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Abstract

Measuring diversity in causes of mortality offers an insight into variation in health
outcomes within a population. Increased diversity in causes of mortality indic-
ates that deaths have occurred from more varied causes. This may increase dia-
gnostic uncertainty and means health care, promotion, and prevention resources
must be spread wider and these sectors must adopt a more comprehensive ap-
proach. Diversity in mortality causes has not been measured in Scotland, despite
poor health outcomes relative to European comparators. Further, limited previous
examination exists of differences in mortality cause diversity in sub-national popu-
lation groups, divided by socioeconomic or geographic factors. Health inequalities
in Scotland are large and understanding tendencies in mortality cause diversity
may be valuable to addressing differential health patterns. Mortality cause di-
versity has been shown to be associated with increasing life expectancy and falling
lifespan variation over time across nations. This relationship has not been ex-
amined between different subpopulations within a nation. Finally, the effect of
the COVID-19 pandemic on diversity in causes of mortality has not been examined
and this analysis may be a valuable tool to assess the ongoing impact caused by
this unprecedented upheaval in population health.

In this thesis | calculate diversity in underlying and contributory causes of mor-
tality as well as lifespan diversity using observed data and distributions extracted
from multiple-decrement life tables. | propose novel methods for assessing the
contribution of causes of mortality to diversity and a novel method for the meas-
urement of lifespan diversity. | find that diversity in underlying and contributory
causes of mortality increased in Scotland from 2001 to the mid 2010s when trends
diverge. Trends in variation are shown to be similar across subpopulations, mean-
ing despite socioeconomic or geographic differences reductions in the proportion
of individuals who die of the most common causes and a redistribution to a wider
variety of causes has occurred at similar rates. Confirming previous research, di-
versity in causes of mortality is found to increase as the population of Scotland lived
longer and to more equal ages. However, higher diversity in causes of mortality
is not necessarily found among subpopulations who live to older and more equal
ages. | suggest falling mortality rates associated with the most common causes, es-
pecially at premature ages, have driven increasing diversity in causes of mortality
and life expectancy and falling lifespan diversity. Diversity in causes of mortality,
with COVID-19 deaths are excluded from analysis, is shown to have remained con-
sistent with trends in previous years during the COVID-19 pandemic. Monitoring
diversity in mortality causes has the potential to expand knowledge around pat-
terns of mortality and to provide valuable insight into pressures on public health
and healthcare systems.
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Glossary of selected terms

Aetiology: The reasons for or causes of a disease or condition occurring in an
individual or in the population at large.

Deaths of despair: Deaths attributed to suicide or associated with drug or
alcohol abuse.

Distribution of mortality causes: The causes of mortality which are recorded
within a population. Perhaps best thought of visually as a bar graph where
the x-axis is each cause of death under consideration and the y-axis is the
number of deaths attributed to each cause in the population in question.

Dominant: The most common type (cause of mortality or age at death) within
a distribution.

Fragmentation: The increased division in the causes of mortality faced by
a population with a larger proportion of deaths occurring due to a greater
variety of causes.

Prominent: A type which was common but was not the dominant type in the
distribution.

Prevalence: The proportion of deaths attributed to a cause of mortality,
measured as a percentage of all-cause age-standardised mortality rate (ASMR)
attributed to an individual cause of mortality.

Lifespan diversity: The diversity in ages at death within a population. A
measure of variation in lifespans which | propose to use in this thesis.

Mortality: Of or relating to death, especially at a large scale.
Morbidity: The state of being subject to a disease or medical condition.

Contributory cause of mortality: A disease, condition or injury recorded on
the death certificate which was considered to have hastened or contributed
to death but not to be the underlying reason an individual died.
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Comorbidities: The simultaneous presentation of two diseases or conditions
in an individual.

Multimorbidities: Generally used to describe the simultaneous presentation
of two or more diseases or conditions in an individual. Used in this thesis to
indicate cases where more than two diseases or conditions present together
to differentiate from the term ”"comorbidities”.

Subpopulation: A group of individuals within a nation defined by meaning-
ful individual or area level characteristics. Such as an income deprivation
quintile.

Underlying cause of mortality: The disease, condition, or injury recorded as
the primary or main cause of death on a death certificate.
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Chapter 1

Introduction

1.1 Chapter overview

This chapter introduces this thesis. It begins with a background of the measure-
ment of diversity in causes of mortality (Section 1.2), followed by a section in
which the importance of measuring health within population groups within nations
is considered (Section 1.3) and another section which features a discussion of pop-
ulation health in Scotland (Section 1.4). In conclusion, the structure of the thesis
is described (Section 1.5)".

1.2 Diversity and variation in the measurement of pop-
ulation health

Mortality patterns around the world are in a state of near constant flux (Omran,
1971; Santosa et al., 2014). Individual diseases, conditions, and indicators of ill-
health become more and less common over time as their causes and risk factors
emerge and are addressed by society (Mackenbach, 1994). Traditionally, research
plotting these changes has, mostly, been carried out through the measurement of
population-wide rates, risks, or averages. There is a recognition in the literature,
however, that distributions of health outcomes around these central tendencies are

"Throughout this thesis, subdivisions headed by whole numbers are referred to as chapters and
subdivisions headed by decimal numbers are referred to as sections.
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key to understanding health across populations (Kindig & Stoddart, 2003; Etches
et al., 2006). For example, variations in the distribution of lifespans have been
examined to describe health inequalities in populations around the world (Seaman
et al., 2016a). Greater variation in lifespans represents greater inequality within
a group, as people have commonly died at a wider variety of ages.

Relatively little attention has previously been paid to variation in the distri-
bution of causes of mortality within populations. Measures of diversity, originally
from the field of ecology, have been proposed to measure this variation (lzsak,
1986; Bergeron-Boucher et al., 2020; Trias-Llimos & Permanyer, 2023). Whether
or not individuals are likely to face the same cause of mortality does not, gener-
ally, factor into assessments of equality in health (Bergeron-Boucher et al., 2020).
Instead, increases or decreases in variation in the distribution of mortality causes
have other individual-level and population-wide implications for health.

It has been proposed that increases in diversity in mortality causes have the po-
tential to increase diagnostic uncertainty, as the range of diseases and conditions
each individual might present with broadens (Bergeron-Boucher et al., 2020; John
& Innocent, 2005). At the population level, increased variation in the distribution
of mortality causes is an indicator of increased fragmentation in the causes of dis-
eases and ill-health faced by the population and may be underpinned by increases
in multimorbitity (Bergeron-Boucher et al., 2020). This means that the burden of
disease is more evenly spread across causes and therefore health care and public
health systems must adapt. As populations become less likely to face the most
common causes of illness, efficiencies and economies of scale in public health and
health care systems lose their potency (Long et al., 1985; de Bruin et al., 2007).
Medical research and pharmaceutical bodies must spread limited resources further
to find remedies, preventive strategies, and treatments for diseases that occur re-
latively less frequently and, therefore, from a pharmaceutical point of view, are
less profitable. In a population where diversity in mortality causes is increasing,
public health resources must also be spread wider and a more holistic approach
must be adopted to improve the health of the population (Bergeron-Boucher et
al., 2020; Trias-Lliméds & Permanyer, 2023).

A decrease in diversity in mortality causes, indicating that less varied causes
of mortality have occurred, is likely caused by an increase in the proportion of
deaths due to the most common causes. Although this means that the previously
mentioned efficiencies of scale may become more useful and diagnostic uncer-
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tainty might be reduced, this is not necessarily a desirable outcome as it suggests
a failure of public health measures to address the most common causes of death.
Diversity in mortality causes has not been observed to decrease in any population
since the 1980s (lzsak, 1986, 1988; Hunter et al., 2003; lzsak, 1993a; Bergeron-
Boucher et al., 2020; Trias-Llimoés & Permanyer, 2023).

Existing research on diversity in causes of mortality has focused on trends over
time. At the country level, the causes of mortality which affect the populations
of relatively low-mortality countries, including the UK, have been shown to have
become more varied in the 21st century (Bergeron-Boucher et al., 2020; Trias-
Llimés & Permanyer, 2023). Across countries, diversity in causes of mortality has
increased alongside increasing life expectancy over time and has been associated
with falling variation in age at death (Bergeron-Boucher et al., 2020). Limited
research has reported on trends and disparities in diversity in causes of death within
subpopulations (Trias-Llimos & Permanyer, 2023), while neither the relationship
between diversity in causes of mortality and life expectancy or diversity in causes
of mortality and variation in age at death have been examined at the subpopulation
level and, more generally, cross-sectional comparisons of these measures have not
formally been examined. Furthermore, little is known about the effect of the
COVID-19 pandemic on diversity in mortality causes.

1.3 The importance of measuring health outcomes at
the subpopulation level

Subpopulations are defined in this thesis as groups of individuals within a nation
defined by meaningful individual- or area-level characteristics. Understanding and
addressing disparities in health outcomes between such subnational groups is one
of the central principles of the field of population health (Kindig & Stoddart, 2003;
Etches et al., 2006). Inequalities in health have been studied between subpopula-
tions divided by such characteristics as: individual- and area-level socioeconomic
position, age, educational attainment, race, and sex (Nazroo, 2003; Hartley, 2004;
Silles, 2009; Brown et al., 2019; Kraft et al., 2020). Tackling inequalities between
such subpopulations is the aim of many modern public health policies (Exworthy
et al., 2003).
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In this thesis, the population of Scotland is divided into subpopulations by: age
at death, area-level income deprivation, an area-level urban-rural indicator, and
the underlying cause of death faced by each individual (particularly those who
died from COVID-19). In all analysis in this thesis, including in all breakdowns by
subpopulation, the population of Scotland is split by sex. The following paragraphs
briefly summarise existing knowledge relating to these distinctions.

For the most part around the world, males tend to face worse health outcomes
than females. In the study of diversity in mortality causes, it is especially important
to study males and females separately because a variety of causes of ill health and
mortality are faced with a different prevalence? by men and women and some
are faced solely by one sex (Mclsaac & Wilkinson, 1997; Warnecke et al., 2008;
Hosseinpoor et al., 2012).

At different ages, the risk of mortality from various causes of death changes
dramatically (Wingard et al., 1989; Kuk & Ardern, 2010). Examining changes in
diversity in mortality causes at different ages can inform the focus of targeted
public health activities. It has been suggested that as populations live to greater
ages, they are likely to face a greater variety of causes and that aging popula-
tions have driven diversification in causes of mortality in low mortality nations in
the 215t century (Bergeron-Boucher et al., 2017; Bergeron-Boucher et al., 2020).
Through examining diversity in mortality causes among deaths at different ages, it
is possible to examine whether this assertion is true.

Socioeconomic and deprivation-related inequalities in health, in Scotland, and
in the United Kingdom as a whole, are especially well studied (Smith et al., 1990).
They have become a particular focus of researchers and policy makers follow-
ing adverse trends in the 2010s which have been linked to various influences, al-
though austerity policies have been blamed in particular (Holland, 2017; Miall et
al., 2022).

Z|n this thesis the term “prevalence” is used to describe the proportion of the population whose
deaths are attributed to a cause of mortality. This is expressed in later chapters in terms of the
percentage of all-cause age-standardised mortality rates which are attributed to each cause.



1. Introduction

Urban-rural inequalities in health are sometimes less clear-cut than those re-
lated to socioeconomic position in all-cause measures of population health (Hartley,
2004; Levin & Leyland, 2006). However, various cause-specific inequalities have
been observed between urban and rural populations, suggesting that an analysis
of diversity in mortality causes may be informative regarding differences in health
between these areas (Levin, 2003; Levin & Leyland, 2005).

In order to address disparities in health between subpopulations it is necessary
to gain knowledge on how these differences manifest as well as the underlying reas-
ons for differences in health (Exworthy et al., 2003). The role of health determin-
ants is an important aspect of public and population health research. However, the
aims of this thesis focus on the measurement of health outcomes. Understanding
how diversity in mortality causes varies between subpopulations has the potential
to offer insight into the relative health of these groups (Bergeron-Boucher et al.,
2020; Trias-Llimos & Permanyer, 2023). While study of diversity in mortality causes
at the level of subpopulations is limited, previous research has shown higher di-
versity among those with lower educational attainment in the USA (Trias-Llimos &
Permanyer, 2023).

1.4 Scotland as a study population

Health outcomes in Scotland have long lagged comparator nations, even when
factors such as relative levels of deprivation are taken into account (Walsh et al.,
2017). As a result, Scotland has been colloquialised as the “sick man of Europe”
(Norman et al., 2011; Mittra et al., 2019). As well as having relatively poor health
compared to other countries, the population of Scotland has also experiences rel-
atively high inequalities in health (McLoone & Boddy, 1994; Norman et al., 2011).
Previous research has established the causes of death which are factors in Scot-
land’s comparably poor health: historically mortality rates due to drug and alco-
hol deaths, suicide, violence, cardiovascular disease, stroke, and cancer have all
been relatively high (McCartney et al., 2011). However, the reasons why rates
of these causes death are worse in Scotland than in other countries are more in-
tractable (McCartney et al., 2012). Various hypotheses have been proposed for
the comparatively poor health of the Scottish population including: the effects of
deindustrialisation, especially important in Scotland where a large section of the
population were historically employed in industrial professions; and deprivation,
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which has for a long time been relatively high in Scotland compared to other nations
(Whyte & Ajetunmobi, 2012). These “upstream” factors are thought to produce
“downstream” effects such as poverty and unstable employment which interact
with various other influences, including, for example, low levels of vitamin D as-
sociated with Northerly latitudes, to produce poor health outcomes (McCartney
et al., 2011). Which of these influences, or which combination of influences, on
health are responsible for the historic poor health in Scotland is still under debate
in the literature. In the 215t Century, some progress has been made and health
in Scotland has improved relative to other nations (Whyte & Ajetunmobi, 2012).
However, this narrowing of the gap between Scotland and other nations has been
put in danger of reversing due to slowing improvements in health in Scotland since
the 2010s (Miall et al., 2022; Fenton et al., 2019a).

Scotland benefits from an universal, publicly funded health care system, the
National Health Service (NHS). The NHS has, traditionally, has offered a strong gen-
eralist, primary care system with general practitioners (GPs) the first port of call
for individuals seeking treatment. The UK health system, of which Scotland’s NHS
is a part, has fewer specialist healthcare professionals than comparable nations
(McKee et al., 2021). This structure gives the ability to treat and diagnose a wide
variety of conditions on the front line but means there can be issues of limited
capacity for more specialised follow-up care. The strong focus on generalist care
in the UK may be a benefit in the face of diversifying causes of mortality which
require a more holistic approach. In the 2010s, the NHS in Scotland, and across the
UK, has been under significant financial pressure. Cost-cutting measures, imple-
mented through the austerity policies of successive right-wing governments, have
left the service under strain (Kerasidou & Kingori, 2019). This lack of funding has
been blamed for the UK being ill-prepared for the COVID-19 pandemic and the sub-
sequent high mortality rate of the virus (Mellish et al., 2020). Austerity has caused
Scottish healthcare system to fall behind comparable nations in terms of health
care infrastructure and staffing levels (Maynard, 2017). Accessing primary care
has become increasingly challenging because slowly rising GP numbers are being
outpaced by an increasing patient load (Prowle & Harradine, 2014; Tucker et al.,
2022; The Health Foundation, 2023).

The use of diversity in causes of mortality in population health has been pro-
moted as a way to better understand patterns of mortality and to assess potential
pressures on society and especially healthcare systems (Bergeron-Boucher et al.,
2020; Trias-Llimés & Permanyer, 2023). A better knowledge of mortality patterns
is important across all nations but is, perhaps, most advantageous in populations in

6
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which health outcomes and improvements to health are lagging comparable groups.
In addition, the importance of understanding the patterns of mortality in Scotland
has become more pressing given the the adverse trends in various health outcomes
in the late 2010s. Examining and understanding patterns of mortality in Scotland
in this period may be especially important as Scotland may be a bellwether for
worsening health outcomes across the UK and other nations (The Health Founda-
tion, 2019). Understanding whether adverse trends have come alongside increases
in diversity in mortality causes, or whether diversification observed at the UK level
by Bergeron-Boucher et al. (2020) has reversed, can help to inform policymakers
and researchers regarding how pressures on the healthcare system may manifest.

1.5 Thesis structure

In the following chapter, Chapter 2, | carry out a review of the relevant literature.
It begins with a section in which | examine the role of diversity in mortality causes
within the body of population health measures. This is followed by a history of the
measures of diversity used in this thesis, during which the advantages conferred by
their use are explained. A structured review is then presented of research which
has measured diversity in mortality causes and the methods and findings of these
studies are discussed. Finally, there is exploration of the gaps in the previously
discussed literature and a presentation of the motivation for this thesis alongside
the research questions answered within this work.

Chapter 3 presents a description of the general methods employed in this thesis
as well as a description and discussion of data sources used throughout this work.

Chapters 4 to 7 report the findings of this thesis. These chapters are structured
as follows: each begins with a background to the specific subject of that chapter
and the specific research questions and objectives the chapter addresses, followed
by details of the methods employed and a description of the results of the research.
Finally, the findings of each chapter are summarised and interpreted in the context
of the literature and their implications are discussed.
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In Chapter 4, | examine trends in the diversity of causes of mortality across
Scotland and in Scottish subpopulations over the period 2001 to 2019. | propose a
measure of the contribution of causes of mortality, “additive value”, to diversity.
| use this to examine the causes of mortality which, through becoming relatively
more or less common, have caused changes in diversity in mortality causes.

In Chapter 5, | explore the use of measures of diversity to assess variation in
ages at death within the Scottish populations and Scottish subpopulations. | then
examine trends and tendencies in lifespan diversity in Scotland and subpopulations
in Scotland in the years 2001 to 2019. Finally, | examine the relationships between
diversity in causes of mortality and both life expectancy and lifespan diversity,
doing so over time and cross-sectionally between subpopulations.

| examine the impact of the COVID-19 pandemic on diversity in mortality causes
in Scotland in Chapter 6. This chapter measures diversity in causes of mortality
across the years 2020 and 2021 in Scotland, and in each month in these years,
comparing this to trends in previous years. | explore seasonality in mortality cause
diversity and use seasonal patterns to inform forecasts of monthly diversity in 2020
and 2021.

In Chapter 7, | examine diversity in contributory causes of mortality in Scotland
and compare it to the diversity of underlying causes of mortality as examined in
previous chapters. These are causes recorded alongside the underlying cause of
death which are thought to have contributed to or hastened an individual’s death.
In this chapter, | then examine the diversity of contributory causes of mortality
recorded alongside COVID-19 and compare this to the diversity of causes recorded
alongside other leading causes of mortality in 2020 and 2021 to assess the relative
health of individuals whose death was attributed to COVID-19 in these years.

Finally, in Chapter 8, | bring this thesis to a close by reflecting on the findings
presented in previous chapters. | discuss the implications of this research in the
context of the public and population health literature. | follow this by considering
some of the strengths and limitations of the methods employed in this thesis. |
discuss possible avenues of future research and present two case studies of initial
work to develop methods related to the research carried out in this thesis. Finally
| present the overall conclusions of this thesis.



Chapter 2

Literature Review

2.1 Chapter overview

The purpose of this narrative review of the literature was to explore the back-
ground of the measurement of variation in causes of mortality in population health;
to describe the formation of the measures of diversity used in this thesis to assess
this variation; and finally, to examine previous studies of diversity in causes of mor-
tality. As such, there are three main sections of this review and a fourth section
summarising the literature gaps which this thesis aimed to address:

Section 2.2 begins with a discussion of the definition of population health and
the objectives of the field. This is followed by an overview of the history of popu-
lation health indicators founded on the measurement of mortality and a discussion
of the divide between all-cause and cause specific measures. Finally, the epidemi-
ological transition is discussed in the context of variation in mortality causes.

In Section 2.3 a history of measures of diversity is presented. These measures
are used to assess variation in distributions in a wide range of fields including
ecology and computer science. This section discusses the advances in the field
of diversity which led to the creation of the Reeve et al. (2016) framework for
diversity which are applied to examine diversity in mortality causes and in ages at
death in Chapers 4 to 7.
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An exploratory review of previous studies of diversity in mortality causes is
carried out in Section 2.4. This field of study is small and diverse with a variety of
methodologies used to describe variation in the distribution of causes of mortality
in a number of different populations.

Finally, in Section 1.5 the gaps in the literature related to diversity in mortality
causes and the resultant research questions addressed in this thesis are discussed.

2.2 Measures of population health

2.2.1 What is population health?

The study of health at the population level rather than at an individual level has
a long history (Declich & Carter, 1994). However, the use of the term “population
health” to describe this study is relatively young having been popularised in the late
1990s and early 2000s (Arah, 2009). There is debate in the literature over whether
population health is a concept of health or a field of study of health determinants
(Kindig & Stoddart, 2003; Young, 2004; Kindig, 2007; Ferrara & Albano, 2022).
Kindig and Stoddart (2003) propose a definition of population health focused on
the measurement of outcomes suggesting that as a concept population health is
“the health outcomes of a group of individuals, including the distribution of such
outcomes within the group”. However, they describe the field of population health
as encompassing the patterns of health determinants and policies and interventions
that foster and bring about these outcomes.

In addition to the debate over the definition of population health, there is dis-
agreement on how it relates to the more historic concept of public health (Kindig,
2007). These terms may be thought of as overlapping if one takes the core concept
of each term: the “health of a population” and the “health of the public” (Wallace
et al., 2021) . However, in the 21st century, public health is often considered more
closely related to the activities undertaken by society to assure conditions that al-
low people to be healthy (Turnock, 2012). On the other hand population health,
in both definitions described above, is centred around the measurement of health
outcomes in a given population. Some view the field of population health as en-

10
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compassing and expanding upon the scope of public health science while taking a
focus on the “upstream causes” of ill-health (Valles, 2018). No unified definition of
the term “population health” has been accepted broadly, and many definitions are
interdependent and are used interchangeably in much of the literature (Brackin et
al., 2015; Ferrara & Albano, 2022). The study of population health is nonetheless
borne out of similar motivations regardless of definition: the monitoring and im-
provement of health across populations and the reduction of inequalities in health
within these populations (Etches et al., 2006; Krieger, 2012).

There are more philosophical debates in the literature pertaining to the concept
of health itself. Many argue for “wellbeing” approaches to be adopted meaning
that, on the individual level, health is not simply a matter of avoiding disease
but of maximising quality of life (Sears et al., 2014; Bucks et al., 2018; Roy et
al., 2018). Others suggest the use of a “life course” framing, particularly in the
study of inequalities, founded on the principles that disparities in health are rooted
in socially patterned factors such as socioeconomic, environmental and physical
exposures from a young age and throughout life (Kuh et al., 2003; Kuh et al., 2013;
Jones et al., 2019). Measures of population health based on mortality data, as used
in this thesis and discussed further below, are considered under both wellbeing and
lifecourse theories to be insufficient in isolation to address these concerns. There
is, however, general agreement in the literature on the utility of such measures
as proxies for population health (Reidpath & Allotey, 2003; Patton et al., 2009;
Tapia Granados & lonides, 2017).

2.2.2 Measurements of mortality in the history of population health
outcomes

Despite disagreement in the field on which concept of population health should
be adhered to, most definitions encompass broadly similar sets of measures to
describe health outcomes. The stock of measures in use in the present day was
formed over centuries. Some of the earliest measurements of the health of pop-
ulations were facilitated by the collection of birth and death data in churches in
London in the 1500s (Declich & Carter, 1994; Etches et al., 2006). These were
formalised and expanded in later years, in conjunction with population data these
records allowed for the calculation of rates of mortality, as the number of deaths
in a population divided by the population size. These mortality rates were then
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used as the basis for more complex measures of population health. For example,
life tables were first accurately calculated in 1815 using parish data in England and
were developed further as sources of mortality and population data became more
universal (Grebenik, 1991; Etches et al., 2006).

Mortality rates and life expectancies, which are extracted from life tables, re-
main some of the most widespread instruments for assessing population health in
the present day. Technical developments such as sex and age standardisation, in
the case of mortality rates, and advanced modelling of mortality rates, in the cal-
culation of life tables, have been developed over time (Hoem, 1977; Hougaard,
1984; Chi, 1988; Hsieh, 1991; Wilmoth et al., 2022). These developments im-
proved the utility and applicability of mortality rates and life expectancy meas-
ures, expanding the questions they are used to address and the populations and
subpopulations in which they can be calculated.

The further development of population health measures was in large part driven
by increased availability of data on the health of living populations (Macran et al.,
2003; Etches et al., 2006). Through combining information on health during life
with mortality data, a plethora of summary measures of population health are used
in the literature to represent the health of a population as a single number (Murray
et al., 2000; Roy et al., 2018). These measures, generally, describe either health
expectancy or health gaps. Measuring health expectancy within a population in-
volves quantifying the amount of time the average individual spends at full health.
Health gap measures are extensions of measures such as years of life lost beyond
the impact of premature mortality into the amount of time spent with health less
than an ideal state, an example is disability-adjusted life years (DALYs) (Murray
et al., 2000; Etches et al., 2006).

The range of mortality-based measures used in the population health literat-
ure is ever expanding (Muszynska-Spielauer & Luy, 2022; Permanyer et al., 2022).
As is the variety of research questions to which they are applied. The measures
mentioned to this point all provide a single number to describe the health of a
population. These numbers, generally, represent what is effectively the popula-
tion mean (life expectancy) or a population-wide rate, ratio or risk, arguably, this
presents a limitation of these population health measures. To repeat Kindig and
Stoddart’s (2003) description of population health it is: “the health outcomes of a
group of individuals, including the distribution of such outcomes within the group”.
Etches (2006) describes an ideal indicator of population health suggesting that it
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should include measures of the “Central tendency (e.g., mean, median, etc.) and
distribution”. Kindig and Stoddart’s (2003) definition arguably refers, at least in
part, to inequalities in health outcomes between sub-groups within a population
and the measures discussed here are used to effectively examine such inequalities
(Mackenbach, 2002). However, in providing estimates of central or population-
wide tendencies measures such as mortality rates and life expectancy, as well as
most of their derivatives, are for the most part not directly informative regarding
distributions of health outcomes within the population.

Mortality-based measures which assess the distribution of health outcomes are
used to address this limitation of traditional population health indicators. The most
commonly studied are lifespan variation measures, which describe variation in the
distribution of lifespans in a population (van Raalte & Caswell, 2013). They have
been framed as a more complete way to measure inequalities than simple differ-
ences in life expectancy, as they are able to describe the heterogeneity of ages at
death within a population (Seaman et al., 2016b). Measures of lifespan variation
have been adapted to measure of the variability in health expectancy through
measuring as “healthy lifespan inequality” (Caswell & Zarulli, 2018; Caswell & Van
Daalen, 2021; Permanyer et al., 2022).

The study of variability in lifespans and healthy lifespans is centred on the ex-
amination of inequalities in health. To simplify the argument, equity in health
outcomes is greater in a population in which the variation in ages at death is min-
imised. This definition of health inequalities explicitly accounts for absolute dif-
ferences in lifespan across a population. Measures of lifespan variation can there-
fore be thought of as measures of the total level of inequality in health within a
population (Seaman, 2017). More commonly, health inequalities are discussed in
the literature as being preventable differences in health between different groups
within a population. Closing these unfair health gaps is a focus of a great deal of
public health research (McCartney et al., 2019). These two definitions of health
inequalities are not in conflict, it is clear that holding all else equal reducing in-
equalities between sub-groups within a population will in most cases reduce overall
inequalities within that population.

Other sources of variability in distributions of health outcomes are less closely
related to population level inequalities. The causes of mortality faced by a pop-
ulation form a distribution, and variation within this distribution can be expected
to differ between populations. However, Bergeron-Boucher et al. (2020) observe
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that “The degree to which causes of death vary across individuals is not generally
a matter of health equity”. Variation in the distribution of causes of mortality has
other implications for population health which are discussed further in Section 2.4
of this literature review.

2.2.3 The all-cause, cause-specific dichotomy

“The large number of ICD-10 codes raises the question of how many of these
codes should be distinguished when tabulating, analyzing and publishing mortality
trends.” (Mitratza et al., 2019)

A pervading theme across the use of mortality-based measures of population
health is a tendency to examine population health through either an all-cause or
cause-specific lens (Beltran-Sanchez et al., 2008; Wallace, 2022). All-cause meas-
ures allow for examination of overarching trends in mortality within populations,
while cause-specific measures are used to assess the burden associated with indi-
vidual diseases and conditions. In some ways, all-cause and cause-specific meas-
ures are limited by their focus on either broad patterns of mortality (all-cause) or
fine-grained changes (cause-specific). This is addressed, to some extent, in some
studies, by the use of decomposition methods to investigate the individual causes
of mortality that have driven changes at the all-cause level (Seaman et al., 2019).

The sheer range of individual causes that may be recorded in a population can
complicate the study of trends in cause-specific mortality measures. The most
widely adopted mortality classification system is the WHO’s International Statist-
ical Classification of Diseases and Related Health Problems. Currently the 10th
revision (ICD-10) of this classification is used by most countries having been in-
troduced in 1990 (World Health Organization, 2019). There are more than 1700
individual ICD-10 three-character codes each refering to a single condition or dis-
ease. Three-character codes are the primary breakdown of ICD-10 code used in
population health studies to identify or group causes of mortality. Some ICD-10
three-character codes refer to conditions and diseases which never appear as the
underlying cause of death (the ICD-10 system encompasses description of morbidity
as well as mortality). All the same, addressing all codes at the three character level
in any one study is clearly challenging due to the overwhelming number (Mitratza
et al., 2019). Researchers run the risk of not seeing the forest for the trees and
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missing important trends. For this reason many studies examine single causes of
death, potentially limiting analysis, or group individual three-character codes into
broader categories (Wallace, 2022). However, grouping causes may mean that
trends important to health policy are missed (Mitratza et al., 2019).

The existence of a dichotomy between the use of all-cause or cause-specific
measures may be contested. Many influential studies have used a combination
of these methods to effectively describe patterns and burdens of disease. These
include studies that have evaluated differences across the world such as those de-
rived from the Global Burden of Diseases, Injuries, and Risk Factors Study (GBD)
as well as those that examine inequalities in health at the level of subpopula-
tions (Singh et al., 2013; Toch-Marquardt et al., 2014; Naghavi et al., 2015; Cha
& Jin, 2020; Global Burden of Disease Collaborative Network, 2020). These ana-
lyses present detailed cause-by-cause breakdowns of historical mortality patterns
and projections for the future and are of great value to public health planning.
They also offer indispensable information on differences and inequalities in health
by subpopulations (Hosseinpoor et al., 2016). However, as patterns of mortality
change through successful public health efforts and societies reduce rates of mor-
tality, often through reducing the prevalence of the most common causes of mor-
tality, it has been suggested that attention must be paid to ever widening ranges of
causes (Bergeron-Boucher et al., 2017). This raises some of the concerns related
to cause-specific measures highlighted above and means it may be advantageous
to use indices that assess variation in the distribution of mortality causes alongside
all-cause and cause-specific measures.

2.2.4 The epidemiological transition

Studies of all-cause and cause-specific mortality in the context of population health
have captured important evolutions in the patterns of disease burden across the
globe. These evolutions are described as “epidemiological transitions” and the
literature related to their study is vast and, similarly to many concepts in popula-
tion health research, contains many disagreements and contradictions (Andreey,
2019). Epidemiological transition theory was first promoted by Omran (1971). Un-
der Omran’s theory of epidemiological transition populations pass through several
“stages” which describe different epidemiological and demographic conditions.
These stages occurred at different times and endured for variable periods in dif-
ferent countries and world regions.
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Omran (1971) describes the first stage of epidemiological transition as the “age
of pestilence and famine” and associates it with high mortality rates due to epi-
demics, war, and poor living conditions. Life expectancies in this stage were low
and most deaths occurred due to infectious or parasitic disease (Santosa et al.,
2014). Most nations moved out of this stage through medical breakthroughs and
what were, effectively, public health advancements though often were not viewed
through this lens at the time. “The age of receding pandemics”, the second stage
of transition, was also characterised by high mortality due to infectious diseases
although it was a period of reduction in their prevalence. During this era, non-
communicable diseases came to the fore causing increased proportions of total
deaths. Omran’s original theory ends with the third stage “the age of degenerative
and man-made disease”. Infectious diseases were drastically reduced in preval-
ence and diseases of the cardiovascular and cerebrovascular systems were dom-
inant alongside cancers and chronic lung and metabolic diseases. Later updates
to this theory by Omran introduced fourth and fifth stages. The fourth stage was
associated with a reduction in cardio- and cerebro-vascular mortality thanks to im-
proved care and recognition of risk factors. Unlike previous stages, the final stage
is characterised by increases in prevalence of diseases, specifically the emergence
of new infectious diseases such as HIV/AIDS and resurgence in more historic in-
fectious diseases such as cholera, malaria and tuberculosis (Omran, 1998; Santosa
et al., 2014). This final stage is proposed to have occurred with some regional vari-
ation, for example HIV/AIDS emerged as a significant cause of mortality across the
world whereas increased prevalence of more historic diseases has been mostly lim-
ited to low/middle income countries. Resistance to existing medical treatments,
difficulties in ensuring universal vaccine uptake and under-developed public health
systems are among the factors linked to increased prevalence of infectious diseases
in these areas (Omran, 1998; Alvarez-Uria et al., 2016; Vilar-Compte et al., 2017).

Omran’s theory of transition has been critiqued for the over-simplification im-
plicit in this model and for its foundation on mortality data and trends in West-
ern countries (Mackenbach, 1994; Santosa et al., 2014). Omran’s model gener-
alises across subpopulations, whether split by race, socioeconomic class, or sex,
is raised as problematic. Patterns of mortality differ starkly between such groups
and changes and improvements to mortality occur at different rates. Therefore any
epidemiological transition might be expected to manifest differently between sub-
populations. Santosa et al. (2014) however, conclude that despite these concerns,
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Omran’s theory of epidemiological transition holds true for certain populations and
can be generalised to adapt to a wider range of situations. The theory especially
requires adaptation in regions which began “transitions” in more recent periods
such as low-middle income countries (Andreev, 2019; Sudharsanan et al., 2022).

The aim of theories of epidemiological transition is to aid in understanding of
changes in population dynamics. Observations related to mortality mostly attempt
to explain reductions in all-cause mortality through cause-specific changes. Stages
one through four of Omran’s theory are mostly concerned with describing changes
in the dominant cause or causes of mortality. Initially, infectious diseases make
way for non-communicable diseases, especially cardiovascular and cerebrovascular
diseases which, in turn, become less prominent in the fourth stage. These changes
came alongside near-continuous reductions in the overall burden of mortality. This
reduction in mortality, driven by the most common causes, has implications for
variation in the distribution of causes of mortality within populations. In a period
when most deaths occur due to a single cause or a small number of causes, vari-
ation in the distribution of causes of mortality would be low. However, as the most
common causes of mortality affect a smaller section of the population, deaths can
be expected to be spread more evenly across causes and therefore an increased
variety of causes would be expected to occur in the population. Bergeron-Boucher
et al. (2017) observe this effect in a study of the causes of old-age mortality in
Canadians from 1979-2011. They find that the leading causes of mortality, spe-
cifically cardiovascular diseases, reduced in prevalence consistent with Omran’s
fourth stage of epidemiological transition. However, with some exceptions, this
was not accompanied by an increase in the rate of deaths associated with other
causes. They suggest this is “likely to lead to a greater diversification of causes
of death” as fewer deaths occur due to the most common causes and deaths be-
come more evenly spread across other causes of mortality (Bergeron-Boucher et
al., 2017).

This framing of increased variation in the distribution of causes of mortality
as increased diversity of causes is not novel, having been originally posited in the
literature in the 1980s (Izsak, 1986). The use of the term diversity by Bergeron-
Boucher et al. (2017) and a later study by Bergeron-Boucher and colleagues have,
however, reintroduced a concept which has potential for the measurement of vari-
ation in the distribution of causes of mortality in the study of population health
(Bergeron-Boucher et al., 2020). The concept of diversity in mortality causes is
explored further in the next sections of this chapter.
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2.3 A brief history of diversity

The concept of diversity is key to the study of many biological systems (Petchey
& Gaston, 2006; Tucker & Cadotte, 2013; Chao et al., 2014b). Measuring diversity
fundamentally involves describing variation within a distribution of characteristics.
Diversity measures quantify the presence (or absence) and relative abundance of
types (the characteristics: species, phenotypes, causes of mortality, etc.) within
a community (the distribution: a rainforest, the gut microbiome of an individual,
a population of people, etc.) (Simpson, 1949). In the study of diversity we may be
interested in how characteristics vary over a total population, a metacommunity,
or within a smaller subset of the population, a subcommunity. As an example,
consider the population of Scotland (metacommunity); composed of council areas,
datazones, or socioeconomic deprivation quintiles (subcommunities). Table 2.1
defines, and Figure 2.1 illustrates, these diversity-related terms alongside others
used in this section and this thesis as a whole. If the “types” shown in Figure 2.1
were causes of mortality, all individuals would have faced a different cause, the
distribution in causes of mortality would be completely even and diversity under
the Reeve et al. (2016) framework (used in this thesis and discussed further in
upcoming sections) would be maximised. If all individuals were to have faced the
“blue” cause of mortality diversity, the distribution would be completely domin-
ated by this cause and diversity under the Reeve et al. (2016) framework would
be minimised.
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Figure 2.1: A graphic illustrating terms used in the study of diversity in this
thesis. Types refer to a differentiating characteristic which defines individuals
in the group, for example causes of mortality.

Table 2.1: Terms related to diversity used in this thesis and their definition.

Term

Definition

Type

A differentiating characteristic which
defines individuals in a group.

Metacommunity

The total population of interest.

Subcommunity

A section of the metacommunity.

Alpha diversity

The variation of types within each subcommunity.

Beta diversity

The variation of types between subcommunities.
In other words the variation across the metacommunity
not explained by diversity within each subcommunity

Gamma diversity

The variation of types within the metacommunity.

Similarity

The degree of relation between types.

Naive-similarity

An assumption that types share no relation and
are completely distinct from one another.
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Many measures of species diversity have been proposed in the literature, they
have been used in variety of disciplines. This has caused some confusion as often
different terms have been used to describe the same measures (Noss, 1990). Dis-
tilling this plethora of approaches for the measurement of diversity into a formal-
ised framework has been an aim of the field for many years (Hill, 1973; Jost, 2006;
Jurasinski et al., 2009; Moreno & Rodriguez, 2010; Reeve et al., 2016). Historically,
measures of diversity were often developed separately. The variety of measures,
and the lack of a clear discipline wide-framework, meant that some equivalent
measures have been used in conjunction without acknowledgement of their sim-
ilar underlying properties (Magurran, 2021). Conversely, because the properties
of some measures of diversity differ, opposing conclusions may be drawn from the
application of different measures to the same distribution (Reeve et al., 2016).

Not only do these traditional measures overlap and lack categorisation but the
values produced by most measures are unitless. The lack of units can make com-
paring diversity between populations problematic. Jost (2006) uses the example of
two communities, one with eight equally abundant types and another with sixteen.
The second community can clearly be thought of as twice as diverse as the first,
as it contains twice as many types. However, the Shannon entropy - one of the
most commonly used measures of diversity - of the communities described above
is three and four respectively (Shannon, 1948; Bromiley et al., 2004; Bergeron-
Boucher et al., 2020). At first glance this may imply that the second community is
only one third more diverse than the first rather than twice as diverse. This does
not detract from Shannon entropy which is a useful measure of diversity valued in
the field of ecology. Indeed Jost (2006) argues that it is the “most profound and
useful of all diversity indices”. However, because it is designed to describe uncer-
tainty rather than diversity, its original formulation leads to results, such as those
described here, which may be misleading. This problem exists across many, more
historic, measures of diversity. However, solutions have been proposed (including
by Jost (2006)) and the formation of measures which account for this shortcoming
are described in the next section.
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2.3.1 Hill numbers and the “effective number of types” formu-
lation of diversity

In response to the limitations described above Hill (1973), building on the work
of Renyi (1961), proposed a unifying notation for the measurement of diversity in
1973, later expounded by Jost (2006). Under this system, diversity is presented
as the “effective number of species” (or here, types) within a community. This
is the theoretical number of equally abundant types needed to produce a given
value of diversity. Any value of diversity can in theory be produced by a range of
communities which differ both by the number of types present and in the abund-
ances of those types. Within this theoretical set of communities is one in which
all types are equally abundant. Theoretically, despite differing in structure, all
other communities in this set are equivalent in diversity to this equally abundant
community, therefore they can be described as having the same effective hum-
ber of types. The generalised formula for the calculation of diversity under Hill’s
framework is shown below in Equation 2.1. Here q is the order of diversity; R is
the number of types in the distribution; and p; is the proportional abundance of
the ith type.

pH/(1=a)) (2.1)

1
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The effective number of types formulation is used to give a unit to diversity
indices which makes it easier to compare between communities in a meaningful
way. Effective number formulations are also constructed so that their mathem-
atical properties are intuitive (Mitchell, 2019). Under effective number formu-
lations, the diversity of a community containing S equally abundant types is S.
Therefore, doubling the number of equally abundant types doubles the measure-
ment of diversity. This is not the case for “raw” measures of diversity such as
Shannon entropy as discussed above.

Hill (1973) integrated the effective number formulation into a novel family of
measures diversity which are known as Hill numbers (4D). Hill numbers are differ-
entiated, as measures of diversity, by the order of diversity - or g - which can take
any value between 0 and - and determines the significance placed on the abund-
ance of types. At g = 0 all types are considered equal regardless of abundance,
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therefore diversity at g = 0 is a count of the number of types in a community. This is
equivalent to a widely used ecological concept known as the “species richness” of
a community. Higher g values weight abundance more strongly and are described
as more conservative. Diversity at g = o, the most conservative Hill number, es-
sentially considers only the abundance of the most common type. It is an effective
number formulation of the Berger-Parker index which is a measure concerned with
the dominance the most common type.

2.3.2 Similarity of types

The development and formalisation of Hill numbers answered both the need for
a unified framework for measures of diversity and the desire for indices with a
meaningful unit (Routledge, 1979; Chao et al., 2014a). A key limitation of these
measures, however, is that they are only applicable when it can be assumed that
all types are distinct from one another. In reality this is often not true and within
a system it is common for certain types to be more closely related to each other.
For example, in a distribution of lifespans, individuals who died at ages 75 or 76
can be understood to be more similar to each other than individuals who died at
ages 0 or 75.

Quantifying similarity between types in the measurement of diversity was first
popularised by the work of Rao (1982a, 1982b). In 2012, Leinster and Cobbold
(2012) built on Rao’s work to produce a family of similarity-sensitive measures.
These measures can be varied in their sensitivity to rare species by g, as described
for Hill numbers above. Leinster and Cobbold (2012) introduce similarity through
the use of a matrix of size SxS, where S is the total number of types in the com-
munity. This matrix is used to represent the degree of similarity between each
pair of types. Under Leinster and Cobbold’s (2012) proposed measure, similarity
can be derived from any meaningful notion of relation between types. Using the
matrix described above, the expected similarity between each type and an indi-
vidual chosen at random from the community can be quantified and included in
the calculation of diversity. This is described as the relative abundance of types
that are similar to a given type (Leinster & Cobbold, 2012).
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The generalised formula' for Leinster and Cobbold’s (2012) measure of diversity
is shown in Equation 2.2. Here 9D7 is similarity-sensitive diversity, q is the order
of diversity, p; is the proportional abundance of the ith type. Zp is a relative
abundance of types similar to the ith type, quantified by Equation 2.3 where Z;;
is the degree of similarity between type i and j under the assumption 0 > Z;; < 1
(Leinster & Cobbold, 2012).

apZ — (Zpi(zp)iq*l)l/(l—q)) (2.2)
where s
(Zp)i =) Zijp, (2.3)

j=i

The development of Leinster and Cobbold’s (2012) similarity-sensitive measure
of diversity allowed a wide range of concepts in the field of diversity to be con-
densed into a single formula. Leinster and Cobbold’s method is flexible in both the
indices of diversity it measures (through varying g) and in the variety of systems
that its definition of similarity can describe.

2.3.3 The Reeve et al. framework and the measures of diversity
used in this thesis

Building on the work of Renyi (1961), Hill (1973), Jost (2006, 2007), and Leinster
and Cobbold (2012), Reeve et al., in 2016, proposed a unified framework for the
measurement of diversity. This framework generalised the previously proposed
methods making them applicable to a wider range of diversity indices. It also
addressed the problem of partitioning in the measurement of diversity. The par-
titioning of diversity refers to whether diversity is calculated within each subcom-
munity (alpha diversity), between subcommunities (beta diversity) or across the
metacommunity (gamma diversity). The complexities of partitioning diversity are
discussed in depth in the description of the framework by Reeve et al. (2016) and
in the thesis of Mitchell (2019) who led the creation of an R package (rdiversity)
to measure diversity under the framework. The measures proposed in the Reeve

This formula holds for all values of g other than 1 and inf at these values of q specific formulas
are used which are detailed by Leinster and Cobbold (2012).
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et al. (2016) framework encompass metacommunity and subcommunity measures
of alpha, beta and gamma diversity. Within each of these measures g (known as
the viewpoint parameter in this framework) can be varied from 0 to « to alter the
weighting of abundance, consistent with the previous descriptions of g values in
this section. In the research carried out in this thesis, subcommunity normalised
alpha diversity is measured, and so further description is limited to this measure.
However, promising applications exist for the study of beta diversity in mortality
causes, and these are discussed in Section 8.5.

Subcommunity normalised alpha diversity (q&]Z.), referred to in this thesis from
now on as simply normalised alpha diversity, is the diversity of each subcommunity
in isolation. This measure is equivalent to the measure of similarity-sensitive di-
versity of a single community proposed by Leinster and Cobbold (2012). Normalised
alpha diversity, at any g value, can take values between 1 and the total number
of types in the subcommunity. Under all q values (excluding q = 0) this measure
can only reach its maximum if all types are equally abundant.

Normalised subcommunity alpha diversity under the Reeve et al. (2016) frame-
work, as used in this thesis, is the diversity of each subcommunity (j) within a
metacommunity in isolation (For discussion of the distinction between metacom-
munities and subcommunities see Section 2.3.3). It is calculated under the general
formula shown in Equation 2.4, where M(1-q) is the weighted power mean of the
order 1 - g; P.; is a vector of the relative abundance of each type in subcommunity
Jj (P.;) divided by the proportion of the metacommunity contained within subcom-
munity j (w;) ; and ZP,; is the relative abundance of types similar to type j.

0 =M_o(P,(ZP;)7") (2.4)

The framework of diversity proposed by Reeve et al. (2016) provides a unified
set of measures of diversity with a meaningful unit which are flexible in their use
and can be used with similarity of types considered. It addresses each of the short-
comings in traditional measures of diversity discussed previously in this section. For
this reason, measures under this framework are used in this thesis. Further, the
notation and concepts within this framework are constant across alpha, beta, and
gamma diversities meaning there is potential for further study using measures of
diversity calculated under comparable notation, using the same terms.
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2.4 Diversity in the context of human mortality causes
and population health

The study of diversity in mortality causes involves utilising measures of diversity
to examine variation in the distribution of mortality causes within a population. In
the measurement of diversity, causes of mortality are treated as “types”. Greater
diversity in mortality causes indicates greater variation in the causes of mortal-
ity within a population with, a likely smaller proportion of deaths caused by the
most common causes. On the other hand, lower diversity indicates that causes of
mortality vary less within a population.

The study of diversity in mortality causes is an emerging field with a small
literature base. Exhaustive searches of the literature were carried out through-
out the period of research upon which this thesis is based. The following search
strategy was used in November 2022 to provide a final, comprehensive, view of pre-
vious studies. The EBSCO interface was used to search the MEDLINE database to
identify studies which featured the terms “diversity” or “diversification” alongside
the terms “mortality cause/s” or “death cause/s” in either the title or abstract
while excluding titles which contained the terms: “genetic” and “dietary”. This
search returned 31 results; these results were screened by title to exclude any
studies which did not directly study diversity in mortality causes. This final search
of the literature search returned a paper which | authored in the completion of
this thesis, this paper was excluded. Three studies of diversity in mortality causes
were taken forward (lzsak, 1986; Bergeron-Boucher et al., 2020; Trias-Llimos &
Permanyer, 2023))2. Publications referenced by these three studies and studies
which had cited these publications in the literature were examined for further
sources. Following this search a further five articles were found. Three further
studies were identified in this reference and citation search, these studies were
found to be unavailable in literature searches in numerous databases including EB-
SCO and Google Scholar (lzsak & Gyorgy, 1991; lzsak, 1982; Izsak & Juhas-Nagy,
1984) . Upon corresponding with the authors, copies of these publications were
very kindly supplied and included here. Overall, this thorough literature search res-
ulted in eleven peer-reviewed studies which are discussed in this section. Tables
2.2 and 2.4 describe these studies and their key findings.

IThe literature search carried out in November 2022 returned a conference mansucript sub-
mitted by Trias-Llimos and Permanyer published in May 2022, in January 2023 this research was
published in a peer-reviewed journal. The peer-reviewed version of this manuscript was examined
in this literature review.
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This section begins with a summary of the key findings and insights of these
previous studies in Section 2.4.1, followed by a discussion of the motivation for
examining diversity in mortality causes in Section 2.4.2, and, finally, a discussion
of the selection of a definition for mortality causes in the study of diversity in
mortality causes in Section 2.4.3.
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Where more than 2 countries were studied a full list of studied nations can be found in

Appendix A.1
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Where more than 2 countries were studied a full list of studied nations can be found in

Appendix A.1
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Where more than 2 countries were studied a full list of studied nations can be found in

Appendix A.1
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2. Literature Review

2.4.1 Summary of previous findings and insights

2.4.1.1 Historic temporal trends in diversity in mortality causes

There is little coherence in the methods adopted by previous studies of diversity
in mortality causes. Studies have used different measures of diversity, assessed
mortality under ICD-7, 8, 9, or 10 mortality coding systems, and examined a variety
of nations. The most stark divide is around the “mortality causes” over which di-
versity is measured. Mortality causes have been defined in two ways: as individual
ICD (7, 8, 9 and 10) mortality codes, or as groups of these codes with categorisation
generally informed by ICD chapter. This produces two methods for the calculation
of diversity in mortality causes which | will refer to as: fine-grained cause diversity
(diversity in individual ICD codes) and coarse-grained cause diversity (diversity in
groups of causes). The implications of changes in diversity under both methods are
similar and so they are discussed in tandem in this section.

Despite the disparate methods and settings in previous studies of diversity,
some broad patterns are evident. The earliest available study, lzsak (1986), ex-
amined mortality cause diversity in the USA from 1968 to 1975. They report re-
ductions in diversity (measured as an increase in “concentration” of death causes)
under measures sensitive to rare causes but an increase in diversity in measures
sensitive to the most common causes. Their findings indicate that a smaller pro-
portion of individuals had died due to the most common causes of death in 1975
than in 1968. However, at the same time the variety of rare causes recorded in
the population had fallen from 1968 to 1975. The use of different editions of the
ICD system to record mortality at different time periods makes direct comparis-
ons of diversity in mortality causes between studies problematic. Despite this the
findings of each subsequent study found in this review suggest near-constant in-
creases in diversity in mortality causes from the mid-1980s to the mid-2010s (lzsak,
1988, 1993b; Hunter et al., 2003; Bergeron-Boucher et al., 2020; Trias-Llimos &
Permanyer, 2023)3. These increases are observed relatively consistently across

3Bergeron-Boucher et al. (2020) report one exception to this: among females in Finland diversity
in causes of death was stagnant from 1996-2016
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2. Literature Review

European countries, the USA and Japan®. It should be noted that all analysis of
diversity in causes of mortality in the 215t century has measured diversity across
coarse-grained causes of mortality while studies in the 20t" century mostly assessed
fine-grained cause diversity.

In their early studies of diversity in causes of mortality Izsak (1988, 1993b)
suggests that increases in diversity over time may be associated with improving
diagnostic accuracy. They suggest that as a result of clinicians and those who re-
cord mortality causes more precisely diagnosing each individual, a wider variety
of causes may be recorded. This hypothesis is supported by the results of a study
which compared diversity in mortality causes between causes of death determined
by autopsy and by attending physician (Izsak & Gyorgy, 1991). Diversity in causes
of mortality was observed to be higher among deaths in which the cause was de-
termined by autopsy, this finding was attributed to greater accuracy in diagnosis
(Izsak, 1993b). Bergeron-Boucher et al. (2020) also suggests greater diagnostic
accuracy as a possible driver of increases in diversity in mortality causes in their
study of temporal trends in diversity in mortality causes from the 1990s to the
2010s in low-mortality countries, including the UK. However, they suggest that
ageing populations and an older average age at death are more important reasons
for increasing diversity in causes. Bergeron-Boucher et al. (2020) suggest that as
individuals, on average, die at an older age the range of risk factors and diseases
they are likely to face increases leading to an increase in the variety of recorded
causes of death.

Diversity in mortality causes is, fundamentally, sensitive to changes in the pro-
portion of deaths attributed to each cause of mortality. The causes of mortality
which have driven changes in the diversity of mortality causes over time can be ex-
amined through studying changes in the cause-specific share of deaths. Bergeron-
Boucher at al. (2020) perform this analysis and suggest that the main driver of
increasing diversity in their study was improving mortality rates due to circulat-
ory diseases. This was further tested by removing diseases of the circulatory sys-
tem from analysis using cause-deleted life table methods. As a result diversity
increased in fewer countries and diversification (a term for increasing diversity)

“Examination of diversity in mortality causes in nations outwith this group is limited to the work
of Acaso-Terrén et al. (1988), who did not assess temporal trends.
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2. Literature Review

occurred more slowly in countries where it was observed. The authors conclude
that, despite changes in the prevalence of diseases of the circulatory system being
the main driver of diversification, redistribution across the remaining causes of
mortality also contributed to increases in diversity.

The analysis discussed in this section has so far focused on diversity in the un-
derlying causes of mortality recorded for each individual in a population. However,
increasingly in public health science researchers have promoted using a multiple
causes of death (MCOD) approach (Fedeli et al., 2015). MCOD analysis refers to
research which leverages all causes of mortality recorded on a death certificate.
Alongside the underlying cause, in most countries mortality recorders can include
further, contributory causes which have hastened or contributed to mortality in
the deceased (Redelings et al., 2007). These contributory causes are thought to
be a valuable source of information regarding co- and multi-morbidities and the
health of those who have died at the time of death (Grundy & Stuchbury, 2022;
Batty et al., 2019). Trias-Llimds and Permanyer (2023) promote a novel method of
measuring diversity in mortality causes which takes into account multiple causes
of death (MCOD), discussed further in Chapter 7. They find using this measure that
in the USA in the 21t century diversity in causes of mortality has increased more
quickly when contributory causes are taken into account than when underlying
causes are examined in isolation.

2.4.1.2 Age-specific diversity in mortality

The causes of mortality which individuals face vary widely at different ages. Sev-
eral previous studies of mortality cause diversity have sought to examine age-
specific diversity in mortality causes to assess how variation in the distribution
of mortality causes differs by age (Izsak, 1982; Izsak & Juhas-Nagy, 1984; lIzsak,
1993a; Hunter et al., 2003; Bergeron-Boucher et al., 2020). Despite the use dif-
ferent methods, study populations, and periods of study, these studies report re-
markably similar patterns of diversity in mortality causes at different ages. In most
studies, diversity in mortality causes has been shown, in the majority of countries
and settings, to be higher at younger (deaths among those aged 0 to around 39)
and older ages (deaths among those aged 60 to 80+), with lower diversity in causes
between these ages. This effectively creates a U-shaped curve of diversity in mor-
tality causes if plotted across the life course. This pattern has been shown in the
diversity of causes of mortality within deaths which were attributed to cancers and
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to diseases of the cardiovascular system separately as well as in diversity across
all causes of mortality (Izsak, 1993a; Hunter et al., 2003; Bergeron-Boucher et al.,
2020). The U-shaped pattern of diversity in mortality causes is not identical across
countries, in terms of the exact age at which peaks and low points in diversity
occur and furthermore is not found in early studies of age specific diversity in mor-
tality causes (lIzsak, 1982; Izsak & Juhas-Nagy, 1984). These early studies find that
diversity in mortality causes was highest at younger ages, before falling in deaths
among those who are middle-aged but do not observe the increase in older ages.
Instead diversity is shown to plateau or reduce at older ages. The increased di-
versity in mortality causes at found at older ages in more recent studies is a factor
in the hypothesis posed by Bergeron-Boucher et al. (2020) that ageing populations
have driven diversification in causes of death.

2.4.1.3 Subpopulation tendencies in diversity in mortality causes

Variation in health outcomes between subpopulations is an important aspect of
population health (Newton et al., 2015). In most studies examination of diversity
in mortality causes has been limited to country-wide analysis of men and women
separately and at different ages at death. Hunter et al. (Hunter et al., 2003)
have reported significant geographic variation in diversity in causes of mortality
in deaths attributed to cancer within English and Welsh regions in the late 1980s.
The observation of geographic variation in mortality cause diversity indicates that
variability in causes of mortality differs by subpopulation. However, little examin-
ation of the environmental or socioeconomic factors which may have led to these
geographic tendencies in the diversity of causes were examined.

Trias-Llimos and Permanyer (2023) evaluated variation in diversity in causes
between subpopulations of the USA separated by educational attainment between
2003 and 2018. Educational attainment is a well-studied determinant of health
in the literature in various measures of population health (Albert & Davia, 2011;
Telfair & Shelton, 2012; Health, 2020). Trias-Llimds and Permanyer (2023) report
that diversity in causes of mortality was lower among those with higher educa-
tional attainment in the USA. This indicates that, in general, those with fewer
qualifications faced a wider variety of causes of mortality. As life expectancies
are generally higher among more educated groups this indicates in the USA longer
lived populations exhibit greater diversity in causes of mortality. Furthermore, di-
versity was partitioned in this study to examine the effect of changes within edu-
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cational attainment groups (equivalent to alpha diversity) compared to changes
between groups (equivalent to beta diversity). Increases in diversity in mortality
causes were found to be mostly driven by larger differences in diversity between
subpopulations rather than increasing diversity within subpopulations. This may
be an indicator of widening inequalities between subpopulaltions.

2.4.1.4 General insights and recommendations

After authoring, and co-authoring, a series of studies on the subject in the 1980s,
Izsak published a review discussing the merit of studying diversity in causes of mor-
tality in epidemiology and population health (Izsak, 1993b). In their review, lzsak
(1993b) highlight the benefit of using multiple measures of diversity together which
place different degrees of significance on the prevalence. This makes it possible
to assess changes in the variety of rare causes of mortality faced by populations as
well as to explore the dynamics of the most dominant causes. The concurrent use
of different measures of diversity is a recurring theme of Izsaks work (lzsak, 1982;
Izsak, 1986, 1988, 1993a). Izak (1993b) also raises methodological issues related to
the calculation of diversity in mortality causes. One key problem discussed is that
the epidemiological categories over which diversity is calculated are not neces-
sarily fixed, comparable entities. The author suggests that unlike biological taxa®
the causes of mortality in a population are difficult to define on equal terms. This
assessment is questionable, as similar issues exist in the study of diversity in any
system and in reality it is rare for any distribution to be composed of completely
unambiguous units (Baum, 2009; Van Rossum et al., 2020). However, the argument
is not completely without merit. This is discussed further below in Section 2.4.3.

>The word “taxa” is used in the biological classification of organisms to describe a population
or a group of populations which are considered to form a unit. For example, different species of
tree in a forest would constitute different taxa.
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2.4.1.5 Relationships between diversity in mortality causes and
established measures of population health

A strong relationship has been reported between life expectancy and mortality
cause diversity at the national level (Bergeron-Boucher et al., 2020). Increases
in life expectancy were observed alongside increases in the diversity of causes
of mortality across low-mortality nations, including the UK. Bergeron-Boucher et
al. (2020) use this evidence to support their hypothesis that that increasing di-
versity in mortality causes over time are driven by ageing populations, discussed
in Section 2.4.1.1. In addition, Bergeron-Boucher et al. (2020) observe a negat-
ive relationship over time between diversity in causes of mortality and diversity
in age at death. This indicates that as populations died at more homogenous ages
they faced a wider variety of causes of morality. Neither the relationship between
life expectancy and mortality cause diversity or between diversity in causes of
mortality and diversity in age at death was tested cross-sectionally. Interpreting
the evidence reported by Bergeron-Boucher et al. (2020), Trias-Llimds and Per-
manyer (2023) suggest that diversity in mortality causes was greater in countries
where life expectancy was greater and where ages at death were more varied (this
second point being the opposite of the temporal relationship discussed above).
Trias-Llimos and Permanyer (2023) also use their evidence of the diversity in mor-
tality causes across subpopulations, alongside previous research into variation in
lifespan in these subpopulations, to indicate that more varied ages at death are
associated with greater diversity in mortality causes at the level of subpopulations
as discussed above. This potentially indicates a Simpson’s paradox, with increased
diversity in causes of mortality found in nations with longer life expectancies but
within the USA, diversity in causes of mortality found to be lowest among the most
educated where lifespans are longest. This relationship has not been formally ex-
amined in previously published research outside of the work of Bergeron-Boucher
et al. (2020).

2.4.2 The motivation for studying diversity in mortality causes

Few of the previous studies described in this chapter have discussed, in detail,
the rationale for measuring diversity in mortality causes. In their study Bergeron-
Boucher et al. (2020) present two arguments for monitoring the variability of mor-
tality causes through the measurement of diversity. The first relates to individual
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level uncertainty in cause of death. Increased Shannon entropy - as observed in
by Bergeron-Boucher et al. (2020) - can be understood as a reduction in the cer-
tainty with which the cause of mortality of any individual picked at random from
the population can be predicted (Masisi et al., 2008). The same is generally true
for a number of measures of diversity. However, Shannon entropy is specifically
designed to quantify this uncertainty. This increasing uncertainty in the cause
of mortality each individual may face is proposed to have the effect of making
medical diagnoses more difficult. This is referred to further in this thesis as in-
creasing diagnostic uncertainty. Diagnostic uncertainty is a term that has been
widely discussed in the literature with a range of definitions proposed as well as
many concepts for its measurement (Simpkin & Schwartzstein, 2016; Bhise et al.,
2018). Whether increased diversity in causes of mortality has an impact on dia-
gnostic uncertainty may be arguable. Indeed, as discussed in previous sections,
various studies have suggested that increasing diagnostic precision may contrib-
ute to increasing diversity in causes of mortality meaning that in fact increased
diversity in causes of mortality may be caused by increased certainty in diagnoses
(Bergeron-Boucher et al., 2020; Izsak & Gyorgy, 1991). However, it has been sug-
gested that increasing prevalence of a wide range of conditions, especially those
with overlapping symptoms, may contribute to diagnostic uncertainty in medical
practice (Mishel, 1988; Pugh et al., 2009; Kelly & Panush, 2017). This impact is
likely to be limited to assessments and diagnoses performed by physicians. In the
21st century diagnoses are increasingly assisted by software-based tools and im-
proved diagnostic equipment (Dilsizian & Siegel, 2013; Lai et al., 2006). As these
devices become more widespread, accurate and trusted, they will be increasingly
used in place of more subjective judgements made by human physicians, which,
through reducing the need for subjective judgements, may limit the impact of
increasing diversity in mortality causes on medical diagnoses.

The second rationale for monitoring variability in causes of mortality proposed
by Bergeron-Boucher et al. (2020) is as a measure of fragmentation of causes at the
population level. Increased diversity in mortality causes indicates that deaths are
spread more evenly across causes, this means there is greater division in the causes
of the burden of disease. Therefore, in order to make continued improvements to
health a wider variety of causes will need to be addressed. This has implications
for the production of new pharmaceuticals; treatment by healthcare systems; and
preventative public health policies. In each of these cases, increased fragment-
ation of disease burden (indicated by increasing diversity) will mean that already
limited resources must be spread to address a wider variety of causes of mortality.
However, the impact of fragmentation is not likely to be uniform across health
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promotion and care sectors. Prevention policies and wider public health systems
are likely to be impacted least because generally their interventions target risk
factors rather than specific causes of mortality. Reducing the prevalence of a risk
factor, for example tobacco smoking, can have wide ranging effects reducing mor-
tality from heart disease as well as cancers and other causes of mortality (Critch-
ley & Capewell, 2003). By addressing wide ranges of mortality causes, prevention
strategies may be, to an extent, protected by fragmentation in mortality causes.
Fragmentation in mortality causes might be expected to have a greater impact on
treatments by healthcare systems. Generally speaking, medical departments and
healthcare professionals, even specialists, treat a range of illnesses and causes of
ill health meaning they are likely prepared, to an extent, for an increasing diversity
of mortality causes (Smyth et al., 2022; Horwood et al., 2018). Despite this, as
diversity in the causes of ill health facing a population increases, new specialisms
and increased diagnostic staffing may be required to combat the fragmentation of
disease (McKee et al., 2021). Finally, the production of pharmaceuticals is likely to
be most impacted by fragmentation. Most pharmaceutical treatments are designed
to cure only one disease or a small range of diseases or to treat a small number
of causes of ill health (Taylor, 2016). As diversity and fragmentation in causes of
mortality increases, an increasing number of pharmaceutical treatments will be
needed and these treatments may be useful to a smaller proportion of the popu-
lation. To summarise, fragmentation is likely to impact prevention the least, have
more impact on healthcare and treatment systems and have the largest impact on
direct cures for causes of ill health and mortality.

At the societal level, diversification in mortality causes may also be a sign that
economies and efficiencies of scale in the treatment and prevention of disease are
at risk. When many deaths occur due to common causes, the health of a large por-
tion of the population can be improved by focusing on prevention of risk factors
associated with these common causes. Similarly, in hospitals and medical care
centres, as many patients will present with the same cause, strategies can be em-
ployed to treat common causes more efficiently. However, as causes diversify and
a greater variety of diseases, conditions, injuries and causes of ill-health appear
in the population these economies of scale will become less powerful.

None of the studies of diversity in mortality causes discussed in this section since
Izsak (1986) have observed significant reductions in diversity in mortality causes
over time. Reductions in the diversity of mortality causes is likely to come along-
side an increasing proportion of deaths attributed to the most common causes. The
mortality rates of these causes are likely either increasing, stagnating or reducing
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at a slower pace than other less common causes. Many public health resources
are generally focused on the most common causes: in general, diseases which
are more common receive more research funding, though certain diseases such as
breast cancer receive more generous funding than other causes of ill health with
similar prevalence (Gross et al., 1999; Carter & Nguyen, 2012). Further, it has
been shown, in the USA, that public health policy is generally geared towards the
most common causes (Pilar et al., 2020). Therefore falling diversity in mortal-
ity causes likely indicates that public health research and policy are to an extent
failing in this regard, at least relative to efforts in other less common causes of
mortality.

The dynamics of diversity in mortality causes have potentially important im-
plications for population health and for public health practitioners and health care
systems in general. Using diversity in mortality causes to examine historic trends
we can learn how changes in patterns of mortality were achieved. It can further
provide insight into the diagnostic burden on individual physicians and the burden
of greater variation in mortality causes on public health and healthcare systems.

2.4.3 How should mortality causes be defined?

In creating somewhat arbitrary groups of causes of mortality or excluding cer-
tain individual causes of mortality each of the studies of diversity in mortality
causes discussed in this chapter has used a different definition of the distribution
of mortality causes. In fine-grained cause diversity, studies have excluded cer-
tain ICD mortality codes from analysis with little consistency between studies and
limited explanation of an exclusion strategy (Izsak, 1986, 1988, 1993a; Hunter et
al., 2003). Using coarse-grained cause diversity none of the three previous stud-
ies discussed in this chapter (Ascaso Terrén et al., 1988; Bergeron-Boucher et al.,
2020; Trias-Llimos & Permanyer, 2023) calculated diversity over the same groups
of causes. Only Bergeron-Boucher et al. (2020) discuss the selection of appropri-
ate groups over which to calculate diversity. They compare three different ways
to group causes of mortality and found that diversity in mortality causes increased
during their study period under each system and that the conclusions of their study
were upheld.
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The selection of the causes of mortality over which diversity is calculated is,
of course, fundamental to the outcome of any measure. However, the rationale
for the use of course-grained methods as opposed to fine-grained methods (or
vice versa) is rarely discussed in detail in previous studies of diversity in mortal-
ity causes. These studies are likely to have made these decisions to ensure with
aetiological standards and relevant literature or to simplify further analysis.

It is suggested by Trias-Llimos and Permanyer (2023) that measuring coarse-
grained cause diversity may lessen the effect that changes in coding practices may
have on diversity in causes of mortality. This may be true if changes in coding
practice are mostly confined to reassigning ICD codes within each group. However,
using Scotland as an example, the two major changes in coding practice (National
Records of Scotland, 2011; National Records of Scotland & Scottish Government,
2017) in the 21st century both lead to a change in the ICD-10 chapter that certain
deaths were recorded under. Therefore, these changes would likely have an effect
on diversity measured across both fine-grained causes and coarse-grained causes of
mortality. The effect of changes in coding practice are, to a degree, unavoidable
when examining mortality data without large scale re-coding of records to create
a consistent dataset. Furthermore, changes in coding practices generally occur for
a reason. A better understanding of aetiology may have developed or treatment
policies may have changed (National Records of Scotland, 2011). Therefore, in
order to reflect the true diversity of causes of mortality faced by the population
and treated by healthcare systems it is desirable to reflect these changes in coding
practice in analysis.

Another argument for the use of coarse-grained cause diversity could be the
creation of more meaningful units of comparison. The current systems of classi-
fication of morbidity and mortality such as ICD-10 coding are designed to aid the
reporting and study of mortality records and to allow comparisons between popula-
tions. Comparison between fine-grained ICD codes may be considered problematic
as each is designed to describe a specific condition, some of which may be inter-
preted more broadly than others. However, grouping causes does not necessarily
address this concern. In fact, the categorisation process arguably creates groups
which are less comparable than fine-grained ICD codes. Most cause-grouping meth-
odologies are based on ICD chapters. This generally means that all cancers are
treated as one cause of mortality, and all diseases of the circulatory system are
treated as another. A greater number of individual three-character ICD-10 codes
(the primary breakdown of mortality code in this system) exist to describe can-
cers (around 150) than diseases of the circulatory system (around 100). Therefore,
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a greater variety of causes of mortality might be expected within the “cancers”
group than within the “diseases of the circulatory system” group. Supporting this,
diversity in fine-grained ICD codes has been shown to be higher in deaths attributed
to cancers than in deaths attributed to diseases of the circulatory system (lzsak,
1988, 1993a). Furthermore, in using coarse-grained methods a degree of variation
in the distribution of causes may be lost.

The selection of a definition for mortality causes depends on the motivation
for measuring diversity. Diversity in mortality causes is a measure of uncertainty
at the individual level and of fragmentation at the population level. Although in
both cases understanding changes in the distribution of causes by chapter may be
informative; understanding the dynamics of diversity at a greater level of detail
is clearly beneficial. Trias-Llimos et al (2023) argue that “studying the effect that
more granular classifications can have on cause-of-death diversity measures would
be of great added value in future research”. ICD chapters are grouped by body
system and type of disease; therefore, any uncertainty associated with diagnosis
is likely to be higher between causes within the same ICD Chapter. In practice,
it may be more likely that one form of cancer is misdiagnosed for another cancer
than for a cause in a different ICD-10 Chapter. In grouping causes together by ICD
Chapter, it is not possible for measures of diversity to address this uncertainty.
For these reasons diversity is measured in this thesis at the level of fine-grained
individual ICD-10 three-character codes.

This section discusses the motivations for, and difficulties in, selecting a defini-
tion for “mortality causes” in the measurement of diversity in mortality causes. As
discussed there is no clear consensus on whether the fine-grained three-character
code approach adopted in this thesis or the coarse-grained ICD-10 Chapter ap-
proach is optimal. Finding an appropriate medium between these approaches
could allow for greater insight than coarse-grained analysis and make visualisation
and interpretation more simple than in fine-grained analysis. Using ICD-10 Blocks,
an intermediate step between three-character codes and Chapters, or even lar-
ger groups of codes could accomplish this. Another option could be the use of
similarity-sensitive measures of diversity which explicitly account for for the in-
herent similarity between certain causes of mortality. A case study reporting a
possible route towards this second approach is discussed in Section 8.5.
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2.5 Motivation for this thesis and research gaps

The previous section has summarised studies in the literature that have used di-
versity in causes of mortality in the study of population health. As indicated by the
limited number of previous studies in this field, important research gaps remain.

Increases in diversity over time in the late 20t" and early 215t century have been
observed in numerous studies across various nations, as discussed in this chapter.
These increases have been associated with reductions in the prevalence of circu-
latory diseases observed across various countries. In the 2010s, improvements in
mortality associated with cardiovascular disease have slowed in many countries
and, in some nations, have reversed (Wilson et al., 2017; Lopez & Adair, 2019;
Cheema et al., 2022). The dynamics of diversity in mortality causes during this
period of change in mortality trends have not been examined previously. Scotland
presents an interesting case study for this research as a nation where this resur-
gence in cardiovascular mortality has come alongside increasing mortality associ-
ated with deaths of despair and other increases in conditions such as degenerative
diseases (Brown et al., 2019; Allik et al., 2020).

Previous research into the causes which have, through changes in prevalence,
driven diversification in mortality causes in the 21st century has used coarse-
grained cause methods. As a result, the individual causes that have been respons-
ible for changes in the diversity of causes have not been examined. Further to
this, methods for examining the drivers of diversification are limited. Understand-
ing which causes are driving change in mortality cause diversity is key to addressing
diversification or concentration (the opposite effect). In this chapter | introduce
“additive value” a measure of the contribution of each fine-grained cause of mor-
tality to overall diversity in mortality causes.

Most of the previous studies of mortality cause diversity discussed in this chapter
have been carried out at the national level. Limited previous evidence has been
presented into how this measure may vary within countries by socio-economic or
geographic factors. This is despite the importance of inequalities in health within
countries on overall population health (Wyper et al., 2019). No available research

41



2. Literature Review

has examined how diversity in causes of mortality varies by subpopulations divided
by deprivation or across the urban-rural gradient despite important all-cause and
cause-specific variations in mortality between these groups (Levin & Leyland, 2006;
Brown et al., 2019).

These research gaps are the focus of Chapter 4 of this thesis, which aims to
answer the questions:

What were the national temporal trends in diversity in mortality causes in
deaths across all ages in Scotland from 2001 to 2019?

« What were the national temporal trends in diversity in mortality causes at
different ages at death in Scotland from 2001 to 2019?

» Did diversity in mortality causes differ between subpopulations, grouped by
area-level deprivation and urban-rural class, in Scotland from 2001 to 2019?

» What were the subpopulation level trends in diversity in mortality causes in
Scotland from 2001 to 2019?

» Which causes of mortality drove trends in the diversity of mortality causes at
the national and subpopulation level in Scotland from 2001 to 2019?

The relationship between diversity in causes of mortality and variation in ages
at death within populations has previously been examined by Bergeron-Boucher et
al. (2020). They use the same measure of diversity to examine variation in the dis-
tribution of causes of mortality and ages at death. A number of measures exist for
the study of variation in lifespans. Measuring variation in the distribution of ages
at death using measures of diversity has the potential to be advantageous within
this field beyond simply improving comparability to diversity in mortality causes.
Comparisons of measures of diversity in age at death to established measures of
lifespan variation have not been made, nor have the advantages of using measures
of diversity in the study of variation in lifespans been fully explored (van Raalte &
Caswell, 2013; Aburto & van Raalte, 2018; Aburto et al., 2021).

It has been observed that, over time, increased diversity in causes of mor-
tality is associated with increased life expectancies and reduced diversity in age
at death at the national level (Bergeron-Boucher et al., 2020). It has also been
hypothesised that because there are varied cause-specific mortality risks at differ-
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ent ages (Robine et al., 2007; Case & Deaton, 2015; Brown et al., 2019; Murphy,
2021); increased diversity in causes of mortality might be expected in populations
where ages at death are more varied (Trias-Llimos & Permanyer, 2023). Under-
standing whether increased diversity is associated with older populations or with
populations where people die at more varied ages can help to aid our understand-
ing of how the distribution of mortality causes will change as population health
progresses. In order to explore this it is important to explore both cross-sectional
relationships between diversity in mortality causes, life expectancy and diversity
in age at death and relationships over time; despite this such cross-sectional ex-
aminations are lacking.

The aim of Chapter 5 is to explore these research gaps and answer the following
questions:

« Is normalised alpha diversity in age at death (lifespan diversity) well-correlated
with existing measures of lifespan variation?

» Can lifespan diversity calculated from observed death counts be considered
a reliable proxy for lifespan diversity calculated from the lifetable death
distribution?

» What were the temporal trends in lifespan diversity in Scotland and Scottish
subpopulations from 2001-2019?

» What is the relationship between diversity in causes of mortality and lifespan
diversity in Scotland, firstly, across time and secondly, between subpopula-
tions?

Previous studies of diversity in mortality causes have suggested that the COVID-
19 pandemic may have had a disruptive effect on the distribution of mortality
causes (Bergeron-Boucher et al., 2020; Trias-Llimos & Permanyer, 2023). These
studies have not analysed the diversity of mortality causes during the pandemic.
The high burden of mortality related to COVID-19, as the most common cause of
mortality in many countries in 2020 and 2021, will have had a substantial effect on
the distribution of mortality causes. However, the COVID-19 pandemic has been
proposed to have wider direct and indirect effects. Examining diversity in mortality
causes offers an opportunity to understand these effects in the context of the
entire distribution of mortality causes. Through diversity analysis, it is possible to
examine pandemic related changes in the prevalence of the most common causes
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of mortality and to understand whether variation in the range of rare causes of
mortality recorded in the population shifted. Understanding these dynamics can
provide a way to contextualise the impact of the COVID-19 pandemic on population
health.

Trias-Llimos and Permanyer (2023) suggest that changes to the distribution of
mortality causes related to the COVID-19 pandemic are especially important in
nations that have lagged comparators in health improvements. They frame this
around mortality in the USA where various health outcomes have been slow to im-
prove compared to other Western, low-mortality countries. These adverse trends
have also affected Scotland where improvements to a number of mortality-based
measures of population health (e.g. life expectancy) have slowed or reversed in
recent years (Fenton et al., 2019b). This followed decades of slower improve-
ments to health in Scotland compared to other constituent nations of the United
Kingdom and comparable European nations (McCartney et al., 2012). Understand-
ing how the effects of the COVID-19 pandemic presented alongside these existing
adverse trends in population health in Scotland may be especially important to
understand the impact of the pandemic on population health and to planning the
recovery from this impact.

In Chapter 6, research gaps related to the COVID-19 pandemic are addressed,
with the aim of answering the following questions:

 What was the effect of the COVID-19 pandemic on diversity in mortality
causes in Scotland across in the years 2020 and 2021?

» Does the diversity in causes of mortality in Scotland exhibit a seasonal pat-
tern?

 What was the effect of the COVID-19 pandemic on diversity in mortality
causes during the peaks of the COVID-19 pandemic in Scotland?

» Was the impact of the COVID-19 pandemic on diversity in mortality causes
consistent between groups of causes and in deaths at different ages?

In Chapters 4 to 6, diversity is measured in the underlying causes of mortality
recorded in Scotland and Scottish subpopulations. Underlying causes of death are
the foundation on which most studies of mortality in population health are built
(Bishop et al., 2022). Despite this, they often do not tell the full story of an in-
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dividual’s health at the time of death. As discussed in Section 2.4.1.1 to gain a
wider perspective, a growing field of research uses methods which consider other
indicators of ill-health recorded on the death certificate. These methods are re-
ferred to as MCOD analysis and involve assessing contributory causes of morbidity
and mortality alongside the underlying cause of death (Désesquelles et al., 2014).

In their study, Trias-Llimds and Permanyer (2023) use MCOD analysis in the con-
text of diversity in mortality causes. They use methods which assess differences in
the specific set of mortality causes faced by each individual. This groups the un-
derlying cause and contributory causes together and offers insight into the range of
multimorbidities faced by the population. Little is known regarding variation in the
distribution of contributory factors in isolation (i.e. without taking into account
underlying causes) or what effect changes in the diversity of underlying causes have
on diversity in contributory causes of morbidity and mortality. This is important to
understand as changes in the diversity of contributory causes may compound the
effects of diversification in underlying causes of mortality. If diversity in contribut-
ory causes of mortality increases alongside diversity in underlying causes it would
indicate that, in addition to dying from a wider variety of causes, the population
had also faced a wider range of diseases and conditions at the time of death. This
has the potential to exacerbate uncertainty in diagnosis, as overlapping causes be-
come more likely to appear together. This may increase treatment and prevention
costs as causes of morbidity and mortality are treated in the same way regardless
of where they appear on the death certificate.

Chapter 7 aims to examine diversity in contributory causes of mortality and
answer the following questions:

« What are the national trends in the diversity of contributory causes of mor-
bidity and mortality in Scotland?

» What is the relationship between the diversity of contributory causes and the
diversity of underlying mortality causes in Scotland?

» Were the contributory causes of mortality recorded alongside COVID-19 more
or less diverse than those recorded alongside other leading causes of mortal-
ity in 2020 and 2021?
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Methods

3.1 Chapter overview

This chapter introduces and discusses the data and methods used throughout this
thesis, as well as some methods used in specific chapters. All results chapters
(Chapters 4 to 7) use the following datasets: firstly, mortality records and secondly,
population data provided by National Records of Scotland (NRS). In addition, Chapters
4 and 5 make use of Scottish Index of Multiple Deprivations (SIMD) income depriva-
tion data and Scottish Government urban-rural class data. This chapter begins with

a section outlining these data sources (Section 3.2).

The methods discussed in this chapter are described in the following paragraph.
Using mortality and population data referred to above, life tables were constructed
for the Scottish population and for Scottish subpopulations; these life tables were
used in Chapters 4, 5, and 7. The calculation of life tables is described in Section
3.3.1. Cause-specific and all-cause age-standardised mortality rates (ASMRs) are
used across results chapters to examine the burden of disease associated with vari-
ous causes of death, and their calculation is described in Section 3.3.2. In Section
3.3.3 the measures of diversity used in this thesis are discussed. These measures,
namely subcommunity normalised alpha diversity at g values of 1, 2, and « under
the Reeve et al (2016) framework, are used across results chapters. In Chapter
5 a number of established measures of variation in age at death are compared
to a novel measure, lifespan diversity, proposed in this thesis. These established
measures are introduced in Section 3.3.4. Finally, auto-regressive integrated mov-
ing average (ARIMA) models are introduced in Section 3.3.5 these models are used
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in Chapter 6 to forecast diversity in causes of mortality during the COVID-19 pan-
demic given previous trends. This makes it possible to compare a counterfactual
scenario with observed diversity in the years 2020 and 2021. For the most part,
this Chapter 3 covers methods and data that apply to multiple chapters. Chapters
4 to 7 contain their own specific methods sections.

3.2 Data

This section presents and describes the four main sources of data used in this
thesis: mortality (3.2.1) and population data (3.2.2), both obtained from NRS, as
well as area-level income deprivation (3.2.3) and urban-rural classification data
(3.2.4) obtained from the Scottish Government. These represent the core data
upon which analysis in this thesis is based; further supplementary sources of data
used in specific chapters are described in those chapters.

3.2.1 Mortality data

Scottish mortality data used throughout this thesis were extracted from individual-
level mortality records produced by NRS and held by the MRC/CSO Social and Pub-
lic Health Sciences Unit. These records contain all deaths registered in Scotland
meaning that deaths of Scottish residents which occurred outside of Scotland are
not included. The NRS dataset is the most complete record of mortality in Scotland
and is the basis for official statistics and government studies.

From this dataset, the year of death, sex, age at death, data on location of
residence and cause of death were extracted for each recorded death. Mortal-
ity records were assigned to datazones through postcode of residence data linked
to each record and Scottish Government lookup tables. Datazones are small area
geographies used by the Scottish Government in the production of a number of
statistical outputs. Here mortality records were linked to datazones to make it
possible to link population, area-level deprivation, and urban-rural class data to
each record. The resources used to match postcodes to datazones were the Scot-
tish Postcode Directory held by the NRS and the 2006 and 2016 SIMD postcode-level
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release. Neither of these resources contained all postcodes in Scotland within
which deaths had been recorded. However, through combining these datasets, it
was possible to match a datazone to 99.9% of mortality records. The boundaries
of datazones in Scotland change following census years to account for changes in
population. During the study period two sets of datazones were in use, namely,
those formed in 2001 and 2011. Records of deaths in the years 2001 to 2009 were
assigned to 2001 datazones and those in the years 2010 to 2021 were assigned to
2011 datazones. There are 6,505 2001 datazones and 6,976 2011 datazones. Both
sets of datazones were designed to contain a population of between 500 and 1000
individuals each.

3.2.1.1 Cause of death information and the ICD-10 classification
system

The cause of death information extracted from NRS mortality data included both
the underlying cause of death and up to nine additional contributory causes. These
were in the form of ICD-10 codes, which have been in use in Scotland throughout
the study period having been introduced in 2000 (National Records of Scotland,
n.d.). All recorded ICD-10 codes for the underlying and contributory causes of
mortality were converted into three-character codes (which | term fine-grained
causes) for further analysis by removing any further characters. The ICD-10 clas-
sification system and its structure are described below.

ICD-10 Categorisation

The ICD-10 classification system consists of individual codes designating a certain
cause of morbidity, mortality, or ill health which are classified into Chapters to-
gether with codes denoting similar conditions or diseases. There are 22 ICD-10
Chapters which generally contain either: diseases which pertain to an individual
body system (i.e. Chapter IX: Diseases of the cardiovascular system) or a certain
category of disease or cause of injury or mortality (i.e., Chapter Il: Neoplasms or
Chapter XX: External causes of morbidity and mortality).
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ICD-10 Code Structure

ICD-10 codes consist of between three and seven characters, with a larger number
of characters indicating greater specificity. Codes within the ICD-10 system for
the classification of causes of morbidity and mortality consist of three main parts.

The first part of an ICD-10 code is a single letter from A to Z that signifies the
body system or the category of disease. These letters are used to group codes into
ICD-10 Chapters. Most Chapters consist of codes beginning with a single letter;
for example, codes which begin with the letter | are all found within Chaper IX:
Diseases of the circulatory system. However, some Chapters contain codes that
begin with a different letter (Chapter Il contains codes beginning with both letters
C and D), and some letters are found in more than one chapter (codes beginning
with the letter D are found in both Chapters Il and 1ll).

The next part of an ICD-10 code consists of two characters that are always
numeric and signify the specific disease, condition, or cause of injury. For each
initial letter these characters range from 00 to 99, each coding for a different
cause of mortality.

Together, the first and second parts of an ICD-10 code form a three-character
code. Examples include codes: “C34: Malignant neoplasm of bronchus and lung”
or “X70: Intentional self-harm by hanging strangulation and suffocation”. These
three-character codes are the primary level of specificity used in population health
research. The last part of the ICD-10 code is four alphabetic or numeric characters
that come after a decimal place and are used to increase the specificity of the
code, allowing for the position within the body or the specific presentation of a
disease or condition to be recorded. These are not used in the analysis reported
in this thesis.

3.2.1.2 Changes in mortality coding practices

The coding of causes of mortality in each country follows a protocol set by national
or regional authorities. These differ slightly from country to country and region
to region to suit the needs and capabilities of different healthcare systems. In
Scotland, mortality coding practices are set nationally. Over time, as knowledge
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around the aetiology of diseases and diagnostic procedures improve, new causes
of mortality arise and technological innovations occur, such that it is necessary to
update coding practices. Two such changes in coding practice are reported by the
NRS during the years which are studied in this thesis. These occurred in 2010 and
2017; both changes were associated with new software systems used in the record-
ing of mortality causes (National Records of Scotland, 2011; National Records of
Scotland & Scottish Government, 2017). The first was estimated to have affected
the first character of the ICD-10 code in 2% of deaths. NRS suggest that this change
in coding practice had effects across ICD-10 Chapters. One of the most significant
effects was a consolidation of deaths due to alcohol and drug abuse, suicides, and
violence within Chapter XX: External causes of morbidity and mortality, increas-
ing the number of deaths recorded in this Chapter. This meant a reduction in the
number of deaths recorded in Chapter IV: Mental and behavioural disorders, where
some of these deaths had previously been categorised. An increase in the num-
ber of deaths assigned to degenerative diseases (namely various types of dementia
and Alzheimer’s disease) also occurred; these deaths would mostly previously have
been assigned to causes within Chapters X: Diseases of the respiratory system or
XIV: Diseases of the genitourinary system (National Records of Scotland, 2011). NRS
report that following the second change in coding practice, 96% of deaths were as-
signed to the same ICD-10 Chapter as they would have been previously (National
Records of Scotland & Scottish Government, 2017). They report the largest change
to be a further increase in the number of deaths recorded as dementia rather than
within ICD-10 Chapter X. The NRS advice on these coding changes is that while
they are small, they should be taken into account when examining trends over
time. This is the approach taken in this thesis and the potential impact of these
coding practices are discussed throughout this work.

Alongside the changes in coding practice discussed in the previous paragraph,
the Scottish Government introduced legislation in 2015 which changed the process
of mortality recording in Scotland (Scottish Government, 2011). The Certification
of Death Act (2011) aimed to increase scrutiny and therefore accuracy in mortality
cause recording and introduced a new form on which mortality details were re-
corded. However, the NRS and Scottish Government have not identified that this
act is likely to have had a major effect on the recording of underlying cause of
death (Earle, 2010; National Records of Scotland Web Team, 2013). While there
is no reason to discount this, evidence presented in Chapter 7 shows that after
2015, the average number of contributory causes recorded on each death certi-
ficate increased. The potential impact of this change is also discussed throughout
this thesis.
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3.2.1.3 “Garbage” mortality codes

A number of three-character codes defined within the ICD-10 classification system
are considered to be impractical for use in population health research (Ellingsen
et al., 2022). These codes are referred to as “garbage codes”, mostly because they
are vague and uninformative meaning they cannot be used effectively in research
or reporting (Johnson et al., 2021). In most years garbage codes are assigned to
between 10% and 15% of deaths in Scotland (Trends in the share of deaths in Scot-
land and within the Scottish subpopulations examined in this thesis are shown in
Appendix Figure B.6). In population health research it is common to redistrib-
ute deaths assigned to garbage codes to “valid” mortality codes (Ellingsen et al.,
2022). This generally involves complex algorithms which use aetiological informa-
tion or multiple-cause-of-death methods to reassign garbage code deaths to causes
of death considered to be more useful for further analysis (Johnson et al., 2021). In
the analysis of diversity in mortality causes presented in this thesis garbage codes
are retained within the distribution of mortality causes due to the complexity in-
volved in accurately redistributing mortality causes. Therefore, in Appendix B.2 |
test the sensitivity of the results in this thesis to the presence of garbage codes.
In this Appendix, a simple redistributive algorithm is used to reclassify all deaths
assigned to garbage codes to valid causes of mortality. With these garbage codes
redistributed, diversity in causes of mortality was calculated as described below
in Section 3.3.3. Trends in the diversity of mortality causes with garbage codes
redistributed was then compared to trends in the diversity of mortality causes in
the observed distribution of mortality causes as described in Chapters 4 and 7.
The trends in diversity in mortality causes reported in this thesis are upheld in
most cases under this analysis suggesting that the conclusions of this thesis are not
sensitive to the presence of garbage codes. In Chapters 4 to 7, where the analysis
described in Appendix B.2 suggests trends would differ with garbage codes redis-
tributed, the implications of this difference are discussed. In addition to this the
potential impact of garbage codes is discussed throughout this thesis.
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3.2.1.4 Data description

The total NRS mortality dataset used in this thesis consisted of records for 1,186,827
individual deaths in Scotland in the years 2001 to 2021. Of these records, 198
were excluded due to missing data (namely records lacking an age at death (n=2))
or problems with matching to administrative records (n=196). Although it would
have been preferable to have included these records, any biasing effect of their
exclusion on temporal analysis was considered negligible, as they occurred with
relative uniformity throughout the study period, as shown in Figure 3.1.
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Figure 3.1: The number of excluded mortality records in males and females in
Scotland in each year 2001 to 2021.

Following exclusion of incomplete records, data for 1,186,629 deaths were en-
cluded in analysis. Between 53,464 and 64,073 deaths occurred in Scotland in each
year during the study period. Figure 3.2 shows the raw number of deaths in males
and females separately in each year from 2001 to 2021 in Scotland, as well as the
median age at death in these years. The largest number of deaths was recorded in
2020 (64,073), followed by 2021 (63,420), reflecting the toll of the COVID-19 pan-
demic in those years. Before this, the peak in terms of raw deaths in Scotland was
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in 2017 (58,272). The fewest deaths were recorded in Scotland in 2011 (53,464).
During the study period, the average age at death among males was lower than
among females, although the median age at death in both sexes increased over
the study period from 80 to 83 in females and from 74 to 77 in males.
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Figure 3.2: The raw number of deaths in each sex in Scotland from 2001 to 2021
and the median age at death in each sex in those years.

A larger number of individual ICD-10 three-character codes were recorded in
males than in females in each year 2001 to 2021. However, the difference in
the number of causes recorded in each sex was small. During the study period
the number of recorded causes changed little, lying between 529 and 596 in both
sexes. Figure 3.3 shows the trends in the total number of ICD-10 codes recorded as
the underlying cause of death in each sex in Scotland. Of over 1,700 ICD-10 three
character codes, only a relatively small proportion were used to classify deaths
within Scotland in this period.
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Figure 3.3: The number of ICD-10 three character codes recorded among males
and females in Scotland in each year 2001 to 2021.

3.2.2 Population data

In this thesis, population data is used in the calculation of mortality rates, life
tables and age-structure diversity. NRS mid-year small-area population estimates
for the years 2001 to 2021 are used (National Records of Scotland, 2021). Mid-year
population estimates are modelled projections of the size of the population which
is usually resident in an area. These estimates are provided for males and females
separately at single years of age from 0 to 89 with a further open-ended age class
90+. The total population of Scotland according to these estimates increased over
the study period from 5,064,200 in 2001 to 5,479,900 in 2021. The population size
in each year of the study period in males and females separately is shown in Figure
3.4
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Figure 3.4: The male and female population in each year of study.

Figure 3.5 shows population pyramids for the male and female populations of
Scotland in 2001 and 2019; with the stationary population structure extracted from
lifetables overlaid. The calculation of the lifetables used in Figure 3.5 and through-
out this thesis is discussed further in Section 3.3.1. The population structure of
Scotland is shown here to have changed a little over the study period, from 2001
to 2019 the Scottish population has aged with a greater proportion living to older
ages and relatively fewer younger residents.
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Figure 3.5: Population pyramids for Scotland in 2001 and 2019 with lifetable sta-
tionary populations overlaid.

3.2.3 Income deprivation data

In Chapters 4 and 5, socioeconomic deprivation is measured using an area-level
measure of deprivation, the Scottish Index of Multiple Deprivations (SIMD). No
single measure of deprivation is universally used in the study of population health.
The two most prominently used area-level measures in Scotland are Carstairs score
and the SIMD (Carstairs & Morris, 1989; The Scottish Government, 2017). These
measures are considered broadly comparable in their scope and applicability to
population health research (Seaman, 2017). The SIMD was chosen over Carstairs
score for two reasons. The first relates to the size of the administrative geography
over which these measures are calculated. The SIMD is calculated at the level of
datazones in Scotland which had an average population size of 786 in 2021, whereas
the 2001 release of Carstairs score is available only at the level of postcode sec-
tors which have populations of roughly 5000 individuals (Brown et al., 2014; Na-
tional Records of Scotland, 2022b). The SIMD is a relative, area-level measure of
deprivation and so not all individuals identified in an area of high deprivation will
personally face high levels of deprivation (Lupton & Tunstall, 2003; The Scottish
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Government, 2017). The SIMD is available at the datazone level throughout the
study period meaning it is calculated among smaller, more homogeneous, popula-
tions which minimises the limitation of misclassification by degree of deprivation.
Secondly, the Carstairs score is calculated using census data which is only produced
once a decade. During the study period, census years were 2001 and 2011. The
2021 census was delayed until 2022 because of disruption related to the COVID-19
pandemic. This limits the applicability of this measure to studies over time. The
SIMD is calculated at more regular intervals in Scotland. Only two releases were
used to assess deprivation in this thesis (2006 and 2016) however, because they
represent the mid-point of the periods to which they are applied (2001 to 2009
and 2010 to 2019 respectively) they were considered to have greater relevant cov-
erage over the study period than census data would.

The SIMD is calculated across seven domains providing information on different
aspects relating to deprivation: income, employment, education, housing, health,
crime and geographical access to services. The SIMD health domain takes into
account several indicators of the health of populations. It has been suggested the
inclusion of health data in this way might skew analysis of other health measures
such as those presented in this thesis (Bradford et al., 2022). In order to avoid both
this and the effect of methodological changes, such as changes in the weighting of
domains, the SIMD income domain is used in isolation in this thesis, as is common
practice (Brown et al., 2019; Bradford et al., 2022). It has been shown that the
income domain is highly correlated with the SIMD as a whole and therefore is an
appropriate proxy for deprivation (Bradford et al., 2022).

The SIMD income domain is calculated by estimating the proportion of individu-
als within each datazone who are income deprived. Income deprivation is determ-
ined by the Scottish Government using the following indicators obtained from from
the United Kingdom Department of Work and Pensions and His Majesty’s Revenue
and Customs (The Scottish Government, 2017) :

« Number of adults receiving income support or income-based employment and
support allowance, and the number of adults receiving jobseeker’s allow-
ance.

« Number of adults receiving Guaranteed Pension Credit.
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» Number of children dependent on a recipient of income support or income-
based employment and support allowance, and the number of adults receiv-
ing jobseeker’s allowance.

« Number of adults in paid employment receiving Universal Credit.

e Number of adults and children in Tax Credit families on low incomes.

The total number of individuals who are determined to be classified within
the above indicators is divided by a population estimate for each datazone to
calculate the proportion of the population within a datazone who face income
deprivation (Scottish Government, 2020). Income deprivation proportions at the
datazone level were extracted from the income domain of the SIMD (2006 and
2016 releases). Datazone level SIMD releases contain population estimates for each
datazone. These are the populations used in the SIMD to calculate the proportion
of the population who face income deprivation. Datazones were ranked by these
proportions and the SIMD population estimates were used to create population-
weighted quintiles. Quintiles are approximate fifths of the population. In this
case quintile 1 represents the fifth of the population who live in the most income
deprived areas and quintile 5 represents the fifth of the population who live in
the least income deprived areas. The resultant subpopulations represent around a
fifth of the total Scottish population in each year. Figure 3.6 shows the mid-year
population estimates of the datazones in these quintiles. Note that the popula-
tions of these quintiles are not equal because quintiles were calculated across the
total population, without separating out males and females. For example, the top
row of Figure 3.6 shows that there are more men in the least deprived areas than
the most deprived; in contrast, there are more females in the most deprived areas
than the least deprived. Further, quintiles were calculated using a single year
of population, meaning ongoing changes in population dynamics within Scotland
are not captured. However, quintile populations varied by less than 6% from the
median quintile by population in each year. Quintiles varied more by number of
deaths, with more deaths recorded in more income deprived areas, irrespective of
sex, as shown in the bottom row of Figure 3.6.
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Following 2010 a sharp change in the populations of each SIMD income depriva-
tion quintile can be observed in the top row of Figure 3.6. This change in population
size occurs because different editions of the SIMD are used for 2001-2009 and 2010-
2019. The use of these different editions means that different areas, with slightly
different population sizes are included within each quintile. This change is likely
to have little effect on analysis in this thesis thanks to the use of life tables which
standardise populations in all analysis of subpopulations.
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Figure 3.6: The population size and raw death count of each SIMD income depriva-
tion quintile in each year 2001 to 2019.

3.2.4 Urban-rural classes

There are a number of ways to determine where on the urban-rural spectrum an
area lies (Rashed & Jurgens, 2010). Often population per unit area, or residences
(such as addresses or households) per unit area, are used (Verheij et al., 2008). This
method is often used in the literature related to urban-rural effects of health. It
does not however, take into account place-related aspects of urban/rurality which
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are thought to be relevant to health. Place-related aspects of health include vary-
ing levels of access to both health services and to health improving factors. These
factors may be more important than simply the population density of an area (Long,
1993; Corburn, 2017). Instead, some studies use indicators of urban/rurality which
take into account geographical features as well as the nhumber of people who live
in an area (Levin, 2003). In Chapters 4 and 5, one such indicator, produced by the
Scottish Government, is used to assign mortality records to urban-rural classes.
The Scottish Government produces urban-rural classes for small areas in Scotland
based on settlement size by population, and accessibility based on drive time to
large settlements. In this thesis the six-fold classification produced at the datazone
level was used (3.1). The six fold classification is not as comprehensive as other
proposed methods for the classification of urban/rural features in Scotland, which
encompass more detailed data on social characteristics (Levin, 2003). However,
the Scottish Government urban-rural classes are used often in the study of health
in Scotland and are generally considered to be a good proxy for the urban-rural
characteristics of small areas (Pateman, 2011; McKenzie et al., 2013; Rushworth
et al., 2015).

The 2006 release of the Scottish Government urban-rural classifications was
linked to records from 2001 to 2009 and the 2016 release was linked to records
from 2010 to 2019. As shown in Figure 3.7, using these releases results in a change
in the population size of certain classes from 2009 to 2010. This change is unlikely
to significantly impact analysis of urban-rural differences in this thesis as all such
comparisons are made using life-tables which standardise for population size.

Table 3.1: Descriptions of the Scottish Government Urban/Rural Classifications.

Class Class Name Description
1 Large Urban Areas Settlements >= 125,000 people
2 Other Urban Areas Settlements of >10,000 and <125,000 people

Settlements of >3,000 and <10,000 within 30
minutes’ drive of a settlement of >10,00 people.

3 Accessible Small Towns

Settlements of >3,000 and <10,000 with more
4 Remote Small Towns than a 30 minutes’ drive of a settlement
of >10,00 people.

Settlements of <3,000 within 30 minutes’
drive of a settlement of >10,00 people.

5 Accessible Rural Areas

Settlements of <3,000 with more than
6 Remote Rural Areas a 30 minutes’ drive of a settlement
of >10,000 people.
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The Scottish population is not evenly split between the rural-urban classifica-
tions, with the urban areas, classes 1 and 2, home to greater proportions of the
population. These differences in population may bias some of the measures of di-
versity studied in this thesis. At smaller sample sizes, measurements of diversity
may be lower simply because there are fewer individuals to measure. This is dis-
cussed further in Section 3.3.3.2. The minimum number of observations needed
to provide a reliable measurement is dependent on the number of possible types
(causes of mortality or ages at death) and the total number of deaths recorded
(which is related to population size). In Section 3.3.3.2, a diversity accumulation
curve is presented indicating that sample sizes > 1000 are sufficient to provide
reasonably reliable measurements of diversity in mortality causes in Scotland. In
the smallest subpopulations by urban-rural status, a minimum of approximately
1,250 deaths occurred each year; therefore it can be assumed that any biasing
effects of sample size in mortality cause diversity between these subpopulations
in deaths across all ages are likely to be small. This applies to all analysis of popu-
lations and subpopulations when analysing deaths across all ages, as is the case in
the majority of analyses performed in this thesis. The issue of sample size in the
calculation of diversity in mortality causes is discussed further in Section 3.3.3.2.
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Figure 3.7: The population size and raw death count of each Scottish Government

urban-rural class in each year 2001 to 2019.

3.3 General methods

The following section covers an explanation and discussion of several methodolo-
gies used in analysis across chapters: life tables (Section 3.3.1), the calculation of
ASMRs (Section 3.3.2), and normalised alpha diversity (Section 3.3.3). This section
also contains descriptions of methodologies used in specific chapters, namely: the
measurement of variation in lifespan in Chapter 5 (Section 3.3.4) and predictive
ARIMA models used in Chapter 6 (Section 3.3.5). Other methodologies used in this
thesis are described in the chapter in which they are used.
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3.3.1 Life tables

Period life tables are a demographic tool used to describe the force of mortality
within a population in a given period of time (Vaupel et al., 1998). Life tables
are used to examine the probability of death at any age as well as to calculate
life expectancy within a population. There are two types of life table: period
and cohort. Cohort life tables, as the name suggests, examine the demographic
patterns within a defined cohort of the population. The cohort is tracked from birth
to death and the precise age of death is recorded for each individual. This allows
for a detailed and exact demographic description of the given population (Preston
et al., 2001). This type of life table can only be calculated once everyone in a given
cohort has died. In the fast-paced world of health and demographic research it is
clearly desirable to have data on the health of the current population without this
delay. Period life tables meet this need as they, in effect, simulate a cohort and
apply the force of mortality at each age over the study period in the population
of interest. Both period and cohort life tables are almost exclusively calculated
for males and females separately because of differences in demographic processes
and timings between sexes (Andersson & Philipov, 2002).

Period life tables were constructed, in this thesis, following established meth-
ods (Preston et al., 2001). Each life table in this thesis was calculated using data
for a single year. A simulated population of 100,000 (the so-called ‘radix’ of the
life table) individuals is set at the start of each table. Single-year age-specific
mortality rates (my) in the study population for a single year are used to calculate
the probability of death at age x (px). These probabilities are calculated as 1-qy,
the probability of survival from one age to the next. Values for gy are calculated
according to Equation 3.2 where (ayx) is the average length of time, in (partial)
years, lived within age period x by individuals who died at age x (Wilmoth et al.,
2022).

px=1—¢qx (31)

where
my

1+ (1 —ay) X my

qx —
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It is common practice to assume that, on average, individuals die at the mid-
point of the year and to set ax to be 0.5 for all age classes other than age 0. This
approach is also used in this thesis. At age 0, this assumption cannot be upheld
due to distinct mortality dynamics among infants. In this thesis, ag was calculated
using Human Mortality Database (HMD) methods (Wilmoth et al., 2022). These
methods use a formula (Equations 3.3 and 3.4) to calculate ap given values of (my)
(the rate of mortality at age 0).

Males : ap = 0.14929 — 1.99545 x my (3.3)

Females : ap = 0.14903 — 2.05527 x my (3.4)

This calculation was performed for each population in which life tables were to
be calculated and found to be approximately 0.14 in each case. Thus, for simplicity
and consistency ap was rounded to 0.14 for the calculation of each life table!. The
transformation of mortality rates to probabilities of survival, under Equation 3.2
using ay, is performed to account for the fact that individuals die at different points
within each age class, rather than all individuals dying as soon as they reach age
X.

Probabilities of death (px) are applied to the simulated population progressively
to find the number of surviving individuals at each age (lx) (Eq. 3.5).

Lt1 =L X px (35)

The number of deaths at each age (dx), the number of person-years lived at
each age (Lyx) and the number of person-years lived (Tx) after each age can then
be found according to Equations 3.6, 3.7, 3.8, where i is the maximum age in the
life table.

This value is exactly the value of a, found in publicly available HMD life tables for the population
of Scotland as a whole in the years 2001-2021.
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dx = lx_lx—H (36)
Ly =L+ (ay x dy) (3.7)
T.=Y L (3.8)

These values are then used to calculate life expectancy at age x (ex) under
Equation 3.9.

€x = Tx/lx (3.9)

In this thesis dy is used in the creation of multiple-decrement life tables and
for the calculation of diversity in age at death and (ep, life expectancy at age 0)
is compared against these measures. Other life table variables are used in the
calculation of lifespan variation indices.

Small population sizes can reduce the precision of transforming mortality rates
to probabilities of survival (Preston et al., 2001). This is thought to be especially
a risk in so-called ’'complete life tables’, in which each age is treated separately.
To avoid this, it is possible to use abridged life tables, in which ages are grouped
together to pool mortality. However, abridged life tables do not completely avoid
the risks of measurements in small populations because they are still based on
the same small number of deaths. Furthermore, complete life tables, as used
in this study, offer a more precise account of mortality processes. There are no
widely agreed upon minimum required population sizes for the calculation of life
tables. Although it has been suggested that populations of greater than 50,000 -
100,000 individuals are of a sufficient size (Huang et al., 2020a). All subpopulations
assessed in this study are larger than this proposed minimum.
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3.3.1.1 Projecting old age mortality rates

Limitations of the NRS population data used in this study (which contain single
year populations from 0 to 89 and an open ended class 90+) meant it was only
possible to calculate mortality rates up to age 89. While it is possible to calculate
life tables using an open ended age class such as 90+, doing so is not generally
considered to be best practice (Missov et al., 2016). To overcome this, many in
the field of demography use extrapolation techniques to project mortality rates at
older ages. In this thesis, Kannisto-Makeham logistic models were used to extra-
polate mortality rates from ages 90 to 110 (Vaupel et al., 1998). Mortality rates
between ages 50 and 89 were used to inform these models. These methods are
standard in the field of demography (Németh & Missov, 2018; Huang et al., 2020b;
Fu et al., 2021). The mortality rates produced for the population of Scotland as a
whole through this process were validated against those produced by the Human
Mortality Database (HMD). This resource is considered one of the best sources of
demographic data globally and offers, upon registration, open access to life tables
for a wide range of nations around the world (Vaupel et al., 2011; Human Mortality
Database, n.d.). The mortality rates at ages 95 to 110 produced by the HMD are
smoothed at older ages, using a Kannisto model of old age mortality (Wilmoth et
al., 2022). This method uses the number of deaths and population at each age to
produce smoothed older age mortality rates, as population data was not available
in this study it was necessary to use modelling techniques. They are compared to
those calculated for this thesis in 2019 in Figure 3.8. Although these projections
do not conform precisely, they were considered to be well correlated and to val-
idate the use of these Kannisto-Makeham models. Other methods for projecting
mortality rates were examined, including logistic models which have been used in
previous studies, with none considered to be methodologically superior or found
to be better aligned with HMD projections (Seaman, 2017). It was not possible to
simply use HMD life tables in this thesis because they are released only at the level
of Scotland as a whole. Therefore, any analysis of subpopulations would not have
been possible. Version 1.9.4 of the package MortalityLaws, in R version 4.1.3 was
used to calculate Kannisto-Makeham logistic models in this thesis (Pascariu, 2022;
R Core Team, 2022).
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Figure 3.8: Mortality rates used in the calculation of life tables in this thesis for
males and females in 2019 in Scotland compared to HMD values. Rates from age
90 onwards were modelled in this thesis while HMD data are modelled from age
95 onwards. HMD modelling takes into account deaths only at ages 80 and older,
while modelling carried out in completion of this thesis includes all deaths from
age 50 onwards. This may account for some of the disparity between extrapolated
mortality rates.

3.3.1.2 Life tables constructed for this thesis

In this thesis, life tables were calculated for each year 2001 to 2021 for males and
females separately across the population of Scotland as a whole. These were com-
plete life tables constructed with single-year age classes from ages 0 to 109 and
an open-ended age class at 110+. Mortality rates for ages 0 to 89 were calculated
using NRS mortality and population data as previously described. Mortality rates
for ages 90 to 110 + were calculated using the methods described above in Section
3.3.1.1. Sex-specific life tables were also calculated separately for the popula-
tion of each SIMD income deprivation quintile and Scottish Government urban-rural
class in each year from 2001 to 2019.
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The computed all-cause life tables (known as “single-decrement” life tables)
were used to create multiple-decrement life tables for analysis of diversity in mor-
tality causes. In the single-decrement life table discussed to this point individuals
may leave the cohort for one reason: death. Multiple-decrement life tables are
those that describe different ways in which an individual might leave a cohort, for
example, by facing different causes of mortality (Artzrouni, 2005). The number
of life table deaths at each age (dy) is multiplied by the proportion of observed
deaths due to each three-character ICD-10 cause of mortality in the study popu-
lation. This produces the number of individuals who, theoretically, would have
faced that cause of mortality in the period life table. In effect a vector of (dy)
values is turned into a matrix of (dy ;) where i is each observed cause of mortal-
ity. This process was repeated for each of the life tables described above. Due
to the modelling of old age mortality there are ages, particularly at 90+ years, at
which no deaths occurred in reality but for which dy was imputed for the purpose
of constructing the single-decrement life table (Section 3.3.1). As it is not pos-
sible to create multiple decrements for these ages they are excluded from analysis
of diversity in mortality causes. Through techniques such as projection of cause-
specific mortality rates it is possible to produce multiple decrement life tables
which overcome this lack of age-specific data. To use these techniques appro-
priately considerable knowledge is required of the aetiology of each cause and
consideration must be given to each in turn. Applying such techniques to each of
the large range of ICD-10 three character causes recorded in Scotland during the
study period was considered outwith the scope of this work. Furthermore, model-
ling techniques would likely be based on projecting cause-specific mortality rates
from ages at which data exists it is therefore probable that any effects on diversity
would be small. This is because the measures of diversity used in this thesis assess
the relative prevalence (or abundance) of each cause of death. It can be expected
that modelling techniques based on existing data would change the prevalence of
each cause to a relatively small extent.

3.3.2 Age-standardised mortality rates

Age-standardised mortality rates (ASMRs) are a commonly used measure in popu-
lation health research. They weight mortality rates at different ages, attributed
to all causes or specific causes, by the size of the standard population at that age.
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To calculate ASMRs, mortality records were grouped into five year age bands:
0-4, 5-9, 10-14, ..., 85-89 and 90+, with bands chosen to match those of the 2013
European Standard Population (as is common practice (Ahmad et al., 2001; Levi
et al., 2001; Eurostat, 2013; Wilson et al., 2017)). The population within these age
bands was found using the population data described in Section 3.2.2 and used to
calculate the age-specific mortality rate for each 5-year age band as the number of
deaths divided by the population size, multiplied by 100,000. Each rate was then
weighted by multiplying by the proportion of the European Standard Population
belonging to the specific age band in question. The resulting age-weighted rates
were summed to generate the ASMR for the population in question. The resulting
measure is the mortality rate per 100,000 that would be expected in a population
if the population age structure corresponded to that of the reference European
Standard Population.

The specific populations for which ASMRs are calculated are described in the
relevant chapter and each chapter explains whether calculations were performed
across all causes or for specific causes of mortality.

3.3.3 Normalised alpha diversity

Diversity in causes of mortality and in age at death is calculated in this thesis
using normalised subcommunity alpha diversity under the Reeve et al. (2016)
framework which is equivalent to Leinster and Cobbold’s diversity of a single com-
munity ((Leinster & Cobbold, 2012; Mitchell, 2019)). The rationale for selecting
this method for the calculation of diversity is explained in detail in Section 2.3.
The equation used in the calculation of normalised subcommunity alpha diversity
is expressed using general notation in Equation 2.4. Diversity was calculated in
this thesis using version 2.0 of the rdiversity package in R version 4.1.3 (Mitchell
et al., 2020; R Core Team, 2022). In order to calculate diversity in this pack-
age, mortality data is transformed into a matrix where rows are ICD-3 character
causes of mortality; columns are years of death; and each element is the number
of deaths attributed to each cause in each year. In the case of diversity in age at
death, individual ages at death replaced causes of mortality as rows. The meta-
community() function (rdiversity) is then used to create a metacommunity object
from this matrix. Normalised subcommunity alpha diversity is then calculated from
this metacommunity object using the norm_sub_alpha() function (rdiversity), with
order of diversity (q) determined by the variable “gs”.
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Three specific measures of diversity are used in this thesis. These are norm-
alised alpha diversity at g values of 1, 2, and «. These measures are “effective
number of types” formulations of diversity, as discussed in Section 2.3. This means
that they produce a value equivalent to the number of equally abundant types
needed to create an equally diverse community. These measures can each take
values between 1 and the total number of types (causes of mortality or ages at
death) which occur in the dataset. Figure 3.9, illustrates the how these measures
behave for different simlualted distributions. Figure 3.9A indicates a distribution
completely dominated by 1 type (cause of mortality or age at death) this is the
least diverse distribution possible, and diversity under all measures is minimised.
Figures 3.9B and C indicate more diverse distributions leading to Figure 3.9D where
all types have equal abundance (the same number of people die due to each cause
of mortality or at each age at death). Figure 3.9D diversity is maximised and all
measures of diversity take the same value, which is equal to the total number of
types, here 10.

B C D
100%
90% -
50% q(l) g(l) = 3.41 g{l) = 5.45 g(l) = 10
qm q(2) = 2.50 g(2) = 5.00 q(2) = 10
0% gq(Inf) g(Inf) = 1.67 g(Inf) = 3.33 g(Inf) = 10

60%

50% -

40%

Proportional abundance

30%

0%
(] IIIII IIIIIIIIII
0%

13.78910 123 4567 80910 8 910 12 4,'3?8910

Figure 3.9: The normalised alpha diversity at q = 1, q = 2 and q = Infinity. Each
distribution contains ten types of illustrative distributions. In distribution A the
entire distribution is concentrated in one type, illustrating the lowest possible
level of diversity. In distribution D an equal share of the distribution is attributed
to each type, indicating the maximum possible diversity.

The three g values chosen in this thesis were selected because they represent a
range of measures that differentially weight the abundance of causes and, there-
fore, allow different aspects of a distribution to be examined (Izsak, 1986). These
measures are related to formulations of three well-known diversity measures that
are used often in the literature in the field of ecology. These are Shannon entropy
(g =1), Simpson’s index (g = 2), and the Berger-Parker index (g = «). The Shannon
entropy is a measure of the average uncertainty associated with predicting the
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type of an individual chosen at random from the metacommunity (Shannon, 1948).
Simpson’s index is the probability that two randomly chosen individuals will share
the same type (Simpson, 1949). Finally, the Berger-Parker Index is a measure of
the dominance of the most common type within the metacommunity (Berger &
Parker, 1970). These measures, when used in conjunction, are capable of provid-
ing insight into variation in the range of rare types in a community as well as the
dominance of the most common types. This is especially an advantage in the case
of diversity in causes of mortality where often the most common causes are those
which receive the most attention, but changes in the range of rarer causes are also
of interest (Carter & Nguyen, 2012; Bergeron-Boucher et al., 2020).

As discussed in Section 2.4, the methods employed by previous studies of di-
versity in mortality causes are varied. The most closely comparable in terms of
time frame and aims to this thesis is the work is Bergeron-Boucher et al. (2020)
who use a normalised measure of Shannon entropy. In this thesis comparisons of
diversity in mortality causes are made between different subpopulations in Scot-
land. Comparisons between such groups are made more robust through the use of
normalised alpha diversity as it is expressed consistently as an effective number of
types throughout. Furthermore, in this thesis | aimed to present an examination
of variation in different aspects of the distribution of mortality causes. It would
be possible to achieve this through the use of the measures discussed in the previ-
ous paragraph in their original form (or even to use a more advanced formulation
of these measures). However, using their equivalents in the Reeve et al. (2016)
framework allows for them to be calculated and expressed using the same terms
and notation which aids in the interpretation of results across different measures.

3.3.3.1 The use of life tables in the calculation of diversity in
causes of mortality

In all cases in Chapters 4, 5, and 7, diversity in causes of mortality is calculated us-
ing the distributions of causes of mortality extracted from multiple-decrement life
tables (Section 3.3.1). In Chapter 6, diversity is measured in counts of the directly
observed causes of mortality in the Scottish population without transformation
through the calculation of life tables. Life tables were used for the most part in
this thesis because of the advantages they offer in comparison between popula-
tions. In creating a standard starting cohort, life tables effectively standardise
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population structures (Jansen et al., 2012). This is suggested in the literature as
an approach to make comparisons between populations with differing population
structures more robust (Coale et al., 2013). For further commentary on the merit
of the use of life tables, see Chapter 5. In Chapters 4 and 5, where life tables were
used, comparisons were made between subpopulations such as income deprivation
quintiles and urban-rural classes. These methods were used to ensure comparisons
between these subpopulations were reliable.

Life tables are not used in Chapter 6 because within that chapter, diversity is
measured within individual months, meaning that the number of deaths in each
population was small. Calculating life tables with such small numbers of deaths
is problematic due to the need for a mortality rate for each age class to properly
capture demographic forces across the life table (Preston et al., 2001). Methods
to overcome this exist; however, they are generally founded upon modelling and
extrapolating mortality rates in ages where no deaths occurred. There are several
limitations to these methods, especially in for calculating multiple-decrement life
tables, because when mortality rates are projected into an age in which no deaths
occur, there is no cause of death information for this age which can be used in the
calculation of multiple decrements. The objective of this chapter was to study the
effect of the COVID-19 pandemic on the causes of mortality in Scotland. Therefore,
the analysis was sensitive to the effects of the introduction of this cause. Although
our knowledge is improving over time, our understanding regarding those who are
most vulnerable to COVID-19 remains imperfect and any technique to model its
effect across ages would be vulnerable to this. Furthermore, any techniques for
modelling life tables based on previous years would be inappropriate as these years
would not be informative regarding mortality during the pandemic. Figure 3.10
shows diversity in mortality causes in Scotland from 2001 to 2019 in males across
all ages calculated using the distribution of mortality causes drawn from life tables
and from observed raw death counts in those years. It demonstrates that these
methods produce trends that are qualitatively indistinguishable. Given that the
effect of using life tables compared to observed data is shown to be small, it was
considered appropriate to simply measure diversity in observed distributions of
counts of mortality causes in Chapter 6 rather than employ more complex methods
to model life tables.
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Figure 3.10: Comparison between diversity in causes of mortality, calculated from
the observed distribution of causes of mortality (x-axis) and from the distribution
of causes of mortality extracted from multiple-decrement life table data (y-axis),
in males and females over the period 2001 to 2019. The diagonal line indicates
a situation under which diversity in causes of mortality calculated from multiple-
decrement life table data is exactly equal to diversity in causes of mortality cal-
culated from the observed distribution of causes of mortality.

Previous studies of diversity in causes of mortality have assessed the distribu-
tion of mortality causes extracted from life tables (Bergeron-Boucher et al., 2020;
Trias-Llimos & Permanyer, 2023) and from observed mortality data (Izsak, 1986).
My work suggests that both methods are appropriate for the measurement of di-
versity in causes of mortality and that the choice of a method should depend on the
objective and situation of research. Calculating diversity in distributions of mor-
tality causes extracted from multiple-decrement life tables can be advantageous
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when comparisons are to be made between populations with differing age struc-
tures. Diversity calculated in observed distributions of mortality causes may be
useful if life tables cannot be accurately calculated or if one aims to examine the
distribution of mortality causes without any potential biasing effect introduced by
the transformations inherent in the calculation of by life tables.

3.3.3.2 The calculation of diversity with small sample sizes
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Figure 3.11: Diversity accumulation curve showing normalised alpha diversity at g
=1 in mortality causes for samples with increasing numbers of deaths drawn from
the deaths among the female population of Scotland in 2001. Each point represents
the mean of diversity calculated from 200 simulated populations (samples) with the
corresponding number of deaths.

Diversity measures are limited by their sensitivity to small sample sizes. Inherently,
a smaller number of individuals can have a reducing effect on the variety of types
which appear in a population. Figure 3.11 demonstrates this by showing a diversity
accumulation curve, equivalent to a species accumulation curve approach that is
commonly used in ecology (Leinster & Cobbold, 2012). To create this curve, the
female mortality records in Scotland in 2001 were randomly sampled with sample
size from 1 to 2000 and the normalised alpha diversity of the causes of mortality in
this simulated subpopulation was calculated. This process was repeated 200 times
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for each sample size and the mean of calculated diversities was found. Diversity
increases dramatically at sample sizes of <250 before beginning to level off and
does not completely plateau even for sample sizes around 2000. This pattern is
characteristic of diversity accumulation curves (Yurkov et al., 2011). The use of
life tables does not correct for this issue because the distribution of causes of
mortality from which multiple decrements are calculated are derived from small
numbers of deaths.

In most cases throughout this thesis, diversity is measured in populations in
which the number of deaths was greater than 1000. Figure 3.11 suggests if the
number of deaths is greater than 1000, any effects of sample size on diversity would
be small. As discussed above, this applies to all analysis of diversity in mortality
causes across all ages in the population of Scotland and all Scottish subpopulations
in this thesis. In analysis of diversity in mortality causes within populations divided
by age at death there are cases in which this threshold is not met. Analysis of
diversity in mortality causes in the Scottish population with deaths divided into
twenty-year age ranges is presented in Chapter 4 alongside evidence suggesting
that despite smaller number of observations, the conclusions of this analysis are
upheld. Analysis of diversity in mortality causes within subpopulations divided by
age is also performed and is presented in Appendix C and discussed in Chapter 4.
For this analysis all deaths among those aged 0-39 are pooled to increase sample
sizes.

3.3.3.3 Alternative measures of diversity

Various other methods for the measurement of diversity in mortality causes. In
order to test the sensitivity of the results reported in this thesis to other meth-
ods of calculating diversity in mortality causes, in Appendix B.1 three alternative
measures of diversity are assessed. These are Shannon’s index, Shannon’s entropy
and a measure related to measures of evenness referred to here as uniformity.
The formulations of these methods are described in Appendix B.1. Uniformity is
distinct as a method for measuring diversity from those used in this thesis in that
it accounts for the entire distribution of mortality causes in each year. Uniform-
ity explicitly includes causes of mortality which have zero values (i.e. a cause of
mortality for which a death has not occurred in a given year) in the calculation of
diversity which makes this measure sensitive to causes of mortality which do not
occur in every year. Diversity in underlying causes of mortality is measured using
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the three measures described here for deaths at all ages in the population of Scot-
land as a whole, in SIMD income distribution quintiles and Scottish government
urban-rural classes. Diversity in underlying causes of mortality is also measured
among deaths within twenty year age ranges across Scotland. Finally, diversity in
contributory causes of mortality is measured in deaths across Scotland. Further
details of the methods used in this analysis are detailed in Appendix B.1. In each
case diversity is measured in distributions of causes of mortality extracted from
multiple decrement life tables. Cases where trends under this alternative ana-
lysis differ from those calculated under normalised alpha diversity are discussed in
Chapters 4 and 7. The potential impact of these differential trends are discussed
throughout this thesis.

3.3.4 Lifespan variation measures

A number of indices of variation in age at death are used in the literature, and
six of these are calculated in Chapter 5 to allow comparison between diversity in
age at death (lifespan diversity) and established measures in this field. Several
studies have previously made comparisons between the existing indices, showing
very high degrees of correlation, and indeed, van Raalte and Caswell ((van Raalte
& Caswell, 2013)) suggest many are “apparently interchangeable” (Kannisto, 2000;
Evans, 2001; Cheung et al., 2005; Vaupel et al., 2011; van Raalte & Caswell, 2013).
Table 3.2 describes the indices examined in Chapter 5. These were calculated using
the spreadsheet developed by Shkolnikov and Andreev (2010) which uses values
from life tables to calculate indices of variation in lifespan, the calculation of
which described in detail by those authors. The measures of diversity in age at
death proposed in this thesis are also described in Table 3.2; the calculation of
these measures is discussed in detail in Chapter 5.
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Table 3.2: The names and definitions of the indices of variation in age at death

examined in Chapter 5

Specialised measures of variation in lifespan

Lifespan variation (et)

Lifespan variation is calculated as the sum of the residual life
expectancy at each age weighted by the proportion of deaths
which occur at this age. Greater lifespan variation means that
individuals are dying at a younger age than would be expected
(Shkolnikov et al., 2003; van Raalte & Caswell, 2013; Seaman
et al., 2019).

Lifetable entropy

Lifetable entropy is a relative formulation of lifespan variation.
It is, effectively, lifespan variation standardised by life expect-
ancy which rescales this measure to between 0 and 1 (Keyfitz &
Caswell, 2005; Shkolnikov & Andreev, 2010; Aburto et al., 2019).

Gini coefficient

The Gini coefficient can take values from 0 to 1 with lower values
indicating greater equality in lifespan (Keyfitz & Caswell, 2005).
It is the mean of the interindividual differences in lifespans, di-
vided by life expectancy (Evans, 2001; Shkolnikov et al., 2003;
Shkolnikov & Andreev, 2010; van Raalte & Caswell, 2013).

Traditional statistical measures of variation

Inter-quartile range

A measure of the distance (in years) between the lower and up-
per quartiles of the distribution of ages at death (Wilmoth &
Horiuchi, 1999; Shkolnikov & Andreev, 2010).

Standard Deviation

The traditional statistical standard deviation of the distribution
of ages at death (Shkolnikov & Andreev, 2010).

Coefficient of variation

The ratio of the standard deviation of the ages at death to the
mean age at death (Shkolnikov & Andreev, 2010).

Diversity measures proposed in this thesis

Lifespan diversity

3.3.5 ARIMA models

Similarity-sensitive normalised alpha diversity at g = 1 in age at
death. This measure can take any value between 1, when all
deaths occur at a single age, and the total number of ages at
death within the population, when an equal number of deaths
occur at each age.

In Chapter 6, Autoregressive Integrated Moving Average (ARIMA) models were used
to assess seasonality in diversity in causes of mortality and to produce a counter-

factual projection of diversity in causes of mortality in each month in 2020 and

2021 given trends in previous years. This was performed to give a prediction of
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diversity in mortality causes in the absense of the COVID-19 pandemic. It is known
that mortality rates associated some causes of death are seasonal, as are all-cause
mortality rates, and it is therefore necessary to consider the potential for a sea-
sonal pattern in diversity in causes of mortality (Gemmell et al., 2000). ARIMA
models were chosen for use in this chapter as they can be applied flexibly, mean-
ing that they could capture this seasonality, but also that even in situations where
seasonality was not observed they could be used to estimate a non-seasonal projec-
tion. ARIMA models have previously been used in analysis of a range of outcomes,
although most commonly outcomes expressed as rates (e.g. per 1,000 population)
or counts; however, in the literature, it has been suggested that these models
can be generalised to any continuous outcome (Wu et al., 2007; Ramezanian et
al., 2019; Alzahrani et al., 2020), making them appropriate for the analyses of
diversity here. Unlike other methods for time series analysis that typically regress
an outcome variable on time, ARIMA models predict future values of a variable by
regressing on the values of that variable at previous time points i.e. following an
auto-regressive approach (Schaffer et al., 2021). The specific cases in which ARIMA
models were used are discussed in Chapter 6. These models were fit according to
the methodology described by Schaffer et al. (2021).

ARIMA models are described using the following notation: ARIMA(p,d,q)(P.D,Q)s.
They are composed of seasonal (s) and non-seasonal models, each made up of three
components: the autoregressive model (AR) in which the dependent variable is
predicted by lagged values of itself (p in the nonseasonal model, P in the seasonal
model); the moving average model (MA) in which the dependent variable is pre-
dicted by lagged values of an error term (q,Q); and differencing, which is used to
create a stationary time series (d, D) (Schaffer et al., 2021). Through varying p,
g, P, and Q, the order of the autoregressive and moving average parts (i.e. the
number of lags to include) of the ARIMA model can be changed. ARIMA models
are selected and fit to data through a process of choosing the order of these parts
and by choosing the degree of differencing, achieved by varying d and D (Hyndman
et al., 2022).

The seasonal component of an ARIMA model is introduced in the model by pre-
dicting the dependent variable from lagged values of itself at a regular interval
which is defined as the season, where s is the number of observations which make
up a full year, i.e. 12 for monthly observations (Hyndman et al., 2022). The ARIMA
models used in this thesis are all constructed with a season of 12 meaning that
in the seasonal component of the model values of diversity in mortality causes in
each month are regressed on values of diversity in that month in previous years.
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The Schaffer et al. (2021) methodology suggests the following steps to fit an
ARIMA model. 1) The data should be plotted to understand trends and to examine
outliers. 2) Data should be transformed to stabilise variance if such transformation
is necessary. 3) The third step is model selection, a process which can be aided by
the use of statistical packages in R and should be performed using Autocorrelation
function (ACF) and partial autocorrelation function (PACF) plots; to do this, first,
if necessary, the data should be made stationary by adding a first order difference
(d=1) and if seasonality is present a seasonal difference should be applied (through
varying D). The ACF/PACF plots should then be used to decide on the order of the
AR/MA models (i.e. the number of lags to include) and p, P, g, and Q should be
adjusted accordingly. For example, positive autocorrelation at lag 1 indicates that
an AR term is needed and negative autocorrelation at this point indicates MA terms
are needed. Up until this point, all that is determined is whether the model should
contain seasonal terms and which AR/MA terms are needed. The next step is to
estimate the model a variety of AR/MA terms and use information criteria to find
the best fit model. 4) The residuals of the chosen model are then checked for
autocorrelation using a Ljung-Box test. The null hypothesis of these tests is that
no autocorrelation exists in the residuals. If autocorrelation is suggested by this
test then the model in question gives a poor fit and step 3 should be repeated. This
process is described by Schaffer et al. (2021) as iterative and it should be used to
find the most parsimonious model with the smallest AR/MA terms, which is well fit
and does not generate autocorrelated residuals.

The process described above was used in this thesis to fit ARIMA models as
described in Chapter 6. In some cases where this proved difficult, the function
auto_arima() from the forecast was used to inform decisions, as suggested by
Schaffer et al. (2021). Where the automated process was used, the models pro-
duced were compared against those produced manually and the model which was
best fit was taken forward for analysis.
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Chapter 4

Trends in normalised alpha diversity
in mortality causes in Scotland and
Scottish subpopulations

4.1 Background

Advances in medical and public health sciences have allowed for almost continual
reductions in total mortality rates, and resultant increases in life expectancies,
in developed countries since at least the 1950s (Moser et al., 2005). These im-
provements in all-cause mortality rates have been explained through theories of
epidemiological transition(Omran, 1971; Mackenbach, 1994). The most recent of
these transitions in Scotland and most developed nations has been characterised by
falling mortality rates associated with the most common causes of mortality; heart
disease and cancers. This has meant these causes have accounted for a smaller
proportion of deaths. Meanwhile, the prevalence of other less common causes of
mortality such as degenerative diseases and other diseases of old age increased.
This represents fundamental changes in the distribution of mortality causes.

Stalling improvements in various measures of population health such as life ex-
pectancy and mortality rates have been observed in Scotland in the 2010s (Ramsay
et al., 2020; Walsh et al., 2020b; Wraw et al., 2020). Ramsay et al. (2020) link
stalling mortality rates in this period to slowing improvements in mortality rates
associated with circulatory diseases. They further observe worsening mortality
rates associated causes such as dementia and Alzheimer’s disease as well as in-
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creased rates of drug-related deaths. The authors suggest that greater research is
required to understand changing mortality trends across ages and causes in Scot-
land. Through examining diversity in mortality causes it is possible to examine how
changing mortality patterns have affected variation in the distribution of mortality
causes.

Previous research has shown diversification in causes of mortality at the na-
tional level in high income countries, indicating an increase in the range of causes
likely to be faced by the population (Bergeron-Boucher et al., 2020). The con-
sequences of such an increase are discussed in detail in Section 2.4.2 but are
closely linked to uncertainty at the individual-level and fragmentation at the so-
cietal level. In both cases an increase in the diversity of mortality causes may
have negative implications for population health and public health and health care
systems.

Previous studies of diversity in mortality causes are mostly limited to examina-
tion of trends in diversity at the national level, with examination of subpopulations
limited to groupings by sex and age. Although, a gradient has been observed by
education in the USA with lower diversity in mortality causes among groups with
the highest educational attainment (Trias-Llimos & Permanyer, 2023).

Health outcomes vary widely between subpopulations, whether they are separ-
ated by socioeconomic or geographic factors. In this chapter, diversity in mortality
causes is measured within Scottish subpopulations defined by SIMD income depriva-
tion quintile and Scottish Government urban-rural class. The effect of deprivation
on health in Scotland has been described in a large number of studies; compared
to the population as a whole, those in more deprived areas face higher rates of
all-cause mortality. Further mortality rates in deprived areas have improved more
slowly over time. Additionally, wide variation has been found in cause-specific
mortality rates across deprivation quintiles (Brown et al., 2019). Cause-specific
mortality has also been shown to vary across the urban-rural gradient in Scotland,
with key differences in the burden of suicide and heart disease (Levin & Leyland,
2005; Walker, 2021; Casant & Helbich, 2022). The dynamics of change over time
in cause-specific mortality within Scottish subpopulations are complex and analys-
ing diversity in mortality causes allows for an examination of overarching trends.
Further, recognising populations in which diversification is occurring most quickly
makes it possible to examine where pressures on health care and public health sys-
tems may be felt most acutely and thus be better prepared to face this pressure.
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4.2 Research questions and objectives

This chapeter had the following objectives:

» To examine the trends in normalised alpha diversity of mortality causes within
Scotland.

» To explore differences by sex, age at death, SIMD income deprivation quintile,
and Scottish Government urban-rural class.

» To identify the causes and groups of causes driving trends in normalised alpha
diversity of mortality causes.

Therefore, this chapter aimed to answer the following research questions:

» What were the national temporal trends in diversity in mortality causes in
deaths across all ages in Scotland from 2001 to 2019?

« What were the national temporal trends in diversity in mortality causes at
different ages at death in Scotland from 2001 to 2019?

» Did diversity in mortality causes differ between subpopulations, grouped by
area-level deprivation and urban-rural class, in Scotland from 2001 to 2019?

» What were the subpopulation level trends in diversity in mortality causes in
Scotland from 2001 to 2019?

« Which causes of mortality drove trends in the diversity of mortality causes at
the national and subpopulation level in Scotland from 2001 to 2019?

4.3 Methods

4.3.1 Data
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Mortality data for the years 2001 to 2019 was extracted and processed as described
in Methods Section 3.2.1. Annual mid-year small area population estimates for 2001
to 2019 for Scotland as described in Methods Section 3.2.2 were used.

4.3.2 SIMD income deprivation quintiles

SIMD income deprivation quintiles were created, as described in Section 3.2.3, to
examine the effect of deprivation on diversity in mortality causes in this chapter.
Mortality records for the years 2001 to 2009 were linked to SIMD 2006 and those
for the years 2010 to 2019 were linked to SIMD 2016.

4.3.3 Scottish Government urban-rural classes

The Scottish Government six-fold urban rural classes, as described in Methods Sec-
tion 3.2.4, were used in this chapter. Datazones were used to link mortality records
to urban-rural class; 2005/2006 classes were used for the years 2001 to 2009 and
2016 classes were used for 2010 to 2019.

4.3.4 Life tables

Multiple Decrement life tables were constructed, as described in Section 3.3.1, for
Scotland as a whole and for each deprivation quintile and urban-rural class. Life
tables used single-year age classes for males and females separately, and were
calculated for each year from 2001-2019.
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4.3.5 Normalised alpha diversity

Normalised alpha diversity was calculated under the Reeve et al. (2016) framework
described in Section 3.3.3 from distributions of mortality extracted from multiple-
decrement life tables. Naive-similarity normalised alpha diversity in mortality
causes at the level of ICD three-character codes is examined at g values of 1,
2, and «. Diversity was calculated in each year from 2001 to 2019 in males and
females separately across Scotland as a whole and in each deprivation quintile
and urban-rural class. Calculations were performed for deaths across all ages and
for deaths in 20-year age groups. These ranges were 0 to 19, 20 to 39, 40 to 59,
60 to 79 and 80+ for analyses across Scotland, whereas for analysis of subpopula-
tions, the first two age groups were combined to ensure sufficient data in each
subpopulation.

4.3.6 Additive value

Assessing the contribution of individual, fine-grained causes of mortality, or in-
deed groups of causes, to normalised alpha diversity is complicated by the nature
of this measure and the way it takes into account the proportional prevalence of
causes. Previously Bergeron-Boucher et al. (2020) have used cause-deleted life
table methods (effectively removing an individual cause from the calculation of
multiple-decrement life tables) to assess the contribution of cardiovascular dis-
eases to national trends in diversity in mortality causes by examining these trends
with this cause removed. | have developed a novel measure, additive value, which
| use in this chapter to examine the contribution of fine-grained causes of mor-
tality and ICD-10 Chapters, to diversity in causes of mortality. In this chapter, |
introduce the use of ‘additive value’ to examine the contribution of individual,
fine-grained causes of mortality and groups of causes (namely ICD-10 Chapters),
to diversity in causes of mortality. Additive value is a simple but useful measure
of the effect each cause has on diversity, essentially describing the value diversity
would take if all deaths due to a particular cause of mortality were excluded from
analysis.
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To calculate additive value, each cause (or group) in turn is removed from the
distribution of causes and diversity is recalculated without this cause. Additive
value is calculated by dividing the cause-excluded diversity by all-cause diversity
and subtracting the resultant proportion from 1. Therefore additive value can, in
theory, take any value from S%” to —S%" where S is the total number of individual
causes of mortality and n is the number of individual causes excluded.

The additive value can be either positive or negative. A positive value means
that the cause in question makes the distribution of causes more even and removing
this cause reduces diversity. Negative values occur for dominant causes the exclu-
sion of which increases diversity by increasing the evenness of the distribution. To
use an example, if cause x had an additive value of 0.1 it would indicate that di-
versity in mortality causes was reduced by 10% with cause x excluded. Therefore,
if cause y had an additive value of 0.2 it would mean that the removal of cause y
from the distribution reduced the calculated value of diversity twice as much as
the removal of cause x. The additive value of causes of mortality is not additive,
meaning that diversity in mortality causes is not equal to the sum of the additive
value of all causes of mortality.

The additive value of each of the ICD-10 three-character codes recorded during
the study period, as well as each ICD-10 Chapter, was calculated across Scotland
and in each of the subpopulations examined in this chapter in each year from 2001
to 2019. Additive value was calculated across in deaths all ages and in each of the
twenty-year age groups described in section 4.3.5.

4.3.7 Age-standardised mortality rates and proportional preval-
ence

All-cause and cause specific age-standardised mortality rates (ASMRs) were calcu-
lated for Scotland as a whole and in each subpopulation in each year from 2001 to
2019 as described in Section 3.3.2. Both all-cause and cause-specific ASMRs were
calculated for deaths across all ages and in each twenty-year age group. Cause-
specific ASMRs were calculated for each three-character ICD-10 code which was
recorded in each population in a given year.
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The proportional prevalence (referred to further as prevalence) of each ICD-10
mortality cause (and each ICD-10 Chapter) recorded during the study was calcu-
lated by dividing the cause-specific ASMR by all-cause ASMR. These calculations
were carried out separately for males and females across Scotland as a whole, and
for each subpopulation. This was repeated for deaths across all ages and in the
twenty-year age groups described in Section 4.3.5.

4.3.8 Software

Analysis in this chapter was carried out in R version 4.1.3 (R Core Team, 2022). Data
manipulation and processing was performed using version 1.3.1 of the tidyverse
package, plots were created using version 3.3.5 of the ggplot2 package and version
1.1-2 of the package RColorBrewer (Neuwirth, 2014; Wickham, 2016; Wickham
et al., 2019). Calculation of diversity was carried out using version 2.0 of the
rdiversity package (Mitchell et al., 2020).

4.4 Results

The results section of this chapter is structured as follows. All analyses are con-
ducted separately by sex. Firstly, to assess overall trends, diversity in causes of
mortality is examined across Scotland as a whole. Then, | consider trends ac-
cording to the following three breakdowns: (1) income deprivation quintiles; (2)
urban-rural class; and (3) 20-year age group. For all of these, | examine diversity
at g values of 1, 2, and «. In each case, diversity in mortality causes is calcu-
lated from distributions of mortality causes extracted from multiple decrement
life tables.

The values of g of 1, 2, and « are used as they represent a range in the weight
placed on the prevalence of causes. At g = 1, which is the least conservative
measure, all causes are weighted exactly by their prevalence and relatively rare
causes are thus given prominence. Increasing g values indicate a greater weight
on the prevalence of causes and at g = «, the most conservative measure, only the
most common causes are considered. This provided the ability to study different
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aspects of the diversity in distributions of mortality causes. In each case, the
additive value to diversity of causes of mortality, both individually and grouped as
ICD-10 Chapters, is examined. Through additive value | was enabled to examine
the mortality causes which have driven changes in diversity in causes of mortality.

4.4.1 Trends in normalised alpha diversity at g = 1, 2, and « in
deaths across all ages

4.4.1.1 Scotland

In this section, the evolution over time of normalised alpha diversity in causes of
mortality, calculated in Scotland from 2001 to 2019 is calculated for males and
females separately across deaths at all ages using distributions of mortality causes
extracted from multiple decrement life tables. Diversity is studied at three g val-
ues - 1, 2, and . First, to help illustrate the distributions discussed in this section,
Figure 4.1 shows the share of deaths attributed to each of the 100 most common
causes of mortality in males and females in Scotland in 2001 and 2019 separately.
The share of deaths assigned to each cause was extracted from multiple-decrement
life tables for each population. Figure 4.1 shows a significant reduction in the share
of deaths assigned to the most common causes in both males and females over this
period.
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Figure 4.1: Bar plot showing the share of deaths, calculated from multiple-
decrement life tables, attributed to each of the 100 most common mortality causes
in males and females in 2001 and 2019 in Scotland. Bars are coloured by the ICD-10
Chapter in which the cause resides.

The first measure of diversity considered in this chapter, normalised alpha di-
versity at g = 1 is an equivalent measure to the exponent of Shannon entropy
(Shannon, 1948), which describes the average uncertainty associated with pre-
dicting the type of a single individual picked randomly. It is the least conservative
of the measures of diversity considered here in that it weights rare causes of mor-
tality most heavily in the calculation of diversity and is therefore the most sensitive
to changes in the number of deaths caused by these rare of causes of mortality.
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Figure 4.2: Trends in normalised alpha diversity at values of g equal to 1, 2 and
Infinity against A) Year of death and B) age-standardised mortality rate, in males
and females in Scotland across all ages. In panel A lines and in panel B points,
represent values in each year from 2001-2019.

Figure 4.2A (top panel) shows trends in the normalised alpha diversity at q=1
of causes of mortality. Initially, diversity was higher for females who faced 64.2
effective causes of mortality in 2001 compared to 62.4 for males. This means that
diversity at g = 1 in the distribution of mortality causes was effectively equival-
ent to approximately 64 equally prevalent causes of mortality among females and
62 among males . However, diversification occurred more quickly among males

"The definition of the “effective number of types” formulation is explained further in previous
chapters
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than females and after 2012 a more diverse distribution of mortality causes was
observed in males in every year under diversity at g = 1. The top panel of Figure
3B shows the relationship between normalised alpha diversity at g = 1 in causes
of mortality and all-cause age-standardised mortality rates from 2001 to 2019, in
males and females, for deaths across all ages. A clear negative relationship is
present in both sexes meaning that as rates of mortality have fallen, diversity in
mortality causes at g = 1 has increased.

Normalised alpha diversity at q=2 is equivalent to the inverse of Simpson’s in-
dex (Simpson, 1949), a measure of diversity which describes the probability that
two randomly chosen individuals will die of the same recorded mortality cause. Di-
versity at g = 2 is described as more conservative than at g = 1, with more abundant
types given more weight in the calculation of diversity and less significance placed
on rare types.

The second panel of Figures 4.2A and 4.2B show normalised alpha diversity of
mortality causes at q=2 against year of death and age standardised mortality rate
respectively. Similarly to diversity at =1, males faced a less diverse distribution
of mortality causes in 2001 and increases to diversity in mortality causes occurred
more quickly in males than females. Under this measure, the greater rate of di-
versification in males lead to a convergence later in the study period than under
diversity at g = 1. This indicates that faster diversification in males is likely as-
sociated with rare causes of mortality becoming more prominent more quickly in
males than females. At the level of the most dominant causes trends were more
similar between sexes.

The last measure of diversity considered in this chapter is the most conser-
vative, with the most weight given to abundant types and, in effect, rare types
disregarded completely. Normalised alpha diversity at g = - is equivalent to the
inverse Berger-Parker Index (Berger & Parker, 1970), a measure of how dominant
the most common type is within a population. As with the previously discussed
measures, the maximum possible value is equal to the number of types in the pop-
ulation. As with all measures other than g = 0, it can only reach this number if all
types are equally distributed. Trends under diversity g = « are important because
a small nhumber of causes of mortality account for a large proportion of all-cause
mortality rates. For example, among females in 2001, 13% of the recorded causes
of death when combined represent for 86% of the total ASMR (Appendix A.2).
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Under normalised alpha diversity in mortality causes at g= ~ males again faced
less diverse mortality causes in 2001 than in 2019 as shown in the lower panel of
Figure 4.2A and B. However, males continued to face less diverse causes across
the period. In both sexes, relatively steady increases in the diversity of mortality
causes at g= « are observed up to the early 2010s. In the following years, diversity
has stalled in females and fallen slightly in males. This measure is more sensitive
to trends in the proportion of deaths attributed to the most common cause than
diversity at g = 1 and g = 2. Therefore, trends in diversity at g = « following 2015
indicate that among males an increased share of deaths has been attributed to the
most common causes.

The trends noted here mean that over time, for most of the study period, fewer
deaths occurred due to the most dominant mortality causes and that a redistri-
bution occurred with deaths attributed to a range of other causes of mortality,
creating a more even distribution. Taken together, the trends under diversity in
mortality causes at g = 1, g = 2, and g = - indicate that while the proportional
prevalence of rare causes of mortality has continued to increase following 2015 (as
shown by changes in g = 1 and g = 2), the prevalence of the most common causes
is no longer reducing (as seen for g = ).

In Appendix B.1 alternative methods for the calculation of diversity are used
to measure diversity in causes of mortality in males and females in Scotland from
2001 to 2019. This analysis suggests that under a measure related to evenness,
which explicitly accounts for zero values in the distribution of mortality causes
(causes of mortality which do not occur in every year in the study period), the
trend for increasing diversity throughout the study period, as described above, is
not observed. Instead no clear trend in diversity in mortality causes is observed
from 2001 to 2014 in females while in males diversity increases slightly over this
period. A marked increase in diversity in mortality causes is observed from 2015
onwards in both sexes. This leads to greater diversity in 2019 than in 2001 as
observed under normalised alpha diversity above but indicates different trends
during the study period when zero values are accounted for.
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4.4.1.2 Scottish subpopulations

Here, trends in diversity in mortality causes are compared between deprivation
quintiles and urban-rural class. Comparison of the relationship between diversity
and mortality rates (as in Figure 4.2B) are not shown because the relationship
differs little across subpopulations.

Deprivation Quintiles

To illustrate the distributions of mortality causes in SIMD income deprivation
quintile, Figure 4.3 shows ridge plots of the share of deaths attributed to each of
the 100 most common causes of death in males and females separately in 2001
and 2019. As across Scotland above, this shows a reduction in the share of deaths
attributed to the most common causes from 2001 to 2019 in most cases.
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Figure 4.3: Illustrative ridge plot showing the share of deaths, calculated from
multiple-decrement life tables, attributed to each of the 100 most common mor-
tality causes in males and females in 2001 and 2019 in each SIMD income deprication
quintile.
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Across deprivation quintiles, broadly the same trends in diversity in causes of
mortality are observed as in the Scottish population as a whole at each value of
g. However, some important insights are found by studying differences and diver-
gences in trends between quintiles shown in Figure 4.4.

First, at g = 1, all deprivation quintiles are found to have less diverse causes of
mortality than across the country as a whole in most years. Because this pattern is
not noted at higher values of g, it suggests that it is driven by differences in rare
causes. Specifically, it suggests that rare causes of mortality are not spread equally
across deprivation quintiles. Rather, individuals in each quintile face different sets
of rare causes which combine to produce more diversity across the country.
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Figure 4.4: Diversity in mortality causes in deaths across all ages in SIMD income
deprivation quintiles, plotted against year of death for the years 2001 to 2019.
Plots are separated by sex with a separate line for each deprivation quintile.

In most years, at g = 1 diversity in mortality causes is lower in less deprived
areas and highest in more deprived areas. Over the study period, the linear mod-
els plotted in Figure 4.4 show that diversification occurred at similar rates across
income deprivation quintiles. The least deprived quintile is shown to have had the
least diverse set of mortality causes in almost every year in both sexes. Notably,
among females in the years from 2015 onwards, diversity changed little in the least
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deprived quintile while continued increases occurred elsewhere. The difference
in diversity between the least deprived fifth of the population and other subpopu-
lations has therefore increased slightly among females from 2001 to 2019 but has
not changed markedly among males.

This pattern is reversed at g values of 2 and - with a tendency for higher di-
versity to be found in less deprived areas. Increases to diversity in mortality causes
have occurred most slowly in the most deprived areas. This slower diversification
has led to increased disparities between the least deprived quintile and the rest of
the population, especially in females. These differences in diversity between quin-
tiles at different diversity measures (different values of q) suggest that a greater
number of rare causes of mortality occur in more deprived areas. Yet, in these
deprived areas the most common causes are nonetheless more dominant (i.e. pro-
portionally more prevalent) than in less deprived areas.

The least consistent trends in diversity are found under normalised alpha di-
versity at g = . Among females across Scotland, a plateau in diversity is noted
following 2015. Trends, however, diverge across deprivation quintiles. The plat-
eau in diversity is observed to begin around 2009 in the most deprived and around
2012 in quintile 2, while a great deal of variation is observed in the least deprived
areas. In males, the trends noted across the country generally hold, with a peak
in 2015 followed by reductions in diversity at g =2 and g = .

When an alternative measure of diversity which explicitly accounts for zero val-
ues in the distribution of mortality causes is used in the measurement of diversity
in mortality in SIMD income deprivation quintiles, Appendix B.1 shows trends dif-
fer slightly from those discussed above. Under this measure, uniformity, in most
quintiles there is no clear trend diversity in mortality causes in females and a slight
increase in diversity in males from 2001 to the mid 2010s. From 2015 onwards a
marked increase in uniformity is observed in both sexes. As across Scotland, this
means that diversity in mortality causes under this measure was higher in 2019
than in 2001 but that the general trend for increasing diversity observed in most
cases under normalised alpha diversity is not found when zero values are explicitly
accounted for.

Urban-rural classes
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Figure 4.5 illustrates the distribution of mortality causes in Scottish Govern-
ment urban-rural classes in the years 2001 and 2019. As across Scotland and in
SIMD income deprivation quintiles, here there is a reduction in the share of deaths
attributed to the most common causes between 2001 and 2019.
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Figure 4.5: Illustrative ridge plot showing the share of deaths, calculated from
multiple-decrement life tables, attributed to each of the 100 most common mor-
tality causes in males and females in 2001 and 2019 in each Scottish Government
urban-rural classes.

Regarding urban-rural classes, under diversity at g =1, Figure 4.6 shows that
individuals in urban areas faced the most diverse causes of mortality and displayed
trends most similar to those across Scotland as a whole. Urban areas are home
to most of the population, which may explain the similarities to diversity across
Scotland. Rural areas and small towns faced less diverse causes than cities. In
both sexes, diversity increased more quickly in rural areas than small towns, and
in urban areas, diversity increased more slowly than across the country.
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Figure 4.6: Diversity in mortality causes in deaths across all ages in Scottish Gov-
ernment urban-rural classes, plotted against year of death for the years 2001 to
2019. Plots are separated by sex with a separate line for each urban-rural class.

At g = 2, among males, urban-rural subpopulations differ little from the country
as a whole. Greater variation is observed in diversity at g = 2 between urban rural
classes than between deprivation quintile. Urban-rural populations vary more in
both population and the number of deaths recorded and therefore greater variation
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might be expected in diversity here. However, the observed pattern suggests that
deprivation is more important as a differentiator of diversity in mortality causes. In
females, however, increasing divergence is noted with diversity in mortality causes
at g = 2 increasing more quickly in rural areas than in urban areas or small towns.

In diversity at g = -0, among males, for the most part, each of the urban-rural
subpopulations follows trends across the country, with the exception of remote
urban areas, a possible outlier with slightly less diverse causes of mortality. How-
ever, in females, a greater degree of variation around the national trends is noted,
and specifically, increases to diversity have occurred more slowly in urban areas
than in rural areas or small towns.

Combined, these trends under different diversity measures show complexity in
how the distributions of mortality causes differ between areas. Higher diversity at
g=1 indicates a greater number of rare causes of mortality are recorded in urban
areas. However, when the prevalence of causes is given more weight and focus
is placed on more common causes, diversity in urban areas is found to be more
similar to rural areas and small towns, especially in males. This suggests that
at the level of the most common causes, distributions are more uniform across
subpopulations than for g = 1. Females in urban areas are noted to have less
diverse mortality causes than rural areas and small towns under more conservative
measures of diversity, suggesting that in urban areas, deaths are more dominated
by the most common causes.

Appendix B.1 shows that when an alternative measure related to evenness,
which explicitly accounts for zero values in the distribution of mortality causes, is
used in the measurement of diversity, trends in some Scottish government urban-
rural classes differ to those discussed here. In rural areas and small towns no clear
trend in diversity is observed across the study period. Meanwhile, in urban areas a
similar trend is observed to that across Scotland with no clear trend in females and
a slight increase in males from 2001 to the mid 2010s followed by an increase in
the final years of the study period in both sexes. Therefore using this alternative
measure which explicitly accounts for zero values in the distribution of causes of
mortality, the trends reported here may not be apparent.
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4.4.2 The causes of mortality driving trends in diversity in causes
across all ages

4.4.2.1 Scotland

Underlying the trends in diversity noted in the previous section are the dynamics of
more than 500 individual ICD-10 3-character causes, and the increases, decreases,
or stagnation in their associated prevalence?. To assess which causes are driving
changes in diversity, | assess both the additive value to diversity of each ICD-10
3-character cause and ICD-10 Chapter (the additive value of ICD-10 Chapters was
determined by deleting all three-character codes within a Chapter simultaneously)
alongside their prevalence. Causes and Chapters are excluded one by one from
the calculation of diversity and the effect this has on computed diversity values is
measured.

The dynamics within four ICD-10 Chapters are of particular note and are ex-
plored here. Chapter Il: Neoplasms, where a highly positive additive value re-
mained across the study period; Chapter V: Mental and Behavioural Disorders where
the additive value has transitioned from positive to negative; Chapter IX: Diseases
of the Circulatory System where the opposite has occurred; and Chapter XX: Ex-
ternal causes of morbidity and mortality, where the largest gradient between q
values is observed.

Figure 4.7 shows that diseases of the circulatory system (Chapter IX) had a neg-
ative additive value in 2001 across diversity measures in both sexes. This indicates
that calculated values of diversity would have been higher in this year without
deaths within this Chapter. The negative additive value of ICD-10 Chapter IX is
due to the dominance of acute myocardial infarction (ICD-10 3-character code
121) as a cause of mortality. This was the most prevalent cause in both sexes in
2001 accounting for 14% and 11% of all-cause mortality rates in males and females
respectively. In this year it was dominant over other causes in the distribution,
with the second most common cause accounting for only 9% in males and 7% in
females. Acute myocardial infarction had the largest individual negative additive

ZAs discussed in Section 4.3.7 prevalence values are computed as the proportion of the all-cause
ASMR within a given population (i.e., males or females in Scotland as a whole or a subpopulation,
in a single year) attributed to a given cause.
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value across measures of diversity in 2001. Figure 4.8 shows that for most of the
study period, the prevalence of acute myocardial infarction fell; however, follow-
ing 2015, this reversed, causing the additive value of this cause at g =2 and g =
o to decrease further. The ASMR of cause 121 in males across Scotland fell from
242 per 100,000 population in 2001 to 97 per 100,000 in 2014 before increasing to
105 per 100,000 in 2019. Associated with this resurgence in the mortality rate of
acute myocardial infarction its additive value became more strongly negative fol-
lowing 2015 in males driving the reduction in diversity at g = « observed in males
in Figure 4.2. This contributed to a reduction in the net contribution of Chapter IX
to diversity, observed as a lower positive additive in Figure 4.7.
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Figure 4.7: Additive value to diversity in mortality causes of ICD-10 Chapters in
deaths across all ages among males and females in Scotland3.

3Chapter XVIII: NEC indicates causes “Not elsewhere classified”.
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Figure 4.8: The additive value at g = 2 and g = « and proportion of all-cause ASMR
assigned to ICD-10 cause 121 - acute myocardial infarction in males and females
across all ages in Scotland.

Chapter Il, which represents cancers, has the largest positive additive value
in most years. This means that excluding Chapter Il from the measurement of
diversity in mortality causes leads to a greater reduction in diversity than the re-
moval any other Chapter. In other words, this chapter contributes most to diversity
in mortality causes in both males and females. Contributing to diversity at g = 1
indicates that the ICD-10 codes within this Chapter make up a significant propor-
tion of the relatively rare causes of mortality across the total distribution. Chapter
[l accounted for the largest number of three character ICD-10 codes recorded in
females and the second largest in males in both 2001 and 2019 (Appendix A.2). The
breadth of causes within Chapter Il compared to other ICD-10 Chapters is a function
of the way diseases and conditions are grouped within the ICD system. Most other
ICD-10 Chapters describe diseases and conditions within a body system whereas
Chapter Il covers all cancers and all presentations of cancers. This emphasises a
key advantage of examining diversity in mortality causes at a fine-grained cause
level because with causes grouped together the strong contribution of variation in
Chapter Il to overall variation in mortality causes could be lost. In total, the causes
within Chapter Il form collectively one of the most prevalent groups in each year
and therefore cancers represent a significant portion of the total mortality distri-
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bution. Due to the distribution of 3-digit causes within Chapter Il, excluding this
group of causes results in a significant reduction in diversity. At more conservative
measures of diversity, the prominent additive value of Chapter Il indicates that a
number of causes of mortality within the Chapter are among those which are the
most proportionally prevalent in the total distribution of mortality causes. Ap-
pendix A.2 shows the number of causes in each chapter which accounted for more
than 0.25% of total mortality in 2001 and 2019 (totalling around 10% of the total
number of individual mortality causes). Chapter Il contains more of these causes
than any other Chapter, in both males and females, and in both years (2001 and
2019). Excluding causes in Chapter Il therefore makes the distribution of mortality
causes less even and lowers diversity.

Across Scotland, only Chapter V - Mental and Behavioural Disorders in females
in diversity at q=1 moves from a net contribution to diversity to a reduction. This is
primarily driven by Vascular Dementia (FO1) and Unspecified Dementia (F03); both
of these causes transitioned from having a positive to a negative additive value
over the study period. This was caused by increases in the prevalence of both
causes. This increase was especially pronounced in Vascular Dementia, increasing
from 0.8% of all-cause mortality in 2001 to 4.2% in 2019. Part of this increase is
likely associated with changes in coding practices in Scotland discussed in Chapter
3 which involved a larger number of deaths assigned to ICD-10 codes FO1 and FO3.
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Table 4.1: The five causes in ICD-10 Chapter XX which increased in additive value
to diversity at g = -« most from 2001 to 2019 in males and females across Scotland

and the difference in additive value between years.

ICD-10 3- ICD-10 Description Additive Value at g =
Character
Code
2001 2019 Absolute
Differ-
ence
Female
W19 Unspecified fall 1.20E-02 2.20E-02 0.0096
X42 Accidental poisoning by and exposure 3.00E-05 7.20E-03 0.0072
to narcotics and psychodysleptics [hal-
lucinogens], not elsewhere classified
X41 Accidental poisoning by and exposure 0.00E+00 1.60E-03 0.0016
to antiepileptic, sedative-hypnotic,
antiparkinsonism and psychotropic
drugs, not elsewhere classified
X70 Intentional self-harm by hanging, 1.20E-03 2.50E-03 0.0013
strangulation and suffocation
X45 Accidental poisoning by and exposure 2.20E-16 5.00E-04 0.0005
to alcohol
Male
X42 Accidental poisoning by and exposure 4.60E-04 1.90E-02 0.0181
to narcotics and psychodysleptics [hal-
lucinogens], not elsewhere classified
W19 Unspecified fall 6.70E-03 1.60E-02 0.0089
X70 Intentional self-harm by hanging, 7.20E-03 1.00E-02 0.0028
strangulation and suffocation
X41 Accidental poisoning by and exposure 9.00E-05 2.60E-03 0.0025
to antiepileptic, sedative-hypnotic,
antiparkinsonism and psychotropic
drugs, not elsewhere classified
X45 Accidental poisoning by and exposure 0.00E+00 1.00E-03 0.001

to alcohol
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Chapter XX - External causes of morbidity and mortality had a more positive ad-
ditive value to diversity at g = 1 than at more conservative measures of diversity.
This indicates that Chapter XX contains a number of relatively rare causes, increas-
ing diversity at g =1 but few causes with high proportional prevalence. Appendix
A.2 shows that among males, the largest number of individual causes of mortality
were within Chapter XX in both 2001 and 2019, despite the Chapter accounting for
only 4.0% and 7.2% of the all-cause mortality rate in these years. For reference, the
Chapter with the second most recorded causes (Chapter Il: Neoplasms) accounted
for 27.5% and 29.3% of all-cause ASMR in these years. The increasing prevalence of
both Chapters together likely contributes to the rapid increase in diversity across
all causes in males at g values of 1 and 2. Fewer causes within Chapter XX occur
among females, and it accounts for a smaller proportion of all-cause ASMR which
may be a factor in the slower diversification in causes observed among females.

The additive value of Chapter XX to diversity at g = « increased towards 2019,
especially in males. This indicates that the contribution of this Chapter to diversity
at the level of the most common causes has increased. The five causes in Chapter
XX which increased their additive value to diversity at g = « most are shown in
Table 4.1. For the most part, these are dominated by causes generally classified
as deaths of despair, deaths attributed to suicide, or associated with alcohol or
drugs (Allik et al., 2020a). During the study period, deaths of despair have been
reported in the literature to have increased (Brown et al., 2019; Allik et al., 2020);
however, some changes (discussed in Chapter 3) to coding practices may contribute
to specific increases in this Chapter.

4.4.2.2 Scottish Subpopulations

Deprivation quintiles

There are some differences in the contribution of ICD-10 Chapters to diversity
in mortality causes between deprivation quintiles. Figure 4.9 shows the addit-
ive value of each Chapter, in each year, in the most and least deprived fifth of
the Scottish population. Overall, similar trends can be noted to those across the
country in Figure 4.7; however, there are some key differences.
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Unlike the population as a whole, or those in more deprived areas, among males
in the least deprived quintile, Chapter IX: diseases of the circulatory system per-
sisted as having a negative additive value beyond 2005 under more conservative
measures. Under g = « Chapter IX had a negative additive value in most years in the
least deprived areas. This indicates that the causes in this Chapter remained dom-
inant for longer in the least deprived areas. Trends in the contribution of Chapter
IX to diversity in mortality causes are largely driven by acute myocardial infarction
(121) which was the most common cause of mortality, in Chapter IX and across all
causes, in both the most and least deprived quintile in 2001 and 2019. Table 4.2
shows it accounted for roughly equal proportions of the total mortality rates in
both quintiles. Differences arise when a comparison is made to the second most
common cause, which was Malignant Neoplasm of the Bronchus and Lung (ICD-10
C34) - lung cancer - in both the most and least deprived quintile. In the most
deprived quintile, the two causes account for a more even proportion of deaths,
while among those in the least deprived quintile, cause 121 accounts for more of
the total mortality rate. acute myocardial infarction is therefore more dominant as
the leading cause in the least deprived areas, giving it a greater negative additive
value.

Table 4.2: The percentage of all-cause age standardised mortality rate (ASMR)
assigned to ICD-10 causes 121 - acute myocardial infarction and C34 - malignant
neoplasm of the bronchus and lung in males in the most and least deprived popu-
lation quintiles in 2001 and 2019.

All-cause 121 C34
ASMR
Cause- Percentage Cause- Percentage
specific  of all-cause specific of all-cause
ASMR ASMR ASMR ASMR
2001
Most Deprived  2203.2 304.3 13.8% 207.2 9.4%
Least Deprived  1258.7 175.2 13.9% 68.0 5.4%
2019
Most Deprived  1766.7 146.5 8.3% 142.5 8.1%
Least Deprived 943.3 79.2 8.4% 51.7 5.5%
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Figure 4.9: Additive value to diversity in mortality cause of ICD-10 Chapters in
deaths across all ages among males and females in the most and least deprived
deprivation quintiles.

Across the total female population of Scotland the additive value of Chapter
V: Mental and Behavioural Disorders transitions from 2001 to 2019 from positive to
negative as causes within the Chapter became more prominent. This trend can be
seen strongly in the least deprived areas but it is not observed among those in the
most deprived areas. This reflects the disparate burden of mortality associated
with dementia in these areas. The prevalence of causes FO1 and FO3 in the least
deprived areas is almost double that of the most deprived, as shown in Table 4.3.
However, the prevalence of the two causes increased at a similar rate in both quin-
tiles over the study period. If this continues, it is likely that the trends observed
in the least deprived quintile here will also occur in the most deprived areas as
degenerative diseases become relatively more dominant.
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Similarly to the trends reported for Chapter V, a transition from positive to
negative additive values is observed in Chapter VI: Diseases of the Nervous System
among females in the least deprived areas. This is driven primarily by increases in
the prevalence of Alzheimer’s Disease (ICD-10 code G30) which rose from around
1% of all-cause ASMR to 7% between 2001 and 2019. Again, increases also occurred
in more deprived areas, but at slower rates.

Table 4.3: The percentage of all-cause age standardised mortality rate (ASMR)
assigned to ICD-10 causes FO1 - Vascular Dementia and FO3 - Unspecified Dementia
in females in the most and least deprived population quintiles in 2001 and 2019.

All-cause FO1 FO3
ASMR
Cause- Percentage  Cause- Percentage
specific  of all-cause specific of all-cause
ASMR ASMR ASMR ASMR
2001
Most Deprived  1384.3 8.1 0.6% 33.4 2.4%
Least Deprived  927.1 10.4 1.1% 41.7 4.5%
2019
Most Deprived  1288.9 41.3 3.2% 39.6 3.1%
Least Deprived 718.1 39.0 5.4% 33.0 4.6%

Finally, Chapter XX: External Causes of Morbidity and Mortality, has a more
strongly positive additive value in the most deprived areas . Table 4.4 shows that
in the most deprived areas, a greater number of individual causes of mortality was
recorded in this Chapter and it accounted for a greater percentage of all-cause
ASMR in both 2001 and 2019. Among those in the most deprived areas, deaths
of despair and violent deaths were prominent among the causes with the largest
individual additive value, while among the least deprived subpopulation accidental
deaths featured more (Appendix A.3).
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Table 4.4: The number of ICD-10 three-character codes under which deaths were
recorded in Chapter XX External Causes of Morbidity and Mortality and the percent-
age of all-cause ASMR associated with Chapter XX in the most and least deprived
population quintiles in males and females in 2001 and 2019.

Number of All-cause Chapter XX Percentage
Individual ASMR ASMR of all-cause
ICD-10 ASMR
causes in
Chapter XX
2001
Female
Most deprived 54 1384.3 44.2 3.2%
Least deprived 30 927.1 28.2 3.0%
Male
Most deprived 79 2203.2 101.1 4.6%
Least deprived 54 1258.7 48.0 3.8%
2019
Female
Most deprived 39 1288.9 77.8 6.0%
Least deprived 30 718.1 22.4 3.1%
Male
Most deprived 70 1766.7 178.8 10.1%
Least deprived 53 943.3 43.4 4.6%

Urban-rural classes

There are also differences in the contribution of ICD-10 causes and Chapters
to diversity in causes of mortality between the populations of the six urban-rural
classes. Figure 4.10 shows the additive value of selected ICD-10 Chapters to di-
versity in mortality causes in each of the urban-rural classes.
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Figure 4.10: Additive value to diversity in mortality cause of selected ICD-10
Chapters in deaths across all ages among males and females in urban-rural classes.

In small towns and rural areas, and especially the remote classes of these areas,
Chapter IX is observed to have a more negative additive value to diversity later
into the study period than in urban areas or across the country. In these more
rural areas, mortality rates and therefore the prevalence of certain causes within
this Chapter, most notably acute myocardial infarction , fell more slowly than in
more urban areas. This pattern is similar to the observations among the least
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deprived population quintile, as previously noted. Income deprivation is patterned
intricately across the urban-rural divide though more deprived areas tend to be
concentrated in urban locations and rural areas are often less deprived. Therefore,
the tendencies across urban-rural classes and deprivation quintiles may be linked.

Findings presented above suggest that the contribution of Chapter XX (External
causes of morbidity and mortality) to all-cause diversity is higher in more deprived
areas. However, across the urban-rural classes the additive value of Chapter XX
is less clearly patterned. Previously, similarities were noted in trends in diversity
between more deprived areas and urban areas, and in other sections of this ana-
lysis, this similarity holds. However, it is not the case for the additive value of
Chapter XX. The differences noted are likely a consequence of the complex inter-
play of social, economic and geographic factors which are risk factors for causes
in this Chapter. Chapter XX covers both deaths of despair, such as suicide and
drug-related mortality, as well as mortality associated with accidents such as falls
or road traffic accidents. A number of these causes have been shown to be associ-
ated with more urban areas and deprived communities. In the research presented
here, due to the limits of population sizes, these subpopulations are not further
split to reflect both deprivation related factors and urban-rural geography.

4.4.2.3 Section summary

| have demonstrated that, across Scotland, diversification in causes of mortality
from 2001 to 2019 was driven by changes in the prevalence of a number of causes of
death. Reductions in the proportion of deaths attributed to cardiovascular diseases
and specifically acute myocardial infarction is responsible for much of the increase
in diversity especially at more conservative measures. However, increasing pre-
valence of a wide variety of cancers was also responsible for increased diversity.
As was the increasing rate of deaths due to external causes, especially in males.
The reductions in diversity observed at g = « in males in later years of the study
period are shown to have been related to increases in mortality attributed to acute
myocardial infarction in males following 2015.
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Across Scottish subpopulations, variation in the burden of diseases and their
relative contribution to diversity is observed. In urban and more deprived areas
increased prevalence of external causes of mortality are shown to have a greater
contribution to diversity than in other areas. Meanwhile, increases in the pre-
valence of degenerative diseases were observed to have a greater influence on di-
versity in less deprived areas than other subpopulations. Diseases of the cardiovas-
cular system were observed to have remained a dominant cause in less deprived
areas further into the study period. These trends indicate that despite increases in
diversity occurring at broadly similar rates in most subpopulations, and under most
measures of diversity, the causes driving diversification differ between groups.

4.4.3 Trends in normalised alpha diversity at g = 1, 2, and « in
deaths within twenty-year age groups

The leading causes of mortality and the distribution of mortality causes varies
greatly by age (Naghavi et al., 2015). In work carried out during the completion of
this thesis, findings published in McMonagle et al. (2022) show that increases in the
diversity of mortality causes at g=1 have occurred at similar rates in Scotland from
2001 to 2019 for both deaths among those younger than 75 (premature mortality)
and deaths among those aged 75 and older. Here, the population is further divided
into twenty-year age groups and the diversity of mortality causes within each of
these subpopulations is examined.

4.4.3.1 Scotland

Figure 4.11 shows trends in normalised alpha diversity in mortality causes at g
values of 1, 2, and - over time in Scotland among males and females aged 0 to 19,
20 to 39, 40 to 59, 60 to 79, and 80+ separately.
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Figure 4.11: Trends in diversity in mortality causes in deaths across twenty-year
age groups across Scotland from 2001 to 2019.

For most age groups and g values, males faced less diverse mortality causes
than females in 2001, with trends generally leading to increased similarity in males
compared to females over the study period. The last three columns of Figure 4.11
show that in deaths among those aged 40 and older, similar trends to those observed
across all ages are noted with increasing diversity over the study period (although
with some exceptions discussed below). However, in deaths among those aged 0
to 19 and 20 to 39 (first two columns of Figure 4.11), diversity in mortality causes
fell over the study period.

In deaths among those aged 20 to 39, females faced a more diverse set of
mortality causes at each value of g, although diversity fell more quickly in females
than males at q=2 and q= «. The distribution of causes of mortality has become
more dominated by the most common causes of deaths in this age group. The
proportion of deaths attributed to rare causes has fallen while that attributed to
the most common has increased.
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Among those aged 0 to 19 however, while diversity in mortality causes has fallen
at g values of 1 and 2, the trend at g = « is less clear. While the proportion of
deaths attributed to rare causes is falling, this has not been met by an increase
in the proportion of deaths assigned to the most common causes. This suggests a
more complex redistribution at these ages.

Both among those aged 0 to 19 and 20 to 39, it is possible that the observed re-
duction in diversity is linked to the number of recorded deaths in these populations.
Among these age groups, the number of deaths is relatively small and is within the
range at which the number of deaths can be considered a factor in diversity calcu-
lations (See Section 3.3.3). Figure 4.12 shows the relationship between the number
of deaths in each year and diversity in mortality causes. If the sample size was a
major influence, we would expect a strong linear correlation. In deaths among
those aged 0 to 19 under diversity at g = 1 and g = 2 this relationship appears to
exist. In other panels, diversity does not seem to be linked to the number of deaths
and this suggests trends in diversity have occurred despite changes to the number
of deaths. Appendix A.4 shows trends in diversity in mortality causes with deaths
grouped across years to increase population size and supports the trends noted in
Figure 4.12. Trends in younger age groups should be treated carefully because of
the small humber of deaths which occur. However, the evidence presented here
suggests that changes in diversity have not been closely linked to changes in the
number of deaths meaning that conclusions drawn in this section can be considered
robust.
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Figure 4.12: Diversity in causes of mortality among those aged 0 to 19 and 20 to
39 across Scotland plotted against the number of deaths in each year from 2001 to
2019.

Diversity in mortality causes increased at all values of g in those aged 80 and
older, with diversity increasing more quickly among males than females. This was
also true for deaths among those aged 60 to 79 at g values of 1 and 2; however,
at g = « diversity in mortality causes among females fell over the study period.
This indicates that mortality causes have become increasingly dominated by the
most common causes in deaths in this age group, while at the same time, the
range of relatively rare causes to which deaths are assigned has increased. The
reductions in diversity after 2015, noted at g = « across the total population, are
only observed in deaths among those aged 40 to 59 and 80+.

In Appendix B.1 an alternative measure of diversity which is more closely re-
lated to evenness and explicitly accounts for zero values in the distribution of mor-
tality causes is used to assess trends in the diversity of mortality causes in deaths
within twenty year age ranges in Scotland. In deaths at ages 0 to 19, 60 to 79 and
80+ trends in mortality cause diversity under this alternative method are found to
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be similar to those reported above under normalised alpha diversity above. This
suggests the trends in these age ranges discussed in this section are robust to this
alternative method for the calculation of diversity. In deaths among those aged 20
to 39, no clear trend is noted when diversity is measured using a measure which
explicitly accounts for zero values in contrast to the negative trend noted above.
Similarly using a measure which accounts for zero values, no clear trend in mortal-
ity cause diversity is found in deaths among those aged 40 to 59 despite the positive
trend found when measured using normalised alpha diversity in this chapter. The
results of this analysis should be considered when examining the trends in diversity
among those aged 20 to 39 and 40 to 59 reported above.

4.4.3.2 Scottish Subpopulations

The overall tends previously noted by age group hold within both deprivation quin-
tiles and the populations of each urban-rural class. Specifically, diversity in mor-
tality causes fell in those younger than age 40 and generally increased in older age
groups. For older age groups, less variation in diversity is noted for both levels of
deprivation and urban-rural class. Further explanation of these trends and tend-
encies is presented in Appendix C.

4.4.4 The causes of mortality driving these trends in diversity by
age group

In this section additive value analysis, as described in Section 4.4.2, is carried out
on the diversity in mortality causes within twenty-year age groups. This section
mostly focuses on trends across Scotland as a whole, with some references made
to differences in additive value and the prevalence of causes in subpopulations.
Further analysis of additive value to diversity in mortality causes within specific age
groups among deprivation quintiles and urban-rural classes is described in Appendix
C.
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In deaths among those aged 0 to 19, Figure 4.13 shows the key contributors to
diversity in mortality causes were Chapters: XVI: Certain conditions originating in
the perinatal period; XVII: Congenital malformations, deformations, and chromo-
somal abnormalities; XVIII: Symptoms, signs and abnormal clinical and laboratory
findings, not elsewhere classified; and XX: External causes of morbidity and mor-
tality. Over the study period the contribution of Chapters XVI, XVII, and XVIII
remained high, reflecting that a large proportion of mortality in this age group is
concentrated at birth and among those aged under 1 year old. The strong negative
additive value in certain years in Chapter XVIII are associated with R95: Sudden
infant death syndrome. This cause of mortality has varied between contributing 5%
and 10% of ASMR in this age group, with no clear trend. In both males and females,
the additive value of Chapter XX to each diversity measure trended negatively
over the study period and this is likely associated with relatively older individuals
within this age group. This increase appears to be closely associated with suicide,
particularly cause X70: “Intentional self-harm by hanging, strangulation and suf-
focation” which increased in proportional prevalence and therefore additive value
across diversity measures from 2001 to 2019.
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Figure 4.13: Additive value to diversity in mortality cause of ICD-10 Chapters in
deaths among males and females aged 0 to 19 in Scotland.
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The additive value of Chapter XX to diversity has also increased markedly over
the study period among those aged 20 to 39 as shown in Figure 4.14. In 2019,
causes within this Chapter were responsible for 46% of all-cause mortality rates in
females aged 20 to 39 and 67% of the all-caues mortality rate in males aged 20 to 39.
These deaths was further concentrated among a small number of common causes of
mortality within Chapter XX. The five most common causes of mortality in Chapter
XX in both sexes were almost exclusively those defined as deaths of despair or
violent deaths and cumulatively accounted for more than 38% of all-cause mortality
rates in females aged 20 to 39 and 53% in males as shown in Table 4.5. In deaths
among those aged 20 to 39, Chapter XX is found to be more prominent in more
deprived areas. Previous research has clearly shown strong deprivation-related
effects on mortality in Chapter XX with specifically deaths of despair linked to
more deprived areas and this is clearly evident in this analysis.
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Figure 4.14: Additive value to diversity in mortality causes of ICD-10 Chapters in
deaths among males and females aged 20 to 39 in Scotland.

Figure 4.15 shows that several of the trends in additive value reported for
deaths across all ages are evident among those aged 40 to 59. The trends of increas-
ingly negative additive value in Chapter XX noted at younger ages can be noted in
males. In females however, Chapter Il: Neoplasms had a negative additive value
in certain years at g = 2 and g = - indicating that causes within this Chapter were
dominant over the distribution of mortality causes. Breast cancer (ICD-10 code
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C50) was primarily responsible for this dominance causing as much as 13% of mor-
tality in females at this age in certain years. Trends observed in cancers (Chapter
II) at ages 40 to 59 in females are more prominent in the least deprived areas where
all-cause diversity stagnated across the study period. The specific cancers which
were most prominent in each quintile differs with breast and ovarian cancers (ICD-
10 codes C50 and C57) most common in the least deprived areas and lung cancer
(C34) more dominant in more deprived areas.
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Table 4.5: The five causes in ICD-10 Chapter XX with the highest percentage of
all-cause ASMR in males and females aged 20 to 39 across Scotland in 2019.

ICD-10 ICD-10 Description All-cause  Cause- Percentage
Code ASMR specific of all-
ASMR cause
ASMR (%)
Females
X42 Accidental poisoning by and 64.5 12.9 19.9%

exposure to narcotics and psy-
chodysleptics [hallucinogens],
not elsewhere classified

X70 Intentional self-harm by 64.5 4.4 6.9%
hanging, strangulation and
suffocation

X41 Accidental poisoning by and 64.5 1.4 2.2%

exposure to antiepileptic,
sedative-hypnotic, antiparkin-
sonism and psychotropic drugs,
not elsewhere classified

X80 Intentional self-harm by jump- 64.5 1.2 1.9%
ing from a high place
V43 Car occupant injured in collision 64.5 0.9 1.3%
with car, pick-up truck or van
Males
X42 Accidental poisoning by and 129.5 32.4 25.1%

exposure to narcotics and psy-
chodysleptics [hallucinogens],
not elsewhere classified

X70 Intentional self-harm by 129.5 19.2 14.8%
hanging, strangulation and
suffocation

X41 Accidental poisoning by and 129.5 4.1 3.1%

exposure to antiepileptic,
sedative-hypnotic, antiparkin-
sonism and psychotropic drugs,
not elsewhere classified
X99 Assault by sharp object 129.5 1.4 1.1%
X80 Intentional self-harm by jump- 129.5 1.2 0.9%
ing from a high place
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Figure 4.15: Additive value to diversity in mortality cause of certain ICD-10
Chapters in deaths among males and females aged 40 to 59, 60 to70 and 80+ in
Scotland.

In those aged 60 to 79, trends in additive value are mostly similar to the trends
across all ages previously discussed. However, similar to findings in those aged 40 to
59, the contribution of cancers to diversity became less positive later in the study
period. In both sexes this is associated with lung cancer (ICD-10 code C34) which
contributed ~10% of all-cause ASMR across the study period with increases noted
in females towards 2019. The reduction in additive value is especially prominent
at g = « in females. This increasing prevalence may be closely associated with the
observed reductions in diversity at g = « among females aged 60 to 79 in Figure
4.11.

Finally, the most prominent trends among aged 80+ are observed in Chapters V
and VI in females. Within these Chapters are the codes for the degenerative dis-
eases noted previously as causing a significant proportion of mortality in females:
dementias (ICD-10 codes FO1 and FO3) and Alzheimer’s disease (G30). These causes
collectively were attributed to 8.4% of all-cause ASMR in this age group in 2001
rising to 22.0% in 2019 making them the three most common causes of mortality
in females 80+. The proportion of mortality associated with these causes is shown
in Figure 4.16. The peak of mortality associated with Unspecified Dementia (F03)
between 2010 and 2015 corresponds to reductions in diversity at g = « in those
aged 80+ as this was the most dominant cause in these years causing it to have a
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large effect on diversity at g = . During this period the Scottish Government intro-
duced the Certification of Death Act (Scottish Government, 2011), which changed
the process for the certification of death in Scotland. This law enacted increased
scrutiny on death certificates and aimed to increase the accuracy of recording.
The reduction in prevalence of cause FO3 “Unspecified dementia” while increases
continued in the more defined cause FO1 “Vascular dementia” may be associated
with this change.

10.0%

o \

5.0% - — FO03 - Unspecified Dementia

Cause of mortality

FO1 - Vascular Dementia

G30 - Alzhmer's disease

Percentage of All-cause ASMR

2.5% A

2001 2005 2010 2015 2019
Year

Figure 4.16: The percentage of all-cause ASMR among females aged 80+ attrib-
uted to ICD-10 causes FO1 - Vascular Dementia, FO3 Unspecified dementia and G30
Alzheimer’s diseases across Scotland from 2001 to 2019.

4.5 Discussion

This chapter aimed to examine trends in the diversity of mortality causes across
Scotland, and within subpopulations distinguished by level of income deprivation,
urban-rural class and twenty-year age group.
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4.5.1 Principal findings

4.5.1.1 What were the national temporal trends in diversity in
mortality causes in deaths across all ages in Scotland
from 2001 to 2019?

For deaths across the Scottish population divided only by sex, diversity in mortality
causes increased in both males and females from 2001 to 2019. However, a change
in trends is evident in the 2010s, especially in males under diversity at g = « where
following 2015 reductions in diversity are observed. Higher diversity is observed in
2019 than in 2001 under each measure of diversity examined in this chapter, from
g=1 where relatively rare causes are heavily weighted, to the most conservative
measure q = «. Diversity in causes of mortality increased more quickly among
males than females under diversity at g = 1 and g = 2. This means that variation in
the relatively rare causes faced by the male population increased more quickly than
among those faced by females. When alternative methods for the measurement of
diversity, which explicitly account for zero values in the distribution of mortality
causes, are used in the measurement of mortality cause diversity trends differ
slightly. No clear trend is observed in female deaths and a slight increase in male
deaths are observed from 2001 to 2014 before an increase in the final years of the
study period. This means that diversity in causes of mortality under this alternative
measure was higher in 2019 than 2001 despite the difference in trends.

4.5.1.2 What were the national temporal trends in diversity in
mortality causes at different ages at death in Scotland
from 2001 to 2019?

The observed diversification in mortality causes across the population is shown to
be restricted to deaths in those aged 40 and older. Indeed, diversity in mortality
causes actually fell from 2001 to 2019 in the age groups 0 to 19 and 20 to 39. The
only exception to the trend for increasing diversity in mortality causes at older ages
is among females aged 60 to 79, where reductions in diversity at g = « are observed.
This indicates that, in this age group, the dominant causes of mortality increased
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their prevalence over the study period becoming relatively more common. Under
alternative methods for calculation diversity, which account for zero values in the
distribution of mortality causes, no clear trend is found in diversity in mortality
causes among those aged 20 to 39 and 40 to 59.

4.5.1.3 Did diversity in mortality causes differ between subpop-
ulations, grouped by area-level deprivation and urban-
rural class, in Scotland?

Under diversity at g = 1, diversity tended to be highest in more deprived areas
and in urban areas, indicating that in these areas the population was likely to face
greater variation in mortality causes. In urban areas and deprived areas, external
causes of mortality, such as deaths of despair and violent deaths, were prominent
and contributed more to diversity, especially at g = 1 than in less deprived areas
and rural areas. At more conservative values of g in both males and females across
deprivation quintiles and in females in urban-rural classes a reversal is observed
and diversity was shown to be higher in less deprived areas and more rural areas.
Together tendencies between subpopulations across g values indicate that those
in more deprived areas and in urban areas faced a more diverse range of relatively
rare causes of mortality, while being the most likely groups to die due to the most
common causes.

4.5.1.4 What were the subpopulation level trends in diversity in
mortality causes in Scotland from 2001 to 2019?

In males, without notable exception, national trends in the diversity of mortality
causes from 2001 to 2019 are observed to hold within each Scottish subpopulation.
Namely, diversity increased from 2001 to around 2015 following which reductions
in diversity are observed. In males trends in the diversity of mortality causes were
similar across subpopulations from 2001 to 2019, meaning that across measures
of diversity disparities between subpopulations changed little. Under alternative
diversity measures which account causes of mortality which do not occur in every
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year, diversity is observed to increase slightly from 2001 to the mid 2010s before
increasing in the final years of the study period across SIMD income deprivation
quintiles and in urban areas. In rural areas no clear trend is observed in mortality
cause diversity from 2001 to 2019 under this alternative measure.

Among females, national trends in the diversity of mortality causes are also
observed to hold across subpopulations under diversity at g = 1 and 2. However,
in the most deprived areas diversity at g = « is observed to plateau after 2009.
This indicates slower reductions in the prevalence of the most common causes of
mortality in more deprived areas than their less deprived counterparts. This caused
increasing deprivation related disparities in mortality cause diversity under g = «
in females in the 2010s. Under the alternative measure of diversity assessed in
Appendix B.1 no clear in diversity trend is observed from 2001 to the mid 2010s in
each SIMD quintile and in urban areas followed by an increase in diversity towards
in the final years of the 2010s. In rural areas no clear trend in diversity is observed
when a measure sensitive to zero values in the distribution of mortality causes is
used.

4.5.1.5 Which causes of mortality drove trends in the diversity of
mortality causes at the national and subpopulation level
in Scotland from 2001 to 2019?

Increases in diversity across Scotland were driven both by improvements in mor-
tality associated with the most dominant causes of mortality and corresponding
increases in the prevalence of a range of other causes. The rate of deaths due to
the most dominant causes of mortality (most notably, acute myocardial infarction
and lung cancer) reduced over the study period meaning fewer individuals faced
the most common cause in 2019 compared to 2001. These reductions in rate were
more rapid than reductions in all-cause mortality rates meaning that the most com-
mon causes were also responsible for a smaller percentage of deaths in 2019. This
is demonstrated by the increase in diversity at g = <. Cancers; degenerative dis-
eases such as dementia and Alzheimer’s disease; and external causes of mortality
were among the causes which increased in prevalence. These effects together cre-
ate a more even distribution of mortality causes which is measured as an increase
in diversity in the measures used in this chapter.
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The falling diversity in mortality causes among men after 2015 is shown to be
closely linked to the prevalence of acute myocardial infarction among males in
Scotland. Both the mortality rate and prevalence of acute myocardial infarction
fell up to 2015 before increasing again in the period up to 2019. Despite earlier
improvements in both rate and prevalence, acute myocardial infarction remained
the most dominant cause of mortality among males in each year from 2001 to 2019,
meaning diversity at g = « was very sensitive to its fluctuations.

Disparities in the contribution of various ICD-10 Chapters and mortality causes
are found between deprivation quintiles and urban-rural classes. Despite lower ab-
solute mortality rates associated with cardiovascular diseases in the least deprived
areas, a slightly larger proportion of deaths were attributed to these causes of mor-
tality. Further, acute myocardial infarction was more dominant in less deprived
areas because other common causes were less prevalent than in more deprived
areas.

Increased diversity in mortality causes at g = 1 in more deprived areas may
be associated with a greater contribution of external causes of death in these
areas. Differences in the additive value of ICD-10 Chapters are noted to be smaller
between urban and rural areas than between deprivation quintiles. Nonetheless,
tendencies for cardiovascular disease deaths to have a greater positive additive
value at g = « and therefore be more dominant are noted in remote rural and
small-town areas.

4.5.2 Interpretation

4.5.2.1 National trends and disparities in the diversity of mor-
tality causes

Increasing diversity in mortality causes in Scotland was driven by reductions in
the proportion of deaths attributed to the most common causes of mortality.
These causes receive a great deal of public health resources and research funding
(Luengo-Fernandez et al., 2006; Mays & Smith, 2011; Luengo-Fernandez et al.,
2012). This focus is likely to be a key cause of the reduction in mortality rates
across the study period which lead to the falling prevalence of causes of mortality
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such as acute myocardial infarction and lung cancer. Indeed, some key risk factors
for both cardiovascular disease and cancers such as tobacco smoking and alcohol
consumption reduced in Scotland in the late 20th and early 21st century (Meier,
2010; Brown et al., 2019; Petrou & Kupek, 2019; Batty et al., 2020; Robinson et
al., 2021). However, it should be noted that other risk factors such as obesity
have become more common (Keaver et al., 2020). Treatment regimens have also
improved through increased research and funding (Lee et al., 2011; Glover et al.,
2014; Bhatnagar et al., 2015). The reduction in mortality rates associated with
cardiovascular disease in the 2000s continued a consistent trend which began as
early as the 1950s in Scotland (Mitchell, 2005).

In addition to the reduction in rate and prevalence associated with the most
common causes, increases in the proportion of deaths due to less common causes
of mortality are noted. These causes include cancers and deaths of despair. Over-
all, shifts in the distribution of mortality causes took the form of reductions in the
most common causes and corresponding increases in the prevalence of less com-
mon causes. This increased prevalence was driven by increases in mortality rates
associated with some less common causes while the mortality rate of many less
common causes changed little but reductions in overall mortality rates meant they
increased in prevalence.

Together, common causes affecting proportionally fewer individuals and other
causes occurring relatively more often leads to a more even distribution of causes.
Measured here as an increase in diversity, this more even distribution has the po-
tential to challenge health care and public health systems. Increased diversity in
mortality causes may affect economies of scale in the prevention and treatment
of common causes of mortality as the patients they apply to make up a smaller
proportion of the population. Diversification also increases the burden on public
health systems and officials as increased resources must be directed to an increas-
ingly broad range of significant causes of mortality.

At the individual level, higher diversity means greater uncertainty in the causes
of mortality that one might face which may have the potential to increase the dia-
gnostic uncertainty in physician led diagnosis in medical practice (Bhise et al.,
2018; Bergeron-Boucher et al., 2020). It has however, been suggested that in-
creasing diagnostic accuracy is a driver of increasing diversity in morality causes
(Bergeron-Boucher et al., 2020). If this is the case then an increase in diversity
could not credibly lead to an increase in diagnostic uncertainty. That is to say
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that if diversity is increasing because physicians are capable of making more spe-
cific diagnoses the increase in diversity is unlikely to make these diagnoses more
difficult. Despite increasingly advanced diagnostic techniques, evidence from this
chapter and other studies suggests that a reduction in deaths associated with com-
mon causes is the driver of much of the diversification in Scotland and developed
countries (Bergeron-Boucher et al., 2020; Trias-Llimés & Permanyer, 2023). It
is, therefore, credible that the increasing diversity in mortality causes observed
in these countries could lead to greater uncertainty for physicians in diagnosing
causes of ill-health.

From 2001 to 2009, diversity at g = « increased at near-identical rates in males
and females. This means that the prevalence of the most common cause, acute
myocardial infarction in both sexes, reduced at a similar rate. Acute myocardial in-
farction, as well as other forms of heart disease, was, and remains, a focus of long
running public health campaigns in Scotland (Scottish Government, 2014). Reduc-
tions in the prevalence and mortality rate of acute myocardial infarction suggests
that these campaigns were successful and caused similar reductions in the per-
centage of the population who faced this cause of death. These trends have been
observed despite different prevalences (acute myocardial infarction has, within
the study period, always been more common in men) and some proposed differ-
ences in presentation and outcome in heart disease between sexes (Steingart et
al., 1991; Savarese & D’Amario, 2018).

In deaths at younger ages, the findings in this chapter show falling diversity in
mortality causes. These trends are driven by the increasing dominance of a number
of causes of mortality including deaths of despair. Deaths of despair, grouped in
ICD-10 Chapter XX, are a public health concern, especially for young males, with
a previous study noting increasing rates in Scotland (Allik et al., 2020). A num-
ber of public health interventions aimed at these causes have been attempted in
Scotland; however, evidence of their effectiveness is varied (Bird et al., 2016; Bon-
iface et al., 2017). It is not the case, therefore, that falling diversity in mortality
causes is a sign of easing strain on the healthcare and public health systems. Which
would be a reversal of the challenges brought about by diversification of causes
described above. Rather, as mortality reduces from other causes, as it has done
in the younger age groups, the pressures of addressing an increasingly dominant
group of common causes of mortality brings different challenges.
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4.5.2.2 Diversity in mortality causes within Scottish subpopula-
tions

Trends in the diversity of fine-grained causes of mortality at the subpopulation level
have not previously been widely examined. The similarity in trends in diversity
found in this chapter is, perhaps, surprising given that the analysis of the addit-
ive value of causes presented here shows that the burden of disease is markedly
different across subpopulations. Despite disparate common causes of mortality,
the similar rates of diversification across subpopulations shows that uncertainty in
the cause of mortality each individual might face has increased to a similar degree
across subpopulations. The reasons for this similar increase in diversity are un-
clear. It may be that improvements to diagnosis and accuracy in recording causes
of death have occurred uniformly across the population. This increased specificity
would increase diversity across the population. There may be more profound reas-
ons for the similar increase in the variation in causes faced by subpopulations which
may be a valuable direction for future research.

The results of this research reveal that the causes which are driving changes
in diversity, and therefore must be addressed to improve health, are different
across subpopulations. In more deprived areas, ICD-10 Chapter XX: external causes
of morbidity and mortality, is shown to be associated with increases in diversity
while in less deprived areas cancers and degenerative diseases have driven diver-
sification. Therefore, while a more comprehensive approach in public health and
health care systems may be required across Scotland, it should be tailored to suit
the specific causes driving changes in diversity in different areas.

A possible reason for variation in the diversity of mortality causes within a na-
tion is irregular mortality recording practices (O’Malley et al., 2005). In most coun-
tries, including Scotland, there are national standards for how mortality should be
recorded on death certificates. Nonetheless, the physicians, coroners and mortal-
ity coders who record mortality causes for each death are human and a level of
differential judgement, perspective and bias can be expected between individuals
(Danilova, 2016). In addition to variation at between individual recorders of mor-
tality, regional variation in the recording of mortality causes has been described in
the literature (Lanska & Peterson, 1995). There may be some logic behind an ex-
pectation of differential mortality coding practices across both the socio-economic
and urban-rural gradients. Despite central funding and a directive to provide high

128



4. National and subnational trends

quality care for all, the provision of care by the Scottish National Health Service
(the NHS) is known to vary (Brown et al., 2010). Research has shown increased
difficulty in accessing healthcare in more deprived areas in Scotland, with longer
waiting times and shorter appointments despite greater healthcare needs in these
areas (Katikireddi et al., 2018).

Across the urban-rural gradient issues of access are also posited as having an
effect on the provision of care. Although this generally is an issue of geographical
access rather than the overburdened or under resourced systems blamed for poor
access in more deprived areas (Sutton, 2002). Rural areas tend to have fewer
general practitioners per-individual and almost by definition are likely to be further
from centres of advanced medical care such as hospitals (Farmer et al., 2005;
Farmer et al., 2010).

Issues of access, both geographical and socioeconomic, have the potential to
impact the accuracy of recording of mortality causes, meaning that deaths are re-
corded under an incorrect mortality code. It is possible that in less deprived areas
and in more urban areas accuracy of recording would be higher due to greater ac-
cess to healthcare. This may allow for increased certainty in diagnosis and make
it more likely unusual and rare conditions are identified. Better access to health-
care may therefore be expected to increase diversity in mortality causes. The
results of this chapter do not necessarily uphold this hypothesis as diversity at g
= 1 (the measure which would be most likely to identify a greater range of rare
causes recorded in an area) is shown to be lower in less deprived areas. Diversity
at this measure is shown to be higher in urban areas which maybe associated with
differential accuracy in mortality cause recording. The potential impact of this
differential recording accuracy should therefore be considered when assessing the
results presented here. However, it is likely impossible to address variable record-
ing accuracy, nor was it within the scope of this thesis to assess to what degree it
exists in Scotland.
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4.5.2.3 Variation in mortality causes in the literature

Measuring the degree of uncertainty and variation in mortality causes faced by
populations is not a topic that the public and population health literature have
considered widely. Nor does it generally factor into public health practice where
interventions are mostly designed to address defined risk factors or causes of ill-
health. The implications of research which assesses diversity in mortality causes
may however be invaluable in future especially as populations age*. Some of the
findings of this chapter, such as that those in more deprived areas face worse rates
of mortality due to external causes or that heart diseases mortality rates have
increased in Scotland in the late 2010s, are well reported (Brown et al., 2019;
Ramsay et al., 2020; Public Health Scotland, 2022b). The study of diversity adds a
dimension to these findings showing that, for example, alongside increasing heart
disease mortality rates in males following 2015, it is likely variation in rare causes
within the population has also increased. This changes the context of public health
aims. It means that while resources should continue to be directed towards acute
myocardial infarction as the most common cause of mortality, an increasing vari-
ety of rare causes must also be catered for. Similarly, the need for public health
messaging and interventions to focus on different causes of ill-health among dif-
ferent subpopulations are well discussed (King et al., 2008; Moore et al., 2014). |
have shown, however, that in Scotland subpopulations divided by deprivation and
urban-rural class have faced similar rates of diversification in causes of mortality.
This has the potential to make the design of public health interventions more dif-
ficult as ever-wider subsets of causes of ill-health must be accounted for within
each subpopulation. Here, | have presented two examples of the ways analysis of
diversity in mortality causes can expand understanding of patterns of mortality.
Increasing variation in mortality causes has potentially hazardous implications for
health at the population and subpopulation level and should be addressed to a
greater degree by the public health community.

“4Further exploration of the relationship between age at death within a population and diversity
in mortality causes is carried out in the next chapter.
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4.5.3 Comparisons with existing studies

Previous study of diversity in causes of mortality is limited and no previous analysis
has been performed solely within Scotland. However, the findings in this chapter
broadly conform to findings reported by Bergeron-Boucher et al. 2020 across high-
income countries and Trias-Llimos and Permanyer (2023) in the USA, namely that
diversity in causes of mortality has increased over the first decades of the 21st
century. These studies measured diversity in coarse-grained causes of mortality
and both used only one measure of diversity. Bergeron-Boucher et al. 2020 utilise
Shannon entropy (related to the measure g = 1 used in this chapter) while Trias-
Llimos and Permanyer (2023) use a novel measure they propose. The findings of
this chapter show that fine-grained causes of mortality have also diversified from
2001 to 2019 in Scotland. This indicates a greater degree of increased variation in
mortality causes and fragmentation of diseases as deaths became more evenly dis-
tributed across fine-grained causes of mortality rather than groups of causes. This
is likely to make both individual- and society-level implications of diversification
in mortality causes more severe. As discussed in Section 2.4.3 the selection of a
definition for causes of mortality is fundamental to the study of diversity in mor-
tality causes. Both coarse-grained cause diversity and fine-grained cause diversity
have merit as methods for assessing variation in causes of mortality. However,
the greater granularity offered by fine-grained cause diversity makes it possible to
include variation within groups of causes such as chapters.

Bergeron-Boucher et al. (2020) used a different age-breakdown to the one used
in this chapter. The findings presented here show similar trends among those in
older age groups; however, in younger age groups, findings diverge. The previous
study showed little change in diversity in the UK, or other high-income countries,
among those aged 0 to 19 or 20 to 49. In this chapter, causes of mortality associated
with deaths of despair are identified as having been the drivers of falling diversity
in deaths among these age groups. Deaths of despair are known to be increasing
more quickly in Scotland than in comparable countries, which may explain some
of this disparity.
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4.5.4 Strengths and limitations

The research in this chapter presents the first application of the measure described
here as additive value in the study of diversity in causes of mortality. Additive value
allows for analysis of the contribution of causes and groups of causes to diversity.
It is applicable across the measures of diversity examined here; however, due to
the differential weighting of proportional prevalence the additive value of causes
changes across different values of q. This complicates extracting findings from
additive value when examining a range of diversity measures because the additive
value of a cause can change dramatically between diversity at different values of

g.

Using the Reeve et al. (2016) framework for the calculation of diversity, di-
versity is calculated as an “effective numbers of types” within each population.
This allows for straightforward interpretation and comparison, something which
can be problematic under other systems of diversity measurement. In this chapter,
diversity in causes of mortality is calculated at, and compared across, a variety of
measures (through the use of different g values) for the first time. This allows for a
more complete analysis of variation in the distribution of mortality causes making
it possible to distinguish between increased variation in relatively rare causes of
mortality and changes in the prevalence of the most common causes.

In analysis within this chapter “garbage codes” are retained in the distribution
of mortality causes when diversity in mortality causes is calculated, as discussed in
Section . These causes of mortality are considered, in the literature, to have the
potential to bias population health research. Methods to accurately redistribute
these causes of mortality can be intricate and were not carried out in this case.
Instead, the sensitivity of the results in this chapter to garbage codes is tested
in Appendix B.2 using a simple redistribution. Garbage codes are redistributed
proportionally by age, gender, year of death and ICD-10 Chapter and diversity in
mortality causes is recalculated. Under this analysis the overall trends in diversity
in mortality causes reported in this chapter for deaths at all ages across Scotland
and in Scottish subpopulations and in deaths within twenty year age ranges across
Scotland are upheld. Using an alternative, more intricate method for redistributing
garbage codes may have produced different outcome here nonetheless, the ana-
lysis in Appendix B.2 suggests that the results reported in this Chapter are robust
to the impact of garbage codes.
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4.5.5 Research implications and next steps

This chapter presents a more thorough analysis of diversity in fine-grained mor-
tality causes in the 21st century than previous studies by measuring and compar-
ing across various measures of diversity and examining variation in fine-grained
causes of mortality. Using different measures of diversity allowed me to identify
adverse trends in the prevalence of common causes of mortality and show that they
were not necessarily associated with similar trends at the level of rarer causes. To
provide a direct examination of the causes and ICD-10 Chapters driving trends in
diversity, | introduce additive value as a measure of the contribution of each cause,
and group of causes, to diversity. This chapter builds on work | published during the
completion of this thesis that shows trends in diversity in mortality causes at the
level of subpopulations in Scotland by incorporating different measures of diversity
(through varying g), expanding study of diversity within different age groups and
including different subpopulations (McMonagle et al., 2022). Previous research has
suggested that life expectancy and variation in lifespans within a population may,
to an extent, explain trends in the diversity of mortality causes (Bergeron-Boucher
et al., 2020; Trias-Llimods & Permanyer, 2023). To explore this possibility, the next
chapter introduces the use of a measure of similarity-sensitive normalised alpha
diversity in age at death in the study of variation in lifespan comparing this novel
measure to existing, established measures in the field. | then examine the rela-
tionships between diversity in causes of mortality, the measure of diversity in age
at death | propose and life expectancy. | explore these relationships over time and
cross-sectionally between subpopulations, presenting the first formal analysis of
such relationships at a sub-national level.
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Chapter 5

The relationship between lifespan
diversity and diversity in causes of
mortality

5.1 Background

This chapter covers four main themes which are each introduced in turn in separate
sections: the development of normalised alpha diversity as a measure of variation
in lifespans; trends in lifespan variation in Scotland and Scottish subpopulations
from 2001 to 2019 and disparities in lifespan variation between subpopulations in
these years; and finally, the relationship between diversity in causes of mortality
and variation in lifespan.

5.1.1 Applying diversity measures to lifespan variation

The first theme addressed in this chapter relates to the measurement of lifespan
variation. Variation in lifespan refers to the degree of variability in the distribution
of lifespans within a population. Variation in lifespans is a source of uncertainty
in health outcomes as well as a measure of inequalities within a population. Life
expectancy is, fundamentally, a measure of the average length of life within a
population and can be used to understand differences between populations in ex-
pected lifespans. Around this average, however, lifespans within a population can
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vary and the degree of variation can be an indicator of total inequalities in health
within a population. It has been shown that greater variation in age at death, and
in most cases, also lower life expectancies are seen among those in more deprived
areas, those with lower educational attainment and those employed in manual la-
bour (van Raalte et al., 2013; Permanyer et al., 2018; Van Raalte et al., 2018;
Seaman et al., 2019; Hiam et al., 2021). In addition to implications for health
inequalities, greater variation in age at death can impact the provision of care
because health care systems must provide health and end-of-life care for individu-
als at a wider range of ages. In this chapter the term “lifespan variation” is used
to refer to any measurement of variation in the distribution of lifespans within a
population and “lifespan diversity” is used to refer to measurement of variation in
lifespan performed using measures of diversity.

In this chapter, normalised alpha diversity is applied to the distribution of ages
at death, creating a measure | call “lifespan diversity”. Diversity measures have
been applied to ages at death previously (Bergeron-Boucher et al., 2020), although
comparisons with more established measures of variation in lifespan have not been
reported. Measures of variation in age at death in the literature are used, for
the most part, interchangeably and mostly produce similar results when measured
in the same populations (van Raalte & Caswell, 2013). In this chapter | valid-
ate lifespan diversity by comparing several measures of diversity with established
measures of variation in age at death. From these, a single measure of diversity in
age at death is selected for analysis: similarity-sensitive normalised alpha diversity
atg=1.

In addition to comparing lifespan diversity to previous measures in the field,
in this chapter | measure diversity in ages at death using data obtained from ob-
served mortality counts and from life tables. Life tables are a standard tool used in
demography and public health in the calculation of life expectancy and variation in
lifespan. However, they rely on a considerable amount of population data making
them difficult to calculate in some situations, for example, in historical settings
or groups for which population data is not routinely collected. Measuring diversity
in the observed ages at death in a population relies only on mortality data and
therefore may be a useful measure in situations where life tables cannot be easily
or reliably calculated.
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5.1.2 Trends in lifespan diversity

To address the second theme of this chapter, | investigate trends in lifespan di-
versity in Scotland and in two sets of Scottish subpopulations, namely SIMD income
deprivation quintiles and Scottish Government urban-rural classes. Prior research
has indicated that Scotland has higher variation in age at death than many oth-
erwise comparable countries, with greater lifespan inequality observed in more
deprived areas (Seaman, 2017; Seaman et al., 2019). This previous research has
shown narrowing inequalities in lifespan variation between deprivation quintiles
from 2001 to 2011, following decades of widening differences. However, lifespan
variation has not been reported in Scotland or in deprivation quintiles since 2011.
As discussed in the previous chapter, improvements in various health outcomes
have slowed or even reversed in the 2010s in Scotland (Fenton et al., 2019a). Ex-
amining lifespan variation can give vital insight into how these adverse trends have
impacted inequalities in health.

No studies have examined variation in age at death across the urban-rural gradi-
ent in Scotland, despite well-studied differences in health outcomes between such
areas (Levin & Leyland, 2005). While few international studies exist, it has been
demonstrated that non-metropolitan populations in the USA experience greater
lifespan variation than their urban counterparts (De Ramos et al., 2022). To re-
duce inequalities in health it is essential to understand how they manifest across
nations, between subpopulatians and within subpopulations. By examining lifespan
diversity and directly measuring the degree of variation in lifespans, we can reveal
the underlying inequalities in health, ultimately helping us to address them.

5.1.3 Therelationship between variationin lifespan and diversity
in causes of mortality

The third theme addressed in this chapter is the relationship between variation
in age at death and diversity in causes of mortality. This relationship is unclear
despite previous research in this area (Bergeron-Boucher et al., 2020; Trias-Llimds
& Permanyer, 2023). Two hypotheses have been proposed for this relationship in
the literature.
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Bergeron-Boucher et al. (2020) propose the first hypothesis. In a study of mor-
tality in developed countries including the UK, they observed that over time, di-
versity in causes of mortality increased. Over the same period, they also observed
an increase in life expectancy and a decrease in variation in lifespan. These trends
in life expectancy and lifespan variation imply that the population was ageing, and
specifically, that more individuals were living to - and dying at - older ages. They
therefore suggest that the increase in diversity in causes of mortality is driven
by the ageing of the population: living to an older age means exposure to more
potential diseases and risk factors, and thus a greater range of causes of mortality.

The second hypothesis is proposed by Trias-Llimoés and Permanyer (2023) who
suggest that in subpopulations “the higher the lifespan inequality, the higher the
cause of death diversity, which coheres with the fact that deaths at more dissimilar
ages are likely to be caused by a more variegated set of factors than deaths occur-
ring at more similar ages.” That is, by sampling from a larger range of ages, one
should sample from a larger range of causes. This study examined subpopulations
in the USA and found greater diversity in causes of death in less educated groups.
While they do not measure lifespan variation, they use evidence from previous re-
search to argue that, cross-sectionally (i.e. in a single year), diversity in mortality
causes should be greater in subpopulations where ages at death were more varied.

These hypotheses are, to an extent, contradictory. The first suggests increasing
diversity in causes of mortality is caused by falling lifespan diversity while the
second indicates diversity in causes of mortality would be highest where lifespan
diversity is greatest. However, it may be argued they could plausibly co-exist
because they are suggested to apply to temporal and cross-sectional relationships
respectively. | suggest that these hypotheses indicate two potential mechanisms
which might explain the relationship between lifespan variation and diversity in
causes of mortality.

The first mechanism, suggested by the hypothesis of Bergeron-Boucher et al.
(2020), is linked to the fact that falling lifespan diversity is generally linked to
populations dying at more homogeneous, older ages. As people reach an advanced
age, they are exposed to a wider variety of diseases and risk factors, which may
increase the diversity in mortality causes (Bergeron-Boucher et al., 2020).
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Under the second mechanism, it is possible that in subpopulations where indi-
viduals die at more varied ages, a greater diversity in causes of mortality would
also occur. The causes of mortality that an individual is likely to face vary widely
at different ages and a number of causes exclusively (or near-exclusively) occur at
a restricted set of ages (Plana-Ripoll et al., 2022). For example, neonatal deaths
occur only among those aged 0 and degenerative diseases mostly affect older indi-
viduals aged 60+. Therefore, a greater variety of ages at death, and age-specific
causes of death, occurring in a population would be expected to increase diversity
in causes of mortality. This might manifest most strongly under less conservative
measures of diversity (such as g = 1) because they are sensitive to rare causes of
mortality. However, at more conservative measures, this relationship might not
be apparent as common causes are weighted more heavily and many age-specific
causes of death which cause a relatively small number of deaths are, effectively,
ignored.

To explore these mechanisms and hypotheses, | examine the relationship between
variation in lifespan and diversity in causes of mortality in this chapter. | first in-
vestigate this relationship over time in the population of Scotland and in Scottish
subpopulations. | then test the relationship cross-sectionally between subpop-
ulations. This work represents the first formal analysis the relationship between
variation in lifespan and diversity in causes of mortality both temporally and cross-
sectionally in the same subpopulations. Therefore, it is the first to explore the two
hypotheses discussed in this section together.

5.2 Research questions and objectives

This chapter had the following research objectives:

» To develop a suitable measure of lifespan diversity and make comparisons
with existing measures of variation in age at death.

» To explore trends over time in normalised alpha lifespan diversity within Scot-
land.

» To explore disparities in lifespan diversity by sex, age at death, income depriva-
tion quintile, and Scottish Government urban-rural classification.
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» To examine the cross-sectional and temporal relationships between: lifespan
diversity, life expectancy and diversity in causes of mortality.

As such it aimed to answer the following questions:

 Is normalised alpha diversity in age at death (lifespan diversity) well-correlated
with existing measures of lifespan variation?

» Can lifespan diversity calculated from observed death counts be considered
a reliable proxy for lifespan diversity calculated from the lifetable death
distribution?

» What were the temporal trends in lifespan diversity in Scotland and Scottish
subpopulations from 2001-2019?

» What is the relationship between diversity in causes of mortality and lifespan
diversity in Scotland, firstly, across time and secondly, between subpopula-
tions?

5.3 Methods

5.3.1 Data

Mortality data for the years 2001 to 2019 was extracted and processed as described
in Section 3.2.1. Annual mid-year small area population estimates for 2001 to 2019
were obtained for Scotland as described in Section 3.2.2.

5.3.2 Subpopulation geographies

Income deprivation quintiles were calculated using the SIMD income domain as
described in Section 3.2.3. Populations of Scottish Government urban-rural classes
were grouped as described in Section 3.2.4.
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5.3.3 Life tables

Multiple-decrement life tables were constructed as described in Section 3.3.1 for
Scotland as a whole, as well as for each SIMD income deprivation quintile and
Scottish Government urban-rural class. Life tables were constructed for single
years of age from 0 to 109 with an open-ended age class of 110+. These life tables
were created separately for males and females in each year from 2001-2019 for
the population of Scotland and for each subpopulation.

5.3.4 Indices of variation in lifespan

Six indices of variation in age at death are calculated in this chapter to allow com-
parison between diversity in age at death and established measures in this field.
These indices are described in Section 3.3.4, and were calculated using values
from the life tables constructed as above. Each index was calculated separately
for males and females in each year from 2001 to 2019.

5.3.5 Normalised alpha diversity

5.3.5.1 Diversity in causes of mortality

Normalised alpha diversity in causes of mortality was calculated as described in
Section 3.3.3 using distributions of mortality causes extracted from multiple-decrement
life tables. For each year it is calculated in the population of Scotland as a whole
and in each SIMD income deprivation quintile and Scottish Government urban-rural
class across all ages. In each case diversityatg=1, g =2, and g = - was calculated
separately for males and females in each year 2001 to 2019. Calculations were per-
formed within each population or subpopulation with years as subcommunities.
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5.3.5.2 Lifespan diversity

Lifespan diversity (normalised alpha diversity in age at death) is calculated under
Equation 5.1 for each population and subpopulation where M(1-q) is the weighted
power mean of the order 1 - g; P.; is a vector of the proportion of deaths which
occur at each age in year j (P.;) divided by the proportion of the deaths within
the population in the study period which occurred in year j (w;); and (ZP.;); the
proportion of deaths which occur at ages similar to age i with Z calculated as

described below.

i = Mi_y(P},(ZP)); ) (5.1)

Up to this point in this thesis, diversity has been calculated under the assump-
tion of naive similarity. This is because under naive-similarity diversity, it is as-
sumed that each type, for example, each year of age, is completely (and thus
equally) distinct from all other types. In reality, this is clearly not true, and it may
be desirable to acknowledge that deaths in those 75 years old are more similar to
deaths at 74 years old than they are to deaths at 25 years old. In the calculation of
diversity, a similarity matrix can be used to quantify these similarities and make
explicit the connection between deaths at similar ages. The concept of similarity
in the measurement of diversity is discussed in Section 2.3.2.

Following work by Leinster and Cobbold (2012) similarity is incorportated into
the Reeve et al. (2016) framework for the calculation of diversity through a
pairwise-matrix Z with each entry Z” representing the similarity between ages
i and j. Here, a similarity matrix was calculated under a formula proposed by
Mitchell (2019) for developing similarity matrices in age distributions. The abso-
lute value of i minus j (dj;) is transformed through the formula ZU = ¢ %, where k
is a scaling factor. In developing these similarity matrices k can take any positive
value. Here, to calibrate k, candidate values were used to create a range of simil-
arity matrices which differentially weight distance between ages. These matrices
were then used to calculate the similarity-sensitive metacommunity gamma di-
versity at q=1 (!G?) of an age distribution. This measure can be interpreted as the
effective number of age classes in the age distribution (Mitchell, 2019).
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For this analysis, the similarity matrix was calibrated to the age structure of the
Scottish population. This total age structure was the male and female population
estimates for Scotland with single year age classes from age 0 to 89 and an open-
ended age class 90+ in the years from 2001-2019 combined. !G# was calculated for
this population with ages as types (Reeve et al., 2016; Mitchell, 2019). Using this
distribution, rather than the distribution of ages at death, means that the range
of effective age classes at which people die can be compared to the number of
effective age classes in the living population.

Here, k was gradually reduced from a value of 1 (where Z is equal to the
negative exponential of the distance in age) to create similarity matrices which
produced different values of !G? (Appendix Figure A.5). Ultimately, a value of k
was chosen which produced a similarity matrix that when applied to population
data as described above produced an !G# of approximately 6 (k = 0.12962). This
value was chosen to align with the six twenty-year age classes used in Chapter
4. Values of diversity calculated using this similarity matrix can be considered a
count of the effective number of age classes in which deaths occurred. To use an
example, if subpopulation A was found to have a diversity of 3 it would imply deaths
within this subpopulation died within 3 effectively distinct age classes meaning
that deaths occurred at effectively half of the age classes which make up the
population of Scotland. Say that a second diversity value of 4.5 was produced for
subpopulation B, this would imply that in subpopulation B individuals died within
effectively 50% more age classes than in subpopulation A. It is important to note
that the age classes mentioned here do not refer to classifiable ranges of ages
within the population rather to the effective number of age classes within the
population.

Similarity sensitive diversity in lifespans at g =1 and g = 2 were calculated from
both life table data and observed mortality data at each age of death extracted
from NRS mortality data. These calculations were performed in males and females
across the Scottish population for each year from 2001 to 2019. A single measure
was chosen following an exploration of these measures and their correlation with
the established indices of variation in age at death described previously. This
measure, similarity-sensitive lifespan diversity at g = 1 calculated using life table
data, was used to examine the distributions of age at death further in this chapter.
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5.3.6 Analysis of correlation

The Pearson correlation coefficient is used to assess linear covariance in a number
of places in this Chapter. To answer Research Question 1, required analysing the
correspondence between diversity in age at death and the pre-existing indices of
variation in lifespan; to do this, pairwise correlation was measured in the relation-
ships between each of the pre-existing measures of variation detailed in Section
5.3.4 and each measure of normalised alpha lifespan diversity described in Section
5.3.5.

To answer the fourth research question addressed in this chapter, two relation-
ships were tested, between: diversity in causes of mortality and life expectancy;
and diversity in causes of mortality and lifespan diversity. The Pearson correlation
coefficient of these relationships were both measured temporally across the years
2001 to 2019, for deaths across Scotland as a whole and in each subpopulation
described in Section 5.3.2. Pearson’s correlation coefficient was also measured
for these relationships cross-sectionally within each year 2001 to 2019, between
subpopulations. Only selected years are presented in this chapter to give an over-
view across the study period while avoiding repeating analysis'. These years were:
2001, 2005, 2009, 2011, 2015, 2019. For both temporal and cross-sectional analysis
correlation was measured separately for each sex. The correlation coefficient and
p-values are displayed in the figures where the relevant relationship is assessed,
values are repeated in Appendix Tables A.8, A.9, and A.11 for ease of access.

5.3.7 Software

Analysis in this chapter was performed in R version 4.1.3 (R Core Team, 2022).
Data manipulation and processing was performed using version 1.3.1 of the tidy-
verse package, plots were created using version 3.3.5 of the ggplot2 package and
version 0.92 of the package corrplot alongside version 1.1-2 of the package RColor-
Brewer and version 0.4.0 of the package ggpubr (Neuwirth, 2014; Wickham, 2016;

Correlation coefficients and p-values of the cross-sectional relationship between subpopula-
tions in each year 2001-2019 are shown in Appendix Table A.11.
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Alboukadel Kassambara, 2020; Taiyun Wei et al., 2021). Calculation of diversity
was performed using version 2.0 of the rdiversity package (Mitchell et al., 2020).
Analysis of correlation was performed using version 2.2.9 of the package psych
(Revelle, 2022).

5.4 Results

The results section of this chapter is structured as follows. In all analysis in this
section, deaths of males and females are analysed separately. First, Section 5.4.1
addresses the calculation of lifespan diversity as a measure of variation in lifespan,
using both life table and observed data . Next, in Section 5.4.2 lifespan diversity is
established as a measure of variation in lifespan through comparison with existing
measures in use in the literature. Through insight gained in these sections a single
measure of lifespan diversity is chosen for further analysis. Using this measure
trends and disparities in lifespan diversity across Scotland and Scottish subpop-
ulations are examined in Section 5.4.3. The final results sections of this chapter
present an examination of two relationships: between diversity in causes of mortal-
ity and life expectancy (Section 5.5.2); and between diversity in causes of mortality
and lifespan diversity (Section 5.4.5). In order to investigate the fourth research
question addressed in this chapter, each of these relationships is first examined
temporally across Scotland as a whole and in Scottish subpopulations. Then these
relationships are examined cross-sectionally (i.e. within individual years) between
subpopulations. The fourth research question examined here focuses on the rela-
tionship between diversity in causes of mortality and lifespan diversity however,
understanding the relationship between diversity in mortality causes and life ex-
pectancy helps to contextualise this analysis.

5.4.1 Calculation of a measure of normalised alpha lifespan di-
versity and comparison to existing measures

This chapter considers two measures of similarity-sensitive normalised alpha lifespan
diversity: diversity at g =1 and g = 2. Diversity at g = 2 is the more conservative in
that it more strongly weights ages at which deaths occur more often. In Chapter 4,
three measures of normalised alpha diversity in causes of mortality were studied.
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Diversity at g = « in age at death is not measured due to its strong focus on the
most common type. It would amount to, effectively, a measure of the proportion
of deaths which occur at the modal age. For causes of mortality, measuring di-
versity at g = « gives valuable insight into the mortality pressures associated with
the most common causes. However, it was considered important to use meas-
ures which address the entire distribution of ages at death rather than effectively
excluding rare ages of death.

Trends in lifespan diversity, calculated using observed data and life table data,
across Scotland in males and females are shown in Figure 5.1. Calculating lifespan
diversity using life tables rather than from observed data had an effect on both
overall levels of diversity and trends over time. Specifically, using life tables res-
ulted in lower diversity values at both g = 1 and g = 2; it also revealed a slight
reduction in lifespan diversity over the study period not seen in the analysis using
raw death data. The difference in trends between data sources is more pronounced
in females. These trends in lifespan diversity are examined in more detail later in
this chapter following the selection of a single measure.

q=1 q=2

........

4.00 1

3.75
Sex

— Female
— Male
3.507 Data source

— Lifetable

-- Raw Death Count

Normalised alpha diversity in age at death

3.254

2001 2005 2010 2015 2019 2001 2005 2010 2015 2019
Year of Death

Figure 5.1: Similarity-sensitive normalised alpha lifespan diversity in each year
2001 to 2019 across Scotland in males and females using data from life tables and
observed raw death counts.
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To understand the differences in lifespan diversity between observed data and
life tables, Figure 5.2 shows the distributions of age at death in the Scottish pop-
ulation using each method in 2001 and 2019. Differences in the distributions can
be observed, reflecting the larger emphasis on deaths at older ages introduced
through the calculation of life tables. In this calculation - for populations in which
fewer than 100,000 deaths occur per year - the cohort size is increased and through
modelling old age mortality an increased proportion of the population is assumed
to live to an older age. Appendix Figure A.6 replicates Figure 2 but further includes
life table data from the Human Mortality Database, demonstrating that this shift
in the distribution is also found in what is generally considered to be the highest
standard of life table data (Wilmoth et al., 2022). Despite the difference in overall
trends produced using these different data sources, it is notable that much of the
year-to-year patterns in diversity are consistent (Figure 5.1). For example, a spike
in diversity in 2016 in both sexes can be observed comparably across measures.

Females Males
0.04 A
0.03 1
N
o
0.02 A =
o 0.01
S
©
(0]
kel Data source
%5 0.00
c Raw Death Count
(o]
‘g 0.04 — Lifetable
Q
o
o
0.03 A
N
o
0.02 1 ©
0.01 1
0.00 1
0 30 60 90 0 30 60 90
Age at death

Figure 5.2: Distributions of age at death in the Scottish population from life tables
and observed raw death counts in males and females in 2001 and 2019.
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5.4.2 Establishing lifespan diversity against existing measures of
variation in lifespan

Variation in the distribution of age at death within populations has been examined
using various measures previously. Using data from France and Russia, Van Raalte
et al. (2013) show a high degree of correlation between measures including et, the
Gini coefficient and inter-quartile range (IQR). Correlation between the measures
of lifespan diversity introduced in this chapter and a number of indices of vari-
ation in lifespan are examined in Figure 5.3. More detail on the formulation and
interpretation of these indices can be found in Section 3.3.4.

Figure 5.3 shows that lifespan diversity calculated from life table data is highly
correlated with most of the measures examined here. Measures of lifespan di-
versity calculated from observed data are less highly correlated (alhough note that
p-values of all correlations were <0.05, Appendix Table A.12). However, the dif-
ference between diversity calculated from these two data sources is slight, sug-
gesting that lifespan diversity calculated using observed data may be a useful tool
in situations where population structure data is insufficient to construct reliable
life tables.
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Figure 5.3: Correlation matrix showing the relationship between various measures
of variation in age at death and measures of lifespan diversity.

Each of the measures of normalised alpha lifespan diversity calculated from life
table data are found to be well correlated to each other and with the established
measures examined here (these measures are discussed in Section 3.3.4). Along-
side this, evidence from Figure 5.1 shows that the measures of diversity calculated
from life tables introduced in this chapter display similar trends and do not present
distinct insights. Little difference is observed in trends in lifespan diversity under
g = 1 or 2. To avoid repetition of analysis only one measure was taken forward,
diversity at g = 1. Therefore, similarity-sensitive normalised alpha diversity at g =
1 calculated from life table data is taken forward for analysis in this chapter.
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5.4.3 National and subpopulation temporal trends in lifespan di-
versity

In the 2000s, lifespan diversity across the Scottish population, calculated from
distributions of age at death extracted from life tables, (black lines in Figure 5.4)
was relatively constant. This persisted until around 2008 in males and 2010 in
females. After these years diversity in lifespans fell until 2015 in both sexes after
which an increase in diversity can be observed to 2019. Despite the increase in
lifespan diversity both sexes after 2015, the Scottish population as a whole died
at slightly less diverse ages in 2019 than in 2001. This represented a reduction
from effectively 3.58 age classes to effectively 3.53 in females and 3.89 to 3.82 in
males.

Lifespan diversity was observed to be around 15-20% higher among males in
the most deprived areas of Scotland than in the least deprived areas (Top panels of
Figure 5.4). In all years, this disparity was smaller among females. Deaths occurred
at less diverse ages in rural areas than urban areas (Lower panels of Figure 5.4).
However, differences are found to be smaller between these areas than between
deprivation quintiles. Lifespan diversity is higher in large urban areas than other
urban areas but for the most part diversity is similar in remote and accessible
classes for both small towns and rural areas.
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Figure 5.4: Trends in normalised alpha lifespan diversity at q=1 in Scotland in the
years 2001 to 2019 in males and females, across the country as a whole (black line)
and in deprivation quintiles (top row) and urban/rural classes (bottom row).

Previous study has suggested that from 2001 to 2011, a slight reduction oc-
curred in deprivation related inequalities in lifespan inequality in Scotland (Sea-
man et al., 2019). However, variation in ages at death has not been studied since,
despite stalling improvements in a number of measures of population health in the
2010s (Fenton et al., 2019a). Figure 5.4 shows plateaus in lifespan diversity from
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2001 to the mid-2000s across deprivation quintiles. After this lifespan diversity
fell across quintiles, especially in more deprived areas. Differences in lifespan di-
versity between quintiles were, therefore, slightly smaller at the early in the 2010s
than they were early in the 2000s, as observed by Seaman et al. (2019). However,
trends in diversity in age at death diverge between quintiles after 2015. In both
males and females, deaths occurred at increasingly varied ages in quintiles 1 and
2 - the most and second-most deprived quintile - towards the end of the study
period. In contrast, lifespan diversity continued to decrease in the least deprived
areas in both sexes. lequalities in lifespan diversity between the most and least
deprived fifths of the population have therefore increased in the 2010s in both
males and females. As a result the difference in lifespan diversity between the
most and least deprived quintile was wider in 2019 than it was in 2001.

Yearly fluctuations in lifespan diversity are larger in the populations of Scot-
tish Government urban-rural classes than in deprivation quintiles. These larger
fluctuations are likely linked to smaller population sizes in some of these groups.
Despite this, inequalities between urban-rural classes changed little over the study
period with the largest difference between urban rural subpopulations remaining
at a lifespan diversity of around 10%. Trends in each urban-rural subpopulation are
mostly similar to those across the country as a whole.

5.4.4 The relationship between diversity in causes of mortality
and life expectancy

Trends over time in diversity in causes of mortality within Scottish subpopulations
are examined in Chapter 4. Figure 5.5 plots diversity in causes of mortality, calcu-
alted from distributions of mortality causes extracted from multiple decrement life
tables against life expectancy across the Scottish population; in deprivation quin-
tiles (upper panels of Figure 5.5); and in Scottish Government urban-rural classes
(lower panels of Figure 5.5). In each case, diversity in causes of mortality was
greater in years with higher life expectancies. As these populations experienced
longer lifespans, variation in the causes of mortality they were likely to face in-
creased.
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For the most part, this relationship is consistent across the subpopulations ex-
amined here. However, in more deprived areas, a weaker correlation is observed
at more conservative measures of diversity in causes of mortality. This suggests
that over time a higher average age at death across all subpopulations has been as-
sociated with greater variation in the relatively rare causes of mortality they face.
However, in more deprived areas, higher life expectancies have been associated
with less of a reduction in the dominance of the most common causes of mortality
than in other subpopulations.
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Figure 5.5: The relationship between normalised alpha diversity at g=1, g = 2
and g = infinity in causes of mortality and life expectancy at age 0 in Scotland in
the years 2001 to 2019 in males and females, across the country as a whole and
in deprivation quintiles and urban/rural classes. Pearson’s correlation coefficient
and associated p-values are presented, colour coded, for each relationship.

In spite of the positive relationship between diversity in mortality causes and
life expectancy when observed by year in subpopulations in Scotland (and across
the total population), mortality cause diversity is not, generally, observed to be
higher among subpopulations with longer life expectancies (Appendix Table A.10).
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In fact, in a number of years diversity in causes of mortality is found to be lower
in subpopulations with higher life expectancies. This confirms the supposition,
posed in Section 2.4.1.3, that there may be a Simpson’s paradox in the relationship
between diversity in causes of mortality and life expectancy.

The relationship between variation in lifespan and life expectancy has previ-
ously been well studied. A consistent tendency for reduced variation in lifespan as
life expectancy increases has been observed across the world (Nigri et al., 2021).
Furthermore, a strong, but not universal, tendency for lower lifespan variation in
populations and subpopulations with longer lifespans is known to exist. The re-
lationship between lifespan diversity and life expectancy measured in this study
follows this pattern (Appendix Figure D).

5.4.5 The relationship between lifespan diversity and diversity
in causes of mortality

This section presents an examination of the relationship between normalised alpha
diversity at g = 1, 2 and « in causes of mortality and similarity-sensitive lifespan di-
versity at g = 1 with both measures calculated using life table data. As discussed in
Section 5.1, two hypotheses are tested in this section. The first hypothesis is that
diversity in causes of mortality increases as a population lives to longer and more
homogenous ages. The second hypothesis is that in populations with more hetero-
genous ages at death diversity in causes of mortality would be higher. To explore
these hypotheses, first, | examine temporal relationships assessing the contention
that as the population lives to a longer age on average and lifespan diversity nar-
rows around this average, diversity in causes of mortality would increase. Then |
examine cross-sectional relationships to evaluate the claim that greater lifespan
diversity is associated with greater diversity in causes of mortality.

Over time in Scotland and across Scottish subpopulations, reductions in lifespan
diversity have been associated with increasing diversity in causes of mortality. This
upholds the first hypothesis raised in the previous paragraph and means that when
people died at less varied ages they died due to a wider variety of causes. This
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relationship is slight although it is generally more evident at more conservative
values of g in diversity in causes of mortality. This suggests a reduced likelihood
of facing the most common causes of mortality when lifespans were more equal
across the population.
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In the breakdowns by subpopulation, increasing diversity in causes of mortality
over time tended to occur alongside falling lifespan diversity in most SIMD quintiles,
although evidence for this trend generally weakens in more deprived areas (upper
panels of Figure 5.6). This relationship is also observed in large urban areas, ac-
cessible small towns and accessible rural areas, while in the remaining urban-rural
classes it is weaker (lower panels of Figure 5.6).

The cross-sectional relationship between diversity in causes of mortality and
lifespan diversity between deprivation quintiles and urban-rural classes is shown
in Figures 5.7 and 5.8 respectively. In both Figures, there is some inconsistency
between years. Despite this, some overall conclusions can be drawn from this

analysis.
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In deprivation quintiles a positive relationship can be observed between di-
versity in causes of mortality at g = 1 and lifespan diversity. This indicates that
in quintiles with greater variation in age at death more varied causes of death
occurred. The strength of correlation between lifespan diversity and diversity in
causes of mortality varies over years but generally this conclusion holds. This up-
holds the conclusion of Trias-Llimds and Permanyer (2023), the second hypothesis
raised at the beginning of this section. However, this hypothesis is not confirmed
at more conservative measures of diversity in causes of mortality in the analysis
show in Figure 5.7. In fact, when rare causes are discounted and common causes
are weighted more heavily a negative relationship is observed between lifespan
diversity and diversity in causes of mortality. This relationship at more conservat-
ive measures of diversity means that in populations in which lifespan variation was
higher the most common causes of death were more prevalent. In other words
where individuals died at more varied ages they were more likely to face the most
common causes.
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When examining the cross-sectional relationship between diversity in causes
of mortality and lifespan variation in urban-rural classes (Figure 5.8), a positive
relationship is observed at g = 1. This is similar to the finding | report above for
deprivation quintiles. It adds further evidence to the claim that in populations
with more heterogeneous ages at death more varied causes of mortality will occur.
However, at more conservative measures of diversity in causes of mortality no
clear cross-sectional relationship is observed. This indicates that there is some
complexity in this relationship and it is not necessarily true that in subpopulations
more varied ages the most common causes are more prevalent.

5.5 Discussion

This chapter aimed to calculate and validate a measure of lifespan diversity and
use that measure in the examination of the relationship between life expectancy,
lifespan diversity and diversity in causes of mortality. Here, | summarise, interpret
and discuss the findings of this chapter in four sections which are structured around
the research questions addressed in this chapter. The first findings section relates
to the suitability of lifespan diversity as a measure of variation in lifespans (Section
5.5.1.1). In the second findings section | explored the utility of lifespan diversity
calculated using observed data as opposed to life table data Section 5.5.1.2) . The
third section covers trends in lifesan diversity in Scotland and Scottish subpopu-
lations as well as disparities between subpopulations (Section 5.5.1.3). Finally,
the fourth findings section relates to the temporal and cross-sectional relation-
ships between diversity in causes of mortality and lifespan diversity in Scotland
and Scottish subpopulations (Section 5.5.1.4). Following discussion of the findings
of this chapter, | propose potential future research directions (Section 5.5.2) and
discuss the implications of this research (Section 5.5.4).
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5.5.1 Principal findings and interpretation

5.5.1.1 Is normalised alpha diversity in age at death (lifespan di-
versity) well-correlated with existing measures of lifespan
variation?

Four measures of similarity-sensitive lifespan diversity are explored in this chapter,
using different values of g and measuring from life tables and observed data. Fol-
lowing this, a single measure of diversity was chosen for analysis of lifespan di-
versity in this chapter. This measure was lifespan diversity at g = 1 calculated
from life table data. Life table data was chosen to align with the calculation of
diversity in mortality causes and with measures in use in the literature. Little dif-
ference is found between between overall trends in diversity at g =1 and q = 2.
Only one measure was taken forwards to avoid effective repetition of analysis; g
= 1 was chosen as it is related to Shannon entropy a measure which has been used
previously in study of diversity in lifespans (Bergeron-Boucher et al., 2020).

Each of the measures of lifespan diversity assessed in this chapter is shown
to be highly correlated with established measures of variation in lifespan. The
established measures assessed in this chapter included specialised demographic
measures such as lifespan inequality (et) and statistical measures like the IQR.
These established measures represent a number of the standard measures used
in the literature for analysis of variation in lifespan (van Raalte & Caswell, 2013;
Shkolnikov & Andreev, 2010). These findings suggest that lifespan diversity has
merit as a measure of variation in lifespan.

5.5.1.2 Can lifespan diversity calculated from observed death
counts be considered a reliable proxy for lifespan di-
versity calculated from the lifetable death distribution?

159



5. Lifespan diversity and diversity in causes of mortality

Diversity in age at death is calculated in this chapter using life table mortality data
and observed raw death counts. The calculation of reliable life tables requires a
considerable volume of detailed population data, whereas lifespan diversity cal-
culated from observed death counts requires only data for age at death within the
population. Diversity in age at death using raw counts is therefore explored here
as a possible proxy for more established measures of variation in lifespan in cases
when such detailed information is not available. The findings in this chapter sup-
port the use of lifespan diversity calculated using observed data by demonstrating
that it is relatively well correlated with established measures calculated from life
table data. In contemporary studies of developed nations it may be rare to have
mortality data in the absence of accompanying, and reliably comparable, popula-
tion data. However, particularly in historical contexts it is possible for mortality
data to be more reliable than population data (Asah et al., 2017; Villegas & Hiabu,
2021). However, the evidence presented in this chapter suggests that lifespan di-
versity calculated using observed data may be considered a reliable proxy for meas-
ures which rely on more extensive data. These conclusions are based on study of
a population where population structures have changed relatively little over time,
see Section 3.2.2. In situations where population structures are changing rapidly
measures which assess only mortality data may not be appropriate.

Calculating lifespan diversity using life tables and observed data is shown to
produce qualitatively similar, but not identical, temporal trends across the study
period, despite consistency in capturing yearly fluctuations. The slight differences
in trends are caused by the effects of life table calculation on the distribution of
ages at death. Measures of variability in lifespan are near-universally calculated
using data from life tables and indeed, a number of advantages are conferred
by the use of life tables (Murray et al., 2000). Period life tables create uniform
starting populations to which the mortality pressures of real-world populations are
applied. In effect, this has the benefit of countering biases relating to population
structure and size between populations.

The shifts in the distribution of ages at death introduced by the calculation of
life tables and the resultant effects on lifespan diversity pose the question: what is
of interest in the calculation of these measures of variation in lifespan? The use of
life tables provides, in theory, analysis of the distribution of death within constant
populations. To use the example of lifespan diversity across Scotland as shown in
Figure 5.1, analysis using life tables suggests a slight reduction in lifespan diversity
from 2001 to 2019 despite an upwards trend from 2015 onwards. The distribution
of ages at death in the life tables used to calculate this measure has narrowed
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and individuals were likely to die at less varied ages. In contrast, when calculated
from observed death counts, lifespan diversity was near stagnant in males and
slightly increased in females from 2001 to 2019. This means that, in fact, females
in Scotland were likely to die at slightly more varied ages in 2019 than in 2001; in
apparent contradiction to the evidence from life tables.

In principle, life table results imply that had population structures been identical
in 2001 and 2019, then females would have died at less varied ages in 2019. How-
ever, over time, population structures change and, as previously mentioned, res-
ults from diversity calculated using observed data show that in the true population,
the opposite trends are evident. Studies measuring variation in age at death are
often concerned with making comparisons and investigating inequalities between
populations or subpopulations (Seaman et al., 2019; Brennum-Hansen et al., 2021;
Hiam et al., 2021). For this use, life tables certainly offer an advantage as they
ensure theoretically equal study populations. Nonetheless, the use of measures
of variation in lifespans as indicators in population health is founded upon the
consequences of greater or lesser variation in age at death within a community.
This may be at the level of the society, in implications for inequalities in health
and the impacts of a greater range of ages at death on health care systems, or
at the level of the individual, in effects on financial or health related decisions
(van Raalte et al., 2013; Sasson, 2016) . The evidence presented in this chapter
suggests that the use of life tables may mask underlying trends in variation in ages
at death in the observed population. The second section of this chapter focuses
on lifespan diversity calculated using life table data. This method was chosen be-
cause comparisons are made between subpopulations and this approach exploits a
key advantage of the use of life tables. Further, it aligns with both the calculation
of diversity in causes of mortality in Chapter 4 of this thesis, performed using life
tables, and with existing literature in the field.

5.5.1.3 What were the temporal trends and cross-sectional tend-
encies in lifespan diversity in Scotland and Scottish sub-
populations from 2001-2019?
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Across Scotland, in both sexes, lifespan diversity computed from life tables fell
from 2001 to 2015. After 2015, this reversed and a trend for increasing lifespan
diversity is observed from 2015 to 2019. The increase in lifespan diversity after
2015 has counteracted much of the decrease from 2001 to 2015 in females but in
males, a reduction between 2001 and 2019 is still evident.

In temporal analysis of subpopulations, trends in lifespan diversity are observed
to be remarkably similar from 2001 to 2010, with mostly flat trends in females
and slight reductions in males. After this, between 2010 and 2015, reductions in
lifespan diversity are observed across subpopulations but are observed to be most
acute in more deprived areas and urban areas. Finally, from 2015 to 2019, more
divergence is observed in trends between subpopulations. Increases in lifespan
diversity are confined to more deprived groups and urban groups in females with
relatively little change in the least deprived areas and urban areas. Among males,
lifespan diversity continued to fall from 2015 to 2019 in the least deprived areas
while increasing in the most deprived areas.

When examining cross-sectional tendencies in lifespan diversity, both males and
females in more deprived areas and urban areas are shown to have faced greater
lifespan diversity than their counterparts in less deprived areas and rural areas.
Further, deprivation-related inequalities are observed to have widened between
the most and least deprived population fifths from 2001 to 2019.

Urban-rural differences in lifespan variation have not previously been examined
in Scotland. A previous study in the USA has suggested lower variation in lifespans
in metropolitan areas compared to all other areas combined (De Ramos et al.,
2022). The findings of this chapter suggest the opposite tendency in Scotland,
with greater diversity in lifespan observed in urban areas. Variation in lifespan
is used as a measure of inequalities in health and this finding suggests greater
inequalities in cities (large urban areas) than other areas of Scotland. This find-
ing is consistent with what is already known about Scotland, and specifically that
cities encompass areas with some of the highest and lowest life expectancies, rep-
resenting significant heterogeneity (Seaman et al., 2015). The large differences
in life expectancy across cities such as Glasgow have been linked to deprivation
and socio-economic inequality within cities although, especially in Glasgow, such
effects are not thought to fully explain inequalities in health (Walsh et al., 2010a).
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Previous analysis of variation in lifespans across the socioeconomic gradient in
Scotland by Seaman et al. (2019) showed consistently higher variation in more
socioeconomically deprived areas from 1981 to 2011. These authors showed that
these inequalities were at their highest in 2001 but that they reduced between
2001 and 2011. Trends in lifespan variation in Scotland have not previously been
reported for the years following 2011. This chapter shows a similar reduction in
inequalities between income deprivation quintiles in the 2000s and early 2010s.
In the following years, however, the work presented here shows that this trend
reversed and inequalities in lifespan diversity are observed to have grown from
2011 to 2019.

The implications of these findings are that inequalities in health outcomes have
grown in the 2010s after a period of relative improvement in the 2000s. Increases
in lifespan diversity across Scotland as a whole and increased disparities between
certain subpopulations during the 2010s indicates greater inequality in health out-
comes. Increasing variation in lifespan is not inherently considered to be a negative
outcome in the literature as it may suggest that individuals are living to an older
age. However, in Scotland, trends in life expectancy stalled in the late 2010s
(Ramsay et al., 2020). This suggests that increases in lifespan diversity have been
driven by increases in deaths at younger ages, rather than a significant proportion
of individuals achieving extremely long lives.

Widening inequalities in a number of health outcomes have been reported in
Scotland after 2015 and the findings of this section support this evidence of re-
gression in progress towards health equality (McCartney et al., 2022; Miall et al.,
2022). It is suggested in the literature that inequalities in health in Scotland may
be becoming more intractable as, increasingly, social determinants of health are
intricately patterned across the population. The increasing diversity in lifespan
observed in more deprived quintiles, in this section and in previous work, sup-
ports this, suggesting that even in the most deprived areas, health outcomes have
become more heterogeneous.
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5.5.1.4 What is the relationship between diversity in causes of
mortality and lifespan diversity in Scotland, firstly, across
time and secondly, between subpopulations?

The relationship between diversity in causes of mortality and lifespan diversity
was examined in this chapter to assess the relevance of two previously proposed
hypotheses. First, that over time, increasing diversity in causes of mortality is
caused by an ageing population with falling lifespan diversity. Secondly, that, cross-
sectionally, in populations in which individuals die at a wider variety of ages, more
diverse causes of mortality would occur.

As | discuss in Section 5.1.3, the two hypotheses examined in this chapter are
based on different mechanisms for the relationship between lifespan diversity and
diversity in causes of mortality. Under the first hypothesis, it is assumed that
more diverse causes of mortality occur at older ages. As reductions in lifespan
diversity are often associated with a greater proportion of the population reaching
older ages, it is expected individuals would accumulate more varied risk factors
and diseases over the lifecourse and therefore die of more diverse causes. This
mechanism is supported by findings of a positive correlation over time between
diversity in causes of mortality and life expectancy both in this chapter and in
previous work (Bergeron-Boucher et al., 2020). The second mechanism assumes
that a greater diversity of causes of mortality occurs when a wider range of ages
at death occur due to the varied age-specific risks associated with different causes
of death.

The findings of this chapter support both hypotheses, to an extent. | present
evidence that over time, across Scotland and in each subpopulation, as lifespan
diversity has fallen and life expectancy has increased, diversity in mortality causes
has increased, consistent with the first hypothesis. | also show that, generally,
cross-sectionally in subpopulations with greater lifespan diversity, greater diversity
in mortality causes occurred at g = 1, but not for other values of g. As | note in
Section 5.1.3, it might be expected that this second hypothesis would only be
observed at less conservative measures of diversity, such as g = 1.
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In supporting the two hypotheses raised in this chapter, the evidence | present
highlights the logical inconsistency between them. It appears contradictory to ex-
pect increasing diversity in causes of mortality to be associated with falling lifespan
diversity as well as higher diversity in causes of mortality being found in populations
with higher lifespan diversity. This contradiction may not be irreconcilable: it is
possible that the reasons for the temporal relationship observed here are distinct
from the causes of the observed cross-sectional tendencies. However, it suggests
that the mechanisms which | discuss in Section 5.1.3 are not wholly appropriate
and may need refining.

In particular, | challenge the contention that an older population with less vari-
ation in age at death is inherently associated with greater diversity in causes of
mortality. My findings support those of Bergeron-Boucher et al. (2020) finding that
over time as populations lived longer and died at more homogeneous ages, they
died due to more diverse causes. However, this previous study proposed that this
increased diversity was caused by the population living to older ages. Instead, |
suggest that, in Scotland, the observed increases in diversity in causes of mortality
and life expectancy and the reductions in lifespan diversity have been driven by
same the underpinning trend: a reduction in the prevalence of the most common
causes of mortality, especially cardiovascular diseases. | have shown in Chapter
4 that reductions in the mortality rate and prevalence of cardiovascular disease
were responsible for much of the increase in diversity in mortality causes from
2001 to 2019 in Scotland. Reductions in cardiovascular disease mortality rates and
prevalence have occurred across all ages in these years, but were largest among
those younger than 75 (Brown et al., 2019; Ramsay et al., 2020). This reduction
in rate of death at younger ages has been shown to have contributed to both in-
creasing life expectancy and decreasing lifespan variation in Scotland in the 21t
century (Ramsay et al., 2020; Seaman, 2017). Lung cancer, another common cause
in Scotland, also reduced in rate and prevalence in this period, again particularly
at younger ages, further contributing to increases in mortality cause diversity and
life expectancy and decreases in lifespan diversity. As premature deaths due to
the most common causes have reduced, this has led to both longer and more homo-
geneous lifespans, but also to an increase in diversity in mortality causes through
a reduction in the prevalence of the most common causes. This is further corrob-
orated by the timing of increases in lifespan diversity in Scotland which | show in
this chapter occurred after 2015. In the same years, 2015 to 2019, increases are
observed in the prevalence and mortality rate of acute myocardial infarction which
was the most common cardiovascular cause of death in both sexes throughout the
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study period (discussed in Chapter 4). The results of this thesis cannot directly link
this resurgence in cardiovascular disease to the increases in lifespan diversity, and
this may be an valuable avenue of future research. However, the coincidence of
the timing of these trends is remarkable.

The conclusion of Bergeron-Boucher et al. (2020), discussed above, could be
consistent with the conclusion of the previous paragraph. As fewer premature
deaths occur due to cardiovascular disease, deaths are redistributed to older ages
and to more diverse causes. The subtle difference in arguments between what |
propose here and the supposition of Bergeron-Boucher et al. (2020), is the causal
agent. Rather than an increased age at death in the population? causing diversity
in mortality causes to increase; increases in both life expectancy and diversity
in causes of mortality and reductions in lifespan variation have been driven by
reduced mortality rates, especially premature mortality rates, due to the most
common causes. This is also supported by my findings in the previous chapter
which show that that it is not necessarily true that causes of death are more di-
verse at older ages. Analysis in Chapter 4 (Figure 4.11) shows that diversity in
causes of mortality at g = 1 was, in fact, lower among those aged 80+ than any
other age group in both sexes in 2001. Furthermore, diversification in causes of
mortality occurred in almost all age groups older than 40 in both sexes3. This is
because not only have cardiovascular diseases historically been the most common
causes of death at all ages 40+, but they have reduced in prevalence across all
ages (Brown et al., 2019). These reductions have driven the increases in diversity
observed across older age groups because the reduction in cardiovascular mortality
was proportionally larger than the reduction in all-cause mortality. A way to con-
firm that changes in the prevalence of cardiovascular diseases have driven trends
in both diversity in causes of mortality and lifespan diversity would be the use of
decomposition analysis. This is likely a valuable avenue for future research.

Reframing this temporal mechanism for the relationship between diversity in
causes of mortality and lifespan diversity makes it more consistent with the cross-
sectional hypothesis explored in this chapter. If we accept that older, more ho-
mogeneous ages at death are not necessarily associated with more diverse causes
of mortality, as | suggest in the previous paragraph, then it is conceivable that

Zhoth on average, indicated by increased life expectancy, and proportionally, indicated by re-
duced lifespan diversity.

3The exception being deaths among women aged 60 to 79 among whom diversity at g =  fell
from 2001 to 2019. However, in this age group diversity in mortality causes increased under g = 1
and 2

166



5. Lifespan diversity and diversity in causes of mortality

in populations with greater lifespan diversity, more diverse causes of mortality
occur. | show evidence for this relationship, at least under diversity at g = 1 in
mortality causes. In capturing deaths at a wider range of ages, populations with
greater lifespan diversity may capture a more diverse set of causes. However, |
have presented evidence that over time, improvements in population-level health
outcomes have been achieved in the same way, through relatively large reductions
in the mortality rate of the most common causes, especially at premature ages.

5.5.2 Future areas of research

In order to more fully explore the drivers of trends in lifespan diversity noted in
this chapter, the measure of additive value described in Chapter 1 could be ap-
plied to lifespan diversity. Measuring the additive value of each year of age would
allow for an examination of which ages at death are driving changes in lifespan
diversity across the population. Further to this, a possible avenue of research is
the measurement of the additive value of each cause of mortality to lifespan di-
versity. In this case, positive additive value would indicate a cause of mortality
was associated with the ages at which the population died most often. Through
this analysis, it would be possible to determine which causes of death contribute
to differences in lifespan diversity between populations. Through this method, it
might be possible to test my hypothesis that the increases in lifespan diversity from
2015 in Scotland were driven by increasing cardiovascular mortality in these years.

| have suggested that lifespan diversity calculated from observed mortality data
may be a reliable proxy for more established and developed measures of lifespan
variation. However, it is important to note a caveat that | have only confirmed
this in the study of a population is relatively close to a stationary population struc-
ture*. This measure is most likely to be useful in contexts in which appropriate and
reliable population data is unavailable. These situations are likely to be rare but
may include studies of historical data or of low-middle income nations. Further
research should confirm how lifespan diversity, calculated from observed data,
compares to established measures in populations which are in flux, for example
experiencing epidemiological transition.

“4Population pyramids in Chapter 3 show that the population of Scotland is close to but does not
match the stationary population extracted from life tables.
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In Section | show that my results add to the evidence that there may be a
Simpson’s paradox between life expectancy and diversity in causes of mortality. It
has been shown both in my research and in the literature that diversity in causes of
mortality and life expectancies have increased together in a number of settings in
the 21%t Century (Trias-Llimos & Permanyer, 2023; Bergeron-Boucher et al., 2020).
However, it has also been shown it is often the case that in populations with the
greatest life expectancies have the lowest diversity in causes of mortality. Further
research may be warranted to tease out the cause of this inverse relationship.

Previous comparison of measures of variation in lifespan has examined the sens-
itivity of measures to changes in the distribution of ages at death (van Raalte et al.,
2013). Performing similar analysis on the measure of lifespan diversity proposed in
this chapter would give further insight into how this measure fits within the range
of established measures.

5.5.3 Strengths and limitations

In Appendix B.1, the use of alternative measures of diversity (namely those which
explicitly account for zero values in the distribution of mortality causes) is shown to
have an effect on trends in mortality cause diversity across Scotland and in Scottish
subpopulations. Overall diversity is found to be higher in 2019 than in 2001 in most
cases - as found under normalised alpha diversity, the measure used in this chapter
- however, trends during the study period differ under the alternative measure
which accounts for zero values. The analysis of mortality cause diversity in this
chapter was not repeated with diversity calculated under alternative measures of
diversity. The use of this alternative measure may impact the conclusions drawn
in this chapter. To test the robustness of the conclusions drawn here it may be
useful in future research to replicate the analysis discussed in this chapter using a
method for the measurement of mortality cause diversity which accounts for zero
values in the distribution of mortality causes.
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5.5.4 Research implications and next steps

Previous research has not examined variation in lifespans in Scotland since 2011.
On average, the population of Scotland in 2019 died at an older age than in 2001
and this chapter has shown that there is less slightly variation around that aver-
age. However, in the 2010s, while life expectancies have stalled across Scotland,
lifespan diversity has increased. This trend is more pronounced in more deprived
areas. It is possible to use insights gained from the study of diversity in both
lifespans and causes of mortality to learn about pressures on the healthcare sys-
tem. As lifespan diversity decreases within a population, and people die with less
variation in age at death, resources can be focused on health and end-of-life care
for those at more homogeneous ages. In contrast, if the observed trends continue,
then public health infrastructure should be prepared for individuals to need care
at a wider variety of ages, even if life expectancies do not change dramatically.

Rising diversity in causes of mortality means that the healthcare system must
diagnose and treat a more diverse range of diseases and conditions, potentially im-
pacting on economies of scale in treatment. While the relationship between them
is relatively weak, the findings confirm previous research that over time, increases
in diversity in mortality causes have been associated with reductions diversity in
age at death. This is shown to be consistent in findings across all ages in the Scot-
tish population and in each subpopulation examined in this chapter. Therefore,
potential gains in health economics from a more homogeneous age at death within
the population may be counteracted by the necessity to remedy a greater variety
of conditions. These combined implications for public health have not previously
been explored widely but the results of this chapter, especially the adverse trends
in the later years of the 2010s, suggest that variation in the distributions of health
outcomes examined here require greater attention.

This thesis has, so far, addressed the diversity in mortality causes and in ages at
death in the years 2001-2019. In the 2000s, trends consisted of relatively consist-
ent increases in mortality cause diversity and reductions in the diversity of age at
death, followed by more uncertain trends in both measures up to 2019. This study
period ends directly before the beginning of the COVID-19 pandemic in Scotland.
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This pandemic represented disruption to population health and daily life in Scot-
land that has been unprecedented in the modern era. The next chapter explores
the application of diversity in mortality causes in the measurement of the impact
of the COVID-19 pandemic on population health in Scotland.
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Chapter 6

Diversity in causes of mortality in the
study of the COVID-19 pandemic in
Scotland

6.1 Background

The previous chapters of this thesis have presented research on diversity in causes
of mortality as a measure of population health focusing on Scotland and Scottish
subpopulations in the years 2001-2019. During this period, diversity in causes of
mortality in deaths across all ages increased up to 2015 when trends diverge with a
plateau in diversity among females and a reduction among men across Scotland as
a whole and in all subpopulations. From 2001 to 2019 life expectancy in Scotland
increased, although this was mainly driven by increases in the 2000s and in the
2010s stalls in life expectancy have been widely reported (National Records of
Scotland, 2022a). Alongside this | have shown that lifespan diversity was slightly
lower in Scotland in 2019 compared to 2001. In other words, at the end of the
period, the population died at older ages and with less variation around this age
at death, while facing more varied causes of mortality.

The 215t century has been a period of gradual changes in population health
in Scotland, marked by steady improvements in various indices like life expect-
ancy and mortality rates in the 2000s (Fenton et al., 2019a; Ramsay et al., 2020).
However, these improvements slowed and even, in some cases, reversed in the
2010s (Fenton et al., 2019a; Fenton et al., 2019b). The research presented in this
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thesis shows a similar change in the pace of diversification in mortality causes,
with slower increases in diversity and more volatile year-to-year variation in the
2010s. This period of gradual changes in population health preceded the most
acute public health crisis in recent history: the COVID-19 pandemic.

The first case of COVID-19 in Scotland was recorded on the 28th of February
2020 (Public Health Scotland, n.d.-a). This would be followed by the imposition of
a national lock-down, which restricted the movements of the population, within
a month, the first of a series of non-pharmaceutical interventions (NPIs) designed
to limit disease spread (Hadjidemetriou et al., 2020). The COVID-19 pandemic in
Scotland in 2020 and 2021 can be divided into three distinct periods of high preval-
ence: the “first wave” from March to June 2020; the “second wave” from October
2020 to February 2021; and finally, the “third wave” from late Summer 2021 on-
wards (Phin, 2021). The first two waves of COVID-19 infections were accompanied
by significantly increased mortality in Scotland. Docherty et al. (2020) estimated
excess mortality to be 68% higher in Scotland than expected by 6 May 2020". The
population began to be vaccinated in December 2020 and early 2021. The vaccines
used in Scotland were effective in reducing mortality and this meant that despite a
much higher number of confirmed cases of COVID-19 during the third wave than in
previous waves, fewer deaths were recorded (Andrews et al., 2021; Bernal et al.,
2021; Phin, 2021; Public Health Scotland, n.d.-c).

Significant societal effects were associated with the NPIs employed during the
pandemic and because of the large number of patients hospitalised due to COVID-
19, healthcare and public health systems faced huge stressors (Imai et al., 2020;
Alfonso Viguria & Casamitjana, 2021). Together, these effects have been proposed
to have had a substantial impact on population health. Concerns have been raised
regarding increased mortality associated with a wide range of causes of mortality.
Indeed, Docherty et al. (2020) suggest that only 73% of excess mortality in Scotland
in the first wave of the pandemic was associated with COVID-19 deaths (Docherty
et al., 2020).

"Note that there is debate in the literature regarding the utility of excess mortality as a measure
of the burden of the pandemic, especially among populations with slowing improvements in mor-
tality in the 2010s, such as Scotland (Corrao et al., 2021; Helleringer & Queiroz, 2022; Walkowiak
& Walkowiak, 2022).
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The literature links this increase in non-COVID-19 mortality to both direct and
indirect effects of the pandemic (Figueroa et al., 2020b). Direct impacts indic-
ate situations in which infection with COVID-19 hastened or contributed to death
in patients. Indirect impacts refer to the possible negative spill-over effects of
the pandemic on society and health care systems, for example increased difficulty
in accessing health care, especially specialist care. In cardiovascular diseases, for
example, co-morbid infection with COVID-19 has been shown to increase the risk of
death in patients (Banerjee et al., 2021). However, compared to this direct effect,
Wu et al. (2021) argue that in England and Wales, indirect effects, such as delays
in seeking treatment, had a more significant impact on mortality. Compounding
this, it has been suggested that disturbance in the supply and demand structures
for acute cardiovascular care affected the provision of treatment during the pan-
demic in the UK (Banerjee et al., 2021). Studies have also indicated risks in cancer
mortality due to disruption in screening and detection procedures during the pan-
demic both in Scotland and around the world (Campbell et al., 2021; Figueroa
et al., 2021). Increased rates of death attributed to degenerative neurological
diseases such as dementia were also recorded during the COVID-19 pandemic, es-
pecially during the first wave of infections. This has been closely linked to policies
in the UK regarding the release of patients from hospitals to old age care homes
(Burton et al., 2021; Paplikar et al., 2022). Increased mortality in care homes
may have arisen from COVID-19 infection hastening death among some patients
and it is possible some care home deaths in patients infected with COVID-19 were
attributed to previous chronic conditions.

The studies noted above represent a small fraction of the literature published
in the wake of the pandemic which attempt to quantify its impact on population
health. These impacts are thought to affect various causes of mortality with po-
tential consequences across the distribution of mortality causes. By considering
the relative prevalence of each mortality cause, diversity in mortality causes is
uniquely suited to examining the impact of the pandemic. Many deaths were at-
tributed to COVID-19 during the years 2020 and 2021 and these deaths will have
shifted the distribution of causes of mortality. Measuring diversity in mortality
causes makes it possible to examine this shift while taking into account all other
causes. If the pandemic led to an increase in mortality associated with common
causes such as cardiovascular disease, cancers or degenerative diseases, without
affecting rarer causes, a reduction in the diversity of causes would be expected,
when examining the distribution of causes with COVID-19 deaths removed. Con-
versely, the pandemic may have caused the relative prevalence of rarer causes
to increase, causing continued diversification of mortality causes once COVID-19
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deaths are removed. A more uniform change across the distribution would have
caused stagnation in the diversity of causes. It might be possible to be observe
some of these trends through study of publicly available information. For example,
Public Health Scotland data indicates that rates of mortality due to Lung cancer
in 2020 and 2021 were similar to those observed over the past five years and that
coronary heart disease mortality rates rose slightly in 2020 and 2021 (Public Health
Scotland, 2022a, 2022b). This suggests the prevalence of the most common causes
of death in Scotland, stagnated and potentially increased during the COVID-19 pan-
demic which might be expected to decrease diversity. By measuring diversity in
mortality causes it is possible to assess overall trends which may be missed through
analysis of cause-specific mortality rates. It may also be the case, given the pres-
sure on healthcare systems during the pandemic that the precision of mortality
coding changed throughout waves of the pandemic leading to less accurate re-
cording of mortality causes. On the other hand the presence of a new, highly
prevalent cause of mortality may have led to a wider range of diagnostic tests be-
ing performed for some symptomatic individuals, increasing diagnostic precision.
These effects may impact the diversity of mortality causes during periods of high
pressure on the healthcare system during the pandemic.

This chapter aims to apply measures of diversity in causes of mortality to the
study of the impact of the COVID-19 pandemic on population health. The know-
ledge of these measures gained in previous chapters is used to estimate counter-
factual scenarios based on previous trends. These scenarios are then used to assess
the diversity of mortality causes during the years 2020 and 2021 both with COVID-
19 deaths included and excluded from analysis. This analysis is performed across
all ages and within twenty-year age groups as previously described in this thesis.
This is especially important in analysis of the COVID-19 pandemic as not only were
COVID-19 deaths more common in older ages, but the impact of direct and indirect
effects of the pandemic on older age mortality has been highlighted in the literat-
ure (Douglas et al., 2020). Due to increased health risks older individuals are more
likely to need to access the health care interventions that the pandemic restricted.
Added to this at older individuals more commonly face chronic and multimorbid
health conditions which may be exacerbated by COVID-19 infection (Salive, 2013).

The pressures of the pandemic on society and the healthcare system were var-
ied throughout the years 2020 and 2021 with the times of greatest pressure being
felt during the waves of infection outlined above. These periods of high preval-
ence of COVID-19 mortality would be expected to reduce diversity in mortality
causes, as COVID-19 deaths represent a new and highly prevalent cause of mor-
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tality. However, with COVID-19 deaths it is unclear how the pandemic may have
affected the distribution of mortality causes. Above, | discuss studies which have
proposed significant impacts on cardiovascular treatment in Scotland during the
COVID-19 pandemic especially during the three waves of high prevalence of the
virus (Banerjee et al., 2020; Wu et al., 2021). Cardiovascular diseases are among
the most common causes of death in Scotland, were they to increase in mortality
rate we might, again, expect to see reductions in mortality cause diversity in the
distribution of mortality causes with COVID-19 mortality excluded. To study the
impact of the pandemic during these periods of increased COVID-19 prevalence and
mortality, this chapter presents diversity in causes of mortality by month of death
rather than year. This also makes it possible for seasonality in diversity in mortality
causes to be assessed. Seasonal trends in population health tend to be associated
with increased older age mortality in Winter months driven by increases in cardi-
ovascular and degenerative disease prevalence (Seretakis et al., 1997; Gemmell
et al., 2000; Barnett et al., 2008; Liddell et al., 2016). This tends to lead to higher
mortality rates among the most common causes of mortality in Winter. This might
be expected to reduce diversity in mortality causes in Winter compared to sum-
mer months when mortality rates due to the most common causes of death are
often lower. Assessing the seasonal aspects of diversity in mortality causes makes
it possible to improve our understanding of pressures on the healthcare systems
associated with wider ranges of prevalent diseases and conditions.

6.2 Research questions and objectives

The research presented in this chapter had the following objectives:

» To measure the diversity of causes of mortality in 2020 and 2021 in Scotland.

» To examine the impact of the COVID-19 pandemic on the diversity of mortality
causes in Scotland in 2020 and 2021 across the population and at different
ages.

» Toinvestigate the seasonal dynamics of monthly diversity in mortality causes
from 2001 to 2019.

» To produce forecasts of monthly diversity in mortality causes in 2020 and 2021
accounting for any seasonality in this measure.
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» To assess the impact of peaks in pandemic prevalence on the distribution of
mortality causes using forecasts of monthly diversity in mortality causes.

Using these objectives this chapter aims to answer the following research ques-
tions:

« What was the effect of the COVID-19 pandemic on diversity in mortality
causes in Scotland across in the years 2020 and 20217

» Does the diversity in causes of mortality in Scotland exhibit a seasonal pat-
tern?

« What was the effect of the COVID-19 pandemic on diversity in mortality
causes during the peaks of the COVID-19 pandemic in Scotland?

» Was the impact of the COVID-19 pandemic on diversity in mortality causes
consistent between groups of causes and in deaths at different ages?

6.3 Methods

6.3.1 Data

Mortality data for the years 2001 to 2021 was extracted and processed as described
in Section 3.2.1. Annual mid-year small area population estimates for 2001 to 2019
were obtained for Scotland as described in Section 3.2.2.

6.3.2 COVID-19 mortality

During the COVID-19 pandemic, the WHO released seven ICD-10 emergency use

codes to classify morbidity and mortality due to infection with the novel coronavirus.
Of these, two were used as ‘underlying causes’ of mortality for records of indi-

viduals who died in Scotland (Public Health Scotland, n.d.-b). These codes, their

description, and the number of deaths in males and females in each year 2020 and

2021 associated with them are shown in Table 6.1.
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Table 6.1: ICD-10 codes used to classify COVID-19 deaths in Scotland and the num-
ber of deaths recorded under them in males and females in 2020 and 2021.

Number of deaths with each code

Code Description Males Females

2020 2021 2020 2021

COVID-19 infection confirmed by

uo07.1 . 2237 2165 2534 2450
laboratory testing
COVID-19 infection diagnosed clinically

U07.2 or epidemiologically where laboratory 761 4 633 12

confirmation is negative, inconclusive
or not available/performed

Deaths associated with COVID-19 are classified in this chapter as any death with
codes U07.1 or U07.2 recorded as an underlying cause of mortality in 2020 or 20212,

6.3.3 Normalised alpha diversity in causes of mortality

Normalised alpha diversity in causes of mortality is measured in this chapter as
described in Section 3.3.3. In previous chapters, diversity in mortality causes has
been measured using distributions of mortality causes extracted from life tables.
The relative advantages of this approach have been explored elsewhere in this
thesis. A key limitation of the use of life tables is their instability at small popula-
tion sizes. In this chapter, the diversity of mortality causes among deaths within
individual months is measured. These represent very small humbers of observa-
tions over which to calculate life tables (Huang et al., 2020a). Fortunately, the
measurement of diversity in mortality causes has been shown to be insensitive
to the use of observed data (raw counts of mortality attributed to each cause of
death) as compared to life table data in Section 3.3.3. Therefore, throughout this
chapter diversity in mortality causes is measured using observed mortality data.

ZAlongside these codes, Public Health Scotland (PHS) suggest 2 others which might have been
used to record COVID-19: B34.2 “The term ‘coronavirus’ without any further specification or
other specified types of coronavirus, that is, not COVID-19 coronavirus” and B97.2 “The term
‘coronavirus’ without any further specification (as the cause of other diseases) or other specified
types of coronavirus, that is, not COVID-19 coronavirus (as the cause of other diseases)”. Unlike
UO7 codes these were extant prior to the COVID-19 pandemic and may be listed for a death due to
any coronavirus not specifically COVID-19. Codes B34.2 and B97.2 are not included in the definition
of COVID-19 mortality in this chapter under PHS recommendation that deaths recorded under them
are excluded from analysis.
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Normalised alpha diversity at g = 1, g = 2 and g = « was measured in the
causes of mortality in each year from 2001 to 2019 for deaths across the Scottish
population and within the following age groups: 0 to 19, 20 to 39, 40 to 59, 60 to
79 and 80+. Diversity was measured separately for males and females in each of
these groups. These calculations were performed for mortality across all causes
and for mortality in all causes of mortality excluding COVID-19 codes as described
in Section 6.3.2.

6.3.3.1 Monthly diversity in causes of mortality

Normalised alpha diversity at g = 1, g = 2 and g = « were also applied to causes of
mortality grouped by month of death in each month from January 2001 to Decem-
ber 2021. Diversity was measured separately for males and females in mortality
across all ages and in each twenty-year age group discussed above for all causes
and in all causes of mortality excluding COVID-19. The diversity of causes within
selected ICD-10 chapters was also measured for deaths across all ages in males
and females separately in these months. These chapters included those determ-
ined through additive value analysis to have a noteworthy impact on all-cause
diversity in Results Chapter 4: Il: Neoplasms; V: Mental and behavioural disorders;
VI: Diseases of the nervous system; IX: Diseases of the circulatory system; X: Dis-
eases of the respiratory system; and XX: External causes of morbidity and mor-
tality. Chapter I: Certain infectious and parasitic diseases was included to assess
any spillover effects of COVID-19 interventions on mortality associated with other
communicable diseases.

To assess the dynamics of seasonality in monthly diversity in mortality causes,
a rolling year-wide measure of diversity was calculated. Mortality records from a
12-month period, with each month in the years 2001 to 2019 as a centre-point were
collated. For example, for January 2001, diversity is calculated using all mortality
records in Scotland from August 2000 to July 2001. The diversity in causes of
mortality in each of these 12 months was then calculated in males and females
across the Scottish population. A comparison between the trends in this measure
and trends in diversity within each year is shown in Figure 6.1.
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Figure 6.1: Comparison of yearly measurements of diversity in causes of mortality
(orange points) at g = 1, g= 2 and g = « with a rolling yearly measure (black points)
used to assess seasonality. N.B. The years 2020 and 2021 are excluded from this
analysis; therefore, in the final 5 months of 2019, diversity is not measured across a
full 12-month period and this is likely associated with extreme points in this period
in this figure.
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6.3.4 Age-standardised mortality rates

All-cause and cause specific age-standardised mortality rates (ASMRs) were calcu-
lated as described in Section 3.3.2 for Scotland in each year from 2001 to 2021.
Both all-cause and cause-specific (at the level of individual ICD-10 three character
codes) ASMRs were calculated for deaths across all ages and in each twenty-year
age group.

6.3.5 Additive value

The additive value of each ICD-10 chapter to diversity in mortality causes was cal-
culated as described in Section 4.3.6. This calculation was performed on observed
mortality data rather than life tables as discussed previously. Additive value was
calculated in each ICD-10 Chapter for males and females separately in each year
from 2001 to 2021.

6.3.6 Statistical modelling

Linear models were fit to the relationship between diversity in mortality causes
and year of death in the years 2001 to 2019. Models were fit separately for males
and females at each g value discussed in Section 6.3.3 for mortality across all ages.
However, as has been noted previously (Chapter 4), trends in the diversity of mor-
tality causes in Scotland are not consistently linear from 2001 to 2019; instead,
a change in yearly trends occurs in the 2010s. To assess this change in trends,
segmented regression analysis was applied to the same data for which the previ-
ously described linear models were fit. Across measures of diversity, a breakpoint
was estimated in 2009 for females and 2016 for males; this is discussed further
in Section 6.4.1. Both linear and segmented regression models of the relationship
between diversity in mortality causes and year of death were extended to predict
diversity in mortality causes in the years 2020 and 2021. Table 6.2 shows the R?
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values of the linear and segmented regression models. For all values of g in both
sexes, segmented regression models a greater degree of the variation in diversity
in mortality causes was explained by the year of death, but that values differed
only slightly.

Linear models of the relationship between diversity in mortality causes and
ASMRs were also fit for males and females separately across all ages. These models
were extended to predict diversity in mortality causes given ASMR in 2020 and 2021
both with and without COVID-19 deaths included in analysis.

Table 6.2: R? values of linear and segmented regression models of the relationship
between diversity in mortality causes and year of death among males and females
in Scotland.

Diversity q value R? (Adjusted)

Females
Linear
1 0.9171
2 0.8991
Infinity 0.8729
Segmented
1 0.9565
2 0.9741
Infinity 0.8991
Males
Linear
1 0.9463
2 0.9767
Infinity 0.8914
Segmented
1 0.9712
2 0.9882
Infinity 0.9862
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6.3.7 ARIMA models

Autoregressive integrated moving average (ARIMA) models were constructed to
forecast monthly diversity in mortality causes in 2020 and 2021 based on trends
from 2001 to 2019. ARIMA models were chosen because they are adaptable to sea-
sonal and non-seasonal data and because they are suited to non-stationary data.
Models were fit following the methodology proposed in Schaffer et al (2021) de-
scribed in Section 3.3.5. Seasonality was determined by applying ARIMA models
with seasonal and non-seasonal components separately to diversity in mortality
causes.

Separate models were constructed for diversity in mortality causes at q values
of 1, 2 and « in males and females across all ages and within each twenty-year age
group described in Section 6.3.3. Models were also fit to the monthly diversity in
mortality causes among deaths across all ages in males and females separately for
selected ICD-10 chapters described in Section 6.3.3.

The parameters for each individual ARIMA model are listed in Appendix Table
A.13.

6.3.8 Software

Analysis in this chapter was performed in R version 4.1.3 (R Core Team, 2022). Data
manipulation and processing was performed using version 1.3.1 of the tidyverse
package, plots were created using version 3.3.5 of the ggplot2 package along-
side version 1.1-2 of the package RColorBrewer (Neuwirth, 2014; Wickham, 2016;
Wickham et al., 2019). Calculation of diversity was performed using version 2.0 of
the rdiversity package (Mitchell et al., 2020). For segmented regression analysis
version 1.6-0 of the segmented package was used (Muggeo, 2008). Time series ana-
lysis (including ARIMA models) was performed using the packages zoo (Ver. 1.8-10)
and forecast (Ver. 8.17-0) (Zeileis & Grothendieck, 2005; Hyndman et al., 2022;
Hyndman & Khandakar, 2008).
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6.4 Results

The results section of this chapter is structured as follows. In section 6.4.1 | meas-
ure yearly diversity in causes of mortality in 2020 and 2021 to examine the impact of
the COVID-19 pandemic on trends in this measure. In this section | analyse diversity
of mortality causes across the population in deaths across all ages combined, ana-
lysing separately deaths among males and females, and measuring diversity at g
=1, q=2, and q = . | use linear models and segmented regression analysis to
examine trends in the relationship between diversity in mortality causes and year
at death and linear models to assess the relationship between diversity in mortal-
ity causes and ASMRs. | also examine trends in the diversity of mortality cause by
year of death in deaths among twenty-year age groups to assess the effect of the
pandemic on these groups.

Next, in Section 6.4.2, | examine the impact of the pandemic on diversity in
mortality causes in each month in 2020 and 2021. Section 6.4.2.1 begins with
analysis of seasonality in monthly diversity in mortality causes using ARIMA mod-
els in the years 2001 to 2019 in males and females separately across all ages. |
then extend this to deaths among distinct age groups and ICD-10 Chapters in Sec-
tion 6.4.2.2. In Section 6.4.2.3, | use these ARIMA models to forecast diversity in
mortality causes in each month in 2020 and 2021. | then compare the observed
diversity in mortality causes across all causes and in all causes excluding COVID-19
to these forecasts.

6.4.1 The COVID-19 Pandemic and trends in diversity in mortality
causes

In 2020, 6165 deaths occurred in Scotland with COVID-19 recorded as the underlying
cause of mortality; in 2021, this reduced to 4689. In both years, deaths associated
with COVID-19 were responsible for the highest cause-specific ASMR of any indi-
vidual three-character ICD-10 mortality cause in both males and females. Figure
6.2 compares the ASMR of the leading causes of mortality in males and females in
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Scotland between 2016 and 2021. In 2020, these rates dwarfed even those from
the second most common cause: acute myocardial infarction in men, and lung
cancer in women. COVID-19 continued to have the highest ASMR of any cause of
mortality in 2021.

Females Males

o
o

>
o

A

)
o

o

ICD-10 Cause

C34: Malignant neoplasm of bronchus and lung
C61: Malignant neoplasm of prostate

FO03: Unspecified dementia

901 G30: Alzheimer disease

121: Acute myocardial infarction

80 125: Chronic ischaemic heart disease

J44: Other chronic obstructive pulmonary disease
UQ7: Codes associated with COVID-19

o
o

70+

60

Age-Standardised Mortality Rate (per 100,000

50+

40+

30+

2016 2017 2018 2019 2020 20212016 2017 2018 2019 2020 2021
Year

Figure 6.2: Cause-specific ASMRs of leading causes of mortality across the Scottish
population in the years 2016 to 2021 in males and females.

It is reasonable to expect the introduction of this novel and dominant cause of
mortality to have had a significant impact on the diversity of the distribution of
mortality causes faced by the population. The large proportion of deaths associ-
ated with a common cause would be expected to reduce diversity as it represents
a reduction in the variety of causes each individual was likely to face. The trends
over time in mortality cause diversity from 2001 to 2019 have been examined in
Chapter 4. To examine the effect of the COVID-19 pandemic on the distribution
of causes of mortality, in Figure 6.3, linear models of these trends are extended
to the years 2020 and 2021. Diversity in mortality causes in the years 2020 and
2021 for all-causes and for all-causes excluding COVID-19 mortality are plotted as
different shapes.
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Figure 6.3: Diversity in mortality causes in males and females in Scotland plotted
against year of death and age-standardised mortality rate. Solid lines and confid-
ence intervals represent linear model estimates on 2001 to 2019 data extended to
encompass the years 2020 and 2021.

Observing the crosses in the left-hand column of Figure 6.3, and as expec-
ted during the COVID-19 pandemic, all-cause diversity in mortality causes was
markedly reduced due to the large proportion of deaths associated with COVID-19.
As noted above, this dominance meant that variation in causes of mortality within
the population decreased. Since around 1 in 10 deaths occurred due to COVID-19,
the probability that a death would occur from any other cause decreased.

The reduction in diversity observed here is what would be expected given the
introduction of a novel and dominant cause of mortality. It is, however, more
difficult to predict the effect of the pandemic on the remaining causes of mortality
within the population. Several studies have noted changes in the prevalence of
mortality causes during the pandemic, and there has been a great deal of scientific

185



6. The impact of the COVID-19 pandemic

interest in excess mortality and its sources during the period (Docherty et al., 2020;
Banerjee et al., 2021; Wu et al., 2021). In Figure 6.3, indicative linear models of
the trend in diversity in mortality causes over the years 2001 to 2019 are plotted
and extended to 2020 and 2021.

Among females, under diversity at g = 1 and g = 2, diversity in mortality causes
in the years 2020 and 2021 excluding COVID-19 falls within the confidence intervals
of these models (upper and middle panels of Figure 6.3). However, for males for all
g values, and for females for g=infinity, diversity in causes of mortality excluding
COVID-19 deaths in these years is found to be outwith model projections. Despite
failing to align with these projections, it can be observed in Figure 6.3 that values
of mortality cause diversity in 2020 and 2021 with COVID-19 deaths excluded were
consistent with those in previous years. It is clear visually in Figure 6.3 that in
the latter half of the 2010s the plotted linear models poorly fit the data in certain
cases. This is most obvious at g = « (lower panel of Figure 6.3) in both sexes but can
also be observed in males under g =1 and g = 2. This deviation from previous trends
at g = « is discussed in Chapter 4. To assess whether a change in trends occurred
during this time segmented regression analysis was performed on the relationship
between diversity in mortality causes and year of death in the years 2001 to 2019.
This analysis was carried out separately for males and females under diversity at
g=1,2,and .

Segmented regression analysis of the relationship between diversity in mortal-
ity causes and year of death suggested a single breakpoint in temporal trends in
each measure of diversity in both males and females. In males, this breakpoint was
in the year 2016, with a trend for falling diversity shown in the following years un-
der q = . Under diversity at g = 1 and g = 2, the second section of the segmented
regression models shown in the upper and middle panels of Figure 6.4 also sug-
gests a possible trend for reducing diversity in mortality causes from 2016 to 2019
in males. Although under these less conservative measures, this trend is not found
to be statistically distinguishable from a flat trend or slightly increasing diversity
in this period. Among females, segmented regression analysis suggests a break-
point in 2009 across q values; in the years after 2009, it suggests that diversity in
mortality causes continued to increase, albeit at a slower rate.
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Projections into 2020 and 2021 were performed using segmented regression
models for males and females under each diversity measure discussed above. With
COVID-19 mortality excluded, diversity in mortality causes in 2020 and 2021 were
found to fall within the 99% confidence intervals of these projections in all cases
except in deaths among females in 2021 under diversity at g = 2 where diversity was
found to be fractionally higher than the expected range (39.1 to 42.1) at 42.2. This
small difference and the fact that this data point falls within the projected confid-
ence intervals of a comparably well-fit linear model in Figure 4 implies that it can
be assumed diversity in this year was consistent with previous trends. Therefore,
the analysis presented in Figures 6.3 and 6.4 indicates that with COVID-19 mortal-
ity excluded trends in the diversity of mortality causes in Scotland changed little
during the pandemic. It should be noted that the second portion of the segmented
regression models in males uses data from only 4 years. Confidence intervals for
males are larger than among females due to the increased uncertainty introduced
by this small range of datapoints.
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Figure 6.4: Trends in the diversity of mortality causes at q values of 1, 2, and «
in males and females in Scotland. Segmented regression lines are plotted, with
breakpoints at 2016 across measures in males and 2009 in females. Diversity in
mortality causes in the years 2020 and 2021 are plotted in separate shapes with
COVID-19 mortality included and excluded from analysis.
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The relationship between diversity in mortality causes and ASMR in 2020 and
2021 is also consistent with previous years as shown in the right-hand column of
Figure 6.3. Mortality rates excluding deaths associated with COVID-19 were lower
than in previous years, though within the range suggested by previous trends. Un-
der diversity at g = 1 and g = 2, the continuation of trends in diversity meant that
mortality in 2020 and 2021 fit within the relationship as modelled in the years
2001 to 2019 (upper and middle panels of Figure 6.3). All-cause mortality rates
(i.e. including COVID-19 mortality) in 2020 and 2021 were similar to those in the
early 2010s in Scotland, an increase compared to later years of the decade. Not-
ably, the reduction in diversity brought about by deaths associated with COVID-19
meant that diversity in mortality causes in 2020 and 2021 was also comparable to
the early 2010s.

The additive value of ICD-10 chapters to diversity in mortality causes was also
measured in 2020 and 2021 as in Chapter 4. Across Chapters, little difference to
the trends noted previously in this thesis are found. Plots comparing this additive
value with previous years can be found in Appendix Table A.13.

Across the distribution of mortality causes, evidence presented in this section
suggests that during the COVID-19 pandemic, previous trends in the diversity of
other mortality causes continued for the most part unchanged. This is despite the
prevalence of COVID-19 infections, non-pharmaceutical interventions with signific-
ant social effects and extreme strain placed on the healthcare system. However,
the pressures of the COVID-19 pandemic were not felt evenly throughout the pop-
ulation. At older ages, death after COVID-19 infection was much more common.
Furthermore, some governmental and social responses to the pandemic, such as
care homes and hospital discharge policies, affected the elderly more severely.
Figure 6.5 examines the trends in diversity at different ages.
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Figure 6.5: Diversity in mortality causes in males and females in deaths within
twenty-year age groups plotted against year of death from 2001 to 2021.

In most age groups shown in Figure 6.5, trends in the diversity mortality causes
continued into 2020 and 2021 when COVID-19 is excluded. COVID-19 mortality had
the greatest effect on diversity in mortality causes in deaths among those aged
80+ (rightmost column of Figure 6.5). However, even in deaths among this age
range, changes to the distribution of all other mortality causes were consistent
with previous trends. The same is true for deaths among males aged 40 to 59,
where a reduction in diversity during 2020 and 2021 with COVID-19 excluded is not
separable from a fall in diversity in 2017 to 2019 (central column of Figure 6.5).
Regression lines were not plotted as they were not informative beyond observable
trends.

In females aged 0 to 19, diversity in mortality causes at g = - was markedly
higher than in previous years in 2020 (bottom left panel of Figure 6.5). This marks
the only major exception to previous trends in deaths among any age group. Di-
versity at g = « reflects only changes at the level of the most common causes.
Appendix Table A.15 shows the mortality rates associated with the most common
causes of mortality in each age group from 2016 to 2021. Most of the leading
causes of death among females 0 to 19 reduced in prevalence from 2019 to 2020.
The largest reduction among females aged 0 to 19 was associated with intentional
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self-harm by hanging, strangulation and suffocation (ICD-10 code X70) which fell
from an ASMR of 2 per 100,000 to 0.9 per 100,000. As shown in Figure 6.5, diversity
in mortality causes fell from 2020 to 2021 among deaths in this group returning to
previous levels. Analysis of cause-specific rates showed that this was not driven
by an increase in deaths associated with intentional self-harm by hanging, stran-
gulation and suffocation which remained at an ASMR of 0.9 per 100,000 in 2021.
Rather, increases are observed in the prevalence of several causes of mortality
associated with the perinatal period and new-born infants. Notably, the rate of
deaths attributed to sudden infant death syndrome (ICD-10 code R95) more than
doubled from 2020 to 2021 from 0.9 per 100,000 to 1.9 per 100,000 and the mor-
tality rate associated with ICD-10 code P07 “Disorders related to short gestation
and low birth weight, not elsewhere classified” increased almost 3-fold from 0.9
per 100,000 to 2.6 per 100,000. The mortality rates associated with these condi-
tions tend to be low and fluctuate between years with no clear trend; however,
the 2021 figures are considerably higher than in previous years.

Overall, in the years 2020 and 2021, this section indicates that, with COVID-19
deaths excluded, diversity in causes of mortality in Scotland was consistent with
trends from 2001 to 2019. This is found consistently in most age groups and across
ICD-10 chapters.

6.4.2 Monthly diversity in mortality causes: Seasonality and the
COVID-19 pandemic

In Section 6.4.1, evidence is presented suggesting that the COVID-19 pandemic
and associated disruption had little spillover effect on variation in the distribution
of non-COVID mortality causes in the years 2020 and 2021. However, the pres-
sures on the population and the healthcare system in Scotland were not constant
across these years. Significant peaks in mortality associated with COVID-19 in the
spring of 2020 and from October 2020 to January 2021 tested the capacity of the
healthcare system and were addressed by increasingly stringent NPIs (Douglas et
al., 2020). This section explores diversity in mortality causes in each month to
examine the effect of these increases in the prevalence of COVID-19 on the health
of the population.
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6.4.2.1 Accounting for seasonality in mortality cause diversity
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Figure 6.6: Diversity in mortality causes in each month from January 2001 to
December 2019 plotted separately in males and females.

Previous studies of temporal trends in diversity in mortality causes have presented
evidence with years as a temporal unit (Izsak, 1986; Bergeron-Boucher et al., 2020;
Trias-Llimos & Permanyer, 2023). To examine the diversity of mortality causes
within years it is important to consider the possibility of seasonal patterns. This is
because, as mentioned previously, mortality patterns are known to vary signific-
antly by season. In Winter months, rates of death are higher, driven by increased
mortality among the elderly and associated with specific causes of mortality, espe-
cially infectious diseases such as influenza and associated conditions such as pneu-
monia, as well as cardiovascular and degenerative diseases. The regularly changing
prevalence of these causes of mortality is likely to be associated with concurrent
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fluctuations in the diversity of mortality causes. In Figure 6.6, the diversity of
mortality causes is shown in each month from January 2001 to December 2019 for
both males and females in Scotland. A general trend of increasing diversity, as
noted in Section 6.4.1, can be observed across the results in each month. How-
ever, variation from month to month in this measure is clearly evident, suggesting
shifts in the distribution of causes of mortality faced by the population within each
year.

To test for seasonality in mortality cause diversity, these data were examined
using ARIMA models as described in Section 6.3.7 ARIMA models with a seasonal
component were used to examine monthly diversity in males and females across
Scotland separately. The results of this analysis provide sufficient evidence to sug-
gest seasonality in monthly diversity in mortality causes. Individual model para-
meters can be found in Appendix Table A.13.

This seasonality presents as increased diversity in mortality causes in Summer
months and reduced diversity in Winter under diversity at g =1 and g = 2 (upper and
middle Figure 6.7). To demonstrate this, diversity was measured across a 12-month
rolling period with each month as the centre point as described in Section 6.3.3.
This 12-month diversity measure was subtracted from the observed diversity in
mortality causes in each month (as shown in Figure 6.6). This produces a measure
of the difference in diversity in each month from the year around it. The distribu-
tion of this measure is shown in Figure 6.7. There are two possible explanations for
increased diversity in mortality causes in Summer months either: common causes
have an increased prevalence in Winter, reducing diversity in those months; or, for
reasons which are unclear, an increased variety of causes occurs in Summer. The
first explanation is what might be expected given the previous understanding of
seasonality in mortality in the literature(Liddell et al., 2016; Barnett et al., 2008).
As common causes such as cardiovascular diseases and degenerative diseases such
as dementia and Alzheimer’s disease increase in prevalence in Winter, a reduction
in diversity would be expected. However, it is questionable whether a seasonal
effect exists under diversity at g = « in the analysis displayed in the lower panel of
Figure 6.73. This measure would be most sensitive to changes in the prevalence of
the most common causes. This counters the argument made in the previous para-

3Despite this seasonality was suggested by the ARIMA analysis for diversity in mortality causes
under diversity at g = « in both sexes.
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graph changes in the prevalence of the most common causes would be expected to
manifest as changes in diversity at g = «. The small seasonal pattern in diversity
at this measure indicates that instead that the variety of rare causes changes more
significantly over the year, supporting the second explanation raised above.
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Figure 6.7: Boxplot of the differences between monthly diversity in mortality
causes at g = 1, g = 2 and g = « and rolling year diversity in each month from
January 2001 to December 2019 showing seasonality in mortality cause diversity.

6.4.2.2 Forecasting by age group and ICD-10 Chapter

Diversity in mortality causes in each month was also tested within the selected ICD-
10 chapters described in Section 6.3.3. Seasonality was observed in most Chapters
at g = 1 but occurred in a smaller number of chapters under other measures of
diversity. This suggests a degree of seasonal change in variation in relatively rare
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causes of mortality within these Chapters, while the prevalence of more common
causes of mortality shows less seasonal variation, similar to that noted across all
causes above. In most Chapters models were fit using data from each month from
2001 to 2019; however, in several Chapters, ARIMA models did not converge over
this period. These were Chapter VI: Diseases of the nervous system in both sexes
and Chapter Il: Neoplasms in females. Examining the diversity of causes within
Chapter IV over the years 2001 to 2019 reveals a significant change in trends in
diversity in the early 2010s coinciding with a change in coding practice mentioned
previously (Section 3.2.1) (National Records of Scotland, 2011). This change in
coding practice led to an increase in the number of deaths attributed to causes
in this chapter, specifically Alzheimer disease (ICD-10 cause G30). For this ICD-
10 Chapter, models were fit to data from the years 2010 to 2019 and under this
method, it was possible to fit a model. No such change in trends is observed in
the diversity within Chapter Il in females; however, limiting the ARIMA model to
the years 2010 to 2019 also allowed for the model to be fit, therefore this method
was used. Further details of ARIMA models used these chapters, can be found in
Appendix Table A.13.

Seasonality in the diversity of mortality causes at g values of 1, 2, and «~ was
also tested for deaths in each of the twenty-year age groups described in Chapter 4.
The methodology for fitting ARIMA models and testing for seasonality as explained
above was followed for each age group. In most age groups, this analysis suggested
seasonality in monthly diversity cause mortality. Non-seasonal ARIMA models were
fit in age groups where no seasonality was found; Appendix Table A.13 shows the
parameters and any conditions on the ARIMA models. No systematic patterns in
non-seasonal cases is found. All models were fit using data from the years 2001-
2019 with the exception of those for deaths among females aged 80+, where models
did not converge using data over this period. Causes within Chapter IV, discussed
above, make up a significant portion of mortality among females within this age
range. Following the analysis of this Chapter described above, ARIMA models for
deaths among females aged 80+ were fit using data from 2010 to 2019, over which
period it was possible to fit a satisfactory model to the observed data.
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6.4.2.3 Monthly diversity in mortality causes during the COVID-
19 Pandemic

Using the seasonal ARIMA models of diversity in mortality causes described above,
the expected diversity at g = 1, 2, and « in each month in 2020 and 2021 was
forecast based on trends from 2001-2019. Figure 6.8 shows this forecast for males
and females separately across all ages, alongside the observed monthly diversity in
causes of mortality both including and excluding COVID-19 deaths. Alongside this,
the ASMR of deaths attributed to COVID-19 in each month is plotted to provide
context for the peaks of mortality during the pandemic.

Across diversity measures, when COVID-19 deaths are included, two periods of
significant deviation from forecast diversity are observed: April and May 2020 and
November 2020 to February 2021. In these months, a notable reduction from the
expected range of diversity is observed. In April 2020, observed diversity at g = 1
was found to be less than half of the central estimate of forecast diversity (upper
panel of Figure 6.8A). This indicates that, in effect, the range of causes from which
deaths were likely to occur was halved. These two outlier periods correspond to
the first two waves of the COVID-19 pandemic in Scotland when the largest number
of deaths associated with the virus occurred, as discussed previously in Section 1.
As explained previously, the reductions in diversity observed here are the effect
that we might expect given the dominance of COVID-19 as a cause of mortality.
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Figure 6.8: A: Age-standardised mortality rate of deaths associated with COVID-19
in each month in 2020 and 2021 in males and females separately. B: Diversity in
mortality causes at g =1, g = 2 and g = = in each month in 2020 and 2021 in males
and females, with COVID-19 mortality included (red) and excluded (black). Black
line represents the central estimate of ARIMA model forecasts with blue ribbons
indicating 99% confidence intervals.
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With COVID-19 removed as a cause of mortality, the COVID-19 pandemic had
no significant effect on the diversity of non-COVID-19 mortality causes in almost
every month during 2020 and 2021. The only notable case in which diversity in
mortality causes excluding COVID-19 is found to be outside of the 99% confidence
intervals of the ARIMA model forecasts is females in April 2020. Observed diversity
for females in April 2020 is slightly lower than the expected values only in diversity
at g=1and g = 2 (upper and middle panels of Figure 6.8A). This corresponds to the
initial peak of COVID-19 prevalence in Scotland. To examine the causes which may
be linked to this, the mean ASMR of individual mortality causes in April in the years
2016-2019 was found and subtracted from the ASMR of these causes in 2020. The
five causes with the largest and smallest absolute difference are shown in Figure
6.9. The largest increases are among degenerative diseases such as dementia and
Alzheimer’s disease. These causes have been noted in the literature as increasing
in prevalence in this period due to issues surrounding old age care homes, this is
discussed further in Section 6.5.2.
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Figure 6.9: The difference in ASMR in April 2020 from a mean of ASMRs in April
in the years 2016-2019 in females across all ages in Scotland the five causes which
increased most and the five causes which decreased most from the previous mean
in 2020.
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The analysis in this section presents evidence that diversity across all causes of
mortality excluding COVID-19 deaths in each month in 2020 and 2021 was similar to
what would be expected given trends in the previous 19 years. To examine whether
the impact of the pandemic was limited to certain ICD-10 Chapters or age groups,
mortality is next grouped by age and ICD-10 chapter.

For the analysis by age group, monthly trends in the diversity of mortality causes
in 2020 and 2021 for deaths among males and females and in twenty-year age
groups are shown in Appendix Figure A.16. With COVID-19 deaths excluded from
analysis, monthly diversity in mortality causes is within the forecast confidence
intervals without notable exception. The increase in diversity at g = - found among
females aged 0 to 19 years in the year 2021 is not reflected in the monthly analysis
in Appendix Figure A.16. The finding was, therefore, likely not linked to a brief
phenomenon but rather to year-wide dynamics.

The reduction in diversity outside of expected bounds in deaths during April
2020 among females at all ages shown in Figure 6.8 is not observed in any age group.
Given that Figure 6.9 shows an increase in the prevalence of several degenerative
diseases, it might be expected that among females aged 80+ this effect would
be more pronounced. That it is not observed at all among this group and is only
observed strongly at g = 1 and g = 2 across all ages suggests that this finding was
not associated with an increase in the prevalence of common causes. Rather it is
likely a consequence of fewer deaths attributed to a range of relatively rare causes
being recorded in this period.

For the analysis by selected ICD-10 chapters, the diversity in mortality causes
in each month in 2020 and 2021 for the relevant chapters is presented in Appendix
Table A.17 alongside forecast estimates. In most Chapters, diversity estimates are
remarkably well predicted by the forecast values obtained from ARIMA models.
Few cases are found with outliers beyond 99% confidence intervals with none de-
viating remarkably. Within Chapter I: “Certain infectious and parasitic diseases”,
diversity in mortality causes is observed to reduce from mid-2020 onwards and
is found to be consistently around the lowest values of the 99% projected confid-
ence intervals. This reduction may be associated with spillover effects from public
health measures aimed to reduce the spread of COVID-19 such as lockdowns, mask
wearing, and hand washing.
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The previously observed increases in prevalence among degenerative diseases
among females in April 2020 is not observed to cause diversity in mortality causes
to fall outwith ARIMA model confidence intervals. These causes are found within
Chapters V and VI where diversity in causes is low due to dominance by dementias
(Chapter V: FO1 and F03) and Alzheimer’s disease (Chapter VI: G30). As these
causes already represent a large proportion of mortality within these Chapters,
their further increase in prevalence has a negligible effect on diversity.

6.5 Discussion

This chapter presents findings on the diversity of mortality causes during the COVID-
19 pandemic. This section begins with a summary of the findings of this chapter
(Section 6.5.1), followed by an interpretation of these findings (Section 6.5.2). |
then discuss the strengths and limitations of this work (Section 6.5.3) and future
research directions in this area (Section 6.5.4). Finally, the implications of this
research are explored (Section 6.5.5).

6.5.1 Principal findings

The findings of this chapter are presented in this section. They are structured by
the research question, posited in Section 6.2, which they address.

6.5.1.1 What was the effect of the COVID-19 pandemic on di-
versity in mortality causes in Scotland across in the years
2020 and 2021?
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The COVID-19 pandemic had a considerable direct and indirect toll on the popula-
tion of Scotland in 2020 and 2021. During this period, deaths following infection
with the COVID-19 virus were the most common cause of mortality, associated
with around 1 in 10 deaths. This caused a significant reduction in the diversity of
mortality causes in these years. This finding of lowered diversity is consistent with
what would be expected with the introduction of a novel and dominant cause of
mortality.

Despite the burden of COVID-19, diversity in the distribution of mortality causes
with COVID-19 deaths excluded was remarkably similar projected counterfactual
scenarios based on trends in previous years. However, the continuation of previous
patterns highlights a change in trends over time in the diversity of mortality causes.
In males, diversity in mortality causes has fallen across measures following 2016,
though most notably at q = =, with trends at less conservative measures less clear.
Among females, the rate of diversification in causes of mortality is shown to slow
following 2009.

6.5.1.2 Does the diversity in causes of mortality in Scotland ex-
hibit a seasonal pattern?

A seasonal pattern is observed in the diversity of causes of mortality across the
Scottish population in deaths among both males and females. Diversity in mortality
causes is observed to be higher in Summer months and lower in Winter months
from 2001 to 2019. This finding is more pronounced at less conservative measures
of diversity which indicates that a greater variety of rare causes of death occur in
Scotland in Summer rather than seasonal trends being driven by the most common
causes.

6.5.1.3 What was the effect of the COVID-19 pandemic on di-
versity in mortality causes during the peaks of the COVID-
19 pandemic in Scotland?
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The peaks of COVID-19 mortality in 2020 and 2021, associated with waves of high
prevalence of the virus in the population, are clearly visible in analysis of monthly
diversity in causes of mortality. Deaths attributed to COVID-19 caused a signific-
ant reduction in diversity in causes of mortality during both the initial wave of the
pandemic and the second wave as defined in Section 6.1. With COVID-19 deaths
excluded from analysis, the diversity of mortality causes in each month was gener-
ally found to be within the expected range of forecasted values, based on trends
in previous years. A minor exception was observed among females in April 2020
where diversity fell slightly below expected values which is, partly, suggested to be
associated with increased degenerative diseases prevalence. However, diversity
within those aged 80+ (the age range most affected by degenerative diseases) was
found to be within expected values in this month. Therefore, the the reduction
in diversity across all ages among women in April 2020 was likely caused by a re-
duced variety of causes of mortality occurring across all ages, not within a specific
age group. Further, this reduction in the variety of causes was not limited to one
ICD-10 Chapter. The reasons for a lesser variety of causes being recorded in April
2020 are unclear but may be associated with delayed treatment or overstretched
resources in the initial wave of the pandemic.

6.5.1.4 Was the impact of the COVID-19 pandemic on diversity
in mortality causes consistent between groups of causes
and in deaths at different ages?

The effect of the COVID-19 pandemic, in terms of mortality as well as indirect im-
pacts, were not equal across all ages. Indeed, the impact of COVID-19 mortality on
diversity in mortality causes is shown to be greatest in deaths among those aged
80 and older. However, excluding deaths attributed to COVID-19, previous trends
in diversity in causes of mortality are, mostly, observed to have continued undis-
turbed. The only notable departure from trends in diversity in mortality causes
in the years 2001 to 2019 is in diversity at g = « in females aged 0 to 19. Here,
an increase in 2020 is suggested to have been associated with a reduction in the
prevalence of intentional self-harm by hanging, strangulation and suffocation, pre-
viously the leading cause of mortality among this group. A reduction in diversity
in the following year to levels similar to those in 2019 was caused by an increase
in mortality in the perinatal period. This finding, although notable, was associ-
ated with a relatively small number of deaths, with fewer than 15 deaths among
females aged 0-19 associated with each of these causes in any year 2019-2021.
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Beyond the findings in all-cause diversity, no notable differences are observed
from previous trends in the additive value of ICD-10 chapters in 2020 and 2021.
This indicates that, under this analysis at the level of ICD-10 Chapters, no cause-
specific effect of the pandemic on diversity in mortality causes was observed. This
is especially notable because of the various proposed cause-specific effects of the
COVID-19 pandemic, a point to which | return below. In analysis of diversity in
mortality causes in each month with deaths broken down by age at death and ICD-
10 Chapter, no notable deviation from the forecast values of diversity in mortality
causes is observed.

6.5.2 Interpretation

To understand the impact of the COVID-19 pandemic on population health, it is im-
portant not only to examine direct mortality associated with the virus, but also to
assess the changes in the overall burden of mortality during the pandemic (Figueroa
et al., 2020b; Mansfield et al., 2021). Several studies have examined different as-
pects of this in Scotland, from measuring changes in mortality rates associated
with specific (non-COVID-19) causes to calculating excess deaths excluding COVID-
19 mortality (Figueroa et al., 2020a; Burton et al., 2021). The aim of this chapter
was to use diversity in mortality causes to add to this growing knowledge base on
the influence of the pandemic on population health.

Findings across this chapter suggest that during 2020 and 2021 changes to the
distribution of mortality causes were consistent with counterfactual projections
of trends in diversity in mortality causes in 2020 and 2021. This is evident across
the population, in deaths within distinct age groups, and across ICD-10 chapters;
further, these findings are consistent both across the years 2020 and 2021 and in
each month within these years. The counterfactual scenarios used as comparat-
ors to observed mortality cause diversity in this chapter are based on trends in
diversity in mortality causes in the years prior to the pandemic. They therefore,
rely on the assumption that diversity in causes mortality in 2020 and 2021 would
not have differed markedly from previous years, in the absence of the pandemic.
My findings suggest that year on year trends in mortality cause diversity in Scotland
are relatively consistent however, it is important to give consideration to potential
exogenous influences on mortality cause diversity not considered in this chapter.
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Certain conditions and causes of mortality have been more closely related to
pandemic-related disruption than others. Studies have recommended monitoring
mortality associated with cardiovascular disease due to changes in the behaviour
both of clinicians and patients during the pandemic (Ball et al., 2020). Further-
more, at the times of the greatest acute pressure on the healthcare system, many
cardiac resources were redirected toward COVID-19 care. Regardless of this, the
contribution of ICD-10 chapter IX: Diseases of the circulatory system to all cause
diversity showed little deviation from prior trends. Similarly, even though Can-
cer detection, screening and treatment systems were affected by the COVID-19
pandemic (Campbell et al., 2021; Baxter et al., 2021; Figueroa et al., 2021), little
deviation from previous trends is observed in the diversity of cancers that affected
the population in 2020 and 2021. This finding is what might be expected because
most cancer deaths do not occur suddenly. Following detection of cancer indi-
viduals may live for a number of years (Wishart et al., 2010; Sud et al., 2020).
Therefore, if the pandemic affected detection and screening services, it might be
expected that any impact of this disruption might be observed in the years follow-
ing the pandemic rather than in 2020 and 2021.

Some of the effects of the pandemic may not be apparent for years to come.
This is especially true of diseases and conditions for which testing and screening
procedures were disrupted by the pandemic, such as disruption to cancer screening
services. Beyond disruption to screening services, many sources report delayed or
forgone care for a variety of conditions during the pandemic (Chen & McGeorge,
2020; Rattka et al., 2021; Malagon et al., 2022). Alongside potential long-term
effects of infection with the COVID-19 virus itself, a range of other potential health
risks have been proposed which may become apparent in the coming years (Arthi
& Parman, 2021). These potential long-term consequences are mentioned here to
highlight that the effects of the COVID-19 pandemic are unlikely to be limited to
the years studied in this chapter. Therefore, in conjunction with other measures of
population health, the diversity of mortality causes should be monitored further in
the coming years to assess the impact of the pandemic. This will be complicated
by the previously discussed slowing to improvements in mortality noted in Scotland
and other countries in the late 2010s.

Age-standardised mortality rates excluding COVID-19 fell from 2019 to 2020 and
into 2021. This continued a long-running trend which had slowed in the later years
of the 2010s (Ramsay et al., 2020). Evidence of reductions in mortality associated
with a host of conditions have been observed in the literature, especially during
the first UK lockdown in Spring 2020 (Mansfield et al., 2021). The various govern-
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mental and societal responses to the pandemic likely had innumerable interwoven
consequences on the health of the Scottish population. As noted, these combined
to produce lower mortality rates than in previous years and a commensurate in-
crease in the diversity of mortality causes. Variation in the causes of mortality
other than COVID-19 recorded during the pandemic increased. However, this in-
crease is as would have been expected given a similar decrease in mortality rates
in other circumstances according to trends from 2001 to 2019.

The findings of this chapter suggest that trends affecting variation in the dis-
tribution of mortality causes changed little during the COVID-19 pandemic. How-
ever, this serves only to highlight a possibly worrying change in trends in recent
years. In deaths across all ages, diversity in mortality causes has fallen since 2016
in males while the pace of diversification has slowed since 2009 in females. This
thesis has warned of the potential pressures on various aspects of public health and
healthcare systems associated with continued diversification in mortality causes.
However, this should not be taken to mean that a reduction in diversity is neces-
sarily a positive sign. A reduction which is observed more strongly under diversity
at more conservative measures implies increasing prevalence in the most common
causes of mortality. This should be a concern for public health officials as it implies
strategies to mitigate mortality from these causes are reducing in effectiveness.
For example, an increase in the mortality rate associated with acute myocardial
infarction (ICD-10 code 121) can be observed in Figure 6.2 from 2016 onwards. An
increase in mortality rates attributed to heart attacks (using a broader definition
including both ICD-10 codes 121 and 122) has been previously reported by public
health officials from 2016 onwards (Public Health Scotland, 2022b).

Although this chapter shows that the COVID-19 pandemic had little impact on
variation in causes of mortality, it is important to note that the pandemic did af-
fect population health. Throughout 2020 and 2021, there were changes in cause-
specific mortality rates for conditions such as cardiovascular and degenerative dis-
eases (as discussed in Section 6.1). These changes might have been expected to
alter the diversity of mortality causes during the pandemic. However, the limited
impact | report in this chapter can be attributed to two probable reasons. Firstly,
mortality causes in Scotland are highly dominated by the most common causes, 4.
Therefore, changes in the prevalence of other causes may have had limited impact

on the diversity of mortality causes. Secondly, changes in the prevalence of vari-

4The two most common causes of mortality account for approximately 20% of the total ASMR in
each year from 2001 to 2019 (Chapter 4)
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ous causes likely cancelled each other out to an extent, with some becoming more
common and others less common. This second mechanism might be considered
a limitation of measures of diversity in mortality causes. However, the lack of a
distinct trend in diversity suggests that no systemic patterns were observed in the
distribution of mortality causes. In other words, rare causes did not become more
or less common overall, and the prevalence of the most common causes of death
did not significantly change from previous years in 2020 and 2021 (see Figure 6.2).

In this chapter, | find a seasonal pattern in diversity in mortality causes in Scot-
land, with increased variation in causes of mortality in Summer months, especially
at less conservative measures of diversity. The seasonal pattern in mortality cause
diversity is shown to be weaker in measures which weight the most common causes
more heavily. Therefore, the findings | present in this chapter suggest that an in-
creased variety of relatively rare causes of death occur in Summer in Scotland. This
phenomenon has not previously been examined or discussed. There may perhaps
be benefit to future public and population health research examining the reasons
for greater variation in causes of death in Summer months and whether address-
ing this increased variation can aid in public health planning. Given that all-cause
mortality rates are generally worse in Winter months, it may be that the case that
Summer months are more representative of a healthy population.

While this chapter suggests limited impact of the COVID-19 pandemic on di-
versity in causes of mortality in Scotland, | have reported some cause-specific
effects. | show that degenerative disease mortality among women was higher than
a 4 year average in April 2020. | have noted that this is, likely, associated with
well-reported failings around the protection of care home residents in Scotland
(Reilly et al., 2020). A relatively high rate of infection with COVID-19 occurred
in care homes (Dutey-Magni et al., 2021). Subsequently those with degenerative
diseases, such as dementia, have been found to be likelier to face severe COVID-19
outcomes including death (Numbers & Brodaty, 2021). There is continuing debate
on the number of deaths in care homes which should be attributed to COVID-19
as evidence has suggested many deaths occurred in those who were likely to be
infected with the virus but were not tested (Dutey-Magni et al., 2021). Therefore,
the rise in degenerative disease mortality rate in April 2020 may be partly due to
deaths which might, following testing, have been attributed to COVID-19.
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6.5.3 Strengths and limitations

In this chapter, ARIMA models are used to forecast monthly diversity in mortality
causes into the years 2020 and 2021. A great variety of methods for the analysis
of time series data such as this exist in the literature. ARIMA models were chosen
for analysis in this chapter due to their general flexibility and particularly because
they are well suited to both seasonal and non-seasonal data. Given the varied
trends in the data assessed in this chapter, this flexibility was deemed an asset.

ARIMA models were fit separately to diversity data in each situation in which
they were employed, descirbed in Section 6.3.7 following the same methodology.
The quality of these models, in terms of how well they fit the given data, varied,
resulting in wide confidence intervals in some forecasts. It may have been possible
to overcome this using different techniques for example TBATS methods (De Liv-
era et al., 2011). The relative advantages of such methods compared to ARIMA
models are debated and for example, methods such as TBATS are also susceptible
to producing wide confidence intervals and are not always considered advantage-
ous to ARIMA models (Hyndman & Athanasopoulos, 2018). It would, perhaps, have
been advantageous to support the findings of this chapter by applying other time
series analysis methods to the research questions addressed here. This was, how-
ever, beyond the scope of this thesis. Given the change in the observed trends
in diversity in mortality causes during the 2010s it may have been advantageous
to improve the ARIMA models used in this chapter by applying a two-stage fitting.
This could have consisted of applying segmented regression analysis to the monthly
measurements of diversity in mortality causes to find a breakpoint. ARIMA models
could then have been applied to the second segment of this regression ensuring a
more consistent trend during the training period of the ARIMA model.

In this chapter, an increase in the ASMR from certain degenerative diseases is
noted in April 2020 compared to previous years. This reduction in April 2020 is not
found when examining individual ICD-10 Chapters as might have been expected.
This is because within their respective ICD-10 Chapters, dementia and Alzheimer’s
disease are very dominant, and therefore changes in their prevalence generate
only limited changes in diversity. This highlights that, when the number of causes
under examination is small and the distribution is heavily skewed towards a small
number of dominant causes, diversity measures can be insensitive to changes in
prevalence.
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As discussed in previous chapters, the measurement of diversity in mortality
causes is, to an extent, sensitive to the measure of diversity utilised. As shown
in Appendix B.1 the use of a measure which explicitly accounts for zero values in
the distribution of mortality causes can have an impact on trends in diversity. It
is therefore, possible that the use of this measure could impact the measurement
of diversity in mortality causes in analysis within this chapter. It may be valuable
to replicate the analysis in this chapter using a measure which accounts for zero
values to assess whether the conclusions of this chapter are sensitive to the impact
of the prevalence of causes of mortality which do not occur in every year.

Garbage codes are ICD-10 codes which denote causes of mortality which are
considered vague or unhelpful in population health research. In analysis within
this chapter garbage codes were retained in the distribution of mortality causes.
As discussed in Sections 4.5.4 and 4.5.4 this may have the effect of biasing the
measurement of diversity. The sensitivity of yearly trends in diversity to this bias
is tested in Appendix B.2 using a simple method for redistributing garbage codes to
valid causes of mortality. This analysis garbage codes have little impact on these
yearly trends, it is however, possible that garbage codes would impact the monthly
analysis discussed in this chapter. Future research into diversity in mortality causes
should consider the potential impact of garbage codes.

6.5.4 Future areas of research

As noted previously, various studies on the effect of COVID-19 on population health
have suggested that measures should be monitored into the future. Several of the
potential consequences of the pandemic are likely to have a delay before their
effects are fully felt. In particular, the prevalence of different cancers has the
potential to be strongly affected in the coming years given that the pandemic had
an impact on screening services (Campbell et al., 2021). Given the large contri-
bution of cancers to overall diversity in causes of mortality (shown in Chapter 4)
this may impact diversity across all causes of mortality as well as the diversity of
cancers. In the ongoing study of the impact of the COVID-19 pandemic on cancer
mortality in Scotland, it may be useful to measure diversity in causes of cancer
deaths. Neoplasms are the most diverse range of mortality causes in any ICD-10
chapter. The diversity of causes within this chapter has increased in recent years
as common cancers such as lung cancer have reduced in prevalence (and rate) and
the distribution has become more even (See Appendix Figure A.18 and discussion
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in Chapter 4). Reductions in the diversity of cancers in coming years would there-
fore indicate an increase in the relative prevalence of the most common cancers.
Under the assumption that patterns in cancer mortality would have continued in
the absence of the pandemic, this might imply that the COVID-19 pandemic had a
negative impact on the detection and treatment of common cancers. This trend
could also be observed through an examination of mortality rates among these
common cancers. However, the large number of mortality codes describing var-
ied cancers would make it more challenging to detect overall trends across rare
cancers using traditional methods. In this case the measurement of diversity could
prove useful. Were the diversity of causes of mortality among cancer deaths to in-
crease markedly following the pandemic it might indicate an increased prevalence
of these rare causes of mortality. This may be expected as it is likely that com-
mon cancers, such as breast or colon cancer, were less affected by the pandemic
than rare causes. This is because these common causes have national screening
services which are well established and were able to adapt to the conditions of the
pandemic (Campbell et al., 2021). More rare cancers lack this infrastructure and
rely more on in-person diagnostic tests. While many of these tests continued, with
mitigations, during the pandemic they may have been more impacted because of
the more bespoke nature of such treatment.

6.5.5 Research implications and next steps

In this chapter, diversity in mortality causes is used to assess the effect of COVID-19
pandemic on the distribution of mortality causes in Scotland. Overall, variation in
causes of mortality fell, because around 10% of deaths were attributed to COVID-
19. However, with COVID-19 mortality excluded, there is little evidence to suggest
that, compared to counterfactual projections, the pandemic had an effect on di-
versity in the distribution of mortality causes. For diversity measured over years
and in each month, values were within ranges which would be expected given pat-
terns in previous years. This finding is shown to hold across age groups and within
selected ICD-10 Chapters. Despite the varied pressures of the COVID-19 pandemic,
patterns of diversity in mortality causes are shown in this chapter to have been
remarkably robust. This is significant not only to understanding the effects of the
pandemic but also in understanding how to focus the recovery. Reductions in di-
versity in mortality causes, observed from 2016 onwards in males across measures,
continued during the pandemic. These reductions in diversity in mortality causes
are suggested to have been associated with increases in the proportion of the pop-
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ulation who face the most common causes of death. Understanding that these
trends appear to have continued means that in recovering from the COVID-19 pan-
demic healthcare and public health systems must continue to focus on treatment
and prevention of the most common causes of mortality and recognise that they
are becoming, relatively, more common. Furthermore, they must consider how
the resurgence of these causes, and particularly ischaemic heart disease the most
common cause, will interact with COVID-19 and whether comorbidities will worsen
trends in the prevalence of these causes. While some of this insight could have
been gained from a study of specific rates of mortality using diversity measures
allows us to take a wider focus and parse out these overall trends.

There has been much debate over how, going forwards, the COVID-19 pan-
demic will affect population health. The virus itself remains endemic across the
world and, as previously noted, many effects of societal interventions during the
pandemic may only present in years to come. The pandemic has altered the distri-
bution of mortality causes through the addition of COVID-19 as a cause of mortality
and it remains unclear how patterns of mortality will evolve in the future.

Due to Scotland’s, comparatively, poor health outcomes prior to the COVID-19
pandemic it might be expected that the impact of the pandemic would be felt more
acutely than in other nations. Despite this, the findings of this chapter suggest
little effect on diversity in the distribution of mortality causes, excluding COVID-
19. Across the world various different NPI strategies were employed in the face
of COVID and different countries faced largely different mortality rates due to
COVID-19. The impact of the pandemic on diversity in mortality causes may diverge
drastically in such varied situations.

Previously in this thesis diversity has been measured in the underlying causes
of mortality recorded for each individual. However, further information regarding
the health of an individual at the time of death can be gleaned from analysis of
contributory causes of mortality recorded on the death certificate. The follow-
ing chapter examines diversity in the contributory causes of mortality recorded in
Scotland from 2001 to 2021 and assesses the diversity of contributory causes among
those whose underlying cause of death was COVID-19 relative to those who died
from other leading underlying causes of mortality.
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Chapter 7

Diversity in contributory causes of
morbidity and mortality: national
trends and the disease burden
associated with COVID-19

7.1 Background

Previously in this thesis, diversity has been measured in the underlying causes of
mortality faced by the population of Scotland and by Scottish subpopulations. Di-
versification in causes of mortality has been observed from 2001 to 2021 in deaths
across all ages; however, mortality associated with COVID-19 is shown to have re-
duced the diversity of underlying causes in 2020 and 2021. These findings are based
on study of the underlying cause of mortality recorded for each death in Scotland
in these years. However, underlying causes of mortality do not tell the full story
of the health of each individual at the time of death and can exclude other causes
which contributed to death.

Alongside the underlying cause of death, most mortality recording systems al-
low for a number of contributory factors to be listed. These are, generally, ICD-10
codes for diseases and conditions that an individual has faced which contributed
to or hastened death but were not thought to be the direct cause of mortality (Na-
tional Records of Scotland, n.d.). These causes are considered a valuable resource
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in the study of population health in the literature (Fedeli et al., 2015). Contribut-
ory codes allow a great deal of additional information to be recorded on the health
of the deceased such as information regarding multimorbidities or further detail
in the case of complex diagnoses (Grundy & Stuchbury, 2022).

Contributory causes of morbidity and mortality have been shown to be inform-
ative with respect to risk factor associations. Batty et al. (2019) show that as-
sociations between risk factors, such as smoking and educational attainment, and
causes of mortality, such as cardiovascular disease, cancers, and dementia, hold no
matter where the cause of mortality appeared on the death certificate. Partly be-
cause of such associations, it has been proposed that relying on underlying causes of
mortality can lead to undercounts and conceal trends in population health (Bishop
et al., 2022; Trias-Llimos & Permanyer, 2023). This can be addressed through the
use of “multiple causes of death” (MCOD) approaches which take into account the
contributory causes of death recorded on death certificates (Désesquelles et al.,
2014; Piffaretti et al., 2016; Rao, 2020).

Diversity in mortality causes has previously been assessed from a MCOD per-
spective by Trias-Llimos and Permanyer (2023). They use novel methods to assess
differences in the set of mortality causes faced by each individual in the USA from
2003 to 2018. The measure of dissimilarity used by Trias-Llimés and Permanyer
(2023) is not explicitly a measure of diversity; however, for simplicity, | have and
will continue to refer to it as such throughout this work. Their measure quantifies
the dissimilarity in causes of mortality (both underlying and contributory) between
all possible pairs of individuals in the population and takes the average of these
differences. This proposed method is flexible in that it allows for different weights
to be given to the underlying cause compared to contributory causes. Trias-Llimos
and Permanyer (2023) found diversification in mortality causes over their study
period and showed that diversity increased more rapidly with multiple causes of
death accounted for than when studying underlying cause diversity alone. This pre-
vious study included underlying causes in all analyses and therefore the diversity
in contributory causes in isolation has not previously been assessed.

This chapter aims to examine the temporal trends in the diversity of contrib-
utory causes of mortality in Scotland from 2001 to 2021. These trends are then
compared to trends in the diversity of underlying causes of mortality as described
in previous chapters of this thesis and the relationship between these measures is
assessed. Greater diversity in contributory causes, similar to underlying causes,
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may be a sign of increasing pressure on healthcare systems indicating that a wider
variety of conditions require care. Alternatively, were the diversity in these ad-
ditional causes to have fallen it would indicate that despite dying due to more
varied causes of mortality (as shown in previous chapters), the population had
faced a more uniform set of co-morbid conditions. This might indicate increasing
prevalence of specific causes of morbidity and ill health which may be important
to address to improve population health.

The previous chapter of this thesis examines the effect of the COVID-19 pan-
demic on the distribution of mortality causes in Scotland. The health status of
those whose deaths were attributed to COVID-19 in 2020 and 2021 is important to
understanding the impact of the pandemic. Many conditions have been found to be
risk factors for COVID-19 mortality including cardiovascular diseases and diabetes
(Chadeau-Hyam et al., 2020; Elliott et al., 2021). Examining how the variation in
causes recorded alongside COVID-19 compared to other leading causes can offer an
insight into the relative health of those who died due to the novel coronavirus. If
the diversity of contributory causes were to be higher in COVID-19 deaths, it would
indicate that among the subpopulation of those who succumbed to this disease,
greater variety in conditions and co-morbidities existed compared to other com-
mon underlying causes. On the other hand, if those who died following COVID-19
infection were found to have less diverse contributory causes, it might suggest that
a set of common conditions appeared alongside COVID-19. To examine this, the
contributory causes of mortality in COVID-19 deaths in 2020 and 2021 are invest-
igated and the diversity of these causes is compared to those recorded alongside
other leading causes in these years.

7.2 Research questions and objectives

This chapter aimed to address the following objectives:

» To examine temporal trends in the diversity of contributory causes of morbid-
ity and mortality (defined as those appearing alongside the underlying cause
of death on mortality records) in Scotland between 2001 and 2019.

» To assess the relationship between diversity in underlying causes of mortality
and diversity in contributory causes of morbidity and mortality.
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» To compare the diversity of contributory causes of mortality recorded along-
side COVID-19 deaths with those recorded alongside other leading causes of
mortality in 2020 and 2021.

» To describe the contributory causes of mortality most commonly listed along-
side COVID-19 deaths.

As such the following research questions are answered:

« What are the national trends in the diversity of contributory causes of mor-
bidity and mortality in Scotland?

« What is the relationship between the diversity of contributory causes and the
diversity of underlying mortality causes in Scotland?

» Were the contributory causes of mortality recorded alongside COVID-19 more
or less diverse than those recorded alongside other leading causes of mortal-
ity in 2020 and 20217

7.3 Methods

7.3.1 Data

Scottish mortality data for the years 2001 to 2021 was extracted and processed as
described in Section 3.2.1. Annual mid-year small area population estimates for
the years 2001 to 2019 were obtained for Scotland as described in Section 3.2.2.

7.3.2 Life tables

Multiple-decrement life tables were constructed as described in Section 3.3.1 for
all of Scotland, for males and females separately, for each year from 2001 to 2021.
Life tables are calculated using single year age classes for ages 0 to 109 and an
open-ended age class 110+.
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7.3.3 Diversity in underlying causes of mortality

Normalised alpha diversity in underlying causes of mortality was calculated for
males and females at all ages in Scotland in each year from 2001 to 2021 separately
with year of death as subcommunities. Diversity was calculated under the Reeve et
al.(2016) framework as described in Section 3.3.3 using distributions of mortality
cause extracted from multiple-decrement life tables.. Diversity at g values of 1,
2, and « was calculated in the distributions of individual ICD-10 three-character
codes extracted from the multiple decrement life tables discussed in Section 7.3.3.

7.3.4 Contributory causes of mortality

In Scotland, up to 10 causes of morbidity or mortality can be recorded alongside
an underlying cause of death on each death record. The underlying cause of death
is normally included in this list of 10 causes; however, there are some situations in
which coding guidelines indicate that if two contributory causes appear together, a
third underlying cause should be listed (National Records of Scotland, n.d.). Codes
other than the underlying cause of death which appear in this section are described
by National Records of Scotland as: “‘contributory factors’, diseases or injuries,
none of which was the underlying cause of the death, but each of which will have
contributed in some way to the occurrence of the death (e.g. by hastening it).”
(National Records of Scotland, n.d.). In analysis of the number of contributory
causes of mortality recorded alongside each death, the underlying cause was dis-
counted from the list of causes in each mortality record leaving only contributory
causes. The number of contributory causes recorded in Scotland in each year 2001
to 2019 is shown in Figure 7.1. A large increase in the recorded number of contrib-
utory causes can be observed in both sexes from 2015 onwards'. This is the result
of a new mortality recording system introduced by the Scottish Government in this
year which is discussed in Section 7.4.1 below. To examine diversity in contrib-
utory causes of mortality the share of deathsat age x to which each contributory

'There is a notable increase in the number of contributory causes recorded among men from
2013 to 2014. The act referenced above came into force in May 2015 meaning that it is unlikely to
be responsible for this increase. The reason for this increase is unclear. It is notable that the same
increase is not observed in deaths among females in Scotland suggesting that the increase may not
be associated with a systemic change.
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cause was attributed to was multiplied by the life table (dx) (Discussed in Section
3.3.1) to produce life table distributions of contributory causes. This means that,
in effect, deaths for which only the underlying cause of death was recorded were
not included in analysis.

Females Males

70000
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= Females

= Males

Number of individual contributory causes recorded

50000

40000

2000 2005 2010 2015 2020 2000 2005 2010 2015 2020
Year of death

Figure 7.1: The total number of contributory causes of morbidity and mortality
recorded on death certificates in Scotland in men and women separately.

Normalised alpha diversity, as described in section 7.3.3, was calculated in con-
tributory causes extracted as discussed above at g values of 1, 2, and «. Diversity
was calculated with years as subcommunities for males and females separately in
each year 2001 to 2021. Diversity in contributory causes was also calculated in this
way for the Scottish population divided by age into the three age ranges described
in Chapter 5 deaths among those aged: 0 to 39, 40 to 79 and 80+. Trends in the
diversity of contributory causes in these groups is shown in Appendix A.19.

Normalised alpha diversity was also calculated separately for the contribut-
ory causes of mortality recorded alongside leading underlying causes of mortality.
Leading causes were defined as those which had been among the five most pre-
valent by ASMR across Scotland in either sex in 2020 or 2021 or had an ASMR of
greater than 45 per 100,000 in either year in either sex. These causes were: acute
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myocardial infarction (ICD-10 code 121), Alzheimer’s disease (ICD-10 code G30),
COVID-19 (ICD-10 code UQ7), malignant neoplasm of the bronchus and lung (ICD-10
code C34), other chronic obstructive pulmonary disease (ICD-10 code J44), chronic
ischaemic heart disease (ICD-10 code 125), and malignant neoplasm of the pro-
state (ICD-10 code C61). The diversity of contributory causes recorded alongside
these underlying causes was calculated in each year from 2001 to 2021, except
for COVID-19 mortality, which occurred only in 2020 and 2021 (COVID-19 mortality
was defined as described in Chapter 6).

7.3.5 Statistical analysis

Pearson’s correlation coefficient was calculated to assess the relationship between
normalised alpha diversity in contributory causes and normalised alpha diversity in
underlying causes. Diversity was compared at the same g-value (underlying cause
diversity at g = 1 was compared to contributory cause diversity at g = 1 and so
on). The relationship between these measures was examined over the years 2001
to 2021 in each g value and each sex separately.

7.3.6 Software

Analysis in this chapter was performed in R version 4.1.3 (R Core Team, 2022). Data
manipulation and processing was performed using version 1.3.1 of the tidyverse
package, plots were created using version 3.3.5 of the ggplot2 package alongside
version 1.1-2 of the package RColorBrewer (Neuwirth, 2014; Wickham, 2016; Wick-
ham et al., 2019). Calculation of diversity was performed using version 2.0 of the
rdiversity package (Mitchell et al., 2020).
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7.4 Results

The results section of this chapter is structured as follows. First a summary of the
number of contributory causes recorded on death certificates in Scotland from 2001
to 2021 is presented (Section 7.4.1). Then trends in the diversity of contributory
causes of mortality in Scotland are examined and are compared to trends in the
diversity of underlying causes of mortality (Section 7.4.2). Finally, the number
and diversity of contributory causes recorded alongside leading underlying causes
of mortality are examined and compared to those recorded alongside COVID-19 in
2020 and 2021 (Section 7.4.3).

7.4.1 Contributory causes of morbidity and mortality in Scotland

In Scotland, up to 10 contributory causes of morbidity and mortality can be listed
on the death certificate alongside the underlying cause of death. In most death
certificates, one of these 10 causes is the underlying cause. Contributory causes
are not recorded for every death. Table 7.1 shows summary data on the contribut-
ory causes of morbidity and mortality recorded on death certificates in Scotland.
Between 0 and 10 contributory causes were recorded on death certificates in this
period. On average, a greater number of causes was recorded in deaths among
younger and older age groups than those aged 40 to 79, though differences were
small.
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Table 7.1: Summary statistics of the observed distribution of contributory causes
among males and females across Scotland and within set age ranges across the
years 2001 to 2021.

Mean number
Sex . Standard deviation Lower Upper
of contributory causes . .
quartile quartile

Deaths across all ages

Females 1.7 1.4 1

Males 1.8 1.5 1 3
Deaths among those aged O to 39

Females 1.8 1.9 0

Males 2.1 1.9 1 3
Deaths among those aged 40 to 79

Females 1.6 1.5 0

Males 1.7 1.5 1 3

Deaths among those aged 80+
Females 1.8 1.4 1
Males 1.9 1.4 1

From 2001 to 2014, the median number of contributory causes listed on death
certificates alongside the underlying cause was 1. This increased to a median of
2 contributory causes per death certificate in 2015 in both sexes. Trends in the
mean number of contributory causes are displayed in Figure 7.2A and show a similar
increase around these years.

The increase in the average number of contributory causes recorded on each
death certificate does not coincide with any change in mortality coding practice
(i.e., a change in the guidelines for how each cause should be recorded) described
by the data holders National Records of Scotland. It does however, come at around
the same time as the introduction of new arrangements on certification of death
which began on the 13th May 2015 having been introduced in the Certification of
Death Act (2011). This Act did not, per se, aim to increase the scope of causes
recorded on death certificates or to change coding practices. However, it did
legislate to increase scrutiny of the accuracy of death certificates and to change
the forms on which information was recorded. In doing so, the aim of the Act was
to increase the accuracy of these records. It seems that as a result, an increased
number of causes of mortality tended to be recorded on death certificates.
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7.4.2 Diversity in contributory causes of mortality in Scotland

When examining the diversity of contributory causes of mortality in Scotland, a
general trend for increasing diversity can be observed until around 2015-2016, as
shown in Figure 7.2B. Following this, the diversity of contributory causes of mor-
tality fell under all measures of diversity in females and fell or stagnated under
diversity at g = 1 and g = 2 in males (upper panels of Figure 7.2B). The only case
where a change in the direction of the trend was not observed was in males at g
= oo (lower panel of Figure 7.2B). The change in trends observed here is striking as
it might be expected that alongside the increase in the average number of causes
recorded following 2015, the diversity of contributory causes commonly recorded
on death certificates would increase. However, this is clearly not what occurred
here. Despite the trends discussed above in both sexes and across diversity meas-
ures, the contributory causes of mortality was more diverse in 2001 than 2021.
This indicates that a larger variety of ICD-10 3 character codes describing diseases
and conditions were commonly recorded on death certificates. This is despite the
average number of causes recorded for each individual remaining fairly constant
before and after the increase in 2015 noted above.

In Appendix B.1.4 an alternative measure of diversity, related to measures of
evenness, is used to calculate trends in the diversity of contributory causes of
mortality in Scotland. This measure explicitly accounts of zero values in the distri-
bution of mortality causes, meaning it is sensitive to causes which do not occur in
every year of the study period. Using this measure diversity in causes of mortality
is shown to fall from 2001 to 2010, after which trends are similar to those under
normalised alpha diversity as discussed above with an increasing trend to 2015 fol-
lowed by a reduction in diversity. Overall, this means that using this alternative
measure, diversity in contributory causes of mortality fell from 2001 to 2019 in
Scotland in both sexes.
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Figure 7.2: A) The mean number of contributory causes recorded on each death
certificate in Scotland from 2001 to 2021 in males and females separately. Confid-
ence intervals indicate the standard deviation from the mean. B) Normalised alpha
diversity at g =1, g = 2, and g = « of contributory causes of mortality in Scotland
in males and females in Scotland from 2001 to 2021. A vertical line indicates the
year 2020 when the COVID-19 pandemic began.

220



7. Diversity in contributory causes of mortality

Despite no discernible change in the average number of causes recorded for
each death, among females the most common contributory causes became, over
time, more likely to appear on death certificates after 2015. This is indicated by
trends in diversity at g = «. This reduction in diversity is associated with increases
in the prevalence of the ICD-10 code R68 which denotes “Other general symptoms
and signs” and includes conditions such as “Hypothermia, not associated with low
environmental temperature” and “clubbing of fingers” as well as “Other specified
general symptoms and signs”. The significance of the increase in the records on
which this code appears is unclear due the general nature of the conditions which
it codes for. This code appeared on 3.6% of all death certificates among females
in 2016 increasing to 7.7% in 2021. It appeared most frequently alongside degen-
erative diseases such as dementia and Alzheimer’s disease. Together, these causes
(ICD-10 codes: FO1, FO3, G30) were the underlying cause on 23.8% of the death
records where code R68 appeared among women in 2021. In deaths among males,
chronic ischaemic heart disease (ICD-10 code 125) was the most common contribut-
ory cause of mortality from 2004 onwards; before this point “Pneumonia, organism
unspecified” (ICD-10 code J18) was the most common.

In Appendix B.2.4 | perform a simple redistribution of garbage codes to valid
causes of mortality, described in Section 4.5.4. This redistribution is performed to
illustrate how trends in the diversity of mortality causes would appear accounting
for garbage codes. Appendix B.2.4 shows that with garbage codes redistributed,
trends in the diversity of contributory causes of mortality in Scotland are similar
to those reported here up until 2016 where with garbage codes redistributed, di-
versity in causes of mortality continues to increase across measures and in both
sexes. This indicates that despite the trends noted above, the diversity of valid
causes of mortality recorded in Scotland increased throughout the study period.

Trends in the diversity of contributory causes of morbidity and mortality at
different ages in Scotland are presented in Appendix A.19. Deaths among those
aged 40 to 79 tended to be recorded alongside the most diverse set of contributory
causes. Trends in deaths among those aged 40 to 79 and 80+ are mostly similar to
those across all ages shown in Figure 7.2, though the change in trends following
2015, discussed above, is only seen in deaths among those aged 80+. In deaths
among those aged 0 to 40 diversity in contributory causes fell from 2001 to 2019.
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Figure 7.3: The normalised alpha diversity in contributory causes of mortality
plotted against the normalised alpha diversity of underlying causes at g =1, g =
2, and g = « in deaths among males and females in Scotland from 2001 to 2019.
Pearson’s correlation coefficient and p-value are displayed in each facet for the
relationship between underlying cause diversity and contributory cause diversity.

Previous chapters of this thesis have demonstrated that diversity in underly-
ing causes of mortality in Scotland increased from 2001 to 2021, though with a
change in trends in the 2010s, similar to the trends in contributory causes noted
here. In the late 2010s, diversity in underlying causes is shown to have stalled or
fallen, with reductions most notable at g = . Figure 7.3 plots diversity in under-
lying causes of mortality against diversity in contributory causes of mortality, with
measurements compared at each g value (i.e. diversity in underlying mortality
causes at g = 1 is compared to diversity in contributory causes at g = 1) 2. In both

ZDjversity in underlying causes in 2020 and 2021 is measured here including deaths attributed
to COVID-19; for further discussion see Chapter 6.
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sexes, and across measures of diversity, a strong relationship is observed between
diversity in contributory causes and diversity in underlying causes, as measured
by Pearson’s correlation coefficient. This observation means that variation in the
range of underlying causes recorded on death certificates each year has increased
alongside variation in the range of contributory causes. The relationship between
underlying cause diversity and contributory cause diversity is found to be weakest
among men under diversity at g = « (lower panels of Figure 7.3). In this case, while
the diversity of underlying causes of mortality fell in the late 2010s, diversity in
contributory causes continued to increase.

7.4.3 Contributory causes of morbidity and mortality in the case
of COVID-19 mortality

7.4.3.1 The number of contributory causes recorded alongside
COVID-19

In the previous section, the average number of contributory causes of mortality
recorded across all underlying causes of mortality from 2001 to 2021 is discussed.
Figure 7.4 shows the distribution of the number of contributory causes recorded in
2020 and 2021 alongside all underlying causes and in seven of the leading underlying
causes of mortality in these years. These causes were any that were among the
five most prevalent by ASMR in either year in either sex or had a cause-specific
ASMR of greater than 45 per 100,000 population in either year.
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Figure 7.4: Ridge-plot illustrating the number of contributory causes of mortality
recorded alongside all underlying causes and leading individual underlying causes
of mortality in 2020 and 2021. Vertical black lines indicate the mean number of
contributory causes recorded in each case.
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Across all causes, and in each of the underlying causes shown in Figure 7.4, most
records contained between 1 and 3 contributory causes. It was most common for
deaths to be recorded without a contributory cause in deaths where Alzheimer’s
disease and malignant neoplasm of the bronchus and lung were the underlying
cause. Compared to the other common causes of mortality discussed here, deaths
where COVID-19 was the recorded cause were the least likely to have no contrib-
utory causes recorded alongside them. In other words, almost all individuals who
were recorded as having died from COVID-19, also had other contributory causes
listed.

7.4.3.2 Diversity in the contributory causes recorded alongside
COVID-19 compared to other leading causes

Diversity in contributory causes of morbidity and mortality was measured in the
causes recorded alongside each of the leading underlying causes of death discussed
in Section 7.4.3.1. In Figure 7.5, the diversity of these contributory causes is plot-
ted from 2001 to 2021. Compared to the diversity of contributory causes recorded
across all underlying causes shown in Figure 7.2, less diverse contributory causes
were recorded alongside each of the underlying causes shown here. This is what
might be expected as the range of contributory causes recorded alongside each
underlying cause is likely to differ. Therefore, when all causes are combined the
overall distribution can be expected to be more diverse.
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Figure 7.5: The normalised alpha diversity at g =1, g = 2, and g = « of the con-
tributory causes of mortality recorded alongside leading underlying causes among
male and females separately in Scotland from 2001 to 2021.

In most of the leading causes examined in this section, the diversity of con-
tributory causes changed little across the study period. The diversity of causes
recorded alongside Alzheimer’s disease increased most notably (blue lines in Fig-
ure 7.2). Increases were also observed in the diversity of causes recorded alongside
acute myocardial infarction at g values 2 and « (orange lines in Figure 7.2). This
indicates that in this cause, the most common contributory causes were recorded
alongside fewer deaths in 2021 than in 2001, and instead, overall rarer causes were
recorded.

A notable increase in the diversity of contributory causes recorded alongside
“other chronic obstructive pulmonary disease” (COPD) is observed between 2010
and 2016 (yellow lines in Figure 7.2). The increase at the beginning of this period
corresponds to a change in mortality coding practices introduced by the Scottish
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Government in 2010 and the reduction in 2017 corresponds to another change in
coding systems (National Records of Scotland, 2011; National Records of Scotland
& Scottish Government, 2017). Neither of these changes were reported by NRS to
directly affect deaths coded as being attributed to COPD by the National Records of
Scotland. However, the fact that changes here occur in the same years that these
coding practice changes came into effect suggests they were associated with these
updates.

Greater diversity in contributory mortality causes is found for deaths associated
with COVID-19 than for other leading mortality causes in 2020 and 2021. This was
more prominent at higher values of g (the pink lines are further from the other
lines). This indicates that the contributory causes associated with COVID-19 were
less dominated by the most common causes of morbidity and mortality than in
other underlying causes. Despite this, under diversity at g = 1, the contributory
causes recorded alongside COVID-19 were similar to other leading causes such as
COPD and chronic ischaemic heart disease. While the specific contributory causes
recorded alongside each underlying cause of death are likely to differ, this indicates
a similar degree of variation in the range of secondary causes found alongside each
leading underlying causes of death.

7.4.3.3 The causes of morbidity and mortality recorded most
commonly alongside COVID-19

The ten most common contributory causes of morbidity and mortality recorded
alongside COVID-19 in men and women in Scotland are shown separately for 2020
and 2021 in Figure 7.6. Cardiovascular disease, COPD, non-insulin-dependent dia-
betes and degenerative diseases such as dementia and Alzheimer disease feature
prominently across sexes. Considerable differences in these distributions are evid-
ent between 2020 and 2021, likely reflecting changes in the demographics of those
affected by COVID-19. In both sexes, a reduction can be observed in the proportion
of COVID-19 deaths alongside which degenerative diseases were recorded. Likely
associated with this, the median age of deaths attributed to COVID-19 fell in both
males and females from 2020 to 2021 from 85 to 81 in females and 81 to 77 in
males.
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Figure 7.6: The proportion of the mortality records where COVID-19 was the un-
derlying cause of death on which each contributory cause of morbidity and mor-
tality was recorded (males and females separately in Scotland in 2020 and 2021).

In 2021, the most common contributory cause of morbidity or mortality to be
recorded alongside COVID-19 in both males and females was non-insulin-dependent
diabetes mellitus. In males, this was the result of only a small increase in preval-
ence from 2020 to 2021 (17.7% to 19.4%) while in females it increased from being
recorded alongside 12.1% of COVID-19 deaths in 2020 to 16.5% in 2021. Contrib-
utory causes may appear alongside COVID-19 on death certificates through three
primary mechanisms: either they were underlying causes of ill health present be-
fore COVID-19 infection; they were causes of ill health which occurred due to
COVID-19 infection; or they were causes of ill health which were acquired along-
side COVID-19 infection (for example while in hospital receiving treatment). It is
not possible to determine which of these mechanisms is responsible for the pre-
valence of each of the contributory causes reported in Figure 7.6 however, it is
important to consider that it is possible not all were present before COVID-19 in-
fection.
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7.5 Discussion

The first section of results presented in this chapter aimed to present analysis of
temporal trends in the diversity of contributory causes of morbidity and mortality
recorded on death certificates in Scotland from 2001 to 2021. This was followed in
the second section by an examination of the contributory causes recorded alongside
COVID-19 deaths and a comparison with the diversity of causes recorded alongside
other leading causes. The discussion section of this chapter is structured as follows.
First | summarise the findings of this chapter (Section 7.5.1) , then I reflect on
the interpretation of these findings (Section 7.5.2). Next, | present a comparison
to existing studies (Section 7.5.3), followed by a discussion of the strengths and
limitations of this research (Section 7.5.4). Finally, | discuss the implications of
the research presented in this chapter (Section 7.5.5).

7.5.1 Principal findings

In this section, the key findings of this chapter are presented, structured by the
research question posed in Section 7.2 which they address.

7.5.1.1 What are the national trends in the diversity of contrib-
utory causes of morbidity and mortality in Scotland?

The diversity of contributory causes of morbidity and mortality in both men and
women in Scotland was higher in 2021 than in 2001. This indicates that, over time,
there was greater variation in the diseases and conditions, as denoted by ICD-10 3-
character codes, that were recorded on death certificates. This occurred despite
little change in the average number of causes recorded for each death, other than
an increase in the mid 2010s which is suggested to have been related to the imple-
mentation of the Certification of Death Act (2011) (Scottish Government, 2011).
Much of the increase in diversity occurred from 2001 to 2015 while the average
number of causes changed little. This holds true under the observed distribution
of mortality causes and with garbage codes redistributed to valid causes of mor-
tality. This suggests that the contributory causes of mortality have truly become
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more diverse over the period rather than any increase simply having been associ-
ated with more causes being recorded for each individual. The increase in diversity
in contributory causes of mortality may however, be driven by an increase in the
precision of diagnosis and mortality coding.

Despite the overall increase in the diversity of contributory causes noted in
this chapter, a change in trends is observed in the years following 2015-2016 in
both sexes. In females, this presents as a reduction in diversity across measures
whereas among males, reductions are noted at g = 1 and g = 2 but not at g = .
This implies that following 2015, variation in the range of causes recorded in both
sexes decreased and that among females the most common contributory cause
was found on an increasing number of death certificates. In contrast, in males,
the proportion of death certificates which contained the most common contrib-
utory causes continued to fall. It should be noted that when garbage codes are
redistributed, diversity in contributory causes of mortality is shown to continue
to increase following 2016 in both males and females. This indicates that in fact
the share of death certificates on which the most common contributory cause ap-
pears has continued to fall across the study period. Appendix B.1.4 shows that
when diversity in contributory causes of mortality is measured using a measure of
diversity which explicitly accounts for zero values in the distributions of mortality
causes a reduction in diversity is observed from 2001 to 2010. In the 2010s trends
in diversity under this measure are shown to be similar to under normalised alpha
diversity as discussed in this chapter. This means that under this measure diversity
in contributory of mortality causes fell over the study period.

7.5.1.2 What is the relationship between the diversity of con-
tributory causes and the diversity of underlying mortal-
ity causes in Scotland?

Increases in the diversity of contributory causes were found to be well correlated
with increases in the diversity of underlying causes of mortality described else-
where in this thesis. This implies that, as variation in the underlying causes of
mortality faced by population increased, a more varied set of contributory causes
were recorded. This implies that overall the causes of death recorded on each
death certificate, both underlying and contributory, are becoming more complex
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over time and likely increasingly distinctive for each individual. While this in-
crease in diversity may be associated with an increases in the underlying variation
in causes of ill health in Scotland it should be noted that it may also may be caused
by an increase in diagnostic and mortality coding precision.

7.5.1.3 Were the contributory causes of mortality recorded along-
side COVID-19 more or less diverse than those recorded
alongside other leading causes of mortality in 2020 and
20217

Deaths attributed to COVID-19 are shown to have been the least likely of the leading
causes of mortality in Scotland in 2020/2021 to have been recorded without an
accompanying contributory cause. Further to this, the diversity of contributory
causes of mortality recorded alongside COVID-19 was shown to be higher than the
other leading causes of mortality in these years. This was especially prominent
at more conservative measures of diversity. This means that each non-COVID-19
underlying cause assessed in this chapter had a single contributory cause which
was recorded as a factor in a large proportion of deaths whereas for COVID-19,
no single cause was found on more than 20% of death certificates. Overall this
indicates that in deaths attributed to COVID-19 a wider variety of co-morbidities
were recorded compared to other common causes.

The evidence discussed above indicates that the contributory causes recorded
alongside COVID-19 deaths were more diverse than those for other leading causes.
The most common causes to have appeared alongside COVID-19 are also examined
in this chapter. These were predominated by diseases of the cardiovascular system,
COPD, degenerative diseases and diabetes. From 2020 to 2021, a reduction in the
prevalence of degenerative diseases and an increase in the prevalence of diabetes
is observed in both sexes. The reduction in prevalence of degenerative diseases
may be due to a change in policy regarding old age care homes in Scotland from
2020 to 2021 which aimed to further protect these facilities from COVID-19 (Burton
et al., 2021).
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7.5.2 Interpretation

The increased diversity in contributory causes of mortality noted in this chapter in-
dicates greater variation in the contributory causes which appeared alongside each
underlying cause, meaning that the combinations of co- and multi-morbidities in
the population are increasing in variety. However, over the same period, increases
in the diversity of underlying causes are observed. It can be assumed that, with
some overlap, each underlying cause of mortality has a set of contributory causes
which are commonly recorded alongside it. Therefore, the increase in diversity in
contributory causes may simply be a result of increasing variation in the distribu-
tion of underlying causes in the population.

In this chapter, reductions in the diversity of contributory causes of mortality
at g = « are observed among women in the years following 2016. These reductions
were associated with increasing prevalence of the code R68 on death certificates.
This code has been included among lists of “garbage codes” a term used in the lit-
erature to describe codes which are not useful for public health research (Johnson
et al., 2021; Ellingsen et al., 2022). This highlights an issue of measuring diversity
across all three-character ICD-10 codes as some represent broader and, arguably,
less useful definitions. It may not be of value in the measurement of population
health to use a measure sensitive to changes in these codes. However, it is not-
able that that this cause has been used so often in recent years. It appeared more
than twice as often on death certificates among females in 2021 (7.7%) than in
2016 (3.6%), while in 2001 it appeared on less than 0.05% of records. The doubling
of the records on which this cause appeared followed the introduction of pro-
cedures outlined in the Certification of Death Act (2011) (Scottish Government,
2011). It is unclear why an uninformative ICD-10 code would have become so com-
mon following the introduction of a policy designed to increase the accuracy of
the recording of causes of death. The increase in prevalence of ICD-10 code R68, a
“garbage code”, on death certificates may be an indicator that this goal is not be-
ing achieved. As is observed in Appendix B.2.4; diversity in contributory causes of
mortality continues to increase in Scotland when contributory causes of mortality
are redistributed to valid causes of mortality. This suggests that garbage codes are
masking some trends here and means that variation in the valid contributory causes
of mortality faced by the Scottish population has continued to increase across the
study period.
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Those whose deaths were attributed to COVID-19 in 2020 and 2021 were more
likely to have had a contributory cause of morbidity and mortality recorded on
their death certificate and these causes are shown in this chapter to have been
more diverse than those recorded alongside other leading causes of mortality. This
means that there was greater variation in the diseases and conditions recorded
alongside COVID-19 than alongside other causes of death. Together, the fact that
a contributory cause was recorded more often for these deaths and the higher
diversity of these contributory causes, might suggest that those who died due to
COVID-19 were, overall, less healthy and more likely to have an underlying health
condition than in other causes of mortality. It has been proposed by sources in
the literature that a number of conditions are potential risk factors for COVID-19
(Alkundi et al., 2020; Atkins et al., 2020; de Jong et al., 2021). These conditions
include non-insulin-dependent diabetes mellitus, which is shown to be the most
common contributory cause in COVID-19 deaths in both males and females in 2021.

Another possible explanation for the increased diversity in contributory causes
in COVID-19 deaths is an increased desire for accuracy among the individuals re-
cording causes of death. In other words, physicians and coroners may have been
more likely to be thorough in recording conditions associated with COVID-19 be-
cause of its status as a novel cause of mortality. The regular scrutiny of death
certificates introduced by the Certification of Death Act (2011), which involves
routine review of death certificates, may make this less likely as this process is
intended to increase accuracy across causes.

Finally, the higher diversity in contributory causes of mortality recorded along-
side COVID-19 compared to other leading causes of mortality may be associated
with the demographics of the sections of the population which were susceptible to
COVID-19 mortality. The mortality rate associated with COVID-19 was high across
a wide range of population groups in Scotland including for example across groups
with different racial backgrounds and across deprivation gradients (Amele et al.,
2023; Albani et al., 2022). The sets of morbidities which are common among these
groups will differ markedly (Bhopal et al., 2011). By, in effect, drawing from across
these disparate population groups with their distinct morbidity profiles, deaths at-
tributed to COVID-19 would necessarily accumulate a diverse set of contributory
causes. This effect may be amplified by the fact that COVID-19 caused more deaths
among older people and across population groups, older individuals are likely to
face more co- and multi-morbidities (Salive, 2013).
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7.5.3 Comparison to existing studies

The only previous study of diversity in mortality causes in an MCOD context is
presented by Trias-Llimds and Permanyer (2023). They use methods which assess
the underlying cause of death and contributory causes together and find that in-
creases in diversity in the USA were more pronounced with contributory causes
taken into account. Their study did not assess the diversity of contributory causes
without also considering underlying causes and assessed diversity using coarse-
grained causes. The advantages and disadvantages of using coarse-grained di-
versity are discussed in Chapter 2. The difference between the methods for the
calculation of diversity used in this previous study and those used here presents a
more difficult comparison.

The MCOD framing used by Trias-Llimds and Permanyer (2023) highlights differ-
ences in the entire set of mortality causes faced by each individual whereas this
study generalises this, examining the range of contributory causes across the pop-
ulation. Both approaches have merit, the approach adopted by Trias-Llimos and
Permanyer (2023) specifically makes it possible to make inferences about the vari-
ety of multimorbidities which occur in the population through their focus on sets of
mortality causes, whereas the methods used in this chapter provide insight into the
uncertainty in the range of contributory causes each individual was likely to face
regardless of which causes appear together. The increases in diversity observed in
this chapter indicate increased uncertainty in the individual co-morbid conditions
each individual may develop. On the other hand, the findings of Trias-Llimos and
Permanyer (2023) indicate increased uncertainty in the set of multimorbidities an
individual might face.

In Chapter 4, | discuss the fact that variation in causes of mortality is not a topic
of great concern in the sphere of public health. Variation in contributory causes of
mortality and other indicators of ill-health are, if anything, even less of a factor in
public health decision making. Increasing attention is being paid to changes in the
distribution of causes of ill-health, however, and alongside the research of Trias-
Llimoés and Permanyer (2023) discussed above, Dyson et al. (2021) have presented
a study using the Gini coefficient to examine the cause distribution of DALYs in
regions around the globe. While these studies aim to examine different aspects of
health, with the first focusing on MCOD and the second on the causes of morbid-
ity and ill-health during life, they are both concerned with assessing variation in
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health outcomes other than the underlying cause of death. The results of these
studies and of this chapter are comparable, indicating increased variety in causes
of contributory causes of morbidity, mortality, and ill-health during the 215t cen-
tury. This has the potential to impact decision-making in the resourcing of health
care and public health initiatives as more conditions are occurring more commonly
and must be addressed. These risks remain little-discussed in the public health
policy literature though evidence of this chapter and previous work suggest that
the study of variation in causes of mortality and ill-health may aid in understand-
ing areas and populations where these risks manifest most strongly (Trias-Llimds &
Permanyer, 2023; Dyson et al., 2021).

7.5.4 Strengths and limitations

The results presented in this chapter suggest that measurements of diversity in
contributory causes may be biased by recorded causes which appear commonly
but have little clinical significance. An example of this is noted previously in the
effect of the high prevalence of cause R68 on diversity in contributory causes in
women in the late 2010s. This issue is difficult to address, previous studies of di-
versity in mortality causes attempt to solve it through grouping causes broadly by
ICD-10 chapter. | show through a simple redistribution method in Appendix A.19
that the trends in diversity in contributory causes of mortality reported in this
chapter are also present up to 2016 with with garbage codes accounted for and
redistributed to valid codes. Following 2016, with garbage codes redistributed,
diversity in contributory causes continues to increase while in the observed distri-
bution discussed in this chapter a reduction in diversity is observed. This confirms
that the presence of garbage codes has impacted the trends in diversity and as is
discussed above means that variation in the valid contributory causes of mortality
recorded in Scotland has continued to increase across the study period.

Some in the literature suggest that a source of uncertainty in the study of mor-
tality causes is the accuracy of their recording (O’Malley et al., 2005; Koetsier et
al., 2012). Despite standard national coding practices some regional differences
are though to occur (Lanska & Peterson, 1995). Further variation has been pro-
posed between the individual medical practitioners who record mortality causes
(Lu et al., 2000; Anderson, 2011; Danilova, 2016). These factors have the potential
to bias the analysis presented in this chapter and may be more acute in the case
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of contributory causes where a greater degree of individual judgement between
practitioners may be involved in determining which causes merit inclusion. There
is likely no way to avoid this potential bias in research such as is presented in this
chapter but it should be considered as a factor.

In this chapter, normalised alpha diversity was calculated over a distribution of
contributory causes of mortality extracted from life tables. Through this process,
deaths which had no contributory cause recorded alongside them were in effect
ignored. This presents a limitation of this approach as it means that a case which
occurs with some regularity, a death being recorded with only the underlying cause,
is not accounted for. In future research it would be valuable to compare the results
reported in this chapter against those produced using a measure which explicitly
accounts for these cases.

As noted in Section 7.4.1 and shown in Appendix B.1.4, measuring diversity in
contributory causes of mortality causes using a measure of diversity which expli-
citly accounts for 0 can produce different results to those reported in this chapter.
In Appendix B.1.4 1 only analyse overall trends in diversity in contributory causes of
mortality in Scotland. Given the disparate trends found in this analysis the use of
an alternative measure of mortality causes may affect other conclusions drawn in
this chapter. When measuring diversity it is important to consider the characterist-
ics of the measure of used. In future analysis, it may be considered advantageous
to use a measure which treats zero values differently to those used in this thesis,
in which case the alternative measure of diversity discussed in Appendix B.1.4 may
be of use.

7.5.5 Research implications

This chapter presents this first analysis of diversity in the contributory causes of
mortality in isolation. The increasing diversity of contributory causes found in this
chapter adds to the evidence, presented in this thesis, that the conditions, diseases
and causes of ill-health facing the Scottish population became more varied from
2001 to 2021. Confirmation that diversity in contributory causes of mortality has
increased alongside diversity in underlying causes in Scotland in these years has
implications at the societal level. Treatment and prevention of causes of morbidity
and mortality are necessary no matter where on the death certificate a cause of
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ill-health appears. Therefore, at the population level, the cost to healthcare and
public health systems associated with the increased range of contributory causes
is likely to be just as, if not more, significant than those required to address the
increasing range of underlying causes (Carreras et al., 2013).
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Chapter 8

Discussion

8.1 Chapter overview

Chapter 8 brings this thesis to a close. | begin this chapter with a summary, in
Section 8.2, of the key findings and conclusions of this thesis. Following this, in
Section 8.3, | interpret, discuss and contextualise the implications of the findings
of this thesis. | reflect on the strengths and limitations of the research presented
in this thesis in Section 8.4. In Section 8.5 | give suggestions for future research
directions for the field of diversity in mortality causes and offer two short case
studies on possible avenues for methodological development. Finally, | end this
chapter with a conclusion summarising this thesis as a whole (Section 8.6).

8.2 Summary of key findings

In summary, this thesis has shown that diversity in the underlying and contrib-
utory causes of mortality recorded in Scotland had increased in 2021 relative to
2001; though trends over the study period have fluctuated somewhat. These in-
creases are shown to have occurred more rapidly in males when rare causes of
mortality are accounted for but at a similar rate when considering the most com-
mon causes. Further, trends are shown to be weaker when zero values in the
distribution of mortality causes are considered. Overall, | suggest that increas-
ing diversity in mortality causes, while indicating positive trends at the level of
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the most common causes, may present a challenge for public health and health
care systems. Diversification indicates that diagnostic uncertainty may increase
as physicians encounter a greater variety of causes with potentially overlapping
symptoms. In addition, healthcare and public health systems must spread limited
resources further in order to make gains in population health while economies of
scale lose their power. In later years of the study period, especially following
2015, | show differing trends in diversity in causes of mortality as increases slow
in females and reverse in males. This is potentially worrying as it implies adverse
trends in the prevalence and rate of mortality associated with the most common
causes. A reduction over time in diversity in causes of mortality indicates other
challenges for public health systems. It indicates an increased proportion of mor-
tality due to a smaller number of common causes and means the burden of these
causes on healthcare systems may increase. This increased health care and pub-
lic health burden has the potential to be especially challenging as the very fact
that these already prominent causes are becoming proportionally more common
indicates that public health and medical systems are struggling to address them.

| have shown that the causes of mortality which have driven increasing diversity
in underlying causes of mortality differ considerably between different subpopu-
lations in Scotland by age, area-level deprivation and urban-rural class. However
despite this, trends in diversity are similar across these subpopulations. This means
that despite differing disease burdens, changes in the patterns of mortality oc-
curred in similar ways. Across subpopulations, diversification means an increased
variety of causes must be accounted for at the individual and population level
meaning the adoption of a more holistic approach in public health and medical
care. However, this more holistic approach cannot become too general and there
must be a focus on specialisms in different diseases and conditions in different
subpopulations.

| present evidence that higher life expectancy and lower lifespan diversity over
time are linked to a greater diversity in causes of mortality. However, | also demon-
strate that subpopulations with higher lifespan diversity cross-sectionally exhibit
a higher diversity in causes of mortality, under less conservative mesaures of di-
versity. These findings support existing hypotheses about the relationship between
lifespan diversity and diversity in causes of mortality, although my conclusions dif-
fer slightly from previous research. Specifically, | propose that longer lifespans
and greater diversity in mortality causes have both been driven by the same pat-
terns of mortality, rather than by an older population with more homogeneous ages
at death causing an increase in diversity of mortality causes. | argue that reduc-
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tions in the rate of mortality of the most common causes of death, especially at
younger ages, led to fewer premature deaths; an increase in life expectancy; and
a reduction in lifespan diversity, as well as an increase in the diversity of mortality
causes. No matter the reason for these trends, the increase in diversity of causes
of mortality alongside a population living to older, more homogeneous, ages has
complex implications. On a positive note, it implies that, while the population
faced increasingly varied causes of death, total inequalities in health outcomes
across the population slightly reduced. However, any potential gains to efficiency
in healthcare and public health caused by deaths at more homogeneous ages may
be counteracted by individuals facing a wider variety of causes of mortality.

Finally, in this thesis | have shown that despite myriad proposed cause-specific
impacts of the COVID-19 pandemic, diversity in causes of mortality in Scotland with
COVID-19 excluded from analysis in the years 2020 and 2021 was within the expec-
ted ranges of counterfactual projections. This is shown to be true in deaths across
different age groups and furthermore, the contribution to diversity of each ICD-10
Chapter is shown to have changed little in 2020 and 2021 compared to previous
years. | conclude that, overall, variation in causes of mortality was affected little
by the pandemic and that trends in variation in mortality causes were relatively,
and remarkably, robust to its influences.

8.3 Interpretation and research implications

In this section, | will discuss the findings of the research conducted in this thesis
and interpret their implications within the context of public and population health
literature. This section covers five themes which emerge from the research in this
thesis:

The first theme addresses the interpretation of changes in the diversity of mor-
tality causes and their implications for population and public health (Section 8.3.1).
In this context, | also discuss how the use of fine-grained cause methods, as op-
posed to coarse-grained cause methods, can influence the study of diversity of
mortality causes. Finally, within this theme, | examine the impact of the increas-
ing prevalence of external causes of mortality on the study of diversity in mortality
causes in Scotland.
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The second theme focuses on the implications of the research presented in this
thesis for public health specifically in Scotland, both during the study period (2001
to 2019) and in the future (Section 8.3.2). | conclude this theme with a discussion
of how diversity in causes of mortality may factor into public health discourse
around future burdens on the UK health system.

The third theme explores the relationship between diversity in causes of mortal-
ity and lifespan diversity as it relates to epidemiological transition theory (Section
8.3.3), drawing on the findings of Chapter 5.

The fourth theme discusses subpopulation-level differences in diversity in mor-
tality causes (Section 8.3.4), examining why such differences may manifest.

The fifth and final theme (Section 8.3.5) centres on the COVID-19 pandemic
and how the findings of this thesis may improve our understanding of its impact.

8.3.1 Implications of changes in diversity in mortality causes for
population and public health

Measuring diversity in causes of mortality introduces an interesting question in ana-
lysis of population health. Diversity measures are fundamentally sensitive to the
proportion of deaths due to a particular cause, rather than to absolute numbers
(or rates), therefore: is it better for the rate of mortality of a disease to decrease
or for it to cause a smaller proportion of deaths? The obvious answer to this might
be both; however, for one cause of death to reduce in proportion, at least one
other must, by definition, increase. Given this fact it could be argued that it is
beneficial to achieve improvements in health by the reduction of all-cause mortal-
ity rates through equal proportional reductions in the rate of mortality associated
with all causes of death. For example a 10% reduction in all-cause ASMR might be
achieved through a 10% reductions in the ASMR of each individual cause of death.
If this were to occur, diversity in mortality causes would remain relatively constant
as the distribution of mortality causes shrinks across the board but the proportion
of individuals who die of each cause does not change. This is, of course, not an
outcome which is likely to occur in reality. Furthermore, it is not necessarily a
desirable outcome. It is likely more beneficial for population health and society
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in general to reduce the mortality rate and proportional prevalence of causes of
mortality with the highest societal cost (whether that be financial in medical and
public health settings or through causing a greater degree of suffering and morbid-
ity). This likely means reducing mortality due to common causes of mortality; for
example, heart disease and lung cancer the most common causes of death in Scot-
land have significant societal costs (Lawson, 2013; Jakel et al., 2013; Liao et al.,
2008). It may therefore be the case that the greatest improvements to population
health might come alongside increasing diversity in mortality causes.

The consequences of changes in the diversity of causes of mortality are closely
linked to uncertainty at the individual-level and resourcing at the population-level.
Increasing diversity in mortality causes, as | have observed in Scotland when meas-
ured using normalised alpha diversity, can, generally, be understood as an increase
in uncertainty in the causes of mortality each individual is likely to face and in-
creased variation in causes of mortality across the population as a whole. Such
trends are often driven by reductions in the prevalence of the most common cause
or causes of death. These causes become less likely to be the reason an individual
has died and consequently, other causes become relatively more common. Many
of the improvements to overall health outcomes across the world can be traced to
reductions in mortality associated with the most common causes of death (Omran,
1971; Santosa et al., 2014). There are a number of explanations for these reduc-
tions in mortality. These causes attract a great deal of attention from researchers,
policymakers and public health officials, as well as resources from funding bodies
(Carter & Nguyen, 2012; Stark & Shah, 2017). The combined impact of this at-
tention has been linked to reductions in mortality rates attributed to the common
causes of death, particularly diseases of the cardiovascular system. However, in
addition improvements in health in developed nations in the latter half of the 20t
Century have been linked to a variety of other influences including shifting em-
ployment arrangements and improving living conditions as well as changes in other
social determinants in health (Marmot, 2017; Walsh et al., 2010b). Evolving pat-
terns of tobacco smoking and obesity in Scotland and other developed nations have
also been associated with changing mortality rates due to common causes of death
such as cancers and diseases of the cardiovascular system (Hotchkiss et al., 2014).

At the population level, increasing diversity in causes of mortality means that in
order to make improvements in health practitioners must address a broader variety
of diseases and conditions. This wider purview is described by Bergeron-Boucher
et al. (2020) as a more holistic approach, meaning that the entire distribution of
causes must be considered. This more holistic approach may, however, be substan-
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tially more difficult and more costly to implement, because previously effective
economies of scale in health treatment are likely to be lost. As a result, in ad-
dition to the need to distribute resources across a wider range of causes, a loss
of efficiency will cause these resources to have less of an effect. As discussed
in Section 2.4.2, prevention strategies in public health are likely to be far less
impacted by increasing diversity than more direct treatments. This is primarily
because interventions which aim to prevent the occurrence of ill-health have the
advantage of being wide-ranging and can affect the up-stream causes of a large
number of diseases and conditions at once. In Section 2.4.2 | use the example of
campaigns to reduce the tobacco smoking which, in Scotland and around the world,
have reduced the prevalence of a risk factor which has been linked to: heart dis-
ease, a number of cancers, and strokes. Reducing the prevalence of smoking in the
population has played a large part in reducing the mortality risks associated with
each of these causes of mortality (Critchley & Capewell, 2003). In this way pre-
vention and upstream public health interventions may be insulated from increased
fragmentation in causes of ill-health. The utility of interventions which focus on
prevention also means that the holistic approach described above should not come
at the expense of existing campaigns. Were a shift in focus to mean that causes of
mortality and ill-health which have become relatively rare in our society through
the successes of public heath campaigns become more common it could have grave
consequences for population health. It is therefore, important that the impact of
increased diversity in causes of mortality on population health be considered in
the context of overarching population trends.

At the individual level, increased diversity in causes has been proposed to have
the effect of increasing uncertainty in diagnosis as a wider variety of diseases and
conditions become common and physicians become more likely to come across
conditions which were previously rare (Bergeron-Boucher et al., 2020). This in-
creased diagnostic uncertainty may cause an increased rate of misdiagnosis which
has the potential to result in a reduced quality of care for individual patients.
However, there may be reason to question this interpretation. One explanation
for increasing diversity in mortality causes may be increasing diagnostic accuracy.
As discussed in Chapter 4, if diagnostic accuracy is causing diversity in mortality
causes to increase, it is unlikely that increased diversity in mortality causes will
make diagnosis more difficult. Furthermore, increasingly diagnostic science relies
on computer assistance which is likely less vulnerable the impact of more diverse
causes of mortality on diagnostic uncertainty (Dilsizian & Siegel, 2013). Despite
this it may be possible that diversification in mortality causes could impact cer-
tainty in physician led diagnosis.
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In a situation where all-cause mortality rates and life expectancies are improv-
ing alongside increasing diversity in mortality causes, | suggest the ramifications for
policy and practice are mixed. On the positive side, increased diversity in mortality
causes likely indicates a smaller proportion deaths have occurred due to the most
common cause and that the rates of mortality associated with these causes have
fallen faster than all-cause rates. This suggests that either public health campaigns
or medical interventions/treatments have been effective in their aims of reducing
mortality related to these causes. | show that increases in diversity in the 2000s
were driven by reducing rates of acute myocardial infarction. Reducing heart dis-
ease mortality is a long-standing public health goal in Scotland, and campaigns with
this aim were, to an extent, successful in this period (Critchley & Capewell, 2003;
Critchley et al., 2003; Hotchkiss et al., 2014). However, as discussed in previous
paragraphs; increased diversity in causes of mortality has some negative implic-
ations for healthcare and health improvement even if it comes alongside general
improvements in other mortality measures. These potential individual-level and
population-level consequences, indicate increasing pressure on medical care and
heath promotion systems as well as an increased burden of uncertainty on medical
practitioners.

| suggest that the reductions over time in the diversity of mortality causes ob-
served after 2016 among males in Scotland indicate potential challenges for public
health and healthcare systems, whether overall mortality rates have increased or
decreased. This is because falling diversity in mortality causes likely indicates that
the most common causes of death are becoming, proportionally, more common.
There are three likely outcomes indicated by falling diversity in mortality causes,
each of which is associated with the most common causes increasing in prevalence:
1) mortality rates associated with the most common causes have increased while
those associated with other causes have plateaued or fallen, 2) a new and highly
prevalent cause of mortality has arisen, or 3) mortality rates associated with the
most common cause or causes have changed little but improvements have been
made across the rest of the distribution of causes (therefore, the most common
cause has become proportionally more common). The first of these outcomes is
observed in males in Scotland following 2016, among whom mortality associated
with acute myocardial infarction has increased while the mortality rates of other
causes of death have not changed to the same extent. The second outcome is
observed during the COVID-19 pandemic in Scotland, where the large number of
COVID-19 deaths caused a reduction in the diversity of mortality causes. It is al-
ternatively possible that falling diversity in mortality causes could be caused by
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a simple reduction in the number of causes which are recorded in a population.
However, this is unlikely to occur without being associated with either the first or
third outcome described above, or a change in policy or practice around mortality
recording or healthcare.

A reduction in diversity in mortality causes is, therefore, likely to be associated
with worrying trends in the prevalence of the most common causes of mortality:
the most common existing causes are becoming more common, a new common
cause has appeared, or the most common causes are lagging improvements in other
causes. In each of these cases, the greatest gains in population health are likely to
be made by addressing the most common causes. While other causes should not be
ignored, the more holistic approach needed to address diversification in causes of
death may be less beneficial to direct improvements in overall population health.

To simplify the arguments of this section regarding population-level effects,
changes in the diversity of mortality causes might be thought of from a health eco-
nomics perspective. Increasing diversity in causes means resources for healthcare
and health promotion must be spread wider to make gains in health. In contrast,
falling diversity likely means that greater improvements are possible by a focus
on the most common causes. However, to understand the implications of changes
in diversity in mortality causes it is necessary to examine the overall context of
population health in which such changes have taken place.

8.3.1.1 Measuring diversity in causes of mortality at the fine-
grained level

The potential consequences of increasingly diverse causes of mortality on popula-
tion health and health care systems have been touched upon in research and com-
mentary from a nhumber of perspectives, which will be discussed further in upcom-
ing sections. Despite this, formal measurement of variation in causes of morbidity
and mortality in the literature is, as | have discussed throughout this thesis, lim-
ited. A key methodological difference separates the work of this thesis with most
studies carried out in the 215t century. This disagreement stems from the defini-
tion of a cause of mortality. In this thesis | have presented evidence of diversity
in mortality causes measured across fine-grained ICD-10 three character codes.
This stands in contrast to other studies of diversity in mortality causes in recent
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years which have examined coarse-grained causes, generally grouped together by
ICD-10 Chapter (Bergeron-Boucher et al., 2020; Trias-Llimos & Permanyer, 2023).
| have discussed the relative merits of these approaches previously (Section 2.4.3)
however, it is a point which warrants further discussion here.

A key argument which | raise in Section 2.4.3 for the use of fine-grained cause
methods is the impact of differential degrees of variation within groups of causes.
That is to say that, for example, the diversity of the fine-grained causes of mor-
tality within ICD-10 Chapter Il: Neoplasms is significantly greater than that of the
fine-grained causes within ICD-10 Chapter VI: Diseases of the nervous system (This
can be observed in analysis of monthly diversity within ICD-10 Chapters in Chapter
6). In grouping causes at the level of Chapters this variation is lost.

The evidence | have presented in this thesis provides further support for the
use of fine-grained cause methods. | have shown that, within ICD-10 Chapters,
fine-grained causes of mortality have exhibited varied trends in their contribution
to overall variation in the distribution of mortality causes. Perhaps a key example
of this is among cancers, contained within ICD-10 Chapter Il. Bergeron-Boucher et
al. (2020) present evidence of changes in the proportion of deaths caused by each
group of causes addressed in their study. They suggest that in the UK from 1994
to 2017 “neoplasms” (all of ICD-10 Chapter Il) were among the groups of causes
which saw the largest increase in the share of deaths they caused. However, | have
shown that underlying this, in Scotland, the dynamics of change in the prevalance
of individual cancers was more complex. From 2001 to 2019, lung cancer, the
most common cancer and one of the most common causes of death overall in both
sexes, reduced in prevalence. This meant it contributed to increasing diversity,
as a reduction in dominance in the most common causes increases the evenness
of the distribution of mortality causes. However, concurrently a number of other
relatively less common cancers have increased in prevalence, also contributing
to increased diversity. Overall, while strategies to reduce lung cancer mortality
rates have been successful a variety of other forms of cancer have become, pro-
portionally, more likely to occur as a cause of mortality. Not only does this imply
diversification of causes within Chapter Il but it means screening and treatment
planning for cancers must take the holistic approach discussed previously. The im-
plications of this diversity in mortality causes within-chapters or within-groups are
clearly important and should be accounted for in studies of variation in mortality
causes.
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There are drawbacks to the use of fine-grained cause diversity, some of which
| have discussed in Chapter 7. By including all fine-grained causes of mortality,
garbage codes (for example, R68: “Other general symptoms and signs”, discussed
in Chapter 7) may have an impact on the measurement of diversity. Although
analysis in Appendix B.2 suggests that in most cases the results presented in this
thesis are robust to the effect of garbage codes. Further, it is possible that mul-
tiple codes describing similar causes of mortality which may be considered broadly
homogeneous by medical professionals are treated as completely separate. There-
fore, while | have advocated for the use of fine-grained cause methods in the cal-
culation of diversity it may be most advantageous to adopt a compromise position
as discussed in Section 2.4.3. This could mean causes grouped using a system-
atic rubric for the classification of diseases at a more granular level that ICD-10
Chapter but at a higher level than the fine-grained causes examined in this thesis.
Another possibility would be the use of similarity-sensitive measures of diversity
an approach discussed later, in Section 8.5.

8.3.1.2 External causes of morbidity and mortality

The implications of diversification in mortality causes | discuss in this thesis - frag-
mentation in causes of ill-health and increased diagnostic uncertainty - mostly take
a focus on medical aspects of health. They consider the prevention, diagnosis, and
treatment of diseases and conditions in this medical context (Bergeron-Boucher et
al., 2020; Trias-Llimos & Permanyer, 2023). However, one of the key drivers of
diversification noted in this thesis, especially in more deprived areas and urban
areas, are causes within ICD-10 Chapter XX: External causes of morbidity and mor-
tality. Violent deaths; causes of mortality associated with alcohol and drug abuse;
and suicides have increased in prevalence and mortality rate and have been key to
the increasing contribution of Chapter XX to diversity in mortality causes. The im-
plications of diversity described above do not necessarily apply to these external
causes of mortality in the same way: their increased prevalence is not likely to
lead to increased diagnostic uncertainty as they often occur outside of medical
institutions and present differently to various other causes of ill-health (Augarde
et al., 2022). Despite this, external causes of death impose a significant burden on
the healthcare systems in Scotland, and this burden may intensify if the prevalence
and mortality rate of external causes continue to rise.
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Drug overdoses, suicide attempts and violent actions such as knife injuries can
require significant medical interventions. Much of the focus on reducing mortality
due to these causes is through preventative interventions as well as through pre-
ventative treatment such as rehabilitation and psychological interventions (Rehder
et al., 2021). Efforts spread beyond traditional public health spheres with preven-
tion campaigns including the actions of the police, civil society groups, and other
organisations. This means that while the increases in diversity driven by external
causes might not be expected to have a significant effect on diagnostic uncertainty,
their potential impact on population level resource costs are substantial.

In Scotland, and across the world, increases in the rate and prevalence of deaths
of despair, and external causes of morbidity and mortality more widely, have been
associated with rising economic instability (Guimaraes, 2021; Beseran et al., 2022;
King et al., 2022). In Scotland this has been linked to economic isolation associated
with neo-liberal de-industrialisation policies, especially in the 2000s, and austerity
policies in the 2010s (Allik et al., 2020; Walsh et al., 2010b; DeVerteuil, 2022).

Both upstream and downstream solutions to rising mortality due to external
causes have been proposed. Many downstream programmes aiming to, for ex-
ample, make drug use safer and reduce street violence are in place in Scotland
and across the UK (Leyland & Dundas, 2010; Matheson et al., 2014). The observed
effects of these interventions have been mixed (McAuley et al., 2012). This type of
intervention is likely particularly vulnerable to cost-cutting exercises during peri-
ods of austerity, as well as as a result of increased diversity in mortality causes:
as resources must be spread wider, fewer resources may be available to individual
bespoke programmes.

Upstream proposals, for example wholesale revisions of drug legality and poli-
cing, although they are more difficult to achieve, may more adequately address
rising diversity as they have the potential to reduce mortality from a range of
causes of death at once (Atkinson et al., 2019; Dalgarno et al., 2021). Simul-
taneously, the most radical, obvious, and widely agreed upon solution to reduce
mortality from causes whose rise has been linked to economic instability, including
deaths of despair, is to reduce economic instability (Walsh et al., 2020a). This is
a purported aim of many governing political parties around the world, although
evidence for their success is mixed (Asteriou & Price, 2001). Despite the adverse
health outcomes observed in Scotland in the late 2010s having come alongside fall-
ing diversity in mortality causes, it is still important to consider interventions which
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have wide-ranging effects in terms of the causes they address, even those which
are aspirational such as improving socioeconomic positions. | note in Chapter 2
that public health interventions targeted at prevention are likely to be least af-
fected by increasing diversity in mortality causes. The interventions discussed in
this paragraph are key examples of how prevention campaigns may also be valu-
able in combating increased diversity in causes of mortality. By addressing the root
cause of wide range of causes of ill-health, interventions which improve socioeco-
nomic conditions or other social determinants in health can address increasing the
increasing variety of causes of mortality observed in this thesis. This is in addition
to other improvements to health outcomes achieved through such interventions.

8.3.2 Implications of the findings in this thesis for population
health in Scotland

In the 2000s, opposing trends are observed in lifespan diversity and diversity in
causes of mortality in Scotland. Lifespan diversity in the population fell, only
slightly in females, but to a greater degree in males, while diversity in causes of
mortality, measured using normalised alpha diversity, increased. As discussed in
Chapter 5, this has potentially contradictory implications. Reduced lifespan di-
versity suggests greater equality in age at death, potentially indicating progress
towards more equitable health outcomes. In practical terms, healthcare at the
time of death can be provided for individuals at more similar, and mostly older,
ages. It means that it may be beneficial to provide greater funding in social care
services, old age care homes, and geriatric care in hospital. However, counteract-
ing this, | have shown increasing diversity in causes of mortality, both underlying
and contributory, which indicates that a greater variety of diseases and conditions
must be catered for. In this thesis | have shown that from 2001 to 2010 the drivers
of diversification in causes of mortality were falling rates and prevalences of cardi-
ovascular diseases alongside increasing prevalence of a range of cancers, external
causes and degenerative diseases. Risk factors of these varied causes must be
addressed in the population and treatment for them must be provided which will
probably stretch already limited resources.
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Life expectancies continued to increase and mortality rates continued to de-
crease in Scotland in the early years of the 2010s, although these increases were
considerably slower than in previous years (National Records of Scotland, 2022a).
The results of this thesis have shown that lifespan diversity fell and inequalities
between subpopulations in this measure narrowed until around 2015, indicating
overall improvements in health outcomes and continued improvements in health
equity. However, from the mid-2010s onwards, improvements in many measures
of population health have stalled or reversed in Scotland (Ramsay et al., 2020).
The reasons for these stalling improvements are not fully understood; however,
in the literature, they have been strongly linked to austerity policies introduced
by the government of the United Kingdom in the early 2010s (Walsh et al., 2022).
These policies have particularly been linked to increases in the rate of deaths of
despair as well as other causes which are associated with deprivation and eco-
nomic instability (Richardson et al., 2020). Among other effects, these policies
are thought to have reduced the standard of living of large sections of the popu-
lation and made accessing health-improving influences more difficult (McKendrick
et al., 2016; Garthwaite & Bambra, 2017; Holland, 2017; Macdonald & Morgan,
2021).

Alongside stalling improvements in population health, | find in Chapter 6 that
from 2015 onwards, diversity in causes of mortality fell in males across Scotland.
In Chapter 4, | observe that following 2015 the prevalence and mortality rate of
acute myocardial infarction increased, following years of decline. It has been
suggested, in the literature, that this increase in rate is associated with the effect
of austerity policies (Walsh et al., 2020b). Among females, increases in diversity
in mortality causes slowed across measures of diversity after 2009. Lung cancer
and degenerative diseases are found to have been the most common causes of
mortality in females in the latter half of the 2010s. Mortality rates associated
with these causes are shown in Chapter 6 to have remained relatively constant in
this period. This period of relative stagnation with regard to the most common
causes led to the trend of slower increases in mortality cause diversity among
females. In both males and females, these effects later in the study period are
observed more strongly at more conservative measures of diversity (g values of
2 and ). As suggested in Section 8.3.1, this implies a greater focus is needed
on the most common causes in Scotland. | show in Chapter 6 that reductions in
diversity among men following 2016 were less pronounced at less conservative
measures. Similarly increases to diversity in mortality causes among women were
stronger under less conservative measures of diversity. This indicates that further

250



8. Discussion

diversification at the level of relatively rare causes may be occurring alongside,
and slightly counteracting, adverse trends in the most common causes. Further
evidence of this is the increasing additive value of cancers, deaths of despair and
other external causes of morbidity and mortality (ICD-10 Chapter XX) in this period.

Together, these trends in mortality cause diversity mean a greater variety of
relatively uncommon causes of mortality has been observed at the same time as
adverse (static or increasing) trends at the level of the most common causes. To
address this, renewed efforts to reduce mortality associated with the most com-
mon causes of mortality are needed but must come alongside a recognition of the
widening variety of causes which the population faces. These recommendations
and the work of this thesis are predicated on the study of causes of mortality. | do
not assess the impact of each cause of mortality on society more generally whether
this be through the burden each cause exerts on health and social care systems or
through the impact of each cause on the length and quality of life among the pub-
lic. It is generally accepted in the literature that in order to maximise population
health these factors must be taken into account (Young, 2004; Arah, 2009; Jones
et al., 2019). Therefore, while increasing diversity in mortality causes may pose
challenges for public health and healthcare systems; it is not necessarily true that
diversification itself must be addressed to improve population health.

The trends in diversity in causes of mortality discussed to this point were meas-
ured under normalised alpha diversity under the Reeve et al. (2016) framework.
In Appendix B.1, | examine alternative measures of diversity finding that under
uniformity - a measure related to measures of evenness which explicitly accounts
for zero values in the distribution of mortality causes - there is no clear trend in
diversity from 2001 to 2015, thereafter diversity increases up to the year 2019.
Under this measure diversity in mortality causes in Scotland is found to have in-
creased in 2019 compared to 2001 but the near continuous increases from 2001 to
2015 found under the measures discussed above are not observed. The use of this
alternative measure of diversity is discussed further in Section 8.4.1.1. The find-
ings discussed in this section should be considered in the context of this alternative
measure of diversity under which trends are found to differ somewhat.

Alongside the potential for undesirable consequences arising from increasing
diversity of mortality causes, in this thesis | show increasing lifespan diversity in
the latter years of the 2010s across Scotland in both sexes. Furthermore, | find
increasing inequalities in this measure between subpopulations after more than
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a decade of improvements. This continues long-term increases in deprivation-
related inequalities in variation in lifespan in Scotland which had stalled or slightly
reversed in the 2000s (Seaman et al., 2016a; Seaman et al., 2019). It means greater
inequality in age at death across Scotland, between subpopulations and within
more deprived areas and urban areas.

Alongside diversity in underlying causes of mortality, in this thesis | have presen-
ted trends in the diversity of contributory causes recorded in Scotland. | show that
diversity in contributory causes of mortality has a strong relationship with diversity
in underlying causes of death in Scotland. Previous research has not made these
comparisons directly. Concurrent increases in these measures have the potential
to compound on each of the implications of trends in the diversity of causes of
mortality discussed in this chapter. An increased diversity in underlying causes
of mortality suggests that the diseases and conditions which must be treated and
prevented in a population have become more varied; additional to this, the con-
tributory causes of morbidity and mortality recorded on a death certificate must
also be treated through medical care or addressed by public health interventions.
Increasing prevalence of co- and mutli-morbidities is raised as a concerning trend
in public and population health literatures (Grundy & Stuchbury, 2022; Finucane et
al., 2021). My evidence suggests that not only must health care systems in Scotland
prepare to mitigate an increased rate of multimorbidity. They must acknowledge
that the recorded contributory causes of mortality have become more varied over
time and therefore, a more varied set of multimotbidities may need to be treated.
The analysis | present in Chapter 7 does not explicitly measure the diversity of mul-
timorbidities; that is, | do not explore how commonly each set of multimorbidities
appears together '. Despite this, my evidence points to an increase in variation in
the conditions and causes of ill-health at the time of death across the population
of Scotland.

The cost of ongoing treatment and care for chronic diseases and morbidities in
the developed world is significant (Carreras et al., 2013). The contributory causes
of mortality recorded on death certificates give an indication of morbidities but
do not directly measure them as they only assess conditions which have hastened
or been a factor in an individuals death. Despite this, if the wider variety of
contributory causes is indicative of greater variety in the burden of morbidity in the
population, there may be even greater need for medical care in future than trends

This analysis has been performed by Trias-Llimos and Permanyer (2023) showing an increase in
diversity in the sets of multimorbidities recorded at the time of death in the USA over the 21st
century.
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in the underlying cause of death imply (Brown et al., 2001; Lehnert et al., 2013).
Furthermore, it is possible that the increase in diversity in contributory causes
noted here was, at least in part, been driven by increasing diagnostic precision.
Even with these caveats, the results presented here are an empirical indicator that
the diseases, conditions, injuries and morbidities recorded at the time of death
in the Scottish population have become increasingly diverse, above and beyond
increasing diversity in underlying causes of death.

8.3.2.1 Variation in mortality causes and the burden on the health-
care system

| have shown, through study of diversity in mortality causes, that the causes of
mortality and ill-health faced by the Scottish population have become more var-
ied from 2001 to 2019. An increasingly varied burden on the healthcare system
in the UK has been discussed in the public health literature as a potential future
challenge. Thanks to improved living conditions and health care systems individu-
als are living to longer ages and, crucially, are living for longer with chronic - but
treatable - conditions (Salive, 2013; McKee et al., 2009; Kingston et al., 2018).

Mckee et al. (2021) suggest that increased multi-morbidities in the UK require a
“holistic approach delivered by multidisciplinary teams”. The findings and recom-
mendations of this thesis support this conclusion. Increased diversity in causes of
mortality, both underlying and contributory, should be addressed through a more
holistic approach by health care and public health professionals. Advantages and
disadvantages are offered by the specific health care context within the UK for
addressing the increasingly varied causes of ill-health and multimorbidity. The UK
has a strong generalist primary care approach which is well-suited to addressing
increased variation in the disease burden, however, Mckee et al. (2021) note that:
“the disadvantage, in a country that has somewhat fewer medical specialists than
many others (despite growth in specialist posts in recent years), is that it might
be difficult to obtain specialist expertise when needed”. A number of studies
have suggested that in future multi-morbidities are likely to become increasingly
common and the research of this thesis suggests these multi-morbidities may fur-
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ther have increasingly varied causes (Foreman et al., 2018; Kingston et al., 2018).
Measuring diversity in causes of mortality and ill-health provides a way to assess
variation in the burden of disease on health care systems and may be of value to
future discussion of public health policy.

After 2015, among males in Scotland, an increase in the prevalence (proportion
of deaths) associated with acute myocardial infarction, the most common cause,
has occurred. As | have noted this has potentially contrary implications to in-
creases in diversity in previous years. The generalist approach of the UK health
care system may be invaluable in combating such changes in trends in mortal-
ity cause diversity. This system offers flexibility to treat both the most common
causes and relatively rare causes through a generalist first point of contact (Krin-
gos et al., 2013). However, due to funding and staff cuts, and especially following
the COVID-19 pandemic, access to primary care in the UK has become increasingly
restricted (Douglas et al., 2020; McKee et al., 2021). In future more specialist
health care resources may be needed in the UK to address the increasing variety
of causes of ill-health and mortality. This must, however, be accompanied by a
competent and well-funded primary care service able to respond concurrently to
potential resurgences in the most common causes.

8.3.3 Lifespan diversity, diversity in causes of mortality and the
epidemiological transition

In Chapter 5, | examine and discuss the relationship between lifespan diversity and
diversity in causes of mortality. | show that over time this relationship was negative
and increasing diversity in causes of mortality was associated with falling lifespan
diversity. | suggest that both falling lifespan diversity and increasing diversity in
causes of mortality were driven by a reduced prevalence of the most common
causes of mortality, which reduced in rate most acutely at younger ages. There-
fore, the dynamics of the relationship between lifespan diversity and diversity in
causes of mortality was closely linked to the prevailing mortality patterns in Scot-
land in the study period. It is conceivable, therefore, that this relationship has
differed in the past and might change again in the future as the population under-
goes epidemiological transition.
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The theory of epidemiological transition, described in detail in Section 2.2.4,
aims to explain changes in mortality patterns and population structures over time.
Improving living standards; medical care; and public health systems drive these
changes. Many studies have examined and theorised the link between the epidemi-
ological transition and variation in lifespans. The early stages of the epidemiolo-
gical transition were associated with steady and significant reductions in variation
in lifespans from the late 1800s to around the 1950s (Edwards, 2010; Shkolnikov
et al., 2003; Wilmoth & Horiuchi, 1999). These significant reductions in lifespan
variation lead the field of demography to, broadly, adopt theories regarding pro-
gressions in human mortality which postulated that “mortality compression”, the
concentration of deaths around the modal age at death, would continue indefin-
itely until the upper limit of human lifespan was met (Permanyer & Scholl, 2019).
This is also known as the “rectangularisation hypothesis” which suggests that as
mortality compression occurs and more individuals reach ages closer to the upper
limit, survival curves? would gradually become rectangular (Fries, 1980). At the
point of rectangularisation all deaths occur at the modal age, meaning the probab-
ility of survival is 100% at all other ages and that there is no variation in lifespans.
Progress towards rectangularisation was observed for much of the 20t century,
though following 1950 stalls in reductions in lifespan variation began to be observed
(Permanyer & Scholl, 2019). Some aspects of the rectangularisation hypothesis are
contested, especially as no upper limit to human lifespan has been met and life ex-
pectancy has increased near-continuously in most nations (Robine, 2001). Despite
this it has been fairly consistently shown across the world that increasing life ex-
pectancies are associated with falling inequalities in lifespan (Permanyer & Scholl,
2019).

Historic changes in lifespan variation are underpinned by the dynamics of mor-
tality associated with the epidemiological transition (Robine, 2001). The first stage
of epidemiological transition is associated with high infectious disease mortal-
ity and especially high infant mortality (Omran, 1971). Since infectious diseases
can strike people of any age, deaths were common at all ages, but especially
among young children. As a result, there was high variation in lifespans during
this period, despite low life expectancies. As the epidemiological transition pro-
gresses through it’s second and third stages infectious disease mortality reduces
and non-communicable diseases become more common. Therefore, deaths among
the young are prevented and become less common. However, the leading causes
of death - heart attacks, other cardiovascular diseases, and strokes - commonly
occur at a wide range of ages from late-middle age to old age (Santosa et al.,

ZSurvival curves are graphs of survival probability against age.
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2014; Acosta et al., 2022). However, advances in medical care and public health
have largely reduced premature mortality from such conditions meaning a greater
proportion of the population live to advanced ages, continuing the reductions in
lifespan variation. In the following stages of the transition, mortality from cardi-
ovascular and cerebrovascular diseases decreases, while the prevalence of degen-
erative diseases, which tend to occur at advanced ages, increases, further com-
pressing mortality (Robine, 2001; Omran, 1998).

No study has examined diversity in mortality causes over a wide enough period
to assess changes associated with epidemiological transition. However, based on
the available knowledge, we can speculate on how the epidemiological transition
may have affected variation in the distribution of causes of mortality. At the peak
of each stage of the transition, diversity in causes of mortality was likely relatively
low, as the most common causes of mortality accounted for a large proportion of
deaths. Using coarse-grained methods, we would expect low diversity in the first
stage of transition, as the majority of deaths were due to infectious diseases. How-
ever, over time fewer people died due to infectious diseases. This likely resulted
in diversification in causes of mortality as deaths shifted from infectious diseases
to non-communicable diseases, which were previously less common. However,
over time non-communicable diseases began to be dominant with an ever greater
proportion of deaths occurring due to heart attacks and strokes. This would have
presented as a reduction in diversity, as proportionally, a small subset of causes of
mortality were becoming more common and causing a large proportion of deaths.
In the next stage of the transition, we have evidence from this thesis and earlier
research of a diversification of causes of mortality, as the proportion of deaths
caused by cardiovascular diseases decreased. During this period (late 20t and
early 215t centuries), deaths were redistributed to other causes especially degen-
erative diseases and cancers, increasing diversity. This hypothetical timeline is,
of course, simplified but is illustrative of what might be expected. An interesting
future research direction could be an exploration of diversity in causes of mortal-
ity over the epidemiological transition, although differences in the classification
of disease over time make this challenging.

Over time, therefore, while the epidemiological transition has mostly brought
about near-continuous reductions in lifespan variation it is likely the different
stages of transition have been associated with waves of high, and low, diversity
in mortality causes. The relationship between diversity in causes of mortality and
lifespan diversity | report in this thesis might therefore be expected to differ at dif-
ferent points of transition. Most studies of diversity in mortality causes have found
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increasing diversity associated with falling cardiovascular mortality rates. This is
characteristic of the transition from the third to the fourth stage of Omran’s (1998)
updated theory of transition. Going further back in history, the progression from
the second stage of transition to the third occurred in many developed nations in
the late 1800s and early 1900s. In this period and up to 1950 cardiovascular diseases
became the most common causes of death across the developed world increasing in
prevalence (Thom et al., 1985). The conclusions of this section would suggest that
in these years as variation in lifespan diversity fell over time diversity in mortality
causes would also have fallen. The population was dying at more homogeneous
ages and from less varied causes of death. Therefore the conclusions drawn in this
thesis regarding the relationship between lifespan diversity and diversity in causes
of mortality may not hold in future as patterns of mortality continue to evolve.

8.3.4 Diversity in causes of mortality across subpopulations in
Scotland

Disparities in diversity in mortality causes between urban-rural subpopulations ex-
amined in this study are not found to have a clear pattern across measures. While
more urban areas are observed to have greater diversity in causes under diversity
at g = 1, at more conservative measures of diversity, less variance between these
subpopulations is found and no clear tendency is observed. This evidence indic-
ates that, while the single most common cause of mortality may differ across the
urban-rural gradient, in each year the most common cause of death is responsible
for a similar share of deaths across urban-rural classes. The effects of living in
urban or rural areas (such as exposure to pollution and greater or lesser access to
healthcare or green space among other factors) have been proposed to have wide
ranging and varied impacts on health (Hartley, 2004; Levin, 2003). It is possible
that some combination of these effects contributes to the patterns in diversity
noted here.

When analysing populations by SIMD income deprivation quintiles, diversity in
causes of mortality tended to be higher in more deprived areas when rare causes
are weighted more strongly. However, this was reversed at more conservative
measures meaning that in the most deprived areas, deaths were more dominated
by the most common causes. This has similar implications to the temporal trends
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in diversity in mortality causes across Scotland described in Section 8.3.2. In these
deprived areas, this thesis has shown there is greater uncertainty in the mortal-
ity causes each individual might face but, concurrently, a greater proportion of
individuals face the most common causes of death than in less deprived areas.

In this thesis | have pointed to various cause-specific differences in the bur-
den of mortality faced by different subpopulations in Scotland. Many of these
differences have been discussed broadly in the literature and many studies have
examined the reasons why they exist. Deaths of despair are more common in
more deprived areas and urban areas, leading, combined with other influences,
to greater diversity at g = 1. It has been suggested that higher rates of deaths
of despair, often attributed to self-destructive behaviour such as suicide and sub-
stance abuse, among more income-deprived groups is linked to marginalisation
politically, economically, and in terms of community support (Allik et al., 2020).
Marginalisation in each of these different spheres is proposed to make it more
likely for individuals to engage in self-destructive behaviours and other behaviours
associated with poor health. Interestingly, some of these factors, especially so-
cial isolation, have been linked to higher rates of deaths of despair among rural
populations in the USA (DeVerteuil, 2022). Deaths of despair are shown in this
thesis have a greater effect on the diversity of mortality causes, and be more pre-
valent, among urban populations than their more rural counterparts in Scotland.
This international difference may be due to the interplay of socioeconomic and
socio-geographic factors which differs across nations. That is to say that in some
nations, such as the USA, deprivation is more common in rural areas than it is in
Scotland.

The prevalence of the most common causes of mortality, such as heart disease
and lung cancer, is shown to be higher in more deprived areas. As previously dis-
cussed, the prevalence of the most common causes is likely responsible for much
of the observed changes and differences in diversity. Higher rates of smoking and
obesity have been suggested as a cause of higher rates of cardiovascular disease
in more deprived areas. Although evidence has suggested that even controlling
for these factors cardiovascular disease risk is greater in more deprived areas (Yen
& Kaplan, 1999; Sundquist et al., 2004). Worse access to health promoting in-
fluences, such as safe areas to exercise and access to healthy food, compared to
less deprived areas have been associated with these increased risks (Fleury et al.,
2000). In Scotland, deprived areas have a greater density of fast-food establish-
ments and some of these areas have been shown to have greater density of alcohol
outlets (Ellaway et al., 2010; Macdonald et al., 2018). Greater exposure to both of
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these influences has been linked to poorer health outcomes in these areas. Higher
prevalence of lung cancer in more deprived areas in England has been linked to
higher rates of tobacco smoking (Riaz et al., 2011; Payne et al., 2022). Further-
more, in Scotland, social class has been shown to have an effect on lung cancer
even when the effects of smoking are accounted for (Hart et al., 2001).

The previous research described above explains some of the reasons for the
observed differences in distribution of mortality causes across subpopulations in
Scotland. It does not, however, fully explain the similar rates of diversification
observed between subpopulations in Scotland over the study period. In the 2000s,
despite the causes of disease differing in prevalence across these groups, reduc-
tions in the prevalence of the most common cause and increases in variation in
relatively rare causes occurred at similar rates. | have observed that reductions in
the mortality rate and prevalence of acute myocardial infarction, alongside other
diseases of the circulatory system, were key to increasing diversity, especially at
g = =, in the 2000s. While the magnitude of these reductions in terms of mortality
rate were different, they resulted in similar changes in the proportion of deaths
which were attributed to acute myocardial infarction. This finding, in terms of
mortality rate have been reported previously in the literature, percentage yearly
reductions in the rate of chronic heart disease (CHD) (using a definition encom-
passing ICD-10 codes 110 to 125) in the 2000s have been shown to be greater in
less deprived areas in this period, causing relative inequalities in CHD mortality to
remain relatively constant (Hotchkiss et al., 2011; Hotchkiss et al., 2014). Hotch-
kiss et al. (2014) show that improved and increased medical treatments were
responsible for around half of the improvements to heart disease mortality and
that these advances were implemented relatively equally across the population.
The fact that improvements to health procedures and reductions in medical risk
factors were felt relatively equally across populations may be linked to the similar
increases in diversity during the 2000s.

The study of diversity in mortality causes suggests that improvements to health
were brought about in similar ways across subpopulations in Scotland. Reductions
in the mortality rate of the most common causes were more rapid than reductions
in the all-cause rate, leading to a redistribution in mortality causes and greater di-
versity in causes of mortality. Diversity in causes of mortality was examined in sub-
populations in this thesis in order to assess where the consequences of diversifica-
tion may be felt most strongly. The findings of this thesis show that diversification
occurred at similar rates across all subpopulations. Trends across subpopulations
are, for the most part, also shown to be similar when considering measures which
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explicitly account for zero values in the distribution of mortality and when garbage
codes are redistributed to valid cause of mortality as discussed in Appendix B.1.
However, while | suggest much of this diversification was driven by similar rates of
reduction in the prevalence of common causes, the causes of mortality which saw
consequent increases in prevalence were different across subpopulations. There-
fore, while an increased variation in causes has been faced across the population
the potential interventions needed to address this differs among different groups.

Following 2015, reductions in the diversity of mortality causes are observed
with relatively consistency in deaths among males across Scottish subpopulations.
This is particularly evident under diversity q =  which indicates that the propor-
tion of deaths attributed to acute myocardial infarction has increased at a similar
rate across groups. This is remarkable because many of the proposed reasons for
faltering improvements to health outcomes in Scotland after 2015 are thought to
more harshly affect more income deprived areas. In deaths among females, slow-
ing improvements to diversity at more conservative measures are shown to be
more pronounced in more deprived areas. The most common three-character ICD-
10 cause of mortality among females following 2010 was lung cancer. Lung cancer
mortality rates are known to be high and improvements to these rates are known
to be slow in more deprived areas compared to less deprived neighbourhoods (Hart
et al., 2001; Brown et al., 2019).

8.3.5 The COVID-19 pandemic

In this thesis, diversity in mortality causes in Scotland in 2020 and 2021 with COVID-
19 mortality excluded from analysis, was shown to be within projected counter-
factual trends. This potentially indicates that the COVID-19 pandemic has limited
impact on variation in the distribution of mortality causes when COVID-19 deaths
are excluded. Nonetheless, the effects of the pandemic on population health may
be felt beyond 2021. As discussed in Chapter 6, it has been suggested that a range
of causes of ill-health may become more common due to knock-on effects of the
pandemic. In Scotland and the UK, cancers have been especially prominent in dis-
cussions of future consequences of the COVID-19 pandemic. Despite the efforts of
public health and health care systems screening services for cancers were curtailed
during the most stringent NPlIs, such as lock-downs, and in other periods of the pan-
demic. As | suggest in Chapter 6, measuring the diversity of causes within ICD-10
Chapter Il which includes all cancers may be a useful tool for future research.
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When COVID-19 deaths are included in analysis, | find that diversity in causes
of mortality was reduced compared to previous years under diversity at g = 1 and
g = 2. This is what would be expected given the addition of a new highly prevalent
cause of mortality to the distribution of causes of death. With the introduction
of successful vaccines and improved treatments the mortality rate associated with
COVID-19 has fallen dramatically, both in Scotland and around the world in 2021
and 2022 (Public Health Scotland, 2023). Despite this, at the time of writing, in
2023, COVID-19 still circulates and risks becoming an endemic virus worldwide with
little evidence of willingness or ability to eradicate the disease (Steere-Williams,
2022). Therefore, deaths due to COVID-19 will continue to occur. Future studies
which assess variation in causes of mortality must, therefore, address this when
examining trends over time. Notional 2022 mortality rates produced by the Scottish
Government suggest that COVID-19 was the sixth most common cause in Scotland in
this year. In future therefore, COVID-19 may cease to reduce diversity and become
a net contributor to variation in causes of mortality. This increase in diversity
will reflect that compared to 2018 or 2019, in 2022 the variety, and number, of
causes of death that the population of Scotland faced has increased. This is, in
fact, a ready and obvious demonstration of the implications of increased diversity
discussed throughout this thesis. In 2022, and presumably in the years to come,
alongside all of the causes of mortality previously faced by the population, COVID-
19 mortality must also be treated. This will, and demonstrably has, stretched
healthcare and public health budgets (Cho & Kurpierz, 2020).

| show in chapter 7 that diversity in contributory causes was greater in deaths
attributed to the novel coronavirus than other leading causes. This indicates a
wide range of diseases with possible risk associations with COVID-19 (Atkins et al.,
2020). Given that COVID-19 may remain endemic in societies (Steere-Williams,
2022; Adepoju, 2022), causes of morbidity and mortality which are exacerbated by
COVID-19 may occur more often in the distribution of underlying and contributory
mortality causes. Therefore, the prevalence of diseases for which COVID-19 is
known to increase the risk of death may be higher than expected in coming years
compared to previous trends. The effect this may have on the distribution of
mortality causes, and population health more generally, is unclear.
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8.3.5.1 Short-term population health consequences of the COVID-
19 pandemic

The impact of the COVID-19 pandemic has been a hotly discussed issue in the lit-
erature and the media. This discussion has frequently focused on the concentra-
tion of deaths among vulnerable or frail individuals who may have had underlying
chronic health conditions and would have faced a high risk of death during the pan-
demic, even if the COVID-19 virus had not been present (Cha & Jin, 2020; Drury
et al., 2020; Youd & Moore, 2020). It is not the case that only vulnerable individu-
als or those with underlying health conditions died following COVID-19 infection,
with evidence that mortality occurred in otherwise healthy individuals (Merchant
et al., 2021). However, the majority of deaths occurred among elderly individuals
and in those with underlying health conditions (Banerjee et al., 2020). There has
been some discussion regarding whether this would, after the pandemic, lead to
a lower burden of mortality because of the death of a fraction of the population
who were, previously, at a high risk of death. This argument contends that deaths
which would have occurred in 2020, 2021, or within a short period following these
years, were effectively brought forward therefore, fewer deaths might be expec-
ted to occur in 2022 and later years (Ashkenazi & Rapaport, 2020). This view is not
universally supported and has been discredited by some in the literature (Sridhar,
2020). Claims of deaths being “brought forward” or isolated to the elderly or frail
have especially been challenged following their use to promote reasoning sceptical
of NPIs during the pandemic (Darian-Smith, 2021).

In fact, early evidence from government agencies suggests that in 2022 the rate
of mortality in the UK was in excess of what might be expected given pre-pandemic
trends (Office for National Statistics, 2022). By 2022, the vast majority of UK resid-
ents had been vaccinated against COVID-19, COVID-19 related NPIs had been lifted
and the mortality rate due to COVID-19 had fallen considerably (Hussain, 2022;
Raleigh, 2022). It is suggested that COVID-19 mortality may contribute to some
of the increase in excess deaths but, crucially, COVID-19 mortality rates are not
considered high enough to explain all excess mortality (Raleigh, 2022). Further-
more, analysis has suggested that, in England and Wales, mortality rates of the 10
leading causes of death were within expected ranges in 2022 given previous years
(Raleigh, 2022). Potential reasons for the increase in mortality in 2022 include
a summer heatwave in the UK, but many point to the impact of the pandemic,
particularly on the healthcare system. The NHS has faced effective budget cuts
in the 2010s due to the austerity policies of successive UK Governments. This left
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the NHS ill-prepared for the pressures of the pandemic (Mellish et al., 2020). In
the aftermath waiting lists for procedures and tests have increased dramatically
and across the UK healthcare capacity has been stretched thin. This has been de-
scribed as a crisis widely in the media and has also been tentatively linked to the
rise in excess deaths (Sridhar, 2022; Raleigh, 2022).

The UK is not isolated in experiencing high mortality in 2022 compared to the
years before the COVID-19 pandemic. Statistical reporting agencies have docu-
mented excess mortality of >10%3 in a number of EU nations (Eurostat, 2023) as
well as in the USA and Australia (OECD.stat, 2023) in most weeks (OECD) or months
(Eurostat) in 2022. It is important to approach these remarkable and continuous
excess mortality findings with a degree of caution. Excess mortality is a metric
used to indicate a difference in mortality rates from a standard average. The ex-
cess mortality figures presented in this section are derived from the average rates
recorded between 2015 and 2019. If mortality trends were static, statistically
speaking, we could anticipate mortality rates higher than this average about half
of the time. Nevertheless, the high excess mortality in 2022 in the UK and across
other nations has been greeted with concern (Sridhar, 2022).

In Chapter 6 | discuss the reasons for the limited impact of the COVID-19 pan-
demic on diversity in causes of mortality. | suggest two primary reasons: the
dominance of the most common causes, which did not dramatically change in mor-
tality rate in 2020 and 2021 compared to previous years, and changes in prevalence
among relatively less common causes effectively cancelling each other out. This
overall signifies that there was not an overarching pattern in the impact of the pan-
demic on the distribution of mortality causes. That is to say that, with COVID-19
excluded from analysis, the proportion of deaths attributed to the most common
causes did not increase or decrease dramatically and relatively rare causes did not,
as a whole, become more or less varied.

It remains unclear how the increased mortality rates observed in 2022 will im-
pact the distribution of mortality causes. By examining the diversity of mortality
causes in 2022 in Scotland, as well as across the UK and internationally, we can
assess whether high mortality rates were driven by increases in the prevalence of

3An excess mortality of 10% indicates that the number of deaths recorded was 10% higher than
an average based on the years 2015-2019.
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the most common causes or by more rare causes occurring more often. Moreover,
through examining the contribution of causes of mortality to diversity in 2022 it
may be possible to assess the contested claim that deaths among the elderly and
those with chronic may have been “brought forward” during the pandemic.

8.4 Strengths and limitations

8.4.1 The measures of diversity used in this thesis

In this thesis, diversity in causes of mortality is examined using measures of di-
versity proposed in the Reeve et al. (2016) framework described in Chapter 2. This
thesis presents the first use of these diversity measures in the study of diversity in
mortality causes. While the use of this framework has become increasingly wide-
spread in the ecological literature it is not, yet, a standard in the field. It might
be argued therefore, that other, more established, measures should be applied to
the study of diversity in mortality causes.

The measures described in the Reeve et al. (2016) framework were chosen
because of three primary features which, when combined, offer advantages over
the enormous range of other measures of diversity in the literature. First, they
describe diversity with meaningful units using the “effective number of types”
formulation which, unlike other diversity measures, is mathematically intuitive
and produces values which are directly comparable across populations. Secondly,
this framework offers the ability to use the viewpoint parameter, g, to vary the
importance of the prevalence of types to assess different aspects of variation in
a distribution. This makes it possible to examine changes in the distribution at
the level of rarer types as well as the most common types using measures which
are analogous in their mathematical formulation and performance. This made
it possible for me to examine trends in variation in the least and most common
causes of mortality and identify diverging trends such as in the latter years of
the 2010s in Scotland. Finally, the framework is flexible in its application, al-
lowing for the range of research presented in this thesis using a number of meas-
ures: naive-similarity subcommunity normalised alpha diversity in causes of mor-
tality and lifespans; similarity-sensitive subcommunity normalised alpha lifespan
diversity; and the measure of similarity-sensitive metacommunity gamma diversity
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used in the creation of a similarity matrix for analysis of lifespan diversity. The
Reeve et al. (2016) framework describes several other measures which have po-
tentially promising applications in the study of diversity in mortality causes or age
at death, some of which are discussed in Section 8.5. These measures use the
same notation and can be used in conjunction to address a wide array of questions
relating to variation in distributions both across populations and between subpop-
ulations. While other systems for measurement of diversity provide some of the
benefits described here, the Reeve et al. (2016) framework is effectively unique
in combining them in a unified framework.

8.4.1.1 Alternative measures of diversity

In Appendix B.1, | explore the use of alternative measures of diversity in the study
of diversity in mortality causes. One of these measures, uniformity, is distinct
in that it explicitly includes zero values in the distribution of mortality causes in
the calculation of diversity. A zero value occurs in the distribution of mortality
causes if a cause of mortality occurs in the data set but does not occur in every
year. In any year where this cause does not occur, it is assigned a zero value in
the distribution of mortality. Uniformity explicitly accounts for and is sensitive to
these zero values. Due to the use of fine-grained causes zero values occur regu-
larly in the distributions of mortality examined in this thesis. Zero values would
occur less often were coarse-grained causes to be analysed. Most measures of di-
versity used in the literature are not sensitive to zero values, instead measuring
variation in the causes of mortality which occur in each year (or to be more exact,
in measuring variation in the distribution of types in each community) in isola-
tion (Shannon, 1948; Reeve et al., 2016; Simpson, 1949; Berger & Parker, 1970;
Mitchell, 2019). As discussed in Appendix B.1 this measure bears relation to meas-
ures of evenness. Under this alternative measure of diversity, trends in diversity
in underlying causes of mortality across Scotland are shown to differ slightly from
those reported in the body of this thesis, with no clear trend in diversity up to 2015,
followed by a marked increase in diversity in causes of mortality. This means that
overall, diversity under this measure was higher in 2019 than in 2001 but that the
trend for near-continuous increases up to 2015 found in Chapter 4 of this thesis
is not observed. Similar differences in trend are observed in analysis of diversity
in underlying causes of mortality in Scottish subpopulations. Greater differences
are observed when examining diversity in contributory causes of mortality where a
negative trend is found under uniformity from 2001 to 2010. In Chapter 7 | find that
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diversity in contributory mortality causes increased in this period using normalised
alpha diversity. Following 2010 trends under both uniformity and the measures
used in Chapter 7 are shown to be similar with increases up to 2015 followed by
reductions in diversity in females and a plateau in males.

Measures of diversity which do not account for zero values are the conventional
standard in measuring diversity in mortality causes. Indeed none of the studies of
mortality cause diversity found in the literature review described in Section 2.4 use
measures which account for zero values. However, some may consider it advant-
ageous to utilise measures which do account for zero values such as uniformity. |
have shown, in Appendix B.1, that in most cases, the overall patterns in diversity
in the years 2001 to 2019 are comparable to those discussed in the body of the
thesis. However, the distinct trends observed under this alternative measure of
diversity should be taken into account when considering the results of this thesis.

8.4.2 The use of ICD-10 three-character codes

In using all of the three-character codes assigned to deaths within Scotland, this
study includes codes which are uninformative with regard to the true cause of
death. These codes are often described as ‘garbage codes’ in the literature and
are regarded as not being useful for population health research (Johnson et al.,
2021; Ellingsen et al., 2022). Including these codes in analysis is potentially prob-
lematic because if they are associated with changes in diversity in mortality causes
it would not be meaningful or useful in a population health context. In Appendix
B.2, | perform a simple redistribution, assigning deaths attributed to garbage codes
to valid causes of mortality, and calculate diversity under this altered distribution
of mortality causes to examine the sensitivity of the results in this thesis to garbage
codes. | perform this analysis for underlying causes of mortality in Scotland at all
ages, and in deaths within twenty year age ranges and in deaths at all ages in Scot-
tish subpopulation. | also perform this analysis for contributory causes of mortality
in deaths at all ages across Scotland. Under this analysis the trends in underlying
mortality cause diversity across Scotland and in Scottish subpopulations noted in
Chapter 4 are found to be upheld. This suggests the conclusions of this thesis re-
lated to these trends are robust to the impact of garbage codes inn the distribution
of mortality causes. When examining diversity in contributory causes of mortality,
redistribution of deaths assigned to garbage codes is found to have limited impact
on trends from 2001 to 2015. However, following 2015 diversity in contributory

266



8. Discussion

causes of mortality with garbage codes redistributed continues to increase up to
2021, whereas in the observed distribution a reduction in diversity is observed
following 2015 in females and diversity plateaus in males. Therefore, under this
alternative analysis diversity in contributory causes of mortality increased across
the study period indicating an increase in variation in the valid causes of mortality
recorded in Scotland. The impact of garbage codes should be considered when
assessing the conclusions of this thesis and it is likely advantageous in future re-
search to explicitly account for garbage codes in analysis of diversity in mortality
causes.

8.4.3 Accuracy in diagnosis

The accuracy with which the cause of each death is recorded is of key importance
to the measurement of diversity in mortality causes. Should misclassification of
causes be occurring on a large scale, it has the potential to hugely impact any con-
clusions drawn from research into the distribution of mortality causes as presented
in this thesis. Studies have shown that there is considerable risk that the mortality
recording in medical settings is not completely accurate (D’Amico et al., 1999;
Zellweger et al., 2019). Legislation such as the Certification of Death Act (2011)
in Scotland has aimed to ensure accuracy in diagnosis but there is still a risk that
the causes of death examined in this thesis have been misclassified. It is difficult
to envisage a method to address this misclassification without wholesale audits of
mortality records.

8.4.4 The Scottish index of multiple deprivations

The Scottish Index of Multiple Deprivations (SIMD) is one of the most widely used
measures of socioeconomic deprivation in research based in Scotland. While not
without its detractors and limitations, the SIMD is generally considered to be the
most advanced method for assessing area-level deprivation in Scotland (Clelland
& Hill, 2019). The SIMD is an area-level measure of deprivation, which uses index
scores calculated for small areas to assign a value for deprivation to geographic
districts (Clelland & Hill, 2019). The use of area-level deprivation measures has
been criticised in the literature because, by design, they are not indicators of the
level of deprivation each individual faces. This means that some individuals who
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would not be classified as facing deprivation but who live in relatively more de-
prived areas are designated as facing higher relative deprivation because of the
area they live in. By the same mechanism some individuals who face material
deprivation will be included in “less deprived” areas as they have neighbours in
a better socioeconomic position (Lupton & Tunstall, 2003). The Scottish Govern-
ment advice on the use of SIMD measures highlights this: ‘not everyone living in
a deprived area is deprived, and not all deprived people live in deprived areas’
(The Scottish Government, 2017). Significant variation has been shown in the pro-
portion of deprived individuals captured by SIMD across Scottish regions (Clelland
& Hill, 2019). It is therefore possible that a degree of ecological fallacy is intro-
duced by the use of these area-level measures in this thesis. Nevertheless, the use
of area-level indicators is widespread in the literature, and most sources agree
that despite the limitations discussed above, they are appropriate for the study of
health inequalities.

One approach to overcome ecological fallacy would be the use of individual-
level indicators of socioeconomic position. Unfortunately, it was not possible in the
scope of this thesis to link any such indicators, for example educational attainment
or social class, to mortality data. Even if this were possible, these approaches are
not without their own limitations (éwigost, 2017; Kashem et al., 2019; Ingleby
et al., 2020). A leading limitation of these indicators, and strength of area-level
indicators, is that independent of an ones personal circumstances, the area in
which one lives has a large impact on an individual’s health (Dankwa-Mullan &
Pérez-Stable, 2016).

8.4.5 Life tables

The calculation of life tables introduces certain demographic changes in the distri-
bution of deaths within a population. This is discussed in Chapter 5 where the rel-
ative advantages, and disadvantages, of using life tables while assessing variation
in age at death are examined. For example, in Scotland, the available population
data ends with an open-ended age class at 90+. In order to calculate life tables, it
is necessary to model mortality at ages older than 90. The modelling process has
the effect of artificially extending the distribution of deaths to older ages. The
approach for modelling these older age mortality rates used in this thesis is con-
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sistent with standard practice (Seaman, 2017; Wilmoth et al., 2022). Life tables
are generally promoted for use in population health analysis because they produce
theoretically comparable study populations and account for biases in population
structure.

In Results Chapters 4, 5 and 7, diversity in mortality causes is calculated using
multiple decrement life tables while in Chapter 6, observed mortality data is used.
Chapter 6 used different methods because diversity in causes of mortality was cal-
culated in each month rather than across years. The number of deaths in each
month was considered to be too small to reliably calculate life tables. Methods
have been proposed in the literature to further model mortality rates and produce
estimated life tables. However, in Chapter 3 (Methods), both life table and ob-
served data methods for the calculation off diversity in mortality causes are shown
to produce qualitatively similar results. Therefore, observed data were used in
Chapter 6. For diversity in causes of mortality, the use of life tables, is found to
have little effect on the calculation of diversity, suggesting that their use may be
an unnecessary complication and source of uncertainty.

8.5 Future research directions

This section begins with a discussion of future research directions for the field of
study of diversity in mortality causes. This is followed by a section of short case
studies on specific methodologies which may be worth exploring further in future
research.

This thesis has presented research on diversity in mortality causes in Scotland.
Novel methods have been applied to this study which have potential to be explored
in a wider range of contexts to further understanding of variation in the distribution
of mortality causes. The work in this thesis adds to the evidence base regarding
diversity in mortality causes within low-mortality, developed nations. All but one
of the previous studies of diversity in mortality causes found in Chapter 2 has ad-
dressed the distributions of causes in either European nations, the USA, Japan,
Australia or a combination of these countries. Ascaso-Terrén et al. (1988) is the
only previous study to have examined diversity outside of this group by addressing
deaths in Chile, Thailand, Egypt, Israel and Cuba alongside European nations and
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the USA. The prevailing causes of mortality faced by populations vary a great deal
across the world especially in regions where people face higher mortality rates and
poorer health outcomes (Bollyky et al., 2019). Further exploration of the diversity
of mortality causes among populations outside of the low-mortality, mostly West-
ern nations that research in this area has been focused on could provide valuable
information on how resources should be best focused to address poor health out-
comes in these populations. If diversity in mortality causes in these nations is found
to be lower than in the previously studied populations then a focus on the reducing
the prevalence of most common mortality causes might provide the greatest be-
nefit. Whereas should diversity in causes of mortality prove to be similar or even
higher among these populations then a more holistic approach, focusing on a wide
range of causes, should be adopted to provide the greatest benefit. Further to
these potential direct insights, study of variation in causes of mortality in popu-
lations across the world may help inform theories of epidemiological transition in
populations where traditional models have been found to be insufficient (Santosa
et al., 2014).

Some of the most recent advances in the study of variation in lifespans has come
from the examination of variation in healthy lifespans, meaning that the length
of time each individual spends in a state of full health is considered rather only
the length of their life (Permanyer et al., 2022). Extending analysis of diversity to
causes of disease and morbidity affecting populations during life is a logical parallel
here. This would provide similar insights to those gained from the study of diversity
in mortality causes. Increased diversity in lifetime diseases and morbidities would
indicate greater individual-level uncertainty in the conditions one might face and
mean healthcare and public health resources must be spread to treat and prevent
a greater variety of causes. However, a framing which extended to the study of
causes of poor health during life could help to address the increasing acknowledge-
ment in the literature of the importance of health across the life course (Mitchell,
2005). This framing could further address concerns regarding the ability of clin-
ical measures of health including those based on the measurement of mortality to
tackle ill-health during life (Halfon & Hochstein, 2002). Dyson et al. (2021) have
presented research related to the study of variation in causes of disease burden
measuring the Gini coefficient of the distribution of cause-specific DALYs in various
regions across the world extracted from the Global Burden of Disease study. The
authors find reductions in the concentration of DALYs around the leading causes
from 1990 to 2018. The methods employed by Dyson et al. (2021) are informative
with regard to concentration among the leading causes and reranking of causes
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(i.e. causes moving higher or lower on a list ranked by prevalence). However, the
application of diversity measures to this data can expand the scope of study into
variation in the distribution of causes of ill-health. A possible approach to address
this is to calculate diversity in the distribution of DALYs by cause.

Beta diversity is defined as the diversity between subcommunities within a
metacommunity. That is to say, the differences (or similarities) in the causes of
mortality faced by different groups rather than the variation within those groups.
Previously, Trias-Llimos and Permanyer (2023) have used what is effectively a beta
diversity measure to compare the contribution of changes in diversity of causes
within subpopulations of the USA grouped by educational attainment (alpha di-
versity) to changes in the diversity between these groups. They suggest that in-
creased diversity in causes across the US population was driven more by changes
between educational attainment groups than within them. These methods have
potential in the study of inequalities between groups of the population making it
possible to examine whether inter- or intra-group variation was a greater driver
of changes across the population. It is also possible to apply these beta diversity
measures to the distribution of ages at death to conduct similar analysis.

The Reeve et al. (2016) framework under which diversity is calculated in this
thesis presents four different measures of subcommunity beta diversity. The de-
rivation of these measures is explained in detail by Reeve et al. (2016) and in
the thesis of Mitchell (2019). These measures assess different aspects of between-
group diversity. A particularly promising measure in the study of diversity in mor-
tality causes is representativeness (normalised beta diversity (reversed)), which
describes how typical the distribution of mortality causes within a subcommunity
(e.g. a council area, region, or deprivation quintile) is of the distribution of mor-
tality causes across rest of the metacommunity (e.g. Scotland). It is maximised if
the distribution of causes in a subcommunity is identical (in terms of the causes
present in the distribution and the prevalence of each cause) to that of the meta-
community. Conversely, it is minimised when the causes of death within a subcom-
munity are not found in any other subcommunity which makes up the metacom-
munity. Representativeness measure may be valuable where little prior knowledge
exists on the relative health of subpopulations to identify groups which have par-
ticularly unusual distributions of mortality causes and patterns of health.
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8.5.1 Brief case studies of future research possibilities

This section presents short reports detailing potential future directions for research
into diversity in mortality causes. These reports present work carried out during
the completion of this thesis that is in addition to the research questions addressed
in this work. The first, Section 8.5.1.1, presents a possible route to apply the use
of similarity-sensitive measures in analysis of diversity in mortality causes. In Sec-
tion 8.5.1.2 | discuss the issues presented by the study of diversity in mortality
causes (or indeed lifespan diversity) among small populations and present a pos-
sible method for overcoming these issues. The methods utilised and the findings
of these case studies of are explained in detail in Appendix E.

8.5.1.1 Similarity-sensitive diversity in causes of mortality

8.5.1.1.1 Background Throughout this thesis diversity in causes of mortality
has been measured using naive-similarity measures. These measures treat each
cause of mortality as entirely distinct. In Chapter 5 similarity-sensitive measures
were used in the study of lifespan diversity. These measures have not previously
been applied to diversity in causes of mortality. Causes might be considered more
closely related if they are within the same ICD-10 Chapter or if they are associ-
ated with the same risk factors. In acknowledging similarity between causes it is
possible to bridge the gap between fine-grained cause diversity, as used in this
thesis, and course-grained cause diversity which has been used more widely in
studies of diversity in mortality causes in the 21st century. Previously issues re-
lated to the use of fine-grained ICD-10 codes in the calculation of diversity have
been discussed. These stem from the fact that these codes do not necessarily in-
dicate “equal” causes of mortality, some may have wider definitions than others
for example. Some studies of diversity in mortality causes group causes together to
overcome this however, in doing this variation between fine-grained causes is lost.
These limitations are addressed in Chapter 2. Using similarity-sensitive measures
might make it possible to address issues related to fine-grained cause diversity
without entirely losing the detail of variation at the level of fine-grained causes of
mortality.
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The selection of a suitable framework for addressing similarity between causes
of mortality requires further research. The properties of similarity-sensitive meas-
ures in the context of diversity in mortality causes should be examined and these
measures validated before they are used in earnest in the study of population
health. Appendix E presents a possible avenue for the application of similarity
with similarity informed by the structure of ICD-10 categorisation.

8.5.1.1.2 Implications for future research Trends in the similarity-sensitive
diversity of mortality causes are found to be similar to those in naive-similarity
diversity presented previously in this thesis. The most notable deviation is that
changes in trends at diversity in mortality causes at g - « in the 2010s are more
pronounced under similarity-sensitive measures. The use of similarity-sensitive
measures of diversity in analysis of mortality causes has the potential to solve sev-
eral of the issues raised by the dichotomy between fine-grained cause diversity
and coarse-grained cause diversity discussed in Chapter 2. By producing a more
meaningful similarity matrix, through a more systematic process of linking causes
than the ICD-10 categorisation used here, future research can account for the fact
that fine-grained causes are not necessarily descriptive on the same level. How-
ever, unlike grouping causes this method would preserve variation in prevalence
between fine-grained causes. Producing a similarity matrix which more method-
ically addresses the relations between each of the more than 1,700 ICD-10 three-
character codes was beyond the scope of this thesis. These methods may however,
be a valuable tool for future research.

Another reason that similarity-sensitive methods were not employed in this
thesis and a key drawback to the use of similarity-sensitive measures is that it
complicates any study of the causes which have driven changes in diversity. While
under naive-similarity diversity each cause of mortality is treated separately and its
contribution to diversity can be understood in isolation, similarity-sensitive meas-
ures mean that the contribution of each cause to diversity is dependent on its
relation to other causes as well as its prevalence. These concerns are not insur-
mountable but require further study and the adaptation of methods (such as addit-
ive value analysis as introduced in this thesis) to suit similarity sensitive methods.
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8.5.1.2 Diversity in the study of population health in small pop-
ulations

8.5.1.2.1 Background The measurement of diversity in any system can be biased
by the size of the study population as discussed in Section 3.3.3.2. This limits
the direct measurement of diversity in mortality causes among small populations.
It may be desirable to examine diversity among small populations to investigate
place-based determinants of health or to assess differences between small subsets
of the population. Various influences of area in which one lives have been linked
to health including access to green space, the influence of the built environment,
access to healthcare, and air pollution (Campbell et al., 2000; Dankwa-Mullan &
Pérez-Stable, 2016). Addressing how these factors affect variation in the distribu-
tion of mortality causes would be made possible through analysis of mortality at
the level of individual communities and small populations. While deaths and pop-
ulations have been assigned to datazones in Scotland in this thesis these datazones
were then aggregated into larger groups for analysis.

The measurement of diversity in mortality causes (and/or ages at death) within
small populations can aid in research related to a number of other research gaps.
One key area mentioned in this thesis is the comparative effects of the urban-
rural gradient and socioeconomic deprivation. To examine this it would be ideal
to measure diversity in mortality causes at the level of small-area geographies, for
example, census districts or other administrative geographies. Socio-geographic
and socioeconomic factors vary across these small communities making study of
the effects of various influences on diversity in mortality causes possible.

Having the ability to reliably measure diversity in mortality causes within small-
area geographies would also enable study of geographic variation. Understanding
how diversity in mortality causes varies geographically could potentially help in-
form public health planning. Areas with higher diversity in causes might benefit
from more public health spending on a wider variety of causes whereas in areas
with low diversity in mortality causes greater gains in health might be made by
focussing on the most common causes.
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In order to study diversity in the causes of mortality among small populations
| suggest the use of “random resampling” methods. This relies on examining the
distribution of causes of death within small populations as a part of a larger pop-
ulation. Here, as an example, | examine the diversity of mortality causes within
postcode sectors in Scotland, these are administrative geographies with average
populations of around 5,000 individuals (Brown et al., 2014). An algorithm is used
to reassign the cause of each death within each postcode sector. For each indi-
vidual a cause is sampled, with replacement, from the distribution of causes in
individuals of the same age and sex across Scotland with likelihood based on the
prevalence of each cause in this distribution. Diversity in the sampled causes of
mortality for each postcode sector can then be calculated. This process is then
repeated over a set number of iterations and an average of the diversity in each
postcode sector is calculated. This produces an estimate of how diverse the mor-
tality causes of each postcode sector would be expected to be given the number
of deaths and the sex and age of those who died.

Appendix E demonstrates an example of the random resampling method de-
scribed above. The distributions of mortality causes among deaths in the years
2001 to 2005 in Scottish census postcode sectors are examined. The algorithm
described in the previous paragraph is applied to these distributions and the res-
ampled “expected diversity in mortality causes” is compared to the observed di-
versity in mortality causes in deaths within these small-area geographies.

8.5.1.2.2 Implications for future research Notable variation from expected
diversity in mortality causes is observed in many postcode sectors. Further a po-
tential tendency for more deprived areas to have less diverse causes of mortality
than would be expected given the age and sex structure of the area. Measuring the
diversity of mortality causes in small-area geographies such as postcode sectors or
within other small subsections of population is complicated by small numbers of
deaths. However, examining diversity at this level may be beneficial to answer
research questions related to place-based or localised health determinants or to
examine spatial variation in mortality cause diversity at small scales. In this sec-
tion | have proposed a potential method for future research in this area allowing
for analysis of diversity among small subpopulations. Further development of the
methods described here might include addressing economic deprivation or other
determinants of health in the resampling process. This would involve choosing
the cause of mortality for each individual from the distribution of causes faced by
those at the same age and sex who died in areas with similar levels of deprivation.
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Analysis of whether an area was more, or less, diverse than expected given both
the age and sex structure of the population and the relative level of deprivation
in the area would then be possible. Under the methods described in this section
addressing diversity in causes of mortality at small populations is made possible.

8.6 Conclusions

Measuring diversity in causes of mortality offers insight into the distribution of mor-
tality causes and patterns of mortality which are not possible through all-cause or
cause-specific analysis. In this thesis | have proposed novel methods for measur-
ing diversity in mortality causes and lifespan diversity which may be of benefit
to the field in future allowing for more robust comparison between populations,
more comprehensive analysis of the contribution of fine-grained causes of death
to overall diversity and clearer interpretation of results. Using these methods, |
have examined the diversity in causes of mortality across Scotland and in subpopu-
lations. Furthermore, | have explored the relationship between diversity in causes
of mortality and lifespan diversity. Finally, | have examined the impact of the
COVID-19 pandemic on variation in causes of mortality.

In conclusion, | have shown that the measurement of diversity in causes of mor-
tality is a useful tool for analysis of patterns of mortality and population health. |
have presented evidence that diversity in mortality causes was higher in 2019 than
2001 across Scotland and across subpopulations. Diversity in mortality causes is
shown to be patterned complexly across subpopulations although, in most groups,
trends over time in diversity were similar. In more deprived areas and urban areas
diversity in mortality causes was higher when rare causes are weighted heavily
but in more deprived areas the most common causes were more prevalent. | have
demonstrated that improvements in population health, such as increasing life ex-
pectancies and falling lifespan diversity, in the 2000s were associated with a diver-
sification in causes of mortality. | suggest that each of these trends were driven by
falling mortality rates and prevalences of the most common causes of mortality.
However, | have noted worrying trends in population health in Scotland since 2015.
Alongside stalling life expectancy and increasing lifespan diversity diversification
in causes of mortality has stalled in females and reversed in males. This was evid-
ent before the COVID-19 pandemic and disruption due to the pandemic may have
the effect of worsening these trends in coming years. However, | have shown that
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variation in causes of mortality with COVID-19 deaths excluded was consistent with
previous trends during the COVID-19 pandemic. Measuring diversity in causes of
mortality, using the methods proposed in this thesis, can be an essential tool in
studying such disruptions in population health and may provide valuable insights
for policy.
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Appendix A

Supplementary tables and figures

A.1

Nations examined in international studies of di-

versity in causes of mortality.

Paper

Nations studied

An ecological approach to causes of
the Shan-
non index of diversity, Ascaso Terrén,
Canela Soler, Sentis Vilalta, 1988
(Only available in Spanish)

death in 14 countries:

Egypt, Chile, Cuba, USA, Israel, Ja-
pan, Thailand, France, Italy, Por-
tugal, Sweden, Yugoslavia, Austria,
Spain

Secular Changes of the Concentration
of Neoplasm Death Causes in the Male
Population of Some Countries, /zsdk,
1988

England and Wales, Norway, Finland,
Hungary, Japan

Comparative Analysis of Death Cause
Diversity Curves in Various Countries,
Izsdk, 1993

England and Wales, Norway, Finland,
Hungary, Japan

Diversification in causes of death in
low-mortality countries: emerging
patterns and implications, Bergeron-
Boucher, Aburto, van Raalte, 2020

Australia, Austria, Belgium, Canada,
Denmark, Finland, France, germany,
Japan, Netherlands, Spain, Sweden,
Switzerland, United Kingdom, USA
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A.2 The number of causes recorded in each ICD-10

Chapter in men and women across Scotland and

the percentage of all-cause ASMR associated with

causes within that Chapter in 2001 and 2019.

Chapter Number of individual causes Percntage of total ASMR
2001 2019 2001 2019
Females
I: Infections 0.96% 1.20% 29 25
[I: Neoplasms 25.60% 28.03% 97 95
[1l: Blood 0.24% 0.31% 17 17
IV: Metabolic 1.53% 2.20% 22 23
IX: Circulatory 40.30% 24.02% 57 56
V: Mental 4.84% 8.75% 15 17
VI: Nervous 2.27% 7.86% 29 35
VIII: Ear 0.00% 0.00% 1 1
X: Respiratory 11.85% 11.76% 29 32
XI: Digestive 5.19% 5.78% 45 44
XIl: Skin 0.21% 0.44% 10 12
XIII: Musculoskeletal 0.91% 0.88% 31 32
XIV: Genitourinary 1.87% 1.86% 27 24
XV: Pregnancy 0.01% 0.01% 1 2
XVI: Perinatal 0.24% 0.13% 22 12
XVII: Congenital 0.25% 0.22% 24 23
XVIII: NEC 0.75% 1.76% 14 17
XX: External Causes  2.96% 4.79% 82 79
VII: Eye 0.00% 0.00% 0 1
Males
I: Infections 0.98% 1.17% 29 32
II: Neoplasms 27.49% 29.14% 91 88
[1l: Blood 0.21% 0.24% 16 17
IV: Metabolic 1.47% 2.37% 21 19
IX: Circulatory 39.97% 26.90% 50 55
V: Mental 3.57% 6.66% 12 14
VI: Nervous 1.97% 6.52% 30 33
VIII: Ear 0.00% 0.00% 1 1
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X: Respiratory 12.36% 11.24% 38 39
Xl: Digestive 4.92% 4.89% 42 48
XIl: Skin 0.10% 0.24% 8 10
XII: Musculoskeletal 0.34% 0.50% 25 29
XIV: Genitourinary 1.84% 1.58% 21 27
XVI: Perinatal 0.19% 0.16% 20 18
XVII: Congenital 0.20% 0.23% 26 28
XVIII: NEC 0.41% 0.86% 11 11
XX: External Causes  3.98% 7.28% 127 118

Individual causes associated with >0.25% of total ASMR in 2001 or 2019

Females
I: Infections 0.58% 0.59% 1 1
II: Neoplasms 22.52% 24.30% 19 21
IV: Metabolic 1.00% 1.31% 2 1
IX: Circulatory 38.35% 22.30% 18 20
V: Mental 4.65% 8.51% 3 3
VI: Nervous 1.47% 6.88% 3 4
X: Respiratory 10.88% 10.97% 5 7
Xl: Digestive 3.50% 3.67% 8 8
XIII: Musculoskeletal 0.28% 0.00% 1 0
XIV: Genitourinary 1.41% 1.42% 3 2
XVIII: NEC 0.51% 1.62% 1 3
XX: External Causes  1.16% 3.30% 1 3
Males
I: Infections 0.56% 0.58% 1 1
II: Neoplasms 24.72% 25.94% 19 22
IV: Metabolic 1.01% 1.77% 2 2
IX: Circulatory 38.29% 24.94% 17 17
V: Mental 3.35% 6.46% 4 3
VI: Nervous 1.10% 5.38% 2 4
X: Respiratory 11.64% 10.09% 6 6
Xl: Digestive 3.15% 2.88% 6 6
XIV: Genitourinary 1.38% 1.14% 3 2
XX: External Causes  1.34% 5.06% 2 4
XVIII: NEC 0.00% 0.54% 0 2
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A.3 The 5 causes in Chapter XX with the highest ad-
ditive value to diversity at q = 1 in men in 2001
and 2019 in the most and least income deprived
quintiles in Scotland.

ICD-10 ICD-10 Descpription Additive
Code Value
2001

Most deprived
X70 Intentional self-harm by hanging, strangulation and suffocation 0.016
W19 Unspecified fall 0.011
X99 Assault by sharp object 0.009
Y12 Poisoning by and exposure to narcotics and psychodysleptics 0.008

[hallucinogens], not elsewhere classified, undetermined intent

X00 Exposure to uncontrolled fire in building or structure 0.007

Least deprived
W19 Unspecified fall 0.015
X70 Intentional self-harm by hanging, strangulation and suffocation 0.012
W10 Fall on and from stairs and steps 0.006
V47 Car occupant injured in collision with fixed or stationary object 0.005
V43 Car occupant injured in collision with car, pick-up truck or van 0.005

2019

Most deprived
W19 Unspecified fall 0.064
X70 Intentional self-harm by hanging, strangulation and suffocation 0.061
X41 Accidental poisoning by and exposure to antiepileptic, sedative- 0.054

hypnotic, antiparkinsonism and psychotropic drugs, not else-
where classified

X59 Exposure to unspecified factor 0.006

X99 Assault by sharp object 0.005
Least deprived

W19 Unspecified fall 0.014

X70 Intentional self-harm by hanging, strangulation and suffocation 0.012

X42 Accidental poisoning by and exposure to narcotics and psy- 0.010

chodysleptics [hallucinogens], not elsewhere classified
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Y84 Other medical procedures as the cause of abnormal reaction of 0.005
the patient, or of later complication, without mention of mis-
adventure at the time of the procedure

Y83 Surgical operation and other surgical procedures as the cause 0.005
of abnormal reaction of the patient, or of later complication,
without mention of misadventure at the time of the procedure

A.4 Trends in diversity in mortality causes in deaths
among those aged 0 to 19 and 20 to 39 across
Scotland with mortality records pooled across 4
years.
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Figure A.1: Trends in diversity in mortality causes in deaths among those aged 0
to 19 and 20 to 39 across Scotland with mortality records pooled across 4 years.
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A.5 Pairwise distance in age at death against pairwise
similarity at various values of k.
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A.6

A. Supplementary tables and figures

Distributions of age at death in the Scottish pop-
ulation from life tables calculated from mortality
data, publicly available life tables obtained from
the Human Mortality Database and observed raw
death counts in males and females in 2001 and
2019.

Proportion of deaths
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A.7 Correlation between similarity-sensitive normal-
ised alpha diversity at g = 1 in age at death and life
expectancy over the years 2001 to 2019 in Scot-
land and Scottish Subpopulations in males and fe-
males separately.

Diversity in causes of Correlation P-value
mortality g-value coefficient
Scotland
Females -0.85 4.07E-06
Males -0.94 3.66E-09
Scottish Government Urban-Rural Classes
Females
Large Urban Areas -0.73 4.42E-04
Other Urban Areas -0.71 6.70E-04
Accessible Small Towns -0.81 2.95E-05
Remote Small Towns -0.57 0.01
Accessible Rural Areas -0.72 5.07E-04
Remote Rural Areas -0.54 0.02
Males
Large Urban Areas -0.87 1.31E-06
Other Urban Areas -0.86 3.04E-06
Accessible Small Towns -0.92 3.30E-08
Remote Small Towns -0.66 0
Accessible Rural Areas -0.85 3.59E-06
Remote Rural Areas -0.81 2.82E-05
SIMD Income Deprivation Quintiles
Females
Most Deprived -0.65 0
2 -0.7 9.36E-04
3 -0.82 1.67E-05
4 -0.72 4.75E-04
Least Deprived -0.89 3.32E-07
Males
Most Deprived -0.86 3.08E-06
2 -0.79 5.49E-05
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3 -0.91 4.74E-08
4 -0.92 1.78E-08
Least Deprived -0.96 1.64E-10

A.8 Correlation between normalised alpha diversity
in causes of mortality and life expectancy over
the years 2001 to 2019 in Scotland and Scottish
Subpopulations in males and females separately.

Diversity in causes of Correlation P-value
mortality g-value coefficient
Scotland
Females -0.85 4.07E-06
Males -0.94 3.66E-09
Scottish Government Urban-Rural Classes
Females
Large Urban Areas -0.73 4.42E-04
Other Urban Areas -0.71 6.70E-04
Accessible Small Towns -0.81 2.95E-05
Remote Small Towns -0.57 0.01
Accessible Rural Areas -0.72 5.07E-04
Remote Rural Areas -0.54 0.02
Males
Large Urban Areas -0.87 1.31E-06
Other Urban Areas -0.86 3.04E-06
Accessible Small Towns -0.92 3.30E-08
Remote Small Towns -0.66 0
Accessible Rural Areas -0.85 3.59E-06
Remote Rural Areas -0.81 2.82E-05
SIMD Income Deprivation Quintiles
Females
Most Deprived -0.65 0
2 -0.7 9.36E-04
3 -0.82 1.67E-05
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4 -0.72 4.75E-04
Least Deprived -0.89 3.32E-07
Males
Most Deprived -0.86 3.08E-06
2 -0.79 5.49E-05
3 -0.91 4.74E-08
4 -0.92 1.78E-08
Least Deprived -0.96 1.64E-10
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A.9 Correlation between similarity-sensitive normal-

ised alpha diversity in age at death at q = 1 and

normalised alpha diversity in causes of mortality
over the years 2001 to 2019 in Scotland and Scot-
tish Subpopulations in males and females separ-

ately.

Diversity in causes of Correlation P-value
mortality g-value coefficient

All ages

Scotland

Females
1 -0.76 1.85E-04
2 -0.8 4.51E-05
Inf -0.86 2.45E-06

Males
1 -0.87 1.49E-06
2 -0.89 3.96E-07
Inf -0.94 2.58E-09
Scottish Government Urban-Rural Classes
Females
Large Urban Areas

1 -0.62 4.61E-03
2 -0.71 7.40E-04
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Inf -0.66 1.93E-03
Males
1 -0.77 1.07E-04
2 -0.77 1.08E-04
Inf -0.79 5.44E-05
Other Urban Areas
Females
1 -0.51 0.02701521
2 -0.56 0.01295917
Inf -0.63 0.00377924
Males
1 -0.74 2.98E-04
2 -0.76 1.68E-04
Inf -0.83 1.06E-05
Accessible Small Towns
Females
1 -0.68 0.00139861
2 -0.69 1.00E-03
Inf -0.71 7.07E-04
Males
1 -0.82 1.64E-05
2 -0.88 5.22E-07
Inf -0.89 2.55E-07
Remote Small Towns
Females
1 -0.17 4.76E-01
2 -0.29 2.35E-01
Inf -0.15 5.33E-01
Males
1 -0.43 6.82E-02
2 -0.56 1.35E-02
Inf -0.61 5.30E-03
Accessible Rural Areas
Females
1 -0.74 3.13E-04
2 -0.78 7.02E-05
Inf -0.85 3.36E-06
Males
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1 -0.69 1.03E-03
2 -0.73 3.74E-04
Inf -0.77 1.17E-04
Remote Rural Areas
Females
1 -0.31 1.94E-01
2 -0.36 1.35E-01
Inf -0.43 6.38E-02
Males
1 -0.56 1.22E-02
2 -0.64 3.20E-03
Inf -0.69 1.15E-03

SIMD Income Deprivation Quintiles

Most Deprived

Females
1 -0.25 2.96E-01
2 -0.27 2.65E-01
Inf -0.12 6.21E-01
Males
1 -0.6 6.91E-03
2 -0.59 7.56E-03
Inf -0.57 1.15E-02
Quintile 2
Females
1 -0.42 7.47E-02
2 -0.52 2.30E-02
Inf -0.6 6.33E-03
Males
1 -0.5 2.88E-02
2 -0.56 1.26E-02
Inf -0.7 8.15E-04
Quintile 3
Females
1 -0.72 5.33E-04
2 -0.75 2.28E-04
Inf -0.75 1.99E-04
Males
1 -0.84 7.55E-06
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2 -0.88 8.48E-07
Inf -0.92 3.30E-08
Quintile 4
Females
1 -0.58 8.53E-03
2 -0.61 5.66E-03
Inf -0.58 9.85E-03
Males
1 -0.82 2.09E-05
2 -0.87 1.14E-06
Inf -0.88 6.57E-07
Least deprived
Females
1 -0.76 1.37E-04
2 -0.78 9.07E-05
Inf -0.74 3.34E-04
Males
1 -0.94 2.37E-09
2 -0.94 1.90E-09
Inf -0.91 6.40E-08

A.10 Cross-sectional correlation between normalised
alpha diversity in causes of mortality and life
expectancy in the years 2001 to 2019 between
Scottish Subpopulations in males and females sep-
arately.

Year Diversity in Mortality Correlation P-value
causes g-value coefficient
Scottish Government Urban-Rural Classifications
Females
2001 -0.6379081 0.17292878
2002 7.91E-04 0.99881394
2003 -0.7525032 0.08430183

330



2004 1 -0.2338277 0.65565071
2005 1 -0.6426064 0.16877033
2006 1 -0.3674921 0.47357678
2007 1 -0.3044716 0.55740532
2008 1 -0.6346114 0.17587191
2009 1 -0.4599179 0.35876504
2010 1 -0.4450909 0.37645119
2011 1 -0.2655676 0.61101332
2012 1 -0.5515342 0.25658427
2013 1 -0.4044069 0.42645898
2014 1 -0.6560113 0.15714057
2015 1 -0.2868489 0.58152796
2016 1 -0.383159 0.45338746
2017 1 -0.4012106 0.43047557
2018 1 -0.1471217 0.78090966
2019 1 -0.0421215 0.93685506
2001 2 -0.4842091 0.3304498

2002 2 0.48355392 0.33120247
2003 2 -0.3163184 0.54134737
2004 2 0.83839105 0.03706577
2005 2 0.73473159 0.09621788
2006 2 0.60216178 0.2059289

2007 2 0.10569699 0.84204493
2008 2 0.06381518 0.90440717
2009 2 0.44340844 0.37847684
2010 2 0.70008974 0.12143136
2011 2 0.53715323 0.27176353
2012 2 0.68468718 0.13345872
2013 2 0.61266789 0.19598427
2014 2 0.31435108 0.54400493
2015 2 0.52793328 0.28167116
2016 2 0.57699485 0.23055517
2017 2 0.92457259 0.00831938
2018 2 0.86569178 0.02584667
2019 2 0.80822297 0.05164102
2001 Inf -0.2853636 0.58357356
2002 Inf 0.04005104 0.93995556
2003 Inf -0.2588426 0.62040732
2004 Inf 0.13374135 0.80058408
2005 Inf 0.39835151 0.43407872
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2006 Inf 0.78412914 0.06487053
2007 Inf 0.03344271 0.94985464
2008 Inf -0.0273605 0.95896955
2009 Inf -0.1798089 0.73319334
2010 Inf 0.09694227 0.85504212
2011 Inf 0.36160414 0.48123502
2012 Inf 0.34805448 0.49900027
2013 Inf 0.69074264 0.12867147
2014 Inf 0.46673396 0.35073586
2015 Inf -0.1850288 0.72562414
2016 Inf 0.71409031 0.11093078
2017 Inf 0.74761629 0.0875082

2018 Inf 0.16674624 0.75219878
2019 Inf 0.7795116 0.06756316

Males

2001 1 -0.7889429 0.06211685
2002 1 -0.9383847 0.0055777

2003 1 -0.7196746 0.10685919
2004 1 -0.7778493 0.06854471
2005 1 -0.2361719 0.65232871
2006 1 -0.6732675 0.14269117
2007 1 -0.2774832 0.59445794
2008 1 -0.6905476 0.12882451
2009 1 -0.6103844 0.19812863
2010 1 -0.7262539 0.10214853
2011 1 -0.8086534 0.05141737
2012 1 -0.889736 0.01756691
2013 1 -0.7786435 0.06807497
2014 1 -0.670062 0.14533027
2015 1 0.03693332 0.94462522
2016 1 -0.1354036 0.79813592
2017 1 -0.201637 0.70164347
2018 1 -0.4248103 0.40111597
2019 1 -0.5805297 0.22702897
2001 2 -0.6425708 0.16880162
2002 2 -0.3092721 0.55088261
2003 2 -0.3677787 0.47320507
2004 2 -0.3404245 0.50908897
2005 2 0.44705344 0.37409317
2006 2 -0.5923507 0.21539578
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2007 2 0.75141093 0.08501382
2008 2 -0.304669 0.55713662
2009 2 -0.646201 0.16561743
2010 2 -0.6913087 0.12822787
2011 2 -0.4186808 0.4086748
2012 2 -0.6270837 0.18266976
2013 2 -0.0383598 0.94248855
2014 2 -0.6803765 0.13691252
2015 2 0.26721619 0.60871593
2016 2 0.3253794 0.52915515
2017 2 -0.1134832 0.83050588
2018 2 -0.5945519 0.21325685
2019 2 -0.1858808 0.72438999
2001 Inf -0.6893602 0.12975768
2002 Inf -0.4612269 0.35721813
2003 Inf -0.5941601 0.21363688
2004 Inf -0.349501 0.49709448
2005 Inf 0.11886837 0.82253722
2006 Inf -0.9911912 1.16E-04
2007 Inf 0.19860441 0.70601024
2008 Inf -0.8096163 0.05091859
2009 Inf -0.4051731 0.42549804
2010 Inf -0.4195334 0.40762061
2011 Inf -0.1826266 0.72910562
2012 Inf -0.727612 0.10118791
2013 Inf 0.03581427 0.94630156
2014 Inf -0.637565 0.17323409
2015 Inf 0.39386169 0.43975677
2016 Inf -0.4250981 0.40076226
2017 Inf -0.3406168 0.50883392
2018 Inf -0.618353 0.19068739
2019 Inf -0.0525529 0.92124324
SIMD Quintiles
Females

2001 1 -0.9056057 0.0343167
2002 1 -0.8046148 0.10058074
2003 1 -0.6581946 0.22718271
2004 1 0.16487624 0.79102809
2005 1 -0.7704568 0.12737408
2006 1 -0.8275552 0.08370348
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2007 1 -0.7066556 0.18209649
2008 1 -0.6181635 0.26641587
2009 1 -0.4659002 0.42901728
2010 1 0.07986049 0.89842665
2011 1 -0.4692276 0.42527237
2012 1 0.054278 0.93092505
2013 1 0.80545313 0.09994756
2014 1 -0.8577308 0.06302429
2015 1 -0.9056108 0.03431397
2016 1 -0.6095859 0.27503709
2017 1 -0.7377856 0.15468655
2018 1 -0.8917764 0.04203763
2019 1 -0.7385159 0.15405928
2001 2 0.87712828 0.0507389
2002 2 0.88681393 0.04492717
2003 2 0.72461067 0.16612941
2004 2 0.9573238 0.01051508
2005 2 0.66226724 0.22328815
2006 2 0.97371537 0.00509527
2007 2 0.88191882 0.04783647
2008 2 0.90271802 0.03588736
2009 2 0.95937965 0.00976754
2010 2 0.94718412 0.01445472
2011 2 0.75708154 0.13836622
2012 2 0.91624245 0.02873009
2013 2 0.9772596 0.00410246
2014 2 0.98086908 0.00316729
2015 2 0.82888802 0.08275249
2016 2 0.82266717 0.08721962
2017 2 0.69727854 0.19059957
2018 2 0.39179146 0.51422904
2019 2 0.46469856 0.43037153
2001 Inf 0.73804607 0.15446276
2002 Inf 0.9495703 0.0134912
2003 Inf 0.87181085 0.054023
2004 Inf 0.72928006 0.16204685
2005 Inf -0.0416389 0.94699904
2006 Inf 0.5795864 0.30574559
2007 Inf 0.94261371 0.01635957
2008 Inf 0.72718895 0.16387152
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2009 Inf 0.80320806 0.10164603
2010 Inf 0.86920271 0.05565733
2011 Inf 0.76279671 0.13363639
2012 Inf 0.92714992 0.023344
2013 Inf 0.88953658 0.04333427
2014 Inf 0.72352923 0.16707912
2015 Inf 0.84957282 0.06843414
2016 Inf 0.87833439 0.05000308
2017 Inf 0.79135285 0.11075682
2018 Inf 0.31039235 0.61123708
2019 Inf 0.4713931 0.42283909
Males

2001 1 -0.8936163 0.04098192
2002 1 -0.899453 0.03769006
2003 1 -0.3051216 0.61762228
2004 1 -0.9596052 0.00968665
2005 1 -0.38526 0.52189186
2006 1 -0.9091932 0.03239708
2007 1 -0.7261608 0.16477084
2008 1 -0.4528308 0.44379795
2009 1 -0.6619983 0.22354472
2010 1 -0.9163787 0.02866064
2011 1 -0.8894452 0.04338745
2012 1 -0.2354567 0.70300083
2013 1 -0.5449497 0.34221113
2014 1 -0.9880203 0.00157115
2015 1 -0.0747477 0.90491692
2016 1 -0.9251998 0.02428031
2017 1 -0.2191517 0.72321726
2018 1 -0.8803563 0.04877723
2019 1 -0.9868 0.00181691
2001 2 0.76849359 0.12897053
2002 2 0.52315794 0.36566815
2003 2 0.56827792 0.31753635
2004 2 -0.0706682 0.9100974
2005 2 0.80029511 0.10386267
2006 2 0.72217271 0.1682726
2007 2 0.94045881 0.01728395
2008 2 0.91972689 0.02697053
2009 2 0.79443035 0.1083691
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2010 2 0.91787621 0.02790062
2011 2 0.84304037 0.07286468
2012 2 0.96314722 0.00844547
2013 2 0.97586694 0.00448409
2014 2 0.89958328 0.03761758
2015 2 0.95813717 0.01021717
2016 2 0.95939903 0.00976058
2017 2 0.96702139 0.00715356
2018 2 0.95688658 0.01067638
2019 2 0.88433206 0.04639499
2001 Inf -0.7160514 0.17368849
2002 Inf -0.2075335 0.73766937
2003 Inf -0.3701863 0.53966219
2004 Inf -0.835828 0.07785524
2005 Inf -0.3644308 0.54647804
2006 Inf -0.9887587 0.00142832
2007 Inf 0.38980928 0.51655213
2008 Inf -0.2939234 0.63122561
2009 Inf 0.44606596 0.45149223
2010 Inf 0.72126015 0.16907686
2011 Inf 0.52401894 0.36473417
2012 Inf 0.94362042 0.01593343
2013 Inf 0.86739091 0.05680164
2014 Inf 0.98381842 0.00246495
2015 Inf 0.82593549 0.08486368
2016 Inf 0.54448919 0.3427028
2017 Inf 0.71531448 0.17434381
2018 Inf 0.32745843 0.59064289
2019 Inf 0.10094124 0.87169622
A.11 Cross-sectional correlation between similarity-

sensitive normalised alpha diversity at q = 1 and
normalised alpha diversity in causes of mortal-
ity in the years 2001 to 2019 between Scottish
Subpopulations in males and females separately.
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Diversity in Correlation coeffi- P-value
causes of mor- cient
tality g-value

Scottish Government Urban-Rural Classifications

Females
2001
1 0.81 0.05
2 0.67 0.15
Inf 0.22 0.67
2002
1 0.56 0.25
2 -0.49 0.33
Inf -0.42 0.41
2003
1 0.57 0.24
2 -0.06 0.91
Inf -0.19 0.72
2004
1 0.31 0.55
2 -0.72 0.11
Inf -0.19 0.72
2005
1 0.93 0.01
2 -0.44 0.38
Inf -0.19 0.72
2006
1 0.76 0.08
2 0.09 0.87
Inf -0.46 0.36
2007
1 0.7 0.12
2 0.09 0.87
Inf -0.16 0.77
2008
1 0.8 0.06
2 -0.09 0.87
Inf -0.15 0.78
2009
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1 0.4 0.43

2 -0.66 0.16

Inf 0.03 0.95
2010

1 0.89 0.02

2 -0.32 0.54

Inf 0.13 0.81
2011

1 0.62 0.19

2 -0.58 0.23

Inf -0.69 0.13
2012

1 0.72 0.1

2 -0.57 0.24

Inf -0.84 0.04
2013

1 0.89 0.02

2 -0.2 0.71

Inf -0.75 0.09
2014

1 0.62 0.19

2 -0.27 0.6

Inf -0.51 0.31
2015

1 0.85 0.03

2 0.17 0.75

Inf -0.16 0.77
2016

1 0.18 0.74

2 -0.71 0.11

Inf -0.96 0
2017

1 0.63 0.18

2 -0.89 0.02

Inf -0.59 0.22
2018

1 0.39 0.44

2 -0.82 0.04
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Inf -0.56 0.24
2019

1 0.49 0.33

2 -0.48 0.33

Inf -0.41 0.42
Males
2001

1 0.99 0

2 0.59 0.21

Inf 0.62 0.19
2002

1 0.89 0.02

2 0.18 0.74

Inf 0.38 0.46
2003

1 0.75 0.09

2 0.5 0.31

Inf 0.57 0.23
2004

1 0.84 0.04

2 0.51 0.3

Inf 0.49 0.32
2005

1 0.06 0.92

2 -0.37 0.48

Inf -0.22 0.68
2006

1 0.69 0.13

2 0.78 0.07

Inf 0.95 0
2007

1 0.65 0.16

2 -0.39 0.45

Inf 0.28 0.59
2008

1 0.75 0.09

2 0.33 0.52

Inf 0.79 0.06
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2009

1 0.59 0.22

2 0.58 0.23

Inf 0.27 0.61
2010

1 0.78 0.07

2 0.44 0.38

Inf 0.08 0.88
2011

1 0.84 0.04

2 -0.03 0.95

Inf -0.1 0.84
2012

1 0.79 0.06

2 0.08 0.89

Inf 0.23 0.66
2013

1 0.91 0.01

2 -0.11 0.83

Inf -0.27 0.61
2014

1 0.82 0.05

2 0.68 0.13

Inf 0.37 0.48
2015

1 0.32 0.54

2 -0.07 0.9

Inf 0.03 0.95
2016

1 0.3 0.56

2 -0.11 0.84

Inf 0.5 0.31
2017

1 0.26 0.62

2 0.18 0.74

Inf 0.4 0.44
2018

1 0.52 0.29
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2 0.75 0.09

Inf 0.52 0.29
2019

1 0.7 0.12

2 0.14 0.8

Inf 0.01 0.99

SIMD Income Deprivation Quintile
Females

2001

1 0.84 0.08

2 -0.75 0.14

Inf -0.56 0.32
2002

1 0.75 0.15

2 -0.85 0.07

Inf -0.85 0.07
2003

1 0.55 0.33

2 -0.68 0.2

Inf -0.78 0.12
2004

1 -0.31 0.61

2 -0.93 0.02

Inf -0.72 0.17
2005

1 0.68 0.21

2 -0.67 0.22

Inf 0.06 0.92
2006

1 0.77 0.13

2 -0.98 0

Inf -0.46 0.43
2007

1 0.44 0.46

2 -0.99 0

Inf -0.87 0.05

2008
1 0.51 0.38
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2 -0.94 0.02

Inf -0.81 0.09
2009

1 0.34 0.58

2 -0.99 0

Inf -0.88 0.05
2010

1 -0.02 0.98

2 -0.91 0.03

Inf -0.89 0.04
2011

1 0.47 0.43

2 -0.75 0.14

Inf -0.78 0.12
2012

1 -0.09 0.88

2 -0.94 0.02

Inf -0.96 0.01
2013

1 -0.77 0.13

2 -0.96 0.01

Inf -0.86 0.06
2014

1 0.89 0.05

2 -0.97 0.01

Inf -0.71 0.18
2015

1 0.87 0.06

2 -0.88 0.05

Inf -0.89 0.05
2016

1 0.56 0.33

2 -0.87 0.06

Inf -0.92 0.02
2017

1 0.64 0.24

2 -0.78 0.12

Inf -0.87 0.06
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2018

1 0.86 0.06

2 -0.45 0.44

Inf -0.39 0.52
2019

1 0.69 0.19

2 -0.53 0.36

Inf -0.58 0.3
Males
2001

1 0.87 0.05

2 -0.7 0.19

Inf 0.79 0.11
2002

1 0.89 0.04

2 -0.41 0.49

Inf 0.34 0.58
2003

1 0.37 0.54

2 -0.49 0.4

Inf 0.45 0.45
2004

1 0.92 0.03

2 0.06 0.92

Inf 0.83 0.08
2005

1 0.33 0.59

2 -0.78 0.12

Inf 0.38 0.53
2006

1 0.87 0.05

2 -0.76 0.14

Inf 0.99 0
2007

1 0.7 0.19

2 -0.9 0.04

Inf -0.32 0.6
2008
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1 0.42 0.49

2 -0.91 0.03

Inf 0.33 0.59
2009

1 0.65 0.23

2 -0.74 0.15

Inf -0.37 0.54
2010

1 0.9 0.04

2 -0.9 0.04

Inf -0.72 0.17
2011

1 0.86 0.06

2 -0.86 0.06

Inf -0.62 0.26
2012

1 0.25 0.68

2 -0.95 0.01

Inf -0.92 0.02
2013

1 0.59 0.29

2 -0.95 0.01

Inf -0.84 0.08
2014

1 0.98 0

2 -0.85 0.07

Inf -0.99 0
2015

1 0.1 0.87

2 -0.93 0.02

Inf -0.82 0.09
2016

1 0.93 0.02

2 -0.97 0.01

Inf -0.6 0.29
2017

1 0.24 0.7

2 -0.97 0.01
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Inf -0.76 0.14
2018

1 0.88 0.05

2 -0.96 0.01

Inf -0.35 0.57
2019

1 0.98 0

2 -0.86 0.06

Inf -0.05 0.93

A.12 P-values of correlations between various indices
of variation in age at death.
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e

et Life table Standard Coefficient Inter- AID Gini Coef- Lifetable Lifetable Raw Raw
entropy Deviation of  Vari- Quartile ficient diversity diversity death death
ance Range q=1 q=2 count count

diversity diversity
q=1 q=2

et 0 1.09E-33 3.76E-08 1.31E-34 2.72E-34 2.33E-38 6.13E-38 4.95E-43 7.29E-47 6.35E-20 2.23E-17

Life table entropy 2.54E-35 0 4.42E-08 1.35E-44 2.51E-29 2.16E-27 1.12E-40 6.22E-29 8.21E-31 1.05E-17 2.58E-15

Standard Deviation 4.34E-09 1.64E-08 0 4.42E-08 4.42E-08 2.02E-08 4.42E-08 2.76E-08 3.76E-08 3.76E-08 4.42E-08

Coefficient of Vari- 2.67E-36 2.18E-46 7.97E-09 0 6.01E-29 1.14E-29 9.98E-46 2.12E-30 5.28E-31 1.57E-18 5.24E-16

ance

Inter-Quartile Range 5.92E-36 7.61E-31 7.50E-09 1.88E-30 0 4.57E-32 2.16E-31 2.72E-34 1.69E-38 8.26E-20 9.75E-18

AID 4.23E-40 7.19E-29 1.84E-09 3.34E-31 1.14E-33 0 1.06E-32 4.72E-50 2.39E-38 1.13E-23 1.68E-20

Gini Coefficient 1.18E-39 1.89E-42 1.17E-08 1.56E-47 5.53E-33 2.52E-34 0 3.98E-34 1.19E-34 8.26E-20 3.55E-17

Lifetable diversity q 8.25E-45 2.01E-30 2.76E-09 6.07E-32 5.91E-36 7.15E-52 9.05E-36 0 9.98E-46 1.41E-22 1.04E-19

=1

Lifetable diversity q 1.12E-48 2.28E-32 4.18E-09 1.43E-32 3.01E-40 4.42E-40 2.37E-36 1.57E-47 0 3.00E-20 6.00E-18

=2

Raw death count di- 2.65E-21 6.57E-19 4.87E-09 7.86E-20 3.59E-21 3.89E-25 3.61E-21 5.04E-24 1.20E-21 0 5.01E-38

versity q =1

Raw death count di- 1.48E-18 2.15E-16 7.37E-09 4.03E-17 5.74E-19 6.47E-22 2.53E-18 4.96E-21 3.33E-19 9.46E-40 0

versity q =2
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A.13 Parameters of ARIMA models used to forecast monthly
diversity in mortality causes. Models were run
separately in each sex for each value of q, across
all ages and causes, at twenty-year age ranges
across all causes and across all causes in selec-
ted ICD-10 Chapters.

Diversity g-value ARIMA parameters Ljung-Box Notes
test p-value
All-ages, all-cause
Females
1 (1,0,1)(1,1,1) 0.669
2 (1,0,1)(0,1,1) 0.6857
Inf (0,1,1)(0,1,1) 0.3438
Males
1 (0,1,1)(0,1,1) 0.55589
2 (0,1,1)(0,1,1) 0.5999
Inf (0,1,1)(0,1,1) 0.7794

Twenty-year age ranges, all-cause
Females, O to 19

1 (2,0,0)(2,1,1) 0.2002

2 (3,0,3)(2,1,1) 0.2397

Inf (0,0,0)(1,1,1) 0.8169
Males, 0 to 19

1 (0,1,1)(0,0,0) 0.6132

2 (0,1,1)(0,0,0) 0.6084

Inf (2,0,2)(1,1,2) 0.1353

Females, 20 to 39

1 (0,1,1)(0,1,1) 0.5695

2 (0,1,1)(0,1,1) 0.4099

Inf (0,1,1)(0,0,0) 0.477
Males, 20 to 39

1 (0,1,1)(0,1,1) 0.2553

2 (1,0,0)(1,1,2) 0.5115

Inf (2,0,0)(1,1,2) 0.6878
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Females, 40 to 59

1 (0,1,1)(0,1,1) 0.4224
2 (0,1,2)(0,0,0) 0.2136
Inf (0,1,1)(0,1,1) 0.2332
Males, 40 to 59
1 (1,1,1)(0,1,1) 0.4168
2 (0,1,2)(0,0,0) 0.2799
Inf (1,1,1)(0,0,0) 0.268
Females, 60 to 79

1 (0,1,1)(0,1,1) 0.2028
2 (0,0,0)(2,1,0) 0.1109
Inf (1,1,3)(0,0,0) 0.03033 Model suggests cor-

related residuals
under both seasonal
and non-seasonal

conditions
Males, 60 to 79
1 (0,1,1)(0,1,1) 0.7957
2 (0,1,1)(0,1,1) 0.9807
Inf (0,1,1)(0,1,1) 0.7655
Females, 80+
1 (2,0,0)(1,1,2) 0.319 Model fit using data
from 2010-2019
2 (2,0,0)(1,1,1) 0.707 Model fit using data
from 2010-2020
Inf (0,1,1)(0,1,2) 0.8996 Model fit using data
from 2010-2021
Males, 80+
1 (0,1,1)(0,1,1) 0.2425
2 (0,1,1)(0,1,1) 0.7744
Inf (0,1,1)(0,1,1) 0.7655

All-ages, ICD-10 Chapter

Females, I: Certain infectious and parasitic diseases

1 (0,1,1)(0,1,1) 0.2461
2 (0,1,1)(0,0,0) 0.8536
Inf (0,1,1)(0,0,0) 0.9636
Males, I: Certain infectious and parasitic diseases
1 (0,1,1)(0,0,0) 0.1178
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2 (0,1,1)(0,0,0) 0.6106
Inf (1,1,3)(0,0,0) 0.9014
Females, Il: Neoplasms

1 (0,1,1)(0,1,1) 0.07779 Model fit using data
from 2010-2019

2 (1,1,1)(0,0,0) 0.8639 Model fit using data
from 2010-2019

Inf (1,1,1)(0,0,0) 0.6328

Males, Il: Neoplasms

1 (0,1,1)(0,1,1) 0.9387

2 (1,1,3)(0,0,0) 0.7285

Inf (1,1,3)(0,0,0) 0.7768

Females, V: Mental and behavioural disorders

1 (0,1,1)(0,1,1) 0.7441

2 (0,1,1)(0,1,1) 0.8015

Inf (0,1,1)(0,1,1) 0.7303

Males, V: Mental and behavioural disorders

1 (0,1,1)(0,1,1) 0.7441

2 (0,1,1)(0,1,1) 0.7957

Inf (0,1,1)(0,1,1) 0.5161

Females, VI: Diseases of the nervous system

1 (4,1,0)(0,0,0) 0.5126 Model fit using data
from 2010-2019

2 (2,1,2)(0,0,0) 0.08591 Model fit using data
from 2010-2019

Inf (0,1,1)(0,0,0) 0.03096 Model suggests cor-
related residuals
under both seasonal
and non-seasonal
conditions; Model
fit using data from
2010-2019

Males, VI: Diseases of the nervous system

1 (0,1,1)(0,0,0) 0.3635 Model fit using data
from 2010-2019

2 (4,1,3)(0,0,0) 0.09975 Model fit using data

from 2010-2019
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Inf (0,1,1)(0,0,0) 0.3052 Model fit using data
from 2010-2019
Females, IX: Diseases of the circulatory system
1 (0,0,1)(0,1,1) 0.2346
2 (1,1,1)(0,0,0) 0.2951
Inf (0,1,1)(0,1,1) 0.6099
Males, IX: Diseases of the circulatory system
1 (0,1,1)(0,0,0) 0.5867
2 (0,1,1)(0,0,0) 0.3868
Inf (0,1,1)(0,0,0) 0.4267
Females, X: Diseases of the respiratory system
1 (0,1,1)(0,1,1) 0.2346
2 (0,1,1)(0,1,1) 0.05796
Inf (0,1,1)(0,0,0) 0.09614
Males, X: Diseases of the respiratory system
1 (2,1,1)(0,0,0) 0.09687
2 (2,1,1)(0,0,0) 0.8247
Inf (0,1,1)(0,1,1) 0.4373
Females, XX: External causes of morbidity and mortality
1 (2,1,1)(0,0,0) 0.6301
2 (2,1,1,)(0,0,0) 0.6301
Inf (0,1,1)(0,1,1) 0.8027
Males, XX: External causes of morbidity and mortality
1 (0,1,1)(0,1,1) 0.073
2 (0,1,1)(0,1,1) 0.1163
Inf (0,1,1)(0,1,1) 0.5676
A.14 The additive value of selected ICD-10 chapters

under diversity at q =1, q = 2, and gq= - in men
and women in Scotland separately in each year
2001-2020.
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XX: External Causes -
XI: Digestive 1

X: Respiratory 1

IX: Circulatory 4

VI: Nervous

II: Neoplasms -

XI: Digestive 1
X: Respiratory 4

IX: Circulatory 4

V: Mental -

I: Infections 4

XX: External Causes

VI: Nervous q
V: Mental -

I: Infections 4
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A.15 Cause-specific age-standardised mortality rate in

the years 2016 to 2021 in males and females
within those aged 0 to 19, 20 to 39, 40 to 59,
60 to 79 and 80+ separately. Causes shown are
those which were within the five most common
in any year from 2016-2019.

ICD- ICD-10 description Age-standardised mortality rate (per 100,000)
10
Code

2016 2017 2018 2019 2020 2021

Deaths among those aged 0 to 19

Females
P36 Bacterial sepsis of newborn 1.3 1.4 1 0.5 0.7 1.3
Q91 Edwards syndrome and Patau 1.2 0.3 0.7 0.4 0.5 0.4

syndrome

R95 Sudden infant death syn- 1.2 0.7 1.4 1.6 0.9 1.9

drome
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V43 Car occupant injured in col- 0.9 0.2 0 0 0.4 0.4
lision with car, pick-up truck
or van
X70 Intentional self-harm by 0.9 0.9 1.7 2 0.9 0.9
hanging, strangulation and
suffocation
P07 Disorders related to short 0.8 1.4 1.4 0.9 0.9 2.6
gestation and low birth
weight, not elsewhere
classified
Cc71 Malignant neoplasm of brain 0.4 0.9 0.7 0.7 0.9 0.4
G80 Cerebral palsy 0.2 0.7 0.4 0.4 0 0
R99 Other ill-defined and unspe- 0.3 0.7 1.4 0.4 0.9 0.4
cified causes of mortality
P77 Necrotizing enterocolitis of 0.8 0.5 1.2 0.4 0.4 0.6
fetus and newborn
P02 Fetus and newborn affected 0.5 0.2 0.3 1.1 0.5 0.9
by complications of pla-
centa, cord and membranes
P52 Intracranial  nontraumatic 0.3 0.5 0.3 0 0.9 0.6
haemorrhage of fetus and
newborn
P27 Chronic respiratory disease 0.7 0.3 0 0.2 0.2 1.1
originating in the perinatal
period
Males
R95 Sudden infant death syn- 1.7 2.1 3.1 2.2 1.4 0.7
drome
P07 Disorders related to short 1.6 1.8 1.1 2 1.7 0.9
gestation and low birth
weight, not elsewhere
classified
X70 Intentional self-harm by 1.5 1.2 4 3.7 3.7 2.3
hanging, strangulation and
suffocation
G80 Cerebral palsy 1.2 0.7 0.5 0.9 0.9 0.8
G40 Epilepsy 1.2 0.4 0.3 0.7 1 0.3
P77 Necrotizing enterocolitis of 0.6 1.9 0.5 0.8 0.5 0.7
fetus and newborn
W75  Accidental suffocation and 0.2 0.8 0.2 0.7 0.2 0.4

strangulation in bed
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C71

Malignant neoplasm of brain

0.9

0.7

1.5

0.5

0.7

X42

Accidental poisoning by and
exposure to narcotics and
psychodysleptics [hallucino-
gens], not elsewhere classi-
fied

0.3

0.4

1.4

1.8

1.6

X41

Accidental poisoning by and
exposure to antiepileptic,
sedative-hypnotic, antipar-
kinsonism and psychotropic
drugs, not elsewhere classi-
fied

0.7

0.7

1.2

0.7

1.2

0.5

P91

Other disturbances of cereb-
ral status of newborn

0.6

0.3

0.3

1.2

0.9

0.5

P36

Bacterial sepsis of newborn

0.2

0.2

0.7

Q24

Other congenital malforma-
tions of heart

0.3

0.5

0.8

Deaths among those aged 20 to 39

Females

X42

Accidental poisoning by and
exposure to narcotics and
psychodysleptics [hallucino-
gens], not elsewhere classi-
fied

10

13.7

15.4

13.7

13

C50

Malignant neoplasm of breast

4.4

3.2

2.2

3.4

X70

Intentional self-harm by
hanging, strangulation and
suffocation

4.2

3.8

5.3

5.5

K70

Alcoholic liver disease

2.6

1.7

2.9

1.8

C53

Malignant neoplasm of cervix
uteri

2.2

2.2

1.6

2.1

X41

Accidental poisoning by and
exposure to antiepileptic,
sedative-hypnotic, antipar-
kinsonism and psychotropic
drugs, not elsewhere classi-
fied

2.2

1.8

2.5

2.2

R99

Other ill-defined and unspe-
cified causes of mortality

1.1

1.3

2.6

1.1

0.7

uo7

COVID-19

1.3

2.4

Males
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A. Supplementary tables and figures

X42 Accidental poisoning by and 31.9  34.6 38.8 47.4 344
exposure to narcotics and
psychodysleptics [hallucino-
gens], not elsewhere classi-
fied

X70 Intentional self-harm by 15.4  18.5 229 21,5 16.7
hanging, strangulation and
suffocation

X41 Accidental poisoning by and 4.9 4.7 4.9 7.1 8.5
exposure to antiepileptic,
sedative-hypnotic, antipar-
kinsonism and psychotropic
drugs, not elsewhere classi-

fied
K70 Alcoholic liver disease 3.5 4.1 3.1 2.4 3.1
R99 Other ill-defined and unspe- 3.1 2.8 1.9 1.6 2.9
cified causes of mortality
125 Chronic ischaemic heart dis- 2.5 3.3 2.1 1.5 2.1
ease
F10 Mental and behavioural dis- 1.5 1.4 2.3 1.7 1.2
orders due to use of alcohol
G40 Epilepsy 1 1.8 1.4 2.6 1.7
X99 Assault by sharp object 0.9 2.3 1.6 2.5 1.3
uo7 COVID-19 0 0 0 1.4 4.8
Deaths among those aged 40 to 59
Females
C50 Malignant neoplasm of breast 29.8  26.4 29.8  27.1 27.7
C34 Malignant neoplasm of bron- 24.2  23.2 20.7 20.5 20.7
chus and lung
K70 Alcoholic liver disease 15.7 17 16.9 14.9 17.9
X42 Accidental poisoning by and 12.3 16.4 21,5 21,5 21
exposure to narcotics and
psychodysleptics [hallucino-
gens], not elsewhere classi-
fied
J44 Other chronic obstructive 9.9 10.2 10.5 8.8 1.7
pulmonary disease
uo7 COVID-19 0 0 0 15.5 24.1
Male
125 Chronic ischaemic heart dis- 40.2  36.3 37.2  39.5 46.1
ease
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A. Supplementary tables and figures

121 Acute myocardial infarction  32.9  35.6 33.3  39.1 29.1
K70 Alcoholic liver disease 32.3 31 241 31.6  32.5
xX42 Accidental poisoning by and 31.6  36.5 59.6 66.5 54.6

exposure to narcotics and
psychodysleptics [hallucino-
gens], not elsewhere classi-

fied

C34 Malignant neoplasm of bron- 28.9 29.4 239 248 24
chus and lung

uo7 COVID-19 0 0 0 26.3 32.2

Deaths among those aged 60 to 79
Females

C34 Malignant neoplasm of bron- 205.4 219.9 215 197.9 198.4
chus and lung

J44 Other chronic obstructive 155.9 153.2 139.8 111.5 113.7
pulmonary disease

121 Acute myocardial infarction 97.9  105.5 98.7 104.3 93.5

C50 Malignant neoplasm of breast 72.7  70.9 67 66.4 69.7

125 Chronic ischaemic heart dis- 70.1 52 47.7 44.6  53.8
ease

uo7 COVID-19 0 0 0 135.1 126.3

Males

C34 Malignant neoplasm of bron- 259.2 257.5 250.5 224.8 224.9
chus and lung

121 Acute myocardial infarction  207.4 229.1 227.6 242 232.1

125 Chronic ischaemic heart dis- 162.9 156.1 124.8 134.7 152.3
ease

J44 Other chronic obstructive 147.3 145.2 135 114.1  115.3
pulmonary disease

Cé61 Malignant neoplasm of pro- 83.2  88.1 86.4 90.9 83.1
state

uo7 COVID-19 0 0 0 240.2 208.9

Deaths among those aged 80+
Females

FO3 Unspecified dementia 794.2 8471 698.1 656.4 634

G30 Alzheimer disease 726.3 897.7 898.3 932.2 887.5

FO1 Vascular dementia 601.1 729.3 721.7 662.7 607.6

121 Acute myocardial infarction  595.8 620.1 584.1 588.8 597.1

J18 Pneumonia, organism unspe- 518.5 500.6 400.8 301 285.2
cified
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J44 Other chronic obstructive 482 499.4 435.8 353.1 303.9
pulmonary disease

uo7 COVID-19 0 0 0 1283.2 751.3

Males

121 Acute myocardial infarction  941.3 921.9 991.1 958.6 971.1

125 Chronic ischaemic heart dis- 717 739.6 635.1 630.4 597.4
ease

FO1 Vascular dementia 658.8 746.7 741.6 675.5 570

J44 Other chronic obstructive 644.6 627.7 526.7 462.9 433.8
pulmonary disease

C34 Malignant neoplasm of bron- 626.5 571.2 540.7 530.9 534.7
chus and lung

J18 Pneumonia, organism unspe- 625.4 646.1 546.1 469.2 398.3
cified

G30 Alzheimer disease 547.7 643.9 703.8 624.4 625.5

Cé61 Malignant neoplasm of pro- 529.7 612.6 586.8 558.7 600.5
state

uo7 COVID-19 0 0 0 1781.8 1097.5

A.16 Diversity in mortality causes atq=1, q = 2 and

= o in each month in 2020 and 2021 in deaths
among twenty-year age groups in males and fe-
males, with COVID-19 mortality included (green)
and excluded (black). Coloured lines represent
the central estimate of ARIMA model forecasts
with ribbons indicating 99% confidence intervals.
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A. Supplementary tables and figures

A.17 Diversity in mortality causesatq=1,gq=2andq
= o in each month in 2020 and 2021 in deaths in
males and females separately in selected ICD-10
Chapters. Coloured lines represent the central
estimate of ARIMA model forecasts with ribbons
indicating 99% confidence intervals.
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A.18

A. Supplementary tables and figures
Normalised alpha diversityatg=1,qg=2,and g
= oo in causes of mortality within ICD-10 Chapter
Il: Neoplasms, in deaths among males and fe-
males at all ages across Scotland in each year
2001 to 2019.
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A. Supplementary tables and figures

Normalised alpha diversityatg=1,qg=2,and g
= o of contributory causes of mortality in Scot-
land in males and females in deaths at ages 0 to
39, 40 to 79 and 80+ separately in Scotland from
2001 to 2021.

Females Males

754

504

254
60

20

Age range

1 in contributory causes of mortality

N

0to 39
== 40to 79

80+

204

154 \/

Normalised alpha diversity at q
b

Ayuyuy

2001 2005 2009 2013 2017 20212001 2005 2009 2013 2017 2021
Year
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Appendix B

Alternative methods and measures
for the calculation of diversity

Here, different methods for the measurement of diversity in causes of mortality
are explored, testing the sensitivity of the conclusions drawn in this thesis to the
use of alternative methods. First, | examine alternative measures of diversity,
including some which treat the distribution of mortality causes differently to the
measures used in this thesis. Secondly, | redistribute deaths which were attributed
to garbage codes to meaningful causes of death and recalculate diversity in causes
of mortality with garbage codes redistributed.

B.1 Alternative measures of diversity in causes of mor-
tality

To examine the impact of alternative measures of diversity on the results reported
in this thesis, in this section | compare four measures of diversity to those used
in this thesis. These measures are: Shannon’s Index, Shannon’s Entropy and a
measure referred to here as uniformity. These measures are used to calculate
diversity in causes of mortality using distributions of mortality causes extracted
from life tables. The calculation of these measures is described below

362



B. Alternative methods and measures for the calculation of diversity

B.1.1 Methods

The measures of diversity used in this section are detailed below. First, | measure
diversity in causes of mortality in males and females at all ages across Scotland
under Shannon’s index, using the vegan package in R. The formula for this measure
is shown in Equation B.1, where H’ is the Shannon index, and p; is the proportion
of deaths attributed to cause i. This measure can take values between 0, where
all deaths are attributed to the same cause, and the natural logarithm of N (where
N is the total number of causes of deaths in the population) when an equal share
of deaths are attributed to every cause in the dataset (Shannon, 1948).

N
H' = —Y pilogp (B.1)

Secondly, | measure Shannon’s entropy in causes of mortality in males and fe-
males at all ages across Scotland using methods described in another study of di-
versity in causes of mortality by Bergeron-Boucher et al. (2020). Normalised alpha
diversity at g =i as used in the main body of this thesis is equivalent to the exponent
of Shannon’s Entropy as discussed in Chapter 3. The formula for Shannon’s entropy
is shown below in Equation B.2 where H is Shannon entropy, p; is the proportion of
deaths attributed to cause i and N is the total number of causes of mortality across
all years in the study population. This measure can take values between 0, when
all deaths are attributed to a single cause of mortality and 1 when all deaths are
equally spread across causes of mortality.

~ W pilog(pi)

Finally, | assess the distribution of mortality causes through a method described
here as uniformity and defined by Equations B.3 and B.4 where p; is the share of
deaths attributed to each cause of mortality. In this section N is treated in two
ways; to calculate uniformity N is the total number of causes of mortality recorded
in any year in the population of interest during the study period. While to calculate
uniformity (excluding zero values) N is treated as the total number of mortality
causes recorded in a given year within a given population. Uniformity is more

363



B. Alternative methods and measures for the calculation of diversity

closely related to measures of evenness than to traditional measures of diversity.
Evenness measures aim to examine only how evenly distributed individuals are
across the types in a distribution (that is how evenly distributed causes of mortality
are within a population). Such measures do not account for “richness” meaning
the number of causes of mortality recorded in each year. Richness and evenness
are discussed by some in the field as being two components of diversity and many
diversity measures, including those used in the body of this thesis aim to assess both
components (Jost, 2010) . Unlike the measures of diversity used in the main body
of this thesis, uniformity aims to account for zeros in the distribution of mortality
causes. That is causes of mortality which do not occur in every year. Uniformity
(excluding zero values) is measured here to aid in demonstrating the properties of
this measure. This measure can take values between 1 — (N —1)/N and 1; values
of 1 — (N —1)/N occur when all deaths are assigned to one cause of mortality in
a year and, as above, values of 1 are reached if causes of mortality are equally
distributed across causes.

uniformity = 1 — concentration (B.3)

where

N
concentration = 1/22 |pi—1/N]| (B.4)
i

In this section, diversity in causes of mortality was calculated in distributions
of mortality cause extracted from multiple decrement life tables as described in
Chapters 3, 4 and 7. First, these measures were used to calculate diversity in
underlying causes of mortality in deaths across all ages in Scotland and Scottish
subpopulations in the years 2001 to 2019. Then, they were used to calculated
diversity in underlying causes of mortality in deaths within twenty-year age ranges
in Scotland in the years 2001 to 2019. Finally, each of the measures described above
was used to calculate diversity in the contributory causes of mortality recorded in
deaths at all ages across Scotland in each year 2001 to 2019.

364



B. Alternative methods and measures for the calculation of diversity

B.1.2 Analysis of alternative measures of diversity in mortality
causes in deaths across all ages across Scotland and in Scot-
tish subpopulations

Figure B.1 shows trends in the diversity of all underlying causes of mortality recor-
ded in Scotland from 2001 to 2019 under each of the three measures of diversity
described above and under normalised alpha diversity at q=1, q=2, and q = «
using Reeve et al. (2016) framework as used in the body of this thesis. As can
be observed, trends under uniformity (excluding zero values), Shannon Index, and
Shannon Entropy are shown to be similar to those reported in this thesis, particu-
larly to diversity at q = 1. The results presented in this thesis are therefore upheld
under these alternative measures. When considering a measure more closely re-
lated to evenness, trends are shown to differ somewhat from those reported in
this thesis. In deaths among females, the trend in uniformity from 2001 to 2014
is effectively flat indicating no change under this measure while in deaths among
males a slightly positive trend is observed. From 2015 onwards in both sexes, uni-
formity is observed to increase markedly. The reason for this sudden increase is
unclear though given its timing it may be associated with the Recording of Death
Act (2011), discussed in Chapter 3, which took effect in that year meaning it may
be associated with improved recording accuracy. Overall, uniformity in causes of
mortality was higher in 2019 than in 2001, indicating an increase in evenness sim-
ilar to the increase in diversity reported throughout this thesis. However, despite
this there is not clearly a trend of increasing uniformity as is observed under other
measures of diversity.
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Female deaths Male deaths

0.1851
0.1807
0.1754
0.1704

%0%;

0.271

Uniformity

Uniformity (Excluding 0 values)

4.4+
4.37 Shannon index

4.2

0.631
0.621
0.614
0.601
0.591

Shannon entropy

80

Normalised alpha diversity q = 1
704

NAREE
SEERARTE

404
35+
30+ Normalised alpha diversity q = 2

25+

Normalised alpha diversity q = Inf

2005 2010 2015 2005 2010 2015
Year

Figure B.1: Diversity in causes of mortality, calculated - from distributions of mor-
tality causes extracted from multiple-decrement life tables - under: uniformity,
uniformity (excluding zero values), Shannon’s Index, under Shannon Entropy, and
under the measures used in the main body of this thesis. Trends in the diversity
of mortality causes from 2001 to 2019 are shown in males and females in Scotland
separately.
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B. Alternative methods and measures for the calculation of diversity

B.1.2.1 Scottish Subpopulations

In Figure B.2, diversity in mortality causes (across all causes of mortality) is meas-
ured in deaths within SIMD income deprivation quintiles using the alternative meas-
ures of diversity discussed above. Trends in the diversity of mortality causes meas-
ured using uniformity (excluding zero values), Shannon’s Entropy and Shannon’s
Index are shown to be relatively similar to trends under the measures of diversity
used in the body of this thesis. Namely, a positive trend is found in most quintiles
across the study period and in all quintiles diversity is found to be higher in in
2019 than in 2001. When considering uniformity, an increase is still observed and
from 2001 to 2019 in both sexes. However, as observed in deaths across Scotland,
trends in uniformity are mostly flat from 2001 to around 2015. As discussed above
this indicates that when examining measures more related to evenness and taking
account of zero values in the distribution of mortality the trends noted in Chapter
4 and throughout this thesis may not be observed.
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Figure B.2: Diversity in causes of mortality, calculated - from distributions of mor-
tality causes extracted from multiple-decrement life tables - under: uniformity,
uniformity (excluding zero values), Shannon’s Index, under Shannon Entropy, and
under the measures used in the main body of this thesis. Trends in the diversity of
mortality causes from 2001 to 2019 are shown in males and females in SIMD income
deprivation quintiles separately.

Figure B.3 shows analysis of alternative measures of diversity in the measure-
ment of mortality cause diversity in Scottish Government urban-rural classes. As
discussed for SIMD quintiles above, the trends reported in Chapter 4 are observed
to be consistent when diversity is measured using uniformity (excluding zero val-
ues) Shannon’s Index and Shannon’s Entropy. Similarly to above, trends diverge
slightly when examining uniformity. In rural areas and small towns, a relatively
flat trend is observed under uniformity in deaths among both males and females.
In urban areas, uniformity changes little from 2001 to 2015 then increases in the
final years of the study period leading to an increase in diversity in 2019 compared
to 2001. Uniformity is also noted to be markedly higher in urban areas than other
areas of Scotland, this is also observed when diversity is measured under q = 1 in
normalised alpha diversity but to a lesser extent.
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Uniformity (Excluding 0 values)

Figure B.3: Diversity in causes of mortality, calculated - from distributions of mor-
tality causes extracted from multiple-decrement life tables - under: uniformity,
uniformity (excluding zero values), Shannon’s Index, under Shannon Entropy, and
under the measures used in the main body of this thesis.Trends in the diversity of
mortality causes from 2001 to 2019 are shown in males and females in SIMD income
deprivation quintiles separately.

B.1.3 Analysis of alternative measures of diversity in mortality
causes in deaths separated by age

Here, the analysis described in the previous section is repeated for deaths in Scot-
land within twenty-year age ranges, with diversity measured in distributions of
mortality causes extracted from multiple decrement life tables. Figure B.4 shows
that under Shannon’s index and Shannon’s entropy, diversity in mortality causes
follows similar trends to those found when diversity is measured using the Reeve
et al. (2016) framework. Under uniformity (excluding zero values) no clear trend
is found among deaths in each age range. Uniformity is shown to to fall from 2001
to 2019 in death among those aged 0 to 19 and to rise over this period in deaths
among those aged 60 to 79 and 80+. These trends correspond to those reported in
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B. Alternative methods and measures for the calculation of diversity

this thesis, under Shannon’s index and under Shannon’s entropy. In deaths among
those aged 20 to 39 a very slight reduction over time is observed when assessing the
distribution of mortality causes using uniformity, while in diversity measured un-
der Shannon’s index, Shannon’s entropy and the measures used in this thesis show
a more marked reduction. In deaths among those aged 40 to 59, a slight increase
in diversity is observed from 2001 to 2019 in the measures used in this thesis. How-
ever, under uniformity no clear trend is observed over this period. Therefore, for
deaths in most age ranges the trends reported in this thesis are upheld under all
measures described in this section. However, for deaths in those aged 20 to 39
and 40 to 59, when zero values are accounted for, using uniformity, trends differ
slightly.
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Figure B.4: Diversity in causes of mortality, calculated from distributions of mor-
tality causes extracted from multiple-decrement life tables, calculated under:
uniformity, uniformity (excluding zero values), Shannon’s Index, under Shannon
Entropy, and under the measures used in the main body of this thesis. Trends in
the diversity of mortality causes from 2001 to 2019 are shown for deaths within
twenty-year age ranges in males and females in Scotland separately.
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B.1.4 Alternative measures of diversity in contributory causes of
mortality

Finally in this section, diversity is measured in contributory causes of mortality in
Scotland. Contributory causes of mortality were extracted from multiple decre-
ment life tables as described in Chapter 7. Shannon’s entropy, Shannon’s index
and uniformity were then calculated as described above for the distribution of
contributory mortality causes across Scotland in deaths among males and females
separately in each year 2001 to 2021. Figure B.5 compares trends in diversity un-
der these alternative measures to trends measured under the Reeve et al. (2016)
framework. Trends under Shannon’s index and Shannon’s entropy are shown to be
qualitatively identical to those under the measures used in Chapter 7. Diversity in-
creases from 2001 to 2015 in both sexes, after which diversity falls in females and
to falls slightly then plateaus in males. These patterns are discussed in Chapter
7. Using measures more related to evenness, under both uniformity and uniform-
ity (excluding zero values), a reduction is observed from 2001 to around 2010 in
females, with no clear trend in males. After 2010 which, trends in uniformity and
uniformity (excluding zero values) are found to be relatively similar to those under
the other measures discussed above. That is to say there is an increase from 2010
to 2015 in both sexes followed by a reduction in females and sharp reduction fol-
lowed by a plateau in males. This indicates a distinct difference in the observed
trends in diversity in mortality causes in the 2000s dependant on the measure
used. Using measures related to evenness reductions are found while under more
traditional diversity measures increases over time are observed. The difference in
trends under this alternative measure should be considered when examining the
trends and conclusions noted in Chapter 7. This consideration is discussed in the
chapter itself.
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Figure B.5: Diversity in contributory causes of mortality, calculated from distribu-
tions of mortality causes extracted from multiple-decrement life tables, calculated
under the measures used in this thesis, under Shannon’s Index, Shannon Entropy
and uniformity. Trends in the diversity of mortality causes from 2001 to 2019 are
shown for deaths in males and females in Scotland separately.

B.2 Redistribution of garbage codes
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So-called “garbage codes” are ICD-10 codes which are not deemed useful or rel-
evant in the study of population health (Ellingsen et al., 2022). Generally this
is because the cause of mortality they signify is vague or uninformative. Deaths
assigned to these causes are, in some analysis of population health data, redistrib-
uted to different causes of mortality with the aim of providing more meaningful
analysis (Ellingsen et al., 2022). In this thesis garbage codes were retained in the
distribution of mortality causes. To assess the sensitivity of the results of this thesis
to garbage codes, in this section | perform a simple redistribution of garbage codes
to valid ICD-10 three character codes and compare trends in diversity to those
calculated from the observed distribution of mortality causes. First, | calculate
diversity in underlying mortality causes with garbage codes redistributed in deaths
at all ages across Scotland, in SIMD income deprivation quintiles and Scottish Gov-
ernment urban-rural classes. Then, diversity in underlying mortality causes with
garbage codes redistributed is calculated for deaths across Scotland within twenty-
year age ranges. Finally, diversity in contributory causes of mortality is calculated
with garbage codes redistributed in deaths across Scotland.

B.2.1 Methods

Here, | redistribute deaths assigned to garbage codes to other causes of mortality
to examine whether trends in the diversity of mortality causes calculated under
this alternative distribution are different to those reported in this thesis. For this
analysis garbage codes were any codes described as GBD Level 1, 2, or 3 garbage
codes’ according to Ellingsen et al. (2022). Redistribution of deaths assigned to
garbage codes was performed proportionally, using the distribution of mortality
causes extracted from multiple decrement life-tables. Deaths attributed to each
garbage code were reassigned to valid codes which occurred in the same sex, at the
same age, in the same year and within the same ICD-10 Chapter for Chapters I-XVII
and XIX-XXII (All causes within Chapter XVIII can be considered garbage codes and
so any deaths attributed to these causes were reassigned proportionally across all
causes). For example, all deaths which were attributed to garbage codes within
Chapter | in males aged 65 in 2001 were given new valid codes with proportion
equal to the share of deaths attributed to each valid code in Chapter | in males
aged 65 in 2001.

'The GBD system has one further level of garbage code however, these garbage codes are de-
scribed as having “limited policy implications” and so are excluded here.
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B. Alternative methods and measures for the calculation of diversity

B.2.2 Diversity in underlying causes of mortality with garbage
codes redistributed in deaths across Scotland and in Scot-
tish subpopulations.

The proportion of deaths attributed to garbage codes in Scotland and in the Scot-
tish subpopulations examined in this study in each year 2001 to 2019 is shown in
Figure B.6. In most cases the proportion of deaths assigned to garbage codes was
consistently between 10% and 15%. However, in male deaths within the most de-
prived SIMD quintile, an increase in the proportion of deaths assigned to garbage
codes can be observed in the latter years of the study period. This increase is
driven mostly by an increase in the proportion of deaths assigned to cause X42:
“Accidental poisoning by and exposure to narcotics and psychodysleptics [hallu-
cinogens], not elsewhere classified”. The increase in prevalence of this cause has
not been widely reported but is likely linked to the overall increase in deaths at-
tributed to causes within ICD-10 Chapter XX: External causes in the 2010s which has
been more widely discussed in the literature (Allik et al., 2020) and is referenced
throughout this thesis .
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Figure B.6: The share of deaths attributed to garbage codes among males and
females of all ages in the distribution of mortality causes extracted from multiple
decrement life tables in each year 2001 to 2019. Trends in the share of deaths
attributed to garbage codes are shown separately for Scotland as a whole, SIMD
income deprivation quintiles and Scottish Government urban-rural classes.
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Once garbage codes were redistributed to valid codes, diversity in causes of
mortality was calculated under the Reeve et al. (2016) framework as described in
Chapter 3. Diversity in this redistributed set of causes of mortality was calculated
in each year from 2001 to 2019 in deaths at all ages among males and females across
Scotland. Figures B.7 shows trends in diversity in mortality causes calculated from
the observed distribution of mortality causes and from the redistributed mortality
causes described above.
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Figure B.7: Comparison of trends over time in diversity in mortality causes at
qg=1,q=2and q = « calculated from the observed distribution of mortality
causes (red lines) and from the distribution of mortality causes with garbage codes
redistributed to valid codes (blue lines). Diversity is calculated in both cases in
the distribution of mortality causes extracted from multiple decrement life tables
for males and females across the population of Scotland as a whole in each year
2001 to 2019.

It is clear from Figure B.7 that the redistribution of causes has an effect on the
measurement of diversity in each year of the study period. However, it does not
affected overall trends and rather causes an intercept shift, decreasing diversity
in almost every year. To show this more clearly, diversity in causes of mortality
with garbage codes redistributed is plotted against diversity in mortality causes
without redistribution in Figure B.8. Together, these figures show that while the
redistribution of garbage codes does have an effect on the measurement of di-
versity in mortality causes, there is no significant impact on the trends in diversity
in causes of mortality reported in this thesis. Figures B.9 and B.10 recreate Figure
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B. Alternative methods and measures for the calculation of diversity

B.7, showing trends in diversity in redistributed mortality causes in SIMD income
deprivation quintiles and Scottish Government urban-rural classes showing that
the redistribution of garbage codes does not qualitatively impact trends in these
subpopulations.
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B.2.3 Diversity in underlying causes of mortality with garbage
codes redistributed in deaths within twenty-year age ranges

In this section, | examine the impact of redistributing garbage codes on the meas-
urement of diversity in mortality causes in deaths across Scotland separated by
age. Figure B.11 shows the share of deaths which were attributed to garbage
codes in deaths within twenty-year age ranges in Scotland in each year from 2001
to 2019. This figure shows that deaths among those aged 20 to 39 were most likely
to be attributed to a garbage code with as many as 45% of deaths in this age-range
attributed to garbage codes. Furthermore, while the share of deaths attributed
to garbage codes has changed little during the study period in deaths at most age
ranges it has increased markedly in deaths among those aged 20 to 39. This is
primarily due to the high prevalence of cause X42: “Accidental poisoning by and
exposure to narcotics and psychodysleptics [hallucinogens], not elsewhere classi-
fied” which was the most common cause of death among males this age group for
much of the 2010s.
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Figure B.11: The share of deaths attributed to garbage codes in the distribution of
mortality causes extracted from multiple decrement life tables among males and
females within twenty-year age ranges in each year 2001 to 2019.

380



B. Alternative methods and measures for the calculation of diversity

Deaths attributed to garbage codes were redistributed as described above. Fol-
lowing this redistribution, diversity in causes of mortality was calculated under
the Reeve et al. (2016) as described in Chapters 3 and 4 for deaths among males
and females within each twenty-year age range separately in each year 2001 to
2019. Diversity calculated from the redistributed distribution of mortality causes
is plotted alongside diversity calculated from the observed distribution of mortality
causes in Figure B.12.

0t019 | 20t0 39 | 40 t0 59 60 to 79 80+
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with garbage codes redistributed
- Observed distribution of mortality causes
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Normalised alpha diversity
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Figure B.12: Comparison of trends over time in diversity in mortality causes at q =
1, g =2 and q = « calculated from the observed distribution of mortality (solid lines)
and from the distribution of mortality causes with garbage codes redistributed to
valid codes (dotted lines). Diversity is calculated in both cases in the distribution
of mortality causes extracted from multiple decrement life tables for males and
females within twenty-year age ranges in each year 2001 to 2019.

Despite the large share of deaths attributed to garbage codes at some ages,
Figure B.12 shows that trends in diversity in mortality causes are remarkably con-
sistent whether calculated from observed distributions of mortality causes or redis-
tributed mortality causes. There are likely two main, and interconnected, reasons
for this: first, the distribution of mortality causes in Scotland is highly dominated
by a relatively small number of causes as noted in Chapters 4 and 6; because of this
distributional changes can have a limited effect on overall diversity. Secondly, the
method used for redistribution involved reassigning garbage code deaths to causes
of mortality proportionally meaning that much of the distribution of mortality was
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B. Alternative methods and measures for the calculation of diversity

maintained despite the redistribution. Together, these reasons help to explain why
the effect of redistribution is most salient under diversity at g = 1 which is least
sensitive to changes in the most common causes and more sensitive to changes
in the distribution of relatively rare causes. In other terms, the redistribution
of causes does cause there to be fewer rare causes of mortality (because most
garbage codes are relatively rare) but does not have a large effect on the dom-
inance of the most common causes. To use an example, among males aged 20
to 39 in 2019 the two most common causes were X42, described above, and X70
“Intentional self-harm by hanging, strangulation and suffocation” which together
caused 46% of deaths. Following redistribution the most common causes in this
age group were X70 and X99 “Assault by sharp object”, together allocated as the
cause of 44% of deaths, both of these causes are within ICD-10 Chapter XX: External
Causes of Morbidity and Mortality. Cause X42 is also within Chapter XX meaning
many of the deaths attributed to X42 in the observed data were reassigned to X70
and X99. In other words, the proportional redistribution caused a large share of
deaths assigned to a common cause to be attributed to other common causes, re-
ducing diversity slightly. While considerable change occurred in the distribution
of mortality causes, it did not lead to a large change in the dominance of the most
common causes. This causes diversity in mortality causes to change little, partic-
ularly at more conservative measures. Although other methods of redistribution
might lead to different impacts on diversity, the fact that qualitative patterns in
trends in diversity remain after the redistribution approach tested here helps to
demonstrate the overall robustness of the results in this thesis.

B.2.4 Redistribution of contributory causes of mortality

Finally, in this section | present analysis of diversity in contributory causes of mor-
tality in Scotland with garbage codes redistributed to valid ICD-10 three character
codes. Contributory causes of mortality were defined and extracted from mul-
tiple decrement life tables as described in Chapter 7. The redistributive algorithm
described above was applied to this distribution of mortality causes reassigning
garbage codes to valid codes proportionally by exact age at death, sex, and ICD-
10 Chapter. Diversity in the distribution of contributory causes of mortality was
then calculated as described in Chapter 7. Figure B.13 shows diversity in contrib-
utory mortality causes calculated from the distribution of mortality causes with
garbage codes redistributed, alongside diversity in contributory mortality causes
in the observed distribution of mortality causes in each year 2001 to 2019. This
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figure shows that from 2001 to 2015, the results reported in Chapter 7 are upheld
when garbage codes are redistributed and that diversity in contributory causes of
mortality increased in both sexes and across measures of diversity. Following 2015
trends differ, diversity in the observed distribution of contributory causes falls in
females under diversity at g = 1, g = 2 and q = « and plateaus under diversity at q
=1 and q = 2 in males. When diversity is measured in contributory causes of mor-
tality with garbage codes redistributed an initial reduction is noted from 2015 to
2017 under diversity at g = 1 and q = 2 in both sexes after which diversity continues
to increase. Under diversity at q = = no reduction in diversity after 2015 in either
sex is observed though increases slow and plateau after 2019.

This analysis suggests that diversity in valid contributory causes of mortality
continued its general trend of increase across the study period from 2001 to 2019
and did not fall following 2015. This has an impact on some of the conclusions
discussed in Chapter 7; and should be considered when analysing the results of
this Chapter.
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Figure B.13: Comparison of trends over time in diversity in contributory causes
of mortality at g = 1, g = 2 and q = « calculated from the observed distribution
of mortality causes (solid lines) and from the distribution of mortality causes with
garbage codes redistributed to valid codes (dotted lines). Diversity is calculated
in both cases in the distribution of contributory causes of mortality extracted from
multiple decrement life tables for males and females separately in each year 2001
to 2019.
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Appendix C

Further analysis of diversity in
mortality causes within
subpopulations among twenty-year
age ranges

C.1 Diversity trends

The overall tends in diversity in causes of mortality across Scotland by age range
observed within Chapter 4 hold within both SIMD income deprivation quintiles and
Scottish government urban-rural classifications. Diversity in mortality causes fell
in those younger than 40 and increased in most cases in older age ranges. At
older age ranges less variation in diversity between groups is noted in both sets of
subpopulations.

C.1.1 SIMD income deprivation quintiles

In men, those in the most deprived areas tended to face the least diversity in
mortality causes at q values >1 across the age ranges examined here. In contrast,
for diversity at q = 1, this pattern is only seen among those aged 60 to 79 and 80+
with no clear pattern at younger ages.
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Figure C.1: Trends in diversity in mortality causes from 2001 to 2019 in deaths
across twenty-year age ranges in SIMD income deprivation quintiles.

In women, more variation in trends across ages can be observed. Diversity in
causes of mortality in deaths among the youngest age group tended to be higher
in more deprived areas under each diversity measure in 2001; however diversity
fell most quickly in these areas. Under the more conservative measures, this led

to the most deprived areas facing the least diverse causes by 2019.
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In deaths among women aged 40 to 59 the least diverse causes were found in
the least deprived areas across measures and diversity changed little across the
study period in these areas while increasing elsewhere. This is reversed in deaths
at ages 60 to 79 with those in more deprived areas facing the least diverse causes
of mortality. In this age range diversity in mortality causes is shown to fall at
g = oo in deaths across Scotland. Figure C.1 shows this was driven by trends in
more deprived areas with little change in diversity in the median quintile and less
deprived areas. Finally, in deaths among women aged 80+ trends are less clear at
g = 1 and g= 2 however, diversity increased most quickly in more deprived areas at

q=co.

Diversity in mortality causes is found to be higher in urban areas across the age
ranges shown in Figure 13 in both sexes under diversity at g = 1. In men under
diversity at g = 2 and q = o, this is also observed in deaths among those aged 80+
however, in other age ranges patterns are less clear with similar trends across the
populations of urban-rural classification.

In women the trend for higher diversity in urban areas continues under more
conservative measures of diversity among deaths in those aged 0 to 39 and 40 to 59.
However, in older ages this reverses and women in urban areas tended to face less
diverse causes of mortality. For the most part trends in diversity were consistent
across subpopulations in women however diversity fell most quickly in urban areas
among those aged 0 to 39 and the previously noted reductions in diversity among
those aged 60 to 79 were only observed in urban and small town areas.

C.1.2 Scottish Government urban-rural classifications

Diversity in mortality causes is found to be higher in urban areas across the age
ranges shown in Figure C.2 in both sexes under diversity at q = 1. In men under
diversity at g = 2 and q = «, this is also observed in deaths among those aged 80+
however, in other age ranges patterns are less clear with similar trends across the
populations of urban-rural classification.
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In women the trend for higher diversity in urban areas continues under more
conservative measures of diversity among deaths in those aged 0 to 39 and 40 to 59.
However, in older ages this reverses and women in urban areas tended to face less
diverse causes of mortality. For the most part trends in diversity were consistent
across subpopulations in women however diversity fell most quickly in urban areas
among those aged 0 to 39 and the previously noted reductions in diversity among
those aged 60 to 79 were only observed in urban and small town areas.
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Figure C.2: Trends in diversity in mortality causes from 2001 to 2019 in deaths
across twenty-year age ranges in Scottish Government urban-rural classifications.
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C.1.3 Trends among the youngest age class

Issues related to the measurement of diversity with small sample sizes are dis-
cussed in Section 3.3.3.2. In most cases throughout this thesis sample sizes are
considered to be large enough for a reliable measurement of diversity in causes of
mortality to be made. However, within subpopulations divided by age at death,
as presented within this appendix, some subgroups present with particularly small
sample sizes with the potential to bias measurements of diversity. This is par-
ticularly a concern among the youngest age class where the fewest deaths occur.
Figure XX presents the diversity of causes of mortality in deaths among those aged
0-39 in SIMD income deprivation quintiles and Scottish Government urban-rural
classifications as discussed in previous sections with deaths grouped across four-
year periods to increase sample sizes. Trends and subpopulation tendencies are
observed to differ little from those discussed previously. This indicates that the
conclusions drawn in previous sections are robust to the potential biasing effects
of the smaller sample sizes in these subpopulations
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C.1. Diversity trends
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Figure C.3: Trends in diversity in mortality causes from 2001 to 2019 in deaths
among those aged 0-39 in SIMD income deprivation quintiles and Scottish Govern-
ment urban-rural classifications with deaths pooled across four year periods.
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C.2. Additive value

C.2 Additive value

C.2.1 SIMD income deprivaiton quintiles

Inequalities in the distribution of cause-specific mortality by income deprivation
are clear in Figure C.4. It shows that Chapter XX is more prominent in mortal-
ity at younger ages among more deprived areas. Previous research has clearly
shown strong deprivation-related effects on mortality in Chapter XX with specific-
ally deaths of despair linked to more deprived areas and this is clearly evident
here.

Trends observed in cancers (Chapter Il) at ages 40 to 59 in women across Scot-
land are more prominent in the least deprived areas where all-cause diversity stag-
nated across the study period. The specific cancers which were most prominent
in each quintile differs with breast and ovarian cancers (ICD-10 codes C50 and 57)
most common in the least deprived areas and lung cancer (C34) more dominant in
more deprived areas.
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Figure C.4: Additive value to diversity in mortality cause of selected ICD-10
Chapters in deaths among men and women in twenty-year age ranges in the most
and least deprived SMD income deprivation quintiles.

Figure C.1 shows less variation between quintiles at older ages and this is evid-
ent here with similar profiles of additive value across ICD-10 Chapters among those
aged 60 to 79 and 80+.
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C.2. Additive value

C.2.2 Scottish Government urban-rural classifications

Figure C.5 shows that in deaths among those aged 0 to 39 Chapter XX: External
Causes of Morbidity and Mortality was much more dominant in the distribution of
mortality causes in urban areas than in small towns or rural areas. The increasing
dominance of causes within this chapter likely explains reductions in diversity at q
= oo occurring more rapidly in urban areas as for the most part profiles of additive
value are observed to be similar across subpopulations.
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Figure C.5: Additive value to diversity in mortality cause of selected ICD-10
Chapters in deaths among males and females aged 0 to 39 in the population of
Scottish Government urban-rural classifications.
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The additive value of Chapter Il: Neoplasms in women aged 40 to 59 is found
to be higher in more rural areas as shown in Figure C.6. Similarly, the additive
value of Chapter IX: Diseases of the circulatory system is found to be higher in
these areas among men in this age range. These trends are also noted among the
populations of the least deprived areas in Scotland.
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Figure C.6: Additive value to diversity in mortality cause of selected ICD-10
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C.2. Additive value

The trends in additive value among older age groups are, like in SIMD income
deprivation quintiles, similar across urban-rural classifications reflecting the small
differences in diversity observed in these ages.
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Appendix D

The relationship between lifespan
diversity and life expectancy

Figure D.1 shows that lifespan diversity was negatively correlated with life expect-
ancy in Scotland and in most subpopulations over the years 2001 to 2019. Meaning
that as the population died at an older age, the variation in age at death was
smaller. This is indicative of greater equality in lifespan within populations as in-
dividuals lived longer. This association is fairly consistent across both SIMD income
deprivation quintiles (upper panels of Figure D.1) and urban-rural classifications
(lower panels of Figure D.1).

The trends of increasing or stagnating lifespan diversity noted in the years fol-
lowing 2010 occurred alongside faltering improvements to life expectancy across
Scotland as well as within a number of the subpopulations examined here. This
indicates that reductions in within-group inequality in lifespan slowed at the same
time as increasing average age at death in these groups.
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Alongside trends over time, a general tendency for reduced lifespan diversity
can be observed among subpopulations with higher life expectancies. This indic-
ates that in areas where the population lived longer there was less variation in
ages at death. This is especially clear between SIMD income deprivation quintiles
between which greater differences in both measures are observed than between
urban-rural subpopulations.
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Appendix E

Future research case study methods
and results

E.1 Similarity-sensitive diversity in causes of mortal-
ity: Case study methods

Mortality and population data were used in the calculation of is life tables for the
male and female population of Scotland in the years 2001 to 2019 as described in
Chapter 4 of this thesis. Naive-similarity normalised alpha diversity in causes of
mortality was calculated using mortality cause distributions extracted from these
life tables as described in Chapter 4.

The formation of similarity matrices for the calculation of diversity is explained
in detail in Chapter 5. In the case of ages at death a formula for similarity between
pairs of ages based on the distance between these ages is used. This is possible
because ages at death present a continuous set of types where differences between
types are mathematically relevant (i.e. a difference of 1 year in age can be treated
as the same between ages 0 and age 1 as between age 99 and age 100). In the case
of causes of mortality a formulaic approach such as this is not applicable. Instead
in this case study similarity is based on the structure of ICD-10 classification. Two
layers of stratification are used by the ICD-10 system above three-character codes;
these are: Blocks which are groups of three-character ICD-10 codes describing
similar diseases or conditions (e.g. C00-C14 Malignant neoplasms of lip, oral cavity
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E. Future research case study methods and results

and pharynx, which groups codes classifying neoplasms in the mouth and throat);
and Chapters, the highest level of categorisation in the ICD-10 structure grouping
diseases and conditions by disease type or body system or example Chapter Il:
Neoplasms or Chapter IX: Diseases of the Circulatory System.

A matrix was constructed with rows and columns representing each ICD-10
three-character code present in the Scottish mortality data used in this study.
As a default, causes are set to have 0 similarity to each other, without further
adaptation this represents naive similarity with all causes treated as distinct. All
causes within the same Chapter are set to have a similarity of C to each other and
all causes within the same Block are set to have a similarity of B to each other.
The process of selecting values for C and B to take is one the key areas which re-
quires further research. Here, in a similar process to that described in Chapter 5,
values were chosen by calculating the similarity-sensitive metacommunity gamma
diversity at q=1 (('G?)) of the distribution of mortality causes in across the years
2001-2019 in both sexes combined. This measure calculates the effective number
of causes (or groups of causes) in the distribution. In this case B was set to be half
of C in all cases indicating that codes in the same block are twice as similar to
each other as codes in the same chapter. With this constraint, similarity matrices
were created by gradually reducing C from a value of 1 and calculating ('G?) un-
der each matrix with the aim of producing a value of 19 under this measure. This
number was chosen to align with the proposed number of groups of causes used
by Bergeron-Boucher et al. (2020). This resulted in a value for C of 0.4695 (and
therefore B was (0.23475).

Using the similarity matrix described above similarity-sensitive normalised al-
pha diversity in causes of mortality was calculated for deaths among males and
females in Scotland in each year from 2001-2019.

E.1.0.0.1 Similarity-sensitive diversity in causes of mortality: Case study res-
ults In Figure E.1 trends from 2001 to 2019 in the similarity-sensitive diversity
in causes of mortality among males and females in Scotland are shown. Within
each sex no notable exceptions are observed to trends in naive-similarity diversity
as observed previously in this thesis. Differences in diversity between sexes are
smaller under similarity-sensitive measures than in naive-similarity measures at q
=1andqg = 2.
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E. Future research case study methods and results

Similarity-sensitive diversity is compared to naive-similarity diversity in Figure
E.2. Strong correlation between measures can be observed in both sexes under
diversity at g = 1 and g = 2. Under diversity at g = «, slight deviation can be
observed. These datapoints represent the late years of the 2010s when reductions
in naive similarity diversity at this measure were more pronounced than under
similarity-sensitive diversity.
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E.2 Diversityin the study of population health in small
populations: case study methods
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E. Future research case study methods and results

Mortality data as described in Section 3.2.1 for the years 2001 to 2005 was used
for this case study. A census postcode sector was assighed each mortality record
based on the postcode associated with the record. Census postcode sectors are ad-
ministrative geographies created for the dissemination of census data. The deaths
within each postcode sector in Scotland in the years 2001 to 2005 were combined
for each sex separately and normalised alpha diversity (as described previously in
this thesis) at g = 1 was calculated in the distribution of mortality causes in each
postcode sector for males and females separately.

The 2001 Carstairs score, a measure of area-level deprivation, for each post-
code sector was obtained from Public Health Scotland publicly available data. This
area level deprivation data was used indicatively to demonstrate the methods de-
scribed in this section. Carstairs scores are standardised with high positive values
indicating more deprived areas and more negative values indicating less deprived
areas (Brown et al., 2014).

The algorithm described in the previous section was applied to the mortal-
ity records within each postcode sector for males and females separately. The
distribution of mortality causes within each postcode sector was resampled and
normalised alpha diversity at q = 1 was calculated for men and women separately
in each postcode sector. This was repeated 1000 times and the mean of the values
of diversity produced was extracted.

E.2.0.0.1 Diversity in the study of population health in small populations:
Case study results The normalised alpha diversity at g = 1 of the causes of mor-
tality recorded in the years 2001 to 2005 in each Scottish census postcode sector
is plotted against the mean resampled diversity value for males and females sep-
arately in Figure E.3. A diagonal line is plotted, points which fall on this line
represent postcode sectors where diversity in mortality causes was exactly what
would be expected given the population size and the ages of those who died. Points
to the left of the diagonal line indicate postcode sectors where causes of mortal-
ity were less diverse that would be expect and those on the right represent areas
where causes of mortality were more diverse than would be expected.
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E. Future research case study methods and results

Points are coloured by 2001 Carstairs score, a measure of deprivation, as an ex-
ample of how these methods might be utilised. A possible tendency for areas with
greater deprivation to have less diverse mortality causes than would be expected
can be observed.

Females Males

501
Less diverse than expected

40

Z 2001 Carstairs score

i I1O
L]
.

5

304

0

-5

204

e —— T

Resampled normalised alpha diversity at q = 1 in postcode sectors

More diverse than expected More diverse than expected

’ ? Observed ng(r)malised alpha di?/(;rgity atg=1in poszt(():ode sectors 0 *
Figure E.3: Normalised alpha diversity at g = 1 in causes of mortality calculated
in deaths recorded within individual census postcode sectors in Scotland in the
years 2001 to 2005 plotted against the resampled diversity of each census postcode
sector. Points are coloured by 2001 Carstairs Deprivation score, blue positive values
indicate more deprived areas with red points indicating less deprived areas.
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