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RESUMO

A pandemia da COVID-19 desencadeou um aumento sem precedentes nos niveis de
mortalidade, interrompendo tendéncias historicas e dificultando as projecdes de expectativa de
vida em diversos locais. Sdo Paulo, a primeira cidade no Brazil a registrar casos e mortes por
COVID-19, registrou entre 2019 e 2021 quedas de mais de quatro anos na expectativa de vida
ao nascer para homens e de mais de trés anos para mulheres. Sao Paulo esteve na vanguarda da
transi¢ao demografica do pais e apresentou queda ndo linear da mortalidade ao longo do século
XX. A trajetoria historica da mortalidade de S3o Paulo e, mais recentemente, os efeitos
disruptivos da COVID-19, apresentaram desafios a proje¢do de mortalidade na cidade. Neste
estudo, usamos um conjunto de dados tnico iniciado em 1920 para projetar a expectativa de
vida em Sao Paulo até 2050 usando os métodos Lee-Carter (LC) e Lee-Miller (LM). Nossa
metodologia incluiu o uso de uma combinagdo de estimativas baseadas em diferentes periodos
de ajuste, entre 1920 ¢ 1995 até 2021, e seis cenarios para niveis de mortalidade pdés-pandemia.
Baseado em 73.200 simulagdes para cada ano entre 2022 e 2050, as projecdes de expectativa
de vida foram sumarizadas em valores medianos e intervalos de predicao (IP) de 95%. Até
2050, estimamos que a expectativa de vida ao nascer na cidade chegard a aproximadamente
81,9 anos para homens e 88,9 para mulheres. Apesar da ocorréncia da pandemia de COVID-19,
nossos resultados apresentaram estimativas significativamente superiores ao previsto pela
projecdo mais recente realizada em 2013. Além disso, dentro do IP de 95%, estimamos que até
2045, tanto a expectativa de vida masculina quanto feminina em Sdo Paulo poderia atingir os

niveis dos paises com melhor desempenho.

Palavras-chave: proje¢dao de mortalidade; covid-19; Lee-Carter; Lee-Miller; Sao Paulo.



ABSTRACT

The COVID-19 pandemic has caused a significant rise in mortality rates, interrupting historical
trends and making it challenging to forecast future life expectancy levels in many places. Sao
Paulo, the first city in Brazil to report a COVID-19 case and death saw a decrease of over four
years in life expectancy at birth for males and over three years for females between 2019 and
2021. Sao Paulo has been at the forefront of the demographic transition in the country and
experienced a non-linear mortality decline over the 20th century. The city's historical mortality
trajectory and the disruptive effects of COVID-19 have introduced challenges to mortality
forecasting. In this study, we used a unique dataset starting from 1920 to forecast life expectancy
in Sdo Paulo until 2050 using the Lee-Carter (LC) and Lee-Miller (LM) methods. Our
methodology included a combination of forecasts based on different baseline periods, ranging
from 1920 to 1995 until 2021, and six scenarios for post-pandemic mortality levels. Based on
73,200 simulations for each year between 2022 and 2050, we synthesized the resulting life
expectancy forecasts into median values and 95% prediction intervals (PI). By 2050, we predict
that life expectancy at birth in the city will reach approximately 81.9 years for men and 88.9
years for women. Despite the COVID-19 pandemic, our results presented significantly higher
forecasts than what was predicted by the most recent forecast in 2013. Additionally, we
estimated within the 95% PI that by 2045, both male and female life expectancy in Sdo Paulo

could reach the levels of the best-performing countries.

Keywords: mortality forecasting; covid-19; Lee-Carter; Lee-Miller; Sao Paulo.
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1 INTRODUCTION

Sdo Paulo has been at the forefront of the demographic transition in Brazil. Over the 20th
century, the health transition has evolved in the city, improving survival levels and
changing mortality patterns (PRATA, 1992). Improvements in public health through the
control of diseases, the provision of water, sanitation, and health services, and the combat
of violence reduced mortality differently across age groups in the past century, resulting
in a non-linear pace of mortality decline (SIMOES, 2001). More recently, the effects of
COVID-19 in 2020-2022 added more complexity to the historical trajectories of the

health transition.

The COVID-19 pandemic triggered an unprecedented rise in mortality in the last few
years in many different places. Such impact was significant enough to change historical
trends, resulting in reduced life expectancy and a surprising number of excess deaths for
some populations. The discrepancies across countries were mainly due to differences in
the age structure (DOWD et al.,, 2020) and context-specific factors, including
socioeconomic conditions, chronic disease prevalence, and public policies to combat the

virus spread (NEPOMUCENO et al., 2020).

In Brazil, the country with the second largest number of excess deaths from COVID-19
(KARLINSKY and KOBAK, 2021), the estimated reduction in life expectancy was 1.3
years between 2019 and 2020 (CASTRO et al., 2021). The impact on mortality varied
across Brazilian states, with Sao Paulo being one that experienced the worst consequences
(CASTRO et al., 2021). Sao Paulo City, the state's capital and the largest and most
developed city in Brazil took the lead in receiving and treating the initial cases of COVID-
19 while initiating vaccination efforts in January 2021. Estimates from the SEADE
foundation (SEADE, 2022) show that until December 2022, more than 1,1 million cases
were confirmed in the city, which resulted in more than 44 thousand deaths. The

pandemic's long-term effects on life expectancy's trajectory remain unclear.

Estimating and forecasting mortality tendencies is essential for designing public policies,
assessing health insurance premiums, and examining the solvency of pension systems. It

is also a way to indicate levels of well-being across nations, regions, and other population
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subgroups. However, to estimate future trends, it is necessary to have robust enough
historical data to extrapolate mortality levels for the following decades. Additionally,
forecasts must consider the uncertainty caused by variations in the observed trend, such
as mortality shocks and non-linear declines. Sdo Paulo may be the only place in Brazil
where a comprehensive historical series of age-specific mortality rates by sex has been
documented, tracing back to 1920. The data quality of this historical series has been
examined before and proved reliable enough to allow demographic exercises, even

though it is not error-free.

In the present thesis, we take advantage of this unique dataset to forecast life expectancy
in Sao Paulo city until 2050 by using a combination of estimates based on different
baseline periods, starting between 1920 and 1995 until 2021, and considering six
scenarios for the recovery of survival levels following the COVID-19 pandemic. To do
this, we use Lee-Carter (1992) and Lee-Miller (2001) methods with death rates obtained
from the combination of deaths gathered by the SEADE foundation (SEADE) and
population collected by the Brazilian Institute of Geography and Statistics (IBGE) data.

We organized this thesis into five chapters, including this introduction. In the second
chapter, we review the literature to provide a comprehensive overview of the relevant
findings on mortality trends, its possible disruptions during history, such as the COVID-
19 pandemic, as well as the existing methods for forecasting them, with a particular focus
on the Lee-Carter (1992) and Lee-Miller (2001) methods. The third chapter describes the
data sources used in the analysis, including mortality and population data for Sdo Paulo
city, Brazil, from SEADE and IBGE. We also present the methods used to analyze the
changes in mortality trends in the city and the strategies used to forecast life expectancy
until 2050. Chapter four presents the results. Lastly, we provide a discussion in chapter

five.
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2 BACKGROUND

In this chapter, we will be covering three parts. The first part will delve into the theories
and historical estimates for mortality trends across the globe, including Brazil and Sao
Paulo. The second part will focus on the COVID-19 pandemic's main characteristics and
possible consequences on mortality levels. Lastly, we will review the methods employed

to forecast mortality and the potential implications of any disruptions on their application.

2.1. Mortality trends

In the last two centuries, all countries have experienced a steady decline in mortality rates,
one of the primary features of the demographic transition (DYSON, 2010). The mortality
transition initially occurred in northwestern countries after the second half of the XVIII
century (KIRK, 1996). However, the start and pace of changes differed significantly
within and between world regions (DYSON, 2010).

The decline in mortality rates has significantly increased life expectancy (DYSON, 2010;
RILEY, 2001). In industrialized societies, there was a slow and irregular increase in life
expectancy over the XIX century, followed by a stable and relatively rapid rise over the
last century (WILMOTH, 2000). Evidence shows that the female life expectancy of the
country holding the highest level in the world in a given calendar year has been rising at
a steady pace of almost three months per year over the last century (OEPPEN & VAUPEL,
2002).

Oeppen and Vaupel's (2002) research highlights a consistent pattern in life expectancy
across some countries, particularly Japan, Sweden, and Iceland, the best performers in
terms of mortality rates in the past century. Among countries with high mortality in the
1960s, life expectancy at birth is rising at a much steeper pace (MCMICHAEL et al.,
2004; BLOOM & CANNING, 2007), and there has been a catching up and convergence
of the mortality levels with those pioneers (VALLIN & MESLE, 2004). Other suggests
that among countries exhibiting poor population health in 1960-1965, some have made
modest progress over the last 45 years due to a mortality trap in which high mortality

persists (BLOOM & CANNING, 2007).



16

With the mortality transition, scholars have paid particular attention to describing changes
in health and disease patterns and the demographic, economic, and sociological
determinants and consequences (OMRAN, 1971). According to Omran (1971), in his
proposed framework for the epidemiological transition, most countries experience a
typical pattern in which the prevalence of degenerative diseases replaces the deaths from
infectious diseases. As a result, mortality levels decrease considerably, and the mortality

pattern gradually changes to older ages.

It has been noted that in various European and Northern American countries, the transition
toward a new epidemiological pattern took about a century (MACKENBACH, 1994).
However, the changes appear to have unfolded differently in other regions. For example,
in Latin America, there is evidence of diseases from both pre- and post-transitional stages
coexisting at high rates without a clear resolution of the transition process (FRENK et al.,
1991). Therefore, countries in this area seem to exhibit a mixed morbidity pattern

(FRENK et al., 1991).

These different historical patterns underscore the need to examine the changes in
mortality trends in each context. Although the proposed mortality theories significantly
improved our understanding of changes in health and mortality patterns over the years,
as discussed before, there are still differences among countries that cannot be explained

by a standard process or assigned to a theory's proposition.

Therefore, the following section will explore the characteristics of the mortality trend in
Sdo Paulo City and Brazil. We discuss how these two contexts can fit the mortality

theories discussed before and in which aspects they differ.

2.1.1. Mortality trends in Brazil and Sao Paulo

There have been notable discrepancies in mortality transition across countries over the
last centuries. Typically, low and middle-income nations, including countries in Latin
America, have experienced this process later but at a considerably accelerated rate
compared to the high-income countries (MCMICHAEL et al., 2004; BLOOM &
CANNING, 2007), leading to a gradual process of convergence of mortality regimes
(VALLIN & MESLE, 2004).
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Evidence suggests that the mortality decline began after 1940 in Brazil, with crude death
rates dropping from approximately 18 per 1000 in 1940 to roughly 6 per 1000 in 1985
(PRATA, 1992). Similarly, life expectancy at birth has exhibited significant
improvements, with variations by gender and geographical regions (SIMOES, 2001).
Results indicate that life expectancy at birth in Brazil rose from 42.8 and 47.2 in 1940 to
64.8 and 72.6 in 2000 for men and women, respectively (SIMOES, 2001).

Nonetheless, the increase in life expectancy at birth in Brazil was not a linear progression.
Evidence suggests that between 1940 and 1960, male life expectancy experienced a
relatively stable growth, followed by a rapid increase in the 1970s and, subsequently, a
stable improvement until the 2000s (SIMOES, 2001). Among women, the increase in life
expectancy was more pronounced between 1940 and 1970 and began to stabilize after the

1970s (SIMOES, 2001).

Along with the differences in the level, there were significant changes in the age patterns
and the contribution of each cause of death to mortality in Brazil after 1940 (BORGES,
2017). Evidence suggests that infectious and parasitic diseases accounted for 46% of the
deaths in 1930, while in 1985, this contribution was reduced to close to 7% (PRATA,
1992). On the other hand, participation of circulatory diseases increased from 12% in
1930 to 33% in 1985, and the external causes' contribution rose from 3% to 12% in the
same period (PRATA, 1992). According to SIMOES (2001), the period between 1940 and
2000 witnessed a change in the contributions from young to old-age groups to the increase
in life expectancy at birth. Nevertheless, for men, the age groups of 15-19 and 20-29 made
a negative contribution between 1980 and 1991, which can be attributed to external

causcs.

The mortality transition in Brazil is partly due to the introduction of vaccines, vaccination
campaigns, and mass vaccination undertaken by the Brazilian government since the late
nineteenth century (HOCHMAN, 2011). The establishment of a culture of immunization
that started mainly after the campaign to eradicate smallpox in the country between 1966
and 1973 has remained in recent years, especially considering the COVID-19 pandemic,

despite the increasing presence of anti-vax groups.

Although health improvements and vaccinations in Brazil have significantly reduced

deaths from infectious diseases, studies indicate that external causes have played a crucial
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role in the country's mortality rate, particularly among men during the 1980s (BORGES,
2017). This surge is mainly attributed to violence (BORGES, 2017), which caused a
reduction in mortality gains for men during that time, a trend that persisted in other Latin
American countries (LAC) (CANUDAS-ROMO et al., 2014). This high incidence of
violence was pointed out as responsible for the divergence of some LAC towards the

mortality profiles of developed countries in recent years (JESUS-ADRIAN et al., 2020).

Regional differences in mortality are another characteristic of the mortality profile in
Brazil. Socioeconomic and regional inequalities within the country have resulted in
diverging life expectancy trends among the five major geographical regions and between
urban centers and rural areas (BORGES, 2017). Sao Paulo state, recognized as the most
developed region in the country, followed the same pattern of mortality decline over the
decades, but at higher magnitudes. Evidence shows that life expectancy at birth for Sao
Paulo rose from 44.3 and 46.7 in 1940 to 66.8 and 75.6 in 2000 for men and women,
respectively (WALDVOGEL et al., 2003), faster than the life expectancy improvements
observed in the country on the same period. Sdo Paulo state's higher income levels has
attracted migrants from both within and outside the country (PERILLO & PERDIGAO,
2005). As a result, it's crucial to take into account the potential impacts of migration on

health and mortality rates in the state (PASSARELLI, 2021).

To summarize, the mortality decline in Brazil and Sdo Paulo state has had significant
changes over the years, unlike what has been observed among the most developed
countries. Life expectancy has shown non-linear increases. These findings emphasize the
complex and multifaceted nature of mortality decline in the country during the past
century, and underscore the importance of considering these changes while estimating
future mortality levels. Recently, in light of the COVID-19 pandemic, it is vital to
understand how the new mortality shock affected life expectancy levels and discuss the

uncertainty over the long-term effects of the pandemic on life expectancy's trajectory.

2.2. COVID-19

Besides the socioeconomic (PADHAN & PRABHEESH, 2021) and health consequences
(DEL RIO, COLLINS & MALANI, 2020), the COVID-19 pandemic triggered an

unprecedented rise in mortality levels in the last few years, with discrepancies among
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countries. Such impact was significant enough to interrupt historical trends, resulting, for

example, in a reduction in life expectancy and a surprising number of excess deaths.

Estimates show declines of more than four years in life expectancy at birth between 2019
and 2021 in Bolivia, Botswana, Lebanon, Mexico, Oman, and the Russian Federation
(UNITED NATIONS, 2022). Similar analyses show substantial life expectancy
reductions in Eastern Europe and the United States between 2019 and 2021, but not
among the Western European countries (SCHOLEY et al., 2022). Regarding excess
mortality, estimates show more than 4.0 million excess deaths worldwide until June 2021
(KARLINSKY & KOBAK, 2021). Among the worst-affected countries, such as Peru,
Ecuador, Bolivia, and Mexico, the excess mortality exceeded 50% of the expected

estimate (KARLINSKY & KOBAK, 2021).

Various factors such as age structure, comorbidity profiles, and contextual factors have
led to disparities in the impact of the pandemic across different countries (DOWD et al.,
2020; NEPOMUCENO et al., 2020). Additionally, the pandemic has affected individuals
differently based on socioeconomic and demographic characteristics. Studies have shown
that elderly and middle-aged adults, mainly men, have experienced higher fatality rates

(LEVIN et al., 2020; RAMIREZ-SOTO et al., 2021).

In addition, there have been disparities in mortality rates across different ethnic groups,
for example, in the United States during 2020, with Black and Latino populations being
the most impacted (ANDRASFAY & GOLDMAN, 2020). Studies have also revealed a
connection between obtaining a higher level of education and a reduced risk of severe
COVID-19 outcomes among the European populations (YOSHIKAWA & ASABA,
2021).

Nevertheless, estimating the pandemic's impact on mortality remains challenging, even
when considering measures such as excess mortality, which mitigates the effect of
misidentification of COVID-19 as the underlying cause of death. Age-specific case counts
depend highly on the testing capacity, testing strategy, and differences in the definition of
cases across sources and over time, especially in low- and middle-income countries
(RIFFE et al., 2021). Also, due to the behavioral changes induced by the pandemic and
the differential fatality rates associated with the presence of comorbidities, establishing a

causal relationship between COVID-19 and other causes of death occurring after 2020
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becomes complex (CASTRO et al., 2023). It is possible that the rates of these chronic
ailments may have or will decrease if patients succumb to COVID-19, a process known
as the "harvesting effect" (SCHWARTZ, 2000; CASTRO et al., 2023). Also, due to the
reduced social and work activities, deaths from specific external causes may have
declined during the pandemic (CASTRO et al., 2023). Conversely, deaths from other
causes may have increased due to several aspects, including inadequate care in clinics
and hospitals because of shortages of equipment, staff, and space, worsening of
comorbidities owing to the effects of COVID-19, and other factors (DEY & DAVIDSON,
2021).

In summary, it is challenging to assess the impact of COVID-19 on mortality due to its
interaction with other causes of death (CASTRO et al., 2023) and data issues (RIFFE et
al., 2021). Additionally, it is uncertain when mortality levels will return to pre-pandemic

levels.

2.2.1. COVID-19 in Brazil and Sao Paulo

In Brazil, the estimated reduction in life expectancy was 1.3 years between 2019 and 2020
(CASTRO et al., 2021). Until May 2021, Brazil was considered the second country with
the most notable excess deaths after COVID-19 (KARLINSKY & KOBAK, 2021). From
March 15 to June 6, 2020, there were over 62,000 excess deaths caused by diseases
observed, representing a 22% increase in overall mortality over 12 weeks (MARINHO,
2020). Evidence indicates that the excess deaths followed the spread of COVID-19
throughout the country, presenting regional variations (MARINHO, 2020). In Sao Paulo
state, where the first COVID-19 case and death in Brazil were reported (MELO et al.,
2020), there was a 16% increase (10,012 deaths) in mortality from March 15 to June 6,
2020 (MARINHO, 2020). The state also experienced a decline in life expectancy at birth,
with reductions of 1.4 years for males and 0.8 years for females between 2019 and 2020

(CASTRO et al., 2021).

Due to the concentration of the population in major cities, the impact of the pandemic on
mortality was more pronounced in urban areas, particularly in the capital cities. Sao Paulo
city, the state's capital, recorded a disproportionately higher number of excess deaths,

accounting for 36% (6,208) above the expected average from March 15 to June 6, 2020
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(MARINHO, 2020). By December 2022, the city had confirmed over 1.1 million cases
and more than 44,000 deaths due to COVID-19 (SEADE, 2022).

Despite the uneven distribution of healthcare infrastructure and ongoing cuts in health
spending in Brazil, the public health system has remained operational during the COVID-
19 pandemic (BARBERIA & GOMES, 2020). In January 2021, the vaccination campaign
started in the country, with Sao Paulo being the first city to vaccinate. The campaign
encountered several challenges, including political instability, lack of national planning,
delays in securing supplies such as syringes and needles, and vaccine shortages
(CASTRO et al., 2021; BARBERIA & GOMES, 2020). However, given Brazil's
historical culture of immunization, more than 80% of Brazilians aged six months and
older have completed the primary vaccination schedule as of 2022 (MINISTRY OF
HEALTH, 2022). This high acceptance of immunization among the population led to a
large reduction of COVID-19 deaths in 2022 (75,429) compared to 2021 (427,629),
despite the similar number of identified cases in the two years: 14,768,820 in 2021 and
14,096,655 in 2022 (CONASS, 2023).

Considering this rapid decline in COVID-19 deaths, it is plausible that mortality levels
will return to pre-pandemic levels in the coming years. However, given the challenges in
identifying the impact of COVID-19 on mortality discussed in the previous section, there

remains uncertainty regarding the mortality level's return.

2.3. Mortality Forecasts

Considering the sustained decrease in mortality rates and recent improvements in life
expectancy, future predictions about life expectancy levels are crucial for creating
policies, estimating health insurance costs, and designing pension systems. Although
longer lifespans can be viewed as a positive development and significant social
accomplishment for people, it also raises worries about their impact on public spending

for elderly support (TULJAPURKAR & BOE, 1998).

Since the early twentieth century, various reliable techniques have been developed and
utilized to estimate mortality rates (POLLARD, 1987). These techniques are usually

extrapolative, using age patterns and time trends to forecast the future (BOOTH &
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TICKLE, 2008). However, in the last three decades, the introduction and improvement of
stochastic methodologies have led to a flourishing of mortality forecasting (BASELLINI,
2020). The Lee-Carter (LC) method (LEE & CARTER, 1992) became popular among

demographers due to its innovative and straightforward approach.

The LC method, which we will discuss extensively in Chapter 3, combines demographic
mortality and time series models. Its initial application involved forecasting specific death
rates in the United States from 1990 to 2065 for comparison with social security forecasts.
After its publication, the method has gained popularity, with several applications and
critics, leading to the development of new variants. One prominent variant is the Lee-
Miller (LM) (LEE & MILLER, 2001). Besides its accuracy (LEE & MILLER, 2001;
BOOTH et al., 2006), the LC and its variants present several advantages for mortality
forecasting. The method was proposed in a non-complex functional form. It also allows
simplified forecasts derived from the projection of the single time index and the derivation

of mortality prediction intervals given its probabilistic form (BASELLINI, 2020).

Nonetheless, despite its popularity, the method is not without limitations. The time series
model proposed by Lee and Carter (1992) is linear and passes through the first and last
point of the baseline period (BASELLINI, CAMARDA & BOOTH, 2022). However, as
aforementioned, mortality levels do not always exhibit linear declines, particularly among
countries lagging in the demographic transition. Consequently, different choices of the
baseline period can lead to various forecasts. In the case of Brazil, life expectancy at birth
increased at different paces on the last century (SIMOES, 2001). Therefore, using a
baseline period characterized by a fast rate of mortality decline would lead to a more
optimistic estimate for the future. In contrast, a period with a slow decline would lead to

a pessimistic outcome.

Moreover, the LC does not incorporate information on future trends (LEE, 2000). This is
particularly relevant in the context of mortality shocks, such as the COVID-19 pandemic,
where it is crucial to incorporate future information on the expected recovery of historical
mortality levels. Additionally, data on the years affected by the mortality shock caused by
COVID-19, if considered in modeling applications, can significantly impact point and

interval forecasts of death rates (SCHNURCH, 2022).
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Brazil has been severely impacted by COVID-19, resulting in many excess deaths (as
reported by Karlinsky and Kobak in 2021). Despite the progress regarding vaccination
rates (as stated by the Ministry of Health in 2022), it remains uncertain when mortality
rates will return to pre-pandemic levels. Given this complex and non-linear recent change
in mortality, the estimates of future survival levels must also account for the uncertainty

stemming from various scenarios for the post-pandemic return of mortality levels.

2.3.1. Mortality forecasts in Brazil and Siao Paulo

The IBGE, the bureau of census in Brazil, is responsible for the official population
projections in the country and uses a deterministic approach to forecast mortality. This
procedure involves the application of an interpolation technique between the most recent
available life table and a limit table (IBGE, 2016). During the first two years of the
pandemic, the institution provided mortality estimates without accounting for the impact
of COVID-19. Considering that the next census would take place in 2022, mortality
estimates for 2020, 2021, and projections until 2060 (IBGE, 2018) were interpolated
using data from the previous census conducted in 2010 (IBGE, 2022; IBGE, 2016).
Estimates from the IBGE for the country indicate life expectancies at birth of 77.4 and
83.8 years for men and women, respectively, in 2050 (IBGE, 2018). For Sdo Paulo state,
the IBGE estimates life expectancies at birth of 79.6 and 85.1 years for men and women

in 2050 (IBGE, 2018).

Fundag¢ao SEADE, a research institution based in the state of Sdo Paulo, Brazil, produces,
analyzes, and disseminates socioeconomic data and indicators related to the state of Sao
Paulo to support public policies and decision-making processes. SEADE regularly
projects the population of Sdo Paulo state and its capital, Sdo Paulo. The institution's
procedure involves applying the cohort component method (WHELPTON, 1928). The
process combines vital registration estimates gathered by the SEADE foundation with
assumptions about the future behavior of each demographic component (SEADE, 2017).
The last population projections from SEADE were in 2017 and, thus, do not account for
the COVID-19 effects. Estimates from the SEADE Foundation for Sao Paulo state

indicate life expectancies at birth of 79.1 and 84.2 years for men and women, respectively,
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in 2050 (SEADE, 2017). For Sao Paulo city, SEADE estimates are 79.2 and 84.7 years
for men and women, respectively, in 2050 (SEADE, 2013).

In addition to the two primary sources of demographic projections in the country, other
sources provide estimates of future life expectancies. Using data between 1974 and 1990,
Figoli (1998) applied the LC method to forecast life expectancy in Brazil until 2040. The
estimates suggest life expectancies at birth of 71.9 and 78.4 years for men and women
between 2035 and 2040 in the country (FIGOLI, 1998). For Sdo Paulo city, using eight
different baseline periods between 1920 and 2005, Silva (2009) forecasted life expectancy
at birth between 2006 and 2100 by applying the LM method. Forecasted life expectancies
at birth are 77.8 and 84.4 years in Sdo Paulo city in 2050 for men and women, respectively

(SILVA, 2009).

Table 1 compares the forecasted life expectancies at birth for Brazil, Sdo Paulo state, and
Sao Paulo city. The results indicate that by 2050, levels will be around 79 for males and
84 for females in both Sao Paulo state and city. However, it is crucial to note that the most
recent estimates consider as input the last census available, which took place in 2010,

potentially leading to underestimations of life expectancy levels.

Table 1 — Summary of forecasts for life expectancy at birth in Brazil, Sdo Paulo state, and

Sdo Paulo city around 2050

Place Male Female e‘s{teii:ll;;tfs Source

Brazil 77.4 83.8 2050 IBGE (2018)

Brazil 71.9 78.4 2035/2040 Figoli (1998)
Sao Paulo state 79.6 85.1 2050 IBGE (2018)
Sao Paulo state 79.1 84.2 2050 SEADE (2017)
Sao Paulo city 79.2 84.7 2050 SEADE (2013)
Sao Paulo city 77.8 84.4 2050 Silva (2009)

Source: IBGE (2018), Figoli (1998), SEADE (2013, 2017), Silva (2009)

These findings show progress in forecasting mortality rates in Sdo Paulo, Brazil.

However, they do not fully account for the effects of the COVID-19 pandemic. It is
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important to acknowledge the uncertainty surrounding mortality rates post-pandemic and
incorporate this into future forecasts. Additionally, the non-linear changes in mortality
over the past century must be taken into account as separate scenarios to ensure accurate
forecasts. To achieve this, it is crucial to use different baseline periods and include more

recent data when conducting mortality forecasts.
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3 DATA AND METHODS

In this study, we estimate future life expectancies in Sao Paulo city until 2050,
incorporating the uncertainty caused by COVID-19 and non-linear changes in mortality
trends over the last century. We use the Lee-Carter (1992) and Lee-Miller (2001) methods
to do this. These two approaches (discussed in the methods section) extrapolate historical

trends and age patterns in mortality using observed death rates as input (LEE, 2000).

To estimate future mortality in Sdo Paulo, we need population and death data by age and
sex for multiple years. Sdo Paulo is known for its reliable demographic data, including
precise death registration and population enumeration. We gathered death counts and
population estimations by sex and age groups from 1920 to 2021 from SEADE and the
IBGE. We used a modified version of the data that Souza (2023) applied in her
dissertation. Similar datasets have been used before by Silva (2009) and Siviero (2009).

Using data since 1920 improves our understanding of the historical mortality trends and
enhances the models' accuracy, enabling us to make more informed predictions.
Therefore, using death rates for Sdo Paulo is the ideal way to apply forecasting methods

to analyze future survival levels in Brazil.

3.1.Data

3.1.1. Population estimates

We use data from the Brazilian census for 1920, 1940, 1950, 1960, 1970, 1980, 1991,
2000, and 2010. For 2020, we use the population projections from the IBGE. The
population data are organized by sex and 5-year age groups for almost all years, except
1920, 1940, 1950, and 1960, in which some age groups are in 10-year intervals (between
ages 30 and 80 in 1920, 1950 and 1960, and for all age groups in 1940).

To obtain 5-year age groups up to 80+ for all census years, Souza (2023) applied the
Karup-King interpolation method (SIEGEL & SWANSON, 2004) to break the 10-year
into 5-year age groups. The Karup-King was chosen for its simplicity and accuracy

(SIEGEL & SWANSON, 2004). Also, we decided not to model ages older than 80
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because of the lack of information and the risk of age misreporting at advanced ages in
Brazil (GOMES & TURRA, 2009; NEPOMUCENO & TURRA, 2020; PAES &
ALBUQUERQUE, 1999).

After obtaining population numbers by 5-year age groups for both men and women in the
censuses years (1920, 1940, 1950, 1960, 1970, 1980, 1991, 2000, and 2010) and 2020,
we used a linear interpolation method to estimate population by age and sex for the other
calendar years up to the year of 2021. The approach uses the inter-censitary growth rates
of each age group between two censuses to obtain estimates for the population in the years
between them. We used the same method to estimate the population in 1930 - a year the

census was not collected - and to extrapolate the population from 2020 to 2021.

3.1.2. Mortality estimates

The SEADE provides death records for Sao Paulo city between 1920 and 2021. The death
counts are distributed by sex and by 5-year age groups in almost all years (except between
1920 and 1923). The records with ignored information on age were proportionally
distributed among the age groups. Souza (2023) also used the Karup-King method
(SIEGEL & SWANSON, 2004) to disaggregate deaths from the 10-year into 5-year age
groups from 1920 to 1923.

Until 1969, death registration in Brazil was done by place of occurrence instead of the
place of residence. Therefore, there was no distinction in the death records between
residents and non-residents of Sdo Paulo city. Given the magnitude of people attracted to
the city given its development (PERILLO & PERDIGAO, 2005), it is essential to remove
the effect of the so-called "invasion of deaths" (GONCALVES, 1974; LAPREGA &
MANCO, 1999) on the death records. Evidence shows that in 1968 they accounted for
11% of the deaths in the city (GONCALVES, 1974).

In order to correct for the invasion of deaths in Sdo Paulo city, Berquo (1974) proposed
to remove from the death records the proportion due to non-resident deaths, estimated by
a longitudinal study that she had conducted. Berquo (1974) estimated proportions were
used by Silva (2009) and Siviero (2009) to obtain death estimates free from the effects of

non-city residents between 1920 and 1969 in Sdo Paulo city.
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Besides the invasion of deaths, another possible disruption in the data quality could be
due to a lack of coverage of the death records. Although there were improvements in data
quality in Brazil in the late 1900s, evidence shows that the under-registration of deaths
still occurred in the country in the twentieth century, even in Sao Paulo state, known for

its higher quality (VASCONCELOS, 1998).

In order to correct possible issues with lack of coverage, the General Growth Balance
method (HILL, 1987) was applied to the death records between 1920 and 2000. After
1990 evidence shows that the coverage in Sdo Paulo state was close to 100% (PAES &
ALBUQUERQUE, 1999). With this, it was possible to obtain estimates for the death
counts between 1920 and 2021 by 5-year age groups and sex corrected by the possible
invasion of deaths and lack of coverage. Again, it is essential to emphasize that data until

2000 with the corrections described above was shared by Souza (2023) in July 2022.

The next step was to divide the death count estimates by the population estimates to obtain
the age-specific death rates for this period. Hence, it was also possible to construct life
tables for all the years using standard demographic methods (PRESTON et al., 2001) and

obtain life expectancy estimates.

3.2.Methods

The main goal of this thesis is to forecast mortality rates for Sao Paulo city, considering
various uncertainties caused by changes in observed trends, including the effects of
COVID-19 and advancements in the city's healthcare system. Before forecasting, it is
crucial to examine the mortality changes that have happened over the years and discuss
their potential impacts on future life expectancies. Therefore, the methodology section
will be split into two parts. The initial sub-section will analyze the techniques used to
assess mortality trends within the city, while the second sub-section will detail the

methodology applied to forecast life expectancy up to 2050.
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3.2.1. Methods for evaluating trends in mortality

3.2.1.1. The Oeppen-Vaupel (2002) Best-Practice countries

In addition to analyzing age-specific death rates, it's important to compare the mortality
rates of Sao Paulo with other countries, such as those considered Best-Practice by experts
in the field like Oeppen and Vaupel (2002). They found a consistent increase in life
expectancies across the globe, with the country holding the highest level experiencing an
average increase of three months per year over the last century (RIFFE, NEPOMUCENO
& BASELLINI, 2020).

To obtain such a result, Oeppen and Vaupel (2002) used period life expectancies for all
populations of the Human Mortality Database (HMD) between 1840 and 2000 to identify
the highest estimate in each year. After identifying the Best-Practice countries, the authors
applied a linear model to compute the slope of the increase in life expectancy at birth over

the years.

Other scholars have studied the trends in mortality rates over time. For instance, Vallin
and Mesl¢ (2009) proposed a segmented trend line to showcase the increase in life
expectancy in the last two centuries. Their recommendation was to use four segments to
represent the maximum life expectancies trajectory worldwide between 1840 and 2000,
considering countries in and outside the HMD. The results found by Vallin and Meslé
(2009) are more comprehensive in the study of life expectancy trajectories, as they
include other mortality contexts besides HMD. However, for this work, we will only
compare the life expectancy levels in Sdo Paulo with the Oeppen and Vaupel (2002) line

to keep the analysis simple.

Using a similar dataset, this study computed the slope of Best-Practice countries and
compared it with trends observed in S@o Paulo city over the years. The analysis
considered data from HMD until 2019 for both sexes, instead of limiting it to 2000. Since
the COVID-19 pandemic had a significant impact on life expectancy after 2019, including

such data could distort the analysis.

The estimated slopes for women and men were 0.250 (R? = 0.977) and 0.230 (R? =
0.971), respectively. These results are slightly higher than those obtained by Oeppen and
Vaupel (2002), where the slope was 0.243 (R? = 0.992) for women and 0.222 (R? =
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0.980) for men. The difference between the results could be due to data adjustments and
the inclusion of other countries and more recent time periods after Oeppen and Vaupel's

publication.

3.2.1.2. Arriaga’s (1984) age decomposition of differences in life expectancy

When analyzing mortality rates, it's important to examine how the age pattern of mortality
changes and which age groups contribute to the differences in life expectancy. Our study
utilized Arriaga's (1984) methodology to break down changes in life expectancy at birth
and understand how each age group contributes to the overall mortality experience in Sdo
Paulo city. The author suggests two types of effects, direct and indirect (POLLARD,
1988). The direct effect refers to the change in years of life within a specific age group
due to mortality changes in that age group. The indirect effect is the number of additional
life years added to a given life expectancy because mortality changes within a particular
age group will impact the number of survivors at the end of that age interval (ARRIAGA,
1984).

Arriaga's (1984) study noted that mortality changes occur simultaneously across all age
groups, which led to the proposal of an interaction effect that explains overall mortality
change on life expectancy. However, this work focuses on estimating the effect of each
age group, so the interaction effect will not be estimated. Instead, the estimated direct and
indirect effects will be used to decompose the total effect of each age group on changes
in life expectancy during defined intervals. The baseline period will be divided into four
intervals: 1920-1950, 1950-1970, 1970-1995, and 1995-2019. Arriaga's (1984)
decomposition method will then be applied to determine each age group's contribution to

life expectancy changes between the start and end points of each interval.

As shown in Figure 1, there are differences in the pace of the increase in life expectancy
in Sdo Paulo city for both men and women with cut points in 1950, 1970, and 1995. As
discussed in subsection 2.1 and later in the results, there are some possible explanations
for such changes, and it is crucial to understand the contribution of each age group to the
observed differences in life expectancy along with the variation over time. Figure 1 shows
that the period between 1920 and 1950 was marked by a rapid increase in life expectancy

at birth, followed by a deceleration between 1950 and 1970, especially among males.
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After 1970, life expectancy increased steadily, followed by a more stable increase after

1995.

Figure 1 — Life expectancy at birth by sex, Sao Paulo city 1920-2019
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The findings in Figure 2 support the previous observations. By examining the one-year
and smoothed rate of change in life expectancy, we can see that between 1920 and 1950,
there was a significant increase in life expectancy. However, after 1950, there was a
noticeable decrease in the rate of change, followed by a slight increase from 1970 to 1995.
For the last period (1995-2019), we can observe different dynamics by sex, with a steady
increase among males, and a deceleration in the pace of change among females, with

changes approaching zero.
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Figure 2 — 1-year and smoothed pace of change in life expectancy at birth by sex, Sao

Paulo city 1920-2019
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To identify potential changes in the distribution of life expectancy at birth, we used a
method for detecting multiple change points, as outlined by MATTESON & JAMES
(2013). This involved applying the method separately for men and women, which
revealed two change points for both genders in 1952 and 1992. These findings align with
our proposed timeframe, although we included the 1970 change point in our analysis for

more comprehensive results.

3.2.2. Methods for forecasting

To forecast life expectancy at birth up to the year 2050, we used the seminal method of
Lee-Carter (1992) and the extension proposed by Lee-Miller (2001). We considered
different baseline periods and various scenarios for the return of mortality levels after

COVID-19, which we will discuss in the next sub-sections.
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3.2.2.1. The Lee-Carter (1992) and the Lee-Miller (2001) methods

The Lee-Carter (LC) is a stochastic method developed by Ronald D. Lee and Lawrence
R. Carter in 1992 to model and forecast age-specific death rates, combining demographic

mortality and time series models. The model was proposed as follows:
ln(mx,t) = Ay + byk + &

where In (m, ;) denotes the logarithm of the death rates by age group x at year t; a,
describes the average shape of the mortality by age; b, describes the extent to which
mortality at age x changes given the overall temporal change in the general level of
mortality; k, is the mortality level index at time t; and &, is an error term reflecting

residual age-specific influences not captured by the model.

In demography, the LC can be seen as a relational method (LEE & MILLER, 2001) since
it involves the transformation of a standard mortality profile (a,) fixed over time.
Mortality dynamics over age and time are described by the interaction of the b, and k;
parameters that modify the standard time-fixed profile a,, (BASELLINI, CAMARDA &
BOOTH, 2022). If k, declines linearly, each age-specific death rate declines at its

exponential rate, proportional to b, and depending on how fast k; declines.

The LC model does not have a unique solution. To address this, Lee and Carter introduced
two constraints (3., b, = 1 and Y,; k; = 0) to ensure model identification. The model's
parameters can then be estimated using singular value decomposition (SVD), as done by
Lee and Carter (1992), to derive an ordinary least squares solution. The estimation
presented on the original LC involves computing a matrix of deviations of ln(mx't) from
the a, (considered in this case as the mean of all the ln(mx,t) over time) and then applying

the SVD to this residual matrix.

In this case, b, is considered the proportional pace of change and is obtained from the
first left singular vector (adjusting for its constraint). Similarly, k; can be obtained by the
product of the leading singular value, the first right singular vector, and the sum of the

first left singular vector (BASELLINI, CAMARDA & BOOTH, 2022).
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In the original version, Lee and Carter (1992) proposed an adjustment on the k;
parameter, so the number of deaths estimated by the method using fixed a,, and b, would
match the ones observed each year t. After this adjustment, they proposed forecasting the
ks using a random walk process with drift. This time series model can be expressed as

follows:
kt :C+kt—1+u’t
Where c is the drift and u; is a white noise process with mean zero and variance o2.

Lee and Carter (1992) introduced an innovative and straightforward approach to
forecasting mortality rates, yet the method has limitations and disadvantages. The method
assumes that the changes in the mortality pattern are constant over time (fixed b,,). This
premise fails to account for the possibility that the decline may vary in pace for specific
age groups over time. Especially for long-term projections, it is unlikely that such a
pattern would hold proportionally to all age groups for more than some decades into the

future (LI, LEE & GERLAND, 2013).

The method also relies on k;s linearity and the fitting period's choice. The proposed
random walk with drift time series model, as suggested by Lee and Carter (1992), is linear
and passes through the first and last point of the series (BASELLINI, CAMARDA &
BOOTH, 2022). However, mortality levels do not always decrease linearly, particularly
among countries considered behind in the demographic transition over the last century,
as shown before in the case of Sdo Paulo. Consequently, different choices of the baseline
period can lead to various forecasts, and the starting year's influence lies in its position in

the historical series (BASELLINI, CAMARDA & BOOTH, 2022).

Other limitations are the adjustment of the k, to match the observed deaths, the method
gives greater weight to ages at which numbers of deaths are large (LEE & MILLER,
2001), and the jump-off error, in which the forecasted death rates would not fit the
observed death rates in the jump-off year. Given that a,, is considered the mean of all the
ln(mx,t) over time, previous years with higher mortality levels would also influence the
predicted levels, leading to higher forecasted mortality levels that don't necessarily reflect

the recent trends. Finally, the LC method does not consider information on future trends
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(LEE, 2000). This is particularly relevant in the context of mortality shocks, such as the
COVID-19 pandemic, where it is crucial to incorporate future information on the

expected return of mortality levels.

The LC method was developed to forecast age-specific death rates in the U. S. from 1990
to 2065 and compare them with the social security forecasts. After its publication, the
method became very popular, with several applications and critics, leading to the
development of new variants. Lee and Miller proposed one of them in 2001 (LM) to
address some of the main limitations of the LC, specifically: (i) the jump-off error, (ii)
the assumption of fixed changes in the mortality pattern over time, and (iii) the adjustment
of the time index k,. After identifying that the LC tended to underestimate gains in life
expectancy, Lee and Miller (2001) proposed using the last available year for the average
shape of mortality by age (a,) instead of considering the mean of all the ln(mx't) over
time. According to the authors, the underestimation of gains in life expectancy induced
by the influence of higher mortality levels at the beginning of the baseline period would
be reduced with this change. This approach also eliminates completely the jump-off error
(i.e. the error in the last year of the fitting period), but likely introduces idiosyncrasies
and additional variability in the forecast rates, since the specific mortality pattern

observed in the last year is carried forward (and potentially amplified) in the forecast.

Additionally, Lee and Miller (2001) discussed the possibility that changes in the mortality
pattern are not constant over time (varying b, ). The authors found that for the United
States, Sweden, France, Canada, and Japan, the age pattern of mortality decline has
shifted systematically, comparing periods before and after 1950. To address this issue, the
authors proposed the use of data only after 1950, since according to them, and following
Tuljapurkar et al. (2000), this would be a period in which the change in the age pattern of
decline (non-fixed) has relatively weak effects on the forecast of e0. Note that this

approach still relies on a time-constant set of b,.

The authors also proposed changing the k; parameter adjustment from matching the
number of deaths estimated by the method with the ones observed in each year t to

matching the estimated life expectancy levels to those observed at time t. This adjustment
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of k, by fitting to e, was adopted to avoid the use of population data as required for fitting
to D, (LEE & MILLER, 2001).

Other variants also tried to account for different limitations of the model. For instance,
Booth et al. (2002) proposed changes to the LC method to adjust the time component to
reproduce the age distribution of deaths rather than total deaths and to determine the
optimal fitting period to address non-linearity in the time component. Renshaw and
Haberman (2006) extended the model to account for cohort effects, while Hyndman and
Ullah (2007) proposed using the functional data paradigm (RAMSAY & SILVERMAN,
2005) to capture additional dimensions of change in mortality rates from the log death
rates. Li, Lee, and Gerland (2013) proposed using a rotation in the projected age pattern

of mortality decline to account for the changes observed in the b, over time.

In this thesis, we apply the LC and LM methods to forecast life expectancy at birth in Sao
Paulo city until 2050. These models were chosen due to their simplicity and widespread
acceptance in mortality forecasting. To determine a, for the LC method, we calculated
the mean of all the ln(mx,t) up to 2019, while for the LM, the a, was defined as equal
ln(mx,t) of 2019. Essentially, we did not take into account the impact of COVID-19 on

the average shape of mortality by age. All other estimated parameters and adjustments

were made in accordance with the proposals of the authors for both methods.

3.2.2.2. Starting points

As we discussed earlier, there has been a significant change in living conditions in Sdo
Paulo over the last century. This has resulted in non-linear changes in the mortality pattern
of the city (SIMOES, 2001). When it comes to forecasting, historical trends are usually
extrapolated into the future, including the Lee-Carter (1992) and Lee-Miller (2001)
methods. However, this can lead to considerably different forecasted results depending
on the chosen baseline period, especially if there are non-linear changes in the mortality
level over time. To address this issue, Lee and Miller (2001) suggested using data after
1950 since this period has relatively weak effects on the forecast of €0 due to the non-
fixed age pattern of decline. Similarly, Hyndman and Booth (2008) also adopted the

starting year of 1950 to avoid external influences in the mortality trend, such as the two
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world wars and the Spanish Influenza in 1918, as well as structural changes over the last

century.

The choice of using 1950 as a starting point is subjective and may not be applicable to all
countries. While some studies such as those by Lee and Miller (2001), Tuljapurkar et al.
(2000), and Hyndman and Booth (2008) suggest that 1950 is a suitable starting point, it
is uncertain whether this year accurately represents mortality patterns in less developed
countries. For instance, in Brazil, mortality rates began to decrease after 1940 (PRATA,
1992), and there were non-linear declines throughout the last century, resulting in varying

rates of increase in life expectancy at birth (SIMOES, 2001).

This study used different starting points to forecast life expectancy until 2050, aiming to
prevent the subjectivity of choosing periods with fast or slow mortality declines. The
approach was to use baseline periods starting at each year between 1920 and 1995 to
forecast life expectancy in Sdo Paulo city from 2020 to 2050. For the LM method,
baseline periods started between 1950 and 1995. As such, for each COVID-19 scenario
and choice of the final year of the fitting period (which will be presented in the next
subsection), we run the LC method for 76 different baseline periods and the LM for 46,

separating men and women.

3.2.2.3. Scenarios for COVID-19

In our study, we faced a challenge in measuring mortality trends due to the COVID-19
pandemic. This led to a significant increase in deaths, particularly in Brazil, which had
the second-highest number of excess deaths after COVID-19 (KARLINSKY and
KOBAK, 2021). It's uncertain whether mortality levels will return to pre-pandemic levels
despite the decline in COVID-19 deaths and the widespread acceptance of vaccinations
among the population (MINISTRY OF HEALTH, 2022). Although it is plausible that
mortality will return to pre-pandemic levels, there is still uncertainty due to the challenges
of identifying the impact of COVID-19 on mortality (see section 2.2). To address this
issue, we propose using different scenarios for the recovery of mortality levels in the years
following COVID-19. These scenarios were computed by including or not the observed
death rates of the two years of COVID-19 (2020 and 2021) and the creation of

assumptions for the years after 2021.
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We used six different scenarios to forecast life expectancies at birth until 2050. The first
scenario utilized data until 2019 and assumed that the mortality level observed before the
pandemic would continue in the following years. The second scenario used data until
2021, factoring in the pandemic's impact on mortality rates over the past two years. The
third scenario considered the two years of COVID-19 and a hypothetical year of 2022,
assuming that mortality levels would return to pre-pandemic rates (i.e., 2019). Moreover,
the fourth scenario also included the two years of COVID-19 and a hypothetical year of

2022, basing mortality levels on the forecasted levels from the first scenario.

Considering the challenges faced during the COVID-19 vaccination campaign in Brazil,
which began in 2021 (CASTRO, 2021; BARBERIA & GOMES, 2020), it is likely that
the effects of the pandemic may only be fully realized in 2023. To explore this further, we
have applied the methodology used by the United Nations in their World Population
Prospects (UNITED NATIONS, 2022) to two alternative scenarios, where mortality
levels return to pre-pandemic levels in 2023 instead of 2022. Scenario five assumes two
years of COVID-19 (2020 and 2021), followed by a hypothetical year in 2023 with
mortality levels equal to those observed in 2019, and a hypothetical year in 2022 with
mortality levels between those of 2021 and 2023. In this scenario, it is assumed that
mortality levels will return to pre-pandemic levels in 2023, with 2022 being an
intermediary year. Scenario six also assumes two COVID-19 years (2020 and 2021), but
with a hypothetical year in 2023 based on the forecasted year from scenario one
(following the same starting year iteration), and a hypothetical year in 2022 with mortality
levels between those 0of 2021 and 2023. In this scenario, it is assumed that mortality levels
will return to the expected levels for 2023 amidst the pandemic, with 2022 being an
intermediary year. Finally, we recall here that for each of these six scenarios, we employ
a variety of starting years for the fitting period (see previous subsection), resulting in 456
(76*6) different fitting periods for the LC method and 276 (46*6) fitting periods for the
LM.

Table 2 summarizes all six scenarios. It is important to note that other mortality outcomes
may occur in S3o Paulo city in the next years. However, by including the six scenarios
into the forecasts, it was possible to account for some of the uncertainty regarding the

mortality level's return post-pandemic.
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Table 2 — Summary of the six scenarios considered for the return of mortality levels after

the pandemic

Scenario | Data used Assumption
I Until 2019 We consider that the pattern observed before
COVID-19 will continue to be seen until 2050.
I LDl We consider that there will be a shift in mortality
level due to COVID-19 that won't be absorbed.
Until 2021 With a hypothetical year 2022 equal to 2019 we
I 2022 =2019 consider that mortality will return in 2022 to the
same level observed in 2019.
) With a hypothetical year 2022 equal to the forecast
Until 2021 . . . . .
v 2002 = 2022 forecasted in I obtained in scenario I, we consider that mortality
will return in 2022 to the level expected before
COVID-19.
Until 2021 With a hypothetical year 2023 equal to 2019 we
A% 2022 = mean of 2021, 2023 | consider that mortality will return in 2023 to the
2023 =2019 same level observed in 2019.
) With a hypothetical year 2023 equal to the forecast
Until 2021 . . . . .
- obtained in scenario I, we consider that mortality
VI 2022 = mean of 2021, 2023 . .
2023 = 2023 forecasted in 1 will return in 2023 to the level expected before
COVID-19.
3.2.24. Final estimate and prediction intervals

To compute prediction intervals for life expectancy, we use a simulation approach for the
forecasted k;s. Specifically, we simulated the forecasted k;s 100 times and computed the
life expectancy at birth for each simulation over the forecasted horizon (2022-2050). This
resulted in a total of 45,600 forecasts of life expectancy at birth between 2022 and 2050
for the LC method and 27,600 forecasts for the LM method for men and women
separately. From these estimates, we obtained the median and the 2.5 and 97.5 quantiles.
The quantiles allowed us to compute the 95% prediction interval for each forecasted year,

with the median used as the final estimate.

Our final approach considered different baseline periods, six scenarios of survival

recovery after the pandemic, and 100 simulations of the time-index parameter, allowing
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us to better account for the forecast uncertainty in the context of rapid changes in mortality
levels. However, it's important to note that our analysis does not account for other
potential mortality outcomes that may occur in Sao Paulo city in the coming years. The
effect of the pandemic on mortality and other changes in mortality patterns induced by

future shocks are yet to be predicted.
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4 RESULTS

We present the results of this thesis in two parts, following the structure outlined in
Chapter 3. The first sub-section contains a descriptive analysis of the changes in death
rates and life expectancy since 1920. The results include comparisons with mortality
trends for other populations, including the Best-Practice approach proposed by Oeppen
and Vaupel (2002). We also decompose the contribution of each age group to the observed
changes in life expectancy in Sao Paulo. The second sub-section shows forecasts for the

life expectancy at birth until 2050.

4.1. Trends in mortality 1920-2021
4.1.1. Death rates and life expectancy at birth

Figure 3 shows the logarithm of age-specific death rates by sex for Sao Paulo from 1920
to 2021. The figure reveals a consistent mortality decline over the years, with the highest
level observed in 1920. Comparing the age groups, the most considerable improvement
in mortality, especially among females, occurred at younger ages (up to age 50). Our
results align with previous research, which has consistently shown higher mortality rates
among men than women. Also, the age patterns follow previous studies (EBELING,
2018; WILMOTH, 1997), with decreases over time that led to a structure of higher
mortality rates at birth that decreases until around age ten and increases again with a hump
between ages 15-30. This peak, more pronounced among men, is attributed to external
causes of death, such as accidents and violence, which have become more prevalent in

Brazil over the last decades, affecting especially men at young ages (BORGES, 2017).
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Figure 3 — Log of age-specific death rates by sex, Sao Paulo city 1920-2021
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Figure 3 highlights the years 2020 and 2021 in orange and red, respectively, to indicate
the period affected by COVID-19. The pandemic disrupted the pattern of decreasing death
rates, causing a significant increase in mortality, especially for those above 20 years old.
It is evident that the year 2021 had a more substantial impact on mortality than 2020, with
a higher number of reported deaths. However, with the start of vaccination in 2021,
followed by a subsequent decline in fatalities in 2022, it is highly likely that mortality
will revert to pre-pandemic levels in 2022 or the following years. This finding aligns with
the report from CONASS in 2023. Regarding the age pattern of mortality, the pandemic
changed the hump: the peak shifted to older age groups, reflecting variations in fatality
rates across different ages, particularly the concentration of fatalities among older

individuals (LEVIN et al., 2020).

Life expectancy at birth in Sdo Paulo city has increased over time due to the decrease in
age-specific death rates. This is shown in Figure 4, which reveals that life expectancy for
both men and women has improved significantly since 1920. In that year, life expectancy
was around 40 and 43 years for men and women, respectively, whereas in 2019, it was

close to 76 and 83 years.
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Figure 4 — Life expectancy at birth by sex, Sao Paulo city 1920-2021 and the Best-Practice
slope (OEPPEN & VAUPEL, 2002)
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Nevertheless, over this period, life expectancy at birth did not follow a linear trend. As
mentioned in the Methods section, there were at least four distinct periods of mortality
decline. The first period, from 1920 to 1950, saw a rapid increase in life expectancy for
both males and females, with convergence to Best-Practice levels (OEPPEN & VAUPEL,
2002) as depicted in Figure 5.

The second period, between 1950 and 1970, witnessed a deceleration in the increase of
life expectancy, especially among men, resulting in a constant difference between Sao
Paulo city and Best-Practice males' levels (Figure 5). Additionally, the divergence

between men's and women's levels increased during this time (Figures 4 and 5).

The third period, from 1970 to 1995, saw a slight increase in life expectancy at birth,
particularly among females who experienced steadier progress. This period also had the
largest difference in life expectancy between the sexes. However, male life expectancy
started increasing at a stable and faster pace after 1995, reducing the gap to Best-Practice
(Figure 5) and narrowing the difference between male and female levels. Meanwhile,

female life expectancy's pace of change at birth decelerated after 1995 (Figure 2).
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After 2019, is possible to note decreases in life expectancy at birth due to the COVID-19
pandemic, as shown in Figure 4. Between 2019 and 2021, life expectancy at birth has

dropped by more than four years for males and more than three years for females.

Figure 5 — Difference in life expectancy at birth to the Oeppen-Vaupel (2002) Best-
Practice level by sex, Sao Paulo city 1920-2019
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Life expectancy at birth for women in Sao Paulo was already close to the estimated levels
for men by Oeppen and Vaupel (2002) after 2000 (see Figure 4). This result expresses the
relatively fast convergence of mortality levels to the ones in the wealthiest countries, and
it is in line with results by Vallin and Mesl¢ (2004). By 2019, the difference between Sao
Paulo and Best-Practice life expectancy at birth was around six years for females and

seven years for males.

Sdo Paulo presented a complex and multifaceted mortality decline in the past century,
with differences by sex and age groups. Recently, due to the COVID-19 pandemic, the
mortality trend presented substantial variations, with decreases in life expectancy at birth.
It remains unclear the lasting effects of the pandemic on mortality. Considering the
vaccination rates and the reductions in deaths in 2022, it is plausible that mortality levels

in the country will return to pre-pandemic levels in the coming years.
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4.1.2. Age-decomposition of changes in life expectancy at birth

To examine the extent to which different age groups contributed to the changes in life
expectancy at birth in each of the four discussed periods in Sdo Paulo city, we applied
Arriaga's (1984) decomposition for men and women separately. The results can be seen

in Figures 6 and 7.

From 1920 to 1950, the mortality rate decreased at its fastest pace, and the age groups of
0-1 and 1-4 contributed the most to the increase in male life expectancy at birth. However,
positive contributions can also be observed in the other age groups, except for the last
group, where the contribution was negative. This could be due to the poor quality of
declarations on old age in Brazil, as noted by Gomes and Turra in 2009 and Nepomuceno

and Turra in 2020.

From 1950 to 1970, younger age groups made significant contributions, though to a lesser
extent. Meanwhile, older age groups saw an increase in contributions. Between 1970 and
1995, a period of relatively stable increase in life expectancy at birth, we observed a
negative contribution from young adults aged 15 to 45. This may be due to the increase
in external causes of death among men in the 1980s (BORGES, 2017). However, during
this same period, the first age group made a significant positive contribution to the
increase in life expectancy at birth. From 1995 to 2019, all age groups between 15 and

80 years old made similar positive contributions to the increase in life expectancy at birth.
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Figure 6 — Age-group contribution to change in life expectancy at birth by period, Males,

Sao Paulo city
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The contribution of various age groups to the differences in life expectancy at birth for
males in the four periods shifted from young to old ages. It is worth noting the distinct
trend observed among young adults between 1970 and 1995, where mortality appeared to
have increased. Figure 7 shows a similar shift from young to old-age patterns of
contribution to the difference in life expectancy at birth for females across the four
periods, with a more explicit shifting pattern. Old-age groups contributed significantly
more than others between 1995 and 2019, and there was no negative contribution among
the young adult age groups in any period. It is important to remember that the negative
contribution to the 80+ age group between 1920 and 1950 was likely due to the poor
quality of declarations regarding old age in Brazil (GOMES & TURRA, 2009;
NEPOMUCENO & TURRA, 2020).
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Figure 7 — Age-group contribution to change in life expectancy at birth by period,

Females, Sao Paulo city
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The change in the age contribution to the differences in life expectancy over the period
1920-2019 highlights one of the limitations of the LC and LM in contexts of rapid changes
in mortality trends, such as the one that occurred in Sao Paulo city in the last century. This
result can indicate a varying b,, or non-constancy of the changes in the mortality pattern
over time and, therefore, must be accounted for in the forecasts of life expectancy at birth.
In this analysis, we address this issue by applying the two forecasting methods to different
baseline periods, varying from 1920 to 1995 until 2021, and combining the forecasted life

expectancy obtained from different estimated b,s.

4.2. Forecasts 2022-2050

We analyzed mortality trends up to 2021 and used the Lee-Carter (1992) and Lee-Miller
(2001) methods to forecast life expectancy in Sdo Paulo city until 2050. Our methodology
which included accounting for different baseline periods and scenarios for the return of

mortality levels after COVID-19 (see Methods), led to 73,200 estimates of life expectancy
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at birth for each year between 2022 and 2050. We combined the results into median and

95% prediction intervals for both males and females.

Figure 8 — Life expectancy at birth forecasts with 95% prediction intervals until 2050,
Males, Sao Paulo city
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Figure 8 shows forecasts for male life expectancies. The median forecast for 2022 is 73.6,
with a 95% PI between 70.3 and 78.2. Although this is higher than the life expectancy
observed in 2021, it still falls short of the pre-pandemic level. However, for 2023, the
median estimate of 76,4 is close to the level seen in 2019, with a 95% PI ranging from
70.4 to 78.5. From 2023 onwards, the estimates show a relatively stable increase until
2050, with estimated life expectancy at birth of 81.9 and a 95% PI ranging from 71.7 to
91.3.

It is essential to note that the prediction intervals are quite broad. This expresses the
uncertainty surrounding the life expectancy levels when the different baseline periods and
levels of mortality post-pandemic are accounted for in the forecasts. Depending on the
chosen baseline period and COVID-19 scenario, results with differences of up to 20 years

in 2050 can be found within the 95% range.



49

Figure 9 — Life expectancy at birth forecasts with 95% prediction intervals until 2050,
Females, Sao Paulo city
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The results for females are displayed in Figure 9. The median forecast for 2022 is 80.9,
with a 95% PI ranging from 78.3 to 84.7. Like males, there is an increase in female life
expectancy from the previous year, but it has not yet reached pre-pandemic levels. For
2023, however, the median estimate is 83.2, which is close to the 2019 level, and the 95%
PI ranges from 78.5 to 85.1. From 2023 onwards, there is a steady increase in life
expectancy until 2050, with estimated life expectancy at birth equal to 88.9 and 95% PI
between 80.6 and 97.4.

Compared to males, the prediction intervals for females are narrower, indicating less
uncertainty in the forecasts. This is likely due to the more consistent decrease in mortality
over the last century and the shorter impact of COVID-19 on female mortality. The widest

95% prediction interval is estimated in 2050, with a range of approximately 17 years.

It should be noted here that our forecasts — despite the occurrence of COVID-19 — are
significantly higher than those that have been made in the past (presented in Table 1).
Specifically, we forecast that life expectancy at birth in 2050 for males and females will
be 2.7 and 4.2 years higher, respectively, than what was predicted by the most recent
forecast in 2013 (SEADE, 2013).
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Also, within the 95% PI of our forecasts, both male and female Sao Paulo life expectancy
could be reaching the Oeppen-Vaupel (2002) Best-Practice levels by 2045. For this
analysis, we assumed that the Best-Practice increase will follow the same pace of increase
until 2050. Annex 1 summarizes all median estimates and 95% prediction intervals for

males and females between 2022 and 2050.
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5 DISCUSSION AND CONCLUSION

The aim of this thesis was to forecast life expectancy at birth in Sao Paulo city until 2050
while taking into account the impact of the COVID-19 pandemic and the non-linear
changes in mortality trends that have occurred over the past century. Sdo Paulo has played
a pioneering role in managing the pandemic in Brazil, and it also has a comprehensive
historical record of age-specific mortality rates dating back to 1920. Therefore, using
death rates for Sao Paulo was ideal for applying forecasting methods to analyze future

survival levels in Brazil.

We used the Lee-Carter (1992) and Lee-Miller (2001) methods with death rates obtained
from the combination of deaths gathered by the SEADE foundation (SEADE) and
population collected by the Brazilian Institute of Geography and Statistics (IBGE) data.
These methodologies have gained popularity among demographers due to their
innovative and straightforward approach to mortality forecasting, although they are not
without limitations. Most forecasting methods, including the LC and the LM, are
extrapolative. Therefore, these methods are sensitive to the choice of the baseline period

and fluctuations in the rate of mortality decline in the past.

As emphasized in our study, from 1920 to 2019, life expectancy at birth in Sdo Paulo
increased non-linearly. Moreover, there was a substantial reduction in life expectancy
during the first two years of the COVID-19 pandemic. To mitigate the dependency on the
fitting period's choice and better incorporate the effects of the recent mortality shock
caused by COVID-19, we used different baseline periods, from 1920 and 1995 until 2021,
and six scenarios for post-pandemic mortality levels. Also, we simulated the forecasted

time-index parameters to compute prediction intervals.

Based on 73,200 simulations for each year between 2022 and 2050, we summarized the
resulting life expectancy forecasts into median values and 95% prediction intervals. These
outcomes improved the accuracy of life expectancy forecasts for Sdo Paulo. We are
unaware of any estimates that have accounted for pandemic effects and explored the non-
linear changes in mortality patterns over the past century in Sdo Paulo. Also, adding recent
data enhanced the forecasts by considering the city's most recent mortality experiences.

Despite the negative effects of the COVID-19 pandemic, our results presented
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significantly higher estimates than predicted by the most recent forecast in 2013 (SEADE,
2013). By 2050, we estimate that life expectancy at birth in Sao Paulo city will reach
approximately 81.9 (95% PI ranging from 71.7 to 91.3) for men and 88.9 (95% PI ranging
from 80.6 to 97.4) for women. Also, within the 95% PI, we estimated that by 2045, male
and female life expectancy could reach the Best-Practice levels established by Oeppen

and Vaupel (2002), extrapolated for the future.

Our forecasting approach — based on a combination of different fitting periods and future
scenarios — is among the first attempts to forecast mortality in the presence of shocks.
However, the long-term effects of the pandemic on health and mortality remain unclear.
Although vaccination rates are increasing in Sdo Paulo city, the worsening of the
interactions of COVID-19 with other illnesses, such as influenza, or the occurrence of
new variants is yet to be predicted. Therefore, it is essential to note that different mortality
outcomes - not accounted for in our six scenarios - may occur in the city in the coming

years.

Additionally, as seen with the decomposition of differences in life expectancy at birth
over this period, there was a shift from young to old age contributions to survival levels.
This result can indicate a non-constancy of the changes in mortality pattern over time or
varying b,.. By including different baseline periods, starting from 1920 to 1995 until 2021,
we were able to combine forecasts obtained over different estimated b,s, one for each
baseline period, and consequently, account for some possible changes in the age pattern
over time. Future research could, however, focus on applying methods that account for
variations in the b,, such as Li, Lee, and Gerland (2013). These methods could be more

appropriate for non-linear changes in mortality over time, such as in Sao Paulo city.

Finally, the analysis and forecasts presented here provide a valuable resource for
policymakers and researchers working to address public health challenges and plan for
the future well-being of the city's population. However, our forecasts share the same
limitations as other extrapolation methods. Historical patterns may not hold in the future,

and unpredicted structural changes, such as new mortality shocks, may occur.
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Annex 1 — Summary of life expectancy estimates and 95% prediction intervals by sex,

Sao Paulo city 2022-2050

Males Females

Year 95% 95% 95% 95%
Median Lower Upper Median Lower Upper

bond bond bond bond
2022 73,58 70,29 78,16 80,88 78,31 84,74
2023 76,41 70,40 78,54 83,17 78,48 85,13
2024 76,62 70,66 79,07 83,40 78,70 85,51
2025 76,81 70,56 79,84 83,60 78,61 86,17
2026 77,01 70,49 80,66 83,81 78,59 86,85
2027 77,21 70,41 81,29 84,03 78,59 87,43
2028 77,40 70,40 81,82 84,23 78,66 87,90
2029 77,60 70,36 82,25 84,44 78,71 88,34
2030 77,80 70,39 82,70 84,64 78,77 88,75
2031 77,99 70,42 83,15 84,85 78,84 89,17
2032 78,19 70,46 83,61 85,04 78,89 89,61
2033 78,40 70,57 84,01 85,26 78,95 90,04
2034 78,60 70,57 84,42 85,46 79,05 90,44
2035 78,80 70,57 84,88 85,68 79,13 90,84
2036 79,01 70,62 85,31 85,88 79,25 91,28
2037 79,22 70,71 85,76 86,10 79,32 91,71
2038 79,42 70,79 86,20 86,31 79,47 92,12
2039 79,62 70,34 86,66 86,53 79,53 92,55
2040 79,83 70,88 87,06 86,74 79,62 92,98
2041 80,03 70,96 87,48 86,96 79,72 93,46
2042 80,24 70,99 87,92 87,18 79,82 93,88
2043 80,43 71,11 88,30 87,39 79,90 94,31
2044 80,66 71,19 88,78 87,60 80,03 94,78
2045 80,85 71,29 89,15 87,81 80,10 95,17
2046 81,05 71,34 89,58 88,03 80,21 95,59
2047 81,26 71,47 90,03 88,25 80,32 96,02
2048 81,46 71,52 90,47 88,47 80,43 96,48
2049 81,67 71,62 90,88 88,69 80,54 96,91
2050 81,89 71,7 91,34 88,91 80,63 97,35




