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Abstract

Background: In the United States, over half of all deaths are attributed to five leading underlying causes of
death (at the ICD-3 digit level). However, these underlying causes represent only 25% of the total medical
information documented on death certificates. While previous studies have investigated associations
between causes of death, none have specifically examined the mechanisms of interaction among these
causes. This study aims to explore the role of contributory causes of death recorded in Part 2 of the death
certificate in the lethal process.

Methods: Working with U.S. Multiple Cause of Death Microdata in 2019, we use causal pie models to
model the synergy between multiple causes of death.

Results: The findings show how contributory causes in Part 2 affect the sequence of morbid events leading
to death. Three broad categories of roles can be distinguished: (i) some contributory causes act as
mediators in the chain of morbid events, (ii) others do not exhibit any interaction with the conditions listed
in Part 1, and (iii) some might play a role in the development of underlying causes.

Conclusion: Contributory causes listed in Part 2 play a crucial role in transitions to terminal morbid states.
There is evidence that these are more than just conditions without a direct relationship to the underlying
cause of death.
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Are contributory causes of death in Part 2 of the death certificate mediators of chains of morbid events
leading to death?

Introduction

Available data indicate that people typically die from more than just a single cause. However, the currently
established approach to cause specific analysis of mortality relies on the automated selection of a single
underlying cause of death, defined as the condition that initiated the sequence of events leading to death
[1]. This approach offers a key advantage: it produces internationally comparable cause of death statistics,
as the process for selecting the underlying cause of death (UCD) is standardized, at least in countries using
the same software for automated coding of causes of death. On the other hand, this method inevitably
results in a substantial loss of medical information. For instance, in the United States, sole focus on the
underlying cause of death means ignoring nearly 70% of the diagnoses or conditions present at the time of
death (Author's calculations based on [2]) and in Czechia, nearly 74% are disregarded (Author's calculations
based on [3]). Among the most overlooked contributory causes of death in both the U.S. and Czechia are

conditions from the cardiovascular and respiratory disease groups, as well as diabetes and sepsis [2-3].

As a result, deaths arising from entirely different etiologies may appear to be caused by the same disease,
which can lead to misunderstanding of the burden of individual diseases. This has been previously

identified, for example, in diabetes [4-6], Alzheimer’s disease and dementia [7-9], sepsis [10-13], or heart
diseases [14-15]. These conditions are often classified as contributory causes of death (CC) and ultimately

do not appear as the UCD in cause of death statistics.

The multiple cause of death (MCD) approach, on the other hand, uses all the information recorded on the
death certificate, including both the UCD and CC. The CC are either listed in Part 1 or in Part 2 of the death
certificate. According to international guidelines for recording causes of death, physicians should document
the sequence of morbid events leading directly to death in Part 1 [16-17]. Other significant conditions that
contributed to the death but were not part of this sequence should be recorded in Part 2 [1, 18-19].

Interest in these various types of MCD has grown remarkably over the past decade [20], largely due to the



increasing prevalence of chronic diseases associated with population aging, which then translates into more
complex processes of death [21]. However, the interactions between MCD have largely remained

unexplored. Instead, prior research has primarily concentrated on exploratory analyses of MCD data [22].

In this study, we aim to address a simple question: Do contributory causes of death recorded in Part 2 of
the death certificate mediate the effect of underlying cause on its consequent causes? According to the
definition cited above, contributory causes in Part 2 should not have an etiological relationship to the
causes reported in Part 1, as they neither originate from these causes nor do the causes in Part 1 originate
from the contributory causes in Part 2. In other words, contributory causes in Part 2 are diseases that may
elevate the risk of death without necessarily being the “reason for death” themselves. If a contributory
cause is not found to act as a mediator within the causal chain, it can be regarded as a comorbidity present
at the time of death rather than a disease essential for the progression of the chain toward the terminal

morbid state.

Mediation is defined as the process that explains the relationship between an exposure and an outcome
[23]. A mediator acts as an intermediate step in the causal pathway. Typically, structural equation
modelling is employed to address questions of mediation [24-25]. In the context where the objective is to
model a mechanism involving only three factors (the CC recorded in Part 2, the underlying cause, and its
consequent condition), this task can be formalized within the causal pie framework with mediators. Causal
pie models, or sufficient component cause models, have been widely used in epidemiologic research to

elucidate the complex interactive nature in outcome causation [25-31].

The rise of causal pie models has coincided with the increasing significance of chronic diseases, which are
seldom, if ever, attributable to a single exposure [32]. Instead, their etiology is shaped by the interplay of
multiple factors that form a causal web. Naturally, these developments have been reflected in mortality,
which has increasingly been driven by chronic and degenerative diseases as well [16, 33-34]. Since such

diseases do not predominantly lead to immediate death [16, 33-34], a gap has emerged between the onset



of health decline and the time of death. This period is characterized by the gradual accumulation of
diseases [35-37], which has sparked discussions about the nature of the dying process. Traditionally, cause-
specific mortality is viewed as a competing risk problem, where accumulated diseases "compete" for an
individual's life, and ultimately, only one disease "wins" [38-39]. Alternatively, death can result from the
interplay among these accumulated diseases [28, 31, 40-41], which aligns with the logic of causal pie
models. According to this concept, each disease serves as a component of the pie, and it is the presence of

all diseases that ultimately determines the timing of the outcome [26, 32, 40].

Here we apply causal pie models in MCD setting as follows.

In accordance with international rules for cause of death certification “death” is the terminating state in a
chain of morbid events and it can be preceded by non-UCD recorded in Part 1, which, at the same time, is a
consequence of the automatically selected UCD. The relationship between these morbid states may be
mediated by the CC. If this were not the case, we might hypothetically expect that disrupting the morbid
chain would prevent “death”. Focusing on CC, we aim to explore the nature of the interactions between
automatically selected UCD, its consequent condition and CC recorded in Part 2, which is crucial for

understanding the mechanism of the lethal process.

Data

We work with US Multiple Cause-of-Death Mortality data from the most recent pre-COVID year available at
the time of analysis (2019), that was obtained from the National Bureau of Economic Research [42], which
compiles microdata on mortality from the National Vital Statistics System of the National Centre for Health
Statistics (NCHS) [2]. Each record in the microdata is based on information extracted from death
certificates. As previously mentioned, there are international guidelines for handling death certificate data.
Once a physician completes the death certificate, the NCHS uses an Automated Coding System to convert
medical terms into ICD codes and determine the underlying cause of death. This process relies on ACME

software, which employs decision tables covering all possible relationships between diseases and it is



responsible for selecting the underlying cause of death [1, 43]. At the end, two types of variables with
multiple causes of death are generated. The first type, known as "Entity Axis Codes" (EAC), is later recoded
into the second type, "Record Axis Codes" (RAC), in order to remove inconsistencies, such as redundant
codes or diagnoses incompatible with the deceased person’s sex [43]. During the conversion from EAC to
RAC, the information about exact placement of conditions on the death certificate is lost. Since the current
analysis requires distinguishing between different types of causes of death, we rely on EAC. From them, we
create triads of diseases, differentiating between conditions recorded in the Part Il of the death certificate,

the ACME-selected UCD, and its joint consequent condition recorded in the Part I.

However, criticism has been raised regarding the accuracy of the data indicating the sequence of conditions
listed by the physician in Part | of the death certificate for inferring causality [44]. To address this, we first
examined the reliability of the causal relationship between automatically selected UCDs and their
consequent conditions, which we derived from EAC data. For that purpose, we used Iris version 5.8.4, a
software for selecting the UCD that is utilized in most European countries, as well as in Canada, Australia,
the Philippines, and others. We identified the most frequent combinations of causes of death on 3-digit
level of ICD-10 classification, including their positions on the death certificate, and imported this data into
the Iris software. The goal was to validate the causal relationship between the UCD and other conditions
listed in Part 1, supporting the distinction between the UCD and its consequent condition in the causal pie
models. The triads of diseases ultimately selected for analysis, are provided in Table 1 and their
corresponding ICD-10 codes can be found in the Supplementary Material in Table 1. These triads consist of
automatically selected UCD and its consequent condition, which are validated by Iris and appear most

frequently with the leading CC.

The analysis is conducted separately by sex and age, distinguishing between two groups: those aged 60-79

and those aged 80 and older.



Table 1: Selected triads of causes of death, by sex and age and frequency (%o)

ucb CCinPart2 non-UCD in Part 1 %0
Acute myocardial infarction Essential (primary) hypertension Chronic ischaemic heart disease 3.7
Chronic ischaemic heart disease Diabetes mellitus Hypertensive heart disease 3.4
g Chronic ischaemic heart disease Essential (primary) hypertension Cardiac arrest 3.2
:>\~ Chronic ischaemic heart disease Chronic kidney disease Congestive heart failure 2.9
~ Chronic ischaemic heart disease Essential (primary) hypertension Congestive heart failure 2.7
Q — - - - - - - -
© Chronic ischaemic heart disease Chronic obstructive pulmonary disease Congestive heart failure 2.7
3 Acute myocardial infarction Diabetes mellitus Chronic ischaemic heart disease 2.4
§ Chronic ischaemic heart disease Diabetes mellitus Congestive heart failure 2.3
Chronic ischaemic heart disease Diabetes mellitus Cardiac arrest 2.1
Chronic ischaemic heart disease Atrial fibrillation and flutter Congestive heart failure 2.1
Chronic ischaemic heart disease Atrial fibrillation and flutter Congestive heart failure 8.6
g Chronic ischaemic heart disease Chronic kidney disease Congestive heart failure 6.3
>
.g Chronic ischaemic heart disease Essential (primary) hypertension Congestive heart failure 5.9
& Chronic ischaemic heart disease Chronic obstructive pulmonary disease Congestive heart failure 4.0
g Chronic ischaemic heart disease Essential (primary) hypertension Cardiac arrest 3.8
% Acute myocardial infarction Essential (primary) hypertension Chronic ischaemic heart disease 3.1
© Chronic ischaemic heart disease Diabetes mellitus Congestive heart failure 2.5
& Chronic ischaemic heart disease Atrial fibrillation and flutter Cardiac arrest 2.4
§ Chronic ischaemic heart disease Dementia Congestive heart failure 2.2
Chronic obstructive pulmonary disease Congestive heart failure Respiratory failure 2.1
Chronic obstructive pulmonary disease Essential (primary) hypertension Respiratory failure 2.5
« | Chronic obstructive pulmonary disease Congestive heart failure Respiratory failure 2.3
o Acute myocardial infarction Essential (primary) hypertension Chronic ischaemic heart disease 2.2
0>{ Chronic ischaemic heart disease Essential (primary) hypertension Cardiac arrest 2.1
g Chronic ischaemic heart disease Diabetes mellitus Hypertensive heart disease 1.9
kf; Chronic ischaemic heart disease Chronic obstructive pulmonary disease Congestive heart failure 1.7
2 Chronic ischaemic heart disease Essential (primary) hypertension Congestive heart failure 1.7
©
g Chronic ischaemic heart disease Chronic kidney disease Congestive heart failure 1.7
- Chronic ischaemic heart disease Diabetes mellitus Congestive heart failure 1.5
Acute myocardial infarction Diabetes mellitus Chronic ischaemic heart disease 1.5
N Chronic ischaemic heart disease Essential (primary) hypertension Congestive heart failure 3.9
% Chronic ischaemic heart disease Atrial fibrillation and flutter Congestive heart failure 3.5
T Chronic ischaemic heart disease Chronic kidney disease Congestive heart failure 3.1
o Chronic ischaemic heart disease Essential (primary) hypertension Cardiac arrest 2.6
o Acute myocardial infarction Essential (primary) hypertension Chronic ischaemic heart disease 2.1
g Chronic ischaemic heart disease Chronic obstructive pulmonary disease Congestive heart failure 2.1
of,- Atrial fibrillation and flutter Essential (primary) hypertension Congestive heart failure 2.0
2 Chronic ischaemic heart disease Dementia Cardiac arrest 1.9
g Chronic ischaemic heart disease Dementia Congestive heart failure 1.9
| Chronic obstructive pulmonary disease Congestive heart failure Respiratory failure 1.9

Source: Author

Method

After the triads of diseases were selected, we employed six causal pie models, each with a different

architecture representing the relationships between diseases, as illustrated in Figure 1. Using these models

in a complementary way allows us to move beyond pre-established relations between diseases, as

described previously. Each model varies in the synergy it assumes between diseases. For instance, the




Model 1 assumes alignment between WHO guidelines and how the death certifier completed the death
certificate. This is because, in Model 1, the UCD is assumed to cause a non-UCD condition listed in Part 1 of
the death certificate, with a CC listed in Part 2 potentially mediating this relationship, depending on the
estimated model parameters. If no mediation occurs, the transition rate along the edge labelled as D2 in
Figure 1 would dominate. In contrast, if the CC is a necessary component in the transition between the UCD
and its consequence, the transition along the edge D3 would become the most prominent in the model. In
contrast to Model 1, Model 2 does not treat the CC recorded in Part 2 as a mediator in the chain of morbid
events leading to death. In Model 2, the CC is considered a condition that potentially initiates the
progression toward two other conditions: both the UCD and its consequent condition. This distinction is
reflected in the direction of the arrows in the diagram for Model 2, as shown in Figure 1. Model 3, on the
other hand, represents a scenario where the relationship between the UCD and the non-UCD listed in Part
1 could be reversed from what would typically be expected under WHO guidelines for death certification. In
this case, the flow along the edge labelled D2 would be the strongest, indicating a reversed causal

relationship according to death certificate records.



Figure 1: Causal pie models with mediators for different architecture of relations within triads of multiple

causes of death

Model 1 Model 2 Model 3
M2 _
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Part 2 Part 2
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in Part 1 > Part2 Partz > udD bart 2

Source: Author

Note: UCD = automatically selected underlying cause of death; non-UCD in Part 1 = non-underlying condition recorded
in Part 1 of the death certificate, for which the “due to” relationship with UCD was checked with Iris software; CC in
Part 2 = contributory cause of death recorded in Part 2 of the death certificate. The arrows represent all possible

interplay scenarios between causes of death within the triads.

As previously mentioned, mediation is defined as the process that explains the relationship between an
exposure and an outcome [23]. Hafeman in [45] was the first to use causal pie models, also known as
sufficient component cause models, to describe mediation. In this study, we follow his methodology and

use macros written by Chen and Lee [46] to calculate the parameters of the causal pie models.

Figure 1 above illustrates the directed connections between UCD, non-UCD, and CC in Part 2. In each
model, two stages of mediation can be identified: the M-stage and the D-stage. The M-stage represents the
phase where the mediator is acquired, while the D-stage refers to the causation of the outcome [45-46].

During the M-stage, the process progresses toward the mediator, which can be reached either through



exposure (M1) or via factors outside the model (M2). Following this, the process moves toward the
outcome, with four potential pathways: (i) from external factors not included in the model (D1), (ii) directly
from the exposure (D2), (iii) via the mediator (D3), (iv) from both the mediator and the exposure (D4).
Consequently, there are six potential pathways in each Model an individual may take to reach a terminal
morbid state before death. In theory, this should correspond to the non-UCD recorded in Part 1, assuming
accurate death certification. In Model 1, which represents this situation, each of these pathways is

described as follows: [46-47] (Figure 2):

I. The UCD causes the non-UCD directly (path D2).

II. The UCD causes the CC, which in turn causes the non-UCD (path M1D3).

[Il. The UCD causes the CC, and then both interact to cause the non-UCD (path M1D4).

IV. The UCD and an exogenous mediator interact to cause the non-UCD (path M2D4).

V. An exogenous mediator causes the non-UCD directly (path M2D3).

VI. Neither the UCD nor the CC causes the non-UCD (path D1).

In pathways IV and V, the term 'exogenous' implies that the mediator (in this case, the CC in Part 2) is not
caused by the UCD; rather, its development is influenced by factors outside of the modelled mechanism.
Figure 2 illustrates each of the situations described in pathways I-VI for Model 1. For the remaining models,
explanations of the pathways are provided in the Supplementary Material. The application of all Models 1-
6 comprehensively describes all possible relationships between the causes of death listed on the death
certificate, rather than being limited to the synergy implied by assumed relationships between the UCD and
non-UCD in Part 1, and the CCin Part 2. For example, the architecture of causal web in Models 4 and 6
allows for the modelling of cases where the CC from Part 2 arises due to an interaction between the UCD
and non-UCD in Part 1. Similarly, Model 2 captures mechanisms where the CC in Part 2 contributes to the

emergence of the UCD and serves as a necessary component for the transition to non-UCD in Part 1.

10



In conclusion, all six pathways are present in each model; however, their interpretation varies depending

on the causal web that is different for each model (see Supplementary Material).

Figure 2: The pathways toward a terminating morbid state before death, Model 1

Pathway 1 Pathway 2 Pathway 3
CCin CCin CCin
Part 2 Part 2 Part 2
M1 D3 M1
D4
D2
uch non-UCD ucD non-UCD uch non-UCD
in Part 1 in Part 1 in Part 1
Pathway 4 Pathway 5 Pathway 6
M2 . M2 . .
—_ CCin —_ CCin CCin
Part 2 Part 2 Part 2
D1
D3
D4
ucD non-UCD ucD non-UCD uch non-UCD
in Part 1 inPart 1 in Part 1

Source: Adopted from [46-47]

Several assumptions must be stated explicitly. First, we assume that UCD or CC in Part 2 do not act as
protective factors against non-UCD in Part 1. In other words, we adopt the positive monotonicity
assumption, consistent with other studies using the causal pie models [48-49]. Second, we assume no
redundancy, meaning that at the same time, there can be at most one arrival event. This property is
essential for the attribution process described below. For example, in a population with all three diseases in
Model 1 (Figure 3, panel A), acquiring the CC recorded in Part 2 may occur either due to external factors or
the UCD, but not both. This is because formulas used to calculate attributional fractions (Figure 3) distribute
the arrival rates for M1 and M2 proportionally across both these edges [46]. Third, we assume that the
time interval between developing the diseases within the triads is irrelevant, meaning we set T =1 in all the
formulas presented below. This follows the approach used in studies by Chen & Lee in [46] and Hafeman in

[45], where exact timing of onset of diseases was also unavailable.
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With these assumptions in mind, we can proceed with the estimation of the causal pie parameters and
attributable fractions. Causal pie parameters are arrival rates that represent the magnitude of flow along
each pathway [46]. Attributable fractions, on the other hand, assign a probability to each pathway depicted
in Figure 2. In other words, attributable fractions are probabilities, that the synergy or interaction between
the causes of death can be explained by each specific pathway [49]. These probabilities can be calculated
for all subpopulations based on the presence or absence of any disease within the triads. However, our

focus here is solely on interpreting the results within the population affected by all three diseases.

Suppose we have death counts by causes aggregated as shown in Table 2 and we can use them to calculate
the corresponding raw estimates of the arrival rates. For this purpose, following set of equations is used

[46]:

My = —3xin(1-—T2e ) ()

mi+my+ms+my

- _1 o Tetha )
AMZ - T x ln (1 n1+n2+n3+n4) AMl (2)

—_1 _ _Mms
ADI - T X ln (1 m1+m2+m3+m4) (3)
=_1 " ) _

Ap3 = Ap1 (5)

T matm ) x(T—ET1)

Ny

= tatnoxa—rrn A1~ b2 ~ Aps (6)

/‘LD?;

Where ET1 equals to:

~(T+5—)xe~*m1xT

ET1 =2M1 1_2114/11M1XT (7)
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And ET2 equals to:

1

(T+
_ AMitAme Ami+Amz
ET2 - 1_e—(lM1+AM2)XT (8)

)Xe_(AMl"'AMZ)XT

In equations (1)—(8), mi and n; represent death counts corresponding to the fields of the contingency tables
(Table 2), which classify deaths by the presence or absence of UCD, non-UCD, and CC in Part 2. For instance,
ni represents the number of deaths where neither a consequent condition of the disease originating chain
of morbid events nor the mediator was acquired. In Model 1, this equals to number of deaths with UCD but
without CC and non-UCD. However, in Model 2, this corresponds to m;, because the causal web in Model 2
is structured such that the UCD may (depending on the estimated parameters) mediate the relationship
between CC in Part 2 and non-UCD (Figure 2, Model 2). In the Supplementary Material in table 2, we

provide an example of Table 2 filled with the actual death counts for one of the triads we analyze.

In equations (1)—(8), T denotes time, which is assumed to be equal to 1, as no information is available

regarding the time elapsed between the onset of the diseases.

Table 2: Distribution of deaths by UCD, non-UCD and CC status for each of the six causal pie models

Model 1 Model 2 Model 3
M D E M D E M D E
CC | non-UCD ucb=0 ucb=1 ucb non-UCD | CC=0 | CC=1 cC UCD | non-UCD=0 | non-UCD=1
0 0 ml nl 0 0 ml m?2 0 0 ml m3
1 0 m?2 n2 1 0 nl n2 1 0 m2 m4
0 1 m3 n3 0 1 m3 m4 0 1 nl n3
1 1 m4 n4 1 1 n3 n4 1 1 n2 n4
Model 4 Model 5 Model 6
M D E M D E M D E
ucb cC non-UCD=0 | non-UCD=1 non-UCD ucb CC=0 | CC=1 non-UCD | CC UCD=0 ucb=1
0 0 ml m3 0 0 ml m2 0 0 ml m2
1 0 nl n3 1 0 m3 m4 1 0 m3 m4
0 1 m?2 m4 0 1 nl n2 0 1 nl n2
1 1 n2 n4 1 1 n3 n4 1 1 n3 n4

Source: Author

Note: M = mediator, E = exposure, D = terminal morbid state/outcome; see Supplementary Material for an
example
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The raw estimates of arrival rates are then used as the starting point for the Newton-Raphson algorithm,
which is used to find the optimal solution for their maximum likelihood. Details of this process are provided
in the Supplementary Material. Here, we focus on how these arrival rates are applied in estimating the

attributable fractions.

The "attribution" is a reverse process, in which the flows are used to calculate the probability of following
each of the six pathways shown in Figure 2. The attribution process is schematically illustrated in Figure 3
by the reverse direction of arrows compared to Figures 1 and 2. Each panel in Figure 3 presents, along the
arrows, the formulas that are further used to calculate the attributable fractions for different populations:
(i) those with the complete set of diseases (Figure 3, Panel A), (ii) those with diseases C1 and C2 (Figure 3,
Panel B), (iii) those with diseases C2 and C3 (Figure 3, Panel C), and (iv) those with only disease C3 (Figure 3,
Panel D). For instance, in deaths where the death certificate lists only C3, the disease C3 must have been
acquired through a mechanism outside the modelled triad. Therefore, the attributable fraction of path D1 is
equal to 1 (Figure 3, Panel D). Conversely, if the death involved both C3 and C2, the C3 could have been
acquired either through external mechanisms or via C2. In this case (Figure 3, Panel C), the attributable

fraction is proportionally divided between paths D1 and D3.

The formulas shown in Figure 3 are then combined with the share of deaths by cause combination to
calculate the attributable fractions. Attributable fractions (AF) represent the probabilities that, given a
specific set of diseases, the lethal process follows any of the pathways I-VI described in Figure 2 and in the
Supplementary Material. AFs are also calculated separately for each Model 1-6. The formulas used for
these calculations are provided in the Supplementary Material. The authors of this computational
procedure [46] highlight that their approach is advantageous because it guarantees that the attributable
fractions always sum to one. This ensures logical consistency across various scenarios of synergy between

diseases, as the sum of all probabilities of all possible pathways is always equal to 1.
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Figure 3: Attribution Process and Formulas for Attributable Fractions
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Source: Adopted from [46]

The formulas presented in Figure 3 clearly show that the resulting attributable fractions will differ
depending on whether a person died with both the UCD and CC in Part 2, only one of them, or neither. As
mentioned previously, the results presented below focus on the population with the complete set of
diseases within the triads, as the primary aim of the paper is to examine the role of the CC in relation to the

chain of morbid events leading to death in Part 1 of the death certificate.

Results

Study population

In 2019, there were 2.3 million deaths aged 60 years and over in the USA, with half of them being female.
Of these deaths, 47% occurred in the 60-79 age group. In this younger age group, males accounted for a
higher proportion of deaths than females (57% vs. 43%), while in the age group 80+, there were more

female than male deaths (58% vs. 42%). The leading triads of UCD, its consequence listed in Part 1 and CC
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listed in Part 2 are shown in Table 1. The leading UCD was ischemic heart disease, which was responsible
for about 10% of total deaths in both age groups in 2019. On average, deaths with ischemic heart disease
as UCD involved 2.55 additional causes, most frequently 3 causes of death. The leading non-UCD within the
triads are typically organ failures, cardiac arrest, hypertensive disease or ischemic heart disease as well.
These “chains” are most often accompanied by other cardiovascular diseases (such as hypertension,
congestive heart failure, or atrial fibrillation and flutter) or chronic conditions like diabetes mellitus, chronic

obstructive pulmonary disease (COPD), chronic kidney disease, and dementia.

Interplay between causes of death

For each of the leading triads of causes of death and for each model outlined in Figure 1, we estimated
arrival rates and derived the attributable fractions. Table 3 presents the pathway and causal pie model with
the highest estimated attributable fraction, highlighting the most likely interaction scheme between
diseases. The highest attributable fractions are mostly found in Model 2 with Pathway 5 or either Model 1
or Model 3 with Pathway 4. In both Models 1 and 3, the CC in Part 2 acts as a potential mediator in the
disease chain outlined in Part 1 of the death certificate. In Pathway 4, it interacts with the conditions listed
in Part 1 and mediates their relationship. In other words, in Model 1, this means that the UCD and the CCin
Part 2 likely interact to cause the non-UCD in Part 1, whereas in Model 3, the interaction occurs between

the CC in Part 2 and the non-UCD in Part 1.

Table 3 shows not only the scenarios with the highest attributable fractions but also the second highest,
both within the same model and across all models. These estimates are presented as differences from the
interpreted maxima. In most triads, these differences exceed at least 10 pp, indicating that the interpreted
maxima are indeed strongly dominating mechanisms. However, in several triads, the differences are
substantially lower. For example, in the triad chronic ischemic heart disease, diabetes and heart failure
among younger females, Model 3 shows that the probability for leading Pathway 4 is only 15 pp higher

than for Pathway 5 (see Table 3 in the Supplementary Material). This suggests that the interaction between
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E14 and I50 is relatively weaker in a substantial proportion of the population. Additionally, in this triad the
attributable fraction is comparable with Model 2 Pathway 2 (diff. 9 pp), indicating that ischemic heart
disease may moderate the relationship between diabetes and heart failure. Other rather inconclusive
results are found in younger males in the triad of ischemic heart disease, diabetes and hypertensive
disease. Although Model 5 has the highest AF, the proportion of individuals following Pathway 2 and
Pathway 3 is comparable (see Table 3 in the Supplementary Material). The difference between these two
pathways lies in whether a direct relationship between ischemic heart disease and hypertensive disease is
presented, or whether it is mediated by diabetes. Lastly, strong competing models were found among (i)
younger males in the triads ischemic heart disease and hypertension with either cardiac arrest and heart
failure, (ii) older females in ischemic heart disease, hypertension and cardiac arrest and (iii) older males in
the triad ischemic heart disease, hypertension and heart failure. In all previously mentioned triads, the
highest AF values for Model 2 and Model 4 in Pathway 5 are comparable. This means, that it is rather

unclear whether the UCD in these triads mediates the CC in Part 2 or non-UCD in Part 1.

In general, several patterns are seen in the roles of CC in Part 2. First, atrial fibrillation and flutter, heart
failure, COPD, and chronic kidney disease predominantly act as mediators in the chains recorded in Part 1,
as the highest AF were mostly found in Model 1, Pathway 4. This model is designed to reflect the interplay
between causes of death in accordance with the WHO guidelines for cause of death certification. In
contrast, the role of hypertension varies by age. Among premature deaths (under 80 years), it is an integral
part of the lethal process (Model 3, Pathway 4). However, in deaths occurring at age 80 and above,
hypertension remains outside the most probable mechanisms (Model 2, Pathway 5). We also included two
triads involving dementia in the analysis. The results suggest that dementia did not play a mediating role.
However, it was only examined in triads where it co-occurred with cardiovascular diseases. Lastly, diabetes
covers the entire spectrum of possible roles in the lethal process, likely determined by both age at death
and the accompanying conditions in the triads. It was identified to be an initiator of causal chains, although

recorded as a CCin Part 2 (Model 5, Pathway 2), as well as a condition outside the primary mechanism
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(Model 5, Pathway 5), and as part of a strong synergy with the chain of morbid events (Model 3, Pathway

4).

Table 3: Causal pie models and pathways with the highest and second highest attributable fractions for

leading triads of causes of death, by sex and age

ucD | cc non-UCD | Model | Pathway | AF | Diff. 1| Diff. 2
Females, age 60-79
COPD Hypertension Respiratory failure 6 6 0.67 | -0.50 | -0.38
COPD Congestive heart failure Respiratory failure 3 4 0.57 | -0.35 | -0.33
Acute myocardial infarction | Hypertension Ischemic heart disease 2 5 0.64 | -0.33 | -0.33
Ischemic heart disease Hypertension Cardiac arrest 3 4 0.51| -0.18 | -0.15
Ischemic heart disease Diabetes mellitus Hypertensive heart disease 5 2 0.56 | -0.33 | -0.18
Ischemic heart disease COPD Congestive heart failure 3 4 0.53 | -0.40 | -0.19
Ischemic heart disease Hypertension Congestive heart failure 3 4 0.59 | -0.42 | -0.33
Ischemic heart disease Chronic kidney disease Congestive heart failure 1 4 0.57 | -0.43 | -0.31
Ischemic heart disease Diabetes mellitus Congestive heart failure 3 4 0.41| -0.15 | -0.09
Acute myocardial infarction | Diabetes mellitus Ischemic heart disease 3 4 0.71| -0.57 | -0.41
Males, age 60-79
Acute myocardial infarction | Hypertension Ischemic heart disease 2 5 0.60 | -0.34 | -0.29
Ischemic heart disease Diabetes mellitus Hypertensive heart disease 5 2 0.52 | -0.05 | -0.20
Ischemic heart disease Hypertension Cardiac arrest 1 6 0.63 | -0.28 | -0.03
Ischemic heart disease Chronic kidney disease Congestive heart failure 1 4 0.59 | -0.46 | -0.32
Ischemic heart disease Hypertension Congestive heart failure 2 5 0.59 | -0.33 | -0.02
Ischemic heart disease COPD Congestive heart failure 1 4 0.56 | -0.42 | -0.19
Acute myocardial infarction | Diabetes mellitus Ischemic heart disease 4 5 0.96 - -0.60
Ischemic heart disease Diabetes mellitus Congestive heart failure 5 5 0.70 | -0.43 | -0.37
Ischemic heart disease Diabetes mellitus Cardiac arrest 5 5 0.70 | -0.41 | -0.40
Ischemic heart disease Atrial fibrillation and flutter | Congestive heart failure 1 4 0.69 | -0.54 | -0.42
Females, age 80 and older
Ischemic heart disease Hypertension Congestive heart failure 3 4 0.61| -0.43 | -0.34
Ischemic heart disease Atrial fibrillation and flutter | Congestive heart failure 1 4 0.60 | -0.45 | -0.32
Ischemic heart disease Chronic kidney disease Congestive heart failure 1 4 0.57 | -0.40 | -0.32
Ischemic heart disease Hypertension Cardiac arrest 2 5 0.64 | -0.33 | -0.04
Acute myocardial infarction | Hypertension Ischemic heart disease 2 5 0.70 | -0.41 | -0.35
Ischemic heart disease COPD Congestive heart failure 1 4 0.51| -0.38 | -0.22
Atrial fibrillation and flutter | Hypertension Congestive heart failure 3 4 0.75| -0.60 | -0.39
Ischemic heart disease Dementia Cardiac arrest 6 6 0.59 | -0.21 | -0.22
Ischemic heart disease Dementia Congestive heart failure 2 5 0.74 | -0.54 | -0.42
COPD Congestive heart failure Respiratory failure 3 4 0.55| -0.37 | -0.30
Males, age 80 and older
Ischemic heart disease Atrial fibrillation and flutter | Congestive heart failure 1 4 0.54 | -0.40 | -0.19
Ischemic heart disease Chronic kidney disease Congestive heart failure 1 4 0.49 | -0.34 | -0.22
Ischemic heart disease Hypertension Congestive heart failure 2 5 0.63 | -0.39 | -0.06
Ischemic heart disease COPD Congestive heart failure 1 4 0.47 | -0.29 | -0.10
Ischemic heart disease Hypertension Cardiac arrest 2 5 0.57 | -0.26 | -0.09
Acute myocardial infarction | Hypertension Ischemic heart disease 2 5 0.65| -0.32 | -0.31
Ischemic heart disease Diabetes mellitus Congestive heart failure 2 5 0.66 | -0.51 | -0.35
Ischemic heart disease Atrial fibrillation and flutter | Cardiac arrest 2 5 0.62 | -0.28 | -0.19
Ischemic heart disease Dementia Congestive heart failure 2 5 0.84 | -0.69 | -0.53
COPD Congestive heart failure Respiratory failure 3 4 0.57 | -0.39 | -0.31

Source: Authors' calculation
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Note: AF = attributable fraction of corresponding pathway and model; Diff. 1 = difference between the highest AF and
the second highest AF in the same model; Diff. 2 = difference between the highest AF and the second highest AF
across all models; In dark red, results with rather strong competing models and pathways are highlighted (diff. is lower
than 10 pp)

Discussion and Conclusion

This study provided insight into the mechanism of synergy between the UCD, its consequent condition, and
the CCin Part 2. Results suggested that CC in Part 2 are integral components of the trains of morbid events
leading to death. This is because they can either mediate or even initiate these trains, and because there
are significant differences in the lifespans of people who die from the same UCD, depending on whether

any CCin Part 2 contributed to their death.

Three broader categories of roles that CCs in Part 2 can play in the lethal process can be distinguished.
Some act as mediators in the chain of morbid events leading to death (atrial fibrillation and flutter, heart
failure, COPD, chronic kidney disease), while others do not exhibit any interaction with the conditions listed
in Part 1 (dementia). Additionally, as demonstrated by several models involving contributory diabetes, they
can even play a role in the development of UCDs. Furthermore, for certain diseases—particularly
hypertension and diabetes—the interplay between diseases might be age-dependent, with older age

groups showing lower levels of synergy within triads.

On one hand, the mechanisms modelled in this study can be seen as an attempt to describe the interplay
between diseases that, collectively, resulted in a single death. From this perspective, our contribution
enhances the understanding of CC recorded in Part 2 of death certificates beyond their formal definition,
which states “other significant conditions that contributed to the fatal outcome, but were not related to the

disease or condition directly causing death” [50].

On the other hand, if we assume that mechanisms of dying are best described with medical knowledge and
that death certificate data might not be detailed enough to do so, the findings can also be interpreted as an
attempt to assess the accuracy of death certification—specifically, whether the practice aligns with WHO’s

rules. From this perspective, we found that most triads were best fitted within the Model 1 Pathway 4, in
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which the UCD causes the non-UCD listed in Part 1 of the death certificate, with this relationship being
moderated by the cause recorded in Part 2, or by Model 2 Pathway 5, which maintains the expected
directional relationship between the UCD and the non-UCD in Part 1 but with CC not mediating this chain.
Both of those mechanisms are in line with the WHO rules for causes of death certification. Although
scenarios consistent WHO guidelines were the most common, in some cases, our results contradicted this
logic. This was particularly evident in triads with dominating attributable fraction under Model 3 and
Pathway 4. This mechanism essentially positions the synergy between the non-UCD in Part 1 and the CCin
Part 2 as a prerequisite for the transition to the UCD—contradicting the definition of the UCD, which should

represent the cause that initiates the chain of morbid events leading to death.

Apparently, Model 3 with Pathway 4 occurs especially in younger females and often involves organ failures
and COPD. From a medical standpoint, this is an erroneous result, which could have several explanations.
Firstly, this could be due to data issues. When working with multiple causes of death, it is almost impossible
to differentiate between a 'non-response' and the actual absence of the condition. Moreover, diseases vary
in their susceptibility to non-reporting. It can be said that conditions which develop earlier in life and do not
often lead directly to death (such as chronic diseases like COPD) are likely to have a higher probability of
non-reporting compared to diseases that could be classified as immediate causes of death, like organ
failures. This, of course, introduces biases into the underlying contingency tables used to estimate the

model parameters, which could explain the reverse causation observed in Model 3.

Second, reverse causation could arise if important mediators are omitted from the modelled mechanisms.
In this case, specific respiratory diseases might be missing from the chain between COPD and organ failure.
These diseases may either not have been reported on the death certificate or represent a diverse group of

conditions with a relatively low total number of deaths, leading to their exclusion from the analysis.

Both interpretations of the results contribute to filling the knowledge gap in multiple cause of death

research, because (i) they differentiate multiple causes by the roles they played in death process and (ii)
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they focus on mechanisms rather than pairwise associations [22]. In addition to modelling disease synergy,
the findings highlight the substantial heterogeneity in deaths that are otherwise hidden behind a single
UCD in standard cause of death statistics. This is demonstrated, for example, by ischemic heart disease,
which was the UCD for nearly one in ten deaths in the USA in 2019. However, we illustrated how the
mechanisms leading to death classified as being caused by ischemic heart disease can vary. This became
evident only through the implementation of multiple causes of death, which, in turn, enhance our
understanding of the diversity in causes of death. Moreover, mortality is increasingly caused by the
interactions between cardiovascular and respiratory diseases [51]. However, conventional mortality

research, which focuses solely on UCD, inevitably disregards one of these conditions.

The study has several important limitations. First, questions regarding reliability of multiple causes of death
(MCD) have been raised. Various studies have identified socio-economic factors that influence the
reporting of MCD [52], while others have highlighted a lack of international standardization of MCD data
[53-54]. To determine whether our results apply beyond the USA, we replicated the analysis using Czech
MCD data from 2018. The results indicated that, for each individual model, the pathways with the highest
attributable fractions were consistent in both countries. However, we identified several differences in
terms of the model with the absolute maximum AF. The differences were particularly evident in triads
involving diabetes in younger age groups. This could be attributed to the overall variation in the
completeness of medical data derived from death certificates, as reflected in the percentage of death
certificates listing at least two causes of death. In Czechia, this percentage is significantly higher than in the
USA (90% vs. 75%, respectively) and the differences in this regard are found across other countries too (in
France 65% [33, 55], in Canada and Australia 80% [56-57], in Sweden 60% [58]). Nevertheless, the
differences between Czechia and the USA may once again highlight the variations in MCD between the two

countries, warranting attention in future research.
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Apart from the broader issue of data-related limitations, another one arises from the restricted
interpretability of the results. For example, we found that older age groups tend to show lower levels of
synergy between causes of death. This could be due to the overall lower morbidity among individuals who
survive to older ages, where lower morbidity might be a necessary condition for reaching advanced age.
Alternatively, the way diseases are recorded may change with age. In the oldest age groups, death certifiers
might be more inclined to record causes of death primarily as parts of causal chains rather than as CCin
Part 2. This is supported by the fact that in the USA, the decline in the average number of diseases reported
per death certificate is slightly steeper when considering only CC in Part 2, compared to the decline in
conditions reported as part of the chains of morbid events leading to death, as shown in the Supplementary

Material.

Other limitations stem from the methodological framework used, that is based on several assumptions,
which are summarized in the method section. However, these assumptions may be far from reality. For
example, the assumption of monotonicity—that the presence of diseases can only increase the probability
of transitioning to a terminal state—may not fully apply in MCD. This is partly due to socio-demographically
conditioned recording of MCD, which can ultimately manifest as missing-not-at-random data. Secondly, the
way the risk of death changes with the progression of morbid chains is not yet well understood. We only
show differences between CC and non-CC populations (Table 2). Another limitation is that the modelled
mechanisms are restricted to only three diseases, whereas many more could have been present at the time

of death, and some of these may not even have been recorded as causes of death.

To conclude, we found that contributory causes of death are mediators of chains of morbid events leading
to death and therefore they play a crucial role in transitions to terminal morbid states. Therefore,
considering multiple causes of death is a way to understand diversity among deaths from the same

underlying causes.

22



References

[1] WHO. (2024). Cause of death certification. Available:
https://www.who.int/standards/classifications/classification-of-diseases/cause-of-death.

[2] NCHS, 2019. Multiple mortality public use data. Available:
https://www.cdc.gov/nchs/nvss/mortality public use data.htm.

[3] Czech Statistical Ofice. (2022). Mortality by Causes of Death.

[4] Fedeli, U., Zoppini, G., Goldoni, C. A., Avossa, F., Mastrangelo, G., & Saugo, M. (2015). Multiple causes of
death analysis of chronic diseases: the example of diabetes. Population health metrics, 13, 1-10.

[5] Park, J., & Peters, P. A. (2014). Mortality from diabetes mellitus, 2004 to 2008: A multiple-cause-of-
death analysis. Health reports, 25(3).

[6] Romon, I., Jougla, E., Balkau, B., & Fagot-Campagna, A. (2008). The burden of diabetes-related mortality
in France in 2002: an analysis using both underlying and multiple causes of death. European journal of
epidemiology, 23, 327-334.

[7] Wilkins, K., Parsons, G. F., Gentleman, J. F., & Forbes, W. F. (1999). Deaths due to dementia: An analysis
of multiple-cause-of-death data. Chronic Dis Can, 20(1), 26-35.

[8] Adair, T., Temple, J., Anstey, K. J., & Lopez, A. D. (2022). Is the rise in reported dementia mortality real?
Analysis of multiple-cause-of-death data for Australia and the United States. American Journal of
Epidemiology, 191(7), 1270-1279.

[9] Désesquelles, A., Demuru, E., Salvatore, M. A., Pappagallo, M., Frova, L., Meslé, F., & Egidi, V. (2014a).
Mortality from Alzheimer’s disease, Parkinson’s disease, and dementias in France and Italy: a comparison
using the multiple cause-of-death approach. Journal of Aging and Health, 26(2), 283-315.

[10] McPherson, D., Griffiths, C., Williams, M., Baker, A., Klodawski, E., Jacobson, B., & Donaldson, L. (2013).
Sepsis-associated mortality in England: an analysis of multiple cause of death data from 2001 to 2010. BMJ
open, 3(8), e002586.

[11] Melamed, A., & Sorvillo, F. J. (2009). The burden of sepsis-associated mortality in the United States
from 1999 to 2005: an analysis of multiple-cause-of-death data. Critical care, 13, 1-8.

[12] Fedeli, U., Piccinni, P., Schievano, E., Saugo, M., & Pellizzer, G. (2016). Growing burden of sepsis-related
mortality in northeastern Italy: a multiple causes of death analysis. BMC infectious diseases, 16, 1-6.

[13] Pechholdova, M. (2017). Sepsis-related mortality in the Czech Republic: multiple causes of death
analysis. Epidemiol Mikrobiol Imunol, 66(2), 73-79.

[14] Quinones, A., Lobach, I., Maduro Jr, G. A, Smilowitz, N. R., & Reynolds, H. R. (2015). Diabetes and
ischemic heart disease death in people age 25-54: a multiple-cause-of-death analysis based on over 400
000 deaths from 1990 to 2008 in New York City. Clinical Cardiology, 38(2), 114-120.

[15] Rahimi, K., Duncan, M., Pitcher, A., Emdin, C. A., & Goldacre, M. J. (2015). Mortality from heart failure,
acute myocardial infarction and other ischaemic heart disease in England and Oxford: a trend study of
multiple-cause-coded death certification. J Epidemiol Community Health, 69(10), 1000-1005.

23


https://www.who.int/standards/classifications/classification-of-diseases/cause-of-death
https://www.cdc.gov/nchs/nvss/mortality_public_use_data.htm

[16] Israel, R. A., Rosenberg, H. M., & Curtin, L. R. (1986). Analytical potential for multiple cause-of-death
data. American journal of epidemiology, 124(2), 161-179.
https://doi.org/10.1093/oxfordjournals.aje.a114375

[17] Grippo, F., Désesquelles, A., Pappagallo, M., Frova, L., Egidi, V., & Meslé, F. (2020). Multi-morbidity and
frailty at death: A new classification of death records for an ageing world. Population Studies, 74(3), 437—
449. https://doi.org/10.1080/00324728.2020.1820558

[18] NCHS. (2004). Instructions for Completing the Cause-of-Death Section of the Death Certificate. Centers
for Disease Control and Prevention. National Center for Health Statistics. Available:
https://www.cdc.gov/nchs/data/dvs/blue form.pdf.

[19] WHO. (2023). Cause of Death on the Death Certificate. Available:
https://cdn.who.int/media/docs/default-source/classification/icd/cause-of-
death/causeofdeathflyer 2015.pdf?sfvrsn=9ec05f86 1.

[20] Bishop, K., Moreno-Betancur, M., Balogun, S., Eynstone-Hinkins, J., Moran, L., Rao, C,, ... & Joshy, G.
(2023). Quantifying cause-related mortality in Australia, incorporating multiple causes: observed patterns,
trends and practical considerations. International Journal of Epidemiology, 52(1), 284-294. Available:
https://doi.org/10.1093/ije/dyacl67.

[21] Grippo, F., Frova, L., Pappagallo, M., Barbieri, M., Trias-Llimés, S., Egidi, V., ... & Désesquelles, A. (2024).
Beyond the underlying cause of death: an algorithm to study multi-morbidity at death. Population Health
Metrics, 22(1), 36.

[22] Bishop, K., Balogun, S., Eynstone-Hinkins, J., Moran, L., Martin, M., Banks, E., ... & Joshy, G. (2023).
Analysis of multiple causes of death: a review of methods and practices. Epidemiology, 34(3), 333-344.

[23] Hafeman, D. M., & Schwartz, S. (2009). Opening the Black Box: a motivation for the assessment of
mediation. International journal of epidemiology, 38(3), 838-845.

[24] Danner, D., Hagemann, D., & Fiedler, K. (2015). Mediation analysis with structural equation models:
Combining theory, design, and statistics. European Journal of Social Psychology, 45(4), 460-481.

[25] Gunzler, D., Chen, T., Wu, P., & Zhang, H. (2013). Introduction to mediation analysis with structural
equation modeling. Shanghai archives of psychiatry, 25(6), 390.

[26] Liao, S. F., & Lee, W. C. (2010). Weighing the causal pies in case-control studies. Annals of
epidemiology, 20(7), 568-573.

[27] Akinkugbe, A. A., & Papapanou, P. N. (2021). The “sufficient cause” model framework applied to the
periodontitis-systemic diseases link. Journal of periodontology, 92(3), 343-347.

[28] Rothman, K. J., & Greenland, S. (2005). Causation and causal inference in epidemiology. American
journal of public health, 95(51), S144-S150.

[29] Rothman, K. J. (1986). Causal inference in epidemiology. Modern epidemiology, 7-21.

[30] Hafeman, D. M. (2008). A sufficient cause based approach to the assessment of mediation. European
journal of epidemiology, 23, 711-721.

[31] Rothman, K. J., & Greenland, S. (2005). Causation and causal inference in epidemiology. American
journal of public health, 95(51), S144-S150.

24


https://doi.org/10.1093/oxfordjournals.aje.a114375
https://doi.org/10.1080/00324728.2020.1820558
https://www.cdc.gov/nchs/data/dvs/blue_form.pdf
https://cdn.who.int/media/docs/default-source/classification/icd/cause-of-death/causeofdeathflyer_2015.pdf?sfvrsn=9ec05f86_1
https://cdn.who.int/media/docs/default-source/classification/icd/cause-of-death/causeofdeathflyer_2015.pdf?sfvrsn=9ec05f86_1
https://doi.org/10.1093/ije/dyac167

[32] Vineis, P., & Kriebel, D. (2006). Causal models in epidemiology: past inheritance and genetic
future. Environmental Health, 5, 1-10.

[33] Désesquelles, A., Salvatore, M. A., Frova, L., Pace, M., Pappagallo, M., Meslé, F., & Egidi, V. (2010).
Revisiting the mortality of France and Italy with the multiple-cause-of-death approach. Demographic
research, 23, 771-806.

[34] Meslé, F., & Vallin, J. (2011). Historical trends in mortality. In International handbook of adult
mortality (pp. 9-47). Dordrecht: Springer Netherlands.

[35] Caselli, G., Meslé, F., & Vallin, J. (2002). Epidemiologic transition theory exceptions. Genus, 9-51.

[36] Harper, K., & Armelagos, G. (2010). The changing disease-scape in the third epidemiological
transition. International journal of environmental research and public health, 7(2), 675-697.

[37] Schéfer, 1., von Leitner, E. C., Schon, G., Koller, D., Hansen, H., Kolonko, T, ... & van den Bussche, H.
(2010). Multimorbidity patterns in the elderly: a new approach of disease clustering identifies complex
interrelations between chronic conditions. PloS one, 5(12), e15941.

[38] Mackenbach, J. P., Kunst, A. E., Lautenbach, H., Oei, Y. B., & Bijlsma, F. (1997). Competing causes of
death: a death certificate study. Journal of clinical epidemiology, 50(10), 1069-1077.

[39] Mackenbach, J., Kunst, A. E., Lautenbach, H., Bijlsma, F., & Oei, Y. B. (1995). Competing causes of
death: an analysis using multiple-cause-of-death data from The Netherlands. American Journal of
Epidemiology, 141(5), 466-475.

[40] Wensink, M., Westendorp, R. G., & Baudisch, A. (2014). The causal pie model: an epidemiological
method applied to evolutionary biology and ecology. Ecology and evolution, 4(10), 1924-1930.

[41] Manton, K. G, Stallard, E., & Poss, S. S. (1980). Estimates of US multiple cause life
tables. Demography, 17, 85-102.

[42] NBER, 2024. Multiple mortality data vital statistics. Available:
https://www.nber.org/research/data/mortality-data-vital-statistics-nchs-multiple-cause-death-data

[43] Chamblee, R., & Marshall, E. (1986). TRANSAX, the NCHS system for producing multiple cause-of-death
statistics, 1968-78. Retrieved 9 1, 2022, from National Center for Health Statistics:
https://stacks.cdc.gov/view/cdc/13008

[44] Redelings, M. D., Wise, M., & Sorvillo, F. (2007). Using multiple cause-of-death data to investigate
associations and causality between conditions listed on the death certificate. American journal of
epidemiology, 166(1), 104-108.

[45] Hafeman, D. M. (2008). A sufficient cause based approach to the assessment of mediation. European
journal of epidemiology, 23, 711-721.

[46] Chen, C., & Lee, W. C. (2018). Attributing diseases to multiple pathways: a causal-pie modeling
approach. Clinical epidemiology, 489-497.

[47] Robins, J. M., & Greenland, S. (1992). Identifiability and exchangeability for direct and indirect
effects. Epidemiology, 3(2), 143-155.

25


https://www.nber.org/research/data/mortality-data-vital-statistics-nchs-multiple-cause-death-data
https://stacks.cdc.gov/view/cdc/13008

[48] Lee, W. C., & Wu, Y. C. (2023). Disease attribution to multiple exposures using aggregate data. Journal
of Epidemiology, 33(8), 405-409.

[49] Liao, S. F., & Lee, W. C. (2010). Weighing the causal pies in case-control studies. Annals of
epidemiology, 20(7), 568-573.

[50] Eurostat. (2024). Glossary: Contributory cause of death. Available at:
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Glossary:Contributory cause of death.

[51] De Marco, A., Amoatey, P., Khaniabadi, Y. O., Sicard, P., & Hopke, P. K. (2018). Mortality and morbidity
for cardiopulmonary diseases attributed to PM2. 5 exposure in the metropolis of Rome, Italy. European
journal of internal medicine, 57, 49-57.

[52] Wall, M. M., Huang, J., Oswald, J., & McCullen, D. (2005). Factors associated with reporting multiple
causes of death. BMC Medical Research Methodology, 5, 1-13.

[53] Frova, L., Salvatore, M. A., Pappagallo, M., & Egidi, V. (2009). The multiple cause of death approach to
analyse mortality patterns. Genus, 65(1), 1-21.

[54] DESESQUELLES11, A. L. I. N. E., Demuru, E., MESLE, F., & SALVATORE, M. A. (2014b). Cause-specific
mortality analysis: Is the underlying cause of death sufficient?. Revue Quetelet: N° 1, Vol. 2, 2014, 119.

[55] Désesquelles AF, Salvatore MA, Pappagallo M, et al. Analysing multiple causes of death: Which
methods for which data? An application to the cancer-related mortality in France and Italy. European
Journal of Population-Revue Europeenne De Demographie 2012;28(4):467-498. Available

online: https://www.jstor.org/stable/23274972.

[56] Willkins, K. Wysocki, M. Morin, C. & Wood, P. (1997). Multiple causes of death. Statistique
Canada. Available: https://www150.statcan.gc.ca/n1/en/pub/82-003-x/1997002/article/3235-eng.pdf?st=-
a2knS4h.

[57] Australian Institute of Health and Welfare 2012. Multiple causes of death. Bulletin no. 105. Cat. no.
AUS 159. Canberra: AIHW. Available: https://www.aihw.gov.au/reports/life-expectancy-deaths/multiple-
causes-of-death-in-australia-an-analysis/contents/results.

[58] Janssen, J. de Munter, J. Di Lucca, M. Ziegler, B. (2023). Statistics on multiple causes of Death. The
National Board of Health and Welfare. Available: https://www.socialstyrelsen.se/globalassets/sharepoint-
dokument/artikelkatalog/statistik/2023-5-8523.pdf.

26


https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Glossary:Contributory_cause_of_death
https://www.jstor.org/stable/23274972
https://www150.statcan.gc.ca/n1/en/pub/82-003-x/1997002/article/3235-eng.pdf?st=-a2knS4h
https://www150.statcan.gc.ca/n1/en/pub/82-003-x/1997002/article/3235-eng.pdf?st=-a2knS4h
https://www.aihw.gov.au/reports/life-expectancy-deaths/multiple-causes-of-death-in-australia-an-analysis/contents/results
https://www.aihw.gov.au/reports/life-expectancy-deaths/multiple-causes-of-death-in-australia-an-analysis/contents/results
https://www.socialstyrelsen.se/globalassets/sharepoint-dokument/artikelkatalog/statistik/2023-5-8523.pdf
https://www.socialstyrelsen.se/globalassets/sharepoint-dokument/artikelkatalog/statistik/2023-5-8523.pdf

