RIVISTA DI STATISTICA UFFICIALE N. 1/2021

Analysing complications of COVID-19
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Abstract

Death certificates compiled by physicians are the basis for cause-of-death statistics
and contain the whole sequence of diseases leading to death. This information is
useful for understanding pathways from disease to death. Several complications are
associated to COVID-19, nevertheless limited data are available on the frequency
of these conditions leading to death. For identifying complications of COVID-19, a
method was developed and applied to deaths occurred in Italy in March-April 2020.
In order to test the method on other causes, analyses have been carried-out also for
pneumonia and diabetes related deaths occurred in 2018. Pneumonia is the most
frequent complication of COVID-19 together with some other respiratory conditions,
besides those, some other conditions were identified as linked to COVID-19 related
deaths such as cardiac complications, shock and infections. The method proves to be
powerful in distinguishing complications and causes of diseases.
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1. Introduction*

COVID-19 is characterised by a high rate of lethality. In patients infected by
SARS-CoV-2, death can occur as the consequence of various complications,
especially pneumonia and other respiratory system conditions. In addition,
the presence of comorbidities, as hypertension, diabetes, cardiovascular
diseases, and chronic respiratory conditions, can increase vulnerability to
the development of these complications (Zheng et al., 2020; Palmieri et al.,
2020).

Death certificates are considered the most reliable source of information for
comparing cause-specific mortality across different populations and countries.
However, limited data are available on the complications and comorbidities
reported on death certificates of patients who presented COVID-19. The UK
Office of National Statistic conducted some analyses of conditions existing
prior to contracting COVID-19 (ONS, 2020), but the complications of
COVID-19 on death certificates are less explored.

Cause-of-death (CoD) data are based on the information reported by
physicians on a standardised death form recommended by the World
Health Organization (WHO international format of death certificate). Data
collected with the death certificates are coded according to provisions of the
International Classification of Diseases, 10™ revision (ICD10) (WHO, 2019):
the corresponding ICD10 code is assigned to each condition reported on the
certificate. Despite certificates generally report several causes, CoD statistics
are traditionally based on the concept of underlying cause (UC), i.e. the
disease or condition that initiated the train of events leading to death (WHO,

4 The method described was developed in the frame of a project aimed at evaluating the effort needed for the
implementation of the International Classification of Diseases, 11" revision (ICD11) in the automated coding
systems Iris (www.Iris-institute.org).
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2019). Since several years, in Italy, as in other countries, automated coding
systems are in use for CoD coding and selecting the UC. In Italy the software
Iris is used, which is the most widely used. This software follows rules and
provisions established by ICD10.

Death certificates consist of two parts: in part 1 the certifier reports the
sequence of diseases or events leading directly to death, in part 2 he lists other
significant conditions contributing to death. Part 1 of the death certificate
includes four different lines: conditions reported on each line are due to
what is reported on the line below. The condition that initiated the sequence
leading to death should be reported in the lowest used line. Therefore, filling
the death certificates, certifiers provide information on causal relations among
the conditions leading to death.

1.1 Objectives

This paper presents a method to individuate causal relations among
conditions reported on death certificates. In particular, the method allows
identifying, for a given condition, which are its complications or its antecedent
causes in the death certificate. The paper describes the procedure in detail and
shows the results of'its application to identify the complications of COVID-19
as well as to provide a measure of the frequency of such complications in
deaths occurred in Italy during the first wave of the pandemic (March-April
2020). To show the potential general applicability to other conditions, we also
performed analyses on two selected causes of death: pneumonia and diabetes.
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2. Methods

The method presented is an advancement of a procedure developed as part
of a project for the new version of ICD (ICD11) implementation in automated
coding systems (www.iris-institute.org; Orsi et al., 2020).

2.1 Causal relations in death certificates

Figure 2.1 shows an example of filled international death certificate. The
person died for a cardiac arrest due to a congestive heath failure due to an
ischemic heart disease, and was affected by diabetes and hypertension. These
latter conditions both contributed to death, but were not part of the sequence
leading directly to death; for this reason, the certifier reported them in part 2.
UC is the ischemic heart disease, which is the condition that initiated the train
of events leading to death.

In general, given a condition, which we will hereafter name 4, all conditions
reported in lines above (we will name other conditions S) can be considered
due to A. On the other hand, 4 can be considered due to conditions reported
below. In example 1 of figure 2.2°, with regard to the causal relations of
congestive heart failure (condition A corresponding to the ICD10 code 1500),
cardiac arrest (condition S, 1469) is due to congestive heart failure, while
congestive heart failure is due to ischemic heart disease (S, 1259).

However, it should be taken into account that sometimes the order reported
on death certificates does not correspond to a real causal connection between
diseases. For instance, in example 2 of figure 2.2, the certifier misplaced liver
metastasis (ICD10 code C787) on a row that indicates this condition as due to
pneumonia (J189) but this is an incorrect causal sequence.

Provided that the death certificates could contain two given conditions
reported in both directions (4 due to S as well as S due to A), we developed
a method for the identification of recurrent causal patterns in multiple cause-
of-death data.

5 For the examples shown in figure 1.2, to each condition is given a corresponding ICD10 code, so in this
document, the terms condition and code are used with the same meaning.
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Figure 2.1 - Example of filled international death certificate

» Cause of death » Time Interval from
onset to death
1. Report disease or condition directly leading to -

diisifon e @ | Cardiac arrest

Report chain of eventsin due to order (if b | Congestive heart failure

applicable) é - .

State the underlying cause on the lowest @ ¢ | Ischemic heart disease

used line d

2. Other significant conditions contributing to death (time | . .
intervals can be included in brackets after the condition) Diabetes, hypertension
Figure 2.2 - Examples of filled death certificates

Example 1 1CD10 codes |Example 4 1CD10 codes
Part1 a. Cardiac arrest 1469 Part1l a. ARDS 180

b. Congestive heart failure 1501 b. Covid-19 pneumonia uU071J189

c. Chronic ischemic heart disease 1259 c.

d. d.

e e.
Part 2 Diabetes, hypertension E149110 Part 2 Hypertensive heart disease 1119
Iris multiple cause string: 1469 1501/1259*E149 110 Iris multiple cause string: J80/U071 J189*/119
Example 2 1CD10 codes |Example 5 1CD10 codes
Part1 a. Liver metastasis C787 Part1 a. Sepsis A419

b. Pneumonia 1189 b. Pneumonia J189

c. c.

d. d.

e. e.
Part2 Lung cancer C349 Part2 Covid19 uo71
Iris multiple cause string: C787/J189*C349 Iris multiple cause string: A419/J189*U071
Example 3 1CD10 codes |Example 6 1CD10 codes
Part1 a. Acute respiratory failure 1960 Part1 a. Covid19 uo71

b. Interstitial pneumonia, congestive 1849 1500 b.

heart failure c.

c. Covid-19 uo71 d.

d. Ischemic heart disease 1259 e.
Part 2 Part 2 Pneumonia and respiratory failure 1189 J969
Iris multiple cause string: J960/J849 1500/U071/1259 Iris multiple cause string: U071*/189 J969
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2.2 Overview of the method

The input data is the multiple cause string produced by the automated
coding system Iris (shown in figure 1.2 below each certificate). This string
consists of ICD10 codes and separators representing all conditions reported
on the death certificate and their relative position.

The method focusses only on part 1 of certificates and, in summary,
involves two steps:

1. causal relations: analysis of causal relations reported in part 1; a chi-
square test is carried out in order to identify the preferred causal order
between two conditions;

2. associations between conditions: analysis of associations between
conditions in part 1; a second chi-square test identifies if two conditions
are reported together in part 1 more frequently than expected. This
step 1s used as a confirmation of the first.

The following paragraphs describe the two steps in detail.

2.3 Causal relations

This step is aimed at identifying the preferred causal order between two
conditions reported by certifiers: given two conditions, 4 and S, a test is
performed to verify if the pattern A4 due to S is significantly more frequent
than S due to A.

For each pair of codes (4 and S§), certificates jointly mentioning the two
codes in different lines of part 1 were selected, excluding those in which they
are reported on the same line. The frequencies of certificates reporting the
pattern 4 due to S and S due to A were calculated. Afterwards, these observed
frequencies were compared with the expected ones calculated under the null
hypothesis of equal probability for the two patterns, assuming that 50% of
total certificates would have the pattern A due to S and 50% S due to A (table
2.1). The null hypothesis was tested by means of chi-square test (double
tailed with 1 degree of freedom). Based on the results, we can distinguish the
following cases.
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* A due to S (positive due to relation between the two codes): the
frequency of certificates reporting 4 due to S is significantly (p<0.05)
higher than expected.

* S due to A (negative due to relation between the two codes): the
frequency of certificates reporting 4 due to S is significantly (p<0.05)
lower than expected.

* No due to relation between 4 and S: there is not a significant difference
between observed and expected frequencies (p>=0.05).

Table 2.1 - Observed and expected frequencies of certificates for the analysis of
causal relations between conditions (a)

Pattern of disposition of A and S Observed Expected
AduetoS Naguetos Ne® 1 N:
AduetoS — 2 AS
Sdueto A Nsgquetoa NEXP — lN*
SduetoA — 2 AS
Total N,:s N;S

(a) Subscripts AduetoS and SduetoA indicate respectively the presence of A due to S and S due to A on the death
certificate.
N, indicates the number of certificates reporting A and S on different lines.

2.4 Association between conditions

This step serves as a confirmation of the previous one and it is aimed at
verifying iftwo codes are associated, i.e. reported in part 1 more frequently than
expected under the hypothesis that the two codes are reported independently
from each other. Certificates are cross-tabulated by presence/absence of the
codes under analysis (4 and S) as shown in table 2.2. Observed and expected
distributions are compared by a chi-square test (double tailed with 1 degree of
freedom). For each possible pair of codes we define that there is association
between the two conditions when the pair is mentioned significantly more
than expected: the frequency of certificates reporting both the codes is higher
than expected and the chi-square test highlights a statistically significant
(p<0.05) association.

In the other possible cases, when either the pair is mentioned on certificates
significantly (p<0.05) less than expected or the chi-square is not significant
(p>=0.05), the two conditions are not considered associated.

ISTITUTO NAZIONALE DI STATISTICA 65



ANALYSING COMPLICATIONS OF COVID-19 FROM DEATH CERTIFICATES: WHICH ONES KILL MOST?

The method was developed using the software SAS Studio (Release: 3.6

Enterprise edition).

Table 2.2 - Observed and expected frequencies of certificates for the analysis of

association between conditions (a)

Observed frequencies

Code S
Mentioned Not mentioned Total
Code Mentioned Nys Nys Ny
A Not mentioned N Njs Njg
Total Ng N¢ N
Expected frequencies
Code S
Mentioned Not mentioned Total
Code  Mentioned Nz};p = Nj * Ng/N Nz)ép = Nj *Ng/N Na
A Not mentioned %’;p = Nz * Ng/N N%p = Nz * Ng/N Nz
Total Ng N3 N

(a) N indicates absolute frequencies.
Subscripts A and A indicate respectively the presence or the absence of the condition A on the death certificate.

Subscripts S and'S indicate respectively the presence or the absence of the condition S on the death certificate.
N, indicates the number of certificates reporting both A and S, where N, < N5 used in table 1.2, since N refers
only to certificates that have the condition A and S in different lines of part 1, excluding cases where these two
conditions are on the same line.

2.5 Definitions of precipitating and antecedent conditions,
complications and causes

Based on the results of the first step, we define a condition S precipitating
condition of 4 if S due to A is significantly more frequent than expected; we
define S antecedent condition of 4 if 4 due to S is significantly more frequent
than expected.

Based on the results of the second step, we define 1) complication of 4 a
precipitating condition S associated with 4 and ii) cause of 4 an antecedent
condition § associated with 4.

Conditions S not associated with 4 in the analysis of causal relations (first
step), i.e. conditions that are not complications nor causes nor precipitating
causes nor antecedent conditions of 4, were not considered and therefore not
shown in the results.

Figure 2.1 represents the process of the method.

66 ISTITUTO NAZIONALE DI STATISTICA



RIVISTA DI STATISTICA UFFICIALE N. 1/2021

Figure 2.2 - Representation of the method’s process

Step1 - causal relations: Step 2 - associations:

frequencies of certificates with frequencies of certificates with
the pattern Sand Abothinpart 1
Sdueto A Compare SandA more yes
frequentthan —» S iscomplication of A
sduetoA Chi-square  p<0.05 | observed N e
more frequent —» —> expected
Compare test and I - PR e
Chi b d than expected cted no Sispl condition of A
i-square p<0.05 = observe [p>=0.05 expecte 7y
test and SandA
expected andAmore yes
>=0.05 P Adueto S . Compare frequentthan —» Siscause of A
p>=0. Chi-square | p<0.05_ observed
more frequent —» test [— and expected
L i d. T
than expected expected no » Sis of A
p>=005 $

No causal relationsidentified
betweeenAand$

2.6 Analysis performed on mortality data

We applied this method to data from the national CoD register, managed
by the Italian National Institute of Statistics - Istat and referring to all
deaths occurred in Italy among people aged 1 year and above. Provisional
data of March-April 2020 were used in order to identify the most relevant
complications and precipitating conditions (corresponding to the conditions S
mentioned in the methods Section) of COVID-19 (ICD10 codes U071-U072,
corresponding to the condition 4). To show the potential general applicability
of the method to other conditions, we applied it to Italian CoD data for the year
2018 by evaluating the causal relations of pneumonia (ICD10 codes J12-J18,
condition A) and diabetes (ICD10 codes E10-E14, condition 4) with other
diseases (conditions ). Data were processed with Iris according to ICD10
provisions and the rejects of Iris (about 20% of total deaths) were revised
by expert nosologists. Pneumonia and diabetes were chosen, as they are
both common conditions on death certificates. On the other hand, they have
different characteristics: pneumonia is a complication of many diseases, while
diabetes is a disease whose onset does not generally result as a complication
of other conditions. Moreover, these diseases are both related to COVID-19,
but in different ways. Pneumonia is a common manifestation of COVID-19,
while diabetes increase frailty of individuals and consequently the risk of
dying for COVID-19.
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We first carried out an explorative analysis using all ICD10 codes (third
digit level). Successively, we grouped codes with similar behaviour in the
explorative analysis, taking also into account the nosological similarity in
ICD10. Groups studied are shown in table 2.3. Final analysis was performed
on these groups instead of single ICD10 codes. In case of duplications of
code-group on the same certificate, only the one on the lowest line of part 1
has been retained.

For the analysis of COVID-19 the method was applied on the whole
sample of certificates, as well as by age groups to evaluate if the pattern of
COVID-19 complications could depend on the age at death. We carried out
the analysis on four age groups (1-49, 50-64, 65-79, 80 and more) but we did
not observe differences between 0-49 year old and 50-64 and between 65-79
and 80 and more. For this reason, we focus only on two age groups: 1-64
years and 65 years and more.
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Table 2.3 - Groups of diseases used for the analyses

ICD10 codes

Description

A40-A41, B37, B49, B99
Other codes in AO0-B99
C00-D48

D60-D64

D84-D87

D89

E10-E14

E86-E87

Other codes in EO0-E99
F00-F03

Other codes in FO0-F99
G00-G09, G93

G20, G22-G26
G30-G31

G61-G64

Other codes in G00-G99, H60-H99
H00-H59

110-113

115

120-124

125

126

127-128

148

150-151

100-109, 130-145, 147
160-166, 1670, 1672-1679
1671, 169

170

173-179

100-109, 190-199
J12-J18, J849

J40-447

J8o

Js1

J960, J969

J961

J00-J11, J30-J39, J60-J70, J82-J848, J85-J99
Other codes in KO0-K99
Other codes in LO0-L99
L89

MO00-M99

N17,N19

N18

Codes in N0O0-N29 (excluding N17-N19)
Q00-Q99

R04-R09

R570-R571, R573-R579
R65

u071-U072

V00-Y39, S00-T79

Sepsis and infections of unspecified site

Other infectious and parasitic diseases
Neoplasms

Aplastic and other anaemias

Specified disorders of the immune mechanism
Unspecified disorders of the immune mechanism
Diabetes mellitus

Volume depletion and other fluid disorders
Other metabolic and endocrine diseases
Dementia

Other mental and behavioural disorders
Inflammatory d. of the central nervous system
Extrapyramidal and movement disorders
Alzheimer disease

Other neuropathies

Other disorders of nervous system

Diseases of the eye and adnexa

Hypertensive heart disease

Secondary hypertension

Acute ischemic heart diseases

Chronic ischemic heart disease

Pulmonary embolism

Pulmonary heart disease and diseases

Atrial fibrillation

Heart failure and other cardiac diseases

Other heart diseases

Cerebrovascular accident

Sequela of cerebrovascular diseases
Atherosclerosis

Other peripheral vascular diseases

Other circulatory diseases

Pneumonia (including interstitial pulmonary disease)
Chronic lower respiratory diseases

Adult respiratory distress syndrome (ARDS)
Pulmonary oedema

Respiratory failure

Acute respiratory failure

Other diseases of the respiratory system

Other diseases of the digestive system

Other diseases of the skin

Pressure ulcer

Diseases of the musculoskeletal s. and connective
Renal failure, acute and unspecified

Chronic renal failure

Other renal diseases

Congenital anomalies and chromosomal defects
Symptoms and signs involving the respiratory systems
Shock

Systemic inflammatory response syndrome (SIRS)
COVID-19

External causes
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3. Results

At the time of this paper was drafted, 152,556 death certificates were
collected and coded for March-April 2020, referring to deaths of people
aged above 1 year. The analysis was performed on 152,524, since 32 had no
conditions reported on part 1. COVID-19 was mentioned on 30,564 death
certificates and in 28,228 (92.4%) was reported in part 1 (Figure 3.1).

Data used for pneumonia and diabetes, referring to all months of 2018,
contained 632,939 death certificates and 632,865 had part 1 completed.
Pneumonia was reported in 66,419 death certificates and was in part 1 in
57,654 cases (86.8%), while diabetes was found in 76,389 certificates of
which in 23,769 in part 1 (31.1%) (Figure 3.1).

Figure 3.1 - Data analysed

Analisys on COVID-19 Analisys pneumoniaand diabetes
152,556 632,939
certificates- certificates-all
March-April 2020 months 2018
32 excludedasno 74 excludedasno
conditions —»  conditions
reportedonpart 1 reportedonpart 1
152,524 included 632,865 included
inthe analysis inthe analysis
30,564 reported 66,419 reported | 76,389 reported
CoviD-19 pneumonia diabetes
28,228 reported 57,654 reported | 23,769 reported
COVID-19in part 1 pneumoniainpartl| diabetesinpartl
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3.1 COVID-19

Table 3.1 shows the results for COVID-19. The analysis allowed to
distinguish conditions found associated in the first step of the analysis into
complications, precipitating conditions, causes, and antecedent conditions of
COVID-19.

Pneumonia, respiratory failure, respiratory symptoms, ARDS (adult
respiratory distress syndrome), and SIRS (systemic inflammatory response
syndrome) were complications of COVID-19. Overall, pneumonia was
reported in part 1 in 40,580 certificates, of which 56% together with
Covid-19. ARDS was together with COVID-19 more than 85% of the times
it was mentioned (1,823 out of 2,133). Several other conditions, mainly non-
respiratory, were precipitating conditions of COVID-19. Among these, the
most frequent were heart failure, sepsis, shock, and renal failure.

Neoplasms, chronic lower respiratory diseases, cerebrovascular accident,
hypertensive heart disease, and dementia resulted antecedent conditions of
COVID-19. Nevertheless, none of them was cause of COVID-19, since none
of them showed a significant association with it. Actually, all these conditions
represent pre-existing diseases placed by certifiers in a lower line compared
to COVID-19.

Figure 3.1 shows theresults of the analysis by age group. Only complications
and precipitating conditions of COVID-19 are shown, represented by blue
and white bars respectively. Several respiratory conditions were found to be
complications of COVID-19 in all age groups, except pulmonary oedema,
which was a precipitating condition.

Non-respiratory conditions were mainly precipitating conditions of
COVID-19, except for SIRS, which was a complication. However, we could
highlight different patterns for the different age groups. Sepsis and renal
failure were complications of COVID-19 for the age group 1-64 years,
while they were precipitating conditions in the older age group. Pulmonary
embolism was a complication of COVID-19for the age group 65+, while it
was a precipitating condition in the younger age group.

The length of the bars in figure 3.2 represents, for each condition, the
proportion of certificates reporting the condition due to or on the same line of
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COVID-19 among certificates with mention of COVID-19, i.e. the proportion
of cases where we cannot rule out that COVID-19 played a role in causing the
condition. Overall, respiratory conditions were far more frequent than non-
respiratory ones, with pneumonia reaching about 73% of COVID-19 related
deaths and respiratory failure 58%. ARDS, overall reported in 6% of
COVID-19 related deaths, was more frequent in 1-64 years old. Among non-
respiratory conditions, some differences among age groups were observed.
Sepsis, pulmonary embolism, heart complications, renal failure, and shock
were more common among younger people. Cerebrovascular accidents and
SIRS were observed only among older people.

Figure 3.2 - Complications (blue bars) and precipitating conditions (white bars) of
COVID-19 by age group (a)

Complications and precipitating conditions involving the respiratory system

Pneumonia >1;
all'ages
ARDS 1-
aII>a:ges
Pulmonary edema >1_-
all ages
Acute respiratory failure >l_—
all'ages
Symptoms related to respiratory system >1_-
all ages

0 20 40 60 80
%

Other complications and precipitating conditions

Sepsis and other infections 1-64

>=65
all ages

L
]
1]
Pulmonary embolism 164 ————
>=65
allages —/
]
]
]
—|
—
e
——— 1
 —

Heart complications 1-64
>=65
all ages

Cerebrovascular accident 1-64
>=65
all ages

Renal failure 1-64
>=65
all ages

Schock 1-64 ]
>=65 ]
all ages 1

SIRS 1-64
>=65 |
all ages 1

%

Source: Istat, National register of cause of death
(a) Precipitating conditions are represented only if the frequency is above 1%.
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3.2 Pneumonia

Table 3.2 shows the results of the analysis on pneumonia. Conditions
more frequently reported with pneumonia were respiratory failure (24,882
certificates), sepsis and infections of unspecified site (12,197 certificates),
heart failure and other cardiac diseases (10,469 certificates). Generally,
conditions were reported on the same line of pneumonia in a small percentage
of cases; other diseases of the respiratory system were instead reported in the
same line of pneumonia in 27.1% of certificates.

Complications of pneumonia are mainly diseases related to respiratory
system (respiratory failure, symptoms and signs involving the respiratory
systems, other diseases of the respiratory system, acute respiratory failure,
pulmonary heart disease, ARDS), but include also sepsis and volume depletion
and other fluid disorders. Precipitating conditions were mainly disease of
circulatory system, but include also shock, renal failure, and pulmonary
oedema. The following conditions were causes of pneumonia: chronic lower
respiratory diseases, extrapyramidal and movement disorders, specified and
unspecified disorders of the immune mechanism. Several conditions were
found to be antecedent, mainly involving the circulatory system.

3.3 Diabetes

Table 3.3 shows the results for diabetes. Conditions more frequently reported
with diabetes were hypertensive heart disease (6,829 certificates), heart failure
and other cardiac diseases (5,545 certificates), chronic ischemic heart disease
(4,924 certificates). Hypertensive heart disease and chronic lower respiratory
diseases were frequently reported on the same line of diabetes (more than
31% of cases), followed by other metabolic and endocrine diseases, other
mental and behavioural disorders, diseases of the eye and adnexa, and other
neuropathies (between 21 and 26% of cases).

A large number of conditions were complications of diabetes, mainly
diseases of circulatory system, followed by diseases of the genitourinary
system. Other complications include dementia and other mental and
behavioural disorders, volume depletion and other fluid disorders and other
metabolic and endocrine diseases, diseases of the musculoskeletal system and
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connective tissue, pressure ulcer and other diseases of the skin, diseases of the
eye and adnexa, and other neuropathies. The most frequent precipitating
conditions were neoplasms and shock. Congenital anomalies and chromosomal
defects were antecedent conditions of diabetes, while causes of diabetes were
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not found.
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4. Discussion and concluding remarks

The present analysis used the complete information provided by
physicians on death certificates, widely considered the most reliable source
of information to compare cause-specific mortality across populations. The
described method, based on the simple application of chi-square tests, is
able to identify causal relations between diseases leading to death. This is an
important information for public health, since it provides data on the major
complications to be tackled for specific diseases.

In the first step of the method, causal pattern are taken into account,
while the second step confirms the results. This latter step verifies if there
is an association between conditions within causal sequences, i.e. if the two
conditions under exam are found in causal sequences more frequently than
expected. If this association is not found, it cannot be concluded that one
condition is a cause or a complication of the other even if a causal pattern is
found in the first step.

With the introduction of automated coding systems, several countries have
been able to produce statistics on all causes reported on certificates. This kind
of data, referred to as multiple causes of death, have been used to recalculate
mortality levels attributed to a given condition, and to determine the most
frequent associations of causes involving such condition (Desesquelles et al.,
2012). From the analysis of multiple causes reported in the sequence of part 1,
additional information can be withdrawn concerning pathways of diseases, for
instance which are the most frequent complications of underlying conditions. Our
study fits into this context. However, it investigates an aspect, that of causes and
complications in the process leading to death, which has not been studied so far.

Results ofthe first stepon COVID-19 deaths show thatrespiratory conditions
are the most common complications leading to death. Non-respiratory
conditions, for instance cardiac complications, are generally precipitating
conditions of COVID-19 but they cannot be considered direct complications
of it. This could mean that, although these conditions are reported due to
COVID-19, the causal relation might be not direct, but mediated by other
conditions associated to COVID-19. An example of this scenario is shown in
example 3 of figure 1.2, where congestive heart failure is reported due to both
COVID-19 and ischemic heath disease.
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Some conditions are antecedent of COVID-19, but none of them is a cause
of COVID-19, meaning that they are actually underlying conditions that
increase the risk of death but cannot be seen as direct causes of COVID-19.
Nevertheless, certifiers wrongly place them in a causal relation with COVID-19
as shown in example 3 of figure 1.2. The second step of the procedure seems
to be essential for the interpretation of the results.

Results on antecedent conditions confirm the knowledge on risk factors for
critically ill COVID-19 as well as the role of SIRS as a complication of this
disease. Ourresults on the precipitating conditions also confirm the indirect role
of cardiovascular complications described in literature and linked to the pre-
existing health status of the patients. Nevertheless, some rare complications
such as kidney injury, coagulation disorders, thromboembolism, and vascular
inflammation appear in our results only as precipitating conditions (Gao et
al., 2021; Zheng et al., 2020; Chang et al., 2021). This could be due to the
rarity of these complications but also to the lack of quality in cause-of-death
reporting.

Different patterns of non-respiratory conditions by age were found,
especially for sepsis, renal failure, and pulmonary embolism. The first two
conditions are complications of COVID-19 in younger subjects (<65 years),
while they are precipitating conditions in older (>=65 years). Pulmonary
embolism is a complication of COVID-19 in older deaths and a precipitating
condition in younger deaths. Since these conditions do not have a common
pattern for all age groups, the presence of them as complications of COVID-19
might reflect the presence of different underlying conditions across the
different age groups. These patterns should be further analysed.

The first step of this method was used for measuring the frequencies of
complications of deaths of SARS-CoV-2 infected patients (Grippo et al.,2020).
Changes of these frequencies in different periods of the pandemic waves have
also been analysed, showing an increase of non-respiratory complications
in the transition phase (May-September 2020), when COVID-19 mortality
was lower (Grippo et al., 2021). Results of the current paper are consistent
with those of previous ones. In the previous researches the second step of the
analysis was not performed, therefore the method described here represents
an improvement of the previous work.
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In order to validate the method, we carried out the analysis on pneumonia,
a common manifestation of COVID-19 and a complication of many diseases,
and on diabetes, a completely unrelated disease whose onset does not generally
result as a complication of other conditions. We chose to run the analysis
on 2018 data since 2020 data would have been affected by the presence of
COVID-19, especially for pneumonia.

Findings on pneumonia confirm the strength of the method. Complications
found for pneumonia are very similar to those of COVID-19 but, differently
from COVID-19, pneumonia is a complication of some conditions: chronic
lower respiratory diseases, extrapyramidal and movement disorders, specified
disorders of the immune mechanism and unspecified disorders of the immune
mechanism. On the other hand, diabetes is not a complication of any disease.
It has only one group of antecedent conditions: congenital malformations and
chromosomal anomalies. Several conditions were found to be complications
of diabetes, especially cardiovascular complications known to be the leading
cause of morbidity and mortality in diabetic patients (Zheng et al., 2018).
The analysis on pneumonia and diabetes allows to highlight the potentialities
of the method. Some conditions, for instance pneumonia and sepsis, can be
due one to each other. Both the causal relations are plausible on a medical
point of view. The method allows identifying the pattern of the causal relation
on death certificates: in the context of deaths, sepsis is a complication of
pneumonia, and not vice-versa.

In summary, the method succeeds in highlighting patterns between
conditions and it is useful to document complications of diseases as well as
causative conditions. Moreover, it has been proven helpful for describing
characteristics of COVID-19 related deaths. For its simplicity, it can be
applied to all settings where multiple causes of death are available providing
comparable results, since cause-of-death data are highly comparable.

Nevertheless, the patterns identified by the method include only relations
between two conditions at the time, without taking into account more
complex relations involving multiple conditions. As a matter of fact, with the
aging population, multimorbidity at death is common and complications of
conditions directly leading to death may depend on the presence of different
comorbidities. The method does not allow to take into account the presence
of such comorbidities reported on the death certificate.
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Our study highlights some differences in complications for different
age groups, further analysis by smaller age groups and gender should be
performed.

Moreover, the method presented does not take into account part 2 of
the death certificate. It could be interesting to take into account also this
part in order to better characterise antecedent and precipitating conditions,
distinguishing conditions for which there is an association on the whole death
certificate from those completely not associated, when the complete year of
data will be available.

Some limits linked to the nature of data used should also be taken into
account. The method relies on cause-of-death reporting and the quality of the
information reported by the certifying physicians may vary greatly: both under
and over-reporting may occur and only in rare cases the causes are confirmed
by autopsy or other pathological findings (Anderson, 2011). However,
findings from previous research support the accuracy of COVID-19 mortality
surveillance using official death certificates (Gundlapalli et al, 2021).
Moreover, causal sequences are sometimes misreported by certifiers, who,
instead of reporting conditions in causal order, report them by chronological
or importance order. Nevertheless, the second step of the method provides
additional hints on the association between conditions.

Overall, the results show that the proposed method is reliable and can be of
great utility to understand the role of a condition in the morbid process and to
reduce its lethality; strategies for preventing deaths should focus not only on
the condition itself but also on the complications which lead to death.
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