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Diversity in causes of death:
A new framework to account for multiple causes of death

Marie-Pier Bergeron-Boucher1
Sergi Trias-Llimos®

Aline Désesquelles3

Abstract

BACKGROUND

The structure of causes of death has changed in low-mortality countries, with recent
trends showing increasing cause diversity. However, most research overlooks that several
conditions often contribute to the process leading to death.

OBJECTIVE
This paper develops a framework for studying cause-of-death diversity that accounts for
multiple causes of death (MCoD).

METHODS

We introduce novel MCoD life tables to estimate cause diversity based on age-
standardized metrics. Two dimensions of diversity are assessed: the average number of
causes contributing to death and how diverse these causes are. For the latter dimension,
two indexes derived from the Gini—Simpson index are proposed, each based on a different
perception of the role of the contributing causes in the process leading to death. All
metrics are decomposable and applied to data from Denmark, France, Spain, and the
United States.

RESULTS

The results show increased cause diversity, both in terms of the average number of causes
and how evenly deaths are distributed across groups of causes. MCoD yields higher
diversity than the underlying causes of death (UCD), confirming that relying solely on
UCD downplays the complexity of the mortality process. However, the increase over
time in diversity is more modest when using MCoD compared to UCD. The main driver
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of increasing cause diversity is the decline in mortality from diseases of the circulatory
system.

CONTRIBUTION

This study offers a novel framework for analyzing cause diversity using MCoD. The
proposed metrics are intuitive and based on life tables, and provide valuable insights into
the growing complexity of the mortality process across countries.

1. Introduction

The structure of causes of death has experienced major changes in low-mortality
countries since the onset of the epidemiologic transition. This transition describes the
shift from an initial phase, characterized by high mortality dominated by infectious and
parasitic diseases, to a new phase marked by lower mortality, primarily due to
degenerative and man-made diseases (Omran 1971). However, the theory did not
anticipate the substantial decline in mortality from degenerative diseases, particularly
cardiovascular diseases, from the 1960s. Olshansky and Ault (1986) suggest an additional
phase to the epidemiologic transition, where the decrease in mortality from degenerative
diseases occurs due to a delay of deaths from these diseases toward older ages. This fourth
phase involved a shift in the age of death rather than a shift in causes, suggesting that the
overall distribution of causes of death should remain relatively stable. However,
Olshansky et al. (1998) later proposed a fifth stage of the transition, where infectious
diseases would reemerge in the epidemiological profile of low-mortality countries, a
theory reinforced by the COVID-19 pandemic.

In fact, important changes in the distribution of causes of death have been already
observed since the onset of the cardiovascular revolution. In the 1960s, diseases from the
circulatory system accounted for over 50% of deaths in countries such as Denmark and
the United States. Since then, this proportion has halved, representing 21% of deaths in
Denmark and 30% in the United States in 2019 (OECD 2025). Still, the magnitude and
pace of change in cause-specific mortality, in particular cardiovascular mortality, varied
across countries (Grigoriev et al. 2014; Townsend et al. 2022). As conceptualized with
the pattern of the “rise and fall” of the diseases (Mackenbach 2021), historically, deaths
have been redistributed from one major group of causes to another: from infectious
diseases to cardiovascular diseases and, to some extent, malignant neoplasms. But while
neoplasms initially seemed to replace diseases from the circulatory system as the leading
cause of death, they have not fully accounted for the decline in the share of deaths from
the latter group of causes. Recent studies indicate that, in many low-mortality countries,
the causes of death have become more diverse over the past few decades (Bergeron-
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Boucher, Aburto, and van Raalte 2020; Calazans and Permanyer 2023; Trias-Llimos and
Permanyer 2023). To put it differently, deaths have shifted away from cardiovascular
diseases toward a wider range of causes, including mental and behavioral disorders;
diseases of the nervous, genitourinary, and respiratory systems; neoplasms; and
infectious diseases (Bergeron-Boucher, Aburto, and van Raalte 2020). This
diversification of causes of death may have significant implications for healthcare
systems, as a more varied distribution of causes can lead to lower predictability and more
fragmented efforts to reduce mortality (Bergeron-Boucher, Aburto, and van Raalte 2020).

Research on cause-of-death diversity has primarily focused on the underlying causes
of death (UCD) — that is, the cause considered to have initiated the chain of events leading
to death (Bergeron-Boucher, Aburto, and van Raalte 2020; Calazans and Permanyer
2023; McMonagle et al. 2022). However, UCD analysis captures only the tip of the
iceberg, as several conditions often contribute to the process leading to death. And
indeed, death certificates allow for the inclusion of several contributing causes of death.

In the last 15 years, research has developed in order to account for these multiple
causes of death (MCoD) (Bishop et al. 2023; Désesquelles et al. 2012). Research shows
that the majority of death certificates list more than one disease (Désesquelles et al. 2016).
The MCoD approach also highlights that specific disease combinations come with
specific risks (Janssen 1940), with some diseases being more often associated with each
other or co-occurring more frequently (Désesquelles et al. 2010; Egidi et al. 2018; Villela,
Klein, and Oliveira 2018). It reassesses the contribution to mortality of many diseases or
conditions, such as diabetes, Alzheimer’s disease and dementia, obesity, or infectious
diseases (Adair et al. 2022; Barbieri et al. 2017; Désesquelles et al. 2014, 2015; Fedeli et
al. 2015, 2016; Goldacre et al. 2004) that are not frequently selected as the UCD. In doing
so, this approach reveals an increased variety of causes involved in processes leading to
death. A recent research employs an MCoD approach to estimate cause diversity in the
United States, using distance measures, and finds that using only the underlying cause
underestimates the cause diversity (Trias-Llimés and Permanyer 2023). Another study
assessing trends over time using MCoD points toward an increasing number of causes
mentioned in the death certificate over the last two decades in England and Wales
(Grundy and Stuchbury 2022). However, cross-country comparisons in diversity
accounting for MCoD are nonexistent.

Studying cause diversity in a MCoD context poses greater challenges than
examining UCD diversity. This is due to not only more limited data access, but also the
fact that individuals die only once but often from multiple causes. Diversity can then be
understood as how many causes contribute to a death, but also as how different these
causes are across individuals. These two aspects of diversity are well known in
biodiversity studies, which are known respectively as richness and evenness. ‘Richness’
refers to the number of different species in an ecological community, while ‘evenness’
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describes how common or rare each species is, by comparing their relative abundance.
Evenness is often measured using indices such as the Shannon index or the Simpson
index (Moore 2013). These two concepts can also be applied to the study of diversity in
causes of death. At the population level, richness can be understood as the number of
different causes of death present. At the individual level, richness can be seen as the
number of contributing causes listed on a death certificate. Evenness, on the other hand,
captures the variability in the distribution of causes of death within a population and the
individual level uncertainty in the causes of death, which has been the focus of recent
studies (Bergeron-Boucher, Aburto, and van Raalte 2020; Calazans and Permanyer 2023;
Trias-Llimoés and Permanyer 2023).

The aim of this paper is to develop a framework for studying cause-of-death
diversity while accounting for MCoD. The proposed approach should (1) allow for
comparisons over time and across countries (i.e., be age-standardized), (2) capture the
two key dimensions of diversity, richness and evenness, and (3) provide decomposable
diversity measures. The proposed framework builds on previous research on cause-of-
death diversity and introduces new methods to quantify it across four countries.

2. Data

We use multiple-causes-of-death mortality data for Denmark, France, Spain, and the
United States. Data by single-year age groups were available for Denmark, Spain, and
the United States, and were available by five-years age groups for France. For all
countries, we used the life table from the Human Mortality Database (HMD 2025). The
time coverage for the analysis differs by country.

Danish causes of death data come from the Danish Register of Causes of Death,
provided by Statistics Denmark. Denmark started using the International Classification
of Diseases (ICD) 10™ classification in 1994. However, in 2002, the country started using
the Automated Classification of Medical Entities (ACME), an international standard for
coding. The introduction of ACME created discontinuities in the trends (Helweg-Larsen
2011). As a result, we use data from 2002 to 2022 for the country. French data are
prepared by the French National Institute for Health and Medical Research (Inserm). We
use data from 2006 to 2022 available through the French Health Registry (SNDS).*
France adopted the ICD-10 in 2000. This change coincided with the introduction of an
automated coding system (STYX) that is derived from the American system (ACME). In
2012, France adopted IRIS system (BfArM 2025) to code the causes and select the UCD.
For years 20182019 and 2021-2022, Inserm used generative artificial intelligence (Al)

4 Systéme national des données de santé.
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to code the entries on the death certificates. This is likely to have had an impact on the
MCoD data. Spanish data comes from the National Institute of Statistics, and it is
available for the period 2016-2022. As for France, Spain uses the IRIS automated coding
system. Causes-of-death data from the United States comes from the Multiple Causes of
Death Data from the Centers for Disease Control and Prevention (CDC 2025), from 2000
to 2023. This period covers causes classified under the ICD-10. The United States uses
the ACME automated coding system.

For all countries, we use data from age 0 to 100+. We use 100 years of age and over
as an open-ended age group to avoid too small death and population counts at the oldest
ages. We group the causes of death into 15 broad groups, which represents most of the
ICD-10 chapters. Table 1 shows the causes and their ICD-10 codes. To avoid double
counts, if a death certificate mentioned the same cause (as in Table 1) more than once,
we kept only one mention. If the cause is reported as the UCD, we keep this mention.
Otherwise, we keep its first mention as the contributing cause. The average numbers we
have computed depend on how we classified the causes and grouped them. Strictly
speaking, our indicator is the average number of distinct groups of causes present on the
death certificates. In the rest of the paper, this indicator is referred to by the more concise
expression ‘average number of causes.’

Table 1: Causes of death grouping and their ICD-10 codes

Diseases or external causes ICD-10 codes

Infectious and parasitic diseases (incl. COVID-19) A00-B99, U04, U07-U10, U8D-U89
Neoplasms C00-C99, D00-D48

Diseases of the blood(-forming organs), immunol. disorders D50-D89

Endocrine, nutritional, and metabolic diseases E00-E90

Mental and behavioral disorders F00-F99

Diseases of the nervous system G00-G98

Diseases of the circulatory system 100-199

Diseases of the respiratory system J00-J99

Diseases of the digestive system K00-K93

Diseases of the skin and subcutaneous tissue L00-L99

Di of the musculoskeletal system and connective tissue MO00-M99

Diseases of the genitourinary system NO0O0-N99

Other symptoms, signs, abnormal findings, ill-defined causes R00-R99

External causes S, T,V, W, XY codes

Other diseases HO00- H95, ©00-099, P00-P96, Q00-Q99
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3. Methods

The paper proposes several new methods to study cause-of-death diversity while
accounting for MCoD. This section introduces the following methodological
contributions: (1) a MCoD life table, which incorporates MCoD information directly into
standard life tables, allowing the estimation of age-standardized MCoD indicators
alongside traditional mortality measures; (2) the average number of causes (or more
precisely, average number of distinct groups of causes present on the death certificates),
reflecting how many causes contribute, on average, to death and corresponds to the
concept of richness in biodiversity studies; and (3) diversity-of-causes measures to assess
how diverse the causes contributing to death are by comparing their relative abundance,
analogous to evenness in biodiversity research. We propose two approaches to measure
evenness. The first method, based on the Gini—Simpson index, is labeled M1 and assumes
that all causes listed on the death certificate contribute equally to cause diversity. The
second method, also based on the Gini—Simpson index, is labeled M2 and assumes that
the UCD represents the baseline level of diversity, with contributing causes adding to this
diversity.

3.1 Multiple-causes-of-death life table

We propose using a life table framework to measure MCoD mortality trends and levels.
Life tables provide various key mortality indicators and are age-standardized, offering
comparable measures over time and across populations. Multiple decrement life tables
(MDLT) estimate the distribution of deaths by age and underlying cause, allowing for
detailed analysis of mortality patterns. The death probability of underlying causes i at age
x (q(x,1)) and the corresponding age-and-cause-of-death distribution (d(x,i)) are
estimated as

Dex.i
a0 = q0) 272 (2
d(x,i) = q(x,D)l(x), (1b)

where q(x) is the life table age-specific death probability, [(x) is the life table probability
to survive to age x, and D(x,i) is the observed number of deaths at age x and from
underlying cause i (Preston, Heuveline, and Guillot 2001). In a MDLT, everyone dies
once at one age and from one cause, with Y, Y,; d(x,i) = 1 (for a life table radix of 1).
We suggest adding columns to the MDLT, allowing for the inclusion of information on
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contributing causes. The death probability of underlying causes i with contributing cause
J can be estimated as

e
i) = a0 g @

where D(x,1,j) is the observed number of deaths at age x and from underlying cause i
and contributing cause j. From Equation (2), we can obtain

d(x,i,j) = q(x,i, L) (€)

Here, d(x,i,)) is interpreted as the life table number of deaths at age x, from UCD i and
with contributing cause j. It is important to note that the unicity is still maintained within
the life table when only the underlying causes are considered, but it does not apply to
Yx2i2jd(x,i,j). This occurs because deaths with multiple reported causes may be
counted more than once. Conversely, if a death has no contributing causes, it is accounted
only in the d(x, i) column. We refer to this augmented table as an MCoD life table.

Table 2 provides an example of the MCoD life table for French females in 2022 for
diseases of the circulatory system and neoplasms. For example, the table shows that at
ages 5054, there were 95 life table deaths with diseases of the circulatory system as
UCD (d(x, €)), out of which 6 had neoplasm as the contributing cause (d(x, C, N)). At
the same age, there were 556 life table deaths from neoplasms (d (x, N)) out of which 50
had diseases of the circulatory system as the contributing causes (d(x, N, C)). While we
use the MCoD life tables to calculate cause diversity, the tables have broader applications.
For example, they could be used to calculate other MCoD indicators, such as cause-
specific mortality rates accounting for MCoD or cause-of-death association indicators
(Désesquelles et al. 2012). All indicators are age-standardized within the life table, so
they are comparable over time and across countries.

https://www.demographic-research.org 629
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Table 2:

Example of multiple-causes-of-death life table for French females in

2022 for two groups of causes: diseases of the circulatory system (C)
and neoplasms (N)

q(x,C) q(x,C,N) q(x,N) q(x,N,C) d(x,C) d(x,C,N) d(x,N) d(x,N,C)
- 0.0000 0.0000 0.0000 0.0000 - 3 0 2 1
0.0000 0.0000 0.0001 0.0000 3 0 9 2
0.0000 0.0000 0.0001 0.0000 2 0 9 1
0.0000 0.0000 0.0001 0.0000 2 0 € 2
0.0000 0.0000 0.0001 0.0000 4 0 14 2
0.0001 0.0000 0.0001 0.0000 7 0 14 2
0.0001 0.0000 0.0003 0.0000 8 0 31 2
0.0001 0.0000 0.0006 0.0001 10 0 58 5
0.0002 0.0000 0.0011 0.0001 22 0 106 7
0.0004 0.0000 0.0018 0.0001 40 1 177 15
0.0007 0.0000 0.0032 0.0003 66 2 319 32
0.0010 0.0001 0.0057 0.0005 95 6 556 50
0.0016 0.0001 0.0088 0.0009 158 7 846 90
0.0028 0.0001 0.0133 0.0016 263 14 1263 149
0.0047 0.0003 0.0180 0.0025 435 29 1667 230
0.0082 0.0005 0.0239 0.0036 726 43 2124 324
0.0159 0.0008 0.0324 0.0057 1339 66 2720 478
0.0352 0.0017 0.0437 0.0093 2681 130 3332 711
0.0795 0.0029 0.0562 0.0142 5038 185 3564 898
0.1511 0.0051 0.0629 0.0189 6528 222 2717 819
0.2185 0.0062 0.0572 0.0190 4191 118 1097 364
0.2671 0.0074 0.0421 0.0133 1152 32 181 57

Notes: The columns in dark gray are indicators from a life table, in light gray from the multiple decrement life table, and in white from
the added multiple causes of death information. The radix of the life table is 100,000.

3.2 Number of causes

One advantage of the MCoD life tables is that they allow the concept of richness to be
directly accounted for. Specifically, the age-standardized average number of (unique)
causes per death certificate, N, can be estimated from d (x, i, j), assuming a life table radix
of 1 (from now onwards):

630
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where ¥, ;¥ d(x,,) is the number of contributing causes of death (CCD), excluding
the UCD. To ensure that N also accounts for the UCD, and thus also considers individuals
without any CCD, we add 1 to the formula as Y, Y; d(x, i) = 1. The average number of
causes by age (N (x)) or UCD (N (i)) can also be calculated as

Xid(xi) +X;Xdx, 1))

N(x) = o) - (5.1)
N(l) — Zxd(x: l) + Z']'Zxd(x' L']). (52)
d()

The change in the number of causes over time can be decomposed into changes in
the share of deaths by age and UCD using the Das Gupta decomposition (Das Gupta
1978). This approach can indicate whether the change in N is due to a shift toward age
groups and UCD that have different average numbers of causes. The decomposition takes
the form of AN = Ageeffect+ UCD effect+ N(x,i)effect, where the
N (x, i) effect captures the contribution of a general change in the number of causes across
ages and UCD to the changes in N or, in other words, how much of the changes in N
cannot be explained by shifts toward ages and UCD with more (or less) numerous
contributing causes (see Appendix A for detailed decomposition).

3.3 Cause diversity

Two common measures of diversity are the Shannon index (entropy) and the Simpson
index. Here, we use the Simpson index because it offers more flexibility for incorporating
MCoD, as detailed below. However, a comparison of both indices showed similar results.
The Simpson index (S) is interpreted inversely: A higher value indicates lower diversity,
with a value of 1 representing no diversity. To make the interpretation more
straightforward, we use the complement of the Simpson index, known as the Gini—
Simpson (GS) index. The GS formula for the UCD diversity is

05=1—S=1—Zd(i)2. (6)

where d (i) is the life table share of deaths from underlying cause i. Similarly, we can

calculate the CCD distribution d(j) = M and its related GS. We propose two

T2y T d(xi])
approaches for incorporating MCoD data in studying cause diversity.
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3.3.1 M1 approach to study multiple-causes-of-death diversity

The first approach (M1) assumes that all causes listed on the death certificate, regardless
of their role in the morbid process, contribute similarly to the complexity of the mortality
process. We then calculate the distribution by cause ¢, where ¢ represents the cause
irrespective whether it is underlying () or contributing (f):

_ d(x,
a@=) (fvc). ™

X

Here, CT@ represents the relative abundance of cause ¢ in the population, no matter its
role in the morbid process, with Y.d(c) = 1. We calculate GS using the d(c)
distribution (instead of d(i) in Equation 6) to measure cause diversity. With this
approach, cause diversity accounting for MCoD can be lower (or higher) than when
accounting for UCD alone. For example, consider an extreme case where one cause is
reported on every death certificate but is rarely listed as the UCD. This specific cause
would represent a large share of d(c), reducing diversity compared to diversity measured
using UCD alone. In contrast, if UCDs are concentrated in a few causes (e.g.,
cardiovascular diseases or neoplasms), but contributing causes span a broader set of
causes, then the overall diversity of causes using MCoD will be higher compared to UCD
alone.

Changes in GS can be decomposed into the contributions of the changes in the age-
and cause-specific death probabilities using the Horiuchi decomposition method
(Horiuchi, Wilmoth, and Pletcher 2008). The method assumes that the GS is a
differentiable function of specific covariates, here of the age- and cause-specific death
probability. It is a line integral model of decomposition. We use the algorithm available
in the R package DemoDecomp (Riffe 2024). For the decomposition based on MCoD
data, d@?c) is assumed to be the life table death distribution and new death probabilities
are derived from the death distributions using standard life table relations. We do not
decompose the change in CCD diversity, as the probability of dying from CCD without
UCD is not conceptually meaningful.

3.3.2 M2 approach to study multiple-causes-of-death diversity
The second approach (M2) to measure MCoD diversity is more UCD-centric. It assumes

that the UCD provides the baseline representation of cause diversity, with each
contributing cause adding to this initial level.
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Let’s consider a Simpson index that captures cause diversity among individuals with
UCD i, denoted S(i), and ranging between 0 (highest diversity) and 1 (no diversity). When
both the UCD and CCD are included in the cause distribution used to compute S(i), the
index has the property that, if no CCD are reported for UCD i, then S(i) = 1. As more
contributing causes are added, and the more diverse they are, the value of S(i) decreases.
Thus, S(i) reflects not only the diversity of CCD but also the overall diversity of causes
listed on the death certificate for individuals dying from UCD i. By aggregating S(i)
across all UCDs, we obtain an extension of the Gini—Simpson index:

GS'=1— Z d(i)? S(D). ©

If there are no contributing causes, then S(i) = 1 for all UCD and the modified
Gini—Simpson index equals the index for the UCD only (Equation 6). Under this
approach, cause diversity accounting for MCoD can only be equal to or greater than UCD
diversity, thus assuming that the UCD diversity is the minimum diversity level. It is also
more sensitive to NV than M1.

The GS' can also be decomposed into (1) changes in UCD-specific diversity index
(5(i)) and (2) changes in the squared share of the UCD (d(i)?) using the Kitagawa—
Oaxaca—Blinder decomposition (see Appendix A) (Blinder 1973; Kitagawa 1955;
Oaxaca 1973). The decomposition takes the form AGS’ = S(i) ef fect + d(i)?ef fect.
It informs on whether a change in GS’ is due to causes becoming more (or less) diverse
across UCD (S(i) ef fect), or to a shift toward UCD with more (or less) diverse causes
profile (d(i)? ef fect).

4. Results
4.1 Richness and average number of causes

Figure 1 shows that the age-standardized average number of unique causes reported (V)
has been generally increasing in all four countries and both sexes over time. In the United
States, N increased from 1.98 for females and 1.95 for males in 2000 to 2.29 and 2.33 in
2023, respectively. In Denmark, these numbers increased from 1.86 and 1.90 in 2002 to
2.19 and 2.27 in 2022. In France, the numbers grew from 2.24 and 2.30 in 2006 to 2.34
and 2.42 in 2022. In Spain, the numbers rose from 2.67 and 2.63 in 2016 to 2.74 and 2.70
in 2022. However, a few years before the onset of the COVID-19 pandemic, N had been
slightly decreasing in Spain and France. In France, this decrease could be attributed to
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the use of generative Al in 2018-2019 to code the entries. The COVID-19 pandemic
came with a sudden increase in the number of causes, followed by a decrease in the
subsequent years in all countries. Regarding differences between sexes, there were no
consistent patterns across countries indicating whether one sex had a higher number of
reported causes of death than the other. Spain had the highest number of reported causes.

Figure 1: Age-standardized average number of unique causes reported in
Denmark (2002-2022), France (2006-2022), Spain (2016-2022), and
the United States (2000-2023), by sex

Females Males
3.0
\.—‘\ﬁ/ ‘\,,,_/\()
1%
825
3
@
e
2]
@
e
g 2.0
22
1.5
2000 2005 2010 2015 2020 2000 2005 2010 2015 2020
Year
Country — Denmark — France — Spain United States

Table 3 shows the changes in N over time and its decomposition by contribution
from the changes in the distribution of death by age and UCD in three periods, to estimate
whether N increased because deaths have been shifting toward ages or UCD with a higher
number of contributing causes. The result of the decomposition shows that the changes
in the death distribution by age and UCD contributed modestly to changes in N. The table
shows that changes in N(x,i) was the main contributor to changes in N before the
COVID-19 period, meaning that the number of causes increased across ages and UCD
between 2006 and 2015 in all countries, a trend that continues until 2019 in Denmark and
the United States. However, the N(x,i) contributions decreased in Spain and France
between 2016 and 2019, which led to a general decrease in N. Results for the COVID-19
period showed higher country heterogeneity, with changes in UCD profile being
particularly important in France and Spain.
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Between 2020 and 2022, the UCD-distribution effect was more pronounced than in
the previous periods and negative in all countries. This is partly explained by an increase
in the UCD share of deaths of infectious diseases in 2020, which then decreased in the
following years. Deaths from infectious diseases as UCD have, on average, a higher
number of reported CCD, compared with other causes, such as diseases of the circulatory
system (see Appendix C for the underlying data).

Table 3: Decomposition of the changes in V(AN ) by contributions from
changes in the distribution of deaths by age (age component) and
underlying causes (UCD component) and changes in the number of
causes by age and underlying cause (N(x,i) component), between 2006
and 2015, 2016 and 2019, and 2020 and 2022 for Denmark, France,
Spain, and the United States, females and males. The most important
contribution is reported in bold

Females Males
Age ucb N(x,i) AN Age ucb N(x,i) AN
2006-2015
Denmark 0.00 —-0.01 0.20 0.19 0.00 -0.01 0.20 0.19
France 0.00 —-0.01 0.16 0.15 0.01 -0.02 0.16 0.15
Spain - - - - - - - -
United States —-0.00 0.02 0.03 0.05 0.00 0.02 0.06 0.08
2016-2019
Denmark 0.00 —-0.01 0.04 0.03 0.00 -0.01 0.04 0.03
France -0.00 -0.02 —-0.03 -0.05 0.00 -0.02 —-0.05 -0.07
Spain -0.00 0.01 -0.05 -0.04 0.00 0.00 -0.03 -0.03
United States -0.00 0.00 0.05 0.05 —-0.00 -0.00 0.06 0.06
2020-2022
Denmark 0.00 —-0.01 0.02 0.01 —-0.00 -0.02 0.04 0.02
France -0.00 —-0.03 —-0.02 -0.05 —-0.00 -0.03 -0.02 —-0.05
Spain —-0.00 -0.04 0.02 -0.02 0.01 -0.05 0.02 -0.02
United States -0.01 -0.04 0.06 0.02 -0.00 0.04 0.10 0.14

4.2 Evenness and diversity

Figure 2 shows the cause diversity over time using four approaches: the UCD alone, the
CCD alone, and the two introduced MCoD methods. All four measures indicate different
levels of diversity and time trends. Both MCoD approaches show higher levels of cause
diversity compared to the UCD approaches, highlighting the greater complexity of the
mortality process beyond what UCD alone reveals. Measures of diversity based on the
UCD have increased over time. The relative increase from both MCoD methods have
been similar (see Appendix B), but slower than the relative increase in the UCD approach.
This could be explained by the decrease in the CCD diversity over time observed in all
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countries. This decrease could contribute to slowing down the increase in cause diversity
observed for the UCD once all causes are pulled together (MCoD approach). More
variation in the diversity levels is observed across countries for the CCD distribution. In
the next subsections, we will analyze the trends for each diversity index in more detail.

Figure 2: Cause diversity estimated from UCD, CCD, and MCoD using the two
introduced model in Denmark (2002-2022), France (2006-2022),
Spain (2016-2022), and the United States (2000-2023), by sex
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To complement results from Figure 2, Figure 3 shows the annualized differences in
the share of causes of death between the first year of observation for each country and
2019 using the UCD only (d(i)), CCD (d(})), and the MCoD (d(c)) distributions. The
distributions are age-standardized as derived from the MCoD life table. The figure shows
which cause has declined in importance (in red) and which ones have seen their share of
death increased (in blue) over time.
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Annualized changes in the causes of death distribution using the

UCD distribution only, CCD distribution only, and MCoD, which
include both UCD and CCD, by sex, for Denmark (DK, 2002-2022),
France (FR, 2006-2022), Spain (ES, 2016-2022), and the United
States (US, 2000-2023)
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4.2.1 Underlying-causes-of-death diversity: A redistribution toward less frequent
UCDs

When examining the UCD distribution, the most significant changes stem from a decline
in the share of deaths from diseases of the circulatory systems (Figure 3). Among males
in France, Spain, and the United States, the share of deaths due to neoplasms also
decreased. At the same time, the proportion of deaths from several other causes increased,
particularly from, in order and on average across countries, (1) mental and behavioral
disorders, (2) ill-defined conditions, and diseases of the (3) nervous, (4) genitourinary,
and (5) respiratory systems. Although these are general trends, notable differences can
be observed across countries in both the magnitude and, at times, the direction of change.
For instance, in the United States, the increase in the share of deaths from diseases of the
nervous system was more pronounced than in the other three countries, while in Spain,
unlike in the other countries, the share of death of diseases of the respiratory system
decreased.

There are two ways in which cause diversity can increase: (1) a decline in mortality
from major cause groups (e.g., diseases of the circulatory system), which shifts the
relative burden to other, less frequent, causes, or (2) an increase in mortality from less
frequent causes, which reduces the burden on major causes. Conversely, a decrease in
mortality from these less frequent causes can contribute to reducing diversity. Figure 4
shows the decomposition of GS by change in cause-specific death probabilities between
2006 and 2019 (excluding the effect of the COVID-19 pandemic) for Denmark, France,
and the United States, and between 2016 and 2019 for Spain for the UCD. Since mortality
decline can have the opposite effect on the diversity index, we marked with a red dot the
cases where the relationship between mortality changes and contributions to diversity
was negative, as described in (1). This is the case for most causes that contribute
positively to diversity (while declining over time). For the unmarked cases, positive
contributions of a cause to diversity indicate a mortality increase, and vice versa, as
described in (2). It is important to note that even if mortality from a given cause has been
declining, its share of deaths may still increase if mortality from other causes decreases
more strongly, since proportions are relative to one another.

Figure 4 shows that the increase in UCD diversity was primarily driven by a decline
in mortality from diseases of the circulatory system across all countries and both sexes.
Mortality reduction from neoplasms also contributed to increasing cause diversity,
particularly in Denmark and among Spanish and French males. Additionally, ill-defined
conditions (except in the United States), mental and behavioral disorders (except Spain),
and diseases of the nervous system (except Spain) made small positive contributions,
suggesting an increase in mortality from these relatively less frequently selected UCD in
some instances. Conversely, many other less frequent causes of death had a small
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negative contribution to changes in GS, suggesting mortality decrease, slowing down the
increase in cause diversity.

Figure 4: Cause contribution to changes in the Gini—Simpson coefficients based
on the UCD distribution in Denmark, France, and the United States
between 2006 and 2019 and Spain between 2016 and 2019, by sex
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Notes: (1) The red dots indicate when a mortality decrease led to an increase in cause diversity (negative relationship). The
contributions without red dots indicate when a mortality decrease contributed to decreased diversity (positive relationship). (2) The
scale of the x-axis varies across countries to better see the contributions.
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4.2.2 Contributing-causes-of-death diversity: Toward less diverse CCDs

The CCD shows a different diversity pattern than the UCD, with decreasing diversity
over time and more variations across countries (Figure 2). CCD diversity was the highest
for the United States and the lowest in France. It is important to note that the CCD
distributions do not account for deaths without contributing causes, which are then
considered in the UCD distributions. In the CCD distributions, the most frequent causes
of death differ from those in the UCD distributions. While diseases of the circulatory
system are also frequently reported as CCD, diseases of the respiratory system and ill-
defined causes represent a higher share of CCD than the UCD. Figure 3 shows that the
relative importance of diseases of the circulatory systems as contributing causes has
increased in Spain and Denmark for both sexes and for US females and stayed relatively
constant over time for the other populations. Ill-defined conditions and diseases of the
respiratory system also, generally, recorded an increase in their share of deaths, but with
notable exceptions (e.g., ill-defined causes in Spain and diseases of the respiratory system
in the United States). On the other hand, the share of diseases of the digestive system
decreased across populations, and infectious and parasitic diseases for Spain and France.
This redistribution from less frequently reported CCD groups to more major CCD groups
can explain the decrease in cause diversity observed in Figure 2.

4.2.3 M1 approach to multiple-causes-of-death diversity: Declining role of diseases
of the circulatory system in the mortality process

Considering all causes (UCD and CCD) with the M1 approach, a trend in diversity change
is visible in only Denmark and the United States, but a leveling-off is observed in recent
years (Figure 2). A decrease in cause diversity was even observed between 2015 and
2019 in France and Spain. There is a general convergence between the diversity levels
estimated from the UCD and M1 approach.

The change in the MCoD distribution shows the balance between the UCD and CCD
distribution. While there was a shift away from diseases of the circulatory system toward
a range of other causes of death, the decline in the share of deaths involving diseases of
the circulatory system is less pronounced than in the UCD distribution (Figure 3). The
decrease in the share of the disease as UCD was stronger than its increase as CCD, leading
to an overall decline in its relative importance as part of the mortality process, but
nevertheless slower. A notable exception is Spain. As a general trend, the MCoD
distribution also shows an increase in the share of death involving, in order and on
average across countries, (1) ill-defined conditions, (2) mental and behavioral disorders,
and diseases of the (3) nervous, (4) genitourinary, and (5) respiratory systems.
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Figure 5 shows the results from the GS decomposition applied to the MCoD
diversity estimated with the M1 approach. The contribution from the decline in mortality
from diseases of the circulatory system was less pronounced than when considering only
the UCD, thereby reducing its contribution to increasing diversity. Furthermore, the
smaller contribution from this group of diseases to the increase in MCoD diversity was
often offset by mortality declines from less frequent causes, such as infectious and
parasitic diseases; diseases of the digestive and genitourinary systems; endocrine,
nutritional, and metabolic diseases; and external causes (except in the United States),
with small negative contributions. It is important to note that, in Spain between 2016 and
2019, mortality from diseases of the circulatory system decreased, which should have led
to an increase in cause diversity, but this decline was not enough to compensate for the
mortality decrease in less frequent causes, in particular infectious and parasitic diseases,
mental and behavioral disorders, and endocrine, nutritional, and metabolic diseases.
Consequently, the reduction in the burden of diseases of the circulatory system was more
limited.
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Figure S: Cause contribution to changes in the Gini—-Simpson coefficients based
on the MCoD distribution in Denmark, France, and the United States
between 2006 and 2019, and Spain between 2016 and 2019, by sex
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Notes: (1) The red dots indicate when a mortality decrease led to an increase in cause diversity (negative relationship). The
contributions without red dots indicate when a mortality decrease contributed to decreased diversity (positive relationship). (2) The
scale of the x-axis varies across countries to better see the contributions.

4.2.4 M2 approach to multiple-causes-of-death diversity: Increasing diversity
across and within UCDs

The M2 approach shows the highest level of cause diversity. This can be expected, as the

M2 model expands UCD diversity by adding the diversity of CCD, such that the UCD
diversity acts as a lower limit to the index. The M1 and UCD approaches have 0 as such
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limits. Table 4 shows the decomposition of GS' (M2) into contributions from changes in
UCD-specific diversity and from a change in the UCD distribution. The decomposition
indicates that, with a few exceptions and up to 2019, the increase in cause diversity with
this approach resulted from both a general increase in the UCD-specific diversity index
and a shift toward UCDs associated with more diverse causes. Contributing causes
associated with UCD classified as diseases of the circulatory system tend to be less
diverse compared to other UCDs that have gained a larger share of deaths over time, such
as diseases of the nervous, genitourinary, and digestive systems, as well as mental and
behavioral disorders and infectious and parasitic diseases (Appendix C). This suggests
that these UCD involve a more complex process leading to death. During the COVID-19
pandemic, particularly in 2020 in France, Spain, and the United States, the higher share
of UCDs classified as infectious diseases contributed to a sharper increase in GS'. But,
since 2020, fewer reports of these diseases as UCD contributed to decreased cause
diversity.

Table 4: Decomposition of the changes in GS' by changes in the distribution of
death by underlying causes and changes in UCD diversity (S;),
between 2006 and 2019. *100 The most important contribution is
reported in bold.

Females Males
UCD distribution S; Total UCD distribution S; Total
2006-2015
Denmark 0.79 1.07 1.86 0.57 1.20 1.77
France 0.40 0.37 0.77 0.33 0.40 0.73
Spain - - - - - -
United States 0.95 0.11 1.06 0.69 0.28 0.97
2016-2019
Denmark 0.19 0.05 0.24 0.26 0.10 0.36
France —0.06 0.07 0.01 0.07 0.01 0.08
Spain 0.28 -0.10 0.18 0.20 -0.07 0.13
United States 0.05 0.18 0.23 0.05 0.22 0.27
2020-2022
Denmark 0.32 0.28 0.60 0.30 0.20 0.50
France -0.23 -0.05 -0.28 -0.07 -0.02 -0.09
Spain -0.09 0.04 -0.05 -0.09 0.05 -0.04
United States —0.26 0.16 -0.10 -0.22 0.16 -0.06

5. Discussion

Causes of death have become increasingly diverse over time, both in terms of number of
reported causes and relative abundance, and both when analyzing the UCD alone or when
accounting for MCoD. However, MCoD reveals higher cause diversity than studying
UCD alone, confirming that relying solely on UCD downplays the complexity of the
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mortality process. But the increase in MCoD diversity is more modest than in the UCD
approach, due to a decrease in the diversity of CCD.

A first level of complexity in the process leading to death is the number of causes
contributing to death. We provided an age-standardized indicator to quantify the average
number of unique groups of causes of death in a population (N). We find a general
increase in this number over time. Studies show that the number of contributing causes
of death tend to increase with age up to around 80-90 years old, but then start to decrease
(Grippo et al. 2024; Grundy and Stuchbury 2022). Our decomposition method shows that
the shift in deaths toward older ages did not contribute much to the change in N over time,
neither was the shift of death toward UCD with a potentially higher number of
contributing causes. In all four countries, there was an increase in N across ages and UCD.
The increase in the number of causes over time might be due to changes in the prevalence
of multimorbidity at death, which is expected given the rising (multi)morbidity
prevalence in recent cohorts (Gimeno et al. 2024; King, Xiang, and Pilkerton 2018).
Indeed, studies found that the proportion of multimorbid individuals has risen across
ages, sex, and socioeconomic groups. The reason for this increase is still not fully
understood, but studies point toward a decrease in case fatality, resulting in better survival
from individuals with multiple morbid conditions over time (Head et al. 2021). An
increase in multimorbidities prevalence at younger ages could also have contributed
(Head et al. 2021; Kone et al. 2021).

The second level of complexity in the process leading to death is the type of causes
contributing to death. Is everyone dying from the same cause or from different ones? This
relates to the relative abundance of causes in a population. To account for MCoD in
studying cause diversity, we provided two methods, based on two different perceptions
of contributing causes in the mortality process.

The first approach (M1) assumes that all causes listed on the death certificate equally
contribute to the complexity of the mortality process. The slower increases in the M1
approach compared to the UCD one is primarily due to the slower mortality decline from
diseases of the circulatory system when considering their combined role as UCD and
CCD. Change in diversity, with both MCoD and UCD approaches, was due to an increase
in the relative importance of less frequently reported causes following mortality decline
from diseases of the circulatory system. But better diagnosis and awareness of certain
diseases could have also contributed to the increase in GS. For example, a better
understanding of Alzheimer’s disease led to an increase in the number of diagnosis and
reported deaths from the disease (Boller and Forbes 1998), and consequently to an
increase in its death rates particularly as a UCD (Adair et al. 2022). The COVID-19
pandemic also came with a sudden increase in cause diversity, by introducing a new cause
with a high number of mentions during the pandemic.
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The second approach (M2) assumes that the UCD is the core cause in the process
leading to death, and contributing causes add complexity to the process. This approach
provides the highest level of diversity but shows a similar relative increase over time than
the M1 (Appendix B). The results from the decomposition show that the increase in the
M2 index is partly due to deaths shifting toward UCD that has a higher contributing cause
diversity index or diversity index of their contributing causes. But, across UCD, the
diversity index increased over time on average. It is important to recall that the UCD-
specific diversity index (S(i)) used in M2 represents the diversity of causes, including
both CCD and the UCD itself, which then shows different time trends than the CCD
diversity. Diseases of the circulatory system tend to have a lower diversity index (both
using a distribution that includes the UCD group itself or a distribution excluding it)
compared with other UCD (Appendix C). As the share of this group of diseases decreases
over time, the share of death of UCD with more diverse contributing causes increases. At
the same time, the diversity index for this UCD increased over time. This could be the
result of the rising (multi)morbidity prevalence and number of reported causes.

Should M1 or M2 be used to study cause diversity? Both measures and their
decomposition have different properties and thus can shed light on some aspects of cause
diversity and represent added value as compared to the only metric developed for
assessing cause diversity using MCoD (Trias-Llimés and Permanyer 2023). Therefore,
each of these metrics could be used jointly or independently. The metrics we developed
have the advantage of being framed within the life table and are intuitive. Additionally,
the underlying assumptions of the proposed methods may help researchers be more
inclined to use one or the other metric depending on how the roles played by diseases are
considered. If all causes listed on the death certificate are viewed as integral parts of the
lethal process, M1 is preferable. M1 also allows studying cause diversity for different
types of causes: underlying and contributing. The methods could also be applied for
different types of contributing causes. We could possibly differentiate between causes
reported in part 1 (precipitating causes) and in part 2 (associated causes) of the death
certificate (Grippo et al. 2024). However, if the UCD is considered the primary cause,
without which other conditions would not have developed or if contributing causes are
seen as consequences of the UCD, then M2 might be more appropriate.

That MCoD diversity is higher than UCD diversity is also found by Trias-Llimos
and Permanyer (2023) based on an index of (dis)similarity among two sets of causes of
death. However, contrary to our results, the authors find a relatively faster increase in the
MCoD diversity for males compared to the UCD diversity in the United States. These
differences can emerge from the metrics used. In particular, the Gini—Simpson index
imposes an upper limit to the diversity levels, with MCoD trends being closer to it than
the UCD trends. The upper limit of 1 informs on when the cause-of-death distribution
show ‘perfect’ diversity — that is, when the deaths are equally distributed across groups
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of causes. The metrics of Trias-Llimés and Permanyer (2023) have different limits.
Despite these methodological differences, their results also show a leveling off in the
cause diversity increase in the United States from the 2010s, consistent with our findings
in Figure 2.

To help explain the trends in MCoD diversity, we also examine how CCD diversity
has changed over time, typically showing a decline. Part of this decrease can be attributed
to rising shares of death of already major CCD groups, in particular ill-defined conditions,
diseases of the circulatory system, and diseases of the respiratory system. Regarding
diseases of the circulatory system, Figure 3 shows that while their share of death as UCD
has declined, they are increasingly reported as contributing causes. These diseases thus
continue to play a prominent role in mortality, but not only as underlying causes of the
death. The increase in ill-defined contributing causes is more concerning, particularly in
Denmark and France, where this well-known issue is especially pronounced at older ages
(Meslé 2002; Meslé and Vallin 2021). Limited investigation into deaths classified under
this group may partly explain their elevated levels (Ylijoki-Serensen et al. 2014). Why
their importance has been increasing, especially as contributing causes, is not well
researched, but an increase in age at death is a likely contributing factor.

An important limitation of the study is related to data quality. There are different
practices across and within countries, and also over time, on how the causes of death are
reported. It remains unclear how this affects the reporting of contributing causes and the
overall accuracy of the documented chain of morbid events leading to death (Klijs et al.
2021; Mitratza et al. 2020). Differences of practice in or tools for reporting the causes of
death over time and across countries could also play a role in variation in V. For example,
the use of generative Al to code the entries on death certificates in France coincides with
a decrease in the average number of causes. The number of lines available on the death
certificate to describe the morbid process varies by country, which may influence N
(Désesquelles et al. 2012). The COVID-19 pandemic also brought changes in the number
of causes reported. Not only multimorbid patients were at higher risks of dying from
COVID-19, but instructions were given to certifying physicians to report COVID-19 on
the death certificates when diagnosed, even if COVID-19 had a weak contribution to the
death process (Petit, Ouellette, and Bourbeau 2024; WHO 2020).

The variation across countries was particularly evident in Spain, especially when
looking at the average number of causes of death. This tendency is most likely due to
diseases of the circulatory and respiratory systems being more frequently reported as
contributing causes, particularly when the underlying causes were infectious diseases;
endocrine, nutritional, and metabolic diseases; mental and behavioral disorders; and
diseases of the nervous system. For example, for Spanish females in 2019, diseases of
the circulatory system were mentioned as CCD on 40% of the death certificates,
compared to 25% in the United States. Both countries had a similar share of death from
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the diseases as UCD: 30% and 33%, respectively. Similar results were also found for
males.

Another limitation concerns how causes of death are grouped. Diversity estimates
are sensitive to the chosen classification, and broader or more detailed groupings can
affect the overall level of diversity. However, sensitivity analyses indicate that while the
level of diversity may slightly change across alternative groupings, the time trends
usually remain similar, as also shown in previous studies (Bergeron-Boucher, Aburto,
and van Raalte 2020; Calazans and Permanyer 2023). A related challenge is how to treat
ill-defined conditions. These causes represent vague or nonspecific symptoms that often
reflect data quality rather than actual underlying conditions. In 2019, ill-defined
conditions accounted for between 1% (US males) and 13% (French females) of UCDs
and between 7% (US males) and 27% (French females) of MCoD distributions. Their
share has remained stable or increased over time, particularly in France and Denmark.
Our choice to treat ill-defined conditions as a separate cause can impact the diversity
index. We therefore tested two alternative approaches: removing ill-defined conditions
entirely from the distributions, and merging them with the residual causes category
(Others). The former yields slightly lower diversity levels, whereas the latter produces
nearly identical values. In both cases, the time trends remain consistent, and the overall
conclusions of the paper remain unchanged (see Appendix D).

It is important to note that the four countries analyzed have a relatively high level of
cause diversity, compared to other low-mortality countries (Bergeron-Boucher, Aburto,
and van Raalte 2020), but lower level of diversity compared to high-mortality countries
(Calazans and Permanyer 2023). Bergeron-Boucher, Aburto, and van Raalte (2020) find
that life expectancy and cause diversity were positively correlated in low-mortality
countries, but mostly at the country level, such that the same level of life expectancy can
come with quite a different level of cause diversity across countries. Calazans and
Permanyer (2023) find that the relation between cause diversity and life expectancy is
nonmonotonic across the globe. The relationship between mortality levels and cause
diversity is complex: Higher life expectancy does not necessarily predict high cause
diversity, and vice versa. Aside from the age distribution of deaths, other factors that vary
substantially across countries, such as coding practices and risk factors, may also
influence cause diversity.

The age at and cause from which we die have been continuously changing for over
a century. The epidemiologic transition theory (Omran 1971) seeks to describe these
shifts by outlining how populations moved from one dominant group of causes (Stage 1:
pestilence and famine) to another (Stage 3: degenerative and human-made diseases).
However, our results introduce a layer of complexity to the story, which has been little
assessed before in the epidemiologic transition theory, or in its extensions (Omran 1998).
Focusing on only a few broad cause categories masks the important heterogeneity within
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groups and overlooks the fact that an increasingly diverse set of conditions contributes to
death in the past decades. It also challenges ‘the rise and fall’ pattern (Mackenbach 2021),
where one disease is replacing another one once it is treated or eradicated. Better survival
from chronic conditions does not mean that these diseases leave the scene, but the role
they play in lethal processes may change, from underlying causes to contributing causes.

We are currently in a phase where we die not only at increasingly old ages, but also
from increasingly numerous and diverse causes. The increasing diversity of causes has
been argued to reduce the predictability of diseases and complicate the completion of
death certificates (Bergeron-Boucher, Aburto, and van Raalte 2020). In addition, a high
diversity of causes of death may complicate future efforts to reduce mortality. Rather
than focusing resources on a single major group of causes, both current and future
interventions will need to be distributed across a wider range of conditions, dividing the
efforts and health resources (Bergeron-Boucher, Aburto, and van Raalte 2020). It also
means learning to deal with more and more multimorbid patients. The analysis of MCoD
reveals that the situation is even more complex than previously shown by studies based
on UCD, highlighting the need for new approaches to measure and new strategies to
address increasingly complex morbidity and mortality conditions.
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Appendix
A. Decomposition
Al. Decomposing NV

The average number of causes of death NV can be estimated as a weighted average of the
average number of causes by age and/or underlying cause:

N= YN, = ¥;N;d; = ZxZiNx,idx(i)di = ZxZiNx,idi(x)dxa (Al)

where d, ;) is the age composition for each underlying cause i and d;(, is the UCD
composition for each age x. Following the method of Das Gupta (1978), changes in N
can be decomposed into the contribution of changes in the age-at-death distribution (d,),
changes in the UCD distribution (d;), and changes in the average number of causes by
age and UCD (N, ;). The latter component can be interpreted as the unexplained part of
the decomposition — that is, how much of the change in NV cannot be explained by deaths
moving to ages and UCD with more (or less) number of contributing causes. The
decomposition takes the form of

AN ZZAd"(‘) * d, * Nx, + Age effect

ZZA% «dyx Np,+ | UCD effect
(A2)

Z Z AN, ; * d_,” + Number of causes ef fect
x i

Yo Xi(diyd? — dZpdl + diyd? — diydt) « Ny, }Age: UCD interaction,

where A is the difference in the indicator between population (or time period) and the bar
on top of the variable captures the means between population. As the interaction term
has no direct interpretation, this effect can be equally distributed between the age and
UCD effect, which is consistent with the Kitagawa formulation. We took this approach
in the main manuscript.
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A2. Decomposing GS’
Given the multiplicative nature of the S’ index, similar algebraic solutions as suggested

by Kitagawa (1955) and Oaxaca—Blinder decomposition (1973; 1973) can be used. Let
us say we are interested in a relationship that takes the form of C = )., A, B,, with

¢t = > LB}
X

C%= ZxAi B;

(A3)

C! can be rewritten as

Cl= YA+ (A= D]+ ) [B +(BE — B)]
X X (A4)

= NL[AZBS + AX(Bx — BY) + Bi(Ax — A + (Ax— AD(Bx — BY).

A similar relationship can also be drawn for CZ:

€2 = ) [AL+ (4~ AD]x ) [B}+ (B2 - B

* (A5)
= Yx[AXBx + AX(Bf — By) + By (A% — A + (A% — AY(BZ — Bl
The difference between C* and C? can then be estimated as
Cl—C% = Y (A (BY - BY) + BR(AY — A3+ (A} — AD(BE - BD)] (A6.1)
(A6.2)

Cl—C% = Xy~ [AY (Bf — BR) + By(Af — AY) + (A% — AQD(B — BY)l.

As Equations A6.1 and A6.2 will return different components (for example,
BZ(AL — A2) # BL(AZ — Al)), we suggest using the mean of both approximations to
decompose the difference, which will also eliminate the interaction term (Al —
A2)(BL — B2), returning the equation

(AX+AD)
2

(BY — B2)+ X, BEBD (41— 42). (A7)

1_ 2
cl-c?=y, 2
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Equation A7 replicates the Kitagawa approach, while Equation A6 is a closer
approximation to the Oaxaca—Blinder model. The first part of the equation will reflect
the contribution of the difference in B to the overall difference in C, while the second part
will reflect the contribution of difference in 4.

Replacing C by S’, 4 by (d,)?, and B by S;, the modified Simpson index S'can be
composed into the contribution of (d,)? and S;, given the relation

S'= Z{(al)z Si-

The modified Gini—Simpson index GS' and its decomposition is the complement of
S’ and its decomposition.
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B. Relative changes

Figure B-1: Relative changes in cause diversity since the first year of observation,
estimated from UCD, CCD, and from MCoD using the two
introduced approaches in Denmark (2002-2022), France (2006—
2022), Spain (2016-2021), and the United States (2000-2021), by sex

Females Males

1.10
jw)
e
1.05 3
o)
#
1.00
1.10
o
» 1.05 g
o o
2 @®
£ e
S 1.00 =Fem DI IA
0 ~ .
20 1 ] | T semekas
E
@
E
Q
o
2110
@
E
S w
Z 1.05 ®
Jv )
1.00 -
1.10
c
2,
@
1.05 &
@
o
&
1.00
2000 2005 2010 2015 2020 2000 2005 2010 2015 2020
Year
=— Underlying == MCoD-M1 — Denmark — Spain
Method Country
== Contributing =  MCoD-M2 = France United States

658 https://www.demographic-research.org



Demographic Research: Volume 55, Article 20

C. Changes in cause diversity by underlying causes of death, French example

This appendix provides an example for French females illustrating how the UCD
distribution evolved over time (Figure C-1), as well as how the average number of causes
(Figure C-2) and cause-of-death diversity by UCD (Figures C-3 and C-4) changed.
Similar findings are found for other countries.

Figure C-1: Share of death from underlying causes of death for French females,
2006-2022
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Notes: Inf = infectious and parasitic diseases; Can = neoplasms; Blo = diseases of the blood(-forming organs) and immunological
disorders; Met = endocrine, nutritional, and metabolic diseases; Men = mental and behavioral disorders; Ner = diseases of the nervous
system; Cir = diseases of the circulatory system; Res = diseases of the respiratory system; Dig = diseases of the digestive system; Ski
= diseases of the skin and subcutaneous tissue; Mus = di of the musculoskeletal system and connective tissue; Gen = diseases
of the genitourinary system; Ext = external causes; Oth = other diseases.
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Figure C-2: Average number of contributing causes of death by underlying
causes of death for French females, 2006—2022
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Notes: Inf = infectious and parasitic diseases; Can = neoplasms; Blo = diseases of the blood(-forming organs) and immunological
disorders; Met = endocrine, nutritional, and metabolic diseases; Men = mental and behavioral disorders; Ner = diseases of the nervous
system; Cir = diseases of the circulatory system; Res = diseases of the respiratory system; Dig = diseases of the digestive system; Ski
= diseases of the skin and subcutaneous tissue; Mus = di of the musculoskeletal system and connective tissue; Gen = diseases
of the genitourinary system; Ext = external causes; Oth = other diseases.

Figure C3 shows the Gini—Simpson index applied to the CCD distribution by UCD
for French females. It shows that individuals with diseases of the musculoskeletal system
and connective tissue as their UCD tend to have the most diverse contributing causes. At
the other end of the spectrum, individuals with diseases of the respiratory diseases as their
UCD tend to have less diverse contributing causes. UCD of diseases of the circulatory
and nervous systems and mental and behavioral disorders also tend to have relatively low
diversity of contributing causes.

Figure C4 shows similar results, but this time it includes the UCD in the cause
distribution (as used in the M2 approach). It also shows that the most frequently reported
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UCD have lower diversity, with the most notable differences being neoplasm and other
diseases. Similar results are found for the other countries and for males.

Figure C-3: Gini-Simpson index of the contributing causes of death by
underlying causes of death for French females, 20062022
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Notes: Inf = infectious and parasitic diseases; Can = neoplasms; Blo = diseases of the blood(-forming organs) and immunological
disorders; Met = endocrine, nutritional, and metabolic diseases; Men = mental and behavioral disorders; Ner = diseases of the nervous
system; Cir = diseases of the circulatory system; Res = diseases of the respiratory system; Dig = diseases of the digestive system; Ski
= diseases of the skin and subcutaneous tissue; Mus = di of the musculoskeletal system and connective tissue; Gen = diseases
of the genitourinary system; Ext = external causes; Oth = other diseases.
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Figure C-4: Gini-Simpson index of the contributing causes of death by
underlying causes of death, including the UCD in the cause
distribution, for French females, 2006—2022
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disorders; Met = endocrine, nutritional, and metabolic diseases; Men = mental and behavioral disorders; Ner = diseases of the nervous
system; Cir = diseases of the circulatory system; Res = diseases of the respiratory system; Dig = diseases of the digestive system; Ski
= diseases of the skin and subcutaneous tissue; Mus = di of the musculoskeletal system and connective tissue; Gen = diseases
of the genitourinary system; Ext = external causes; Oth = other diseases.
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D. Ill-defined and changes in grouping

Table D-1 presents the Gini—Simpson index (M1) estimated for the UCD and MCoD
distributions under alternative grouping of ill-defined conditions.

Table D-1: Gini-Simpson index for the UCD and MCoD distributions (1) using
the cause grouping presented in the main text (Main); (2) excluding
ill-defined conditions from the distribution (—Ill); and (3) merging
ill-defined conditions with the residual category “Other diseases”

(Il + Oth)
uco MCoD

Main -l 1I+Oth Main -l I+Oth
Denmark 2002 0.787 0.765 0.787 0.854 0.830 0.853
Denmark 2019 0.846 0.824 0.845 0.874 0.860 0.873
France 2006 0.819 0.793 0.819 0.857 0.850 0.855
France 2019 0.851 0.825 0.850 0.856 0.864 0.853
Spain 2016 0.822 0.814 0.822 0.862 0.840 0.861
Spain 2019 0.834 0.825 0.833 0.860 0.837 0.859
USs 2000 0.751 0.745 0.751 0.846 0.829 0.846
US 2019 0.824 0.820 0.824 0.872 0.855 0.871
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