brazil, it was
incorporated as a nation-wide screening programme in 1998 [7]. The pap smear test, which is
the popular name of cervical cytology, is not only capable of detecting the cancer at its early
stages, but especially of detecting pre-cancer lesions, allowing their cure using relatively simple
procedures. The test involves collecting cells from the outer opening of the cervix of the uterus
and the endocervix, smearing them on a glass slide, and then reading the slide under a
microscope [40]. According to a systematic review, its sensitivity varies from 30% to 87% and
its specificity from 86% to 100% [45]. The pap test is highly dependent on the conditions of
specimen collection, training of cytopathologists, and appropriate quality control of its various
steps [8]. Deficiencies in these areas are the main reasons for the low coverage and low

performance observed in less developed countries [9] when compared to developed countries.

Liquid-based cytology (LBC) is a variation of conventional cytology in which the material is
placed in a vial of preservative fluid. The sample of cells suspended in this fluid can be spun
automatically at the laboratory using a machine [46]. The advantages of this method are two-
fold: firstly the cells are spread in an even layer on the slide minimizing contamination by
blood and mucus, and secondly the same specimen can be used for HPV triage (reflex HPV
test). Although initial studies pointed to a 12% improvement in sensitivity of LBC compared to
conventional cytology [46], a recent systematic review did not support the claim that LBC
performs better than conventional cytology [47]. The main disadvantage of this technology is
its marginal gain in respect to a substantial additional cost of implementation, which makes it
particularly not attractive for resource-limited settings, as discussed by Caetano et al. in a

study conducted in Brazil looking at different primary screening strategies [48].
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HPV DNA assays have great potential to be used as a primary screening test, and as secondary
screening to select which women who have equivocal cytological results should be referred to
colposcopy [6]. Studies have shown that HPV DNA tests like Hybrid capture 2 (HPV HCII)
demonstrated substantially higher sensitivity than cytology (around 84%), and slightly lower
specificity (around 73%) in the detection of pre-cancer lesions [6, 49, 50]. The test does not
rely so heavily on the training of collectors and cytopathologists, however, this technology may
be more expensive than cytology [7, 51]. It is worth noting that HPV HCIi is an alternative

approach to polymerase chain reaction (PCR), which is more sophisticated than HCIl and has

mainly been used for research purposes [52].

In resource-limited settings, low cost strategies like direct visual inspection (DVI)}, visual
inspection with acetic acid (VIA) and visual inspection with Lugol’s iodine (VILI) have been used
[53]. As the name suggests, DVI consists mainly of the visualization of the cervix using a
speculum and appropriate lighting. In the case of VIA, the examiner impregnates the cervix
with acetic acid which makes cervical intraepithelial lesions whiter than usual, facilitating its
identification and allowing further screening with more sensitive and specific technologies. VILI
uses Lugol’s iodine for the same purpose. It is worth mentioning that in the past these low-cost
technologies were used in Brazil [40]. Nonetheless, nowadays cytology is the recommended

screening technology widely used in the country and recommended by the Brazilian cervical

cancer screening guideline [40].

A series of new technologies have been proposed for cervical cancer screening like full
spectrum HPV genotyping, careHPV test, HPV mRNA test, HPV viral load, HPV integration, p16
ELISA, methylation markers, chromosomal abnormalities and others [6, 52]. However, the
majority of them are still at a testing stage and have not been officially incorporated into any

screening guideline due to their high complexity as well as high costs.
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In recent years two HPV vaccines were developed, a bivalent vaccine covering two of the main
carcinogenic HPV types (16 and 18) and a quadrivalent vaccine covering these two oncogenic
types as well as two other non-oncogenic types associated with the development of genital
warts (6 and 11) [44, 54, 55]. In RCTs conducted in young females not previously infected with
high risk HPV, the quadrivalent vaccine has been shown to reduce by 99% (95%Cl 93-100) the
rate of HPV 16 or 18-related cervical lesions CIN2+[26]. The vaccine also reduce by 100%

(95%CI 94-100) the rate of HPV 6 and 11-related anogenital warts [55].

The bivalent vaccine has shown similar results to the quadrivalent vaccine in terms of
protection against HPV 16 and 18-related disease. Vaccine efficacy against HPV16 and 18-
related CIN2+ was 98.1% (95%Cl 88.4-100) [23], mean follow-up of 34.9 months. Posterior
studies have shown a sustained protection for up to 5 years for both vaccines [25, 54, 56];
however, longer follow-up will be needed to determine whether a booster vaccine is
necessary. Both vaccines show various degrees of protection against carcinogenic HPV types
not included in the vaccine [23, 57, 58]. HPV vaccination has been in incorporated in the
vaccination schedule of many countries. For example, Australia, Denmark and France provide
the quadrivalent vaccine, while the Netherlands provides the bivalent vaccine for pre-
adolescent girls. The UK also provides the bivalent vaccine; however, it was recently
announced that it will switch to the quadrivalent vaccine in September 2012. In Brazil, none of

the vaccines has been incorporated in the publicly funded vaccination programme yet.

When pre-invasive cancer lesions CIN 2/3 are detected through screening (HSIL result), they
are usually confirmed by a biopsy and treated using a number of alternative methods. The
most commonly used are loop electrosurgical excision procedure (LEEP) and cryotherapy. The
former uses an electrosurgical current to remove the pre-cancer lesion. The later uses freezing
to destroy the lesion. These treatments have been proved to be quite effective in preventing

recurrent disease [59-61].
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Once invasive cancer develops, if left untreated it will progress and eventually cause death.
Invasive cervical cancer can be classified in four stages under the International Federation of
Gynaecology and Obstetrics (FIGO) classification system. At stage 1 the cancer remains
confined to the uterus. By stage 2 the tumor invades beyond the uterus but not to the pelvic
wall. At stage 3 the cancer extends to the pelvic wall and/or involves lower third of the vagina
and/or compromises the kidney function. By stage 4 the cancer is invades the mucosa of
bladder or rectum and/or extends beyond the pelvis. Depending on the staging, management
strategies may involve: total or radical hysterectomy, pelvic lymphoadenectomy, external

pelvic irradiation, brachitherapy, or even pelvic exenteration [62].

2.3 Economic evaluation

Economic evaluation of health care interventions has been defined as the comparative analysis
of alternative courses of actions in terms of both their costs and consequences [63]. The
purpose of cost-effectiveness analysis (CEA), which is currently the most used type of
economic evaluation, is to compare the cost and effects of one intervention with at least one
alternative intervention [63]. In this type of analysis the effects are usually measured in
number of cases detected, years of life saved or quality-adjusted life years. When comparing a
new intervention with a current intervention, four possible scenarios arise, which are
represented in the cost-effectiveness plane (CE plane) in figure 2.1. In the plane, the horizontal
axis represents the effectiveness, the vertical axis the cost of the new intervention both
relative to a comparator, which is the origin of the graph. In quadrant Ii, the new intervention
dominates the comparator, which means it is more effective and cheaper. In quadrant IV, it is
the opposite; being less effective and more expensive the new intervention is dominated by

the current intervention. In quadrant 1, the new intervention is more expensive but also more
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effective and this is the scenario most often found in economic evaluation. Here, and also in

the quadrant lll, there is no clear dominating intervention [8,10].

By dividing the difference in intervention and comparator costs by the difference in
intervention and comparator effects the results can be expressed as an incremental cost-
effectiveness ratio (ICER), which tells us the cost of one additional unit of health gain. The
decision to switch to the new treatment depends on the value placed by society on this
additional health gain, or its willingness-to-pay (A), represented as a dashed line in the figure
2.1. Any new intervention depicted by a point to the right of the A is considered to be cost-
effective and should be adopted on the basis of representing better value for money than the
current strategy. A further concept in decision analysis is ‘extended dominance’. This can occur
when three or more options are being compared, and one option has a higher ICER than a

more effective comparator [8].

Figure 2.1: Cost-effectiveness plane

Cost

< - >  Effect.
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The randomized clinical trial (RCT) is considered the gold standard for testing hypothesis about
particular clinical parameters, and can also be used to collect data on resource use [64].
However, the increasing demand for formal analysis on costs and health outcomes over long
time horizons to inform decision making in health care persists to highlight limitations in trials
as the only basis for these decisions. These limitations relate to factors such as short-term
follow-up, the use of intermediate end-points and partial comparisons of options. The
approach that has since surfaced is to synthesise data on costs and health outcomes for cost-

effectiveness analysis is decision modelling [63].

23.1 Decision models

There are many model classifications. Most models are classified as being population-based
(also referred as compartmental), or individual-based [65). Markov models are a good example
of a compartmental model. These models were used in the cost-effectiveness analyses
presented in chapters 5 and 6. They consist of a set of mutually exclusive and collectively
exhaustive health states; each state representing the average characteristics of a group of
individuals. The finite time horizon of the analysis is divided into intervals which are called
Markov cycles. In each cycle, patients can either remain in the same health state or make a
transition from one state to another. Each of the possible transitions depends on a transition
probability. If these transition probabilities are constant, the model is called Markov chains. If
they vary according to other parameters such as age, they are called Markov processes. Health
states can either be ‘transient’ or ‘absorbing’. Markov models are often useful to represent
processes that progress over a long time period and where there are repeated events, such as
chronic diseases. A limitation of the Markov model is the ‘memory-less’ feature, called the
Markov assumption. It means that the transitions probabilities are independent of past health

states and thus the likelihood of a given event at a specified time is not influenced by
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preceding events [65]. This is particularly a limiting factor when modelling screening protocols
in which the history does affect current transition probabilities. This can be achieved in a
Markov model by having health states that represented both the underlying disease state and
the previous history. This meant that the number of states in the model is likely to be large to

accommodate all the potential health states/history compartments [65].

Individual-based modelling (or micro-simulation) is a valuable way to circumvent the problem
of having to keep track of the patient history to define the future transitions without having
various compartments. This type of model was used in the final empirical analysis presented in
chapter 7. Different than in Markov models, in individual-based models (IBM) each patient’s
individual history is simulated and recorded over time according to a random process.
Individual-based models may represent discrete-time, according to the time cycle used in the
model, or may represent discrete-events in continuous time. Despite being more flexible than
Markov models, individual-based models tend to be more data demanding and computational
intensive [65, 66]. Network model is a type of individual-based models which characterizes in

detail the pattern of contact between individuals in the population [67].

Models can be also classified as open or closed. Open models are the models that aliow people
to enter the model (e.g. birth or immigration)} and/or leave the model (e.g. death or
emigration). The model used to evaluate the vaccine in chapter 7 is an open model. Closed
models do not allow individuals to enter or leave the initial population. The two Markov
models used to evaluate screening can be classified as closed models. Another classification of
models considers the nature of the transition probabilities, dividing them in static or dynamic
[68]. Static models have transition probabilities that are fixed over time. Markov models pose
as a good example of these models as well as decision trees. Dynamic models have transition
probabilities that vary over time, commonly being dependent on the humber of individuals in a

certain state of the model. For example, in the case of infectious diseases, the transition
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probability from a susceptible state to an infected state (the force of infection or incidence
rate) is dependent on the number of infectious individuals in the population [68, 69]. In
chapter 7, the individual-based model used to evaluate the quadrivalent vaccination is a
dynamic model that considers the mixing of individuals according to their age and sexual
behaviour. It is important to point out that different models may be combined, for example a

compartmental model and an IBM [27]. These combinations are often called hybrid models.

2.3.2  Uncertainty in economic evaluation

As previously said cost-effectiveness models require information of many types and sources. It
is reasonable to say that the information used has different levels of uncertainty and that this
uncertainty may influence the cost-effectiveness results. Uncertainty in EE is usually divided in:
methodological uncertainty, which is related to the methods of measurement and valuation
(e.g. instruments to value health outcomes, discount rates); structural uncertainty, which is
related to the scientific understanding of the natural history of the disease; and parameter
uncertainty, which is related to parameters that could (in principle) be sampled (e.g. transition

probabilities) [70].

Sensitivity analysis is traditionally perceived as an important part of any EE [71)]. It basically
focuses on how methodological uncertainty, parameter uncertainty and, potentially, structural
uncertainty influence the EE results [70]. The sensitivity analysis may also explore the extent to
which the results can be applied to different scenarios, different patients groups and contexts
[72]. The sensitivity analysis section may be divided in deterministic sensitivity analysis (DSA)
and a probabilistic sensitivity analysis (PSA). DSA is usually where one or a few parameters are
varied at a time and the results of the analysis are recalculated [72]. However, many argue that

given the potential interaction of many parameters in the model, instead of analyzing
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parameter uncertainty individually (DSA), it is better to consider the uncertainty of all

parameters simultaneously (PSA) [65, 70, 73, 74].

In a PSA, probabilities distributions are assigned to the parameters, those that could be in
principle estimated from sample data, and samples are drawn at random from these
distributions to generate large number of Monte Carlo simulation results of the output
parameters of interest [65]. Using the results of the PSA, cost-effectiveness acceptability curve
(CEAC) can be obtained. The CEAC shows the proportion of times a strategy is the optimal

strategy at different values of society’s willingness to pay for an additional health gains [75].

It can be useful to think of a hierarchy of uncertainty, such that, for example, parameter
uncertainty is conditional on the model structure [70]. Due to the abundant possible (but not
as likely) model structures and the lack of consensus regarding the incorporation of these
structures in EE, most researchers and guidelines advocate that structural uncertainty should
not be considered in the PSA, and, if possible, be considered in a scenario analysis [65, 76].
Methodological uncertainty also shouldn’t be included in a PSA [70]. However, in principle,
structural uncertainty could be handled as part of the PSA by ascribing probabilities to

alternative assumptions based on the analyst or the appraisal committee’s views [73].

Validation and calibration are also important tools to handle uncertainty in economic
modelling assessments. These approaches are based on confronting the model output with
observational data. If the model produces a “good fit” to the data it is often said that the
model was validated. This adds more certainty to the internal validity of the model, in other
words it increases its credibility to inform policy decisions. If the model does not produce a
good fit, it is important to investigate mode! assumptions that produce a better fit in a process
called calibration [77]. Calibration has been particularly useful when there is limited

understanding of complex biological systems of diseases, as well as, in the case of
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unobservable or unavailable parameters. These methods are discussed in greater detail in

chapter four and applied in the three empirical chapters.

3 Literature review

The literature review was divided in two steps. The first step was to search electronic
databases in order to identify economic evaluations of cervical cancer screening strategies.
The second step was to perform a similar search but looking at economic evaluations of HPV

vaccination.

3.2 Economic evaluation of cervical cancer screening strategies

A systematic literature review of economic evaluations of cervical cancer screening strategies
was undertaken with three overall objectives. Firstly, to ascertain that the two screening
economic evaluations proposed in this thesis had not been conducted before. Secondly, to
evaluate the modelling methods used, such as the type of model and whether or not,

calibration was performed. Thirdly, to evaluate the cost-effectiveness results.

3.2.1 Search strategy

Medline and EMBASE databases were searched from 01/01/00 to 01/01/12. This time period
was chosen because, more recently, there have been a number of changes to the screening
alternatives available. The search words are provided at the end of the thesis in the search
strategies section. The inclusion and exclusion criteria are summarized in the table 3.1 below.
The search results are illustrated in Figure 3.1. After reviewing the titles of the database initial

results, and, if necessary the abstract, a total of 69 papers were identified, of those 49 were
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included. The main reason for excluding articles was because they were not original research

papers, and many of the original papers were not modelling-based studies.

Table 3.1: Inclusion and exclusion criteria — EE screening studies

Inclusion criteria

Exclusion criteria

Sources Peer-reviewed journal article Others
Article type Original research Review article
News article
Editorial
Conference abstract
Study type Cost-effectiveness analysis Cost-benefit analysis

Cost-utility analysis

(modelling-based)

Cost-minimization analysis

Costing analysis

Programme studied

HPV/Cervical cancer screening

HPV vaccine
HPV vaccine + HPV/Cervical

cancer screening

Language

English, Portuguese and Spanish

Others

Figure 3.1: Results of the literature review of screening studies
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3.2.2 Modelling methods

As shown in table 3.2, 42 of the 49 studies used a static compartmental model (i.e. Markov
model) for estimating the health outcomes and cost impact of different screening strategies.
Most of these models were built in Treeage Data or Microsoft Excel. Only 2 studies used an
individual-based model and they were published between 2000 and 2002, as shown in figure
3.2 [78, 79]. These studies used the MISCAN model, which is an IBM developed in the
Netherlands that has been used to evaluate many screening programmes (e.g. prostate,
cervical cancer, colon) [78, 79]. Static models were used in all the other studies. One reason
why dynamic models might not have been used is that there is considerable uncertainty
regarding the extent pre-cancer lesion treatment affects the infectiousness of individuals, but
even if it does, the number of treated women in the whole population is so small that it would
have negligible impact on the force of infection. One study by Dewilde et al. performed a
Comparative analysis of modelling approaches impact on the cost-effectiveness results [80].
They examined the effect of a multiple cohort model on the incremental cost-effectiveness
estimates of cervical screening programmes, compared to a single cohort model. They found

that the ICER was 30% higher when using multiple cohorts instead of a single cohort.

Figure 3.2: Modelling methods used in screening studies
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As can be seen in table 3.2, 31 of the 49 included studies performed model validation and/or
calibration. From 2009 onwards, all the studies based on compartmental models were either
validated or calibrated. In spite of the fact that validation or calibration almost seemed to have
become a prerequisite for cervical cancer screening cost-effectiveness analysis, most of these
studies included very little information on the validation or calibration procedure used. In the
studies that included more information about the calibration there was great variation in the

methods used and little discussion of the limitations.

3.2.3 Cost-effectiveness results

In figure 3.3, we can observe in black and dark grey respectively the developed and developing
countries for which CEAs of cervical cancer screening have been performed. Even though low- and
middle-income countries bear the greatest burden of cervical cancer, most cost-effectiveness
analysis of cervical cancer screening tends to focus on high-income countries. However, in the last
four years there seems to be a slight increase in the number of analysis focusing on resource-limited

settings, as showed in figure 3.4.

Figure 3.3: Countries for which CEA cervical cancer screening were performed

Black: high-income countries for which cost-effectiveness studies of screening were performed, Dark grey: Low- and
middle-income countries for which cost-effectiveness studies of screening were performed, Pale grey: countries for which
no cost-effectiveness studies of screening were performed

39



Figure 3.4: CEAs of cervical cancer screening - setting and year of publication
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A total of 30 of the 49 screening economic evaluations modelled primary and secondary screening.
Considering the studies that evaluated HPV testing for secondary screening, approximately 70%
found HPV triage to be a cost-effective intervention [20, 82-84, 91, 92, 97, 99, 100, 102, 105, 108,
109, 114, 115]. Only three of those studies were from low- and middle-income countries [91, 92,
114]. While investigating different combinations of primary and secondary screening in South Africa,
Vijayaraghavan et al. found that primary screening with cytology and secondary screening with HPV
testing was not only more effective but also less costly than cytology-based primary and secondary
screening [91]. Andres-Gamboa et al. found that HPV testing can even be a cost-effective primary
screening tool in Colombia if the cost of the test is under US$31 [92]. The Thai study found that the
optimal strategy was VIA and immediate treatment every five years from ages 35 to 55 [114].
However, these finding may have limited transferability to other middle-income countries at the
higher end of the income spectrum. However, none of the three studies focused solely on the

secondary screening or considered immediate colposcopy as secondary screening strategies.
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Immediate colposcopy as secondary screening may be cost-effective for LIMC, because medical

labour is relatively less expensive than in high income countries.

Three studies from developed countries (Netherlands, UK and US) focusing solely on the use of HPV
testing in secondary screening were identified [18-20]. All three »found HPV testing to be a cost-
effective strategy to triage those women presenting equivocal results during routine screening. Note
that the Dutch and British studies considered those women presenting ASCUS and LSIL resuits all
together and the North American study considered only those with ASCUS results. Given that liquid-
based cytology was considered as a possible primary screening strategy in developed countries, all
three analyses considered this scenario and the use of reflex HPV testing. However, it is worth
mentioning that the Dutch study found HPV triage to be cost-effective for both settings where -
conventional and liquid-based cytology is current practice. A study by Vilayaraghavan et al,,
considered HPV 16/18 genotype triage as a way to compensate for the low specificity of using high

risk HPV testing as primary screening, which was found to be cost-effective for the US [84].

Chapter six addresses the cost-effectiveness of screening strategies for HIV-infected women. Only
two studies considering screening among the HIV-infected women were identified in the literature
[22, 91]. In fact the South Africa analysis did not focus solely on HIV-infected women, but the overall
population [91]. It only considered a subgroup (i.e. a proportion) of HiV-infected women in this
population due to the important burden of HIV/AIDS in this country. It is also important to stress
that the possibility of acquiring HIV/AIDS and its impact on the HPV/Cervical cancer natural history
were modelled in very simplified manner. They found that primary HPV testing was a cost-effective
screening strategy for the overall female population of South Africa. The study by Goldie et al.[22]
was actually an updated version of a previous study [21] from the same group published in 1999 that
did not consider screening strategies involving HPV testing. In the study published in 2001, the
authors extended the analysis to include HPV testing strategies, and found that primary HPV in

addition to the two initial cytological tests was a cost-effective screening strategy for HIV-infected
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women in the US [22]. A limitation of the three studies is that they consider a narrow range of
possible combinations of screening frequency, and of primary and secondary screening technologies.
Given that the time horizon of my initial literature review did not include the Goldie et al. study from
1999, | decided to include the keywords HIV, AIDS, human immunodeficiency virus, and acquired
immunodeficiency syndrome to the initial screening search strategy and to search over an unlimited

time horizon. However, no other relevant study was identified.

3.3 Economic evaluation of HPV vaccines

In a similar fashion to the review of screening cost-effectiveness studies, a systematic literature
review of HPV vaccination cost-effectiveness studies was undertaken with three overall objectives.
Firstly, to ascertain that the vaccine economic evaluation proposed in this thesis had not been
conducted before. Secondly, to evaluate the modelling methods used, such as the type of model and

whether or not calibration was performed. Thirdly, to evaluate the cost-effectiveness results.

3.3.1 Search strategy

Medline and EMBASE database were searched from 01/01/00 to 01/01/12. Given that the
development of the HPV vaccines occurred within the last 10 years, the cut-off year 2000 was
chosen. The search words are provided at the end of the thesis in the search strategies section. The
inclusion and exclusion criteria can be found in table 3. The search results are illustrated in Figure
3.5. After reviewing titles and abstracts of the database initial results, and if necessary the abstract, a
total of 138 papers were identified. During data extraction 64 papers were excluded mainly due to

the fact that they were review articles or conference abstracts.
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Table3.3: Inclusion and exclusion criteria — HPV vaccine EE studies

Inclusion criteria

Exclusion criteria

Sources Peer-reviewed journal article Others
Article type Original research Review article
News article
Editorial
Conference abstract
Study type Cost-effectiveness analysis Cost-benefit analysis

Cost-utility analysis

(modelling-based)

Cost-minimization analysis

Costing analysis

Programme studied

HPV vaccine

HPV vaccine + cancer screening

HPV/Cervical cancer screening

Cervical cancer treatment

Language

English, Portuguese or Spanish

Others

Figure 3.5: Results of the literature review of the HPV vaccine EE studies
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3.3.2 Modelling methods

As shown in table 3.4, 57 of the 74 studies used a compartmental model (static or dynamic) for
estimating the health outcomes and cost impact of HPV vaccines. These models were built in
Treeage Data, Microsoft Excel, MatLab, Mathematica, Netlogo and C++. Only 18 studies used an
individual-based model and most of these studies were published by the same research group (Sue
Goldie’s group) as hybrid models. A similar modelling approach was later used by Bogaards et

al.[124].

Figure 3.6: Modelling methods used in HPV vaccination CEAs
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These hybrid models consist of a simpler dynamic compartmental model which provides the force of
infection at endemic equilibrium that is used in the IBM. The IBM is more complex and capable of
representing in more detail the pre-cancer and cancer states as well as screening schedules. Only 2
studies used an integrated dynamic IBM[125, 126]. Less than half of the vaccine studies (28 studies)
used a dynamic model in order to take into account the herd-immunity effect[127, 128]. However,

more than half of them calibrated the model against setting-specific empirical data.
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By comparing the results of tables 3.2 and 3.4, it becomes evident that the great majority of the
vaccine studies were published more recently than the screening EE studies, and that a greater
fraction of the vaccine EE were calibrated. As observed in the screening studies, the rigour in
calibrating the models varied a lot. However, the richness of some of the calibration methods
applied in the vaccination studies could not be fully represented in table 3.4. For example, in the
works by Goldie et al. [191, 198, 199], they developed an individual-based model that was initially
populated with age-specific inputs parameters derived from the literature. A distinguishing feature
of this analysis is the great number of calibration targets: 68 calibration targets including for
example type- and age-specific prevalence of HPV, age-specific prevalence of CIN lesions, as well as
age- and type-specific duration of HPV infections. The same group also calibrated a dynamic
compartmental model in order to derive HPV 16 & 18 per partnership transmission rates as well as

HPV clearance and invasive cancer progression rates.

The Dutch research group [200] used a Bayesian approach in the calibration of a dynamic
compartmental model of 14 high-risk HPV types to age-dependent prevalence HPV prevalence data.
This process allowed the estimation of type-specific viral transmissibility and infection-induced
resistance. These estimates were later incorporated in an individual-based model used in the
economic evaluation of the bivalent vaccine [201]. In the studies by Jit et al. [165, 202], calibration
was used in two steps of the analysis that originated two separate papers. In the first step, a Markov
model was constructed with the main purpose to estimate the type-specific rates of cervical lesions
progression and regression in women infected with high-risk HPV. In fact the model explored
different assumptions about the way lesions regress (model structure), the accuracy of screening

tests, and the age-specific prevalence of HPV infection, considering in total 216 scenarios.
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Figure 3.7: Cost-effectiveness studies by setting
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As can be seen in figure 3.7, most studies were published from 2007 onwards. After a peak in 2008,
there seems to be a slow decline in publications, and the proportion of analysis from low- and
middle-income countries has increased. This could be explained by the fact that many developed
countries have already included one of the two HPV vaccines in their publicly funded national

immunization programme, and the inclusion in low- and middle-income countries is still under

negotiation.

3.3.3 Cost-effectiveness results

As can be observed in figure 3.8, HPV vaccination has been evaluated for most countries. Comparing
this map to the screening map in figure 3.3, we noticed that for developing countries the vaccine has
been more widely evaluated than the screening. In table 3.4, we observe that 90% of the studies
analyzed only one of the two vaccines. Most of the studies (60%) evaluated the bivalent vaccine. The
studies that evaluated the quadrivalent were more likely to use QALY to measure outcome, as it can
better capture the qualitative gains related to the prevention of genital warts. Although the ICER
estimates varied widely according to the setting, in high-income countries vaccination strategies
were deemed cost-effective in more than 90% of the studies. When we consider middle-income

Countries, this percentage drops to 75%.
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Figure 3.8: Countries for which CEAs of HPV vaccination were performed

Black — high-income countries for which cost-effectiveness studies of the vaccine were performed, Dark grey- Low- and
middle-income countries for which cost-effectiveness studies of the vaccine were performed, Pale grey — countries for
which no cost-effectiveness studies of the vaccine were performed

For most low-income countries, the vaccines were not cost-effective at current prices, but could be
cost-effective at a cost per vaccinated woman around 25 international dollars (I$). All the 7 studies
that evaluated the both vaccines found that, at the same cost per dose, the quadrivalent vaccine
was more cost-effective. Jit et al. observed that the cost of the bivalent vaccine would have to drop

around 25% for it to become as cost-effective as the quadrivalent vaccine [165].

In almost all the studies, vaccination of boys was not cost-effective [27, 133, 155, 157, 187, 188,
194]. Neither was the vaccination of women above age 30 [156]. The cost-effectiveness of catch up
campaigns varied a lot according to the setting and the age range considered. In most middle-
income country analyses, catch up campaigns were not cost-effective. One interesting analysis
performed by Goldie et al., found that vaccine campaigns focusing on the worst-off groups could be
more cost-effective than the overall population [134]. This reflects the fact that non-screened
women are the ones that benefit the most from the vaccine. Most of the studies (70%) considered
cytology as the screening strategy to which compare the vaccination to or to be used in addition to

vaccination.
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Out of the 74 studies, only 4 evaluated HPV vaccination for Brazil [3, 27, 154, 191]. All these studies
considered only the bivalent vaccine. Only one study used a dynamic model, which was in fact a
hybrid model using a static IBM previously built to evaluate the vaccine for the country [27]. The
other two were multi-country comparison using simpler Markov models [3, 154]. None of the
studies used QALYs as the outcome measure. Although the static model used by Goldie et al. [191]
. did not capture the herd immunity benefit conferred by the vaccine and the screening strategies
considered did not reflect the current practice in Brazil, the result showed that the vaccine would be
cost-effective at current prices and potentially very cost-effective at lower prices and coverage rates.
When the vaccination of pre-adolescent girls was evaluated using the hybrid model, the cost-
effectiveness results became more attractive than the static results. In fact the vaccination of girls
was very cost-effective according to a threshold based on the country’s GDP throughout most
scenarios evaluated. The vaccination of boys was not an attractive option for Brazil from the cost-
effectiveness point of view. The two other multi-country analysis also found the vaccine to be very

cost-effective according the GDP-based threshold [3, 154].

As we compare the results of the two literature reviews, it becomes clear that the cost-effectiveness
of HPV vaccination has been studied far more than the cost-effectiveness of cervical cancer
screening strategies. It is also evident that the most of the vaccine and screening countries target
high-income countries. This is particularly true in the case of cervical cancer screening studies. It is
also worth mentioning that many studies evaluated more or less the same interventions for the

same overall population. Very few studies focused on high risk subgroups.
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4 Calibrating models in economic evaluation: a seven-step approach

4.2 Preamble to research paper 1

In the background chapter, the conceptual review identified the importance of taking into account
uncertainty in economic evaluation. Calibration is a useful method to handle model uncertainty,
especially parameter uncertainty. Whilst studying the calibration methods used in the studies found
in the literature review, | realized the importance of model calibration methods for population-wide
interventions such as screening and vaccination. | also realized that the lack of standards in using
these methods in the economic evaluation literature could undermine the credibility of analysis’
results. After searching the literature for review papers looking at how to best calibrate disease

economic models, no paper could be found.

Research paper 1 aims to provide guidance on the structured use of model calibration in economic
evaluation in health. Therefore, the definitions related to model calibration were clarified in detail.
The rationale for calibration was discussed considering its value beyond elicitation of unknown
parameters,‘ which is its most common use in the cost-effectiveness literature. The calibration
process was divided in seven different steps, according to the practical decisions analysts face in
calibrating disease economic models. In each of these steps, the alternative methods that could be
used were explained and compared. At the end of the paper, new areas of research were identified

and the need to promote better practices in economic evaluation was highlighted.

53



4.3 Research paper 1

Calibrating models in economic evaluation: a seven-step approach

Tazio Vanni'*, Jonathan Karnon?, Jason Madan?®, Richard G.White*, W. John Edmunds®, Anna M.

Foss®, Rosa Legood®

'Health Services Research Unit, Department of Public Health and Policy, London School of Hygiene
and Tropical Medicine, London, UK. 2School of Population Health and Clinical Practice, University of
Adelaide, Adelaide, Australia. 3 Academic Unit of Primary Health Care, University of Bristol, Bri’stoI,
UK. “Centre for Mathematical Modelling of Infectious Diseases, London School of Hygiene and

Tropical Medicine, London, UK

Publication status: Published in Pharmacoeconomics 2011, DOI: 10.2165/11584600-000000000-
00000

Contributions: The candidate had the idea for the study and developed the seven step approach.
The candidate conducted the literature review, discussed the findings, and drafted the manuscript.
Jonathan Karnon contributed to the discussion of the findings and accompanying methodological
guidance. Jason Madan contributed to the section on Bayesian methods. Richard G White and John
Edmunds also contribute to the design of the review and interpretation of results. Rosa Legood and
Anna Foss collaborated in the review of the literature, interpreting the findings, and helped manage
each round of comments and suggestions from co-authors. All authors approved the final draft prior

to journal submission and inclusion in the thesis.

The candidate

The supervisor Qu&x lgf!@

54




Abstract

In economic evaluation, mathematical models have a central role as a way of integrating all the
relevant information about a disease and health interventions, in order to estimate costs aﬁd
consequences over an extended time horizon. Models are based on scientific knowledge of disease
(that is likely to change over time), simplifying assumptions and input parameters with different
levels of uncertainty; therefore it is sensible to explore the consistency of model predictions with
observational data. Calibration is a useful tool for estimating uncertain parameters, as well as more
accurately defining model uncertainty (particularly with respect to the representation of correlations
between parameters). Calibration involves the comparison of model outputs (e.g. disease
prevalence rates) to empirical data, leading to the identification of model parameter values that

achieve a good fit.

This paper provides guidance on the theoretical underpinnings of different calibration methods. The
calibration process is divided into seven steps and different potential methods at each step are
discussed, focusing on the particular features of disease models in economic evaluation. The seven
steps are: (1) Which parameters should be varied in the calibration process?, (2) Which calibration
targets should be used?, (3) What measure of goodness-of-fit should be used?, (4) What parameter
search strategy should be used?, (5) What determines acceptable goodness-of-fit parameter sets
(convergence criteria)?, (6) What determines the termination of the calibration process (stopping

rule)?, (7) How should the model calibration results and economic parameters be integrated?

The lack of standards in calibrating diseases models in economic evaluation can undermine the
credibility of calibration methods. In order to avoid the scepticism regarding calibration, we ought
to unify the way we approach the problems, report the methods used and continue to investigate

different methods.
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Introduction

In economic evaluation, mathematical models have a central role as a way of combining relevant
information about a disease and health interventions, in order to estimate costs and consequences
over an extended time horizon [63]. Models incorporate assumptions that allow a simpler
representation of a complex reality, and there is always uncertainty around the true values of model
input parameters. As George Box famously stated “all models are wrong, some are useful” [2]. An
important step towards proving the credibility and usefulness of a model is the process of
calibration. This involves comparing model outputs to empirical data, known as calibration targets
(e.g. disease prevalence rate), and exploring variations (within a-priori plausible bounds) of the

parameters of the model to identify combinations that provide a better fit to the data [77, 203].

A common use of calibration in economic evaluation is in situations where mean parameter values
to populate the model are not observable, such as rates of clinical presentation in screening models
[66]. More recent applications of calibration in economic evaluation have extended the technique to
exploring uncertainties, and making adjustments where required, to a broader range of model
inputs depending on the consistency between model outputs and observational data [165, 204].
Since models are central to economic evaluation, the methods used for model calibration and the
way calibration results are incorporated within the analysis have the potential to influence both the
base case cost-effectiveness results and the variance in estimates of uncertainty. Despite the
increasing use of model calibration within economic evaluation [205], most health technology
assessment guidelines and textbooks have little to say on how it should be used [63, 76, 206-209]. If
calibration is to become more widely used and accepted, it is important that the methods used are

coherent, well implemented and clearly reported.

This paper first outlines the definitions and rationale for calibration in economic evaluation.
Secondly, the steps for implementing calibration in economic evaluation and the methods for

integrating economic evaluation are reviewed with reference to existing examples in the literature.
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A practical application of the seven stages of calibration is also presented in another paper in this issue

[210], in the form of an example model that is available to download.

Background
Definitions

In the literature, terms like model calibration, fitting, and validation are sometimes used to describe
similar processes [74, 77, 199]. The simple comparison of mode! outputs with observed data relates
to the concept of validation (or external validation), which is a familiar idea in economic evaluation
[203, 206, 211]. Nonetheless, the use of the term validation is controversial. As argued by Cooper, |
[77] following in the tradition of Popper, [212] if the model passes the confrontation with data
several times, we can gain more credibility in the model, but we cannot be sure that the model is
valid. In disease modelling, especially infectious disease modelling, fitting is habitually used to
describe the particular process of finding the input parameter values that generate a good fit of the
model to observational data [77, 213, 214). Calibration is often used as synonym for fitting [198],
even though calibration can be seen as a more comprehensive process that may also take into
account different model structures in the fitting procedure [66, 165, 202]. In this paper, we will use
the term calibration as a synonym for fitting, as it is more commonly used in the economic

evaluation literature.

Although representing a different process, cross-validation is a term that is related to the concept of
calibration. Cross-validation describes the comparison of results of a model with the results of other
models built for similar purpose [203, 208], but has also been used to describe the post calibration

assessment of model outputs with observed data not included in the model calibration [204].
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Rationale for calibration

An important part of model development is to check that the predictions of the model are consistent
with other data sources describing the model outputs, such as disease prevalence and mortality
rates. Calibration has traditionally been seen as a way to make adjustments to “unobserved” or
unavailable parameter values, [19, 66, 186] in order to achieve a good fit with the data, but as we

will discuss, it can also be used to adjust all the epidemiological parameters.

Some calibration approaches also generate a number of different sets of plausible estimates that fit
with the observed data. Used in this way, a further rationale for model calibration is that it is an
additional tool to handle uncertainty surrounding the disease model beyond conventional sensitivity
analysis. Importantly, because the calibration process compares the combined output predictions
across all the model inputs it gives the analyst further insight into the correlations between input
parameter estimates [74, 215]. This is particularly beneficial given that it is often difficult to identify

and quantify correlation between parameters in disease models [74].

Model calibration methods

Model calibration and particularly model fitting resembles the estimation of coefficients in linear
regression, where we try to find the coefficients of the regression function (parameter values) that
identify outputs that best fit the data. In a similar approach to Stout, [205] we have categorised the

calibration process into seven stages, which are discussed in the following sections:
1. Which parameters should be varied in the calibration process?
2. Which calibration targets should be used?

3. What measure of goodness-of-fit should be used?
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4. What parameter search strategy should be used?

5. What determines acceptable goodness-of-fit parameter sets (convergence criteria)?

6. What determines the termination of the calibration process (stopping rule)?

7. How should the model calibration results and economic parameters be integrated?

Parameters to include in the calibration

The most common use of calibration is to estimate unobservable model parameters by only allowing
these parameters to vary in the calibration process [94, 186, 216]. In the case of screening models, a -
common example is the clinical presentation rate in the absence of screening, because the
denominator (the population of undiagnosed individuals) cannot be observed. Moreover, even when
we have observed parameters directly, these parameters may have different levels of precision,
leading some to advocate that all natural history and other relevant parameters in the model
(unobservable and observable) should be allowed to vary in the calibration process [199, 202, 204].
The comprehensive inclusion of parameters facilitates the representation of correlation between

input parameters, and permits the testing and adjustment of the global consistency of the model.

Selection of calibration targets

The selection of the calibration targets is another important step in the calibration process. There
are no exact criteria to choose the calibration targets that are necessary to the process. However, it
is sensible to say that the most important selection issue is the availability of good quality data to
use as calibration targets [217]. Good quality can be basically translated into substantial sample size
and lack (or limitation) of study biases. The choice is also determined by the complexity of the
model, as simple models only produce a limited number of outputs to be compared with targets.
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The intervention being evaluated is also going to determine the choice of target, for example if we
are evaluating a screening test to detect human papillomavirus (HPV) type 16 we should be more
concerned that our model produces consistent HPV 16 prevalence rates than other HPV types

prevalence rates.

If local data are available, they should be used. When using non-local data, consideration should be
given to the impact of alternative patterns of disease incidence and management pathways on

output parameters [218].

Calibration targets can be a single summary statistic (e.g. mean disease incidence rate) or a series of
statistics (e.g. age-specific disease incidence curve) [202, 205, 219]. It is also important to stress that
the use of cross-sectional data as calibration targets deserves careful interpretation due to birth
cohort effects. For example in a cervical cancer screening model, in order to use cross-sectional data,
it tends to be assumed that each member of the cohort experiences the same pattern of screening
and treatment over her lifetime [104, 202]. However, such patterns were significantly different
before 1990 in most countries, when nation-wide screening programmes were set in place and high
coverage rates were achieved across age groups. The most common way to circumvent this problem
is to calibrate the \model against pre-1990 data to represent natural history in the absence of

screening.

Goodness-of-fit (GOF) measures

It is important to evaluate how close the model predictions are to the target data. This can be done
in a qualitative way by, for example, visually comparing the age-specific incidence curve predicted by
the model and the one derived from observed data. However, this involves subjective judgements
that are best avoided if we want model calibration to be more of a science than an art. In the

statistics literature, the most commonly used measures of goodness-of-fit GOF are least squares, chi-

60



square (or weighted least squares), and the likelihood [77, 220]. We first discuss the use of
alternative GOF measures in the context of calibrating to a single target, followed by a discussion of

fitting multiple targets.

Least squares

Least squares relies on calculating the sum of square errors, Q(8), between the empirical data and
the model output for each input parameter value [66, 217]. The values that best fit the data are the
ones that minimize this sum [203]. In equation 2.1, 2.2 and 2.3, we are considering a series of

statistics, for an age-specific calibration target.

Q) = ) (v(a) - f(alo)?

(2.1)

Where 6 is the input parameter or a vector of parameters (0), y(a) represents the observed data
estimate (e.g. HIV incidence rate) for age a, and f(a|0) represents the model output for age a given
input parameter 6. The advantages of this approach are that it is intuitive and not very data-
demanding. The main disadvantage is that it does not take into account the precision of the
empirical data, for' example, estimates of disease incidence at different ages may come from

different studies with different samples sizes, therefore having different levels of certainty.

Chi-square

The chi square (x?) is similar to the above measure, but it overcomes the different levels of certainty
problem by dividing the least square error by its standard deviation, as can be seen in equation 2.2
[220]. Therefore it places more weight on the more reliable estimates, those with large sample size

and small standard deviation. Note that this is only one of many chi square tests (e.g. Pearson’s chi-
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square) — statistical procedures whose results are evaluated by reference to the chi square

distribution.

4= Z (y(a) —a f (aI@)).2 .

a

Likelihood

One of the most popular GOF measures that, like chi square, also takes into account levels of

certainty of the observed data as well as informing confidence intervals of the goodness-of-fit when -
referring to the chi square distribution is the likelihood [198, 199, 221]. In fact, if the measurement

errors are normally distributed, the chi square will give the same results as the likelihood [77]. Unlike

the least square and the chi square, which try to minimize the result of the above functions, for the

likelihood we try to maximize how likely a particular set of parameters is, given the empirical data

[220]. For example, the following describes the likelihood function for a binomial process [68] such

as infection prevalence based on serological data:

L(8) = H’p(al@)y(“)(1 — p(a|®))r@-y@

(2.3)

Where p(a|8) represents the proportion of age a seropositive individuals predicted by the model
using input parameter 6, where y(a) represents the number of observed seropositives at age a. The

second part of the equation, (1 - p), refers in a similar way to the seronegatives, where n(a) is the
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size of the sample at age a. The set of parameters that gives the maximum value of function 2.3 is

the best-fit set [77].

Comparing the three methods mentioned above, it is important to say that in the likelihood
approach the full probability model of data may not be easy to specify. Also, for complex models it
may be more difficult to find the parameters that maximize the likelihood. By looking at the
equations, we can see that the likelihood approach requires more data than the other two methods.
In the case of chi-square, the level of precision of the calibration target is only captured in the o
parameter, while in the likelihood approach we need for example the number of positives, and

sample size).

Multiple goodness-of-fit estimates

It is preferable to calibrate disease models to multiple calibration targets, in which case it is
necessary to obtain a combined measure of GOF across all calibration targets. This is also called
multi-objective optimization [222]. One option is to treat all calibration targets as independent
targets and then sum the GOF measures across the different targets. This task can be performed

using different methods (e.g. global criterion method and lexicographic method) [222, 223].

The global criterion is given by the sum of GOF of each calibration target, which may be weighted.
The most commonly used in the disease modelling field is the weighted GOF approach [191, 224).
This approach cor‘1$ists of weighting each calibration GOF estimate (for each calibration target) and
then summing across all targets. The weights are usually determined by the analyst or a group of

experts based on the importance and/or the existence of biases in the estimate of the target [224].

In the lexicographic approach, the calibration targets are ranked in order of importance, and the
process of finding the optimal parameter values is done step-by-step starting with the most

important calibration target and proceeds according to the order of importance [217, 225].
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An alternative general approach involves defining multi-dimensional integrals that represent
correlations between the calibration targets. Ideally, such integrals are solved analytically to identify
the set of parameter values that maximise the likelihood across all calibration targets. However, in
many cases the integral cannot be solved analytically, and numerical integration methods are
required. It is also the case that the process of defining the correct multi-dimensional integrals is a

difficult task that requires specialist mathematical expertise [226].

Parameter search strategies

The terms parameter search strategy, search algorithm or optimization method all refer to the
method used to search for parameter values or sets of values that produce model outputs that
match specified calibration targets most closely. Broadly speaking, optimization is the process of
finding the conditions that give the maximum and minimum value of a function [227]. Parameter
search in optimization is a large field of operational research. There are various methods for the
solution of different types of optimization problems. These methods can be classified according to
the existence of constraints, the nature of the design variables, the physical structure of the
problem, the nature of the equations involved, the deterministic nature of the variables, the
separability of the functions, the number of objective functions, and others [227]. Unfortunately,
there is no perfect optimization algorithm. It is advocated that the analyst should consider the most
appropriate methods for his/her problem and even try more than one method or combinations of
methods in a comparative way [220, 227]. In the case of disease models used in economic evaluation
that are usually nonlinear (e.g. Markov models, micro-simulations), with multiple-objective functions
(multiple GOF estimates), with and without parameter constraints (a-priori bounds), there are a
number of alternative strategies that could potentially be applied as calibration search strategies for

disease models [202, 219, 221, 224, 228-232]. Numerical methods are the most general methods of
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optimization, which are required if the integral for the GOF measure(s) cannot be solved analytically

(66, 222].

Figure 4.1: Grid with p;= 3
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li— u; = lower and upper bounds of the two variables (i = 1,2), p = number of possible parameter

values.

The parameter.search takes place across the different possible combinations of parameter values
(i.e. the parameter space). Conceptually, if just two parameters (x, and x,) were varied in the model
the space could be represented in two dimensions. By considering this two dimensional space as in
figure 4.1, it is simple to understand how the grid parameter search method works [227, 230]. For
example, if the lower and upper bounds of the two variables are /;— u; (i = 1, 2), for simplicity we
could divide the ranges into p;— 1 equal parts, in figure 1 p; = 3. This method involves setting up a
suitable grid in the parameter space, evaluating the GOF estimate at all the grid points, in the

example 9 points, and finding the grid point that best minimize the GOF. With each additional
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parameter, the number of dimensions required to represent the space also increases accordingly,
and in most practical problems the grid search methods requires prohibitively large numbers of
model evaluations. For example a model including 20 parameters, only considering the p; = 3, would

require 3%°= 3,486,784,401 evaluations.

Figure 4.2: Random search method in economic evaluation disease models
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GOF = Goodness-of-fit, i = number of current iteration, f(x;) = output of the model for iteration i.
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To date, the most common approach for parameter searching that has been utilised in economic
evaluation are the random search methods [66, 217, 233]. As described in Figure 4.2, in a random
search method distributions are assigned to each parameter in the model and multiple sets of
parameter values are sampled using a random number generator [222]. Each set is then used in the
model and the GOF is calculated. The set (or sets) that results in the optimum GOF result(s) are

selected according to the convergence criteria (see next section).

The main advantages of the random search strategy is that it is intuitive, and relatively easy to
program. The main disadvantage is that random searching is not efficient in covering the entire
parameter space. With a random search strategy, increasing numbers of searches improves the
chance that the global extrema has been identified, but we cannot be certain that a local extrema
has been identified. In more complex models, with greater numbers of parameters and larger
parameter space, random search methods have limitations in the processing time required to search

for the global extrema.

Many parameter search strategies like random search as well as probabilistic sensitivity analysis
employ sampling methods in order to obtain values from the parameter distributions. There are
various sampling methods that can be used to sample from distributions. The random sample is the
most obvious alternative, even though it may not be the most efficient way to sample the parameter
space. Let’s consider an example with two parameters, parameter X; that follows a normal
distribution and X, that follows a uniform distribution, as represented in figure 4.3. Figure 4.4 shows
examples of three sampling methods; A) random sampling, B) full factorial sampling, C) Latin
Hypercube sampling for a simple case of 10 samples for those two parameter, or distributions. In the
random sampling, we can find that some areas are not sampled and others are more greatly
sampled; in full factorial sampling, a random variable is picked in each and every interval; in Latin

hypercube, a value is chosen once and only once from each interval.
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The full factorial sampling method uses a value from every sampling interval for each possible
combination of parameters [234]. This approach has the advantage of exploring all the parameter
space but it is computationally inefficient and time-consuming for complex models. Latin hypercube
is a more efficient and increasingly popular sampling method that was introduced in the field of
disease modelling by Blower et al. [235]. Figure 4.3 shows examples of probability density functions
associated with parameters X; and X, used in figure 4.4. Since Latin hypercube sampling was used,
the distributions were divided in intervals with equal probability, and one sample was obtained from
each of those intervals. For each parameter a probability density function is defined and divided into
N intervals with the same probability (figure 4.3). A parameter value is picked randomly from every
interval and this procedure is performed for every parameter. As can be seen in figure 4.4C, a
parameter value from each sampling interval is used only once in the analysis but the entire space is

equitably sampled.

Figure 4.3: Examples of probability density functions associated with parameters X; and X,

<
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Results of 3 sampling methods

Figure 4.4
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One of the most widely used optimization tools is the Microsoft Excel Solver.