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by
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This thesis introduces a system dynamics model featuring an endogenously driven, multistate,
age-structured, time-varying, and stochastic structure. The devised model allowed, for the first
time, to represent the contraceptive, sexual, and reproductive behaviours that characterise

different age and birth cohorts of Mexican women at their reproductive ages.

By depicting the interrelations between such behaviours, the model allowed the estimation
and projection of a set of hypothetical contraceptive provision policies and programme-relevant
health (i.e., unintended pregnancy, unsafe abortion, maternal deaths) and economic (i.e., cost-
effectiveness) indicators. Of the compared policies, increasing adoption of modern reversible
contraception, and an integrated policy that aims to increase modern reversible contraception
whilst reducing method discontinuation, proved to be the two most efficient in terms of health

outcomes and monetary investment.

The results obtained, and the conclusions established in this manuscript will be relevant
for the Mexican context and appealing to policymakers, who are currently interested in finding
innovative approaches to expanding contraceptive coverage with economically efficient

strategies, as it is established in the national guidance on Sexual and Reproductive Health.

The model formulation will also be relevant in the system dynamics modelling field, as a
novel, open-source, vectorised architecture will be available to study contraceptive, sexual and

reproductive behaviours in different contexts. Although the data needs of the model are



substantial, most can be satisfied with regularly collected, and easy-to-access cross-sectional

data or topic-specific literature.
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Chapter 1

Chapter1 Introduction

Contraceptive provision is a major activity of family planning programmes worldwide. It is
recognised as a highly effective public health intervention, benefiting individuals by helping them
avoid mistimed or unwanted pregnancies. It also benefits society at large by, amongst other

externalities, potentially boosting economic development (United Nations, 2019).

Modern contraceptive practice has been actively promoted since the development of the first
hormonal contraceptive in the 1950s (Benagiano et al., 2007), and with renewed efforts from the
outset of the 21° century through various initiatives, spearheaded by the 2000-2015 Millennium
Development Goals (MDGs) (United Nations, 2015), and the 2015-2030 Sustainable
Development Goals (SDGs) (United Nations, 2020a). Both MDGs and SDGs are championed by
the United Nations (UN) and aim at the improvement of a broad spectrum of indicators, deemed
important to the societal development within the UN member nations. In addition to the aim of
universal contraceptive coverage, other Sexual and Reproductive Health (SRH) indicators, such
as maternal deathreduction and improved access to safe abortions, are key elements of the MDG

and SDG agendas.

With the end of the SDG era in sight, progress towards the goal of universal contraceptive
coverage and other SRH indicators is rather mixed. Low-and middle-income countries (LMICs),
however, consistently report the smallest coverage estimates worldwide (Kantorova et al., 2020).
This translates to an estimate of 218 million women experiencing unmet need for contraception,
which consequently results in 111 million unintended pregnancies, 35 million unsafe abortions,

and 299,000 maternal deaths in LMICs (Sully et al., 2020).

The economic burden due to unintended pregnancies in those settings is also considerable, as
the cost of maternal and neonatal care arising from unintended pregnancies reaches USD30.3

billion annually (Sully et al., 2020).

1.1 Contraceptive dynamics: adoption, switching, and

discontinuation

Contraceptive practices vary across the reproductive lifecycle of women. They are the result of
the interplay of multiple determinants at the individual (e.g., age, number of children, schooling,
reproductive goals) and societal levels (e.g., familial, peer-influence). The healthcare system tries
to accommodate these by offering, ideally, a wide range of contraceptive options through a

network of services (e.g., static-mobile health clinics, community health workers, private family
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Chapter 1

planning clinics). Ultimately, the healthcare system tries to reduce unintended pregnancies by
securing a constant availability of women’s preferred contraceptives at health clinics and

hospitals in the network.

The availability of contraceptive provision services, together with women'’s fertility intentions and
their sexual behaviour, originate a dynamic process in which contraceptive methods are adopted,
switched, and discontinued (Hock-Long et al., 2010). In practice, this process is directly affected
by policy decisions about contraceptive provision taken at the local or national level: what

contraceptives to provide to whom, through which services, and at what cost.

Contraceptive adoption, switching, and discontinuation dynamics have only been partially
addressed when studying diverse sexual and reproductive health phenomena (Babigumira et al.,
2012; Carvalhoetal., 2013; Erim et al., 2012; Goldie et al., 2010; Hu et al., 2007; Keen et al., 2017;
Kennedy et al., 2013; Zakiyah et al., 2019) and traditionally not as a jointly evolving process that
affects women differently along their reproductive life years, and intergenerationally. In making
policy recommendations, such previous efforts have not taken account of these two fundamental

aspects, which are addressed in the present thesis.

Thus, this thesis introduces an endogenously driven, age-structured, multistate, time-varying
system dynamics (SD) simulation model that explores an array of hypothetical policies (also
labelled strategies in the document) to study their impact on unintended pregnancy and other
outcomes of programmatic importance, i.e., unsafe abortion, maternal death. Lastly, the thesis
establishes the cost-effectiveness of hypothetically applying the proposed policies in the

Mexican context.

1.2  Study context

The study addresses the case of Mexico, an LMIC where contraceptives have been provided at no
cost to the user since distribution began in 1973 (Secretaria de Salud, 2013). The Mexican health
system is an intricate network of organizations, each serving different population groups

according to a person’s occupation or employment status.

Social security institutions, funded around the 1940s, are financed with government funds and
employee-employer contributions to serve most public sector (Institute of Social Security and
Services for the State Workers, ISSSTE) and private workers (Mexican Institute of Social Security,
IMSS). Oilindustry workers and armed forces (i.e., navy, military) are served through independent
institutions, financed with the same scheme as ISSSTE and IMSS (Gémez Dantés et al., 2011).
Combined, they serve approximately 48% of Mexico’s 126 million individuals (Instituto Nacional

de Estadistica y Geografia, 2021).

18



Chapter 1

The Health Secretariat (Secretaria de Salud) strives to serve the rest of the population via the
2022-instituted Instituto Mexicano del Seguro Social para el Bienestar (IMSS-Bienestar). This
replaced the short-lived (2019-2022) Instituto Nacional de Salud para el Bienestar (INSABI)
(Reyes et al., 2019), which in turn replaced the Sistema de Proteccion Social en Salud (SPSS)
(Frenk et al., 2006), active from 2003 to 2019. Like its predecessors, IMSS-Bienestar is not a social
security institution, but a health services provider instituted as a mechanism to expand health
coverage, including individuals in the informal economy. The Health Secretariat has 32 local
offices at the subnational level, one in each Mexican state, known as Health Services (Servicios

de Salud).

1.2.1 Sexual and reproductive health indicators in Mexico

Advances in contraceptive coverage since the beginning of the programme in the 1970s have
brought about the favourable evolution of some indicators, such as unmet need for
contraception, which according to the latest official estimates had an overall downward trend
from 1987 to 2018, with three distinctive stages (Figure 1.1). After a marked descent between
1987 and 1997, the indicator decreased further at a slower rate between 1997-2009 and

increased slightly from 2009 (Consejo Nacional de Poblacién, 2019; Secretaria de Salud, 2013).
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Figure 1.1. Unmet need for contraception. Mexico, 1987-2018 (Consejo Nacional de Poblacidn, 2019; Secretaria de

Salud, 2013).

Note: the latest official estimate was dated in 2018.

There are no official sources to draw estimates of unintended pregnancy and unsafe abortions.
Scholars place unintended pregnancies at 55% of all pregnancies (Juarez et al., 2013), and
estimate a yearly total of 1.026 million unsafe abortions (B. F. Juarez & Singh, 2009). The latter
figure, however, is not without controversy given its was obtained via a non-probabilistic sample

of health clinics, where medical doctors gave their best estimate of cases of induced abortions.
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While recognising the difficulty of obtaining a plausible estimate of unsafe abortions, a figure of
1.026 million seems very large for a country where an average of two million babies are born each
year. Moreover, its research design has been contested by other authors (Koch et al., 2015) who
call for a more robust estimation process that is less reliant on expert opinion, given its weak

quality within the framework of evidence-based medicine (Burns et al., 2011).

Fifteen years of progress in containing maternal deaths were dramatically reversed by the Covid-
19 pandemic (Figure 1.2). The maternal mortality ratio (maternal deaths/live births per 100k) had
shown an overall downward trend from 2006 to 2019, but grew rapidly in 2020 and by 2021 had

reached 59.41 (Instituto Nacional de Estadistica y Geografia, 2024).
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Figure 1.2. Maternal Mortality Ratio (MMR). Mexico, 2006-2021 (Instituto Nacional de Estadistica y Geografia, 2024).

1.2.2 The reproductive, sexual, and health landscape of Mexico in the international

context

Mexico shares some characteristics with other LMICs regarding its efforts to improve
contraceptive access and address reproductive health challenges. Like Mexico, countries such
as India, Bangladesh, and Ethiopia have implemented large-scale family planning programs to
reduce unmet need for contraception and unintended pregnancies (Ravindran & Govender,
2020). For instance, India’s National Family Planning Program provides contraceptives mostly
through its public health system (Ravindran & Govender, 2020), achieving considerable declines
in fertility rates (Amonker & Brinker, 2007). However, similar to Mexico, challenges remain in
reaching populations in rural or underserved areas due to structural inequalities (Coleman-

Minahan et al., 2022; Mitchell et al., 2023). Some LMICs, particularly in sub-Saharan Africa, still
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face substantial barriers, including limited contraceptive availability, sociocultural factors, and
higher fertility preferences, resulting in higher unmet need compared to Mexico’s relatively steady

progress (Kantorova et al., 2020).

A distinguishing feature of Mexico’s situation is the segmentation and fragmentation of its health
system (Becerril-Montekio et al., 2024; Meneses Navarro et al., 2022), which mirrors other Latin
American countries like Brazil and Colombia (Bancalari et al., 2023). Brazil’s Unified Health
System (SUS) aims to achieve universal health coverage, but like the Mexican health system, it
struggles with resource disparities between urban and rural areas (Bancalari et al., 2023).
Similarly, Colombia’s dual insurance model addresses coverage gaps but faces persistent
inequities in service delivery (Bascolo et al., 2018). Like in Mexico, contraceptive access in other
Latin American countries has maintained a steady growth over time (Kantorova et al., 2020),
underscoring the region’s progress in achieving contraceptive coverage whilst still navigating the

challenges posed by their health systems’ design (Ponce de Leon et al., 2019).

In terms of reproductive health outcomes, Mexican trends are mixed when compared to other
regions. The MMR of 59.41 per 100,000 live births in 2021 is higher than the pre-pandemic levels
observedin several upper-middle-income countries but aligns with or is lower than averages seen
in parts of South Asia and sub-Saharan Africa. For instance, South Asia saw MMR values of
approximately 113 per 100,000 in 2020, while sub-Saharan Africa remains the most affected
region globally (World Health Organization, 2023a). The reversal of Mexico’s maternal health
progress due to COVID-19 mirrors trends observed worldwide, as health systems struggled to
maintain essential services (Kabagenyietal., 2022). Additionally, Mexico’s estimated unintended
pregnancy rate is comparable to global LMIC averages (Bearak et al., 2020), although the
controversy surrounding unsafe abortion figures highlights the persistent challenge of

underreporting and methodological limitations, which are also common in other countries.
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1.3 Research questions and study objectives

In light of this background and context, two research questions are proposed in this thesis:

1. Canasystemdynamics modelaccurately representthe reproductive life years of women,
capturing the dynamics of contraceptive adoption, switching, and discontinuation?

2. Which contraceptive coverage policies are most cost-effective in reducing unintended
pregnancies and other important reproductive/maternal health and economic outcomes
over the longer term, given the dynamics of contraceptive adoption, switching, and

discontinuation among Mexican women?

These two research questions are broken down into three research objectives:

1. Develop a conceptual model to characterise the different stages in the reproductive life
years of women aged 15 to 49, and represent their interrelations with contraceptive
adoption, switching, and discontinuation.

2. Translate the conceptual modelinto an endogenously driven, multistate, age-structured,
time-varying system dynamics simulation model which represents the evolving dynamics
of contraceptive, sexual, and reproductive behaviours, to estimate its impact on the
following outcomes:

a. Unintended pregnancies due to contraception failure and non-use of
contraception.

b. Live births, unsafe abortions, and maternal deaths attributable to unintended
pregnancy.

c. Economic impact of contraceptive provision and unintended pregnancy from the
perspective of the health provider.

3. Use the devised model to compare the cost-effectiveness of different contraceptive

provision policies aiming to reduce unintended pregnancy.
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1.4 Justification of methodology

The present study uses simulation modelling to answer the proposed research questions.
Simulation modelling has been used successfully in various fields and research topics, including

public health.

The simulation approach has interesting advantages compared to other possibly applicable
methodologies (e.g., impact evaluation), of which two are salient: first, data generationis, overall,
less expensive, and less time-consuming; second, the number of strategies to test is potentially

infinite, albeit these must be plausible to make simulation modelling research relevant.

On the other hand, however, simulation modelling approaches require robust data sources to
satisfy the parameter needs of models, which can be considerable. Additionally, and depending
on the selected simulation technique and model size, the computing power required to generate

the synthetic data might not be trivial.

Choosing SD to represent the contraceptive, sexual, and reproductive dynamics of women of
reproductive ages responded to two main reasons: first, a dynamic simulation modelling (DSM)
technique was needed to represent such an evolving process. Second, while it is theoretically
possible to adapt discrete-event simulation or agent-based models to different aggregation levels
(Roberts, 2015), SD offers a best fit among these DSM techniques to study problems at the

strategic or policy level, such as is needed in this thesis.

Thisresearchis interested in depicting the impact of different policies on unintended pregnancies
and other health outcomes among different age groups instead of representing individual

behaviours. Thus, given the scope of the present thesis, SD was considered a pertinent choice.
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1.5 Thesis structure

The remainder of the manuscript is organised into seven chapters. The second chapter presents
a literature review conducted to identify modelling studies on contraceptive dynamics and give
an historical account of SRH research approaches in Operational Research and Management
Science (OR/MS). The chapter critically assess the gaps identified in previous approaches to the

study of contraceptive dynamics and proposes possible ways of addressing them.

Chapter three explains the essential concepts used in this thesis, related to contraceptive,
sexual, and reproductive behaviours, along with their possible outcomes. The chapter is
complemented with a critical appraisal of simulation modelling research and a comparison of

dynamic simulation modelling techniques.

Chapters four, five, and six are interrelated. This cluster introduces the simulation model devised

to answer this thesis’ research questions.

Chapter four gives an account of the main assumptions used throughout the modelling process,
together with the presentation of the main structure of the model by means of stock-flow
diagrams. The chapter also describes the methodological details of parameter estimation and
specifies how the matrix structure used to numerically solve the simulation model’s differential

equations was developed.

Chapter five addresses the procedures implemented to verify model structure and validate

simulation model results against real-world benchmarks.

Chapter six describes the use of the simulation model devised to conduct a cost-effectiveness
analysis of an array of 31 contraceptive provision strategies, capable of limiting unintended
pregnancies. The 31 competing strategies are introduced beforehand, their rationale explained in
detail. The last section of this chapter specifies which changes in model equations had to be

implemented to allow policy testing and cost-effectiveness analysis.

Chapter seven presents the unintended pregnancies, unsafe abortions, and maternal deaths
estimated in each of the 31 hypothetical strategies tested. The second part of the chapter

presents the cost-effectiveness analysis results.

Finally, chapter eight discusses the results presented in Chapter seven, and gives an account of
the proposed simulation model’s limitations. The chapter also presents the main conclusions of

this research, introduces possible further research streams, and offers concluding remarks.

24



Chapter 1

1.6 Chapter summary

Chapter one introduced the overarching goal of this thesis: applying a novel simulation model
structure to investigate how the interrelations of contraceptive, sexual, and reproductive
behaviours explain the occurrence of relevant programmatic outcomes (unintended pregnancy,
unsafe abortion, maternal deaths). The chapter also presented the research questions and
objectives and justified the selection of simulation modelling to address the topic of study.

Finally, the chapter described the rationale of the seven remaining chapters in the manuscript.
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Chapter 2 Literature Review

A scoping review was conducted to identify previous simulation studies on contraceptive
dynamics and fertility. The keywords shown in Table 1 were grouped into ten categories according
to their affinity. Different combinations were tried in the Web of Science, Science Direct,
Cochrane Library, Pubmed, Scopus, ProQuest, EthOS, and CORE databases. Sexual and
reproductive health-specific websites in the World Health Organization (WHO), United Nations
Population Fund (UNFPA), UNFPA Supplies, Population Council, Guttmacher Institute, Marie
Stopes International, SDG main knowledge base, Reproductive Health Supplies Coalition, Health
Policy Project, and the Demographic and Health Surveys (DHS) Program were reviewed as well.
Finally, the Winter Simulation Conference Archive, IEEE's Xplore, and the System Dynamics
Society's websites were reviewed to retrieve additional references that might have been missed

in the previous rounds.

Article abstracts (or the introduction/executive summary of reports, in the case of grey literature)
were reviewed, and those considered relevant to this thesis were selected. The inclusion and

exclusion criteria were as follows:

Excluded studies:
e Conducted solely in hospital settings.
e Regarding physical (i.e., educational) simulations.
o Related to the "family planning" of new commercial products.
e Whose modelling was exclusively statistical.
e Not fully accessible (i.e., older studies without an electronic version and not available

through the university's library.)

Included studies:
e Conducted within countries of all income classifications (i.e., low-, middle-, and high-
income.)
e In English or Spanish, not to miss potentially useful studies published in the language of
Mexico and the majority of Latin American countries.
e Conductedin anyyear.

e Employing an Operational Research/Management Science (OR/MS) approach.

26



Chapter 2

Table 2.1. Blocks of composite strings used in the literature review.

Keywords
No. Composite string (English) Composite string (Spanish)
category
salud sexual OR salud
sexual health OR family planning OR reproductiva OR planificacién
Sexual/Reproduc
1 reproductive health OR contraception familiar OR anticoncepcion OR
tive Health
OR contraceptive OR contraceptives anticonceptivo OR
anticonceptivos
uso OR utilizacién OR consumo
OR adherencia OR cambio de
uptake OR use OR utilisation OR
método OR tasa de cambio de
utilization OR adherence OR compliance
método OR abandono del
OR switching OR switch rate OR
método OR tasa de abandono
Contraceptive discontinuation OR discontinuation rate
2 de método OR necesidad
dynamics OR unmet need OR user OR behaviour
insatisfecha OR usuaria OR
OR behavior OR reproductive lifecycle
usuario OR comportamiento OR
OR coverage OR scale-up OR scale up
ciclo de vida reproductiva OR
OR scaling up OR scaling-up
cobertura OR expansion OR
incremento OR aumento
cost OR cost-effectiveness OR cost- costo OR costo-efectividad OR
Health

3 Technology

Assessment

utility OR cost-benefit OR economic
evaluation OR health technology

assessment OR HTA

evaluaciéon econdmica OR
evaluacion de tecnologia

sanitaria OR ETS

4 Outcome-related

outcome OR mortality OR unintended
pregnancy OR undesired pregnancy OR

unwanted pregnancy

impacto OR mortalidad OR
embarazo no intencionado OR
embarazo no deseado OR

embarazo no planificado

health clinic OR health centre OR

clinica OR centro de salud OR

casa de salud OR hospital OR

Healthcare hospital OR primary level OR first level nivel primario OR primer nivel
5
levels OR secondary level OR second level OR OR nivel secundario OR
tertiary level OR third level segundo nivel OR nivel terciario
OR tercer nivel
Micro-
6 demand OR supply demanda OR oferta
economics
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Modelling/simul

dynamic OR modelling OR modeling OR

dindmico OR modelo OR

7 modelaciéon OR simulaciéon OR
ation simulation OR stochastic
estocastico
Markov OR Markov chain OR Markov Markov OR cadena de Markov
model OR Markov process OR OR modelo de Markov OR
management science OR operational proceso de Markov OR ciencia
management OR operations de la administracion OR
management OR operational research investigacion operacional OR
OR operations research OR system dindmica de sistemas OR
dynamics OR SD OR hybrid OR discrete hibrido OR eventos discretos
Operational
8 event OR discrete-event OR DES OR OR microsimulacién OR basado
Research

microsimulation OR agent-based OR
ABM OR ABS OR mathematical OR
mathematical programming OR
optimisation OR optimization OR queue
OR queueing OR queuing OR linear
programming OR integer programming

OR Monte Carlo

en agentes OR matematico OR
matematica OR programacion
matematica OR optimizacién
OR cola OR colas OR filas OR
fila OR programacién lineal OR
programacioén entera OR Monte

Carlo

Modelling/simul
9 ation in public

health

compartmental OR decision tree OR

decision-tree OR Markov

compartamental OR arbol de
decisién OR arbol de decisiones

OR Markov

10  Public Health

public health OR health care OR

healthcare

salud publica

After removing duplicates and discarding irrelevant references, an initial list of more than 800

references was primarily composed. An in-depth review of such references produced the final

sample of documents summarised in Table 2.2, from which the present narrative draws. A

number of these documents allowed the description of the landscape of OR/MS simulation

techniques applied to the study of contraception between the 1970s and 2000s (see Section 2.1).

It was generally found that the study of the joint development of contraceptive, sexual, and

reproductive dynamics over time is practically absent. Thus, it follows that research is needed to

analyse the implications of such interactions on a variety of important outcomes.

It was also found that whilst more recent models have attempted to analyse the different

components of contraceptive dynamics partially, its full range is yet to be studied (see Section

2.2).
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Table 2.2. Articles included in the scoping review narrated in this chapter.

Simulation
Auth y i . Mai delli . . _— St ths (S
uthor(s) / Title Study objective(s) model Setting ain mo .e ing Simulated scenarios Measured outcomes Key finding(s) 're.ng' s(5)/
Year assumptions Limitations (L)
approach
S: the model explicitly
introduces women's
1) only female population 1) eligibility for eligibility criteria into
was considered; 2) only permanent simulation architecture.
Alternative To measure the . married women are contraception; 2) Five indices of fertility: L: 1) contraceptive
. R . . Demographic L - R All tested S
Family Planning impact of different . . . eligible for any high-low levels of crude birth rate, general . choice independent
. R R microsimulation . . ¥ i o strategies have i
Sarma Strategies for family planning . . contraceptive method; adoption of family fertility rate, intrinsic Lo from previous use
N modelling of a India R K V. significant
(1970) India: A programme human 3)birth, death and planning methods; 3) rate of growth, intrinsic reductions in cases; 2) model
simulation configurations on ten- opulation marriage probabilities are switching to birth rate, net fertility indices parameterised partially
experiment year fertility trends. pop : kept constant during permanent and IUD reproduction rate. v with data from other
simulation period (ten contraceptive settings (Taiwan); 3)
years). methods. model replications
restricted to six; 4)
males not included.
1) i tal AT
) |ncremgn a S: 1) explicitly includes
trends in X .
. demographic dynamics
contraceptive )
and behavioural
use were aspects of
predicted in both )
. . . reproduction; 2) model
1) reproductive decisions . scenarios; 2) .
; . 1) verify effects of - devised nearly after the
are entirely attributable . . livebirths . .
. travelling and waiting . . initiation of the family
. . To model to women; 2) women in . . 1) total populationm, projected to X K
Family planning R . . times in health R . . - planning programme in
reproductive their reproductive years . . acceptors of intrauterine increase linearly X
computer . R L . seeking behaviour, 2) . . Costa Rica, and
. . X outcomes within a Difference are divided in those who . devices, oral, and during the 10-
Vertinsky simulation: the . . . . evaluating the effect - ; . momentum to gather
. reproductive equation Costa Rica seek health assitance . traditional year simulation
(1972) Costa Rica - . X . of education and . . data and use
. decision-making and modelling within health care . . contraceptives; 2) window; 3) . . .
population - . information - information derived
demographic instances, and those who . . averted births due to number of
control model R . . campaigns in o R from the model was
framework. do receive assistance via . programme activities. contraceptive R
. reducing pregnancy considerable.
informal channels of adopters

communication.

intentions.
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increases over
time. Perceived
susceptibility to
pregnancy drives
contraceptive
adoption.

L: incomplete data to
calibrate the model; 2)
a list of used
parameters is not
available in the
document.



The evaluation
of four
alternative
family planning
programs for
POPLAND, a less
developed
country

Rao (1973)

Contraceptive
protection
provided
individual
couples and
achievement of
program goals:
A computer
simulation
study of a
marriage cohort
under varying
conditions
associated with
national family
planning
programs

Feinberg
(1973)

Applications of
POPREP, a
modification of
POPSIM

Lachenbruch
(1974)

Comparative
evaluation of the
impact of four
alternative family
planning strategies in
the fictional setting.

To depict the effect of
variations of family
planning programmes
on the fertility
behaviour of a
marriage cohort.

To describe whether
adaptations to an
already-existing
model (POPSIM) to
simulate live births
via biological events,
e.g., conception,
sterility.

Demographic
microsimulation
modelling of a
human
population.

Microsimulation
of fertility
behaviours
along the

reproductive
lifecycle.

Microsimulation
modelling

Fictional
setting (model
parameterised
with real data

from an

undisclosed
country)

Taiwan

N/A

Chapter 2

1) present
programme as
planned; 2) present
programme as
currently operates; 3)
post-partum
contraception
increased; 4) strategy
3 applied in urban
settings, whilst rural
settings are served
with strategy 2.

1) highest rate of
increase is assumed to
occur during the first
three years of each
strategy; 2) permanent
contraception provides
perfect protection
against unintended
pregnancy.

1) only married couples
are simulated, without
the option of remarriage;
2) all couples in the
starting cohort are in the
fecund state; 3)
contraceptive adoption
varies with age and
parity.

Two different
durations of the
family planning

programme: 13 and
52 months.

1) Age at menarche
follows a normal
distribution; 2)
fecundability probability
follows a Beta
distribution; 3)
Fecundability declines
linearly to O at age of
sterility, 4) switching
between three
contraceptives might be
possible via a user-
defined matrix.

Not specified
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Birth rates, percentage
of contraceptive users
among currently
married women,
number of new -or
repeat acceptors- of
contraceptives for each
year, age and parity
distributions of women
using contraceptives
during the 13th year of
simulation for each
method of
contraception and each
strategy.

Effect of contraception
in spacing/limiting
fertility behaviours.

Fertility rates

Differences were
found in
adoption rates
between four
strategies.
However, there
is no evidence of
differences
between
strategies one to
three. Strategy
two implies
higher birth rate
in urban settings.

1) the maximum
level of fertility
reduction is
accomplished in
the second
scenario, and
adopting a
contraceptive at
age 3; 2)
adoption of a
contraceptive
aftera
pregnancy ends
would also bring
about fertility
reductions.

The adapted
model follows
well the
reference
modes.

S: transitions and
adoptions of methods
are tied to age and
parity.

L: 1) only accounts for
married women; 2)
assumes resources are
not limited in the
context of the family
planning programme.

S: the model fares well
when its results are
compared against other
studies.

L: Only centered in
intrauterine devices as
contraceptive methods;
small timeframes for
evaluating programme
effectiveness.

S: refinement of an
already existent model
to strenghten its
applicability to other
reprodcutive
phenomena.

L: no clear scenario
testing was conducted.



Modeling of a
rural health
system

Subbayyan
(1982)

Mathematical
simulation of
impact of birth
control policies
on Indian
population
system

Patil (1983)

To explain population
structure in India, and

how it is influenced
by levels of family
planning, food and
crowding, and
availability of health
services.

To project the
population trends to
2026 with different
policies, including: 1)

different levels of
family planning
provision intensity; 2)
increase in marriage
age; and 3) improving
equity on income
distribution.

System

. India
dynamics

Syster'n India
dynamics

Chapter 2

1) birth and death rates
are influenced by
multiplicative effects of
family planning, health
services, food availability,
and crowding; 2) 1971-72
conditions represent
"normal" baseline values;
3) linear and non-linear
relationships between
variables based on partial
empirical data and
theoretical assumptions;
4) food availability per
capita remains constant
in future projections.

1) population is
disaggregated into 15 age
levels and 4 income
groups; 2) births depend
on fertility rates and the
number of women of
child-bearing age; 3)
deaths depend on age-
specific mortality rates
and life expectancy; 3)
life expectancy is
influenced by nutrition
and health care
availability; 4) various
birth control policies are
modeled as scenarios.

1) increasing family
planning service
spending (2.5-25%
annual cumulative);
2) increasing health
service spending (2.5-
25% annual
cumulative); 3)
combined increases in
both services.

1) different intensities
of birth control
policies; 2) increase in
marriage age; 3)
redistribution of
income.
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Birth rates and death
rates.

Population growth, birth
and death rates, age
structure, and total

couples to be covered
by the family planning
programme.

10% cumulative
annual increase
in both family
planning and
health services
provides optimal
control of birth
rates (17.7) and
death rates
(9.73) by year
2000. Higher
spending
increases (>10%)
showed
diminishing
returns. Health
service
effectiveness
eventually
diminishes due
to crowding
effects.

1) moderate
intensity birth
control policies
can stabilize the
population at a
higher level
earlier than high-
intensity
policies; 2)
increasing
marriage age
and income
redistribution
have significant
impacts on
population
dynamics; 3)
high-intensity
birth control
policies can
reduce the
population to
lower levels but
take longer to
stabilize.

S: 1) comprehensive
integration of multiple
health system factors;
2) validation against 8
years of empirical data

(1971-79); 3) flexible
framework allowing for
program modification.
L: 1) some relationship

curves partially
assumed rather than
empirically derived; 2)
food availability held
constant in projections;
3) limited geographic
scope; 4) no
consideration of

migration effects; 5)

economic factors
beyond direct program
costs not included.

S: 1) comprehensive
model incorporating
multiple demographic
and socioeconomic
factors; 2) provides
insights into the long-
term impacts of various
birth control policies.
L: 1) assumptions may
not fully capture the
complexity of real-
world dynamics; 2) data
limitations and the
need for more detailed
and updated
information.



Simulation
modeling
perspectives of
the Bangladesh
family planning
and female
education
system.

Teel (1984)

To represent
contributions of the
interactions between
an array of social
subsystems (i.e.,
family planning,
education, marriage
formation) in
explaining high
fertility rates in a
developing country.

System
dynamics

Chapter 2

1) high fertility rates are
influenced by multiple
dynamically interrelated
variables; 2) female
education is crucial for
population control,
improved health, and
quality of life; 3) the
model was initialized for
1972 with projections
over a 30-year period
(1972-2002).

1) increased female
education and
welfare; 2) higher
levels of nutrition and
per capita income; 3)
various intensities of
family planning
programs.

Bangladesh Fertility rates
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1) female
education
significantly
impacts
population
growth, delaying
marriage,
increasing
contraceptive
acceptance, and
improving health
and welfare; 2)
family planning
programs need
to be integrated
with female
education
initiatives for
maximum
effectiveness; 3)
economic
development
and improved
nutrition are also
essential for
controlling
population
growth.

S: 1) comprehensive
integration of multiple
social subsystems; 2)
use of innovative
methodologies like
fuzzy profiles and
interpretive impact
matrices; 3) emphasis
on non-economic
societal forces in
addressing population
growth.
L: 1) data limitations
due to historical gaps
and inconsistencies; 2)
assumptions may not
fully capture the
complexity of real-
world dynamics.



The costs,
benefits, and
cost-
effectiveness of
interventions to
reduce
maternal
morbidity and
mortality in
Mexico

Hu (2007)

To compare the
health outcomes and
costs associated with
the current maternal

health intervention
coverage levels in
Mexico.

Chapter 2

1) infertility can result
following a sexually
transmitted infection,
unsafe abortion, or
sepsis; 2) 68% of women
ages 20-45 years use
some method of birth
control with 9%
employing traditional
methods; 3) 15%
pregnancies end in
miscarriage.

Markov

Mexi
modelling exico

1) Upgrading selected
strategies to achieve
coverage levels
recommended in the
WHO Mother Baby
Package; and 2)
increasing coverage
of selected
interventions alone
(e.g., enhanced
access to safe
abortion) and in the
context of strategic
packages (e.g.,
increased family
planning, enhanced
safe abortion,
improved access to
emergency obstetric
services).
Selected strategies:
provision of family
planning; safe
abortion; prenatal
care (e.g., four to six
prenatal visits
including physical
exam, urine protein
screen, screening and
treatment for anemia
and syphilis,
iron/folate
supplementation,
tetanus vaccination,
and if indicated,
treatment for sexually
transmitted
infections; high
quality intrapartum
care including access
to skilled attendants
and emergency
obstetric care (e.g.,
timely access to a
facility with surgical
expertise, critical care
capability including
blood transfusions,
and ability to manage
serious obstetric
complications that
can cause death); and
postpartum care.
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Intermediate clinical
events (e.g., unsafe
abortion, severe
preeclampsia/eclampsia,
obstructed labor,
hemorrhage, sepsis) and
long-term outcomes
(e.g., life expectancy,
disability-adjusted life
expectancy, lifetime
costs).

The Mother-
Baby Package is
both more
effective and less
costly than the
current standard
of care.

S: model parameterised
with Mexico data;
current programme
compared against
existent standard of
care.

L: the model makes no
attempt to estimate the
feasibility of scaling up
the family planning and
safe abortion
strategies.



Alternative
strategies to
reduce
maternal
mortality in
India: A cost-
effectiveness
analysis

Goldie
(2010)

Estimating the
effects and
costs of three
pregnancy-
prevention
programs

Thomas
(2011)

Estimate the cost-
effectiveness of
interventions devised
to reduce maternal
mortality, from family
planning and access
to safe abortion/post-
abortion care, to
integrated/stepwise
approach (i.e.,
increased skilled
deliveries, facility
births, access to
antenatal/postpartum
care, improved
recognition of referral
need, transport, and
availability quality of
emergency obstetric
care).

To assess the
effectiveness and
cost-efficiency of

three interventions:
1) a mass media
campaign
encouraging
contraceptive use; 2)
an evidence-based
teen pregnancy
prevention program;
3) and expanded
access to Medicaid-
funded family
planning services.

Chapter 2

1) incidence and case
fatality rates of
pregnancy-related
complications; 2)
effectiveness of
interventions to reduce
complications and case
fatality rates; 3) costs of
interventions and
maternal complications;
4) access to services and
facilities.

Markov

modelling India

1) effects of interventions
were derived from prior
small-scale, rigorously
evaluated programs; 2)
assumptions were made
regarding the costs and
impacts of scaling these
programs nationally; 3)
impacts measured were
on contraceptive use,
sexual behavior, and
associated outcomes.

Agent-based

. United States
modelling

1) increased family
planning; 2) safe
abortion; 3)
integrated services
including skilled birth
attendants,
antenatal/postpartum
care, facility-based
births, and
emergency obstetric
care (EmOC).

1) teen pregnancy
prevention through
education and skills

training; 2) mass

media campaigns
promoting
contraceptive use; 3)
increased availability
of Medicaid-funded
family planning
services.

34

Clinical events (e.g.,
pregnancies, live births,
maternal
complications),
measures of maternal
mortality (e.g., maternal
mortality ratio),
population outcomes
(e.g., life expectancy),
and economic costs.

1) changes in rates of
contraceptive use and
sexual behavior; 2) cost-
effectiveness of
interventions; 3)
reduction in teen
pregnancies.

1) increasing
family planning
is the most
effective
individual
intervention,
potentially
preventing over
150,000
maternal deaths
and saving more
than US$1 billion
in 5 years; 2) an
integrated,
stepwise
approach could
prevent nearly
80% of maternal
deaths, with
cost-
effectiveness
ratios well below
India's per capita
GDP.

1) programs
collectively
increased
contraceptive
use by
approximately
25%; 2) sexual
activity reduced
by 15% among
participants; 3)
cost-
effectiveness
varied across
interventions,
with scaled
implementation
potentially

S: 1) comprehensive
model incorporating
multiple data sources;
2) consideration of both
urban and rural
settings; 3)
identification of cost-
effective strategies.
L: 1) altough the results
point to the efficiency
of the combination of
strategies (family
planning plus universal
access to safe abortion)
on maternal outcomes
and medical costs, the
model makes no
attempt to estimate the
feasibility of scaling up
the family planning and
safe abortion
strategies. This is
different to the scale-
up of emergency
obstetric care, where
some form of feasibility
analysis is present. 2)
potential
underestimation of
effectiveness and cost-
effectiveness by not
including neonatal
health and survival
benefits.

S: inclusion of diverse
intervention types.
L: 1) assumptions on
scalability and
consistency of impacts
may not fully
generalize; 2) some
evaluations lack
sufficient replication
data for validation.



Welti (2017)

Thomas
(2012)

Babigumira
(2012)

How increasing
the use of
effective
contraception
could reduce
unintended
pregnancy and
public health
care costs

Three strategies
to prevent
unintended
pregnancy

Potential cost-
effectiveness of
universal access

to modern
contraceptives
in Uganda

To estimate
nationwide pregnancy
outcomes and
associated costs if
women not seeking
pregnancy used the
same mix of effective
contraceptive
methods as women in
Planned Parenthood
clinics with enhanced
contraceptive access.

To compare the
impact of three
interventions to
prevent unintended
pregnancies.

To compare the cost-
effectiveness of
granting universal
access to modern
contraception,
compared with the
current scenario
(traditional methods
and unmet need still
occurring).

Microsimulation
model with
daily
periodicity,
simulating
individual-level
fertility
behaviors and
outcomes.

Agent-based
modelling

Markov
modelling

Chapter 2

1) baseline contraceptive
distribution matches
2006-2010 National

Survey of Family Growth
data; 2) proportional

effects would be similar
in 2017 as in 2008; 3)

68% of unintended births

are publicly funded; 4)
USD17k saved per
averted public

unintended birth in 2015

dollars.

United States

1) information campaigns
affect the behaviour of
population in 3%; 2) sex
education reduces risk
sexual behaviour in 33%;

3) expanding family
planning services has the
same effect amongst
members of the
population (youngsters
and adults).

United States

1) the tested
contraceptive
programme holds the
same contraceptive
distribution availability as
the current programme;
2) a constant
contraceptive mix is
assumed through time.

Uganda

Baseline: actual US
contraceptive method
distribution.
Intervention:
Distribution matching
Planned Parenthood
clinics post-
intervention (higher
long-acting
reversible/hormonal
use).

1) Information and
education campaigns,
2) pregnancy
intervention directed
at high risk younger
individuals, 3)
expansion of
Medicaid family
planning services.

Universal access to
modern
contraception in
comparison to
current levels of
access.
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Unintended pregnancy,
birth and abortion rates;
maternal/child health
outcomes; public
healthcare cost savings.

Unintended pregnancy

Unintended pregnancy

reducing
impacts.

1) 64% reduction
in unintended
pregnancies; 2)
63% reduction in
unintended
births; 3) 67%
reduction in
abortions; $12
billion annual
public health
care cost
savings; 22%
reduction in
births into
poverty.

Medicaid
expansion yields
higher cost-
benefit ratios.

1) in a cohort of
100k women,
the new
contraceptive
programe would
save more than
USD 8 million; 2)
the new
programme is
economically
dominant.

S: 1) comprehensive
simulation
incorporating multiple
demographic factors; 2)
detailed cost analysis.
L: 1) cannot explicitly
model pregnancy
intentions; 2) no
reduction found in
rates of adverse
outcomes; 3) based on
select clinic population
that sought services; 4)
assumes similar
proportional effects
over time.

S: highly detailed model
structure.

L: 1) high dose of
uncertainty around
estimates; 2) positive
externalities not
accounted for.

L: 1) no attempt to
estimate the feasibility
of scaling up the family

planning and safe
abortion strategies; 2)

fertility intentions do
not change over time;
3) no externalities of
contraception were
measured.



Assessing
health and
economic
outcomes of
interventions to
reduce
pregnancy-
related
mortality in
Nigeria

Erim (2012)

Burden of
unintended
pregnancy in
the United
States: Potential
savings with
increased use of
long-acting
reversible
contraception.

Trussell
(2013)

Provide insights into
the most efficient
strategies to meet the
Millenium
Development Goal 5.

To evaluate total
costs of unintended
pregnancy (UP) from

third-party payer

perspective and
estimate potential
cost savings from
increased LARC
adoption.

Markov
modelling

Economic cost
model (decision
tree modelling)
estimating
direct medical
costs of
unintended
pregnancy
outcomes and
contraceptive
methods,
incorporating
perfect v typical
use
effectiveness
rates.

Chapter 2

1) separate models for
Southwest and Northeast
zones; 2) coverage of
effective interventions,
including improved
logistics; 3) incremental
cost-effectiveness ratios
calculated; 4) sensitivity
analyses and Monte Carlo
simulations conducted.

Nigeria

1) 50% of ectopic
pregnancies/spontaneous
abortions assumed from
unintended pregnancy; 2)
no contraceptive
switching during analysis
period; 3) annualized
costs for multi-year
methods (long-acting); 4)
only first-year failure
rates considered.

United States

1) increasing family
planning coverage; 2)
improving
intrapartum care; 3)
integrated approach
combining family
planning, safe
abortion, and
intrapartum care.

Three 10% switching
scenarios amongst
women aged 20-29

years: 1) oral
contraceptive users
to long-acting; 2)
short-acting
contraceptive users
to long-acting; 3)
short-acting/no
method users to long-
acting.
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Same as in Goldie (2010)

1) direct medical costs
of unintended
pregnancy outcomes; 2)
contraceptive costs; 3)
unintended pregnancy
rates and costs
attributable to
imperfect adherence; 4)
cost impact of increased
long-acting reversible
contraception uptake.

1) increasing
family planning
is the most
effective and
cost-saving
intervention; 2)
integrated
strategies can
prevent 4 out of
5 maternal
deaths; 3)
economic
benefits range
from cost-saving
to incremental
cost-
effectiveness
ratios less than
$500 per year of
life saved.

1) annual
unintended
pregnancy
medical costs:
USD 4.6 B; 2)
53% of
unintended
pregnancy costs
(USD 2.47B)
attributed to
imperfect
adherence; 3)
10% switch from
short-acting/no
method to long-
acting could save
USD 436M
annually; 4) cost
neutrality
achieved in 1.3-
1.9 years post-
long-acting
contraception
switch.

S: 1) comprehensive
model considering
various interventions;
2) region-specific
analysis; 3) cost-
effectiveness analysis
provides actionable
insights.

L: 1) estimates based
on current data, not
future preferences; 3)
limited data on the
frequency of unsafe
abortion and unmet
need for contraception.

S: 1) comprehensive
cost components
included; 2) mMultiple
sensitivity analyses; 4)
detailed age
stratification.

L: 1) exclusion of
prenatal/long-term
costs; 2) side effects
costs not included; 3)
no contraceptive
switching considered;
4) only first-year failure
rates used; 5) limited to
direct medical costs.



The case for
investing in
family planning
in the Pacific:
Costs and
benefits of
reducing unmet
need for
contraception
in Vanuatu and
the Solomon
Islands

Kennedy
(2013)

National and
sub-national
analysis of the
health benefits
and cost-
effectiveness of
strategies to
reduce
maternal
mortality in
Afghanistan

Carvalho
(2013)

Measure impact of
scaling-up the current
family plannign
programme

To assess health
outcomes and cost-
effectiveness of
strategies to improve
pregnancy and
childbirth safety in
Afghanistan by
evaluating single
interventions and
integrated service
packages.

Chapter 2

1) base-year (2010) data
from census reports,
DHS, UN agencies; 2)

unmet need: 30%

Vanuatu, 11% Solomon

Islands; 3) front-loaded

reduction in unmet need;

4) contraceptive method

mix adjusted for planned

changes; 5)
economic/health
expenditure projected to
reach East Asia/Pacific
average by 2054.

Vanuatu and
Solomon
Islands

Demographic
modelling

2) case fatality rates
conditional on
complication
type/severity and
comorbidities; 2)
effectiveness of
interventions dependent
on access to services and
facility capabilities; 3)
stepped implementation
of integrated service
packages feasible over
time; 4) upper threshold
of 60% contraceptive
coverage.

Markov

modelling Afghanistan

1) no change in
unmet need;
satisfying unmet need
for contraception by
2) 2020 and 3) 2050.

1) progress
assessment between
1999-2002 and 2007-

08; 2) single

interventions (e.g.,
family planning
alone); 3) integrated
packages combining
multiple interventions
in phased approach
(family planning +
skilled attendance +
transport + EmOC).
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Contraceptive
prevalence and number
of users per method,
family planning costs,
health outcomes (i.e.,
unintended pregnancies,
induced abortions, total
births, births with any
avoidable risk, and
maternal and infant
deaths), total fertility
rate, population growth,
dependency ratio, and
annual public sector
health and education
expenditure.

1) pregnancy-related
complications; 2)
maternal deaths and
mortality ratios; 3) cost
per year of life saved; 4)
proportionate mortality
ratio; 5) lifetime risk of
maternal death.

1) meeting
needs by 2020
would cost
$5.19M
(Vanuatu) and
$3.36M
(Solomon
Islands); 2)
would avert
2,573 maternal
and infant
deaths; 3) every
$1 spent would
save $9-16 in
health/education
costs; 4)
substantial
reductions in
unintended
pregnancies and
fertility rates.

1) Family
planning most
effective single
intervention -
could prevent 1
in 3 maternal
deaths at 60%

coverage; 2) 30-
40% mortality
reduction
threshold
without
emergency
obstetric care

access; 3)

phased approach
combining family
planning and
incremental
improvements in
skilled
attendance,
transport,
referral and care
quality could
prevent 75% of
maternal deaths.

S: 1) comprehensive
sensitivity analysis; 2)
country-specific data
and expert input; 3)
multiple outcome
measures.

L: 1) excludes system
strengthening costs; 2)
limited unmet need
data for Vanuatu; 3)
small absolute numbers
affect mortality
estimates; 4) cannot
account for all fertility
determinants; 5)
constant costs
assumption throughout
projection period.

S: 1) comprehensive
model incorporating
multiple intervention
components; 2) sub-
national analysis
accounting for regional
variations; 3) rigorous
cost-effectiveness
analysis; 4) policy-
relevant phased
implementation
approach.

L: 1) limited
quality/availability of
country-level data; 2)
exclusion of neonatal

outcomes; 3)
uncertainty in
timeframes for
implementing later
phase improvements;
4) limited abortion data
due to cultural
sensitivity; 5) does not
capture mortality
reductions from
improved underlying
health status.



Male
involvement in

family planning:

the estimated
influence of
improvements
in condom use
and efficacy on
nonmarital
births among
teens and
young adults

Manlove
(2014)

The role of
mass media
campaigns in
preventing
unintended
pregnancy

Thomas
(2014)

Estimate the effects
of increasing
contraceptive use
(condom) among
sexually active men.

Estimate the impact
of information-
education campaigns
in unintended
pregnancy reduction.

Agent-based
modelling

Agent-based
modelling

Chapter 2

1) young men aged 15-24
constitute a key
population for changes in
condom use; 2) modeled
scenarios include moving
non-users to condom
users and improving use
efficacy among current
users.

United States

1) 3% increase in condom
use among unmarried
men (based on
conservative estimates
from literature); 2)
campaign costs estimated
at $100M-$250M
annually (based on
comparable national
campaigns); 3) only
considered unmarried
population (excluded
married couples); 4)
benefits calculated
through avoided taxpayer
costs for
Medicaid/means-tested
programs up to child age
5.

United States

1) 50% of non-
condom users begin
using condoms; 2)
100% of non-condom
users begin using
condoms; 3) typical
use failure rates
among all current
users; 4) perfect use
failure rates among
all current users.

Nationwide year-
round media
campaign promoting
condom use under
two cost assumptions
($100M vs $250M
annually).
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Incidence of nonmarital
pregnancy, abortion,
childbearing, and child
poverty rates.

Unintended pregnancy

Increased
condom use and
efficacy
significantly
reduce
nonmarital
pregnancies (23—
47%), abortions
(10-48%), and
child poverty
rates (5.7—
12.5%).

1) 4% reduction
in teen
pregnancies and
abortions; 2)
2.2% reduction
in children born
into poverty
(~23,000 fewer
annually); 3)
benefit-cost ratio
of 1.7-4.3
(varying by cost
assumption); 4)
cost per avoided
pregnancy:
$900-$2,300; 5)
annual taxpayer
savings: $431M.

S: 1) employs a robust
microsimulation model
to estimate individual
and population-level
effects; 2) provides
actionable insights for
policy interventions.
L: assumes substantial
behavioral changes,
which may not fully
capture real-world
barriers to condom
adoption and
consistent use.

S: 1) robust simulation
methodology with
multiple runs; 2)
conservative
assumptions; 3)
comprehensive cost-
benefit analysis; 4)
validation against real-
world benchmarks.
L: 1) excludes married
population effects; 2)
benefits only calculated
up to child age 5; 3)
does not account for
private benefits; 4)
limited to condom use
only.



Reducing
Unintended
Pregnancies: A
Microsimulation
of
Contraceptive
Switching,
Discontinuation,
and Failure
Patterns in
France

Diamond-
Smith (2014)

The Cost of
Unintended
Pregnancies in
Canada:
Estimating
Direct Cost,
Role of
Imperfect
Adherence, and
the Potential
Impact of
Increased Use
of Long-Acting
Reversible

Black (2015)

Contraceptives.

To test the
effectiveness of three
behavioural
interventions in
reducing unintended
pregnacy.

1) quantify direct cost
burden of unintended
pregnancies in
Canada; 2) determine
proportion of
unintended
pregnancies/costs
attributable to
imperfect
contraceptive
adherence; 3)
estimate potential
cost savings from
increased long-acting
contraception usage.

Microsimulation

Economic cost
model

France

Canada

Chapter 2

1) mortality and
migration rates set to
zero; 2) every woman
experienced a monthly

probability of switching
to any other state. This
differed by method type
and length of time on
that method.

1) base case analysis for
women aged 20-29 years;
2) one-year analysis
period for comparability;
3) pregnancy outcomes:
birth, induced abortion,
miscarriage, ectopic
pregnancy; 4) perfect vs.
typical use failure rates
from literature; 5) direct
costs only (public payer
perspective).

1) Reducing method
failure; 2) increasing
time using effective
methods; and 3)
increasing switching
from less effective to
more effective
methods.

Three intrauterine
device (IUD) uptake
scenarios where 10%
of users switch from:
1) oral contraceptives
to IUD; 2) any short-
acting reversible
contraceptive to 1UD;
3) either no method
or any short-acting
method to IUD.
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Number of unintended
and intended
pregnancies, total
fertility rate.

1) annual number and
costs of unintended
pregnancies; 2)
proportion of costs due
to imperfect adherence;
3) potential cost savings
from increased 1UD use;
4) time to cost neutrality
for IUD adoption.

1) Scenario 1
reduced
unintended
pregnancies in
6.9 percentage-
points, whilst 2
and 3 reduced
1.2and 1.4
percentage-
points,
respectively.

1) annual
number of
unintended

pregnancies in
Canada: 180,733
($320M cost);
69% of costs
($220M) due to
imperfect
adherence; 3) up
to $35M
potential annual
savings with 10%
1UD uptake; 4)
cost neutrality
achieved in ~12
months for all
scenarios.

S: 1) policy
recommendations are
detailed; 2) simulations
replicate actual data
used to parameterise
the model.

L: 1) no age-specific
method switching
rates; 2) does not

account for women's

parity to assign baseline
contraceptive method.

S: 1) first Canadian UP
cost burden study; 2)
comprehensive
sensitivity analyses.
L: 1) only first-year
failure rates used; 2)
direct costs only (no
social/long-term costs);
4) discontinuation rates
not considered; 5)
some US data used
where Canadian data
unavailable.



Cost of
unintended
pregnancy in
Norway: a role
for long-acting
reversible
contraception

Henry
(2015)

Linking Changes
in
Contraceptive
Use to Declines
in Teen
Pregnancy
Rates

Manlove
(2015)

To quantify economic
burden of unintended
pregnancies in
Norway and estimate
cost savings potential
from increased long-
acting reversible
contraception uptake.

Explore how changes
in contraceptive mix
offered to teenagers
contributed to the
reduction in teen
pregnancy rates
between 2002-2010
in the United States.

Economic
model
estimating UPs
and associated
costs based on
contraceptive
failure rates,
method mix,
and pregnancy
outcomes

Agent-based
modelling

Chapter 2

1) perfect vs typical use
failure rates difference
represents adherence-
related failures; 2) four
pregnancy outcomes: live
birth, induced abortion,
spontaneous abortion,
ectopic pregnancy; 3)
costs include direct
medical costs and
indirect work productivity
losses; 4) long-acting
contraception requires
1.28 years of use to
achieve cost neutrality vs
short-acting.

Norway

1) no changes in coital
frequency,
demographics, or
contraceptive
discontinuation rates
(except for long-
acting/injectable
category); 2) dual-
method use patterns
remained constant; 3)
pregnancy risks based on
typical-use failure rates;
4) method switching
allowed between
contraceptive categories.

United States

Base case: Current
contraceptive method
mix
1) 5% switch from
short-acting to long-
acting in women aged
15-24 years; 2)
sensitivity analyses
with 10% and 100%
SARC to LARC switch.

1) total unintended
pregnancy costs; 2)
proportion of
unintended pregnancies
due to imperfect
adherence; 3) cost
savings from increased
long-acting
contraception uptake.

1) baseline 2002
contraceptive
distribution; 2)

increased condom
use; 3) increased
pill/patch/ring (PPR)
use; 4) increased
LARC/injectable use;
5) counterfactual:
moving condom users
to more effective
methods.

1) changes in pregnancy
rates per 1,000 teen
women; 2) relative

contribution of different

contraceptive method
changes to overall
decline.
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1) total
unintended
pregnancy costs:
NOK 617M (ages
15-44) and NOK
144M (ages 15-
24); 2) 81.7% of
unintended
pregnancies in
ages 15-24 due
to imperfect
adherence; 5%
short-acting to
long-acting
switch saves
NOK 6.5M in
ages 15-24.

1) contraceptive
changes
accounted for
48% of teen
pregnancy rate
decline; 2) 58%
of contraceptive
effect due to
increased
condom use; 3)
reduction in non-
use had greater
impact than
switching to
more effective
methods; 4)
overall decline of
8.1 pregnancies
per 1,000 teens
attributable to
contraceptive
changes.

S: 1) comprehensive
cost analysis including
both direct and indirect

costs; 2) extensive
sensitivity analyses; 3)
policy-relevant findings.
L: 1) USA data used for
some parameters due
to lack of Norwegian
data; 2) only first-year
contraceptive failure
rates available; 3)
longer-term outcomes
not considered; 4) side
effects and
contraceptive switching
not modeled.

S: 1) comprehensive
modeling of multiple
contraceptive
behaviors; 2) validation
against real-world
benchmarks; 3) ability
to isolate effects of
specific method
changes.

L: 1) cannot separate
long-acting reversible
contraception from
injectable effects due
to sample size; 2) does
not model changes in
dual method use over
time; 3) does not
account for changes in
consistency/correctness
of use; 4) may
underestimate total
contraceptive effect by
focusing only on
method mix changes.



The intensive
and extensive
margins of
contraceptive

Thomas use: comparing
(2016) the effects of
method choice
and method
initiation
Reassessing the
Karpilow importance of
(2017) long-acting

contraception

Study the effects of
contraceptive use on
nonmarital pregnancy

rates.

To estimate the
CHOICE programme's
impact on pregnancy

risk and to simulate
the counterfactual
effect of moving all
nonusers and condom
users onto shorter-
acting, female-
controlled methods.

Agent-based
modelling

United States

Agent-based
modelling

United States

Chapter 2

1) perfect use assumed
for new LARC users,
typical use for other

methods; 2) unmarried

status used as proxy for
unintended pregnancy
risk; 3) model
parameterized using
2006-2010 NSFG data; 4)
contraceptive switching
allowed monthly; 5) daily
updating of menstrual
cycles and age-adjusted
fecundity.

Assumed demographic

characteristics matching

CHOICE participants,
including reductions in

nonuse and condom use,
and adoption of female-

controlled methods.

Moving 5% of at-risk
unmarried women
from: 1) No method
to
condoms/PPR/long-
acting reversible; 2)
condoms to PPR/long-
acting reversible; 3)
PPR to long-acting
reversible. Each
scenario run
with/without method
switching.

1) preenrollment
contraceptive use; 2)
postenrollment LARC

adoption; 3)
hypothetical adoption
of shorter-acting
methods by nonusers
and condom users.
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Unintended pregnancies

Unintended pregnancies

1) extensive
margin changes
(initiating any
method) had
larger impacts
than intensive
margin changes
(switching to
more effective
methods); 2)
moving non-
users to
condoms
reduced
pregnancies
more than
moving pill users
to long-acting
reversible; 3)
difference
between
adopting long-
acting vs. PPR
methods was
modest
compared to
difference
between using
no method vs.
any method.
Over 70% of the
CHOICE Project's
effect on
pregnancy risk
could be
achieved without
increasing long-
acting
contraception
use, emphasizing
the role of
female-
controlled
methods over
nonuse and
condom use.

S: 1) comprehensive
validation against real-
world benchmarks; 2)

robust sensitivity
analyses; 3) daily
periodicity capturing
detailed behavioral
dynamics.

L: 1) unable to directly
model pregnancy
intentions; 2) limited to
1-year validation
period; 3) cannot track
method switching
within categories; 4)
results may vary for
specific subpopulations.

S: comprehensive
microsimulation,
aligning closely with
real-world demographic
data.

L: focused on one-year
outcomes, limiting
assessment of long-
term contraceptive
effectiveness
differences.



Scaling up
family planning
in Sierra Leone:

A prospective
cost—benefit
analysis

Keen (2017)

Cost-
Effectiveness of
Scaling Up
Modern Family
Planning
Interventions in
Low- and
Middle-Income
Countries: An
Economic
Modeling
Analysis in
Indonesia and
Uganda

Zakiyah
(2019)

Use a compartmental
modelling tool to
estimate the
programmatic and
financial costs needed
to scale-up FP
strategies in al low-
income country.

Analyse the cost-
effectiveness of four
incremental scenarios
of FP scale-up: 25, 50,
75% and full
coverage; they
compared them to
the current coverage
levels in Indonesia
and Uganda

Chapter 2

1) family planning
services are scaled up to
currently married women
aged 15-49 years; 2) two
scenarios: medium
(contraceptive
prevalence rate reaching
34% by 2035) and high
(contraceptive
prevalence rate reaching

Two levels of
coverage: 1) one
'medium' (34%
coverage); 2) and one

Spreadsheet . 'high' (50%) which
P . Sierra Leone 50% by 2035); 2) costs gh' (50%)
modelling X K were compared to a
include direct costs, ‘counterfactual
health facility overheads, R
scenario of no change
and program costs; 3) )
benefits include cost in current trends to
A X X the year 2035.
savings in primary
education, child
immunization, malaria
prevention, maternal
health services, and
improved drinking water.
1) women's reproductive
years as time horizon; 2)
modern contraception
coverage increased by
specific proportions; 3)
healthcare payer
perspective, including 25, 50, 75, and 100%
only medical costs; 4 increments in
Markov Indonesia and v i 4) .
X women may move contraceptive
modelling Uganda

between five different
states (sexually inactive,
wanting to delay
pregnancy, non-user;
wanting to delay
pregnancy, user; trying a
pregnancy, non-user;
pregnant).

coverage relative to
status quo.
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Demographic:
population size and
structure, family
planning use and fertility
rates.

Health outcomes:
Potential reductions in
maternal and infant
deaths.
Eonocmic: projection of
the governmental costs
of providing primary
education, child
immunisation, malaria
prevention, maternal
health services and
improved drinking water
in the different
scenarios.
'Benefits': cost savings
from fewer people
requiring these five
essential services,
following the scale-up of
FP coverage.

1) intermediate:
pregnancies, livebirths
(vaginal and caesarean),
induced abortions,
spontaneous abortions,
stillbirth, maternal
death; 2) final: disability-
adjusted life years,
costs.

1) by 2035, the
high scenario
could result in
1400 fewer
maternal deaths
and 700 fewer
infant deaths
annually
compared to the
counterfactual;
2) total cost of
family planning
services will
increase from
USS$4.2 million in
2013 to USS$10.6
million annually
by 2035 in the
high scenario; 3)
for every dollar
spent on family
planning, Sierra
Leone could save
USS$2.10 in
expenditure on
the five selected
social services
over the period
2013-2035.

1) eliminating FP
results in 2483-
9597 avoided
pregnancies in
Indonesia, and
15888-52014 in
Uganda; total
costs of
eliminating
unmet need for
contraception
are lower than
current
programme
costs.

S: comprehensive cost-
benefit analysis
including direct and
program costs, and
benefits across multiple
social services.

L: 1) does not account
for the dynamics of the
system devised to
provide services; 2)
resources needed to
scale-up were not
expicitly modelled; 3)
does not test for
alternative
arrangements to
optimise resource use;
4) feasibility of
achieving coverage
levels of scenarios
modelled was not
explained.

S: 1) the study models
the movements
between different
states along the
reproductive years of
women; findings
consistent with other
studies.

L: 1) no attempt to
estimate the feasibility
of scaling up the family
planning; 2)
discrepancies on
definition of current
method use in both
countries; 3) not
included other costs,
e.g., out-of-pocket.



Cost of
unintended
pregnancy in
Engstrand Sweden — a
(2018) possibility to

lower costs by
increasing LARC
usage

To estimate costs of
unintended
pregnancy in Sweden
and potential cost
savings from 5%
switch from short-
acting reversible
contraception to
long-acting reversible
contraception

Economic
model

Sweden

Chapter 2

1) population: Women
15-44 years requiring

reversible contraception;
2) unintended pregnancy

outcomes: birth,
spontaneous abortion,

induced abortion, ectopic

pregnancy; 3)
contraceptive failure
rates from US data; 4)

direct costs (healthcare,
out-of-pocket) + indirect
costs (work time lost); 5)

long-acting contraception

costs annualized over
product lifetime; 6) 92%
of abortions assumed
unintended.

Base case + 5% switch
from non-long-acting
to long-acting
methods in: 1) all
women aged 15-44;
2) women aged 20-29
(high abortion rate
subgroup).

1) number of
unintended
pregnancies; 2) direct
medical costs; 3)
indirect costs; 4) cost
savings from method
switching.

1) estimated
73,989 annual
unintended
pregnancies
costing €158M;
2) 5% switch to
long-acting
would prevent
3,500
unintended
pregnancies
annually; 3)
generated
savings of €7.7M
(2.4% of UP
costs); 4) cost
neutrality
achieved at 2.09
years (all
women).

S: 1) uses recent
Swedish contraceptive
usage data; 2)
comprehensive cost
perspective; 3)
sensitivity analyses
confirm robustness.
L: 1) adherence rates
not age-specific; 2)
mental health impacts
excluded; 3) early LARC
discontinuation may be
underestimated; 4)
costs of pregnancy
complications not
included.
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2.1 OR/MS simulation approaches applied to the study of

contraception and fertility: first historical approaches

The simulation of human fertility under contraception attracted the attention of the OR
community since the 1960s when most family planning programmes began around the globe. The
span of different settings includes low- and middle-income countries (LMICs) and high-income
countries (or developing and developed countries, respectively, as per the formerly accepted
nomenclature.) Chosen techniques are diverse and include discrete-event simulation, system
dynamics, and agent-based simulation. Whilst early work considered only the case of married
women, more recent studies expanded the scope to address the case of non-married and
cohabitating women, given that modern data sources report sexual activity levels for a wide
variety of marital statuses. This responds to a shift in perspective to analysing exposure to
unintended pregnancy: sexual activity is a characteristic of women of all reproductive ages,

disregarding their marital status.

The Population Simulation (POPSIM) model was developed by the Research Triangle Institute and
introduced in 1969, starting as a discrete-event simulation demographic model (i.e., generating
births probabilistically) that evolved into the Population Representation (POPREP) model to
depict reproductive milestones of women (e.g., conception, sterility) (Lachenbruch et al., 1974).
The model was able to simulate contraceptive adoption and switching patterns, and its typical
application was the estimation of fertility indicators such as crude birth/general fertility rates due
to different policy configurations of contraceptive provision programmes (Sarma, 1970). Further
uses consisted in estimating the necessary number of contraceptive users to attain fertility goals
in a fictional setting (Rao et al., 1973). Despite its realistic representation of events in the
reproductive lifecycle, it was deemed overly complicated for most applications on which was
tested, requiring a non-trivial amount of data sources to reconstruct the life histories of its

simulated populations (Treadway, 1978).

In 1972, Vertinsky et al. introduced The Costa Rica Population Control Model (Vertinsky et al.,
1972), a microsimulation model which employs a decision-making algorithm in response to
pregnancy susceptibility (as a function of the number of children, urban/rural setting of residence
and assuming that an additional pregnancy poses disutility to exposed couples). The model
estimated a matrix of contraceptive adoption probabilities adjusted to women's age and their
number of children to conduct two experiments: testing the effect of distance to clinics and of
information, education, and communication (IEC) campaigns in increasing contraceptive use.
The authors found that both strategies could expand the number of contraceptive users in the

country.
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Another microsimulation model, the Fertility Modeling under Family Planning (FERMODP) model,
estimated the change in fertility rates after introducing intrauterine devices as the only

contraceptive option for a cohort of Taiwanese married couples (Feinberg, 1973).

The first identified application of SD goes back to 1982 in India. Subbayyan et al. (Subbayyan et
al., 1982) devised a high-level model to explain the influence of the contraceptive provision
programme (represented with allocated per capita spending), food/crowding, and health services
available on births and deaths. The authors concluded that a 10% increase in contraceptive and
health services spending would take birth and death rates to manageable levels. Again, in India,
Patil et al. proposed a different SD model to project population trends (Patil et al., 1983). They
projected the population development until 2026 under different policies: modifying the intensity
of contraceptive provision, increasing marriage age, and improving equity in income distribution.
Their main finding was the positive impact of improving contraceptive provision. Finally, a third
SD model was applied to the Bangladeshi context by Teel and Ragade to represent the
interactions of contraceptive provision, education, and marriage formation in explaining high
fertility rates (Teel & Ragade, 1984). The main finding was the positive influence of school
enrolment in diminishing birth rates. Although not formally tested, the authors suggested that

improving other social subsystems, such as contraceptive provision, was necessary.

2.2 Contraceptive, sexual, and reproductive dynamics

representation and unintended pregnancy estimation

Available models have approached the study of contraceptive, sexual, and reproductive
dynamics in some form. All have estimated unintended preghancies as the consequence of
contraception failure or non-use. In their simplest form (Black et al., 2015; Engstrand & Kopp
Kallner, 2018; Henry et al., 2015; Trussell et al., 2013), they are spreadsheet models used to
investigate the economic impact of policies addressing method switching from behavioural-
dependent or traditional contraception to long-acting reversible contraception (LARC) over a

single-year timeframe.

Although these models are a good starting point in the investigation of method switching, they
leave important unanswered questions regarding how the policy might develop over time in the
likely event of method discontinuation and thus represent an incomplete view of the aspect of an

ambitious switching policy.

A possible improvement to these models would be to extend the simulation period, perhaps

within the bounds of a LARC’s useful life -five to ten years- and include strategies with differing
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levels of LARC adherence. It has been argued that evaluating the efficiency of providing
contraceptives that confer long-term protection against unintended pregnancies, such as LARCs,
using a short period is inappropriate and might be a source of effectiveness overestimation, given

discontinuation rates are higher soon after positioning them (Mavranezouli, 2009).

The FamilyScape agent-based model, developed at The Brookings Institution, evolved from
explaining family formation patterns among couples (Thomas, 2011, 2012) to a more general
model representing their sexual behaviours (Thomas & Karpilow, 2015). Its first form was used to
explore the impact of increasing male condom use on live birth, abortion, and child poverty rates
(Manlove et al., 2014). The model was also used to estimate the impact of information-education-
communication campaigns in reducing unintended pregnancy (Thomas, 2014) and exploring how
changes in the contraceptive use mix among teenagers contributed to reducing pregnancy rates

in the United States (Manlove et al., 2015).

The next version of the model (Thomas & Karpilow, 2016) was used to test the impact of different
contraceptive provision policies on unintended pregnancy: expanding LARC use to all method
users, motivating non-users and condom users to switch to LARCs (Karpilow & Thomas, 2017),

and of modifying the contraceptive use mix (Welti et al., 2011).

The model is interesting because it accounts for the dynamic contraceptive behaviour of a set of
simulated women. However, and although the estimation of the adoption, switching, and
discontinuation patterns was conducted using state-of-the-art regression techniques applied in
longitudinal data sources (i.e., discrete-time hazard models), the data available to parameterise
the model comprised only two of the 35 years of the total reproductive lifespan (Thomas &
Karpilow, 2015). In this way, the model does not account, for instance, for switching from LARCs
to other methods in response to changing fertility intentions. The authors do not expand on this

data limitation, given that they do not recognise it as such.

The model also overlooks the most dramatic outcome of unintended pregnancy, i.e., maternal
death, despite the phenomenon being still prevalent and of public health relevance in the United

States (Joseph et al., 2021), where the model was devised and parameterised.

Diamond-Smith et al. (Diamond-Smith et al., 2014) developed a microsimulation model of
contraceptive behaviour in France to test the impact of three interventions: reducing method
failure, reducing the discontinuation rates of more effective methods, and switching from less to
more effective methods. The model was parameterised with data from a local cohort study and
did not use age-specific method switching/discontinuation rates. Despite that significant
limitation, the authors concluded that all three interventions could reduce unintended

pregnancy, being improved effectiveness of methods the most beneficial.
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Applying the OneHealth Tool (Avenir Health, 2012), a modular compartmental model devised to
estimate the resources needed to scale up health services, (Keen et al., 2017) compared the
hypothetical monetary benefits of contraceptive policies aimed at increasing adoption rates and
thus escalating coverage in two alternative strategies in Sierra Leone: one to 34% and another to
50% from its current baseline. Setting the year 2035 as the endpoint, they found both strategies
cost saving in primary education, child immunisation, malaria prevention, maternal health
services, and improved drinking water, coming from the reduction in live births. However, they fail
to describe which mechanisms or policy arrangements would motivate contraceptive adoption
rates to increase, although the study's objective was to present a case favouring increasing donor

investments in settings where the unmet need for contraception is high.

The former is not uncommon in sexual and reproductive health modelling, where most models
advocating for expansive financial commitments towards contraception lack a discussion of

what is feasible to realise.

Similarly to the previous approach, Kennedy et al. (Kennedy et al., 2013) employed demographic
modelling to establish the potential health (e.g., UP, induced abortions), demographic (e.g., total
fertility rate) and financial (e.g., public sector health and education expenditure) outcomes
accrued with two strategies of universal contraceptive coverage in the Solomon Islands, in 2020
and 2050, compared to baseline levels. It was concluded that contraception applied to scale
would positively impact the analysed outcomes. However, it was assumed that adoption rates

can only improve over time.

In two similar models devised to analyse the case of Uganda and Indonesia, Babigumira et al. and
Zakiyah et al. (Babigumira et al., 2012; Zakiyah et al., 2019) devised separate Markov models to
estimate the cost-effectiveness of universal contraceptive coverage, resulting from eliminating
the traditional contraceptive use and unmet need for modern contraception. The authors
concluded that universal access to contraceptives would save costs and disability-adjusted life

years (DALYs) besides averting UP, neonatal, and maternal deaths.

Although these two models depict the dynamics between contraceptive use and non-use, they
do so by aggregating users into a single, broad category. However, method users behave
differently according to method type, given that their choice responds to their reproductive
needs. What is more, there are different timescales involved in using different method types as,
forinstance, LARCs can last up to ten years, whilst condoms are single-use methods. Itis unclear
how the authors dealt with such a limitation, yet they justified their approach in lacking trustable

data.
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Finally, Goldie et al. (Goldie et al., 2010), Hu et al. (Hu et al., 2007), Carvalho et al. (Carvalho et
al., 2013), and Erim et al. (Erim et al., 2012) have used the Computer Global Maternal Health

Policy Model in India, Mexico, Afghanistan, and Nigeria, respectively.

The model was devised as a Markov chain representing the reproductive lifecycle of women of
reproductive age and allowed to estimate the cost-effectiveness of a set of public health
interventions intended to reduce maternal mortality: contraceptive provision, access to safe
abortion/post-abortion care, and an integrated approach comprised by a sort of improved

pregnancy and delivery services, from antenatal care to emergency obstetric care.

The common conclusion among these studies was that a combination of strategies is the best
way to address maternal mortality. Scaled-up contraception, however, was the most efficient
single intervention. As with all reviewed studies in the present section, there is no attempt to
discuss how feasible it is to scale contraception considering the full contraceptive dynamics

instead of assuming ever-increasing adoption rates.

To conclude the chapter, the following list summarises the detected limitations of available
models which have represented just a component or the full contraceptive dynamics, implicitly

or explicitly:

1. Most studies approach the contraceptive dynamics assuming that contraceptive
adoption rates can only increase over time. The role of contraceptive switching and
discontinuation is not stated clearly nor discussed and is thus assumed to be absent in
these models.

2. Afair number of the models reviewed have a very short timeframe of one year, on which
there is a narrow margin to discuss contraceptive dynamics and their outcomes.
Moreover, with such a short timeframe, it is uncertain to know the efficiency of
implementing ambitious contraceptive policies, for instance, increasing LARC use, as is
argued in these studies’ conclusions. Thus, a short timeframe is inappropriate to the
proper study of the return of investment of contraceptive provision.

3. Maternal death as an outcome of pregnancy is absent in some of the revised models.

4. In models accounting explicitly for the dynamics of contraception, limited data sources
to produce long-term contraceptive behaviours were used.

5. The dynamics of contraceptive use are assumed to be restricted to broad categories
(use/non-use), thus neglecting the variable necessities that different contraceptive
methods satisfy.

The model devised in the present research will address each of the former limitations described

by expanding its timeframe to the entire reproductive lifespan, by investigating the effect of the
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full contraceptive dynamics in health and economic outcomes, by deriving long-term
contraceptive behaviours from a cross-sectional data source that covers the full reproductive

lifespan of women, and by differentiating between contraceptive method categories.

2.3 Chapter summary

The first part of chapter two presented an account of historical Operational
Research/Management Science approaches used in investigating Sexual and Reproductive
Research topics. The second part presented a critical review of previous simulation modelling
efforts that explicitly or implicitly addressed contraceptive, sexual, and reproductive behaviours.
Limitations in these approaches are identified as the gaps to fill by the simulation model

developed in this research.
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Chapter 3 Conceptual framework

The present chapter introduces the necessary concepts to analyse the events over the female
reproductive lifespan, theoretically bounded between the start of adolescence and until
menopause. This is between 15 and 49 years (World Health Organization, 2006). Various
processes interact during these years, and the dynamics between three of them motivate the

present research: contraceptive, sexual, and reproductive behaviours.

The chapter also introduces concepts related to simulation modelling and a critical appraisal of

this research approach.

3.1 Contraceptive, sexual, and reproductive dynamics in the

reproductive life years

Considering the reproductive lifespan as a continuum, we can use contraceptive, sexual, and
reproductive behaviours to explain the movements women can make between different states
during their reproductive years. The possible states women visit can, in turn, be broadly
categorised in sexual activity/inactivity, contraceptive use/non-use, and wanting/not wanting a
pregnancy. Naturally, the sexual activity category intersects with others, and thus at any time the

following can be observed:

e Sexually active women wanting a pregnancy.
e Sexually active women not wanting a pregnancy.
o Sexually active women, not wanting a pregnancy and not using contraception.

o Sexually active women, not wanting a pregnancy and using contraception.

Sexual inactivity was assumed not to intersect with other states in the model, reflecting the
specific scope of this research on estimating unintended pregnancies in sexually active women
due to either a) contraceptive failure or b) non-use of contraception despite not wanting to
become pregnhant. Thus, the categorisation of sexual activity is binary in the model, separating
sexually inactive from sexually active women. This simplification was made to focus on
contraceptive use and its impact on unintended pregnancies, which inherently applies only to
sexually active women. It should be acknowledged that contraceptives may also be used for non-
contraceptive purposes, such as addressing menstrual disorders or other medical indications,
the former being reported by 8.9% of Mexican women in the National Survey on Demographic
Dynamics (Instituto Nacional de Estadistica y Geografia, 2019c), this aspect falls outside the

model's scope as it does not directly influence the primary outcome of unintended pregnancies.
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Contraceptive use is the exposure to any device, medication, or surgical procedure to
intentionally limit or postpone natural fertility. There are many different types of contraceptives,
and access to them depends on many factors: condom (female and male), injectable, pill,
diaphragm, implant, intrauterine device (IUD), patch, foam, traditional (e.g., calendar method),
and permanent (female and male sterilisation). These can be classified in a variety of ways.
However, for this thesis, the classification used, from most to least effective, is as follows

(National Institute for Health and Care Excellence, 2016; United Nations, 2020b):

e Permanent contraception. Includes female and male sterilisation conferring almost
perfect protection against pregnancy. In most studies, the assumption is of total
protection. Such assumption is also used in the present thesis.

e Long-acting, reversible contraception, and injectables (LARC). IUDs, implants, and
injectables compose this category. Once positioned or applied, their effectiveness is not
linked to user behaviour.

e Behaviour-dependent contraception. This category is composed of condoms and pills.
Unlike LARCs, their effectiveness is linked to correct use, e.g., an incorrectly positioned
condom increases the risk of pregnancy.

e Traditional contraception. This category includes many methods, being the main two
calendar methods and withdrawal. They are also linked to user behaviour, but unlike
condoms or pills, they do not function as an explicit barrier or medicated hormones to

reduce the risk of preghancy.

LARCs, behavioural and permanent methods are further considered modern methods, and family
planning managers worldwide consider them to be the main tools to reduce unintended
pregnancy (UP), conceptually defined as the result of a mistimed (i.e., desired later) or unwanted
(i.e., not desired at all) pregnancy (Santelli, Rochat, Hatfield-Timajchy, et al., 2003). This leaves

the rest of pregnancies as intended (IP), or those occurring at the right time and when desired.

Current estimates based on DHS datasets reported the global proportion of UP at 41% in 2008
(Singh et al., 2010), with variations by geographic area. In Latin America, the proportion of UP
reached 58% that same year (Singh et al., 2010). In Mexico, the proportion was estimated at 55%

in 2009 (Juarez et al., 2013).

We use the term unintended pregnancy throughout this thesis to refer to pregnancies occurring
when they were either unplanned/unwanted and mistimed (Santelli, Rochat, Hatfield, et al.,
2003). In practice there is an important difference between mistimed pregnancies, i.e., those
occurring earlier than desired, and unwanted pregnancies, where there is no desire for

childbearing at all (Moreau, Bohet, Le Guen, et al., 2014). Mistimed pregnancies often reflect
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more flexible preferences for avoiding conception, whereas unwanted pregnancies tend to signify
a stronger and more definitive intent to prevent childbearing (Samari et al., 2020). This distinction
has important implications for contraceptive adoption and switching behaviours. For instance,
women experiencing mistimed pregnancies may gravitate towards short-term or reversible
contraceptive methods, such as behavioural methods, rather than long-term or permanent. By
contrast, women with stronger preferences to avoid pregnancy may be more inclined to adopt

highly effective methods, e.g., long-acting reversible contraceptives or permanent.

Further, in the present research, unintended pregnancies are defined as pregnancies that occur
in sexually active women who do not wish to become pregnant, either as a result of not using
contraception or through method failure (Santelli, Rochat, Hatfield-Timajchy, et al., 2003). This
approach provides a practical framework for focusing on what can be addressed through

contraceptive provision strategies and diffusion campaigns.

Among the possible outcomes of pregnancy, live birth, miscarriage, and unsafe abortion are the
most frequent. A live birth is a product of gestation that shows any sign of life after childbirth (i.e.,
breathing); a miscarriage is an abortion occurring due to natural circumstances at any time before

20 weeks of gestation (American Pregnancy Association, 2015).

Unsafe abortion is the intentional termination of a pregnancy outside of the health system and
performed by unskilled personnel (Ganatra et al., 2014). Unsafe abortion is another public health
concern, documented to occur when pregnancy is unintended (Santelli, Rochat, Hatfield-

Timajchy, et al., 2003).

Other, less frequent, albeit important outcomes from preghancy are maternal deaths and
secondary infertility. Maternal deaths are defined as the “[...] number of female deaths from any
cause related to or aggravated by pregnancy or its management (excluding accidental or
incidental causes) during pregnancy and childbirth or within 42 days of termination of pregnancy,
irrespective of the duration and site of the pregnancy” (World Health Organization, 2024b). These
deaths are classified using specific codes of the International Classification of Diseases and can

be estimated using well-maintained administrative registries (World Health Organization, 2012).

Secondary infertility occurs at different incidence rates due to the modality of pregnancy

termination (i.e., live birth, unsafe abortion, miscarriage).

As previously mentioned, women can visit different states whilst they are in their reproductive
years. In practice, these states might be visited more than once, implying several spells of

exposure to unintended pregnancy along the reproductive continuum. This, in turn, increases
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exposure to unintended live births, unsafe abortion, or even maternal death in the most neglected

settings.

The main objective of any contraceptive provision programme is to reduce such exposure spells
to a minimum whilst respecting women’s voluntary choice of contraception. Delivering
contraceptives is, thus, a balancing act between what is better suited to a particular woman’s
case, what is available in each setting, her fertility intentions, the quality of the counselling she
receives, her social circle’s influence, among other intervening factors which are not always
observable. Interactions between these factors give rise to verifiable and fundamental
phenomena in explaining the consequences of contraception at the population level: adoption,

switching, and discontinuation.

Contraceptive adoption is defined as the first-time or subsequent uptake of any contraceptive
method and its uninterrupted use. Contraceptive discontinuation is the interruption of
contraceptive use, and it is of concern for programme planners when a pregnancy is not yet

desired, if at all, given the increased exposure to the risk of unintended pregnancy.

Contraceptive switching refers to the movement between different contraceptive methods,
which vary in effectiveness. The model assumes that switching to a less effective method
increases exposure to unintended pregnancy, simplifying the nuanced and multifaceted
decision-making process underlying contraceptive choices. In practice, such decisions are
influenced by a range of factors, including individual preferences, values, and circumstances,
which may not prioritise effectiveness as the sole or primary consideration (Egarter et al., 2013;

C. Marshall et al., 2018; Pariani et al., 1991).

For instance, behavioural methods may be chosen over long-acting reversible contraceptives or
permanent methods due to concerns over side effects, cultural or religious beliefs, or the desire
for greater autonomy and control (Alvergne & Stevens, 2021). These choices reflect prioritisation
of factors other than method effectiveness, highlighting the need to respect the diversity of

women’s needs and motivations.

It must be recognised that contraceptive decision-making is based on what women perceive to
be most appropriate to their personal circumstances and overall objectives (Hoyt et al., 2022).
Whilst outside of the scope of this thesis, future iterations of the model could benefit from
incorporating the utility framework underlying contraceptive choice, acknowledging that

effectiveness is but one component of a complex decision-making process.

Women currently not using a contraceptive method, being sexually active, and not wanting a

pregnancy are considered to have an unmet need for contraception (Bradley & Casterline, 2014).
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The metric has been dominant in measuring the performance of contraceptive programmes
worldwide, and it is estimated cross-sectionally through DHS and other sources. Recent
estimates of unmet need for contraception situate it at 14.2% worldwide (Kantorova et al., 2020)
in 2019, around 13% in Latin America that same year (Kantorova et al., 2020), and 11.1% in Mexico

in 2018 (Consejo Nacional de Poblacion, 2019).

On the other hand, the contraceptive prevalence rate (CPR) measures the current contraception
users among the sexually active population, and it is also important in determining how well a
contraceptive programme is performing. A more specific metric, modern contraceptive
prevalence rate (MCPR), measures only modern contraceptive use, as these are more effective

in preventing unintended pregnancy (World Health Organization, 2019).

3.2 Long-term contraceptive, sexual and reproductive dynamics

Determining the long-term development of the contraceptive, sexual and reproductive dynamics
within a society, along with its public health and demographic consequences, is possible
considering some grand-scale drivers: values about fertility, improved and improving schooling
rates, intergenerational economic and living conditions, as well as access to contraceptives. The
velocity of change of these factors varies, resulting in the convergence of mixed patterns that

respond to each birth cohort’s particular characteristics.

Inthe present thesis, no attempt is being made to represent each factor, and instead, birth cohort
and women’s ages are used as proxies to represent them jointly. This approach is expected to
produce less accurate results, but the general objective, visualising the long-term outcomes of
contraceptive, sexual, and reproductive dynamics on society, will be met. Future research efforts

will be directed towards increasing the model’s structure to address additional questions.

It can be argued that contraceptive use increases over time, and this can be observed, for
instance, in new birth cohorts starting their use earlier on each generation (Brugeilles & Rojas,
2020). However, little is known on how this fact affects the whole contraceptive dynamics. Many
still unanswered questions merit some reflection: Does adopting a contraceptive earlier predict
less exposure to unintended pregnancy periods at an older women’s age? Does it reduce the time
until discontinuation? Does it predict less switching? Is a contraceptive provision programme
better-off generating new and younger users, or should it direct its efforts to retain its current user
base? What are the consequences of failing to retain the youngest users? What are the

consequences of failing to retain older users?
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These and other enquiries are key to improving understanding of contraceptive dynamics and can

be investigated via simulation modelling, using what-if strategy testing.

Simulation modelling, as will be described in the next section, is particularly useful when there is

uncertainty associated in the development of the studied phenomena.

3.3 Simulation modelling

Simulation modelling involves the abstraction of the principal components of an actual process,
its mathematical representation, and its use to conduct strategy analysis of the hypothetical
course of action of the studied phenomenon. Its application has increased in various disciplines,
initially starting in those from the natural/physical sciences. The practice then moved to other
disciplines as more powerful computing capabilities became widely available to researchers

(KGppers et al., 2006).

Simulation modelling is best suited to the study of phenomena when an experimental design is
impractical, for instance, due to ethical concerns, to an extended timescale of the studied
phenomenon, its complexity, or to a limited time to decision-making, to name a few reasons. A
particular strength of simulation modelling in social science research is the possibility to test

different policies in a typically less resource-consuming manner than in experimental designs.

Although simulation modelling is conducted in silico, this does not preclude researchers from
conducting virtual experimental research (Sobolev et al., 2012), constituting an additional
advantage over real-world experimental designs. The data generated in virtual experiments can

be analysed using standard statistical tools employed in other quantitative approaches.

Simulation models are synthetic-data generation mechanisms. Their internal structure defines a
parameter space populated from various sources, ranging from experimental studies and topic-
specific literature to expert opinions. The differential quality of these sources gives rise to model
uncertainty, thus requiring researchers to tighten or relax the assumptions that originate the
simulation's results. This is not without limitations, for parameter variation may lead to a model

that does not relate to reality despite fitting well to the empirical data (Humphreys, 2004a).

Another source of uncertainty comes from the internal structure of a simulation model since it
results from explicit and implicit processes undertaken by researchers and their understanding
of the problem under study. As a result, two additional limitations might arise (Humphreys,
2004b). The first has to do with the acceptability of simulation models: if an external observer

receives only limited information about the working mechanism generating the model's
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behaviour, they may grow suspicious about its merits. The second has to do with empirical
underdetermination, as many different model structures can explain the same phenomenon of

interest and their observed behaviour.

In general, the modeller undergoes two formal processes to keep the simulation results credible:
sensitivity analysis and verification-validation. The firstis intended to deal with uncertainty in the
parameter space and identify which parameters mostinfluence the model's results. The second,

to secure that the model reproduces reality "for the right reasons” (Sterman, 2000a).

3.3.1 Alternative to simulation modelling studies

The closest alternative to a simulation study of the type proposed in the present thesis comes
under the umbrella term "impact evaluation." This kind of analysis aims at measuring the effect
that the implementation of a policy exerts on the population exposed to it. Further, it uses a
counterfactual approach to outcome measurement, where the benefits are compared against
what would have happened should the programme had been absent (Morgan & Winship, 2015).
Ultimately, impact evaluation intends to address causality between the observed outcome and

the policy being tested.

Experimental designs are the highest regarded of the available impact evaluation tools (Morgan
& Winship, 2015). In such studies, individuals are randomised and assigned to an intervention or
control group. The intervention group gets exposed to the policy, whilst the second group goes

unexposed. The number of different interventions determines the number of groups created.

Alternative designs to impact evaluation are non-experimental, including quasi-experimental
and pre-post designs. On the first one, an intervention is not assigned randomly but based on
other characteristics of the intervened population. There is no control group in pre-post designs;
instead, the outcome is evaluated for the same group before and after the intervention (Morgan

& Winship, 2015).

All the former approaches are evaluated with econometric techniques and have been applied to
various public policy problems, mostly related to welfare economics (H. White, 2006). Its main
limitation comes from ethical concerns, as it is difficult to justify that, after randomisation,
certain groups are treated with a potentially beneficial policy whilst relegating others who are

equally in need.

Another significant limitation is that they can be time- and resource-intensive as they usually run

on entire geographic regions. Additionally, unless an adequate timeframe for the evaluation is
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established, it is unlikely they can capture all the relevant developments involved in the
evaluation. Finally, establishing causality might not be secured unless finding a proper

counterfactual, which is still debated in such designs (H. White, 2006).

3.3.2 Dynamic simulation modelling

The dynamic simulation modelling (DSM) paradigm deals with the representation of the behaviour
of systems over time, facilitating analysis of their temporal and systemic complexities. There are
three main DSM techniques, namely, system dynamics (SD), discrete-event simulation (DES),
and agent-based modelling (ABM) (D. A. Marshall et al., 2015). Each technique embodies distinct

principles, excels in specific applications, and has unique strengths and limitations.

These three techniques have been applied to analyse different aspects of healthcare and public
health (Darabi & Hosseinichimeh, 2020) in single- or hybrid-technique approaches to enhance
their particular capabilities, although the potential of this latter is yet to be realised (S. Brailsford

etal., 2010; S. C. Brailsford et al., 2013, 2019).

Discrete event simulation (DES) is built around the representation of systems as sequences of
discrete events, each of which occurs at a specific time and alters the state of the system (S.
Brailsford et al., 2010). DES models are composed of entities, events, and queues, making the
technique particularly adept at analysing processes in which timing, resource constraints, and

workflow efficiency are central considerations (Banks & Carson, 1986).

DES is frequently applied at the tactical and operational levels, particularly in scenarios requiring
detailed process optimisation (Sharma, 2015). In healthcare, DES has been instrumental in
modelling patient flows, resource utilisation, and logistical processes, such as emergency
department operations or surgical scheduling (Gunal & Pidd, 2010; Jun et al., 1999; Zhang, 2018).
By incorporating stochastic variability into event timing and outcomes, DES captures the
uncertainty inherent in real-world processes, providing decision-makers with realistic and

actionable insights.

Despite its strengths in operational contexts, DES is less suited to modelling feedback loops or
emergent phenomena that arise from interactions between system components, thereby limiting

its applicability in strategic and macro-level analyses.

Agent-based modelling differs fundamentally from both SD and DES by focusing on the

behaviours and interactions of autonomous agents within a simulated environment (Gilbert &
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Terna, 2000). Agents are typically heterogeneous, governed by individual decision rules, and
capable of adaptive behaviour. Interactions among agents and with their environment give rise to
emergent system-level properties, making ABM particularly suitable for analysing complex
systems where micro-level dynamics significantly influence macro-level outcomes (Richiardi et

al., 2023).

ABM is highly versatile, with applications spanning strategic, tactical, and operational levels
(Macal & North, 2008). In healthcare, ABM has been used to study phenomena such as disease
spread, healthcare-seeking behaviour, and the diffusion of innovations within populations
(Cassidy et al., 2019; Li et al., 2016; Tracy et al., 2018). Its capacity to model heterogeneity and
dynamic interaction enables researchers to explore the emergent consequences of individual

behaviours.

3.3.2.1 System dynamics modelling

The SD modelling paradigm allows representing the evolution of systems over time using
feedback, delays, and accumulation (Sterman, 2000; Marshall, Burgos-Liz, ljzerman, Osgood, et
al., 2015; (Sterman, 2000; Homer and Hirsch, 2006; Marshall, Burgos-Liz, ljzerman, Crown, et al.,
2015).

The technique was developed in the 1950s by Jay Forrester at the Massachusetts Institute of
Technology to analyse industrial dynamics, moving into other fields afterwards. SD has been
applied to many health-related topics, from modelling the dynamics of infectious and chronic
diseases to depicting whole healthcare systems (Chang et al., 2017; Darabi & Hosseinichimeh,

2020).

The basic structures in SD are stocks and flows, originally represented graphically as bathtubs
and faucets through which water moves (i.e., flows) or accumulates (i.e., stocks).
Mathematically, SD models are systems of ordinary differential equations solved numerically
(Sterman, 2000b). A fundamental notion of the SD modelling paradigm is feedback, which can be
reinforcing or balancing (Sterman, 2006). Reinforcing feedback promotes indefinite growth or

decay, whilst balancing feedback limit a quantity to grow or deplete indefinitely.

For instance, consider a simple system representing the population growth, where the current
population number is represented by a stock, increased by an inflow of births, and depleted by
an outflow of deaths. The population number is multiplied by a birth or death fraction to

determine how many births are aggregated to or how many deaths are deducted from the total
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population. Call the first a “birth loop”, and the second and “death loop”. The birth loop is
reinforcing, promoting population growth, and in turn, the population is prevented from growing
indefinitely -and unrealistically- by the balancing loop of deaths. If more births than deaths occur,

the reinforcing loop is predominant, and the population will still grow.

On the other hand, if more deaths than births happen, the population will decay. A third option is

for the population to eventually stabilise if births and deaths happen at the same rate.

Unlike DES and ABM, SD is mostly a deterministic simulation technique, meaning that the results
will be the same each time the model runs. Each stock represents a group of homogenous
individuals who share the same characteristics and are indistinguishable from each other. This
may imply the need to define multiple stocks to represent specific population groups with
different characteristics. Time handling is continuous in SD models, and the technique is best

suited to represent phenomena at the strategic or policy level.

3.4 Chapter summary

Chapter three introduced the main sexual and reproductive health, and simulation modelling
concepts used throughout the thesis. The chapter closes with a critical appraisal of the
simulation modelling methodology, explaining the main differences amongst SD, DES, and ABM
techniques, which are rooted in their respective modelling approaches. SD is inherently
aggregate and deterministic, ideal for high-level policy analysis but limited in capturing micro-
level variation. DES excels in process-centric, operational analyses, offering precision in
resource and workflow modelling but lacking the capacity to model feedback and emergent
behaviours. ABM, with its focus on heterogeneity and interaction, is inherently stochastic and the

most flexible but computationally demanding technique.
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Chapter4 Simulation Model Development

This chapter presents a novel system dynamics model developed to address the interplay
between contraceptive-sexual-reproductive behaviours and their respective health outcomes.
Building upon previous modelling approaches in reproductive health (Babigumira et al., 2012;
Goldie et al.,, 2010; Zakiyah et al., 2019), the proposed model structure combines two
components: demographic and contraceptive-sexual-reproductive dynamics. This structure was
chosen based on evidence that contraceptive behaviours significantly influence population
dynamics through their impact on fertility rates (Darney et al., 2022), while demographic changes

affect contraceptive needs and access patterns (Servan-Mori et al., 2022).

The demographic component is a multicohort, single-year age-group model aiming to simulate
the evolution of the female population from the year 2006 until 2050. Multicohort models are
most adequate in representing the dynamic evolution of distinct birth cohorts and their shifting
characteristics over time, enabling a more nuanced and comprehensive analysis of population
behaviours than traditional models, which often fail to account for such complexities (Dewilde &
Anderson, 2004). The single-year age-group structure was selected to account for variations in
reproductive behaviours and contraceptive needs across age groups (Kim & Kim, 2020). Empirical
evidence demonstrates that different age cohorts exhibit distinct patterns in contraceptive use
and reproductive health outcomes (Phipps et al., 2008), underscoring the importance of this level

of granularity imprinted in the model.

The evolution of the population in the demographic component is accomplished using an ageing
mechanism by which the different age groups (also called age cohorts or age classes
interchangeably throughout this thesis) are shifted forward as time progresses, and after

discounting outflows due to death, net migration, and menopause (end of reproductive life).

The second component deals with the estimation of unintended pregnancies, unsafe abortions,
maternal deaths, and economic impact due to the three fundamental behaviours in
contraceptive practice: adoption, switching, and discontinuation. Given these are interrelated
with the reproductive and sexual behaviours of women of reproductive age (WoRA), they are
represented as multiple states women can visit during their reproductive life, assumed to span

from age 15 to 49 (World Health Organization, 2023b).

Such an assumption is widely used in demographic and reproductive health studies due to its
general applicability and data availability (Corsi et al., 2012), for this age range captures the
majority of childbearing years for women globally, including in Mexico where 99.5% of all births

occur within this age range (Instituto Nacional de Estadistica y Geografia, 2020).

60



Chapter 4

It is important to note, however, that whilst a relatively rare event, some women may experience
pregnancies outside the bounds studied in this thesis. In Mexico, early adolescent childbearing
(i.e., before 15 years of age), with its significant health, social, and economic implications,
accounts for 0.4% of total yearly live births. Similarly, variations in age at menopause can
influence fertility at the upper limit of the reproductive age range, resulting in 0.01 to 0.065% of

total yearly live births (Instituto Nacional de Estadistica y Geografia, 2020).

Further, the average age of menopause ranges between 47-49 years in Mexico (Garrido-Latorre et
al., 1996; Legorreta et al., 2013; Sievert & Hautaniemi, 2003) and Latin America (Blimel et al.,
2006), making the selected end of reproductive life a reasonable approximation. Future
refinements to the model could incorporate the cases presented outside the assumed age range
of 15 to 49 years to improve its comprehensiveness. The current range, though, provides a
reasonable scope for analysing unintended pregnancies amongst the majority of women in

reproductive age allowing for reliable parameter estimation due to robust data availability.

New WoRA are introduced into the model endogenously by estimating the number of pregnancies
-intended or unintended- ending in a livebirth of a girl who matures to become age 15, thus
starting her reproductive years. Linking the demographic and contraceptive-sexual-reproductive
components was key to better understand the impact of current and hypothetical contraceptive

provision practices, as will be seen in Chapter 7.

4.1 Model description

An endogenously driven, age-structured, and time-varying system dynamics simulation model
was developed to depict the multiple states related to contraceptive, sexual, and reproductive

behaviours occurring during Mexican women’s reproductive lifespan.

The model's state structure (Figure 4.1) represents the complex pathways through which women
navigate their reproductive years, informed by both theoretical frameworks and empirical
evidence. The 13 mutually exclusive states represented were selected on the basis of previous
related research, for instance (Babigumira et al., 2012; Goldie et al., 2010; Zakiyah et al., 2019)
who have devised single-cohort models to represent movements between contraceptive use,
non-use, and pregnancy. A key difference from those is that the model proposed in this thesis
explicitly distinguishes contraception use in four different method categories, which come at
different levels of effectiveness (Centers for Disease Control and Prevention, 2024), posing
different implications to programme planning, and practical considerations for policy

intervention points.
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This feature allows us to understand how the interaction of traditional and modern contraceptive
method categories influence the observed health outcomes of interest to this research. Delving
deeper, it also allows us to understand the influence on outcomes of different modern method
categories, further helping to inform policies based on their adoption-discontinuation-switching

patterns (Alvergne & Stevens, 2021).

The state transitions were designed to capture both planned and unplanned changes in
contraceptive use (Swiatlo et al., 2023), leading to the exposure to unintended pregnancy and
related health impacts. According to the devised model structure shown in Figure 4.1, WoRA can
move between 13 mutually exclusive states: sexually active, non-user of contraception (NU);
sexually active, user of long-acting reversible contraception (LARC); sexually active, user of
behavioural-dependent contraception (BEH); sexually active, user of traditional contraception
(TRAD); sexually active, user of permanent contraception (PERM); sexually inactive (S/); sexually
active, non-user of contraception, and intending pregnancy (INT); intentionally pregnant (/P);
infertile due to intended pregnancy (secondary infertility due to IP, INF_IP); dead as a result of an
intended pregnancy (maternal death due to IP, M_DTH_IP); unintentionally pregnant (UP); infertile
due unintended pregnancy (secondary infertility due to UP, INF_UP); and dead as a result of
unintended pregnancy (maternal death due to UP, M_DTH_UP). M_DTH_IP and M_DTH_UP are

coloured in grey to represent their absorbing nature, i.e., there is no possible outflow from death.
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Figure 4.1. Contraceptive, sexual, and reproductive dynamics model overview.

Note: The boxes represent the mutually exclusive, multiple states women might occupy during their reproductive years.
NU: Sexually active, non-user of contraception; LARC: Sexually active, user of long-acting reversible
contraception; BEH: Sexually active, user of behavioural-dependent contraception; TRAD: Sexually
active, user of traditional contraception; PERM: Sexually active, permanent contraception user; Sl:
Sexually inactive; INT: Sexually active, non-user of contraception, and willing to be pregnant; IP:
Pregnant, intentionally; INF_IP: Secondary infertility due to IP, M_DTH_IP: Maternal death due to IP; UP:
Pregnant, unintentionally; INF_UP: Secondary infertility due to UP; M_DTH_UP: Maternal death due to
UP. Boxes coloured in grey (M_DTH_IP, M_DTH_UP) are absorbing states, and thus there is no possible

outflow from them.

Outflows from UP and IP are highlighted in blue and red, respectively. Unintended pregnancy
might lead to death by a number of causes: complications of the gestational period, childbirth,
treatment of unsafe abortion, miscarriage, an abnormal product of gestation, stillbirth, puerperal
period, or other (Figure 4.2). Women dying during a pregnancy classified as unintended move into

the maternal death state (Singh et al., 2009).

Movements into other non-absorbing (i.e., NU, LARC, BEH, TRAD, Sl) and absorbing states (i.e.,
INF_UP, PERM) from an unintended pregnancy are possible after pregnancy ends in childbirth,
unsafe abortion, miscarriage, or stillbirth (Swiatlo et al., 2023). For instance, movement from UP
into secondary infertility due to UP (INF_UP) occurs after pregnancy ends for the mentioned
causes (Figure 4.2). Movements into the remaining stocks, i.e., nhon-absorbing, follow the same

logic as exemplified.
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Figure 4.2. Outflow pattern from unintended pregnancy.

Note: Due to the diagram’s space constraints, only four out of eight causes of maternal death are presented.

Likewise, stillbirth is not shown amongst the inflows from UP to INF_UP.

Outflows from intended pregnancy are understood exercising the same logic, with a single
distinction: it is assumed that an intended preghancy does not terminate by unsafe abortion
(Bearak et al., 2020) (Figure 4.3). As with the previous figure, the diagram presents the outflow

pattern to maternal death and just one out of the remaining eight possible states (INF_IP.)

Childbirth

iy T - M _DTH_IP
TEZNANCY — —

Miscarmiage

Childburth
INF_IP

Miscarriage

Figure 4.3. Outflow pattern from intended pregnancy.

Note: Due to the diagram’s space constraints, only three out of seven causes of maternal death are presented.

Likewise, stillbirth is not shown among the inflows from UP to INF_UP.

NU, LARC, BEH, TRAD, PERM, UP, INF_UP, INT, IP, INF_IP, SI might also lead to a fourteenth state
(Figure 4.4), all-cause death (Gnrl_DTH), which excludes maternal-specific death causes and it

is absorbing.

NU LARC BEH TRAD PERM Up INF_UTP INT i3 INF_IP SL

=

Gul DTH

Figure 4.4. Inflows from transitory states to all-cause death state (Gnrl_DTH).
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Although not represented in the former diagrams (Figure 4.1 to Figure 4.4), women might
additionally flow out due to a net migration rate, which is the difference between immigration and
emigration, consistently negative in Mexico across all ages, and projected to remain so in the

future (Consejo Nacional de Poblacién, 2023).

Amongst women of reproductive age, those undergoing intended or unintended pregnancies
might give birth to girls (U15,) who mature until reaching their reproductive years (Figure 4.5). To
accomplish this, newly born girls are moved into the first position -U15,- of a stratified stock -
divided from U15, to U15,4- where they are shifted forward until age 15 to initiate their
reproductive years. Women can start their reproductive years through any stock excepting these
denoting deaths (i.e., Gnrl_DTH, M_DTH_UP, M_DTH_IP). As in the rest of the model, women
below reproductive ages mature into the next age class after subtracting deaths from all causes

and net migration.

U15,_net_migr U15, net_migr U15, net_migr U15,, net_migr
U15, dth U15, dth U15, dth U15,, dth WoRA
“ee UP ]
U15, U115, uis, U154,
IP

Figure 4.5. Endogenous live birth generation and maturation into reproductive ages.

Note: U15: Girls below reproductive age; WoRA: women of reproductive age; UP: unintended pregnancy; IP: intended

pregnancy.

Internally, each transient state is compartmentalised into 35 chained single-year age-group
stocks to represent ageing from 15 to 49 years (Ansah et al., 2017). Women are shifted forward
through the stocks after spending a year on each and eventually flow out the chain at 50 years of

age, i.e., at menopause (Legorreta et al., 2013). See Figure 4.6.

NU} s > NUjg > NU,» > » NU» > NU,g | NUyq > Menopause
Gul DTH 5 NetMigry s Gul DTH, NetMigryg Gl DTH,- NetMigr - Gul DTH,- NetMig - Gul DTH, g NetMigr g5 Gul DTH,q NetMigr 40

Figure 4.6. Illustration of the internal structure of the ageing chain. Example: sexually active, non-users of

contraception.
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4.1.1 Model dynamics: a qualitative understanding

The previously described processes and the interplay between each of the different potential
states in women’s reproductive years are represented mathematically below in equations 4.1 to
4.16. This structure captures key dynamics that reflect contraceptive-sexual-reproductive
behaviours observed in Mexico and elsewhere. Thus, these equations represent distinct but

interdependent processes.

Equations 4.1 to 4.5 reflect evidence that contraceptive non-use is not static but rather a dynamic
condition, where those who have recently discontinued contraception, those who have never
used it, or those transitioning from other states, e.g., (un)intended pregnancy, shape observed

fertility in any pointin time.

Equations 4.6 to 4.10 represent the pathways through unintended and intended pregnancies. The
structure acknowledges that pregnancy outcomes are significantly influenced by sexual and
contraceptive behaviours (D’Souza et al., 2022). For instance, equation 4.6 shows how non-use,

together with traditional/modern contraceptive use fuel the presence of unintended pregnancies.

Equation 4.11 represents sexual inactivity, recognising that women move in and out of this state,
and contributes to depict how sexual activity patterns, together with pregnancy intent influence

contraceptive needs and choices (Harvey et al., 2006).

The separate treatment of different causes of death shown in equations 4.12 to 4.14 (i.e.,
maternal deaths from unintended pregnancy, intended pregnancy, and all-cause) allows the

model to capture the distinct risk profiles associated with different reproductive states.

Finally, population renewal equations 4.15 and 4.16 model how the WoRA cohort maintains itself
via births and maturation. The structure acknowledges the intergenerational aspects of
reproductive health, showing how current pregnancy outcomes influence future population

dynamics (Lunenfeld & Van Steirteghem, 2004).

The symbols for the different parameters used in the model are specified in Appendix A, whilst
parameter estimation is presented in the next section (4.2). All equation elements are to be
understood in their matrix form: NU, LARC, BEH, TRAD, PERM, UP, INF_UP, INT, IP, INF_IP,
SI, M_DTH_UP, M_DTH_IP, and Gnrl_DTH are 35 X 35 matrices holding the absolute numbers
of WoRA. U15 is a 15 X 35 matrix holding the absolute number of girls aged 0 to 14 years.
Parameters related to WoRA are 35 X 35 diagonal matrices, and parameters related to U15

females are diagonal matrices of size 15 X 35 (see section 4.3).
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Toreduce thevisual burden of the equations, prev represents the previous values of the elements
in the right-hand side, i.e., (t — dt); dt is the time step. s2 — s79 are transition probabilities, and
Greek characters are stratified causes of maternal death (a, §), pregnancy outcomes (£, €),
secondary infertility (x, ¢), proportion of females born (y), all-cause death rates for under-fifteens
(n), maturation fractions for under-fifteens (1), migration rates for WoRA and under-fifteens (¢, k),

and stocks where females might initiate their reproductive years (1) (see Appendix A).

NU(E) = NUprey

+ [(—ageNUout + agenyin — (s2+...+59) — K)NUprep + SI0LARCppgyy

+ $19BEH,yy, + 528TRADpy ey + 539(By+... +B4)UPyrey + S51INTyye, + 560 (g
+ & + €3)[Pyrey + 5728 Lyrey + A U150, |dE

4.1

LARC(t) = LARCpye,
+ [(—ageLARcout + agerarcin — s10 — (512 + ...+ 518) — K)LARCpTev
+ S2NUpyep + S20BEHyp gy + S29TRAD ey + 540(By+... +B)UPyrey

+ S52INTyrep + 561(&1 + &5 + €3)[Pyrey + S73SLprey, + 4, U15prev]dt

4.2

BEH(t) = BEHp, e,
+ [(—agesenout + agesrnin — S19 — 20 — (522 + ... + s27) — K)BEH,, ¢y,
+ $3NUppep + S12LARCypeyp + S30TRAD ey + 541(B1+... +B4) UPprey

+ S53INTyep, + 562(€1 + &5 + €3)[Pyreyy + S74Slyrey + A3U15 0, |dt

4.3

TRAD(t) = TRADpye,
+ [(—agerrapout + agerrapin — 28 — 29 — s30 — (s33 + ... + s36)
— K)TRAD preyy + SATRAD oy + S13LARCpy ey, + S22BEHpyre,
+ 542(B1+... +B4)UPyrey + S54INTyyey, + 563(€1 + &2 + €3)Pyrey + S755 L,y
+ A4U15,,0,|dt

4.4
PERM(t) = PERMpy,,
+ [(—agepERMout + agepgrmin — $38 — K)PERMy;0y) + SSNUppey, 514 + LARC ey

+ 523BEHyre, + S32TRAD e, + $43(By+... +B3)UPyrey + S55INTy ey, + 564(e;

+ & + 3)[Pyrey + 5768 yrey, + AsU15,,,|de
4.5
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UP(t) = UPyrev
+[(—=(By + oo + B (S39 + ... + 543 + 546) — 54501 + ... + X4)
—547(ag + ... + ag) — 548 — K)UPyepy + SONUppey, + SISLARC
+ $24BEH 10, + S33TRAD ey + A6U15 50, |dt

4.6
INF_UP(t) = INF_UP,e,
+ [(_ageINFUPout + ageinrypin — S50 — K)INF_UPypp + s45()1 + ...
+ X)) UPyrey + A7U15,,,0, |dt
4.7

INT(t) = INTpyep
+ [(—age,NTout + agenrine — (s51 + ... +555) — (s57 + ... + 559) — K)INTprey
+ 57NUpyey + SI6LARCypey + S25BEHy e, + S34TRAD y ey + 577Syer

+ AgU15,,, |dt
4.8
IP(t) = IPyrey + [(— (&1 + .. + €3)(S60 + ... + 564 + 567) — 566(¢1 + ... + P3)
— $68(8; + ... + 87) — 569 — K)[Pyrey + S57INTyrey + A9U15,,, | dt
4.9

INF_IP(t) = INF_IP, ¢,
+ [(_ageINFIPout +ageinripin — S71 — K)INF_IPpTev +566(p1 + ... + ¢3)1Pprev
+ 410U 15y ] dt

4.10
SI(t) = Shyrey + [(—agesious + agesiin — (72 + ... + 577) — 579 — K)SLyrep, + SBNUpyey

+ S17LARCpyrey + S26BEHyre, + S35TRAD e, + 546(By + .. + B)UPyrey

+ S58INTyye, + S67(81 + & + €3)[Pyrey + A11U15 e |dt

4.11
M_DTH_UP(t) = M_DTH_UPyre, + 547(ay + ... + ag)UP,y gyt
4.12
M_DTH_IP(t) = M_DTH_IPyy ¢, + 568(8; + ... + 8;)[Pypepdt
4.13
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Gnrl_DTH(t) = Gnrl_DTHp,,
+ [SONUypep + SI8LARCyrey + 527BEHyrey + S36TRAD ey, + S48UP,y e,
+ S50INF_UPyrey + S59INTyrey + S691Pyrey, + STUNF _IPyy gy, + 5795 Lo, |dt

4.14
U15(t) = U155y
+ [(_ageU150ut +ageyisin — 1N — (p)U]-Sprev
+ (539 + ... + 543 + 545 + 546)y 1 UPyrey
+ (560 + +564 + 566 + 567)yB11Pyrey|dt
4.15
Gnrl_DTH_U15(t) = Gnrl_DTH_U15,,¢, + [NU15,,¢,]dt
4.16

The detailed parameterisation of the model is described in the following section (4.2). In general,

transitions into and out of each stock are determined by the following:

1. Model mechanics:

a.

In NU, TRAD, BEH, LARC, PERM, INF_UP, INF_IP, SI, and INT, women ageing
into the next age group are estimated at the end of each simulated year after
subtracting all-cause deaths and net migration.

In the case of UP and IP, there is no possibility of ageing, i.e., women do not
remain pregnant indefinitely.

Time spentin each stock is one year in all cases. This specification is trivial in the
case of absorbing stocks (i.e., M_DTH_UP, M_DTH_IP, and Gnrl_DTH), from
which there is no outflow.

Girls born from unintended or intended pregnancies that flow into the U15 stock
are estimated by multiplying the number of such pregnancies by afemale live birth
fraction, and the fraction of pregnancies ending in a live birth (see section 4.2.3).

2. Assumptions:

a.

Only sexually active women who do not want to be pregnant can move into the
unintended pregnancy stock. These women might come from a reversible
contraceptive-user stock (i.e., LARC, BEH, TRAD) or non-use (NU). A
contraceptive failure rate associated with each method category controls such
movements (Bradley et al., 2019) (see section 4.2.2 and Appendix B).

Only women trying to become pregnant (INT) can move into the intended
pregnancy (/P) stock (Zakiyah et al., 2019).

Movements into and between the method user categories (i.e., LARC, BEH,
TRAD, PERM) are possible by using the adoption and switching transition
probabilities corresponding to each (see section 4.2.2 and Appendix B).

Moving to a different stock from the method user categories is possible by using a
discontinuation fraction, specific to each method category (see section 4.2.2 and
Appendix B).

Given its very low failure rate, PERM grants full protection from pregnancy
(Centers for Disease Control and Prevention, 2024) and thus does not have other
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outflows than to the next age group, all-cause deaths, net migration, and
menopause.

f. Causes of infertility other than pregnancy complications are excluded, i.e., the
model only accounts for secondary infertility (see section 4.2.2). Further,
secondary infertility after an intended or unintended pregnancy was assumed to
be permanent given structural barriers of access to infertility treatment in the
country (Farland et al., 2023; Lunenfeld & Van Steirteghem, 2004). Thus, women
with secondary infertility do not flow out to other stocks except those of the next
age group, all-cause deaths, net migration, and menopause.

4.2 Parameter estimation

The model's parameterisation strategy reflects the complex, multi-dimensional nature of
reproductive health dynamics. Drawing from diverse evidence sources, the parameters were
categorised to capture distinct yet interrelated aspects of reproductive behaviour and outcomes.
The categorisation framework was structured to enable systematic parameter estimation and

validation.
Parameters may fall in one of the following broad categories:

1. Demographic.
2. Contraceptive method effectiveness, i.e., failure rates.
3. Behavioural.

a. Contraceptive adoption.

b. Contraceptive switching.

c. Contraceptive discontinuation.

d. Reproductive intentions.

e. Contraceptive non-use.

f. Sexual activity.

4. Clinical.

The Demographic category of parameters was involved in female population growth via the ageing
mechanism. Categories two and three represent the contraceptive, sexual, and reproductive
dynamics and are closely correlated, thus their parameters were estimated jointly. The second
category controls the generation of new unintended pregnancies by representing first-year-of-use
contraceptive failure fractions attributable to non-use, LARC, BEH and TRAD. In category 3a,
parameters are used to simulate contraceptive uptake following a non-use spell, when
pregnancy ends, or once sexual activity is resumed. Category 3b includes the parameters
required to simulate contraceptive switching among users of LARC, BEH, TRAD, and PERM.

Contraceptive discontinuation parameters (3c) are used to represent movements of women to
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NU and becoming exposed to unintended pregnancy due to interrupting contraceptive use. The
Reproductive intentions parameters (3d) control transitions from NU to the intending pregnancy
state (INT) and from INT into IP. Category 3e includes those parameters needed to simulate
movements to NU after intended/unintended pregnancy ends, when women drop their pregnancy
intentions, or after resuming sexual activity without using contraception despite not wanting a
pregnancy. Parameters in category 3f represent women becoming sexually inactive after a pause
in their sexual lives, or after an unintended/intended pregnancy ends, and vice versa. Finally, the
fourth category of parameters generate cause-stratified maternal deaths and distribute women

according to their pregnancy outcomes (e.g., live birth, miscarriage).

To better represent the evolution of trends in population growth and unintended pregnancy,
parameters in the model were allowed to vary inter-annually from 2006 to 2018/19/20, depending
on the last year of data available in the corresponding sources. This was implemented with linear

interpolation. See sections 4.2.1, 4.3, and 5.2.2.2.

This is a more realistic approach given that, for instance, there is evidence on changing temporal
dynamics: under-15 death rates have improved over time: newborn death rates have reduced
30% from 2006 to 2020 (Instituto Nacional de Estadistica y Geografia, 2019b). A steady-state
model architecture would have certainly led to missing these and other significant
improvements; thus, a time-varying parameter structure was deemed more appropriate.
Parameters were fixed constant for the remainder of simulation years, from 2019/20/21 to 2050
to simplify the model structure (see section 4.3) whilst keeping the model relevant for policy
analysis. This approach allows for clearer attribution of policy effects at the time that
acknowledges the increasing uncertainty in longer-term projections (Oosthuizen & Magero,

2021).

Time-series data from 2006 to 2018/19/20 were collected for all parameters, except where there
was no source to gather time-varying data. In those cases, parameters remained fixed during the

whole simulation period.

4.2.1 Demographic parameters

The demographic parameters form the model's foundational structure, capturing both mortality
patterns and population dynamics (Table 4.1). All-cause death fractions were estimated for both
WOoRA, and girls aged 0 to 14 years using data from 2006 to 2019. Thus, a different parameter was
used in the model for each age class from 0 to 49 years, and from 2006 to 2019. The data source
was the official death registry maintained by the Mexican Institute of Statistics and Geography

(INEGI).
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Maternal death fractions were excluded from the estimation of all-cause deaths and estimated
independently using the same source (see next section). To estimate a fraction of all-cause and
maternal deaths, the absolute numbers were divided by the population counts available from the
National Census of Population and Households (2010, 2020), and the National Survey on the
Demographic Dynamics (ENADID 2006, 2009, 2014, 2018). Missing years of population counts

within the interval 2006-2019 were derived by linear interpolation to address temporal gaps.

Table 4.1. Demographic parameters in the contraceptive, sexual, and reproductive dynamics

model.

Population

Parameter Source
group
All-cause WoRA?, 0-14- Death registry,
deaths year-old girls INEGI®
Maternal ) Death registry,
deaths WoRA INEGI®
Female live ) Live births
births' WoRA registry, INEGI?
1950-2050
S WOoRA?, 0-14- population
Net migration . L
year-old girls projections,
CONAPO*

'The yearly fraction of girls born was estimated by dividing the number of girls born by the total live births each year,
and consistently fell at around 0.49 during the period 2006-2019 for all age classes; ?Women of Reproductive Age;

SStatistics and Geography (Mexico); “National Population Council (Mexico).

The time series in Figure 4.7 show the estimated all-cause death rates for WoRA. The rates are
shown as a function of age, with each line representing a different year. The figure reveals an
exponential increase in death rates as WoRA grow older, likely due to cumulative health
vulnerabilities (Ledberg, 2020). While the age-based pattern is consistent across years, the lines
diverge at older ages (40-50), indicating a temporalrise in all-cause mortality for this group. This
trend suggests potential drivers such as changes in health system performance, or a growing

burden of chronic diseases (Bello-Chavolla et al., 2017).
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Figure 4.7. Interpolated all-cause death fractions, WoRA. Age-stratified, 2006-2019.

Figure 4.8 shows the estimated trends for females aged 0 to 14. Contrary to the trend observed in
WoOoRA, all-cause death rates show a decreasing pattern over time and as women age, reflecting

the impact of public health initiatives and improved access to care (Celhay et al., 2019).
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Figure 4.8. Interpolated all-cause death fractions for under-fifteen females. Age-stratified, 2006-2019.
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Net migration was estimated by subtracting the number of emigrants from the number of
immigrants reported in population projections made by CONAPO (Consejo Nacional de
Poblacion, 2023). Given CONAPO reports these data in five-year bands (e.g., 2005-2009, 2010-
2014, 2015-2019, 2020-2024) and five-year age groups (e.g., 0 to 4, 5to0 9, 9 to 14), they were
further adjusted to yearly time intervals and single-year age classes with successive divisions by
five. This resulted, forinstance, in having equal net migration rates between 2006 and 2009 across

WoRA aged 15 to 19 (Figure 4.9). The former is also the case for girls aged 0 to 14 (Figure 4.10).

Both WoRA (Figure 4.9) and girls aged 0 to 14 (Figure 4.10) are estimated to present more
emigrants than immigrants, hence the positive net migration rates observed in both graphs. Their
specific trends are opposite, likely reflecting different underlying patterns. The higher emigration
rates among younger WoRA may be driven by economic opportunities and labour market

dynamics, while the pattern for girls likely reflects family migration decisions (Cerrutti & Massey,

2001).
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©
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B ﬁ,*****““““
S0008 ;o
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15 20 25 30 35 40 45 50

Age class

Figure 4.9. Net migration rates for women of reproductive age. Age-stratified, 1990-2020.

74



Chapter 4

@ 20086-2009 @ @ @& @ © o o o o o
0.000275 ' . 2010-2014
% 2015-2019
0.000250
8 8 b % b
0.000225
8 8 b+ &3 b4
Qo.ooozoo
©
[n'd
0.000175 e x
8 8 %8 8 8 % % % % %
0.000150
* * ) 4 * *
0.000125
0000100 o o o o @
0 2 4 6 8 10 12 14
Age class

Figure 4.10. Net migration rates for under-fifteen females. Age-stratified, 1990-2020.

4.2.2 Contraceptive, sexual, and reproductive dynamics parameters

The estimation of transition probabilities between different contraceptive, sexual, and
reproductive states (Figure 4.1) presents unique methodological challenges. Whilst longitudinal
studies would ideally provide direct measures of these transitions (Srivastava et al., 2021), such
data are rarely available in low and middle-income countries due to resource constraints (Zakiyah

etal., 2019).

Given this is a recurrent multistate model parameterised with the transition probabilities shown
in Appendix B, and there is no readily available source reporting such data, these were estimated
by using the 2006, 2009, 2014, and 2018 ENADID waves to solve an underdetermined system of
equations with the Moore-Penrose (M-P) pseudoinverse (Chen X, 2015; Feng Lin, 2013; Khosravi
etal., 2016; Lin & Chen, 2010).

The M-P pseudoinverse is used to compute solutions for systems of linear equations that may be
over/underdetermined, or ill-conditioned. Unlike the regular matrix inverse, which only exists for
square, non-singular matrices, the M-P pseudoinverse can be applied to any rectangular matrix.
It is particularly useful for solving systems of equations of the form Ax = b, where A is the
coefficient matrix, x is the vector of unknowns, and b is the outcome vector. The method provides

a solution x = A*b, where A" denotes the pseudoinverse of A (Barata & Hussein, 2012). This
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solution either: 1) minimises the Euclidean norm of the residual ||[Ax — b||? if no exact solution
exists, or 2) gives the least-squares solution when multiple solutions are possible (MacAusland,
2014). In this way, the difference between estimated probabilities and observed data is
minimised, given the constraints established by the solved system of equations (MacAusland,

2014).

The M-P pseudoinverse has been previously applied in the absence of a longitudinal data source
from which hazard models or multiple increment-decrement life tables are constructed to
estimate transition probabilities. The approach offers a reasonable workaround (Erdmann et al.,
2020) to this estimation problem by taking advantage of cross-sectional data sources, which are

less time- and financially demanding to collect, and thus more abundant.

Using the M-P approach, transition probabilities were estimated at four different years,
corresponding to the ENADID waves available for the whole simulation period to denote the

evolving nature of the contraceptive, sexual, and reproductive dynamics (Benagiano et al., 2007).

For each age class i from 15 to 49 years, and each jth ENADID wave, an underdetermined system
of equations (Taylor & Francis, 2024) was defined to obtain the set of 79 transition probabilities
presented in Appendix B. NU, LARC, BEH, TRAD, PERM, UP, INF_UP, INT, IP, INF_IP, and SI
are coefficients representing the prevalence of each stock reported at age class i and jth ENADID

wave:

NUi+1,j = NUi,j - NUi’j(Szi'j + Sgi,j+"'+59i,j) + LARCL'J'SIOL'J' + BEHl"jS].gi'j + TRADi’jSZSi’j
+ UPi,j539i,j + INTi,j551i,j + IPi,jS60i,j + SIl',jS72i,j

LARCi+1,j = LARCL‘] - LARCL](SlolJ + 5121"]' + 5131’1+ +518i,j) + NUi,jSZi,j + BEHi’jSZOi’j
+ TRADi,jSZ9l-J- + UPL-J-S40LJ- + INTL'JSSZU + IPi,jS61i,j + SIi,jS73i,j

BEH;.1j = BEH; j — BEH; ;(s19; j + 520 ; + $22;j + s23; j+... 4527, ;) + NU; ;s3; ;
+ LARCi,jS12i‘j + TRADi,jS30i,j + UPi,jS41i,j + INTL'J'SS3L'J' + IPL'J'S62L'_]'
+ Sli,jS74i,j

TRADH_L}' = TRADLJ - TRADL](SZBLJ + 529” + S3Oi,j + 5321"]' + 5331,]+ +S36L‘,j)
+ NUi,jS4i,j + LARCi,j513i,j + BEHiJ'SZZiJ' + UPi,jS42i,j + INTi,j554i,j
+ IPi,jS63i,j + SIi,jS75i,j

PERMH_L]' = PERMlJ — PERMLJS38 + NUL'J'SS + LARCLJSl‘l' + BEHLJSZ3 + TRADL,JS?)Z
+ UPL',]'S43 + INTLJSSS + IPi,jS64 + SIiJjS76
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UPi+1’j = UPi,j - UPL,](Sggl,]++S421,] + S43i,j + 54'51,]+ +S4'8i,j) + NUi‘jS6l"j
+ LARCi,]'515i,]' + BEHL'JSZLLL'J + TRADL"]'S?)BL'J'

INF_UPH_LJ' = INF_UPLJ - INF_UPL'J'SSOL',]' + UPi,jS4'5i,j

INTi+1,j = INTLJ - INTLJ(SS].LJ‘F‘FSSSLJ + 5571',]' + 5581',]' + 5591',]') + NUi,jS7i,j
+ LARCL',]'516L'J + BEHi’jSZSi,j + TRADL'J'S?)‘LL'J' + SIi,jS77i,j

IPi+1,j = IPi,j - IPLJ(S6OLJ++S64L,] + S66l'j++569171) + INTi,j557i,j
INF_IPH_LJ' = INF_IPLJ - INF_IPL'J'S711'J' + UPi,jS66i,j

Sli+1,j = Sli,j - SIl,](S721,]+ ‘e +S77i,j + S79i,j) + NUi,jS8i,j + LARCi'jS].7i’j + BEHi,j526i,j
+ TRADSBSLJ + Upi,j546i,j + INTi’j558i’j + IPi,jS67i,j

slyj+s2;j+...+59;; =1
s10;; +s11; j+...+s18;; =1
s19;; + 520, j+...+527;; =1
528;; +529;j+...+536;; =1
s37;j+5s38;; =1
539;; +s40; j+...+s48;; =1
s49;; +s50;; =1
s51;; +s52; j+...+s59;; =1
s60;; +s61; j+...+569;; =1
s70;;+5s71;; =1

5721',]' + S73i,j+"'+579i,j =1

4.17

Two things must be noticed in the system of equations presented above in equation 4.17. First,
the prevalence atage i + 1 at any stock is dependent upon prevalence of the stock one year prior.
Take the equation to estimate the prevalence of non-users (NU) at age 16 (first in the system of
equations) as an example: the equation establishes its dependence to the prevalence at age 15,

together with outflows from and inflows into the NU stock at that same age. Second, the sum of
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transition probabilities denoting allowed outflows from each stock must add up to one, e.g.,

81i,j +52i,j+...+s9i,j =1.

To estimate the coefficients for NU, LARC, BEH, TRAD, PERM, UP, INF_UP, INT, IP, INF_IP,
and SI, the absolute number of females at the different stocks were obtained from each wave of
the ENADID survey using the classification algorithm presented in Figure 4.11. After being asked
about their current contraceptive use, females are further asked about the type of method used
if they answered affirmatively. If they answer, “Not using contraception at present,” they are
presented with a variety of reasons not to use any contraceptive. Current pregnancy, intending to
be pregnant, and sexual inactivity reasons were used to classify them at the corresponding stock.
Infertility was estimated with option 5 of question 7.9 in the survey: “Why are you unable to have
children: 1) health problems; 2) the woman/partner has a permanent contraceptive method; 3)
no current partner/she is single; 4) menopause; 5) the woman/partner is infertile; 6) other reason
(specify)”. Albeit infertility and menopause are two different response options in question 7.9,
some overlap between the two is possible given they were obtained with self-report, instead of
clinical examination. The remaining females are assumed to be non-pregnant, not intending

pregnancy, sexually active, fertile non-users.

Contraceptive failure fractions reported by (Bradley et al., 2019) were used to further adjust the
number of current pregnancies as per their intention. Since the absolute numbers reported in the
ENADID survey correspond to alive-only women and girls, the absolute number of all-cause and
maternal deaths during 2006, 2009, 2014 and 2018 was retrieved from the Death registry
maintained by INEGI (Instituto Nacional de Estadistica y Geografia, 2019b). The number of
maternal deaths was stratified with the distribution of intended/unintended pregnancies found
after adjusting pregnancies per intention, assuming these maintain for alive and deceased
women. All-cause deaths and maternal deaths stratified per pregnancy intention were then

incorporated into the coefficients table.

Finally, and prior to converting them into prevalence coefficients, the data were smoothed to
reduce the random variations observed in raw data coming from the ENADID survey waves, thus
extracting the underlying trends, and ensuring that further modelling results and their
interpretation are not influenced by the extreme nature of raw data. Kernel regression was used
to smooth the data, as this technique is common in public health research (Zeger & Diggle, 1994),

and suitable for survey data given no functional form is assumed before its use.
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Figure 4.11. Classification algorithm to define the current state of women in ENADID survey.

After smoothing the data, each system of equations was converted into a matrix equation of the
formA; ; s; ; = b; j, where A; ; holds the prevalence coefficients at each stock, s; ; is the solution
vector for the system of equations, and bi,j is a vector with the right-hand side of each equation
in the system presented in equation 4.17. A Python script was devised to automate the process
and ultimately obtain age-stratified transition probability matrices for each ENADID wave. The
script also allowed to normalise the data whenever negative probabilities were found with the M-

P algorithm.

The estimated transition probabilities from non-use are presented in Figure 4.12. There are no
substantial between-year differences, except for the end of reproductive years when an upward
trend of women remaining as non-users (s1) or an abrupt decline in the transit from non-use to
sexual inactivity (s8) were observed. There is also a slight but noticeable movement from non-use
to intending a pregnancy (s7) halfway through the reproductive years. The stability in
contraceptive adoption probabilities across age groups (s2-s4) suggests that barriers to
contraceptive uptake persist throughout women's reproductive years. However, the increasing
probability of permanent contraception adoption with age (s5) reflects life-stage family planning
decisions based on accomplishing desired fertility goals. Transition probabilities from non-use to
unintended pregnancy (s6) were already reported by (Bradley et al., 2019) and assumed to hold
for Mexico. Transitions to all-cause death (s9) were negligible compared with the rest of
estimated probabilities, and thus are presented at their original scale to visualise them along the

rest of estimates.
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NU->NU (s1) NU->LARC (s2) NU->BEH (s3)
0.5 0.5 0.5
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NU->TRAD (s4) NU->PERM (s5) NU->UP (s6)
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N / \
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NU->INT (s7) NU->S| (s8) NU->Gnrl_DTH (s9)
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Figure 4.12. Transition probabilities from contraceptive non-use estimated with the M-P approach.

Notes: 1) NU: non-users; LARC: long-acting, reversible contraception users; BEH: behavioural contraception users;
TRAD: traditional contraception users; PERM: permanent contraception users; UP: unintended pregnancy; INT: trying
to be pregnant; Sl: sexually inactive; Gnrl_DTH: all-cause death. 2)Transition probabilities for 2006, 2009, 2014, and
2018 are coloured in black, blue, green, and red, respectively. 3) Transition probabilities in s9 are presented in their
original scale to allow their visualization. 4) x-axis represents age classes; y-axis represents probabilities between 0

and 1.

Transition from long-acting, reversible contraception, which can be both due to switching to a
different contraceptive or to method discontinuation, are shown in Figure 4.13. Contrary to the
case of non-use, differences between years are more pronounced in this case, especially at the
middle of the reproductive years in s11, and s12, and throughout the reproductive lifespanin s16
and s17. The observed patterns in LARC discontinuation may reflect several underlying factors.
The higher discontinuation rates at reproductive span extremes could point to different
motivation: younger women may discontinue due to side effects or desire for pregnancy, while

older women may transition to permanent methods. The between-year variations in transition
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probabilities highlight evolving contraceptive preferences and potentially changing healthcare

access patterns.

LARC->NU (s10) LARC->LARC (s11) LARC->BEH (s12)
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Figure 4.13. Transition probabilities from long-acting, reversible contraception estimated with the M-P approach.

Note: 1) NU: non-users; LARC: long-acting, reversible contraception users; BEH: behavioural contraception users;
TRAD: traditional contraception users; PERM: permanent contraception users; UP: unintended pregnancy; INT: trying
to be pregnant; Sl: sexually inactive; Gnrl_DTH: all-cause death. 2) Transition probabilities for 2006, 2009, 2014, and
2018 are coloured in black, blue, green, and red, respectively. 3) Transition probabilities in s18 are presented in their
original scale to allow their visualization. 4) x-axis represents age classes; y-axis represents probabilities between 0

and 1.

The variability in transitions from behavioural methods across survey years (Figure 4.14,
particularly s20, s25, s26) likely reflects evolving contraceptive preferences and healthcare
system changes in Mexico. The increasing trend of switching from behavioural to LARC methods
(s20), particularly among mid-reproductive age women, suggests improved access to and

acceptance of more effective contraceptive options.

The preference for maintaining behavioural methods over switching to traditional methods (s22)
suggests these contraceptives offer advantages that users value, such as high efficacy, or partner
cooperation (Shattuck et al., 2011). However, the steady increase in transitions to permanent
contraception across age groups (s23) indicates that women ultimately seek more definitive

contraceptive solutions as they complete their desired family size (Kane et al., 2009).
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Figure 4.14. Transition probabilities from behavioural contraception estimated with the M-P approach.

Note: 1) NU: non-users; LARC: long-acting, reversible contraception users; BEH: behavioural contraception users;
TRAD: traditional contraception users; PERM: permanent contraception users; UP: unintended pregnancy; INT: trying
to be pregnant; Sl: sexually inactive; Gnrl_DTH: all-cause death. 2) Transition probabilities for 2006, 2009, 2014, and
2018 are coloured in black, blue, green, and red, respectively. 3) Transition probabilities in s27 are presented in their
original scale to allow their visualization. 4) x-axis represents age classes; y-axis represents probabilities between 0

and 1.

No great difference between years was found in the movements out of traditional contraception
(Figure 4.15) except for the trend shown by s35. Movements from traditional contraception to
non-use (s28) were found to occur more frequently at the end of the reproductive span, possibly
reflecting a reduced pregnancy risk perception at these older age groups (Gemmill & Cowan,
2021). The higher probability of switching to more effective methods (s29, s30, s32) compared to
maintaining traditional method use (s31) suggests that traditional methods are regarded only as
temporary solutions to avoid pregnancy along women’s reproductive years and consistent with

trends in use inthe recent era (F. Juarez et al., 2018).
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Figure 4.15. Transition probabilities from traditional contraception estimated with the M-P approach.

Note: 1) NU: non-users; LARC: long-acting, reversible contraception users; BEH: behavioural contraception users;
TRAD: traditional contraception users; PERM: permanent contraception users; UP: unintended pregnancy; INT: trying
to be pregnant; Sl: sexually inactive; Gnrl_DTH: all-cause death. 2) Transition probabilities for 2006, 2009, 2014, and
2018 are coloured in black, blue, green, and red, respectively. 3) Transition probabilities in s36 are presented in their
original scale to allow their visualization. 4) x-axis represents age classes; y-axis represents probabilities between 0

and 1.

Given the low frequency of all-cause deaths, practically all permanent contraception users
remain in the stock and age as the simulation progresses (Figure 4.16). No other transitions from
this stock are possible since it was assumed that permanent contraception offers perfect

protection against unintended pregnancy.
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Figure 4.16. Transition probabilities from permanent contraception estimated with the M-P approach.

Note: 1) PERM: permanent contraception users; Gnrl_DTH: all-cause death. 2) Transition probabilities for 2006, 2009,
2014, and 2018 are coloured in black, blue, green, and red, respectively. 3) Figures are presented at their original

scale. 4) x-axis represents age classes; y-axis represents probabilities between 0 and 1.

The similar probabilities of adopting LARC, behavioural, or traditional methods following
unintended pregnancy (Figure 4.17) suggest that the experience of unintended pregnancy does
not necessarily lead women to choose more effective contraception. Further, this pattern might
reflect persistent barriers to accessing more effective methods, including cost, quality of

contraceptive counselling, and misinformation (Ibafiez-Cuevas et al., 2021).
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Figure 4.17. Transition probabilities from unintended pregnancy estimated with the M-P approach.
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Note: 1) NU: non-users; LARC: long-acting, reversible contraception users; BEH: behavioural contraception users;
TRAD: traditional contraception users; PERM: permanent contraception users; UP: unintended pregnancy; INT: trying
to be pregnant; Sl: sexually inactive; Gnrl_DTH: all-cause death; M_DTH_UP: maternal death attributable to
unintended pregnancy. 2) Transition probabilities for 2006, 2009, 2014, and 2018 are coloured in black, blue, green,
and red, respectively. 3) Transition probabilities in s47 and s48 are presented in their original scale to allow their

visualization. 4) x-axis represents age classes; y-axis represents probabilities between 0 and 1.

Given that all-cause deaths are negligible, once they enter it, practically all women remain in the
secondary infertility stock, and age as the simulation progresses (Figure 4.18). No other
transitions from this stock are allowed since it was assumed that secondary infertility is
permanent. Despite being a treatable condition, access to infertility treatment is largely restricted

in the Mexican context with some exceptions (Farland et al., 2023).

INF_UP->INF_UP (s49) INF_UP->Gnrl_DTH (s50)

0.99995 0.00030
0.99990 0.00025
0.99985 0.00020
0.99980 0.00015
0.99975 0.00010
0.99970 0.00005
20 30 40 20 30 40

Figure 4.18. Transition probabilities from infertility secondary to unintended pregnancy, estimated with the M-P

approach.

Note: 1) INF_UP: infertility secondary to unintended pregnancy; Gnrl_DTH: all-cause death. 2) Transition probabilities
for 2006, 2009, 2014, and 2018 are coloured in black, blue, green, and red, respectively. 3) Figures are presented at

their original scale. 4) x-axis represents age classes; y-axis represents probabilities between 0 and 1.

Becoming pregnant intentionally is the more frequent outcome of trying for pregnancy (s57,
Figure 4.19) followed by becoming sexually inactive (s58), which shows two peaks at adolescence
and before reaching the age of 40. The high probability of achieving intended pregnancy among
those trying reflects the generally good fertility levels in Mexico's reproductive-age population.
The bimodal pattern of transitioning to sexualinactivity likely reflects different social phenomena:
in adolescence, it may represent relationship instability and educational priorities (Twenge et al.,
2017), while the later peak might relate to relationship dissolution or health concerns (Bianco et

al., 1996).
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The increasing adoption of LARC between ages 20-40 suggests growing awareness of the need

for effective spacing methods during peak reproductive years (Saavedra-Avendano et al., 2017).

INT->NU (s51)

05
00 =%

INT->TRAD (s54)

0.5

00 ~————

INT->LARC (s52)

0.5
—ﬁ——-
0.0 20 40

INT->PERM (s55)

0.5

f
0.0

INT->BEH (s53)

INT->INT (s56)

0.5

———
0.0

20 40 20 40 20 40
INT->IP (s57) INT->SI (s58) INT->Gnrl_DTH (s59)
~_— 0.0003
0.5 0.5 0.0002
i 0.0001
0.0 20 40 0.0 20 40 20 40

Figure 4.19. Transition probabilities from intention of pregnancy estimated with the M-P approach.

Note: 1) NU: non-users; LARC: long-acting, reversible contraception users; BEH: behavioural contraception users;
TRAD: traditional contraception users; PERM: permanent contraception users; IP: intended pregnancy; INT: trying to
be pregnant; SI: sexually inactive; Gnrl_DTH: all-cause death. 2) Transition probabilities for 2006, 2009, 2014, and 2018
are coloured in black, blue, green, and red, respectively. 3) Transition probabilities in s58 and s59 are presented in their
original scale to allow their visualization. 4) x-axis represents age classes; y-axis represents probabilities between 0

and 1.

There were some between-year differences found in the movements from unintended pregnancy,
mostly at s61, s62, and s67 (Figure 4.20). Becoming a long-acting contraception user after an
intended pregnancy ends (s61) peaks at the middle-ages of the reproductive span, keeping a
roughly similar probability at the extremes. In contrast, the trend of traditional contraceptive
adoption after an intended pregnancy ends (s63) declines until the middle-ages to steadily grow
after these, also keeping a similar probability at the extremes. Females not accepting any
contraceptive and becoming non-users (s60) show a less pronounced however noticeable
decline as in s63. Becoming a behavioural contraception user (s62) shows practically the same

trend throughout the reproductive years.
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IP->NU (s60) IP->LARC (s61) IP->BEH (s62)

0.25 0.25 s S 0.25

0005 40 000 5 40 00050 40
IP->TRAD (s63) IP->PERM (s64) IP->INF_IP (s66)
0.25 0.25 0.25
J
000 40 0.00 40 0.00 o
IP->SI (s67) IP->M_DTH_IP (s68) IP->Gnrl_DTH (s69)
0.0002
0.25 M%_ 0.0005
0.0001
0.0000 -
000" 2 40 20 40 20 40

Figure 4.20. Transition probabilities from intended pregnancy estimated with the M-P approach.

Note: 1) NU: non-users; LARC: long-acting, reversible contraception users; BEH: behavioural contraception users;
TRAD: traditional contraception users; PERM: permanent contraception users; IP: intended pregnancy; INT: trying to
be pregnant; Sl: sexually inactive; Gnrl_DTH: all-cause death; M_DTH_IP: maternal death attributable to intended
pregnancy. 2) Transition probabilities for 2006, 2009, 2014, and 2018 are coloured in black, blue, green, and red,
respectively. 3) Transition probabilities in s68 and s69 are presented in their original scale to allow their visualization.

4) x-axis represents age classes; y-axis represents probabilities between 0 and 1.

Giventhat all-cause deaths have a low frequency, once they enter it, practically allwomen remain
in the secondary infertility stock, and age as the simulation progresses (Figure 4.21). No other
transitions from this stock were allowed given access to secondary infertility treatmentis scarce
in Mexico, excepting for some groups (Farland et al., 2023). Thus, the condition was assumed

permanent.
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INF_IP->INF_IP (s70) INF_IP->Gnrl_DTH (s71)
0.99995 0.00030
0.99990 0.00025
0.99985 0.00020
0.99980 0.00015
0.99975 0.00010
0.99970 0.00005

20 30 40 20 30 40

Figure 4.21. Transition probabilities from infertility secondary to intended pregnancy estimated with the M-P approach.

Note: 1) INF_IP: infertility secondary to intended pregnancy; Gnrl_DTH: all-cause death. Transition probabilities for
2006, 2009, 2014, and 2018 are coloured in black, blue, green, and red, respectively. 3) Figures are presented at their

original scale. 4) x-axis represents age classes; y-axis represents probabilities between 0 and 1.

The probability of remaining sexually inactive (s78) presents an oscillating pattern, holding its
maximum value at the start of the reproductive lifespan, then declining substantially until the
start of age 30, increasing again until age 40, and finally decreasing from that age on (Figure 4.22).
Itis noticeable that adopting traditional contraception once sexual activity is resumed (s75) is not

an attractive option, showing transition probabilities nearing zero.
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SI->NU (s72) SI->LARC (s73) SI->BEH (s74) SI->TRAD (s75)
08 08 08 08
06 06 06 06
04 0.4 0.4 04
02 . 02 7 02 02
0.0 0.0 ﬂ 0.0 f\/\/ 00— — -
20 40 20 40 20 40 20 40
SI->PERM (s76) SI->INT (s77) SI->Sl (s78) SI->Gnrl_DTH (s79)
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/
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Figure 4.22. Transition probabilities from sexual inactivity estimated with the M-P approach.

Note: 1) NU: non-users; LARC: long-acting, reversible contraception users; BEH: behavioural contraception users;
TRAD: traditional contraception users; PERM: permanent contraception users; INT: trying to be pregnant; SI: sexually
inactive; Gnrl_DTH: all-cause death. 2) Transition probabilities for 2006, 2009, 2014, and 2018 are coloured in black,
blue, green, and red, respectively. 3) Transition probabilities in s79 are presented in their original scale to allow their

visualization. 4) x-axis represents age classes; y-axis represents probabilities between 0 and 1.

Collectively, these transition patterns reveal a complex interplay between age, fertility intentions,
and contraceptive preferences. The estimated probabilities suggest three key phenomena: 1) a
general progression toward more effective methods over time, particularly among mid-
reproductive age women; 2) age-specific patterns in method switching that align with life-course
fertility intentions; and 3) persistent method-specific discontinuation patterns that may indicate

areas for targeted intervention in the Mexican contraceptive programme.

4.2.3 Clinical parameters

As mentioned in the introduction to the different model parameters, this category relates to
outcomes of intended and unintended pregnancy. Recall from the previous chapter that, once a
pregnancy ends, women of reproductive age end in one of three different stock categories: dead;
alive, infertile secondary to pregnancy; and alive non-infertile, which implies moving to NU, LARC,
BEH, TRAD, PERM, INT, and SI. See Figure 4.2 and Figure 4.3. The possible ways a pregnancy might

end and lead to death or otherwise are presented in Section 4.1.
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The different causes of maternal death of WoRA were classified as per their frequency of
occurrence and derived from the Maternal-related deaths registry maintained by the Health
Secretariat (Secretaria de Salud, 2022) using the International Classification of Diseases 11"
revision (World Health Organization, 2024a). The dataset covers the years 2002 to 2022, and
documents N=23,278 maternal deaths occurred during the period. Given that maternal death is
a relatively rare phenomenon in Mexico, some of the causes of death had a pronouncedly low
frequency of occurrence, thus rendering figures too noisy to present yearly and age-stratified
estimates. A workaround for this paucity of data was to pool the estimates for the whole period

and parameterise the model with the average proportions from 2002-2017.

Table 4.2. Clinical outcomes of intended and unintended pregnancy.

Status after

Pregnancy outcome/Cause of death Source(s)
pregnancy
. Mat L th
Abnormal product of conception a erng deza S
registry
Childbirth Materngldezaths
registry
. . Maternal deaths
Miscarriage o
registry
. . Maternal deaths
Gestational period o
registry
Dead

Unsafe abortion’ Materngl dezaths
registry

Stillbirth Materngl dezaths
registry

. Maternal deaths

Puerperal period s,

registry

Maternal deaths
Other causes

registry?
o ) Childbirth Calibration
Alive, infertile Miscarriage Calibration
Szfeog::r?éio Unsafe abortion’ Calibration
Stillbirth Calibration
Childbirth ENADID?
Miscarriage ENADID?®
Alive, non-infertile Unsafe abortion’ ENADID?, (Lara et
al., 2006)
Stillbirth ENADID?

'"Unsafe abortion only relates to intended pregnancy; 2This registry spans from 2002-2022; ®National Survey on the

Demographic Dynamics, 2006, 2009, and 2018 waves.
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The estimated age-stratified causes of death for unintended pregnancies are presented in Figure
4.23 below. Overall, the most frequent causes of death observed were “Other causes” and
causes attributable to the gestational period, e.g., gestational diabetes, hypertension, followed
by deaths during the puerperal period, e.g., puerperal sepsis, hypovolemia. Miscarriage and

stillbirth represent the smaller burden throughout the reproductive years.

Abnormal product of conception Childbirth Miscarriage
1.0 1.0 1.0
o]
w© 05 0.5 0.5
o
0.0 —_— 0.0 e —
20 40 20 40 20 40
Gestational period Unsafe abortion Other causes
1.0 1.0 1.0
2
g 0.5 05 0.5
o w\_,_.,d\/\\/ M
W\—/\A
0.0 0.0 o1 0.0
20 40 20 40 20 40
Age class
Deaths of puerperal period Stillbirth
1.0 1.0
]
w© 05 0.5
E e —y
0.0 00—
20 40 20 40
Age class Age class

Figure 4.23. Age-stratified causes of death due to unintended pregnancy.

The estimated age-stratified causes of death for intended pregnancies are presented in Figure
4.24 below. The patterns are practically the same as for unintended pregnancies, excluding death
due to unsafe abortion which was assumed not to occur in /P. Given that the maternal deaths
registry had no reference to the intention of pregnancy of the deceased females, distinguishing
deaths due to intended and unintended pregnancies was only possible by including/excluding the
ICD codes presumably related to unsafe abortion (i.e., 004 Complications following (induced)
termination of pregnancy, O07 Failed attempted termination of pregnhancy) (World Health

Organization, 2016) from the proportion estimation.
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Figure 4.24. Age-stratified causes of death due to intended pregnancy.

Given no data on infertility secondary to intended/unintended pregnancy was found for the
country, these proportions were hand calibrated and fixed constant across age groups and
throughout the simulated years. Infertility secondary to childbirth, miscarriage, unsafe abortion,
and stillbirth when pregnancy is unintended was set at 0.5, 0.025, 0.4, and 0.025, respectively.
Infertility secondary to childbirth, miscarriage, and stillbirth when pregnancy is intended was set

at 0.5, 0.45, and 0.05, respectively.

The 2006, 2009, 2014, and 2018 waves of the ENADID survey were used to estimate the
distribution of pregnancy outcomes when a woman survives and does not develop secondary
infertility. As with the estimation of maternal causes of death, a small amount of data points in
some categories, e.g., stillbirth across age groups and throughout the years, made necessary to
average the figures and introduce a constant distribution during the simulation period. To
differentiate whether an abortion was unsafe, a proxy was obtained from ENADID survey, where
women reporting a previous abortion are further asked to specify who attended/conducted the
procedure. Among the possible answers, “Nobody (herself)” was determined to hint an unsafe
abortion, according to the definition used in this research (Ganatra et al., 2014). Each age group’s
proportion of unsafe abortions was further adjusted by hand until resembling the average 16%

figure reported in (Lara et al., 2006).

Figure 4.25 shows the estimated distribution of outcomes of unintended pregnancy. In general,
and as expected, most pregnancies end with a live birth albeit the proportion diminishes as
women age. In turn, miscarriages and unsafe abortions become more prevalent as women age,
however the latter raise more slowly. The first phenomenon reflects diminishing biological

aptitude to pregnancy as women age (Arck et al., 2008), whilst the second might be reflecting the
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explicitintention to limit the number of children as desired family sizes are reached, together with

barriers of accessing safe abortion services in the country (Juarez et al., 2013).
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Figure 4.25. Age-stratified unintended pregnancy outcomes.

In the case of intended pregnancies (Figure 4.26), live births also show a decreasing trend as
women move out of their reproductive years. As in the case of intended pregnancies, miscarriage

is also more common as women age.
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Figure 4.26. Age-stratified intended pregnancy outcomes.

The high dimensionality of the model and limited availability of secondary infertility data for the
country rendered automated calibration too time-consuming, thus an inefficient approach to this
research. Hand calibration was therefore selected as the most appropriate approach to adjust
these parameters. As Figure 4.27 shows, it was implemented by first selecting an arbitrary, yet
plausible value for the parameter being determined. Secondly, the full model was run for the
status quo scenario and the correspondence between ENADID survey data and simulated results
was visually evaluated (Lyneis & Pugh, 1996). The process was repeated until a fair qualitative

correspondence between the simulated results and the survey data was found (see Appendix C).
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After this point, the parameter table to be employed by the model, which constitutes the basis to

build the rest of scenarios (see next section) was defined.

Start model
calibration

|
: !

Contraceptive

Demographic Behavioural Clinical
grap effectiveness
Adjust parameter/s N Data
by hand available for
{plausible initial value informed parameter
by experience) estimation?
{ y
Needs n
smoothing? Readjust
ey parameter/s by hand End model
obscured) calibration
1 ! T " I
Run 5Q Good visual Accept table of SQ
Smoothidata scenario fit attained? parameters and use
indi al B .
(e i) v it tu. estimate
vk survey data) remaining scenarios

Figure 4.27. Calibration flowchart for the parameter estimation process.

4.3 Software implementation

The workflow depicted in Figure 4.28 illustrates the steps followed to derive the simulation model
results arrived at in this thesis. Parameter estimation consisted in combining various datasets
publicly available to the country, along with topic-specific literature to compose a table of more
than a hundred parameters required by the model. If not otherwise stated, those parameters are

age-stratified and time-varying.

Linear interpolation was used to fillin missing data in the contraceptive, sexual, and reproductive
(C-S-R) dynamics during the 2006-2020 period. It should be recalled that the ENADID survey from
which C-S-R transition probabilities were estimated has four waves: 2006, 2009, 2014, and 2018.
See sections 4.2 and 4.2.2.

Microsoft Excel, Stata v17 and Python v3.9.15 served different purposes at the parameter
estimation stage. Microsoft Excel was used mostly as data repository for the different Stata and
Python scripts devised. Given its ready-to-use survey analysis facilities, Stata was used to
analyse the different ENADID waves and extract the tables with the absolute number of women

in each state, in preparation for transition probability estimation (see section 4.2).
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The remaining processes in parameter estimation (i.e., clinical/demographic parameter
estimation, transition probability estimation), strategy preparation, model simulation, and cost-
effectiveness analysis were implemented in Python given the broad range of libraries available for

data analysis, numerical solution of ordinary differential equations (ODEs), and data

visualisation.
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Previous versions of the system dynamics simulation model devised in this thesis used SciPy’s
solve_ivp third-party package (Virtanen et al., 2020) to solve ODEs. As the model grew in
complexity and solve_ivp was surpassed by the need to run the model multiple times (more than
30 simulated strategies with niterations each), it was decided to develop a new system dynamics
platform, capable of solving systems of ODEs with vectorisation, i.e., simultaneously solving

model equations using linear algebra.

Once ready, this new platform reduced the model’s execution time to a reasonable extent: using
a Dell Latitude 5400 laptop with 8 GB of RAM, one iteration with solve_ivp executes in around 17
seconds, whilst one iteration with the vectorised version executes in 265 milliseconds, or sixty-

four times faster.

To illustrate the development of the vectorised system dynamics model, consider the dummy
age-stratified model in equation 4.18 below. To ease its interpretation, the model does not
include deaths or migration. The model depicts the endogenous generation of livebirths from
three unintended pregnancy age cohorts (UP,, UPs, UPc) and their further introduction into the U,
stock via coflows. Women then mature until reaching Uc and start their reproductive lifespan at

Slawhere they age to reach Slc:
Uy (t) = Uy(t — dt) + (@UP, + bUPg + cUP; — dU,)dt
Ug(t) = Ug(t — dt) + (dUy — eUg)dt
Uc(t) = U (t —dt) + eUgdt
UP,(t) = UP,(t — dt) — gUP,dt
UPg(t) = UPg(t — dt) — iUPgdt
UP;(t) = UP:(t —dt) — kUP.dt
SIy(t) = SL(t — dt) + (fU; + gUP, — hSLy)dt
Slg(t) = SIg(t — dt) + (hSI, + iUPg — jSIg)dt

4.18

Where a — k are coefficients indicating the fraction of women moving between stocks.
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An approximate solution to this equation system can be found numerically with the Euler’s
method, and can be expressed in matrix form:
s(t) = s(t — dt) + Cs(t — dt)dt

4.19
Where s(t) is a vector with the model's next stock values; s(t — dt) is a vector with the stock
values in the previous dt timestep; and C is a m x m matrix with the a — k coefficients indicating
the fraction of females moving between stocks at timestep dt. The m columns and m rows are

equal to the number of stocks in the model. Thus, this dummy nine-stock model willhave a9 x 9

coefficient matrix.

The equation presented in 4.19 can also be presented in matrix form:

U, Uy aUP, + bUPg + cUP; — dU,

Ug Ug dU, — eUg

Uc Uc elUp

UP, UP, —gUP,

UPg | (t) =| UPg |(t —dt) + —iUPg dt
UP, UP, —kUP,

Sly SIy fUc + gUP, — hSI,

Slg Slg hSI, + iUPg — jSIg

Sle Sle jSIg + kUP,

4.20

The light blue box in equation 4.20 can be further expressed as the matrix multiplication of the
m x m coefficient matrix and the s(t — dt) vector to complete the vectorised Euler’s method

specification:

Uy Uy —-d 0 0 a b ¢ 0 0 O\ /U,
Ug Ug d —e 0 0 0 0 0 0 0\[Us
U U 0O e 0 0 0 0 0 0 0| U
UP, UP, 0 0 0 —g 0 0 0 o0 o0||up,
UPy |()=|UPs |[(t—=dt)+| 0 0 0 0 —i 0 0 0 Of[uvp|at
UP. UP, 0o 0 0 0 0 -k 0 o0 offuve
SI, SI, 0 0 f g 0 0 —h 0 o]ffsi
Sy Sly 0 0 0 0 i 0 h —j 0]\SsI
SI, SI, 0 0 0 0 0 k O j 0/ \SI
4.21

98



Chapter 4

Finally, a time-varying version of this dummy model would have a different coefficient matrix at

the ith simulated year or period:

UA UA _di 0 0 a; bi Ci 0 0 0 UA
Ug Ug di - 0 0 0 0 0 0 0\[Ug
Ue Ue ( 0 ¢ 0O 0O O O 0 O o\‘ Ue
UP, UP, [ o o 0o -6 0 0o o o ol|up
urs | =|UpPs |(t=d)+| O 0 0 0 —i 0O 0 0 ol UPg |dt
UP, UP; 0 0 0 0 0 -k 0 o0 o]|uvp
Sl, Sl, 0 0 fi g 0 0 —h 0 O0||SL
Sl Sl 0 0 0 0 i 0 h —j 0f\Sk
Sle Sle 0 0 0 0 0 k 0 j; 0/ \S

4.22

Following equation 4.22, the model implemented in this thesis is an age-stratified, time-varying
520-stock model with a 520 x 520 coefficient matrix updated yearly from 2006 to 2030 and kept
fixed from 2031 to 2050. It was implemented in Python with the specialised NumPy library,

suitable for vectorised operations (Harris et al., 2020).
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The time-varying coefficient matrix was composed with the following algorithm implemented in

Python (see also Figure 4.29):

Foreqin4.1to4.16:
ifeq # 4.15 | eq # 4.16:
for summand in eq:
if summand has negative sign, indicating outflow:
Generate 35 X 35 diagonal matrix; diagonal elements are age-stratified raw parameters.
Save matrix to summand,,,;, assigning a null matrix if there are no outflows from the stock
to which eq refers.
Sum summand,,,; matrices to create outflow diagonal matrix (Sy¢).
else (summand has positive sign -inflow-):
Generate 35 x 35 lagged diagonal matrix; lagged diagonal elements are maturation
fractions to shift females from one age group into the next.
Save matrix to summandggein -
Update Sy, by adding the summand; 4, matrix.
if summand does not relate to U15 | Gnrl_DTH_U15:
Generate 35 X 35 diagonal matrix; diagonal elements are age-stratified raw
parameters.
Save matrix to summand,,, assigning a null matrix if there is no inflow from to the
stock to which eq refers.
else (summand relates to U15 | Gnrl_DTH_U15):
Generate 35 x 15 diagonal matrix; diagonal elements are age-stratified raw
parameters.
Save matrix to summand,,, assigning a null matrix if there is no inflow from to the
stock to which eq refers.
Concatenate S,,,; and summand;; matrices to create a 35 X 520 matrix (eqcoesy)-
else (eq = 4.15| eq = 4.16):
for summand in eq:
if summand has negative sign, indicating outflow:
Generate 15 X 35 diagonal matrix; diagonal elements are age-stratified raw parameters.
Save matrixto summand,,,;, assigning a null matrix if there are no outflows from the stock
to which eq refers.
Sum summand,,,,; matrices to create outflow diagonal matrix (Syy,¢)-
else (summand has positive sign -inflow-):
Generate 15 X 35 lagged diagonal matrix; lagged diagonal elements are maturation
fractions to shift females from one age group into the next.
Save matrix to summandggein-
Update Sy, by adding the summand 4, matrix.
if summand does not relate to U15 | Gnrl_DTH_U15:
Generate 15 X 35 diagonal matrix; diagonal elements are age-stratified raw
parameters.
Save matrix to summand,,, assigning a null matrix if there is no inflow from to the
stock to which eq refers.
else (summand relates to U15 | Gnrl_DTH_U15):
Generate 15 X 15 diagonal matrix; diagonal elements are age-stratified raw
parameters.
Save matrix to summand,,, assigning a null matrix if there is no inflow from to the
stock to which eq refers.
Concatenate S,,,; and summand;;, matrices to create a 15 X 520 matrix (eqcoesy)-
Stack the eqqerf matrices to compose the final 520 X 520 coefficient matrix.

The algorithm basically transforms each equation’s summands (i.e., model parameters) into
matrices of various sizes, their rows being the age classes in the stock referred by the equation,
and columns being the number of age classes in the origin stock from which (if any) females move
into the stock referred by the equation. For instance, equation 4.1 indicates the outflows from
and inflows into the non-users’ stock (NU). Given NU holds females aged 15 to 49, these 35 age
classes are the rows of the matrices defined. Moreover, given NU receives inflows from LARC,

BEH, TRAD, UP, INT, IP, SI, and U15, and this latter holds 15 age classes, whilst the rest hold 35,
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then the number of columns varies. The resulting matrices will have 35 rows and 35 columns,
except for U15 that will have 35 rows and 15 columns. Despite there are no inflows to NU from
PERM, INF_UP, INF_IP,M_DTH_UP, M_DTH_IP, Gnrl_DTH, and Gnrl_DTH_U15, null matrices must
be defined in these cases to preserve the form of the final coefficient matrix and allow the correct
operations to produce the simulation results. Thus, Gnrl_DTH_U15 will be a 35 X 15 null matrix,

and the rest will be of size 35 X 35.

The algorithm then concatenates the individual matrices and produces a 35 X 520 matrix

corresponding to the dynamics of NU and continues with the rest of equations.

Finally, with all the parameter equations converted into their respective matrix form, they are
stacked to produce the 520 X 520 final coefficient matrix. These steps are repeated for each year
during the simulation window, each of the 50 iterations, and each of the 31 hypothetical

strategies tested.
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Figure 4.29. Composition of the 520x520 coefficient matrix used in the vectorised system dynamics simulation

model.
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Atime progression vector sized 90 (45 years x dt~! = 90; where dt = 0.5 years) was defined
to traverse from 2006 to 2050 and update the s(t) vector after multiplying the coefficient matrix
by the vector of previous s(t — dt) values. The updated stock values are collected in a 520 x 90
matrix which reports results for each of the 50 iterations in each hypothetical policy tested in

this thesis (see section 6.1, and number 3 in the workflow presented in Figure 4.28).

With the goal of balancing computational feasibility and the need to represent variability in model
outputs, fifty iterations were considered to be sufficient to estimate the stochastic parameter
matrices, conduct the full range of experiments, and produce the cost-effectiveness analysis.
Given the described complexity of the model, which comprises more than five hundred
differential equations to be solved with a matrix version of Euler’s method, such a number of
iterations provided visually reasonable uncertainty intervals at a reasonable running time (Currie

& Cheng, 2013).

4.4 Chapter summary

Chapter four presented the working mechanisms and assumptions of the model developed in
this thesis, and a detailed account of parameter estimation in three broad categories (i.e.,
demographic, behavioural, clinical). The full process of vectorisation to allow a stochastic,

endogenously driven, age-structured, and time-varying model was also detailed in this chapter.
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Chapter 5 Verification and Validation

5.1 Model initialisation

The simulation spanned 45 years, from 2006 to 2050, to include the final years of the Millennium
Development Goals initiative (MDGs, 2006-2015), the full Sustainable Development Goals era
(SDGs, 2015-2030), and a twenty-year window post-SDG. Initial values of stocks pertaining to
WOoRA (N= 28.4 million) were obtained from the 2006 wave of ENADID survey and are shown in

Figure 5.1. Stocks pertaining to maternal-related deaths (i.e., M_DTH_UP, M_DTH_IP) and all-

cause deaths (i.e., Gnrl_DTH) were initialised at zero, thus are not shown in the figure.

NU LARC BEH
50000
I||““““ “ L I|“““ T I||“““““ I
0 II 0 |II| |IIIII|||I|. 0 III Illl“l“lll
15 20 25 30 35 40 45 15 20 25 30 35 40 45 15 20 25 30 35 40 45
TRAD PERM UpP
250000 20000
0 ||||I| ||||II||I 0 ...|I|IIIII|| 0 |||| |||I||||II||...,
15 20 25 30 35 40 45 15 20 25 30 35 40 45 15 20 25 30 35 40 45
INF_UP INT IP
50000
100000
|‘“| I|““““||||I I|““““||||I
NIEERES r ... R
15 20 25 30 35 40 45 15 20 25 30 35 40 45 15 20 25 30 35 40 45
INF_IP Sl
20000
il =l
0 _lllllllllllll--IlIIIIIIIIIl 0 |IIIII““"““““I““"Il-
15 20 25 30 35 40 45 16 20 25 30 35 40 45

Figure 5.1. Initial values of WoRA used in the simulation model.

Note: 1) x-axis represents age classes; 2) y-axis represents population totals in absolute numbers; 3) Figure headings
are NU: Sexually active, Non-user of contraception; LARC: Sexually active, user of long-acting reversible
contraception; BEH: Sexually active, user of behavioural-dependent contraception; TRAD: Sexually active, user of
traditional contraception; PERM: Sexually active, permanent contraception user; UP: Unintentionally pregnant;
INF_UP: Infertile secondary to unintended pregnancy; INT: Sexually active, non-user of contraception, and trying to be

pregnant; IP: Intentionally pregnant; INF_IP: Infertile secondary to intended pregnancy ends; SI: Sexually inactive.
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Population counts of girls aged 0 to 14 years were sourced from the National Population Council’s

(CONAPO) population projections 1950-2050 (Consejo Nacional de Poblacién, 2023) (Table 5.1).

Table 5.1. Initial values for stocks related to girls aged 0 to 14 years.

Age class Initial stock value (population total)
1,103,428
1,106,163
1,105,850
1,104,853
1,104,692
1,103,544
1,101,812
1,100,701
1,101,600
1,104,928
1,109,161
1,111,490
1,109,368
1,105,311
1,099,020

r OO 2o ©ONOONA®WN=O
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5.2 Verification and validation

After the full model was parameterised, tests to verify the model’s ageing mechanism, behaviour
against extreme values, and stock nonnegativity were conducted. These tests functioned as a
first step in confirming this model’s suitability in answering the proposed research questions. The
next step was to compare model results against selected extant demographic and sexual and

reproductive health indicators.

The present section describes the result of aniterative procedure conducted to verify and validate
the model. Whenever model structure or simulation results were deemed unfeasible, its
parameters and structure were revised, and the tests were reattempted until reasonable results

were obtained.

5.2.1 Verification

Three main tests were conducted to verify that the model structure was working properly. The first
consisted in corroborating the ageing mechanism, which is central to the model given that allows
the female population to shift forward into the next age group with every timestep. To set up the
test, a single cohort of one million newly born females (aged 0) was introduced to the simulation
in 2006 and aged at a timestep of one year until 2050. To simplify the test, migration and death
probabilities were cancelled, together with the probability of pregnancy by assuming perfect
protection in all contraceptive categories, and widespread unwillingness to become pregnant.
Movements between stocks were preserved. Figure 5.2 shows the results after running the
simulation with these settings. As expected, the million women introduced in 2006 ages out and
shifts into the next age group until the simulation ends. The simulation ends five years before

women turn 49, at age 44, given the simulation period is of 45 years.
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Figure 5.2. Ageing mechanism test for a single cohort of females.

Note: Numbers are scaled to millions.

The second test consisted in an extreme value test aiming to simulate a hypothetical strategy in

which no girls joined the population of WoRA upon reaching the age of 15, and no female babies

were born. The anticipated outcome was a gradual depletion of the WoRA cohort at each age,

reflecting the natural ageing process without new female additions. To model this, the birth rate

of female babies and the initial stocks of girls aged 0-14 were both set to zero.

Figure 5.3 shows the test results in a panel of subgraphs were each represent the stratified

evolution of the different age groups considered in the simulation. Ages 0 to 14 show no

population in concordance with how the test was devised, i.e., cancelling new female babies

being born, and initialising younger-than-15-years age groups at zero. Starting at age fifteen,

women move through the different age groups as they grow older, and with the cancelled

introduction of new WoRA, their population counts plummet to zero as time moves forward.
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Figure 5.3. Extreme value test. Females aged 0 to 24 when introduction of new WoRA is cancelled.

Note: x-axis represents simulation years, stepped in ten-year groups; y-axis represent population totals in millions.
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This behaviour is also observed in Figure 5.4, which presents the results of this test for females

aged 25 to 49 years.
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Figure 5.4. Extreme value test. Females aged 25 to 49 when introduction of new WoRA is cancelled.

Note: x-axis represents simulation years, stepped in ten-year groups; y-axis represent population totals in millions.

Finally, it was verified that no stock reached negative values throughout the simulation at any of
the 50 model iterations. This is presented, for a single iteration, in a panel of heatmaps in Figure
5.5. Each panel represents a simulated stock, together with its maximum and minimum values,

showing no negative values were obtained at any stock whilst running the model. Although not
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presented in this document, this was also assessed in the rest of model iterations with similar

results and the same conclusion of stock nonnegativity.
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Figure 5.5. Simulation model's nonnegativity test.

Note: In each figure, x-axis represents simulated years, and y-axis represents age groups. Y-axis is shorter in U15 and
Gnrl_DTH_U15 given these stocks represent females aged 0 to 14. Plotted stocks: NU: Sexually active, non-user of
contraception; LARC: Sexually active, user of long-acting reversible contraception;, BEH: Sexually active, user of
behavioural-dependent contraception; TRAD: Sexually active, user of traditional contraception; PERM: Sexually active,
permanent contraception user; UP: Pregnant, unintentionally; INF_UP: Infertile secondary to unintended pregnancy;
INT: Sexually active, non-user of contraception, and intending to be pregnant; IP: Pregnant, intentionally; INF_IP:
Infertile secondary to intended pregnancy; Sl: Sexually inactive; M_DTH_UP: Maternal death attributable to UP;
M_DTH_IP: Maternal death attributable to IP; Gnrl_DTH: All-cause deaths, WoRA; U15: Girls aged 0 to 14 years;
Gnrl_DTH_U15: All-cause deaths, females aged 0 to 14.
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5.2.2 Validation

To establish the robustness of the model results, these were compared against real-world
benchmarks drawn from public official sources. The selected indicators fall into one of two
categories: 1) Demographic, or 2) Sexual and Reproductive Health. The first category deals with
population evolution over time, whilst the second includes important topic-related indicators

such as crude fertility rate, and maternal mortality ratio.

5.2.2.1 Demographic indicators

The simulated population of WoRA from 2006 to 2050 was derived by composing a time series of

the form:

WORA = (WORA2006, WORA2007, WORAZOOS' . WORAZOSO)

5.1

Where every element is estimated as the sum of alive women at NU, LARC, BEH, TRAD, PERM,
UP, INF_UP, INT, IP, INF_IP, and SI across age classes for each year. Figure 5.6 shows the
simulated trend of WoRA from 2006 to 2050. The dotted, gray-coloured line and band depict
simulation results and their 95% uncertainty interval (Ul), respectively; the dashed, blue-coloured
line represents population projection estimates, and red crosses are the single data points for

population censuses.

Two diagnostic metrics are presented in the legend box as a quantitative comparison of the
simulation results: mean absolute percentage error (MAPE) and R? score. There are important
things to notice. First, the trend estimated by the CONAPO projection is consistently higher than
the simulated trend and the INEGI population counts. Second, the simulation results offer a
better fit to data points of the 2010, and 2020 census data. The MAPE and R? metrics indicate that
the model follows the female population development with good agreement, given its good fit to
the official benchmark data. From 2021 on, the CONAPO population projections lie within the
simulation’s 95% Ul. Both the CONAPO projection and the simulation results show an increasing
trend followed by a decline in the female population by 2050, related to decreasing fertility levels

over time (see Figure 5.6).
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Figure 5.6. Total Mexican female population of reproductive age (15 to 49 years), 2006-2050.

The simulated U15 and WoRA populations were disaggregated in single-year age groups to further
inspect their development and agreement to the CONAPO projections (Figure 5.7 and Figure 5.8).
In general, both trends are in good correspondence, with ages 21 and older offering the best fit.
The trends for newly born up to those of girls aged 14 show a consistent decrease from 2006,
which is more pronounced in the simulation results, and influences the observed trends for the

rest of age classes. This continues from ages 15 to 19 when there is a slight increase in the trend
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by 2020 to then start declining at a slower pace than the youngest age groups (newly born to 14

years).
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Figure 5.7. Mexican female population aged 0 to 24 years, 2006-2050.

Note: x-axis: simulated years; y-axis: female population total (in millions); the gray-coloured dotted line and band

represent simulated data, and 95% uncertainty interval, respectively; red circles are the CONAPOQO projection data.

This peak manifests later in the older age groups, if at all. The trends for females aged 20 to 26
peak by 2020 to then start declining; females aged 27 to 30 peak between 2020 and 2030; females
aged 31 to 42 have their trends peaking between 2030 and 2040.

The oldest age groups, from 43 up to 49 follow ever-increasing trends that have yet to see their
peaks. As previously stated, these described patterns are influenced by the diminishing inflow of
newly born females over time given declining fertility rates. This results in the population of
younger/more mature females reaching a maximum value by 2020, 2030, or 2040 and then start
declining. The population of older females, on the other hand, is still growing and will reach its

peak at a time outside the simulation’s time bounds.
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Figure 5.8. Mexican female population aged 25 to 49 years, 2006-2050.

Note: x-axis: simulated years; y-axis: female population total (in millions); the gray-coloured dotted line and band

represent simulated data, and 95% uncertainty interval, respectively; red circles are the CONAPOQO projection data.

Table 5.2 below shows the MAPE resulting after comparing the simulation results and the
CONAPO projections. As noted previously the fit is very good overall, with a MAPE of less than 5%
in all analysed age groups. The youngest age groups, from newly born females to 20-year-olds,
have a MAPE between 3.155% (age 20) and 4.063% (age 1). From 21 until the end of the
reproductive years, the average MAPE is less than 3%, getting as low as 1.906% at age 35, and

high as 2.948% at age 21.

114



Chapter5

Table 5.2. Simulation model fit to CONAPO projections, from 0 to 49 years.

Age group MAPE'’ Age group MAPE’ Age group MAPE’

0 3.825 17 3.759 34 1.938
1 4.063 18 3.616 35 1.906
2 4.045 19 3.378 36 1.876
3 4.007 20 3.155 37 1.858
4 3.937 21 2.948 38 1.843
5 3.859 22 2.762 39 1.834
6 3.809 23 2.614 40 1.849
7 3.774 24 2.491 41 1.869
8 3.758 25 2.376 42 1.868
9 3.73 26 2.284 43 1.854
10 3.697 27 2.222 44 1.832
11 3.727 28 2.147 45 1.809
12 3.704 29 2.084 46 1.831
13 3.69 30 2.025 47 1.958
14 3.602 31 1.999 48 2.189
15 3.782 32 1.967 49 2.743
16 3.809 33 1.936 - -

"Mean absolute percentage error.

Five-year population pyramids were also prepared to verify the correspondence of the simulated
population to official datasets. The population projections prepared by the Mexican National
Population Council (CONAPO), and National Population Census data for 2010 and 2020 were
used to contrast the simulated demographic results. The CONAPO projections range from 1950
to 2050, are obtained with time series forecasting and updated regularly, being the most recent
estimate for the year 2015 (Consejo Nacional de Poblacién, 2023). Data points obtained via the
censuses are sporadic because of their collection frequency of ten years, thus only two census

data points are included in the simulation timeframe, for years 2010 and 2020.

Two official data sources were used to draw reference modes and benchmark the simulation’s
demographic results. The first were official population counts produced by INEGI at the 2010 and
2020 national censuses. The second comparator were the 1950-2050 official population
projections produced by CONAPO, from which a subset ranging from 2006-2050 was selected to

align with the simulation’s initiation year.

Figure 5.9 compares INEGI population censuses -red-coloured bars - against simulation data -
gray-coloured -. The fit to the population censuses is very good for 2010 and 2020, both years
showing a MAPE less than 2.5%. The population shows an ongoing ageing process from 2010 to
2020, expressed in an increasing proportion of females aged 25 to 49, whilst the rest of age bands

saw an either stalled (20 to 24 years) or reduced proportion (newly born to 19).
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Figure 5.9. 2010 and 2020 population pyramids. INEGI censuses v simulation results.

Note: red-coloured bars represent the 2010, and 2020 INEGI population censuses; gray-coloured bars represent

simulated data.

Figure 5.10 shows the population pyramids comparing the CONAPO projections (red-coloured
bars) to the simulated data (grey-coloured). There are more selected decades in this comparison,
from 2010 to 2050. As with the previous case, there is evidence of good fit, with the largest MAPE
of 3.044% occurring in 2030. The ongoing ageing process described above becomes more evident
in this figure, as female population vacate the youngest age groups to move into the oldest. Thus,
the base of the pyramid is expected to become narrower and to widen at the top over time, making

older female age groups the most prevalent.
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Figure 5.10. Population pyramids for selected years. CONAPO population projections v simulated population.

Note: red-coloured bars represent the 2010, and 2020 INEGI population censuses; grey-coloured bars represent

simulated data.

5.2.2.2 Sexual and Reproductive Health indicators

The two indicators used to compare the performance of the contraceptive, sexual, and
reproductive dynamics depicted in the simulation model were selected given their widespread
use in programme planning and in topic-specific literature. Crude fertility rate (CFR) is defined as
the number of livebirths compared to WoRA during a specific period (Statistics Finland, n.d.),
which was yearly to this thesis. As with the demographic indicators, data from the CONAPO
projections were queried from 2006 to 2050 to obtain a first CFR comparator. A second
comparator was estimated from the national registry of livebirths, reporting events from 2006
until 2020, and the number of WoRA estimated via the intercensal survey 2005, and the
population censuses 2010, and 2020. Since only three years were available after collecting data
from the intercensal survey and censuses, linear interpolation was implemented to fill in data

gaps.

To estimate CFR from the simulation model, a time series of the total yearly livebirths between
2006 and 2050 was first composed by doing:
LB = (LBZOO6I LBZOO7' LBZOOBI R LBZOSO)
5.2
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Where every element is estimated as follows:

49 49
LBi = Z LBfTUPLJ X UPL',]' + Z LBfTIPLJ X IPi']'
j=15 j=15

5.3

Where i represents the year, from 2006 to 2050, and j is the age class, from 15 to 49 years;
LBfrUPi,j and LBfrIPi,j are the probabilities of unintended/intended pregnancies ending in a
livebirth at year i and age j, respectively; and UP;; and [P;; are the stocks containing

unintended/intended pregnancies at year i and age j, respectively.
Finally, CFR was estimated by doing:

B;

CFR; =
©T WoRA;

x 1000

54

Where i represents the year, from 2006 to 2050; LB; are livebirths estimated with equation 5.3 at
year i; WoRA; are women of reproductive age estimated as the sum of alive women at NU, LARC,
BEH,TRAD, PERM,UP,INF_UP,INT,IP,INF_IP, and SI across age classes foreachyeari. The

ratio is presented as births per thousand women in Figure 5.11 below.

The agreement between the simulated and the official sources of data shown in the figure is fair,
with a MAPE below 7%, and an average R? score of 0.725. The simulated CFR always
underestimates the 2006-2020 CFR estimated from the official live birth registry maintained by
INEGI. Better metrics are obtained when comparing the simulated CFR againstthe CFR estimated
from the CONAPO projection; in such case, the MAPE is below 4.5% and R? score around 0.85,
with the trend being noticeably underestimated in the simulation model most of the time. In the
later simulation years, however, both trends tend to converge until crossing by 2039. In the final
years, the CFR estimated with CONAPO data tend to decrease at a faster pace than simulated
data to reach a minimum of around 48 live births per thousand women. In contrast, the simulated
CFR seems to reduce at a slower pace and even stabilise at around 51 live births per thousand

females by 2050.
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Figure 5.11. Crude fertility rate. Mexico, 2006-2050.

Maternal mortality ratio (MMR) is the number of maternal deaths compared to livebirths during a
specific period, typically one year (World Health Organization, 2024c). To estimate MMR with
official sources, reported figures of maternal deaths during 2006-2020 were obtained from the
death registry maintained by INEGI (Instituto Nacional de Estadistica y Geografia, 2019b). Yearly

livebirths during 2006-2020 were obtained from the national registry of livebirths.

To estimate MMR from the simulation model, a time series with the number of maternal deaths

was first composed by doing:

MatDth = (MatDth,ype, MatDthygo7, MatDthyggsg, ..., MatDthygsg)

5.5
Where every element is estimated as:
49 49
MatDthl- = Z MatDthfrUPl-’j X UPi,j + Z MatDtthIPirj X IPi,j
j=15 j=15
5.6

Where i represents the year, from 2006 to 2050, and j is the age class, from 15 to 49 years;

MatDthfrUP;; and MatDthfrIP;; are the probabilities of unintended/intended pregnancies
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ending in a maternal death at year i and age j, respectively; and UP; ; and IP; ; are the stocks

containing unintended/intended pregnancies at year i and age j, respectively.

Finally, MMR was estimated as:

MatDthi
MMR; = ——— x 100,000
tT LB,

5.7

Where i represents the year, from 2006 to 2050; MatDth; are maternal deaths estimated with
equation 5.6 at year i; LB; are livebirths estimated with equation 5.3 at year i. The ratio is

presented as deaths per 100k livebirths in Figure 5.12.

Agreement between the simulated and the official MMR is also fair, with a MAPE of 5.265 and R?
score of 0.68. From 2006 to 2019 the simulated and official MMR are very similar, disagreeing
noticeably during the two following years (2020, 2021) on which the official MMR spiked as a likely
outcome of the COVID-19 pandemic. The simulated MMR's broad uncertainty interval, however,
includes these two extreme data points. From 2020 on, the simulated MMR stabilises at roughly
35 maternal deaths per 100k thousand live births, with lower and upper bounds of roughly 14 and

60, respectively.
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Figure 5.12. Maternal mortality ratio. Mexico, 2006-2050.
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5.3 Chapter summary

Chapter five presented the initial values of parameters used to initialise the model. Verification
of model structure, together with validation of results against demographic, sexual and

reproductive health indicators are also presented.
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Chapter 6 Experimentation and Cost-Effectiveness

Analysis

After model results were deemed satisfactory via verification and validation, the
contraceptive, sexual and reproductive dynamics model was used to test a set of policies
aimed at reducing unintended pregnancies, maternal deaths, and unsafe abortions across all
age groups. This chapter firstly introduces the hypothetical strategies tested, including their

actual implementation in the simulation model.

Afterwards, the simulation model devised is used to conduct a cost-effectiveness analysis
(CEA) of a variety of contraceptive provision strategies, all relevant to the Mexican context. A
CEA is, basically, a comparison of the differential costs and consequences that arise when
comparing different strategies against the status quo, or business-as-usual strategy. The
specifics of health outcome, total cost, and cost-effectiveness estimation, together with a

sensitivity analysis, are detailed in sections 6.2.1, 6.2.2, 6.2.3, 6.2.4,respectively.

6.1 Rationale and proposed policies

Compared to competing interventions such as sexual abstinence or delaying sexual debut to
an older age, contraception has been demonstrated to be the most efficient intervention in
avoiding unintended pregnancy in countries of all income levels, with health- and economic-
related benefits associated to its practice (see Introduction). Because of this frequently

documented result, only contraceptive provision strategies were tested in this thesis.

122



Chapter 6

Those provision strategies can be categorised using the three characteristic phenomena of the
contraceptive, sexual, and reproductive dynamics: 1) Contraceptive switching; 2)
Discontinuation; 3) Adoption. The list of disaggregated hypothetical strategies includes
feasible policies’ for the Mexican context, given its provisioning system's infrastructure and
available resources. Some of them are already underway (Kuri-Morales et al., 2020), and this
research investigates their long-term effect on selected outcomes.

1. Contraceptive switching, which addresses current contraceptive users and consists
in preventing users of more effective, modern reversible contraceptives from changing
their contraceptive method to traditional. There are two instances of this strategy:

a. Moving from long-acting, reversible contraception (LARC) to traditional
contraception (TRAD).
b. Moving from behaviour-dependent contraception (BEH) to TRAD.

2. Method discontinuation, which also addresses current contraceptive users and
consists in preventing users of any contraceptive, modern or traditional, from
becoming non-users despite they do not intend to become pregnant and being
sexually active. There are three instances of this strategy:

a. Prevent LARC users moving to non-use (NU).
b. Prevent BEH users moving to NU.
c. Prevent TRAD users moving to NU.

3. Contraceptive adoption, which addresses current non-users that are sexually active,
and do not want to become pregnant. The strategy consists in incentivising non-users
to become modern contraceptive users across all age groups.

4. Modern contraceptive adoption in hospital settings, which addresses contraceptive
uptake after an intended or unintended pregnancy ends in childbirth, stillbirth, or
abortion. The first two cases (i.e., childbirth, stillbirth) refer to post-partum
contraception, and the methods on offer are the same as those available at health
clinics (i.e., LARC, BEH) plus female sterilisation (PERM). The latter case refers to post-
abortion contraception of women developing the most severe complications of
abortion and thus end up receiving healthcare at the hospital level. Like in post-partum
contraceptive provision, the contraceptives on offer are the same as in health clinics
plus female sterilisation.

5. Switching, discontinuation, and adoption. The strategy combines all the above to

produce an integral policy aiming to deter switching from modern to traditional

TAl policies refer to voluntary, non-coercive contraception. Intention to become pregnant always govern
modifications to contraceptive practices.
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contraceptive methods, prevent discontinuation, and raise uptake at all age groups,
and in hospital settings.

6. Do nothing, i.e., status quo (SQ). This strategy implies that no additional effort is
undertaken to improve contraceptive coverage levels, and thus reducing unintended

pregnancies.

The strategies were implemented in a stepwise logic to linearly improve coverage by 25%,
50%, or 75% between 2023 and 2030, remaining fixed thereafter until 2050. Under this logic, a
desired improvement by 2030 was set (e.g., 50% improvement from its original level in 2022)
and was distributed evenly between the eight years in the 2023-2030 period. In this way, with
a desired improvement of fifty percent by 2030, the yearly improvement rate needed to be

6.25%. The improvement set by 2030 was then fixed until 2050.

Such an approach allowed to estimate the effect of an ambitious, gradually increasing
commitment during the final years of the Sustainable Development Goals era (2023-2030) and
a consistent and long-lasting effort towards maintaining this contraceptive coverage level two
decades past (2031-2050). This is a more credible approach than assuming an immediate
change between consecutive years (see section 2.2), which may imply an abrupt modification

of the operating conditions of the contraceptive provision programme.

124



Chapter 6

6.2 Cost-effectiveness analysis

A full economic evaluation of any form, i.e., cost-effectiveness, cost-benefit, cost-utility
analysis, is complete after total costs and health outcomes are estimated, compared in a
marginal analysis, and expressed as a ratio, i.e., the incremental cost-effectiveness (ICER),
cost-benefit, cost-utility ratio. With this comparison it is possible to establish the extra costs
or savings incurred with each strategy and establish the health return in exchange for the

money invested in it (M. Drummond & McGuire, 2001).

The remaining sections in this chapter detail the methods followed to conduct a cost-
effectiveness analysis (CEA) of different contraceptive coverage policies, using avoided
unintended pregnancies as the main health outcome. Other metrics such as avoided unsafe
abortions and avoided maternal deaths were also estimated given their importance in

programme planning, albeit they were not included in the ICER estimation.

The analysis was conducted from the perspective of the health system, including direct
medical and contraceptive provision costs. Unit costs were sourced from topic-specific
literature and adjusted to 2021 US dollars. Total costs and health outcomes were estimated
from 2023 to 2050 and were discounted (Severens et al., 2004) at a 5% yearly rate, as
established in Mexican guidelines for the conduction of economic studies (Consejo de

Salubridad General, 2023).

6.2.1 Health outcomes estimation

Unintended pregnancies, unsafe abortions, and maternal deaths were estimated to compare
the performance of the 31 proposed strategies. Ultimately, only UP were used to estimate
ICERs in the CEA. Avoided unintended pregnancies attributable to each strategy were

estimated as the absolute difference between each and SQ.
Total unintended pregnancies from 2023-2050 were estimated as the sum of UP in the jth age
group, from 15 to 49 years, for each ith simulated year in the analysis period:

2050 49

UPotar = ). ) UPy

i=2023 j=15

6.1
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Total unsafe abortions, which are assumed only to occur in the case of UP in this thesis

(Bearak et al., 2020), were estimated with the below formula:

2050 49
UAtotal = Z z UAfri,jXUPi,j
i=2023 j=15

6.2

Where i represents the year, from 2023 to 2050; j is the age class, from 15 to 49 years; UAfrl-,j
is the probability that an unintended pregnancy ends in unsafe abortion at age j in year i (see

section 4.2.3); and UP; ; is the number of unintended pregnancies atyear i and age j.

Finally, the total number of maternal deaths due to UP during the 2023-2050 period were

estimated as:

2050 49

MatDthtotal = Z Z MatDthfrUPl-,j X UPi_j
i=2023 j=15

6.3

Where i represents the year, from 2023 to 2050; j is the age class, from 15 to 49 years;
MatDthfrUPi,j is the probability that an unintended pregnancy ends in a maternal death at
year i and age j (see section 4.2.2); and UP; ; is the number of unintended pregnancies at year

iandagej.

6.2.2 Cost estimation

Direct costs attributable to contraceptive provision, along with pregnancy-related care were
included into the total cost estimation for the CEA. Table 6.1 presents the unit costs (UC) used
to arrive at the total cost figures. Most of the sources relate to the Mexican context and cover
both contraceptive provision and preghancy/delivery care, excepting (Mavranezouli, 2008)
which was conducted in the UK and used as a proxy for the unit cost of IUD and implant
removal in this thesis, given the absence of evidence for Mexico or other middle-income

country.

The majority of unit costs reported in the table cover one-off events, e.g., positioning IUD,
vaginal/caesarean section birth, whilst the rest refer to recurrent use of contraceptives
(injectables, pills, condoms) and represent a full year of use. Antenatal control cost includes

all tests and procedures provided during clinical consultations prior to delivery.
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Table 6.1. Unit costs included in the cost-effectiveness analysis.

Unit cost categor Mean unit Probability Source
gory cost’ (SD?) distribution for PSA®
Adoption
Lognormal: mean=3.2;
LARC 24.81(3.43) SD?=0.14 5
Lognormal:
BEH 7-81(5.07) mean=1.88; SD?=0.59 6
Lognormal:
PERM 68.55 (54.87) mean=3.98; SD?=0.7 5
Discontinuation
Lognhormal:
LARC 17.29(12.03) mean=2.65; SD?=0.63 7
Recurrent use
Lognormal:
BEH 41.07(29.34) mean=3.51; SD?=0.64 8
LARC (injectable Lognormal:
contraceptive only) 72.61(70.08) mean=3.96; SD?=0.81 8
Pregnancy-related
804.48 Lognormal:
Childbirth (404.48) mean=6.58; SD?=0.47 9
Lognormal:
Miscarriage 154.23(19.96) mean=5.03; SD?=0.13 10
388.04 Lognormal:
PAC* (286.78) mean=5.74; SD?*=0.66 T
791.21 Lognormal:
Stillbirth (394.68) mean=6.56; SD?=0.47 12
824.96 Lognormal:
Complications (467.12) mean=6.58; SD?=0.53 12

'In 2021 US dollars; 2Standard deviation; *Probabilistic sensitivity analysis; “Post-abortion care, in case of unsafe
abortion;0Own estimation from (Aracena-Genao et al., 2022; Hu et al., 2007; Hubacher et al., 1999; Singh &
Darroch, 2012); 80Own estimation from (Aracena-Genao et al., 2022; Hu et al., 2007; Hubacher et al., 1999); "Own
estimation from (Hubacher et al., 1999; Mavranezouli, 2008); 8Own estimation from (Aracena-Genao et al., 2022;
Hubacher et al., 1999; Singh & Darroch, 2012); ®*Own estimation from (Aracena-Genao et al., 2022; Hu et al., 2007;
Sosa-Rubi et al., 2019); '°Own estimation from (Hu et al., 2007, 2009a); ""Own estimation from (Aracena-Genao et
al., 2022; Hu et al., 2009b; Levin et al., 2009; Sanchez-Morales et al., 2022; Shearer et al., 2016); 2Own estimation
from (Aracena-Genao et al., 2022; Hu et al., 2007).

Contraceptive provision costs included adoption, switching and discontinuation (removal) of
methods included in the different categories, excepting those in the traditional method
category, which were assumed not to accrue any provision costs: these methods do notimply
interactions between the contraceptive provider, i.e., the healthcare services, and potential

users.
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The total cost of adopting a long-acting, reversible contraceptive from 2023 to 2050 was

estimated as:

2050 49

LARCqqopt = z Z (NUparc;; + BEH arc;; +TRADpagrc;; + UPparc;; + INTLaRc,;
i=2023 j=15

+1Ppare;; + SIparc,;) X UCLare

6.4

Where NULARCUis the transition probability from non-use (NU) to long-acting, reversible
contraception (LARC) multiplied by the number of non-users at age j in year i; BEHLARC” isthe

transition probability from behavioural contraception (BEH) to LARC multiplied by the number

of behavioural contraception users at age j in year i; TRADLARC” is the transition probability

from traditional contraception (TRAD) to LARC multiplied by the number of traditional

contraception users at age j in year i; UPLARC”. is the transition probability from unintended

pregnancy (UP) to LARC multiplied by the number of unintended pregnancies at age j in year i;

INTLARC” is the transition probability from intending a pregnancy (INT) to LARC multiplied by
the number of women trying to be pregnant at age j in year i; IPLARCU is the transition

probability from intended pregnancy (IP) to LARC multiplied by the number of intended

pregnancies at age j in year i; SILARCU. is the transition probability from sexual inactivity (Sl) to

LARC multiplied by the number of sexually inactive women at age j inyear i; UC; 4rc is the unit
cost of LARC adoption, estimated as the weighted average of the unit costs of LARCs reported
in (Aracena-Genao et al., 2022; Hu et al., 2007; Hubacher et al., 1999; Singh & Darroch, 2012),
using the distribution of users reported in ENADID 2018 as weights: IUDs (58.71%), implants
(23.06%), injectables (18.23%).

The total cost of adopting a behavioural contraceptive from 2023 to 2050 was estimated as:

2050 49

BEHaq0pt = Z Z (NUsgn,, + LARCggy,; +TRADggy,, + UPggy,, + INTpgy,, + IPogp,
i=2023 j=15

+ Slpgn; ;) X UCpgy
6.5
Where NUBEHU is the transition probability from NU to behavioural contraception (BEH)
multiplied by the number of non-users at age j in year i; LARCBEHL.]. is the transition probability

from LARC to BEH multiplied by the number of LARC users at age j in year i; TRADBEHU is the

transition probability from TRAD to BEH multiplied by the number of traditional contraception
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users at age j in year i; UPBEHU. is the transition probability from UP to BEH multiplied by the
number of unintended pregnancies at age j in year i; INTBEHU is the transition probability from

INT to BEH multiplied by the number of women trying to be pregnant at age j in year i; [ Pggy IS
the transition probability from IP to BEH multiplied by the number of intended pregnancies at

age j inyear i; SIBEHL.J. is the transition probability from Sl to BEH multiplied by the number of

sexually inactive women at age j in year i; UCggy is the unit cost of BEH adoption, estimated
as the weighted average of unit costs reported in (Aracena-Genao et al., 2022; Hu et al., 2007;
Hubacher et al., 1999), using the distribution of behavioural users reported in ENADID 2018 as
weights: pills (20.62%), condoms (79.38%.) Given the unit costs of pills and condoms reported
in (Aracena-Genao et al., 2022) account for a full year of use, these were further adjusted by
assuming adoption represented a share of 24.11% and 14.6% for pills and condoms,

respectively (Hubacher et al., 1999).

The total cost of tubal ligation (permanent contraception) from 2023 to 2050 was estimated

as:
2050 49
PERMgaopt = Z Z (NUpgrm;; + LARCpgrum,;; + BEHpgry, ; + TRADpgru,; + UPppry,
i=2023 j=15

+ INTpgrm;; + IPpgrm;; + SIpprm; ;) X UCpprM

6.6

Where NUPERM”. is the transition probability from NU to permanent contraception (PERM)
multiplied by the number of non-users atage j inyeari; LARCPERML]. is the transition probability
from LARC to PERM multiplied by the number of LARC users at age j inyear i; BEHPERM” is the

transition probability from BEH to PERM multiplied by the number of behavioural

contraception users at age j in year i; TRADPERMU is the transition probability from TRAD to
PERM multiplied by the number of traditional contraception users at age j in year i; UPPERMU

is the transition probability from UP to PERM multiplied by the number of unintended

pregnancies at age j in year i; INTPERMU is the transition probability from INT to PERM
multiplied by the humber of women trying to be pregnant at age j in year i; IPPERML.‘]. is the
transition probability from IP to PERM multiplied by the number of intended pregnancies at age
jinyeari; SIPERMU is the transition probability from Sl to PERM multiplied by the number of
sexually inactive women at age j in year i; UCpggy is the average unit cost of PERM adoption
reported in (Aracena-Genao et al.,, 2022; Hu et al., 2007; Hubacher et al., 1999; Singh &
Darroch, 2012).
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Only LARCs were assumed to accrue costs via method removal. Behavioural and traditional
contraception do not imply further interactions between users and the health services
provider when they cease to be used, thus they were assumed to have no ‘removal’ cost. The
total cost of LARC discontinuation from 2023 to 2050 was estimated as:

2050 49

LARCaise = ) ) (NUaise,, + BEHaisc,, +TRADqise,, + PERMaise,, + UPaise,
{=2023 j=15

+ INTdiSCi’j + SIdiSCi,j) X UCLARCdiSC
6.7

Where NUdiSCU is the transition probability from LARC to NU multiplied by the number of LARC
users at age j in the year i; BEHdiSCl,J, is the transition probability from LARC to BEH multiplied
by the number of LARC users at age j in the year i; TRADaisci_j is the transition probability from
LARC to TRAD multiplied by the number of LARC users at age j in the year i; PERMdl-SCU is the
transition probability from LARC to PERM multiplied by the number of LARC users at age j in
the year i; UPdisc,-_,- is the transition probability from LARC to UP multiplied by the nhumber of
LARC users at age j in the year i; INle-SCiJ. is the transition probability from LARC to INT
multiplied by the number of LARC users at age j inthe year i; Sldisci,,- is the transition probability
from LARC to SI multiplied by the number of LARC users at age j in the year i; UCy 4gc,,,. iS the
weighted average cost of LARC discontinuation reported in (Hubacher et al.,, 1999;
Mavranezouli, 2008), estimated using the distribution reported in ENADID 2018 as weights:
IUDs (58.71%), implants (23.06%), injectables (18.23%). It was further assumed that
injectable contraception ‘removal’ does not accrue costs to the health services provider given

that contact with the health services cease once these methods are discontinued.

The total cost of recurrent use of behavioural contraception from 2023 to 2050 was estimated

as:

2050 49

BEHCOTlt = z z BEHLJ X UCBEHCOTLt
i=2023 j=15

6.8
Where BEH,; j is the number of behavioural contraception users at age j inyear i; UCggy_, . iS
the unit cost of BEH recurrent use, estimated as the weighted average of the unit costs of

behavioural methods reported in (Aracena-Genao et al., 2022; Hubacher et al., 1999; Singh &

Darroch, 2012), using the distribution of users reported in ENADID 2018 as weights: pills
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(20.62%), condoms (79.38%). Given the unit costs of pills and condoms reported in (Aracena-
Genao et al., 2022) account for a full year of use, including adoption, these were further
adjusted by assuming their continuous use represents a share of 75.85% and 83.4% for pills

and condoms, respectively (Hubacher et al., 1999).

The total cost of continued use of long-acting (injectable) contraception from 2023 to 2050

was estimated as follows:

2050 49

LARCopnt = Z Z LARC; j X UCpjectanie X Injectables,
i{=2023 j=15

6.9

Where LARC; ; is the number of LARC users at age j in year i; UCyjectanie IS the average unit
cost of injectables reported by (Aracena-Genao et al., 2022; Hubacher et al., 1999; Singh &
Darroch, 2012). Given the unit cost reported in (Aracena-Genao et al., 2022) accounted for
adoption, this was previously discounted by multiplying it by 75.85% (Hubacher et al., 1999);
Injectableg, is the fraction of LARCs that correspond to injectables (18.23%), as reported in

ENADID 2018.

The estimated pregnancy-related total costs from 2023 to 2050 included childbirth,
miscarriage, post-abortion care after an unsafe abortion, stillbirth, and complications leading
to maternal death. Only costs associated to unintended pregnancies were estimated:

2050 49

UP.gre = Z Z Childbirth; j X UCchiapiren + Miscarriage; j X UCwyiscarriage
i{=2023 j=15

+ UAi,j X UCUA + Stlllbl'f'thl,] X UCStillbiTth + MatDthL-,j X UCCompl

6.10

Where Childbirth; j is the number of unintended pregnancies multiplied by the fraction ending
in a live birth at age j in year i; UCcpiiapiren 1S the unit weighted average cost of childbirth,
estimated with the unit costs of vaginal and caesarean section births reported in (Aracena-
Genao et al., 2022; Hu et al., 2007; Sosa-Rubi et al., 2019), using the delivery distribution
reported in ENADID 2018 as weights: vaginal birth (64.1%), caesarean section (35.9%), and
adding the unit cost of antenatal care; Miscarriage;; is the number of unintended
pregnancies multiplied by the fraction ending in miscarriage at age j inyear i; UCyjscarriage 1S
the average unit cost of miscarriage treatment reported by (Hu et al., 2007, 2009a); U4, j is the
number of unintended pregnancies multiplied by the fraction ending in unsafe abortion at age

j inyear i; UCy, is the average unit cost of unsafe abortion treatment, i.e., manual vacuum
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aspiration, curettage and medicated abortion reported in (Aracena-Genao et al., 2022; Hu et
al., 2009b; Levin et al., 2009; Sanchez-Morales et al., 2022; Shearer et al., 2016); Stillbirthi,j
is the number of unintended pregnancies multiplied by the fraction ending in stillbirth at age j
inyear i; UCstinpiren 1S the stillbirth average unit cost reported in (Aracena-Genao et al., 2022;
Hu et al., 2007); MatDthi,]- is the number of unintended pregnancies multiplied by the fraction
ending in maternal deaths at age j inyear i; UC¢omp; is the average unit cost of pregnancy- and

delivery-related complications reported in (Aracena-Genao et al., 2022; Hu et al., 2007).

Finally, the cumulative 2023-2050 total cost to the contraceptive provision programme, along
with pregnancy and delivery care associated to unintended pregnancy was estimated by

adding the previously estimated costs:

ContrProgryc = LARCagopt + BEHaaop: + PERMagop: + LARCyisc + BEHcon: + LARC on;
+ UPcare

6.11

Where LARCqq,p¢ is the total cost of adopting long-acting, reversible contraception from 2023
to 2050; BEH ,40p¢ is the total cost of adopting behavioural contraception from 2023 to 2050;
PERMyq40p¢ is the total cost of adopting permanent contraception from 2023 to 2050; LARC ;¢
is the total cost of interrupting use of long-acting contraception (IlUDs and implants) from 2023
to 2050; BEH oy, is the total of cost continuing using behavioural contraception from 2023 to
2050; LARC,,y; is the total cost of continuing using long-acting contraception from 2023 to

2050; UP, 4. is the total cost of unintended pregnancy and delivery care from 2023 to 2050.
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6.2.3 Cost-effectiveness estimation

Once total costs and unintended pregnancies were estimated, the incremental cost-
effectiveness ratio (Paulden, 2020) was estimated by subtracting the total costs of
contraceptive provision of strategy k from SQ, and dividing this by the difference between

unintended pregnancies of strategy k and SQ:

ContrProgryc, — ContrProgrrcg 0

ICER,, =
" UP, — UPsq

6.12

The most efficient strategies were established by estimating the cost-effectiveness
acceptability curve (CEAC) (Barton et al., 2008; Fenwick et al., 2001; Fenwick & Byford, 2005)

and cost-effectiveness acceptability frontier (CEAF) (Barton et al., 2008).

6.2.4 Sensitivity analysis

A probabilistic sensitivity analysis was conducted by running fifty model iterations to calculate
95% uncertainty intervals in each strategy. The estimated transition probabilities (see
Appendix B) were assigned a multinomial distribution with five hundred experiments. Unit

costs were assigned a lognormal distribution (Edlin, McCabe, et al., 2015) (see Table 6.1).

6.3 Software implementation

The hypothetical strategies tested in this thesis affected the C-S-R transition probabilities
estimated with the procedure described in section 4.2.2. Briefly, these transition probabilities
describe the frequency with which women flow out of NU, LARC, BEH, TRAD, PERM, UP,
INF_UP, INT, IP, INF_IP, and SI to enter another of these stocks, or remain in the same

(except for UP and IP). Transition probabilities from each stock must add up to one.

To secure such a property was preserved in all strategies, adjustments were conducted whilst
generating the stochastic, age-stratified time-varying parameter tables (see number 2 in
Figure 4.28). In switching/discontinuation strategies, which affected the transition
probabilities listed in Table 6.2, a reduction factor (reduct) was introduced to represent the
proportional effect of the hypothetical policy, applied with linear yearly increments from 2023-
2030 (see section 6.1). First, the effect of reducing the probability of adopting a less effective
contraceptive (strategies 1a, 1b) or discontinuing contraception altogether (strategies 2a, 2b,

and 2c) was defined as:
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trPTyew = trPr,g X (1 —reduct)
6.13
Where trPr,,4 is the original probability of adopting a less effective contraceptive (s13,522)
or discontinuing contraception altogether (s10,s19, s28), which are the behaviours targeted

and attempted to prevent by the policy; trPrn,,,, is the transition probability obtained after

applying reduct, which is the reduction factor of the hypothetical policy.
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Table 6.2. Transition probabilities affected by the hypothetical policies tested in this thesis.

Chapter 6

Category Rationale Strlalt)egy Description Aff;;:;z:;:’lai:;::: on
Do nothing. Parameters
Status Quo N/A SQ remain fixed from 2023 to N/A
2050
Prevent women moving
Promote the use fro.m long-acting, )
. 1a reversible contraception s11,s13
of more effective, (LARC) to traditional
Switching modern. contraception (TRAD)
contraception -
over a longer Pre;/ent \;Jvorr]ne.n m0\(|ng
- rom behavioura
period 1o contraception (BEH) to s21, 822
TRAD
Reduce Prevent LARC users
discontinuation 2a moving to non-use (NU) s11,s10
of allmodern Prevent BEH users moving
Discontinuation (LARC, .B.EH) and 2b to NU s21,819
traditional
(TRAD) . Prevent TRAD users
contraception 2c moving NU 831, s28
forms
Promote modern Raise adoption probability
Adoption | contraceptive 3a of all reversible modern s1, s2, 83, 872,875,
adoption (LARC, methods at each age s73,s74
BEH) at all ages class
Improve modern
contraceptive
adoption (LARC, . .
‘ BEH) in hospital Raise reversible $39, 542, 540, 541,
Adoption Il . 4 contraceptive adoption
settings after following UP/IP s60, s63, s61, s62
childbirth and as
part of post-
abortion care
s10, 813,511, 519,
Verify the effect Combination of all $22,521, 831, 528, 81,
. R . X s2,s3, 872,575,573,
Combined of an integral 5 previous strategies,

approach

except SQ

s74, s39, s42, s40,
s41, s60, s63, s61,
s62

'See Appendix B.

With the effect of the policy established, a further adjustment was to secure that the same
proportion of females prevented from switching to a less effective contraceptive or stopping

its use remained in their current method (i.e., long-acting, behavioural, traditional):

trprremain_new = trPrremain_orig + tTProrig X reduct

6.14

Where trPrremain_orig» @Nd trPTremain new are the new and original probabilities of remaining

a long-acting (s11), behavioural (s21), or traditional (s31) contraceptive user, respectively.

Strategy 3a consisted in raising uptake of modern, reversible contraceptives (i.e., long-acting

-LARC-, behavioural -BEH-) in a policy addressing both contraceptives concurrently. The
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policy is aimed at reducing the number of sexually active, not intending pregnancy non-users
(NU) remaining in NU, and sexually active females restarting sexual activity (SI) in NU or

restarting as traditional contraception users.
To implement the strategy, the probability of remaining as a non-user is reduced first:

Slpew = Slorig X (1 — reduct)

6.15

Where s1,,,4 is the original probability of staying at NU, i.e., keep being a sexually active, not
intending pregnancy non-user, which is one of the two behaviours targeted and attempted to
prevent by the policy; s1,,.,, is the new probability after applying reduct, which is the reduction

factor of the hypothetical policy.

With the effect of the policy established for NU, a further adjustment was to secure
probabilities adding up to one by having the same proportion of females prevented from

maintaining their non-user status moving into LARC (equation 6.16) or BEH (equation 6.17):

Slorig X reduct)
2

S2new = S2orig + <
6.16

Where s2,,;, and s2,,,, are the original and new probabilities of moving from NU to LARC,
respectively. Under this strategy, the reduction factor (reduct) is assumed to split evenly

between the two forms of contraception, LARC (equation 6.16) and BEH (equation 6.17).

Slyrig X reduct
S3new = S3orig + < 2

6.17

Where s3,,;; and s3;,,, are the original and new probabilities of moving from NU to BEH,

respectively.

The complement for this strategy deals with modern, reversible contraceptive uptake when
females retake sexual activity. First, the probabilities of moving into NU (equation 6.18) or

TRAD (equation 6.19) after applying the hypothetical policy are estimated:

$72new = $720rig X (1 —reduct)

6.18
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Where s72,yiy and s72p,,, are the original and new probabilities of moving into NU from SI,
respectively, after the hypothetical policy is applied (reduct).
S75pew = 5754rig X (1 —reduct)
6.19

Where 5755 and s75,,,, are the original and new probabilities of becoming a traditional

contraceptive user after restarting sexual activity, respectively, once reduct is applied.

With the effect of the policy established for SI, a further adjustment was to secure probabilities
adding up to one by having the same proportion of females prevented from moving into NU and

TRAD allocated into LARC (equation 6.20) or BEH (equation 6.21):

reduct

$73new = $730rig + (S720rig + 5750rig) X >

6.20

Where s73,.y and 73,4, are the original and new probabilities of moving from Sl to LARC,
respectively. Under this strategy, reduct is assumed to split evenly between these two forms
of contraception. Given that a fraction of females was taken from NU and TRAD initially, both

must be introduced into LARC after retaking sexual activity.

reduct

$74new = S74orig + (S720rig + 5750rig) X >

6.21

Where s74,,gand s74y,,,, are the original and new probabilities of moving from Sl to BEH,
respectively. Under this strategy, reduct is assumed to split evenly between these two forms
of contraception. Given that a fraction of females was taken from NU and TRAD initially, both

must be introduced into BEH after retaking sexual activity.

The fourth strategy consisted in improving modern contraceptive adoption after unintended
(UP) and intended pregnancy (IP) end. To address the case of UP, the effect of the policy was
first established by reducing the number of females that become sexually active, notintending
pregnancy non-users, and the number of females that become traditional contraception

users.
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First, the effect of reducing the probability of moving into NU from UP is estimated as:

53%ew = 5394rig X (1 —reduct)

6.22

Where 539,45 and s39,,,, are the original and new probabilities of becoming a sexually active,

not intending pregnancy non-user after UP, respectively; reduct is the reduction
accomplished by applying the hypothetical policy.

Then, the effect of reducing the probability of moving into TRAD from UP is estimated as:

S42pew = 5424rig X (1 —reduct)

6.23

Where s42,,;, and s42,,,, are the original and new probabilities of becoming a traditional
contraceptive user after UP, respectively; reduct is the reduction accomplished by applying

the hypothetical policy.

With the effect of the policy established for UP, a further adjustment was to secure
probabilities adding up to one by having the same proportion of females prevented from

moving into NU and TRAD allocated into LARC (equation 6.24) or BEH (equation 6.25):

reduct
2

$40new = 540,755 + (53%rig + 5420r1g) X
6.24

Where 540,45 and s40,,.,, are the original and new transition probabilities of moving from UP
to LARC, respectively. Given that a fraction of females was taken from NU (s39,,;4) and TRAD
(s42,rig) initially, both must be introduced into LARC when unintended pregnancy ends.

Under this strategy, reduct is assumed to split evenly between LARC and BEH.

reduct
2

$41new = 541opig + (53%rig + 5420r1g) X
6.25

Where s41,,;5and s41,,,, are the original and new transition probabilities of moving from UP
to BEH, respectively. Given that a fraction of females was taken from NU (s39,,;4) and TRAD
(s424rg) initially, both must be introduced into BEH after unintended pregnancy ends. Under

this strategy, reduct is assumed to split evenly between the two forms of contraception, LARC

and BEH.
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A similar set of equations to those presented in 6.13 to 6.24 were used to complement the
strategy and address the case of females adopting modern, reversible contraception after
intended pregnancy. The affected probabilities were: 1) becoming a sexually active, not
intending pregnancy non-user after intended pregnancy ends (s60); 2) adopting a traditional
contraceptive after intended pregnancy ends (s63); 3) adopting a long-acting contraceptive
after intended pregnancy ends (s61); and 4) adopting a behavioural contraceptive after

intended pregnancy ends (s62).

Hybrid strategies were also defined as the: 1) combination of a, b instances of strategy 1 to
create strategy ‘1ab’; 2) combination of a, b, c instances of strategy 2 to create strategy ‘2abc’;
and 3) combination of strategies 1a, 1b, 2a, 2b, 2c, 3a, and 4 to create strategy 5. No additional

formulations were required to create strategies 1ab and 2abc.

Strategy 5, however, implied overlaps in the affected transition probabilities at strategy pairs
(1a, 2a) and (1b, 2b) (see Table 6.2). Thus, additional formulation was required to secure
transition probabilities still added up to one in each of the two strategy pairs and at the same

time not to duplicate the application of the reduct factor.

The combination of strategies first started with reducing the probability of discontinuing use
of modern reversible contraception (LARC -s10- or BEH -519-) with equation 6.13. Then, the
probability of moving from LARC (s13) or BEH (s22) to traditional contraceptionis also reduced
applying the same equation. Finally, to secure the transition probability set still added up to

one:
trPryew = trPryrig + (trProrig_disc + trProrig TR AD) X reduct
6.26
Where trPr,.;4 and trPrn,,,, are the original and new transition probabilities of remaining a
long-acting (s11) or behavioural (s21) contraceptive user; trPryyig 4isc i the probability of
discontinuing use of LARC (s10) or BEH (s19); trP74.i4 Trap is the probability of moving from

LARC (s13) or BEH (s22) into traditional contraception; reduct is the reduction factor of the

hypothetical policy.
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6.4 Chapter summary

Chapter five presented the set of 31 hypothetical contraceptive provision strategies to be
tested, including their logic of implementation in the simulation model. The chapter continued
by detailing the cost-effectiveness analysis conducted to establish the efficiency of investing
resources in these 31 policies in the Mexican context. Finally, the chapter also detailed the

model modifications necessary to implement the tested strategies’ effectiveness.
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Chapter 7 Results

The present chapter is organised in two sections with different categories of results, according
to the research objectives set in this thesis? The first section reports the unintended
pregnancies, unsafe abortions, and maternal deaths estimated with the 31 tested policies.
The section also presents the policies’ impact in the proportion of total pregnancies that are
unintended, and their impact in the WoRA population development. The second section

presents the economic impact and cost-effectiveness analysis of the tested policies.

7.1 Comparison of strategies

Results for five categories of strategies together with SQ were estimated (Table 7.1). Recall
that the tested hypothetical strategies consisted in raising contraceptive adoption (strategies
3a, and 4); preventing switching from a more to a less effective contraceptive (strategy 1);
reducing discontinuation of all modern and traditional contraception (strategy 2); or a

combination of all the former in a single, integral policy (strategy 5). The total absolute

2 Research questions (see section 1.3):

1. Can a system dynamics model accurately represent the reproductive life years of women, capturing the
dynamics of contraceptive adoption, switching, and discontinuation?

2. Which contraceptive coverage policies are most cost-effective in reducing unintended pregnancy and other
important reproductive/maternal health and economic outcomes over the longer term, given the dynamics of

contraceptive adoption, switching, and discontinuation among Mexican women?

Research objectives (see section 1.3):

1. Develop a conceptual model to characterise the different stages in the reproductive life years of women aged
15 to 49, and depict their interrelations with contraceptive adoption, switching, and discontinuation.

2. Translate the conceptual model into an endogenously driven, multistate, age-structured, time-varying system
dynamics simulation model which represents the evolving dynamics of contraceptive, sexual, and reproductive
behaviours to estimate their impact on the following outcomes:

a. Unintended pregnancies due to contraception failure and non-use of contraception.

b. Live births, unsafe abortions, and maternal deaths attributable to unintended pregnancy.

c. Economic impact of contraceptive provision and unintended pregnancy from the perspective of the
health provider.

3. Use the devised model to compare the cost-effectiveness of different contraceptive provision policies aiming

to reduce unintended pregnancy.
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numbers of unintended pregnancies, unsafe abortions, and maternal deaths were used to

compare their performance at 25, 50, or 75% improvement/reduction.

Table 7.1. Description of compared strategies.

Strategy

Category Rationale D

Description

Do nothing. Parameters
Keep the current

Status Quo state of things SQ remain fixed from 2023 to
2050
Prevent women moving
Promote the use from long-acting,
of more 1a reversible contraception
effective, (LARC) to traditional
Switching modern contraception (TRAD)
contraception Prevent women moving
over a longer 1b from behavioural
period contraception (BEH) to
TRAD
. Requce . 2a Prevent LARC users
discontinuation moving to non-use (NU)
of all modern
Discontinuation (LARC, BEH) and 2b PrevenF PEH Lesrs
traditional moving to NU
(TRAD) . 2 Prevent TRAD users
contraception moving NU
forms
Promote modern Raise ngptlon
- probability of all
. contraceptive ;
Adoption | . 3a reversible modern
adoption (LARC,
methods at each age
BEH) at all ages
class
Improve modern
contraceptive
adopt}on (LABC’ Raise reversible
. BEH) in hospital . .
Adoption Il . 4 contraceptive adoption
settings after following UP/IP
childbirth and as g
part of post-
abortion care
Verify the effect Combination of all
Combined of an integral 5 previous strategies,
approach except SQ

For each strategy, the results also include the size of the population of women of reproductive
age (WoRA) over time, and the proportion of unintended pregnancies out of total pregnancies

(see section 6.1 and Table 7.1).

Figure 7.1 shows a panel of time checkpoints (i.e., 2030, 2040, 2050) with the estimated
population of WoRA in that decade for each strategy. The horizontal gray bars represent the

95% uncertainty interval (Ul) of the population estimate, and vertical gray bars indicate the
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mean estimate. The vertical dashed lines in the figure indicate the 95% Ul of the status quo
(SQ) strategy, used as the reference in all comparisons. There might be evidence of statistical
significance, i.e., differences between the estimated populations for the SQ and other

strategies, whenever the Ul for any strategy is outside the dashed lines.

Amongst the tested strategies, none had a significantimpact on the population of WoRA in any
analysed year. By 2030 the population was estimated at 35.8 million WoRA, reducing to 35.5
million by 2040. By 2050 the population reduced further in all strategies, with strategies 5_0.5,
and 5_0.75 the most impactful, respectively. This reduction, however, does not appear to be

statistically significant compared with the reduction in SQ.

2030 2040 2050

N
o
o
¢ ]
w

33 34 35 36 33 34 35 36 33 34 35 36

Figure 7.1. Absolute number of women of reproductive age, 2030, 2040, 2050. In millions.

Note: x-axis represents absolute numbers; y-axis represents the tested strategy; dashed line indicates the 95%

uncertainty interval of the Status quo strategy to compare against the other strategies.

Unintended pregnancies (UP) estimated for each strategy are presented in Table 7.2, ranked
from the most (top) to the least effective (bottom) at year 2050 (fourth column in the table).
The first thing to notice is that all strategies, including SQ, achieve an annual reduction in UP
from 2030 to 2050. However, continuing contraceptive provision with SQ would give the least
effective reduction in annual UP, going from a total of 635k in 2030 to 577k in 2050, a reduction
of 9.13%. Under this strategy, 17.2 million cumulative UP (95% Ul: 16.6-17.8) would be
observed between 2023 and 2050.
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Located at the top of Table 7.2 is the most effective strategy, 5_0.75. This hypothetical
approach would give an 18.6% reduction in annual UP, going from a total of 478k in 2030 to
389k in 2050. Under this strategy, a cumulative 12.8 million UP (12.14-13.28) would be
observed between 2023-2050, a reduction of 25.7% compared with SQ. The next most
effective strategy also consists of the combination of all strategies but with a 50%

improvement/reduction (5_0.5).

The third most effective strategy was simultaneously reducing movements from LARC , BEH,
and TRAD to NU by 75% (2abc_0.75). Under this strategy, a 12.4% reduction in annual UP was
estimated, going from 580k in 2030 to 508k in 2050, and a cumulative 15.6 million UP (14.95-
16.13) between 2023-2050, which is a 9.3% relative reduction compared with SQ.

Increasing the adoption of modern reversible contraception by 75% following unintended or
intended pregnancy (strategy 4_0.75) was the most effective among the non-combined
strategies. Under the strategy, an 11.2% annualreduction is expected, going from 580k in 2030
to 515k UP in 2050, and a cumulative 15.7 million UP (15-16.27) between 2023-2050, which is

an 8.7% relative reduction compared with SQ.

Although a formal test was not conducted, unintended pregnancies estimated with the
remaining ranked strategies are unlikely to differ statistically from the cumulative SQ estimate,

since their uncertainty intervals (Ul) overlap with the Ul for SQ (Table 7.2).
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Table 7.2. Unintended pregnancies’ per tested strategy in 2030, 2040, 2050, and cumulative

2023-2050.
Strategy? Unintended pregnancies (95% UI®)
2030 2040 2050 Cumulative 2023-2050

5 0.75 478 (454-497) 414 (391-432) 389 (368-406) 12,776 (12,140-13,285)
505 530 (507-551) 479 (456-498) 452 (431-470) 14,267 (13,629-14,809)
2abc_0.75 580 (554-600) 537 (513-555) 508 (486-527) 15,606 (14,953-16,135)
5_0.25 583 (559-604) 544 (520-563) 515(494-533) 15,741 (15,101-16,308)
4.0.75 580 (556-604) 543 (521-565) 515 (495-535) 15,705 (15,060-16,354)
3a_0.75 596 (574-617) 560(539-579) 531 (510-550) 16,121 (15,525-16,671)
2a_0.75 598 (573-619) 560 (536-579) 531 (508-549) 16,136 (15,478-16,673)
2abc_0.5 599 (574-620) 562 (538-581) 532 (510-551) 16,164 (15,520-16,707)
4 0.5 598 (575-621) 564 (542-587) 535 (515-555) 16,197 (15,545-16,825)
32 0.5 609 (586-629) 575 (553-595) 546 (524-565) 16,466 (15,855-17,018)
2a_0.5 611 (587-632) 577 (553-597) 547 (525-567) 16,508 (15,857-17,067)
2b 0.75  616(593-638) 584 (561-605) 554 (532-575) 16,662 (16,027-17,245)
2abc_0.25 617 (593-639) 585 (562-606) 555 (533-575) 16,695 (16,052-17,265)
4 0.25 616 (593-639) 585 (563-607) 556 (535-576) 16,695 (16,045-17,306)
3a_0.25 622 (5699-643) 591 (568-612) 561 (540-581) 16,825 (16,199-17,395)
2b 0.5 623 (599-645) 592 (569-613) 562 (541-583) 16,851 (16,213-17,440)
2a_0.25 623 (699-645) 592 (569-614) 562 (541-583) 16,863 (16,217-17,443)
1ab_0.75 627 (604-649) 598 (576-621) 569 (548-590) 16,993 (16,335-17,595)
2b 0.25 629 (606-651) 600 (577-622) 570 (549-591) 17,030 (16,390-17,627)
1b_0.75 630 (606-652) 601 (579-624) 571 (551-593) 17,063 (16,404-17,665)
1ab 0.5 630 (606-652) 602 (579-624) 572 (551-593) 17,069 (16,403-17,674)
1b_0.5 632 (609-654) 604 (582-627) 574 (553-596) 17,132(16,481-17,735)
12 0.75  631(608-654) 604 (581-626) 574 (553-595) 17,113 (16,452-17,718)
1ab_0.25 632 (609-654) 604 (582-626) 574 (553-595) 17,125(16,485-17,725)
12 0.5 633 (610-655) 605 (583-628) 575 (554-597) 17,157 (16,505-17,761)
1b_0.25 633 (610-655) 605 (583-627) 575 (554-596) 17,150 (16,509-17,751)
12 0.25  634(611-656) 606 (584-628) 576 (555-597) 17,175 (16,533-17,778)
2c_0.5 635 (612-657) 607 (584-629) 577 (556-598) 17,207 (16,570-17,805)
2¢c 0.25  635(612-657) 607 (584-629) 577 (556-598) 17,203 (16,564-17,804)
2c_0.75 636 (612-658) 607 (585-629) 577 (556-598) 17,210(16,575-17,805)
SQ* 635 (612-657) 607 (584-629) 577 (556-598) 17,200 (16,557-17,804)

'Figures are presented in thousands;?preffix (before underscore) indicates the strategy ID, whilst suffix (after
underscore) indicates the tested improvement/reduction; 395% Uncertainty interval; “Status quo.

The proportion of unintended pregnancies out of total pregnancies at the three different time
points is shown in Figure 7.2 below. By 2030, only strategies 5_0.75 and 5_0.5 represent a
relative significant difference in the proportion of unintended pregnancies, roughly 21.91%

and 23.73% respectively (Figure 7.2). By 2040, strategies 5_0.25, 4_0.75, and 2abc_0.75 also
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showed a relative significant difference, all around 25%. Nevertheless, strategies 5_0.75 and

5_0.5 kept reducing the proportion further, reaching 19.8% and 22.6%, respectively.

2030 2040 2050
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Figure 7.2. Percentage of unintended pregnancies out of total pregnancies, 2030, 2040, 2050.

Note: x-axis represents percentages; y-axis represents the tested strategy; dashed line indicates the 95%

uncertainty interval of the Status quo strategy to compare against the rest of strategies.

Unsafe abortions (UA) estimated under each strategy are presented in Table 7.3, arranged
from the most to the least effective by 2050. Despite being the least effective strategy, SQ
reached a reduction of 8.9% in annual UA, going from a total of 102k in 2030 to 93k in 2050.
Under SQ, a cumulative 2.76 million unsafe abortions (Ul: 2.7-2.9) would be observed between

2023 and 2050.

Located at the top of Table 7.3 is the most effective strategy, 5_0.75. This hypothetical
approach would allow an 18.4% reduction in annual UA, going from a total of 76k in 2030 to
62k in 2050. Additionally, under this strategy, a cumulative 2 million UA (1.94-2.12) would be
observed between 2023-2050, representing a reduction of 25.9% compared with SQ. The next

most effective strategy is 5_0.5.

Increasing the adoption of modern reversible contraception by 75% following pregnancy
(strategy 4_0.75) was the most effective among the non-combined strategies. Under the

strategy, a 10.8% annual reduction in unsafe abortions is expected, going from 93k in 2030 to
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83k UA in 2050, and a cumulative 2.52 (2.42-2.6) million between 2023-2050, which is an

8.63% relative reduction from those observed in SQ.
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Table 7.3. Unsafe abortions’ per tested strategy in 2030, 2040, 2050, and cumulative 2023-

2050.
Strategy? Unsafe abortions (95% UI®)
2030 2040 2050 Cumulative 2023-2050

5 0.75 76 (73-79) 66 (63-69) 62 (59-65) 2,043 (1,941-2,123)
5 0.5 85 (81-88) 77 (73-80) 73 (69-75) 2,283 (2,181-2,366)
2abc_0.75 93 (89-96) 86 (82-89) 81 (78-85) 2,499 (2,396-2,583)
5 0.25 93 (90-97) 87 (84-90) 83 (79-86) 2,520(2,419-2,612)
4 0.75 93 (89-97) 87 (84-91) 83 (80-86) 2,518 (2,418-2,623)
3a_0.75 95 (92-98) 90 (86-93) 85 (82-88) 2,578 (2,483-2,664)
2abc_0.5 96 (92-99) 90 (86-93) 85 (82-89) 2,588 (2,486-2,678)
2a_0.75 96 (92-99) 90 (86-93) 85 (82-88) 2,584 (2,480-2,673)
4 05 96 (92-99) 90 (87-94) 86 (83-89) 2,596 (2,495-2,699)
33 0.5 97 (94-101) 92 (89-95) 87 (84-91) 2,634 (2,538-2,724)
2a 0.5 98 (94-101) 92 (89-96) 88 (84-91) 2,644 (2,541-2,736)
2abc_0.25 99 (95-102) 94 (90-97) 89 (86-92) 2,674 (2,572-2,768)
4 0.25 99 (95-102) 94 (90-98) 89 (86-93) 2,675 (2,573-2,776)
2b_0.75 99 (95-102) 94 (90-97) 89 (86-92) 2,668 (2,568-2,765)
2b_0.5 100 (96-103) 95 (91-98) 90 (87-94) 2,699 (2,598-2,796)
3a_0.25 99 (96-103) 95 (91-98) 90 (87-93) 2,693 (2,594-2,788)
2a_0.25 100 (96-103) 95 (91-98) 90 (87-94) 2,701 (2,599-2,797)
lab_0.75 100 (97-104) 96 (92-100) 91 (88-95) 2,721 (2,620-2,821)
2b _0.25 101 (97-104) 96 (93-100) 91 (88-95) 2,727 (2,627-2,826)
1ab_0.25 101 (97-105) 97 (93-101) 92 (89-96) 2,744 (2,641-2,844)
1b_0.75 101 (97-104) 96 (93-100) 92 (89-95) 2,734 (2,631-2,834)
1b_0.5 101 (97-105) 97(93-100) 92 (89-96) 2,741 (2,638-2,841)
1b_0.25 101 (98-105) 97 (94-101) 92 (89-96) 2,748 (2,645-2,848)
la_0.75 101 (98-105) 97 (93-101) 92 (89-96) 2,743 (2,641-2,842)
1la_0.5 101 (98-105) 97 (94-101) 92 (89-96) 2,747 (2,645-2,846)
la_0.25 101 (98-105) 97 (94-101) 92 (89-96) 2,751 (2,649-2,851)
1ab_0.5 101 (97-104) 96 (93-100) 92 (88-95) 2,733 (2,631-2,832)
2¢_0.75 102 (98-105) 97(94-101) 93 (89-96) 2,757 (2,656-2,855)
2¢_0.25 102 (98-105) 97 (94-101) 93 (89-96) 2,755 (2,654-2,855)
2¢_0.5 102 (98-105) 97 (94-101) 93 (89-96) 2,756 (2,655-2,855)
sQ* 102 (98-105) 97 (94-101) 93 (89-96) 2,755 (2,653-2,855)

"Figures are presented in thousands;?preffix (before underscore) indicates the strategy ID, whilst suffix (after

underscore) indicates the tested improvement/reduction; °95% Uncertainty interval; “Status quo.

Maternal deaths estimated with each strategy are presented in Table 7.4. Under SQ, a total of
2,535 cumulative maternal deaths (528-5,715) would be observed between 2023 and 2050.
The most effective strategy was 5_0.75, allowing a 14.71% reduction in yearly maternal deaths,
going from 68 in 2030 to 58 in 2050. Under this strategy, 1,850 cumulative maternal deaths
(434-4,147) would be observed between 2023-2050, which represents a reduction of 27% from

the cumulative deaths observed in SQ. The next most effective strategy is 5_0.5.
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The third most effective strategy was 2abc_0.75. Under the strategy, an 8.3% reduction in
yearly maternal deaths was estimated, going from 84 in 2030 to 77 in 2050, and a cumulative
2,290 maternal deaths (492-5,078) between 2023-2050, or a 9.5% relative reduction from

those observed in SQ.

Increasing the adoption of modern reversible contraception in 75% (strategy 3a_0.75) was the
most effective among the non-combined strategies. Under this strategy, an 8.24% yearly
reduction is expected, going from 85 in 2030 to 78 maternal deaths in 2050, and 2,328
cumulative deaths (494-5,308) between 2023-2050, which is an 8% relative reduction from

those observed in SQ.

Notice, however, that all estimates have broad uncertainty intervals, all overlapping with SQ’s

(see section 8.2).
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Table 7.4. Maternal deaths per tested strategy in 2030, 2040, 2050, and cumulative 2023-

2050.
Maternal deaths (95% UI?)
Strategy’
2030 2040 2050 Cumulative 2023-2050

5 0.75 68 (16-154) 61 (14-135) 58 (14-130) 1,850 (434-4,147)
5 0.5 76 (17-173) 71 (16-158) 68 (16-152) 2,084 (466-4,684)
2abc_0.75 84 (18-187) 80 (17-176) 77 (17-168) 2,290 (492-5,078)
3a_0.75 85 (18-195) 82 (17-185) 78 (17-178) 2,329 (494-5,308)
5 0.25 84 (18-191) 81(17-181) 78 (17-174) 2,312 (497-5,206)
2abc_0.5 87 (18-195) 84 (18-185) 80(17-178) 2,378 (503-5,305)
4 0.75 85 (18-194) 83 (18-186) 80 (18-179) 2,354 (514-5,321)
2a_0.75 86 (18-194) 84 (18-183) 80 (17-176) 2,370 (507-5,268)
3a_0.5 87 (18-199) 85 (18-190) 81(17-184) 2,394 (501-5,437)
405 87 (18-199) 86 (19-191) 82 (18-185) 2,413 (521-5,448)
2a 0.5 88 (18-199) 86 (19-190) 83 (18-183) 2,429 (518-5,426)
2b_0.75 89 (18-203) 87 (19-194) 84 (18-188) 2,454 (518-5,524)
3a_0.25 90 (18-204) 88 (19-196) 84 (18-189) 2,463 (519-5,572)
2abc_0.25 89 (18-202) 88 (19-195) 84 (18-187) 2,459 (521-5,518)
4 0.25 90 (18-204) 88 (19-197) 85 (19-190) 2,475 (525-5,581)
2b 0.5 90 (18-205) 89 (19-197) 85 (18-190) 2,483 (523-5,590)
2a_0.25 90 (18-204) 89 (19-197) 85 (18-190) 2,484 (523-5,573)
1b_0.75 91 (19-207) 90 (19-201) 86 (19-194) 2,516 (527-5,669)
lab 0.75 91 (19-206) 90 (19-199) 86 (19-192) 2,504 (526-5,624)
lab 0.5 91 (19-207) 90 (19-200) 86 (19-193) 2,514 (527-5,651)
2b_0.25 91 (19-207) 90 (19-200) 86 (19-193) 2,510 (526-5,652)
lab 025  92(19-208) 91 (19-201) 87 (19-194) 2,525 (527-5,682)
2c¢_0.5 92 (19-209) 91 (19-203) 87 (19-195) 2,537 (529-5,716)
2¢_0.25 92 (19-209) 91 (19-203) 87 (19-195) 2,536 (528-5,716)
1b_0.5 91 (19-207) 90 (19-201) 87 (19-194) 2,523 (527-5,682)
1b_0.25 92 (19-208) 91 (19-202) 87 (19-195) 2,529 (528-5,699)
1a_0.75 92 (19-208) 90 (19-201) 87 (19-194) 2,523 (527-5,667)
1la_0.5 92 (19-208) 91 (19-202) 87 (19-194) 2,527 (527-5,683)
1a_0.25 92 (19-208) 91 (19-202) 87 (19-195) 2,531 (528-5,697)
2¢_0.75 92 (19-209) 91 (19-203) 87 (19-195) 2,538 (529-5,720)
5Q° 92(19-209)  91(19-203) 87 (19-195) 2,535 (528-5,715)

"Preffix (before underscore) indicates the strategy ID, whilst suffix (after underscore) indicates the tested

improvement/reduction; 295% Uncertainty interval; 3Status quo.
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7.2 Cost-effectiveness analysis

The estimated average cost from 2023 to 2050 per unintended pregnancy was USD 1,448
(1,443.48-1,452.65) under the SQ strategy (Figure 7.3); the estimated costs in the majority of

strategies (21 out of 31) were lower than this.

There seemed to be no statistically significant difference between the cost of SQ and reducing
the change from behavioural to traditional contraception by 50% (strategy 1b_0.5; USD
1,445.55; 1,440.8-1,450.54) or reducing discontinuation of all forms of reversible
contraception by 50% (strategy 2abc_0.5; USD 1,440.79; 1,436.09-1,445.49).

The least expensive strategies were 4_0.75 (USD 1,247.67; 1,243.51-1,251.61), 3a_0.75 (USD
1,200.13; 1,196.76-1,203.33), and 2b_0.25 (USD 1,194.52; 1,191.5-1,197.65). On the other
hand, the most expensive strategies were 5_0.75 (USD 1,595.55; 1,590.3-1,600.45), 4 0. 5
(USD 1,610.62; 1,605.39-1,615.73) and 3a_0.25 (USD 1,873.94; 1,867.76-1,880.08). There is a
USD 679.42 gap between the least (2b_0.25) and the most expensive (3a_0.25) strategy (Figure
7.3).
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Figure 7.3. Average cost per unintended pregnancy under each strategy, 2023-2050.

Note: x-axis represents unit costs per unintended pregnancy; y-axis represents the tested strategy; dashed line

indicates the 95% uncertainty interval of the Status quo strategy to compare against the rest of strategies.
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Table 7.5 presents the discounted cumulative costs and unintended pregnancies (UP) from
2023 to 2050, together with avoided UP, cost difference, and incremental cost-effectiveness
ratio (ICER) per strategy. Most of the tested strategies effectively reduce cumulative UP,
excepting those aiming at reducing discontinuation of traditional contraception by 25, 50, or
75% (2c_0.25,2c¢_0.5,2c_0.75, respectively). Only 2c_0.25, however, resulted more expensive
than SQ, and thus was ruled out as ‘dominated’ given it delivers worse health outcomes at a

larger cost (Muening, 2008).

Strategies 5_0.75 (i.e., simultaneously improving modern reversible contraceptive adoption,
reducing switching from more to less effective methods, and reducing contraceptive
discontinuation by 75%), 5_0.5 (i.e., strategy five implemented at 50%), 2abc_0.75 (i.e.,
simultaneously reducing discontinuation of modern and traditional reversible methods by
75%), 4_0.75 (i.e., improving modern contraceptive adoption after pregnancy by 75%), and
5_0.25(i.e., strategy five implemented at 25%) deliver the largest health benefits, as they avoid
2.6, 1.43,0.78,0.74, and 0.71 million UP when compared to SQ, respectively.

The strategies with the smallest cumulative cost, hence the largest cost difference relative to
SQwere 3a_0.75(i.e., improving adoption of modern reversible contraception by 75%), 4_0.75,
5_0.75, 2b_0.25 (i.e., preventing discontinuation of behavioural contraceptives by 25%), and
2a_0.5 (i.e., preventing discontinuation of long-acting reversible contraceptives by 50%).
These strategies were estimated to cost USD 3.2, 3, 3, 2.7, and 2.5 billion less than SQ,

respectively.

Despite strategies 1ab_0.25 (i.e., simultaneously preventing switching from more to less
effective contraceptives by 25%), 5_0.25, 2a_0.25 (i.e., strategy two at 25%), 4_0.5 (i.e.,
strategy four at 50%), and 3a_0.25 (i.e., strategy three at 25%) were estimated to cost USD 165
million, USD 316 million, USD 678 million, USD 834 million, and USD 4 billion more than SQ,
respectively, they were not dominated given they showed better health outcomes than SQ,

reducing UP in 68k, 713k, 164k, 494k, and 183k, respectively.

ICERs are presented in the last column of the table, although optimality could be difficult to
establish with this metric alone when multiple strategies are being compared (Barton et al.,
2008; Fenwick et al., 2001; Fenwick & Byford, 2005): a strategy’s ICER can take a positive value

whenever it is more effective and more costly or less effective and less costly.
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Table 7.5. Cumulative 2023-2050 unintended pregnancies, total programme costs, and incremental analysis per tested strategy.

Unintended pregnancies

Strategy (UP)? UP avoided’? Total cost® Cost difference?3 ICER*
3a_0.75 9,198 (9,146, 9,248) 527 (521, 534) 11,702 (11,663, 11,743) -3,225 (-3,244 , -3,206) -6,120 (-6,199, -6,037)
4 0.75 8,989 (8,937,9,042) 736 (730, 741) 11,890 (11,848, 11,933) -3,038 (-3,067, -3,012) -4,130 (-4,181 , -4,082)
5 0.75 7,566 (7,515, 7,613) 2,159 (2,142, 2,177) 11,925 (11,881, 11,969) -3,002 (-3,032, -2,975) -1,390 (-1,403, -1,377)
2b_0.25 9,642 (9,588, 9,695) 83 (82, 84) 12,210 (12,167, 12,254) -2,717 (-2,738 , -2,696) -32,859 (-33,478 , -32,267)
2a_0.5 9,389 (9,336, 9,441) 336 (331, 340) 12,680 (12,636, 12,727) -2,248 (-2,264 ,-2,230) -6,711 (-6,810, -6,608)
1b_0.75 9,659 (9,605, 9,713) 65 (64, 67) 12,828 (12,784, 12,876) -2,099 (-2,116, -2,080) -32,192 (-32,854, -31,499)
2a_0.75 9,209 (9,156, 9,260) 516 (509, 523) 12,938 (12,894, 12,983) -1,989 (-2,012, -1,968) -3,862 (-3,924 , -3,801)

2b 0.5 9,555 (9,501, 9,608) 170 (167, 172) 13,212 (13,163, 13,266) -1,716 (-1,737, -1,694) -10,130 (-10,315, -9,943)
1b_0.25 9,703 (9,649 , 9,756) 22 (21, 22) 13,400 (13,358 , 13,444) -1,528 (-1,547 , -1,508) 71,276 (-72,950, -69,622)
1la_0.75 9,687 (9,634, 9,741) 37 (36, 38) 13,417 (13,371, 13,466) -1,511 (-1,534, -1,486) -40,766 (-41,986 , -39,581)
1ab_0.75 9,622 (9,568 , 9,676) 103 (101, 105) 13,450 (13,412, 13,492) -1,477 (-1,500 , -1,455) -14,412 (-14,741 , -14,079)
505 8,293 (8,242, 8,341) 1,432 (1,421, 1,444) 13,625 (13,565, 13,687) -1,303 (-1,332, -1,272) -911 (-933, -888)
la_0.25 9,712 (9,659, 9,766) 12 (12, 13) 13,647 (13,602, 13,697) -1,280(-1,299, -1,260) -104,556 (-108,154 , -101,165)
2c_0.75 9,731 (9,677, 9,785) -6 (-7, -5) 13,650 (13,606, 13,696) -1,278 (-1,301, -1,255) 731,151 (309,492, 2,086,225)
3a_0.5 9,366 (9,314, 9,418) 358 (354, 363) 13,671 (13,632, 13,717) -1,256 (-1,277,-1,237) -3,513 (-3,584, -3,447)
2abc_0.25 9,480 (9,426, 9,532) 245 (242 , 248) 13,697 (13,657 , 13,740) -1,231(-1,251, -1,212) -5,032 (-5,131, -4,942)
1ab_0.25 9,691 (9,637, 9,745) 34 (33, 34) 14,008 (13,960 , 14,058) -919 (-942 , -898) -27,244 (-28,063 , -26,457)
1a_0.5 9,700 (9,646 , 9,753) 25 (24, 25) 14,078 (14,025 , 14,134) -849 (-880, -819) -34,537 (-36,074 , -33,083)
2abc_0.5 9,223 (9,169, 9,274) 502 (495, 509) 14,087 (14,044 , 14,134) -841 (-855, -829) -1,679 (-1,706 , -1,652)
2¢_0.5 9,729 (9,675, 9,782) -4 (-5, -3) 14,249 (14,207, 14,295) -678 (-699, -658) 3,132,566 (287,921, 16,964,682)
4 0.25 9,476 (9,422 , 9,529) 248 (247, 250) 14,354 (14,309 , 14,403) -574 (-595 , -553) -2,315 (-2,407 , -2,225)
2b_0.75 9,464 (9,410, 9,517) 261 (257, 265) 14,394 (14,348 , 14,445) -533 (-549 , -519) 2,052 (-2,115 , -1,993)
2abc_0.75 8,953 (8,900, 9,003) 772 (761, 782) 14,447 (14,399 , 14,498) -480 (-511 , -448) -624 (-664 , -581)
1b_0.5 9,681 (9,627, 9,736) 43 (43, 44) 14,836 (14,792, 14,885) -92 (-113, -73) -2,159 (-2,694 ,-1,718)
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sQ? 9,725 (9,671,9,779) - 14,928 (14,883, 14,980) - -

lab_0.5 9,657 (9,602 , 9,710) 68 (67, 69) 15,093 (15,052, 15,137) 165 (146, 184) 2,424 (2,144, 2,687)
5_0.25 9,012 (8,960, 9,063) 713 (707, 719) 15,243 (15,193, 15,300) 316 (290, 340) 443 (407 , 476)
2a_0.25 9,561 (9,507, 9,613) 164 (162, 166) 15,605 (15,551, 15,664) 678 (652, 704) 4,128 (3,969, 4,283)
405 9,231 (9,178, 9,284) 494 (490, 497) 15,762 (15,712, 15,817) 834 (812, 858) 1,688 (1,644, 1,739)
2c_0.25 9,727 (9,673, 9,780) -2(-2,-2) 16,062 (16,003 , 16,125) 1,135 (1,095, 1,174) Dominated
3a_0.25 9,542 (9,489 , 9,594) 183 (181, 185) 18,956 (18,896 , 19,023) 4,028 (3,996 , 4,058) 22,048 (21,761, 22,312)

'Figures are presented in thousands; 2Compared to SQ; ®Figures are presented in millions of USD of 2021; “Incremental cost-effectiveness ratio = cost difference/unintended pregnancies avoided;

5Status quo.
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Thus, to facilitate establishing the optimal strategy, cost-effectiveness acceptability curves
(CEAC; blue-, red-, and black-coloured lines) and their efficiency frontier (CEAF; dashed gray-

coloured line overlaid on top of 3a_0.75 and 5_0.75) are presented in Figure 7.4.

To build the curves, the net monetary benefit (NMB) of each strategy was estimated using fifty
iterations over a range of willingness-to-pay (WTP) thresholds, representing the maximum sum a
payor would be willing to pay in order to avoid an additional unintended pregnancy. For each WTP
value, the strategy with the highest NMB at each iteration is selected, and a vector with the
proportion of iterations (N iterations out of 50) in which the strategy had the highest NMB is
created. This proportion is then interpreted as the probability of cost-effectiveness. For instance:
with a WTP larger than USD 400, strategy 5_0.75 has the largest NMB among the whole set of
strategies in each iteration (50/50), and thus a probability of one of being the most cost-effective.
The CEAC is usefulto account for budget constraints in the decision-making process, and for the

dynamics between multiple alternative strategies in the WTP continuum.

With a WTP of zero, i.e., a severely constrained programme with no additional resources to
allocate to avoiding unintended pregnancies, the most efficient way of using the available
resources is adopting strategy 3a_0.75; i.e., improving adoption of modern reversible
contraception (LARC, BEH) by 75%. This strategy has a 96% chance of being cost-effective when
WTP is zero, compared to 2% for strategies 5_0.75 (i.e., simultaneously improving modern
reversible contraceptive adoption, reducing switching from a more to a less effective method,
and reducing contraceptive discontinuation by 75%) and 4_0.75 (i.e., improving modern

contraceptive adoption after pregnancy by 75%), respectively.

The efficiency of employing strategy 3a_0.75 wanes as WTP increases, i.e., more resources are
available to allocate to avoiding an additional unintended pregnancy. This allows the adoption
of amore comprehensive strategy (5_0.75), which reaches a 50% chance of cost-effectiveness at
a WTP value of roughly USD 120, improving further to 84% at USD 200 to avoid an unintended
pregnancy. At WTP thresholds larger than USD 300, strategy 5_0.75 has a 100% chance of being
cost-effective. Compared with 3a_0.75 and 5_0.75, strategy 4_0.75 has only a small chance of

being cost-effective.

Notice, however, the three strategies presented in the CEACs are cost saving, i.e., are more
effective and less costly than SQ (Table 7.5). The efficiency frontier indicates the strategy with

maximum probability of being cost-effective at each WTP.
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Pr(intervention is optimal)
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Figure 7.4. Cost-effectiveness acceptability curves and efficiency frontier.

Note: In the legend box, 3a_0.75: improving adoption of modern reversible contraception -LARC, BEH- by 75%; 5_0.75:
simultaneously improving modern reversible contraceptive adoption, reducing switching from a more to a less effective
method, and reducing contraceptive discontinuation by 75%; 4_0.75: improving modern contraceptive adoption after

pregnancy by 75%; CEAF: cost-effectiveness acceptability (efficiency) frontier.

7.3  Chapter summary

The first section of Chapter seven reported the main outcomes of interest to this research:
unintended pregnancies, unsafe abortions, and maternal deaths estimated with the 31 tested
policies. The section also presented other important outcomes, i.e., proportion of pregnancies
that are unintended out of total pregnhancies, and their impact in the WoRA population
development. The second and final section presented the economic impact and cost-

effectiveness analysis of the tested policies.
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Chapter 8 Discussion, conclusions, and further

research

This final chapter is divided into three main sections. First, model features and results are
contrasted against previously conducted research and are discussed in the light of the original
research questions and objectives®, as well as their contribution to policymaking. The section
also specifies the limitations of this research, together with the procedures conducted to
minimise their impact. The second section presents the conclusions reached, together with the

original contributions of this research. Finally, future research streams are introduced.

8.1 Discussion

The present study investigated the health and economic impact of a set of contraceptive
provision strategies to reduce unintended pregnancies (UP) in Mexico with a multistate, age-
structured, time-varying, and stochastic system dynamics (SD) model. To the author’s
knowledge, it is the first time this dynamic simulation technique is used to conduct a full

economic evaluation of different modes of contraceptive provision.

% Research questions (see section 1.3):

1. Can a system dynamics model accurately represent the reproductive life years of women, capturing the dynamics
of contraceptive adoption, switching, and discontinuation?

2. Which contraceptive coverage policies are most cost-effective in reducing unintended pregnancy and other
important reproductive/maternal health and economic outcomes over the longer term, given the dynamics of

contraceptive adoption, switching, and discontinuation among Mexican women?

Research objectives (see section 1.3):

1. Develop a conceptual model to characterise the different stages in the reproductive life years of women aged 15
to 49, and depict their interrelations with contraceptive adoption, switching, and discontinuation.

2. Translate the conceptual model into an endogenously driven, multistate, age-structured, time-varying system
dynamics simulation model which represents the evolving dynamics of contraceptive, sexual, and reproductive
behaviours to estimate their impact on the following outcomes:

a. Unintended pregnancies due to contraception failure and non-use of contraception.

b. Live births, unsafe abortions, and maternal deaths attributable to unintended pregnancy.

c. Economic impact of contraceptive provision and unintended pregnancy from the perspective of the
health provider.

3. Use the devised model to compare the cost-effectiveness of different contraceptive provision policies aiming to

reduce unintended pregnancy.
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Approaching the contraceptive, sexual and reproductive dynamics via simulation modelling
allowed us to explore the effectiveness and outcomes of different contraceptive provision
strategies in a way that inferential statistics, often relying on observational or intervention data to
estimate the effectiveness of the studied policies, could not: our simulation model integrates
multiple factors (e.g., user behaviour, method failure rates, demographic birth cohorts) to
simulate real-world dynamics. Thus, the model allowed us to assess the impact of different,
hypothetical contraceptive provision strategies in a selection of outcomes without the need to

conduct large-scale experiments.

The latter will appeal to stakeholders involved in the provision/study of sexual and reproductive
health services, as they can use model results or the devised model structure to conduct

additional analyses in response to their needs, data availability, and resources.

The model benefitted from the wealth of information available in public datasets to capture more
than a decade of evolving contraceptive use intertwined with sexual and reproductive behaviours

of Mexican women aged 15 to 49.

Such contraceptive, sexual, and reproductive behaviours were conceived and then represented
as a variety of states that women of reproductive age (WoRA) might visit throughout their life.
Some are absorbing, i.e., death; or can only be exited via ageing, e.g., permanent contraceptive
users. Most of them, however, are transient and can be visited multiple times in response to the

different circumstances WoRA undergo during their reproductive years.

Featuring recurrent spells in the model implied structuring the model in a multistate cohort
framework and estimating the conditional probabilities of transitioning between the different
states to represent the dynamics between the different behaviours (Ansah et al., 2017, 2021),

e.g., moving from sexual inactivity to behavioural contraception use at the next timestep.

There are typically two methods to follow in such a task: 1) fitting hazard models under a
regression framework (Andersen & Pohar Perme, 2008, 2014; Bijwaard, 2014; Hougaard, 1999;
Schmoor et al., 2013), or producing multiple increment-decrement life tables from a longitudinal
data source (Kuo et al., 2008; Schoen, 1988), e.g., panel data; and 2) estimating these transition
probabilities from separate sources (M. F. Drummond et al., 2015c), including topic-specific

literature (Babigumira et al., 2012; Hu et al., 2007; Zakiyah et al., 2019).

Whilst there is a longitudinal data source available in Mexico (Demographic Retrospective Survey)
(Instituto Nacional de Estadistica y Geografia, 2018) that also reports contraceptive behaviours
(i.e., use/non-use), this biographical data source lacks data on sexual (e.g., sexual inactivity
spells) and reproductive (e.g., trying to be pregnant spells) behaviours. Thus, the data source was

deemed insufficient to fully parameterise the model after being put to use in estimating the
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transition probabilities. As it was expected, unsatisfactory validation results (not shown in this

thesis) rendered it unusable for the matters of this research.

Therefore, an alternative approach was applied in this thesis, consisting in estimating the
transition probabilities by solving an underdetermined system of equations with the Moore-
Penrose pseudoinverse (Chen X, 2015; Erdmann et al., 2020; Feng Lin, 2013; Khosravi et al., 2016;
Lin & Chen, 2010) using data from a cross-sectional survey (National Survey on the Demographic
Dynamics, ENADID) (Instituto Nacional de Estadistica y Geografia, 2019a). This procedure
allowed to reduce uncertainty in the estimates as they came from a single source with a
homogenous distribution of respondent biases (Boerma & Sommerfelt, 1993) and statistical

representativity of Mexican WoRA.

Transition probabilities and the remaining model parameters were disaggregated in age classes
since the modelled behaviours are age dependent. Babigumira et al (2012), and Zakiyah et al
(2019) have previously used five-year age classes to parameterise dynamic simulation models
and study the economic efficiency of scaling up contraceptive use. In this thesis, one-year age

classes were implemented due to the granularity of the data sources available.

Moreover, and perhaps more importantly, single-year age classes were considered more
appropriate to avoid averaging out behaviours at disparate ages within larger age groups. For
instance, the sexual behaviour of a girl just starting her reproductive years at age 15 differs from
what is observed in an adolescent about to turn 20: the estimated probability of becoming
sexually inactive after a spell of sexual activity and non-use of contraception at age 19 (0.2) is
nearly double that of age 15 (0.102) in 2006. This is also true for older women: the estimated
probability of adopting long-acting, reversible contraception after a spell of sexual activity and
non-use of contraception at age 49 (0.074) was 40% lower than that at age 45 (0.122) in 2006.

Thus, having one-year stratified parameters allowed to produce more refined estimates.

Different annual transition probabilities are used during the period 2006-2018 to capture
potential inter-cohort variations and to further refine the health and economic outcomes
estimated. This, again, contrasts with studies of (Babigumira et al., 2012; Carvalho et al., 2013;
Erimetal., 2012; Goldie et al., 2010; Hu et al., 2007; Zakiyah et al., 2019) who have assumed fixed
parameters over time in their models, a contestable choice given previous discussions on the
relatively fast-paced evolution of contraceptive, sexual, and reproductive behaviours (Alvergne &
Stevens, 2021; Benagiano et al., 2007; Ortiz, 2009; van de Kaa, 2011). Two examples from the
research in this thesis add to the likelihood of this assertion. Firstly, among girls aged 15, the
probability of becoming a traditional contraceptive user after a spell of sexual activity and non-

contraceptive use went from 0.14 in 2006 to 0.114 in 2018, a 19% reduction. Secondly, among
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women aged 49, the probability of discontinuing behavioural contraception to become a sexually

active non-user increased from 0.206 in 2006 to 0.262 in 2018 (27%), peaking at 0.386 in 2009.

However, the health and economic consequences of the different strategies tested in this
research could turn out to be conservative estimates of how the situation might develop over
time, since the model parameters remain fixed for two decades after 2030. These estimates can
be updated as new ENADID waves become available, helping also to update the conclusions and

policy recommendations drawn from the model.

Uncertainty bounds surrounding the point estimates for health and economic consequences
were obtained by performing fifty iterations of the model. Although this incurred a relatively high
computational cost, the level of detail gained with this form of sensitivity analysis allowed us to
present the results in a statistically intuitive manner (Leppink et al., 2016), and to introduce
additional, robust cost-effectiveness analysis tools, i.e., cost-effectiveness acceptability curve
(CEAC) and CEA frontier (CEAF). Both metrics exhaust the data produced at each iteration and
evaluate the merits of each strategy simultaneously, helping decision-makers to have a more
informed overview of what might constitute the best value for money (Barton et al., 2008; M. F.

Drummond et al., 2015a; Fenwick et al., 2001; Fenwick & Byford, 2005).

However, although value for money is a highly sought-after and valuable prerequisite to the
introduction of new medical technology in Mexico (Consejo de Salubridad General, 2023) and
elsewhere (Jena & Philipson, 2013), additional considerations must be borne in mind when

prioritising between interventions (M. F. Drummond et al., 2015d).

After almost half a century after its introduction as a population control policy (Quesada et al.,
2001), contraception is now a staple in Mexican society. Its practice is extensively disseminated
and for the most part itis a voluntary-use tool aimed at avoiding unintended pregnancy (Instituto
Nacional de Estadistica y Geografia, 2019c). Every institutional effort to reduce unintended
pregnancy by implementing any new strategy, even one of the two strategies with the highest
chance of being cost-effective according to this research (i.e., increasing adoption of modern
reversible contraception, or a combined approach to tackle adoption, switching, and
discontinuation of modern contraception), should not result in reversing past gains. Instead, the
aim should be to strive to keep a philosophy of respect for the personal choices of potential and
current contraceptive users (Marston & Tabot, 2023). The latter need not be a hurdle but a call to
find innovative forms of affecting contraceptive behaviours by characterising the incentives at
play when different methods are adopted, interrupted, or switched (Alvergne & Stevens, 2021;

Anderson & Johnston, 2023).
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In practice, sudden changes in both the contraceptive-sexual-reproductive dynamics and in
resource availability are unrealistic. Therefore the effects of the interventions tested with the
model were introduced incrementally rather than abruptly. The latter is customary practice when
studying contraceptive provision (Babigumiraetal.,2012; Black et al., 2015; Carvalho et al., 2013;
Engstrand & Kopp Kallner, 2018; Erim et al., 2012; Goldie et al., 2010; Henry et al., 2015; Hu et al.,
2007; Le et al., 2014; Moreau, Bohet, Trussell, et al., 2014; Trussell, 2007; Trussell et al., 2013;
Zakiyah et al., 2019). It was concluded that our approach would increase the utility of the model
as institutional efforts to expand contraceptive coverage in Mexico span several years and do not

occur overnight (Secretaria de Salud, 2013).

The implementation period set in this research includes the last sprint of the United Nations’
Sustainable Development Goals era (2023-2030) to show the required investment levels for
Mexico to meet its health-related goals, specifically sexual health-related goals, e.g., secure
contraceptive access to individuals. Given the model runs until 2050, the two-decade remaining
period could be thought as a projection of the impact of sustaining financial (hence political)
commitment to the goal of reducing UP. However, this does not account for economic
downturns, losing political momentum, increasingly conservative attitudes towards

contraception, or other disruptions.

Compared to the status quo (SQ), two strategies were found to be cost saving in avoiding
unintended pregnancies at different WTP thresholds: 1) increasing the adoption of modern
reversible contraception (LARC, behavioural) by 75% (3a_0.75); 2) and simultaneously increasing
modern reversible contraceptive adoption, reducing switching from modern reversible
contraception to traditional, and reducing contraceptive discontinuation, allby 75% (5_0.75). The
first strategy allows cumulative savings of USD 5,784 per avoided UP and basically consists in
expanding contraceptive coverage, whilst the second saves USD 1,313 per avoided UP with a
multi-pronged approach to tackle the three defining components of contraceptive dynamics, i.e.,

adoption, switching, and discontinuation.

Both strategies result in fewer UP, which together with the associated cost savings imply
dominance over the current situation. Theirimplementation is plausible given that the network of
health clinics/hospitals is well developed in the country, there is a wide variety of contraceptives
available at clinics, no major contraceptive shortages are reported (Quesada et al., 2001;
Reproductive Health Supplies Coalition, 2021; Sarley et al., 2006), and there is interest at the
health system level to increase adoption/reduce discontinuation of modern contraceptives,
especially long-acting and reversible (Secretaria de Salud, 2021). Moreover, these two strategies
do not appear to significantly impact the expected WoRA population development over time, as

was also shown in this research. A possible implication of this finding, albeit outside the scope of
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this research, is the negligible impact these two strategies have in the development of the
working-age population structure, and economic productivity over time, which further adds to the

efficiency of their implementation.

In deciding which takes pre-eminence over the other, and according to the CEAC shown in Figure
7.4, strategy 3a_0.75 is optimal under budgetary constraints, giving way to strategy 5_0.75 as
these relax. Having two strategies showing a high chance of cost-effectiveness at different WTP
gives Mexican decision-makers flexibility in determining how to introduce them at different
contexts in the country (Edlin, Hall, et al., 2015; Naversnik, 2015). For instance, it would be
sensible to apply strategy 5_0.75 in less resource-constrained settings, whilst reserving strategy
3a_0.75 for areas where the population demands contraceptives, however, the available
resources and infrastructure does not allow applying an integral contraceptive provision policy
(Ibafnez-Cuevas et al., 2021; Torres-Pereda et al., 2019). Although having separate policies for
reaching the same goal -avoiding UP- could introduce fairness issues into the decision process,
this approach could be useful in relieving competition for resources and pressure in the context
of Mexico, where the population relies mainly on the public healthcare system to access

contraceptives (Instituto Nacional de Estadistica y Geografia, 2019c).

Furthermore, and although there is no official threshold to establish cost-effectiveness in the
country, the WTP for strategy 3a_0.75 and 5_0.75 is well below the country’s USD 11,091 per
capita GDP estimated in 2022 (The World Bank, 2023). This adds to the argument in favour of their
economic efficiency, according to the known rule of thumb of establishing cost-effectiveness in
proportionality to per capita GDP, i.e., a strategy is highly cost-effective if below per capita GDP

and cost-effective if below three times per capita GDP (Leech et al., 2018).

Natural units (unintended pregnancies avoided) were preferred over composite metrics such as
quality-adjusted (QALYs) or disability-adjusted life years (DALYs) to study the effectiveness of the
strategies tested. Transparency and ease of interpretation in the real world were the primary
reasons for this choice, given natural units are more easily scrutable and programme
planners/decision-makers are largely familiar with them, increasing their usability to inform

contraceptive policies.

Furthermore, establishing the link between contraceptive use/non-use and unintended
pregnancy is straightforward, which adds to the pertinence of conducting a CEA with such
effectiveness units. To date, there are no sources available to draw QALYs, DALYs, or utility
weights associated with contraceptive use that account for the impact of different contraceptive
choices on various health outcomes of WoRA. Thus, the use of these composite metrics was

discarded, acknowledging their convenience in comparing the economic efficiency of allocating
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resources between different treatments, not necessarily impacting the same natural units

(Sanders et al., 2019).

In this research, unintended pregnancies were defined as those resulting from contraceptive
failure amongst users or non-use of contraception by sexually active women who do not wish to
become pregnant. Whilst the definition assumes an explicit intention to avoid pregnhancy,
different processes come at play within these groups. Firstly, women experiencing contraceptive
failure have made an explicit decision to avoid pregnancy through method use, whereas those
not using contraception may include individuals with varying degrees of intent or ambivalence
(Frost et al., 2007), influenced by factors such as cultural norms, insufficient information on
contraception, or barriers to accessing contraceptive methods (Gilliam et al.,, 2011; Nazar-
Beutelspacher et al., 1999; Vazquez-Rodriguez et al., 2018). Moreover, some women may hold a
strong and definitive desire to avoid pregnancy, while others may have less firm preferences,
which could influence their likelihood of seeking contraceptive advice or using a method
effectively (Harvey et al., 2006; K. L. White & Potter, 2013). Nuanced understanding of preferences
should drive the design of interventions aimed at increasing contraceptive uptake and reducing

unintended pregnancies.

After adjusting the total number of pregnancies with contraceptive failure rates, the proportion of
unintended pregnancies obtained for 2009 (roughly 21.5%) differs substantially from the 55%
reported for the same year by (Juarez et al., 2013). This latter estimate was obtained
retrospectively by asking women whether their most recent pregnancy was mistimed (i.e.,
happened earlier than ideally desired) or unwanted (i.e., not desired at all), giving the estimate a
strong element of subjectivity which was possibly influenced by other life events (e.g., dropping
out of school, losing a job) associated with bringing a pregnancy to term. Thus, the two figures
cannot be directly compared whatever the chance this thesis’ estimates are contained into

Juarez et al’s estimate.

Compared against official sources, the simulated demographic results show that the proposed
SD model closely follows population development and produces reasonably accurate results
regarding its age structure. It is expected that the population of WoRA will continue to increase,
peak, then decrease in the years to come. This is mainly driven by the currently experienced and
expected declines in fertility by Mexican WoRA, who are expected to exhibit below-replacement

fertility levels by the middle of the 21st century (Consejo Nacional de Poblacion, 2023).

With fewer live births and even with improving death rates, fewer women will mature to reach 15
years of age and start their reproductive life. It could also be argued that net migration, according
to the available projections for the youngest reproductive age group, will play an important role

since more women leave rather than enter the country (Consejo Nacional de Poblacién, 2023).
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However, and despite the negative correlation between migration and age, it is expected that net
migration will remain stable for the 15-19 age group in the future. Naturally, the declining number
of women entering the youngest reproductive ages will also be confirmed at subsequent stages

as they age, reflecting the population’s growth deceleration.

We can further verify the consequences of having fewer women of reproductive age by looking at
the way the WoRA population pyramid evolves over time. In 2010, the pyramid had a broader and
younger base where women aged 15-24 comprised nearly a quarter of the total population. If we
alsoinclude girls before they enter their reproductive years, this figure grows to circa 60%. As time
moves forward, the pyramid becomes narrower on its base, reaching a more uniform distribution
in 2020, and inverts by 2050 (Figure 5.10). This raises interesting questions, given the differing
contraceptive needs the Mexican health system has been required to meet in a short period of

ten years (2010-2020).

It is expected that such needs will continue to evolve as women age (2020-2050). At this current
pace, it could be argued, most women will demand permanent contraception services in the
upcoming decades. At the very least, the makeup of the required contraceptive provisioning
efforts will change, meaning that the response organised by the Mexican health system must
update and revamp its approaches, to try to keep pace with a swiftly adjusting reproductive-age

population structure within an ever-present context of resource scarcity.
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8.2 Limitations

Firstly, the model is only capable of representing movement between stocks once a year, even
though there is a chance that some transitions occur more frequently than this. Two attempts
were made to change the transition probabilities to monthly, firstly using the original ENADID
datasets consulted to obtain the model parameters, and then by following the matrix eigen

decomposition approach suggested in (Chhatwal et al., 2016; Gidwani & Russell, 2020).

The first approach, deriving smaller (e.g., monthly) transition probabilities, was ruled out due to
the survey design of ENADID. The population was sampled in single-year age groups (Instituto
Nacional de Estadistica y Geografia, 2019a). Any smaller time specification would have resulted

in biased estimates.

The second approach consisted of obtaining the nth root of the estimated annual transition-
probability matrices to modify their frequencies, i.e., taking the 12" root of the matrices to
transform to monthly probabilities. Unfortunately, the algorithm resulted in imaginary or negative
numbers, contradicting the notion of probability being bounded between zero and one, and hence
these results were also discarded. Having single events per year could have resulted in
underestimating health and economic outcomes as it is acknowledged that some transitions can
occur more than once yearly (Upadhyay et al., 2012). However, after comparing our results
against the selected benchmarks (see Chapter 5), these were overall in close agreement, which

helps justifying the plausibility of the modelled results.

Being a firstto Mexico, the estimated transition probabilities have no previous comparator; hence
they possess a degree of uncertainty and require cautious interpretation. What is more, some of
these probabilities had to be normalised, possibly increasing their uncertainty. It has been long
known that to estimate transition probabilities to populate multistate, recurrent models, a
longitudinal data source is used to calculate movement intensities within a competing risk
framework (Steele et al., 2004). A longitudinal data source of the size and scope required to
parameterise the model proposed in this thesis, however, does not exist for the country, nor it
can be generated from the ENADID survey given it does not account for events in a
contraceptive/reproductive calendar (The Demographic and Health Surveys Program, 2018), as
in other demographic and health surveys (Leite & Gupta, 2007; Steele et al., 2004; Swiatlo et al.,
2023).

To compensate for the lack of a longitudinal data source, transition probabilities representing the
different contraceptive, sexual, and reproductive behaviours of Mexican WoRA were estimated
from the National Survey of Demographic Dynamics (ENADID), a probabilistic, cross-sectional

demographic survey that aims to “[...] provide statistical information related to the level and
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behaviour of the components of demographic dynamics: fertility, mortality and migration
(domestic and international); as well as reproductive preferences, sexuality, use of birth control
methods, marriage and maternal and child health; as well as other topics related to the

population, households and housing” (Instituto Nacional de Estadistica y Geografia, 2019a).

The ENADID data were collected for reasons that are a precise match to the needs of the model.
Moreover, the ENADID dataset represents the same population, over time, which again precisely
matches the requirements of the model, thereby avoiding some of the typical problems using
secondary data such as inconsistencies in population representativeness, mismatches in

temporal alignment, and challenges related to data completeness.

Given its scope, data collected through this survey was deemed highly relevant to parameterise
the simulation model devised in this research, additionally being useful to represent the evolving
nature of the C-S-R dynamics across different birth cohorts via its four different waves (2006,

2009, 2014, 2018). See Section 4.3.

Despite self-reporting in population surveys similar to ENADID introduces interpretation issues,
these relatively low-cost data sources evenly distribute the likelihood of finding recall biases or
misleading answers across age groups (Boerma & Sommerfelt, 1993). Thus, data from this survey

were deemed useful to estimate population indicators.

Uncertainty also arises from the unaccounted impact of external shocks, e.g., the COVID-19
pandemic, that potentially modified the contraceptive, sexual, and reproductive dynamics of
Mexican WoRA and of the health system’s response to these changes (Castro, 2020; de Leon et
al., 2022; Doubova et al., 2021; Mendez-Dominguez et al., 2021; Pilecco et al., 2021; Riley et al.,
2020). It is unknown, however, whether these disruptions will pose long-term consequences or

how they might evolve.

To conduct any cost-effectiveness analysis, credible unit cost estimates should be used to
secure the quality of total cost estimates and ultimately of the conclusions raised. These unit
costs could be reported by the different health providers or be estimated in a micro-costing
exercise (M. F. Drummond et al., 2015b). About the first case, this research did not find any public
source available, whilst in the second, and despite the fact that the author is experienced in
conducting such exercises (MSP Ecuador et al., 2017), they require a level of detail that is too
time-consuming and thus was deemed impractical in this case. Instead, a literature search
restricted to studies conducted in Mexico allowed to find sufficient data points to account for unit
costs of contraceptive provision and pregnancy/post-abortion care at different public health

providers.
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Uncertainty in the parameters described was accounted for by conducting a probabilistic
sensitivity analysis, i.e., Monte Carlo simulation, assigning them probability distributions which
after a number of model iterations allow to present uncertainty intervals surrounding average
estimates. The low number of model iterations (fifty) could be increased after further optimising

the simulation code to reduce its execution time, a task reserved for the short-term future.

The time step of 0.5 years was selected to balance the computational feasibility of the modeland
the resolution required to capture the system’s key dynamics accurately. This choice is more
aligned with the temporal specification of the ENADID data, reported in yearly age cohort

intervals.

Formal convergence testing was not undertaken, and future versions of the model could benefit
from conducting sensitivity analysis to explore the effects of alternative, perhaps smaller time
steps. Nevertheless, the inclusion of stochastic parameters helps to improve robustness of the
results over model iterations, partially addressing concerns about potential inaccuracies

introduced by time step used in the current version of the model.

Care was taken to explicitly introduce the whole range of behaviours leading to unintended
pregnancy and other important outcomes (i.e., unsafe abortions, maternal deaths) in the model
devised. This level of detail was further expanded by stratifying behaviours per age classes to
reduce homogeneity within stocks and allowing parameters to vary over time. Nevertheless,
human behaviours are presented in a mechanistic manner, and condensed into explicit, single-
method, compartmentalised states. In consequence, it was assumed that women can belong to
a single state at a time, although it is recognised that women can clearly belong to two or more
states at once in real life (Blanc & Rutenberg, 1991; Eisenberg et al., 2012; Woods et al., 2006),
for instance: being a sexually inactive contraceptive user, or using two different types of

contraception.

Furthermore, the model, as all mechanistic models, does not represent human decision-making
in detail, and does not account for external factors that influence contraceptive use, such as
social, institutional, cultural, or psychological factors (D’Souza et al., 2022; Frost et al., 2007;

Gilliam et al., 2011; Harvey et al., 2006).

The cost-effectiveness analysis adopted the perspective of the health payer, i.e., Mexican public
healthcare services, by including the direct costs related to the provision of contraceptives and
pregnancy/abortion care. The positive externalities of contraception have been described
profusely in the past, and these are not limited only to health gains (Bailey et al., 2013; Chadwick
et al., 2012; Kavanaugh & Anderson, 2013).
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The latter opens up the possibility of broadening the scope of this analysis in the future by
including the perspectives of potential users and society to account, for instance, for the
desirability of long-acting contraception or the impact of an integrated contraceptive provision
policy in neonatal health. Nevertheless, the analysis conducted introduces valuable insights as
it helps to prioritise interventions that remain within Mexican health system’s financial
constraints, and to project their long-term sustainability. It also helps the health system to
explicitly prioritise between interventions based on their direct impact on the target population:

Mexican WoRA.

Although the compared strategies were introduced at annual increments, thus relaxing the
assumption of immediate availability of resources, the model could benefit from including an
operational-level perspective to test them. This implies, for instance, evaluating whether a 50%
increment in contraceptive provision is achievable in practice at the health clinic level, given the
available human resources, infrastructure, or location. A hybrid modelling approach, e.g.,
combining system dynamics and discrete-event simulation, could help to further strengthen the
conclusions reached with this research by capturing both the high-level policy impacts and the
operational constraints within healthcare facilities. For example, while system dynamics can
effectively model the long-term population-level effects of increased contraceptive adoption,
discrete-event simulation could provide insights into clinic-level bottlenecks, such as staff
availability, service times, and supply chain limitations, offering a more granular understanding
of feasibility and efficiency. Data collection efforts could then be tailored to parameterise this
new version of the model, ensuring that both strategic and operational aspects are adequately

represented and aligned with real-world implementation challenges.
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8.3 Conclusions

The following are the main conclusions of this research, arising from the different stages in

model development and analysis of results:

1. A multistate, age-structured, time-varying, and stochastic system dynamics model is

capable of accurately represent the reproductive life years of women, capturing the

evolving dynamics of contraceptive adoption, switching, and discontinuation. The model

can also be used to test a diversity of contraceptive provision strategies, making it highly

adaptable to different contexts.

2. The population of women of reproductive age in Mexico is projected to grow until 2034

and then decline towards 2050, primarily driven by the ongoing decrease in fertility rates.

The analysis of contraceptive provision strategies demonstrates that, while such

interventions have an impact on unintended pregnancies, they do not alter the underlying

demographic trend developing within this group.

3. The absolute number of unintended pregnhancies (UP) can be reduced with all the

strategies tested, excepting promoting women to remain traditional contraceptive users,

which lead to more UP, unsafe abortions, and maternal deaths. Traditional methods,

owing to their high likelihood of failure, should not be prioritised in any credible

programme aimed at reducing UP. Nevertheless, it is important to consider the role of

women’s preferences and the distinction between mistimed and unwanted pregnancies.

The former, which occur earlier than desired, often reflect a preference for short-term or

less invasive contraceptives. On the other hand, unwanted pregnancies, where (further)

childbearing is not desired, are more likely to reflect stronger preferences for avoiding

pregnancy and thus drive demand for highly effective methods such as long-acting

reversible contraceptives.

a. Programmes aiming to reduce UP must strike a balance between increasing

access to the full range of highly effective contraceptive options whilst respecting

women’s individual preferences and circumstances. Women currently using

traditional methods should be supported with clear, accessible pathways to

alternative, more effective methods while being empowered to make choices that

align with their personal needs and reproductive intentions. By doing so, such

programmes can address the risk of unintended pregnancy in a manner that is

both effective and respectful of individual autonomy.

4. Promoting women to remain traditional contraceptive users is also an inefficient use of

economic resources compared to the status quo (SQ), as it is a more costly and less

effective option.
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The majority of the tested strategies are potentially cost saving choices in avoiding UP
compared to SQ. However, ambitiously improving adoption of modern reversible
contraception (i.e., long-acting, behavioural); and simultaneously improving adoption of
modern reversible contraceptives, reducing switching from modern reversible
contraception to traditional, and reducing contraceptive discontinuation are the two
most resource-efficient strategies at hand. These can even be applied in different
contexts within the country without major modifications to the current landscape of

health clinics.
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8.4 Original contributions of this research

Itis expected that both the methods and the results from the analyses conducted in this research
will have relevance to the Sexual and Reproductive Health research field, and to the system

dynamics simulation practice. What follows gives an account of these contributions:

1. Using different waves of a national demographic survey (ENADID) to estimate the
transition probabilities that characterise the contraceptive, sexual, and reproductive
behaviours of Mexican women of reproductive age from a single source. This is a first not
only for the country and surpasses other techniques in its ease of implementation and
data needs given no longitudinal source is required to its implementation.

2. Anovel, stochastic model structure that captures the different contraceptive, sexual, and
reproductive behaviours (multistate), across age groups (age-structured) and over time
(time-varying) was used to study the impact of a variety of contraceptive provision
strategies in unintended pregnancy, unsafe abortions, and maternal deaths. The model
was also used to conduct a cost-effectiveness analysis of these strategies in avoiding
unintended pregnancies.

a. The model was coded in an open-source language (Python) and benefits from its
large ecosystem of libraries which facilitated the preparation of the code. The
model could be converted with relative ease to a specialised system dynamics
library to be applied to problems of a related nature in public health research or
other fields.

b. Model boundaries are also extendible to study additional outcomes or to broaden
the scope of the cost-effectiveness analysis.

3. The proposed model structure is the first of its kind to be applied to contraceptive
provision research, offering a versatile framework for testing a range of policy
arrangements. Whilst its data requirements are not trivial, the model could be adapted to
and implemented in different contexts, given it is parameterised with widely available
data sources: routine administrative datasets, cross-sectional demographic surveys, and
the body of sexual and reproductive health literature, a substantially studied field. Its
capacity to adjust to context-specific data inputs makes it applicable across a broad
spectrum of settings, healthcare systems, cultural norms, and policy priorities. For
instance, in low- and middle-income countries, where routine datasets may be less
comprehensive, the model could be parameterised with data from demographic surveys
or regional studies. Conversely, in high-income settings with well-developed electronic
health records, it could leverage more detailed administrative data to enhance its

precision. This flexibility positions the model as a valuable tool for policymakers and
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researchers seeking to evaluate and optimise contraceptive provision strategies across
diverse populations.

Informing the Mexican contraceptive provision policymaking cycle with a highly sought-
after methodology (cost-effectiveness analysis), using data sources publicly available in
the country, and applying the detailed model devised. The findings can be used to
prioritise between different contraceptive provision arrangements and analyse their
sustainability in the forthcoming decades. New strategies can also be tested given this is
a flexible model, capable of simulating a broad range of contraceptive, sexual, and

reproductive behaviours.
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8.5 Further research

A variety of extensions and additional research objectives can be accomplished using the model
devised in this thesis as main platform. The following are some possible new endeavours to

explore with this model or versions of it.

1. Disaggregating the currentthe model stocks (age-use) to include school attainment levels
(age-schooling-use), given this is a strong predictor of contraceptive behaviours during
the reproductive life years of Mexican women and other contexts. Including them would
certainly extend model execution times, however with the advantage of obtaining more
nuanced estimates, refining human behaviour representation, and explicitly allowing to
reflect on the widespread benefits that education introduces in society.

2. Including other important outcomes of contraceptive provision strategies, such as
children’s health, poverty mitigation, or school dropout adds new elements to analyse
contraceptive policymaking.

3. A natural area of application of the model is calibrating it with parameters for different
contexts to produce within-country or regional comparisons (e.g., Central American
countries, middle-income countries in the American continent) whenever there is interest
in determining which strategies are more efficient in reaching development goals set in
global, common agendas, such as the Sustainable Development Goals.

4. Further evaluating the operational feasibility of the strategies found to be efficient by
explicitly accounting for resources available to the Mexican health system (e.g.,
personnel, supplies, infrastructure) with a hybrid simulation model. Quality of care
aspects, which are a regular concern in the country (Torres-Pereda et al., 2019), could
also be embedded in this hybrid model to explore their impact in modelled outcomes.

5. Women’s personal characteristics could also be more easily handled under a hybrid
simulation framework by employing, for instance, a SD-state chart simulation model
which captures contraceptive-sexual-reproductive behaviours as personal traits (e.g.,
double use of contraceptives, frequency of sexual encounters, use of emergency
contraception, number of children, willingness to start permanent contraception after the

nth child).
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8.6 Chapter summary

This final chapter presented a discussion of the main research findings, emphasizing their
contribution in the policymaking process. Model limitations were also presented, together with
their implications and any procedures undertaken to attenuate their impact in the research
results. The main conclusions of this research, original contributions, and further avenues of

enquiry were also detailed in the last sections of the chapter.
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Appendix A List of model parameters

The parameters used in the contraceptive, sexual, and reproductive dynamics model are listed
in the table below. Their values are presented elsewhere in the different sections of this

document.

Parameter Category Model symbol

s9, s18, s27, s36, s38,
s48, s50, s59, s69, s71,

Transition probability from any

non-death stock' to all-cause Demographic

death s79
Transition probability from NU Contraceptwg, sexual, and
reproductive (C-S-R) s6
to UP .
dynamics

Transition probability from NU

to INT C-S-R dynamics s7
:’(:asnlsition probability from NU C-S-R dynamics S8
:’(:a'\r:zition probability from NU C-S-R dynamics 1

:’(:aLrjAsliqt(i;on probability from NU C-S-R dynamics <2
:(I';a;Esgltl)n probability from NU C-S-R dynamics S5
:(I';aBnEsEion probability from NU C-S-R dynamics 3

:’Ora}rr;s:lijon probability from NU C-S-R dynamics 4
If;éi:iooagrobabilityfrom C-S-R dynamics s15
If;éi:ioo:lﬁrobabilityfrom C-S-R dynamics s10
'IL'rAagéi;cioolr;\lElJ_robabilityfrom C-S-R dynamics s16
'IL'rAaF?éi;ciooglprobability from C-S-R dynamics s17
Jrenettion propapility from C-S-R dynamics 511
'IL'rAaF:léi;cioogéo;'obabilityfrom C-S-R dynamics s12
'[r;éi;cioo?Rﬂgbability from C-S-R dynamics s13
Ifgéi;c;ogéolzzlc\)/lbability from C-S-R dynamics s14
;E\Si:iar;probabilityfrom C-S-R dynamics s24
;rl.zsags;i(;ci’(zlrbprobabilityfrom C-S-R dynamics s19
'Iér:;\s;i(;cilog_rprobability from C-S-R dynamics $25
Transition probability from C-S-R dynamics <26

BEH to SI
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Transition probability from
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BEH to BEH C-S-R dynamics s21
Transition probability from .

BEH to LARC C-S-R dynamics s20
Transition probability from .

BEH to TRAD C-S-R dynamics s22
Transition probability from .

BEH to PERM C-S-R dynamics s23
Transition probability from .

TRAD to UP C-S-R dynamics s33
Transition probability from .

TRAD to NU C-S-R dynamics s28
Transition probability from .

TRAD to INT C-S-R dynamics s34
Transition probability from .

TRAD to S| C-S-R dynamics s35
Transition probability from .

TRAD to TRAD C-S-R dynamics s31
Transition probability from .

TRAD to LARC C-S-R dynamics s29
Transition probability from .

TRAD to BEH C-S-R dynamics s30
Transition probability from .

TRAD to PERM C-S-R dynamics s32
Transition probability from UP .

to M_DTH_UPUP C-S-R dynamics s47
Transition probability from UP .

to INF_UP C-S-R dynamics s45
Transition probability from UP C-S-R dynamics s39
to NU

Transition probability from UP C-S-R dynamics <46
to SI

Transition probability from UP .

to UP? C-S-R dynamics s44
Transition probability from UP .

to LARC C-S-R dynamics s40
Transition probability from UP .

to PERM C-S-R dynamics s43
Transition probability from UP .

to BEH C-S-R dynamics s41
Transition probability from UP .

t6 TRAD C-S-R dynamics s42
Fraction of UP-related

maternal deaths due to

abnormal product of %
conception Clinical

Fraction of UP-related

maternal deaths occurring at Clinical a,
childbirth

Fraction of UP-related

maternal deaths due to Clinical as
miscarriage

Fraction of UP-related

maternal deaths occurring Clinical ay

during the gestational period
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Fraction of UP-related
maternal deaths due to unsafe
abortion

Fraction of UP-related
maternal deaths due to other
causes

Fraction of UP-related
maternal deaths during the
puerperal period

Fraction of UP-related
maternal deaths due to
stillbirth

Appendix A

Clinical

Clinical

Clinical

Clinical

as

273

az

g

Fraction of UP endingin
livebirth

Fraction of UP endingin
miscarriage

Fraction of UP ending in unsafe
abortion

Fraction of UP endingin
stillbirth

Clinical

Clinical

Clinical

Clinical

B1
B>
B3
Ba

Fraction of UP-related
secondary infertility after
livebirth

Fraction of UP-related
secondary infertility after
miscarriage

Fraction of UP-related
secondary infertility after
unsafe abortion

Fraction of UP-related
secondary infertility after
stillbirth

Clinical

Clinical

Clinical

Clinical

X1

X2

X3

Xa

Transition probability from INT
to IP

Transition probability from INT
to NU

Transition probability from INT
to SI

Transition probability from INT
to INT

Transition probability from INT
to LARC

Transition probability from INT
to PERM

Transition probability from INT
to BEH

Transition probability from INT
to TRAD

C-S-R dynamics
C-S-R dynamics
C-S-R dynamics
C-S-R dynamics
C-S-R dynamics
C-S-R dynamics
C-S-R dynamics

C-S-R dynamics

sb57

s51

sb8

sb6

sb2

s55

s53

sb4

Transition probability from IP
to M_DTH_UPIP

Transition probability from IP
to INF_IP

Transition probability from IP
to NU

C-S-R dynamics
C-S-R dynamics

C-S-R dynamics
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to S| C-S-R dynamics s67
Trangltlon probability from IP C-S-R dynamics 65
to IP
Transition probability from IP .
to LARC C-S-R dynamics s61
Transition probability from IP .
to PERM C-S-R dynamics s64
Transition probability from IP .
to BEH C-S-R dynamics s62
Transition probability from IP .
to TRAD C-S-R dynamics s63
Fraction of IP-related maternal
deaths due to an abnormal Clinical 6,
product of conception
Fraction of IP-related maternal Clinical s
deaths occurring at childbirth 2
Fraction of IP-related maternal .
. . Clinical 83

deaths due to miscarriage
Fraction of IP-related maternal
deaths occurring during the Clinical Oy
gestational period
Fraction of IP-related maternal Clinical s
deaths due to other causes 5
Fraction of IP-related maternal .

. . Clinical 06
death during puerperium
Fraction of IP-related maternal Clinical s
death due to stillbirth 7
Fraction of IP ending in .
livebirth Clinical &1
Frf':\ct|orT of IP ending in Clinical e,
miscarriage
Fraction of IP ending in .
stillbirth Clinical &3
Fraction of IP-related
secondary infertility after Clinical b1
livebirth
Fraction of IP-related
secondary infertility after Clinical b2
miscarriage
Fraction of IP-related
secondary infertility after Clinical b3
stillbirth
Transition probability from Sl C-S-R dynamics §72
to NU
Transition probability from Sl C-S-R dynamics §77
to INT
Transition probability from Sl C-S-R dynamics <78
to SI
Transition probability from Sl .
t0 LARC C-S-R dynamics s73
Transition probability from Sl .
to PERM C-S-R dynamics s76
Transition probability from Sl C-S-R dynamics s74

to BEH
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to TRAD C-S-R dynamics s75
E;?Eortlon of yearly females Demographic y
All-cause death rate of Demographic 0
females aged 14 and younger

Yearly maturation fraction, Demographic .
females aged 14 and younger?®

Net migration rate, females Demographic 0
aged 14 and younger

Net migration rate, WoRA Demographic K
Fraction of under-fifteen Demographic 1
females maturing into NU® 1
Fraction of under-fifteen Demographic 1
females maturing into LARC? 2
Fraction of under-fifteen Demographic 1
females maturing into BEH? 3
Fraction of under-fifteen Demographic 1
females maturing into TRAD? 4
Fraction of under-fifteen Demographic 1
females maturing into PERM? 5
Fraction of under-fifteen Demographic 1
females maturing into UP® 6
Fraction of under-fifteen Demographic 1
females maturing into INF_UP® 7
Fraction of under-fifteen Demographic 1
females maturing into INT® 8
Fraction of under-fifteen Demographic 1
females maturing into IP® o
Fraction of under-fifteen Demographic 1
females maturing into INF_IP® 10
Fraction of under-fifteen Demographic Ay

females maturing into SI®

'NU, LARC, BEH, TRAD, PERM, UP, INF_UP, INT, IP, INF_IP, SI; 2Assumed to be zero given the one-year specification of
age groups; 3See section 4.1.1.

Note: NU are sexually active, not intending to be pregnant, contraceptive non-users; LARC are long-acting, reversible
contraceptive users; BEH are behavioural contraception users; TRAD are traditional contraception users; PERM are
permanent contraception users; UP are unintentionally pregnant females; INF_UP are infecund females, secondary
to unintended pregnancy; INT are females trying to be pregnant ; IP are intentionally pregnant females; INF_IP are
infecund females, secondary to intended pregnancy; S/ are sexually inactive females; Gnrl_DTH are all-cause
deaths; M_DTH_UPUP are deaths related to maternal causes during UP; M_DTH_UPIP are deaths related to maternal

causes during IP.
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Appendix B List of transition probabilities to produce

the contraceptive, sexual, and reproductive

dynamics in the model

Origin Destination stock Source Tran.smon
stock variable
Z\:\IOS)'“SG All-cause death (Gnrl_ DTH)'  Death registry, INEGI s9
NU Unintended pregnancy (UP) (Bradley et al., 2019) s6
Own estimation, M-P
N Trying t t(INT ) ’ 7
U rying to be pregnant (INT) pseudoinverse s
NU Sexually inactive (SI) Own es'.clmatlon, M-P s8
pseudoinverse
NU NU Own es'.clmatlon, M-P ST
pseudoinverse
NU Long-acting, reversible Own estimation, M-P 2
contraception (LARC) pseudoinverse
NU Permanent contraception Own estimation, M-P S5
(PERM) pseudoinverse
Behavioural contraception Own estimation, M-P
NU . s3
(BEH) pseudoinverse
NU Traditional contraception Own estimation, M-P <4
(TRAD) pseudoinverse
LARC Gnrl_DTH’ Death registry, INEGI s18
LARC uUpP (Bradley et al., 2019) s15
LARC NU Own es'.umatlon, M-P $10
pseudoinverse
LARC INT Own es'.umatlon, M-P <16
pseudoinverse
LARC S| Own es'.umatlon, M-P s17
pseudoinverse
LARC LARC Own es'.umatlon, M-P s11
pseudoinverse
LARC BEH Own es'.umatlon, M-P s12
pseudoinverse
LARC TRAD Own es'.umatlon, M-P <13
pseudoinverse
LARC PERM Own es"clmatlon, M-P <14
pseudoinverse
BEH Gnrl_DTH’ Death registry, INEGI s27
BEH UP (Bradley et al., 2019) s24
BEH NU Own es'.clmatlon, M-P 19
pseudoinverse
BEH INT Own es'.clmatlon, M-P 25
pseudoinverse
BEH S| Own estimation, M-P <26

pseudoinverse
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Own estimation, M-P

BEH BEH . s21
pseudoinverse

BEH LARC Own es'.clmatlon, M-P $20
pseudoinverse

BEH TRAD Own es'.clmatlon, M-P $22
pseudoinverse

BEH PERM Own es'.clmatlon, M-P <23
pseudoinverse

TRAD Gnrl_DTH’ Death registry, INEGI s36

TRAD UP (Bradley et al., 2019) s33

TRAD NU Own es'.clmatlon, M-P 28
pseudoinverse

TRAD INT Own es'.clmatlon, M-P s34
pseudoinverse

TRAD S| Own es'.clmatlon, M-P S35
pseudoinverse

TRAD TRAD Own es'.clmatlon, M-P 31
pseudoinverse

TRAD LARC Own es'.clmatlon, M-P 29
pseudoinverse

TRAD BEH Own es'.clmatlon, M-P 30
pseudoinverse

TRAD PERM Own es'.clmatlon, M-P s32
pseudoinverse

PERM Gnrl_DTH’ Death registry, INEGI s38

PERM PERM Own estimation? s37

UP Gnrl DTH' Own es'.umatlon, M-P 48
pseudoinverse

Maternal deaths caused by .

UP UP (M_DTH_UP) Death registry, INEGI s47

UpP Infertility secondary to UP Own estimation, M-P 45
(INF_UP) pseudoinverse

up NU Own es'.umatlon, M-P 39
pseudoinverse

up S| Own es'.umatlon, M-P <46
pseudoinverse

upP upP Assumed to be zero® s44

UP LARC Own es'.clmatlon, M-P 40
pseudoinverse

UP PERM Own es'.umatlon, M-P <43
pseudoinverse

up BEH Own es'.clmatlon, M-P <41
pseudoinverse

UP TRAD Own es'.clmatlon, M-P 42
pseudoinverse

INF_UP Gnrl_DTH’ Death registry, INEGI s50

INF_UP INF_UP Own estimation? s49

INT Gnrl_DTH’ Death registry, INEGI s59

INT P Own es"clmatlon, M-P <57
pseudoinverse

INT NU Own estimation, M-P <51

pseudoinverse
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Own estimation, M-P

INT Sl . sb8
pseudoinverse

INT INT Own es'.clmatlon, M-P <56
pseudoinverse

INT LARC Own es'.clmatlon, M-P 52
pseudoinverse

INT PERM Own es'.clmatlon, M-P <55
pseudoinverse

INT BEH Own es'.clmatlon, M-P 53
pseudoinverse

INT TRAD Own es'.clmatlon, M-P 54
pseudoinverse

IP Gnrl_DTH’ Death registry, INEGI s69

Maternal deaths caused by .

IP IP (M_DTH_IP) Death registry, INEGI s68

P Infertility caused by IP Own estimation, M-P <66
(INF_IP) pseudoinverse

P NU Own es'.umatlon, M-P 60
pseudoinverse

P S| Own es'.umatlon, M-P <67
pseudoinverse

IP IP Assumed to be zero® s65

P LARC Own es'.clmatlon, M-P <61
pseudoinverse

P PERM Own es'.clmatlon, M-P <64
pseudoinverse

P BEH Own es'.clmatlon, M-P <62
pseudoinverse

P TRAD Own es'.umatlon, M-P <63
pseudoinverse

INF_IP Gnrl_DTH' Death registry, INEGI s71,

INF_IP INF_IP Own estimation? s70

SI Gnrl_DTH' Death registry, INEGI s79

S| NU Own es'.umatlon, M-P 572
pseudoinverse

S| INT Own es'.umatlon, M-P §77
pseudoinverse

S| S| Own es'.umatlon, M-P 578
pseudoinverse

S| LARC Own es'.umatlon, M-P 573
pseudoinverse

S| PERM Own es'.umatlon, M-P <76
pseudoinverse

S| BEH Own es'.clmatlon, M-P <74
pseudoinverse

S| TRAD Own estimation, M-P <75

pseudoinverse

"Women in these stocks were assigned an equal probability of dying from all causes after dividing the reported all-
cause death rate in the registry by 11, the number of different stocks where such deaths might occur; 2Estimated as
1- all-cause death rate; 3Given the model uses yearly transition probabilities, the probability of being pregnant after

one year was set to zero.
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Appendix C Calibration. Visual agreement of model

results against survey data

The hand calibration process ended once acceptable agreement was obtained between
ENADID survey’s (red dots in the figure) and simulated data (gray bands), as shown in the figure
below. The full model was run each time an unknown parameter, i.e., secondary infertility after

intended/unintended pregnancy was adjusted and a visual check was reattempted.

NU LARC BEH
20 P . 4 - o
15 4 3/ 2
2020 2040 2020 2040 2020 2040
TRAD PERM UP
09 10 S~ 06
0.8 s S ;
. — : 05/
07 . - 5 o [t
2020 2040 2020 2040 2020 2040
INF INT IP
s 30 A 1.
10 : 20
A 25 N .
05 =ttt ’ 115
2020 2040 2020 2040 2020 2040
Sl
10
8
2020 2040

Note: 1) x axis represents simulated years, y axis represents population in each stock. 2) Stock names, from upper
left to lower right, are: Non-user, sexually active (NU); long-acting user, sexually active (LARC); behavioural user,
sexually active (BEH); traditional user, sexually active (TRAD); permanent user, sexually active (PERM); unintended

pregnancy (UP); infertile (INF); trying to be pregnant, sexually active (INT); intended pregnancy (IP); sexually active (SI).
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