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Summary

Civil registration and vital statistics registers births and deaths and compiles statistics.
These statistics are a key factor to promote public health policies, register longevity and the
health of the population. Death certificates issued in health institutions are the main source
to collect the cause of death (CoD). Nevertheless, such counts are not straightforward,
indeed, it is estimated that 65% of deaths in the world remain uncounted [D’ Ambruoso,
2013]. In places where there is no access to health facilities and, hence, to death certificates,
the World Health Organization (WHO) designed the Verbal Autopsy as an instrument to
collect evidences about the CoD statistics.

A Verbal Autopsy (VA) consists of an interview to the relative or the caregiver of the
deceased. The VA conveys both an open response (OR) and the closed questions (CQs).
On the one hand, the OR consists of a free narrative of the events expressed in natural
language and without any pre-determined structure. On the other hand, the CQs are a set
of a few hundreds controlled questions each with a small number of permitted answers
(e.g. yes/no).

InterVA is a suite of computer models and it is included in the WHO 2016 instrument,
which gathers several algorithms chosen by the WHO for the analysis of verbal autopsies.
Inter VA estimates the CoD, based, merely, upon the CQs while the OR is disregarded. We
hypothesize that the incorporation of the text provided by the OR might convey relevant
information to discern the CoD and, accordingly, InterVA could be benefited from Natural
Language Processing approaches. Empirical results corroborated that the CoD prediction
capability of the InterVA algorithm is outperformed taking into account the valuable
information conveyed by the OR. The experimental layout compares InterVA with other
approaches well suited to the processing of structured inputs as is the case of the CQs. Next,
alternative approaches based on language models are employed to analyze the OR. Finally,
the best approach for each facet (CQs and OR) was combined leading to a multi-modal
approach.
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1.1

This chapter introduces the project through a description of the task together with a
description of the main challenges, a description of the context in which it is framed and
the proposed objectives.

Project description

The main source of information for mortality rates are medical reports of causes of death
certified by a qualified physician. However, in many parts of the world there is no access to
hospitals and health professionals, so many diseases are not captured in mortality statistics,
causing the health priorities of these countries to be overlooked in the decision-making
process of international health policies. In addition, increased registration of causes of
death can lead to the detection of disease outbreaks that also need to be taken into account
in international decision-making.

In order to collect mortality data in places without access to health facilities, the WHO
(World Health Organization) endorses verbal autopsies (VAs) as the second best option
in the absence of death certificates. A verbal autopsy is an instrument used to collect
causes of death in places where there is not a health cover that allows to certify deaths. A
verbal autopsy consists of an interview with the caregiver of the deceased. The interviewer
must be familiar with the language of the interviewee and does not need to hold medical
expertise. Verbal autopsies include, on the one hand, an open response in which the
interviewee is given the opportunity to openly describe the events preceding the death, and
on the other hand, closed questions about symptoms and signs preceding the illness. A
sample of the data set for the adult age group is depicted in Figure 1.1.1. The responses
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from the questionnaire are analyzed by a clinician or by an algorithm to determine the
cause of death. That is, the input to the system or any algorithm are the open response and
the closed questions and the output is the cause of death. In addition, some complete open
responses are shown in Table in 2.3.2 with the corresponding cause of death. In figure
1.1.2 the cause of death distribution is shown for all the verbal autopsies in the dataset
along with the list of all the possible causes of death in the x-axis and the module (i.e. age
group) where each of them have been assigned.

Question

Number of years of education completed

Did Decedent Have Asthma?

138
preguntas

Did Decedent Have Arthritis?

Care sought - don't know
¥ r J

open_response module age  sex site gl 10 al 011 al 01 2 a6 02 15 gs text3d
No comments person - . . .
only told us... Adult | 51 1 [ Mexico | Don't know No No No Cirrhosis
Patient was suffering .
4849 for the last... Adult | 24 1 AP Don't know Yes Yes No Epilepsy
instancias
She has stopped .
consuming tablets.. Adult | 62 2 AP 5 Yes Yes No Preumonia

144 atributos

Figure 1.1.1: Sample verbal autopsy data set for the adult age group along with the
relationship between the question codes and the statements used by the interviewer.

Open Response (OR) Cause of Death (CoD)
father set on fire both mother and baby. baby died in the af- Fires
ternoon. father was in love with some other lady and to get
married to her he killed his wife and baby.

respondent said that the deceased died due to high fever, diar- Diarrhea/Dysentery
rhea and vomiting

the deceased had deliver twins which died in 3 days. after that Maternal
the deceased suffered excessive bleeding.

Table 1.1.1: Examples of three open responses (ORs) with the corresponding cause of
death (CoD).

Causes of death are given in ICD-10 (International Classification of Diseases) format, a
standard for documenting diseases in clinical cases. Each disease is assigned an ICD-10
from a a total of 48 codes for verbal autopsies, divided into three age segments (adult, child
and neonate).
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Figure 1.1.2: Cause of death distribution where the x-axis represents the list of all the
causes of death present in the verbal autopsis and the y-axis the number of verbal autopsies
with that cause of death assigned. In addition, each cause of death count is divided per
each of the modules (i.e. age groups): adult, child and neonate.

Challenges

The topic addressed in this TFM presents several research questions. On the one hand,
there is international interest in reducing the 299 closed questions used in the questionnaire
to the minimum necessary to know the cause of death from a limited list of causes of
death. In this way, it will be possible to remove or reformulate those questions that are
not relevant in the identification of the cause of death and thus, maximize the performance
of the models generated to perform this task. In addition, reducing the questionnaire
would have several benefits since the questions have to be translated and asked to a person
whose relative has just died. Therefore, shortening the questionnaire would speed up the
whole process and improve sensitivity with the relatives. The WHO has developed several
versions of the questionnaire in order to optimize it as much as possible, putting as few
closed questions as possible and helping as much as possible in the prediction task of the
cause of death. This year, the new WHO 2022 questionnaire has been published [WHO,
2022] [Chandramohan et al., 2021]. This challenge has been tackled and further analyzed
in my publication [Cejudo et al., 2021].

Another challenge of this task is to improve the predictive ability of the cause of death
from questionnaire responses. Currently, there are several methods endorsed by the
WHO: InterVA [Fantahun et al., 2006], InSilicoVA [Clark et al., 2013] and Tariff [Serina
et al., 2015b]. All these algorithms are collected in The WHO 2016 tool [Nichols et al.,
2018a] and implemented in the R package OpenVA [Li et al., 2017]. This package offers
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several functionalities such as loading data from a public repository of verbal autopsy data,
adapting them to different questionnaires and applying the aforementioned algorithms.
However, studies such as Li et al. [2018] have reported a performance for InterVA of
21.77% by means of accuracy in the cause of death prediction task. In the results reported
by Flaxman et al. [2018a], InSilico achieves an accuracy of 37.6% while according to
McCormick et al. [2016] using all the algorithms available in The WHO 2016 and top 3
accuracy, achieves results that are below 60%.

The verbal autopsy questionnaire does not only include closed questions, it also offers for
each verbal autopsy an open response, in which the interviewee comments on everything
he or she considers relevant prior to death. However, none of the methods within The WHO
2016 use this narrative for the analysis and the prediction of cause of death. Nevertheless,
there are studies that have analyzed the predictive ability of the cause of death by using
only the information provided by the open response. Danso et al. [2014] used simple
methods to represent the text of the open response and by using a SVM classifier [Noble,
2006] and a TF-IDF representation [Ramos and Juan, 2003] on a different data set they
reach a 41.9% of accuracy [Powers, 2020]. Yan et al. [2019] explored distinct techniques
similar to word-embeddings to represent text, employing the Million Death Study dataset
reporting a 75.1% on the F-measure metric [Powers, 2020].

Current data mining algorithms are effective when large volumes of data are available.
However, the work at hand is challenging due to the limited amount of verbal autopsies
available, namely 5,509 verbal autopsies. Proposing an algorithm that is able to generalize
and correctly classify new verbal autopsies from these data is one of the biggest challenges
for many of the algorithms used in the field of artificial intelligence. On the other hand,
algorithms tend to be designed to discriminate between two values (e.g. yes/no). However,
as mentioned above, there are 48 different causes of death which hinders the predictive
ability of any model created to predict these diseases. Therefore, finding a method that
automatically reduces the questionnaire and can extrapolate it to all the new records
obtained while ensuring a similar efficacy as in the original questionnaire is a difficult task.
In addition, it is necessary to find the most appropriate way of working with the text, given
that the algorithms used only understand numbers.

Taking these challenges into account, it is of great interest to combine the information
provided by both the closed questions and the open response in order to increase the gain
of information and, therefore, obtain a better result when predicting the causes of death.
In addition, it is of interest using the algorithms endorsed by the WHO and collected in
The WHO 2016 tool, adding the text to these algorithms and evaluating the results with
respect to those obtained using only the closed questions. Another option is to test other
classifiers, thus comparing the performance with the WHO-endorsed algorithms and see if
it is more beneficial to add the text to the proposed algorithm.
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Objectives

Taking into account the different challenges presented by this task and the work already
done on questionnaire reduction, the main objective of this work is to add the information
provided by the open response to the analysis. The aim is to extract relevant elements
provided by the verbal autopsies and to study the predictive capacity that can be achieved
by integrating the textual information.

For this purpose, we propose to study and search for the best algorithm to classify using
the closed questions of the questionnaire and, on the other hand, to obtain the best model
to classify employing the open response. Subsequently, a model known as ensemble will
be proposed, which is responsible for combining the models generated for the prediction
of the cause of death using separately the open response and the closed questions.

Another objective is to use one of the algorithms endorsed by the WHO and, since none of
them use the open response for the analysis, to add textual information in this work and to
study whether the performance of these algorithms can be improved.

Finally, the aim is to apply what has been learned during the master’s degree and use
state-of-the-art models to predict the cause of death from the open response. To this end,
pre-trained and transformer-based models will be explored, which have proven to be very
useful in small datasets as is the case when learning from datasets with a much larger size.

To sum up, a brief list of the different objectives is provided:

1. Include both the closed questions and the open response.

2. Include one of the algorithms of The WHO 2016 tool to the analysis.

3. Use transformer-based models and apply some of the techniques learnt in the master’s
degree to make the most of the open response.

Contextualization

This TFM is a research study. It is confidential and arises from the collaboration of the
IXA research group with Swiss TPH, an international public health institute. This topic
is proposed after a meeting between several political leaders from different countries in
which they expressed their interest in modifying the questionnaire.

This work has a strong artificial intelligence component, not only because of the learning
task, but also because of the application of that knowledge in some of the experiments. As
a result of my work on the verbal autopsies and the collaboration with the IXA research
group of the UPV/EHU, this academic year 2022/23 I have managed to publish two papers.
From the verbal autopsies we will try, using artificial intelligence and specifically data
mining, to extract the cause of death by processing these clinical texts. For the application
of these two areas, this project will also have a software component that will aim at



6 Chapter 1. Infroduction

modularization and reusability.



This chapter includes the paper-format study created as the result of this work, since I
have chosen to present the TFM in this format. The contribution of this work consists in
experimentation, on the one hand, with closed questions including InterVA and, on the
other hand, with open response through a series of models based on transformers.

In this way, the results obtained will be used to measure the predictive capacity using only
each of the verbal autopsy features separately. Subsequently, these results will be used to
make a comparison with the proposed ensemble model. This model uses both the open
response and the closed questions as input in order to predict the cause of death.

The way in which the experiments have been designed allows us to answer a series of
research questions:

* RQ1: What predictive ability is obtained with closed questions (CQ)?

* RQ2: What predictive capacity is obtained with the open response (OR)?

* RQ3: Does combining both CQs and OR allow for improved predictive ability on
cause of death?

* RQ4: Is it possible to improve InterVA performance by adding the open response to
the analysis?

* RQS: Which of the input models within the ensemble model has more impact in
the final output?

All of these questions are discussed and explained in the study added below.
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Civil registration and vital statistics registers births and deaths and compiles
statistics. These statistics are a key factor to promote public health policies,
register longevity and the health of the population. Death certificates issued
in health institutions are the main source to collect the cause of death (CoD).
Nevertheless, such counts are not straightforward, indeed, it is estimated that
65% of deaths in the world remain uncounted [D’ Ambruoso, 2013]. In places
where there is no access to health facilities and, hence, to death certificates,
the World Health Organization (WHO) designed the Verbal Autopsy as an
instrument to collect evidences about the CoD statistics.

A Verbal Autopsy (VA) consists of an interview to the relative or the caregiver
of the deceased. The VA conveys both an open response (OR) and the closed
questions (CQs). On the one hand, the OR consists of a free narrative of the
events expressed in natural language and without any pre-determined structure.
On the other hand, the CQs are a set of a few hundreds controlled questions
each with a small number of permitted answers (e.g. yes/no).

InterVA is a suite of computer models and it is included in the WHO 2016
instrument, which gathers several algorithms chosen by the WHO for the
analysis of verbal autopsies. InterVA estimates the CoD, based, merely, upon
the CQs while the OR is disregarded. We hypothesize that the incorporation
of the text provided by the OR might convey relevant information to discern
the CoD and, accordingly, InterVA could be benefited from Natural Language
Processing approaches. Empirical results corroborated that the CoD prediction
capability of the InterVA algorithm is outperformed taking into account the
valuable information conveyed by the OR. The experimental layout compares
InterVA with other approaches well suited to the processing of structured
inputs as is the case of the CQs. Next, alternative approaches based on
language models are employed to analyze the OR. Finally, the best approach
for each facet (CQs and OR) was combined leading to a multi-modal approach.

Infroduction

A Verbal Autopsy (VA) consists in a series of questions about the signs, symptoms,
demographic characteristics and the condition that led to death answered by the relatives or
the caregiver of the deceased. The VA instrument includes closed questions (CQ), and an
open response (OR) where the interviewees can talk freely about how the death occurred.
Expert clinicians are able to discern the most probable CoD from the answers conveyed in
the VA. Needless to say, manual inspection of VA is time consuming for expert clinicians.

Since the verbal autopsies were proposed, many studies such as Yang et al. [2006] in China,
Setel et al. [2006] in Tanzania and Baqui et al. [1998] in Bangladesh, have validated the
procedure and the effectiveness of the VA. However, many other studies have pointed out
the limitations. For example, Todd et al. [1994] found out that the effects of Malaria are
often mistaken, besides, Baqui et al. [1998] and Garenne and Fauveau [2006] summarise
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further limitations like that the usefulness of the verbal autopsy is closely related with the
quality of the conducted interview.

In order to extract the CoD, VAs can be analyzed either by physicians or with automated
algorithms. Given the scale of some VA implementations, manual coding of VAs is
becoming unrealistic for many countries and the use of automated methods is getting
traction. To delve into the quantitative assessment of the VA, the Institute for Health
Metrics and Evaluation (IHME) along with other organizations conducted the PHMRC
study [Murray et al., 2011] where they tested the suitability of VAs in hospitals where
the CoD was known. As a result of this study, a public verbal autopsy gold-standard was
released. Since then, some tools and algorithms have been implemented to automatically
estimate the CoD given the CQs [Flaxman et al., 2018a] [Serina et al., 2015a]. Automatic
classification of VA into CoD offers a mean to alleviate the burden of manual analysis and
speed up the collection of CoDs to aid in-time decision making of public health policies.

One of the algorithms tested in the PHMRC data was InterVA [Fantahun et al., 2006],
indeed, one of the WHO standards. The core idea of this algorithm is to mimic the
behaviour and decisions of a physician in terms of a heuristic algorithm based on hand-
crafted rules and it is being improved over the years [Byass et al., 2012, 2019]. Later, as
an alternative to heuristics, machine learning strategies were incorporated as is the case
of Tariff 2.0 [Serina et al., 2015a] and InSilicoVA [Flaxman et al., 2018a]. InSilicoVA
identifies the most likely joint probability distribution of cause-specific mortality fractions.
Eventually, the WHO 2016 VA instrument [Nichols et al., 2018b] was released adopting
the InterVA and InSilicoVA methods as the most effective means to analyze verbal autopsy
data. All these methods have in common that they estimate the CoD taking into account
just the CQs while the OR gets disregarded. Nonetheless, several works, such as Yan et al.
[2019] have employed the OR for VA analysis.

In this work we explore the potential of the OR to contribute in the assignment of the
CoD and our first goal is to quantitatively assess the predictive capabilities of the OR
in comparison to the CQs. We hypothesise that the OR brings valuable information that
should not be disregarded by automated methods. Besides, we wonder if CQ and OR
are redundant or, instead, are synergistic. Given that the OR was as useful as the CQ to
get the CoD, the implication would be that we could remove the complex hierarchical
questionnaire and simply record the OR. If both CQs and OR would complement one the
other, this would imply that we could gain accuracy in the prediction of the CoD. To cope
with the aforementioned research questions, first, we compared InterVA with alternative
approaches well suited to analyze structured information, as is the case of the CQs e.g.
XGBoost algorithm [Chen et al., 2015]. After having been able to estimate the CoD given,
merely, the CQs, next, we made the prediction given just the OR. In order to analyze the
OR we resorted to state-of-the-art techniques in Natural Language Processing based on
language models such as pre-trained transformer based models. With the best approach
for each of the two input facets (CQ and OR) a combined model was built resulting in
noticeable improvements with respect to InterVA.
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Related work

The PHMRC data-set is not the only known VA data-set, the Million Death Study (MDS)
[Jha et al., 2006] collected the verbal autopsy of thousands of deaths that occurred in
India. There is also a data-set collected in Ghana [Danso et al., 2013] and another in
Malasya [Ganapathy et al., 2017], among others. However, as far as we know, the only
one publicly available is the PHMRC data-set, due to the fact that verbal autopsies might
convey sensitive information and these data-sets are often private.

There are multiple studies that have tried to assign and measure the most likely CoD to
each verbal autopsy. Some of these studies like Li et al. [2018], using the PHMRC data-set
and the OpenVA [Li et al., 2017] toolkit, which includes algorithms like InterVA and
InSilicoVA, have reported a poor performance. That is, a 21.24% of accuracy for InterVA
and being the highest performance reached a 37.77% for the NBC [Rish and Irina, 2001]
algorithm. They also provide results at population level and not only at verbal autopsy
individual level. Flaxman et al. [2018b] have carried out a very similar study, but only with
InSilicoVA, reporting a maximum accuracy of 37.6% for CoD assignment. McCormick
et al. [2016] have compared also the algorithms inside the WHO 2016 instrument having
as input the PHMRC data-set and top 3 CoD accuracy evaluation getting results under the
60%.

As the standard methods have achieved a low CoD prediction capability, a variety of studies
have handled this task employing different machine learning and deep learning methods for
CoD assignment having as input either the OR or the CQs. Danso et al. [2014] have used
simple text representation methods in a different data-set of VAs collected in Ghana and
the Support Vector Machine (SVM) [Noble, 2006] classifier reported the highest macro
F1-score score [Hripcsak and Rothschild, 2005] of 41.9% with TF-IDF [Ramos and Juan,
2003] representation. Yan et al. [2019], instead, used word and character embeddings with
the MDS data-set and achieves a 75.1% in F1-score metric for the adult age group.

For CQs, Moran et al. [2021], splitting and testing into different subsets of the PHMRC
data-set, have made a comparison between some of the WHO 2016 instrument algorithms,
such as the NBC, Tariff and InSilicoVA and their own Bayesian-based classifier named BF,
achieving better results. Li et al. [2020] did the same comparison but using a Gaussian
mixture [Reynolds, 2009] that seems to also improve the WHO 2016 algorithms.

Materials

This work makes use of the Verbal Autopsy Golden Standard (VA-GS) generated as the
result of the PHMRC study [Murray et al., 2011] and made publicly available. In order to
learn from VAs and evaluate the performance of the generated models, the data is splitted
into train and test sets with stratified subsets with the 70% and 30% of the VAs, respectively.
In Table 2.3.1 a description of the whole data-set is shown. All together there are above
7,400 samples randomly divided into train and test subsets with stratification. Each VA is
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described with two types of features (OR and CQs) and has a unique CoD assigned out of a
total of 48 possible CoDs. The CQs are mainly categorical. Regarding the OR, the average
length is 90, 75 and 87 for adult, child and neonate, respectively. Nonetheless, ORs with
less than 10 words and over the 200 words can be found in the data-set. Naturally, some
CoDs are more frequent than others. For instance, 524 VAs were cases of pneumonia while
only 20 VAs had epilepsy as the CoD. On average, there are 109 VA per CoD and, per age
group, 100 for adult, 45 for child and 146 for neonate. Nevertheless the deviation from
the average is high as the CoD class is unbalanced. That is, there are different CoD and
the number of VAs per CoD is significantly different. Nevertheless, it is important to keep
the same proportion of the CoD in both train and test sets, to this end the train and test
subsets were randomly selected with stratification. The split is done according to Blanco
et al. [2020] so the results can be compared in the experimental results.

In addition, it should be taken into account that the questionnaire differs per age group. For
the adult segment, there are 142 CQs, 86 for child and 109 for neonate, including sex, site,
age and age group as CQs. A big number of CQs lack of value due to two phenomena: the
presence of values such as "Don’t know” on the one hand and the so-called skip-patterns
e.g. questions that were not asked as are considered unnecessary given the previous
answers or contexts. This skip patterns are applied in some cases when, for a determinate
CQ, a’Don’t know” is answered and some of the subsequent CQs that follow up in the
questionnaire are not asked, getting also a "Don’t know” value. Another case is when, for
example, the deceased is male and the questions are designed to be answered by a woman.
For instance, one of the CQs of the questionnaire is “Was the deceased a singleton or a
multiple bird?”” and if the answer is “Dont’ know”, it makes sense to put the same value
in the next question of the questionnaire: ”Was this the first, second or later in the birth
order?”. In addition, the CQs have on average 3 to 4 possible answers.
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VA-GS data-set Adult Child Neonate | Total
Sample instances 3.389 945 875 5.209
OR |Vocabulary| 8.056  3.059 3.284 9.540
train | Input: Features # Words‘ 306.189 71.759  76.293 | 454.238
co Categorical 140 84 108 303
Numerical 2 2 1 3
Output: Class | CoD | Count 34 21 6 48
Sample instances 1.460 396 377 2.233
|Vocabulary| 5407  2.358 2.189 6.379
OR | # Words 131.068 29.264  29.893 | 190.225
test | Input: Features oov 1.384 612 549 1.641
co Categorical 140 84 108 303
Numerical 2 2 1 3
Output: Class | CoD | Count 34 20 6 48

Table 2.3.1: Description of the VA-GS data-set. Each verbal autopsy is described in terms
of bi-modal information, i.e. an open response (OR) in terms of free text and a set closed
questions (CQs), and has annotated the cause of death (CoD). The VA data-set was divided
into train and test. Note that the set of CQs formulated to ascertain the CoD is dependant
on the each age-segment (adult, child and neonate).

In Table 2.3.2, two examples of the OR and the corresponding cause of death are shown.
As it can be seen, the type of language used is non-technical and from the first example
the corresponding CoD can be easily extracted. The CoD corresponds to an ICD-9 code
from a finite list of possible ICD-9 codes for this task, which has a name associated like,
for example, "Pneumonia”. In the second example, there is a grammatical mistake and the
first two words do not add any useful information. This happens throughout some of the
ORs, many have errors and others do not give any information while some ORs have the
CoD explicitly.

Open Response (OR) Cause of Death (CoD)
father set on fire both mother and baby. baby died in the af- Fires
ternoon. father was in love with some other lady and to get
married to her he killed his wife and baby.

no comments they were twins. the boy died because his lungs Preterm delivery
were not developed, and had respiratory problems.

Table 2.3.2: Examples of two ORs with the corresponding CoD.

Methods

This section presents the methodological approach employed to estimate the CoD. As
shown in Table 2.3.1 each VA is characterized by means of two facets or a bi-modal input
(CQ,O0R) = (x1,X3) and the aim is to estimate a CoD as the output of the approach. In
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this section we present different approaches to exploit the dual input. Each modality of the
input shall be characterized by a feature-vector, respectively, of size m and n as in (2.4.1).

x = (xq1,X2) € F" xR" with (2.4.1)
Xy = (X171, ,X1m) € F" to represent the CQs (2.4.2)
x; = (x21,-,Xx,) € R" to represent the OR (2.4.3)

In section 2.4.1, the inference of the CoD given the CQs is presented while in 2.4.2, the
results given the OR are shown. Finally, in 2.4.3, the proposed approach to cope with the
dual OR and CQs is presented. The novelty rests on the development of models capable of
learning from VAs, not only from the CQs but also from the OR and, through this, the fact
of having improved InterVA for CoD estimation.

Models based on closed questions

In this section we explore approaches well suited for the CQs and able to infer classifiers
from either categorical or numerical feature-vectors (denoted, for simplicity, as in an
m-sized space [""). In general, we shall refer to these methods as fcgocop, as in (2.4.4),
due to the fact that they are able to compute the likelihood of the i-th CoD (y;;) given the
responses to the set of CQs (x3 € ™). Thus, each yy; is bound to the interval [0, 1].

feorcop : T — [0,1]I€°P! (2.4.4)

X1 — feoacon(X1) = (V11,-- -, Y1icon]) = Y1

Typically, the estimated CoD, formally ¢cgacop, is the most likely CoD, as in (2.4.5).

. |CoD|
CcQacop = arg 1'?_75117()’11' (2.4.5)

Among the CQ2CoD approaches we count, on the one hand, with the standard InterVA-4
included in the WHO 2016 instrument [Nichols et al., 2018b]. The InterVA-4 algorithm
is available in the OpenVA package [Li et al., 2017]. This package is implemented in R
and it offers functionalities such as downloading the VA data, parsing the information into
different formats and also functions to train and assess the performance for CoD estimation
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in VAs. InterVA implements a hand-made decision tree implementing the heuristic that an
expert clinician would follow based on the standard way of discarding diseases. In brief, it
implements a series of and-or rules e.g. if the response to question i was ‘negative’ and the
response of question j is ‘high’ or ‘medium’, then, the CoD determined is ‘Pneumonia’.

On the other hand, beyond handcrafted methods, we could rely on data-driven supervised
inference approaches. Among them, we considered XGBoost [Chen et al., 2015], a gradient
boosting algorithm. This algorithm is based on an ensemble of decision trees in a sequence,
where each decision tree is adapted to minimize the errors made by the previous tree as
it has as the input the output provided by the previous tree. The sequential adding of
decision trees is done until the error can not be further improved and this is called gradient
descent. A variety of parameters can be set in order to maximize the performance for the
specific task that it is used for: number of iterations (i.e. the number of trees to use), the
maximum depth of the decision trees that are inferred during the training process and 7 as
the learning rate. The XGBoost classifier was shown to be one of the best methods with
the highest performance not only in our preliminary experiments but also in a related task
by Blanco et al. [2020].

Both methods included in the CQ2CoD approach output a probability for each CoD being
the output bound to [0,1] , that is, how likely is the input VA to belong to each of the
possible CoD.

Note that the CQs are suited for each age-segment (Adult, Child, Neonate) and, hence, a
different set of CQs (i.e. 142 for Adults, 86 Children and 109 for Neonates) are involved in
each age-segment (see Table 2.3.1). This implies that the value of m, the size of the input
in (2.4.4) varies by each age-segment and, accordingly, the function fcgac,p is suited by
age-segment. This is the case of both InterVA (incluiding handcrafted rules by segment)
and also inferred estimators (a specific model has to be inferred by segment).

Models based on open response

As a second approach, we explored the OR as valuable information to ascertain the CoD
asin (2.4.6).

fORZCoD R" — R|C0D| (2.4.6)

Xy — foracon(X2) = (y21,~-7y2|ch|) =Y2

Again, the estimated CoD, ¢pracop, 1s the most reliable CoD, as in (2.4.7).

. |CoD|
CoRaCop = Arg Max ys; (2.4.7)
=
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Figure 2.4.1 shows an example of the output of this approach. The input to the model is
the OR (a short text) and the output is an array (y;) with weights related to the reliability
of each code as denoted in (2.4.6). For the input string given in the example the system
estimates that the CoD ‘Asthma’ shows a reliability of yoa¢nmq = —11.0 and, thus, is less
reliable than ’Suicide’ (with ysg,iciqe = 4.4) but ‘Homicide’ has the highest reliability (with
YVoHomicide = 38.6). Then, as in (2.4.7) the model provides the most reliable code (Coracon
i1s ‘Homicide’ in the example). Note that, in the example, the expected or gold CoD was,
by contrast, ‘Suicide’, meaning that the system failed the estimation.

1

5 the deceased was an alcoholic the deceased often :
T_s’_, complained about pain in the lungs and chest he :
2 was found to be hanging from a tree one morning 1
I

____________________________________________________________ a

1

1

1

1

1

I

I .

g .
2 1
= || Y2Asthma || || Y2Homicide || || Y2Suicide || 1
1

1

1

Yo || -11.081.039 || || 58.640.087 || || 4.443.887 || 1

:

1

___________________________________________________________ -

° !
g CoRr2cop = Homicide '
- 1
____________________________________________________________ 4

Figure 2.4.1: Example of an incorrect estimation. On the top of the figure we have the
Input (OR), and the expected or actual CoD (Suicide). For that input in the test set BERT
predicted the output CoD = Homicide as it was the CoD with the highest output value
among the all possibles outcomes.

A key issue of this approach is the conversion of the free narrative into a meaningful
numeric feature-vector (x3). Classical techniques like Bag of Words (BoW) [D’Souza,
2018] and TF-IDF [Ramos and Juan, 2003] make possible such a vectorization. Never-
theless, these simple approaches do not convey contextual information as the strings are
represented by mere count of the presence of words in the narrative. Besides, these repre-
sentations suffer of high dimension (large n) due to the fact that the vocabulary involved in
free narratives tends to be large (see the vocabulary involved in our task in Table 2.3.1).
Instead, word embedding [Mikolov et al., 2010] is one of the emerging successful methods
being currently employed to represent the text with numeric vectors. The added value of
these methods rests on the fact that they encompass the contextual information of symbols
(words) into dense numeric vectors of small dimension (small »).

Admittedly, having represented the OR into a vector, the information provided by the
OR facet can be explored with classical data mining approaches such as Support Vector
Machines [Noble, 2006], Logistic Regression [Kleinbaum et al., 2002], XGBoost itself
and RNNs [Mikolov et al., 2010] among others. Beyond the classical approaches, recent
models like RNNs [Mikolov et al., 2010] and transformers [ Vaswani et al., 2017] are suited
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to learn the features i.e. the word embeddings to effectively represent the input corpus.
Moreover, the transformers count on attention mechanisms that learn to focus in different
parts of the input data in order to accurately interpret the contextual information. Current
trends in natural language understanding rest on language modelling as a mean of keeping
contextual information rather than mere symbolic representations. Transformer based
models like BERT [Devlin et al., 2018] are gaining importance to solve difficult tasks
that require from looking at the contextual information implicit in the language. BERT
is composed of stacked encoder layers which have, mainly, two functions: several heads
and a feed forward layer. A head is how an attention mechanism is called and the one that
focuses more in some words rather than orders to maximize the final prediction accuracy.
The information conveyed in the language model can be extrapolated in down-stream tasks
involving language understanding. In this case, pre-trained transformers seem appropriate
to cope with language modeling while fine-tuning the approach to the estimation of the
CoD.

In this work a variety of transformer based models were considered and included among
the OR2CoD approaches: Small BERT, BERT [Devlin et al., 2018] and BioClinical BERT
[Alsentzer et al., 2019]. These transformer based models provide weights for each CoD,
not a probability, that is, y; elements in (2.4.6) are not bound to [0, 1] and could be negative
as in the example provided in Figure 2.4.1. Small BERT and BERT are trained from a
general knowledge corpus (i.e. Wikipedia) and they differ in the size of the architecture.
Small BERT has 4 encoder layers and 512 heads while BERT has 12 encoder layers and
768 heads. BioClinical BERT is the same as BERT but it was fine-tuned in corpus from
the medical domain including articles from PubMed. In practice, smaller models are more
suitable for simpler tasks in order to avoid overfitting (i.e. no capacity to generalize for
new data) such as Small BERT while BERT is expected to have a better performance
is more complex tasks. As BioClinical BERT has the same architecture as BERT but is
trained with different data, it is expected to have a soft improvement with respect to BERT
in those tasks enclosed in a technical and medical scope.

While the models based on CQs had to be suited for each age-segment (training a particular
fcoacop for each age-segment), the models based on ORs are transparent in the sense
that a single approach can cope with all the age segments making the foracop versatile.
Nevertheless, as the final dual-input model is not only trained and tested with the whole
VA data-set that leads to an additional set of experiments with the input data for OR
analysis divided into the different age groups (i.e. adult, child and neonate). Consequently,
the amount of data provided for the OR2CoD approaches is significantly reduced for
the fine-tuning process of these approaches but also the target CoDs to predict. We also
wonder if the proposed pre-trained models in OR2CoD will suffer more from a data amount
decrement rather than from having less CoD to ascertain.

Models based on dual input

In order to combine both the OR and the CQs, we propose a dual-input approach. A model
based on CQs (e.g. InterVA or XGBoost) and a model based on the OR (e.g. XGBoost or



2.4 Methods 17

BERT) mentioned, respectively, in sections 2.4.1 and 2.4.2, are assembled to cope with
the insights extracted from both the CQs and the OR. Figure 2.4.2 depicts the architecture
proposed.

Dual input (OR, CQ) Actual CoD
cQ CoD

< | |u

S - S o LR =R €
(@] O ;] Error
o @)

N %\j) Y1 > )
O « Train LR
@)
ORCQ2CoD

Figure 2.4.2: Proposed ensemble model architecture having either XGBoost or InterVA
for closed questions (CQ) treatment and BERT model for the open response (OR). The
output of the logistic regression (LR) czg is the final prediction and it is compared with the
actual cause of death (CoD). Finally the error (€) is measured.

The dual input approach relies upon both fcoocop and foracop to get, respectively, y1 €
[0,1] CoDl and y, € RIC?PI each of which determines the reliability of the available CoDs.
Next, both weight-vectors are concatenated, leading to y = (y1,y2) € [0, 1] |CoD|  RICOD),
The output of each model (y; and y;) has a slightly different meaning. The output given
by the models based on CQs (yj) is probabilistic, values bound to [0,1]. By contrast,
in the case of the models based on ORs the output, y;, can entail real values either
positive or negative. In order to combine both outputs, an scaling operation is applied in
order to adequate the meaning of each output. Note that, the concatenation operation is
computed for each input instance. By contrast, the standardization is computed for each
input-attribute.

The result of the transformation is, now, the input feature-vector of a simple logistic
regression (LR) approach, and is denoted as X' = standardize(concat(yy,y2)).

2|CoD|  __, pplCoD (2.4.8)

X' — fegoracon(X') = (V- Yicop) =Y

fcooracop : R

The logistic regression is a classifier that learns a hyperplane for each of the CoD that
tries to minimize the error separating as much as possible the VAs with the same CoD as
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possible. This hyperplane is inferred with a linear combination between the input and a
set of weights (these are learnt in the training process). The capability of this classifier to
combine the input is beneficial as it will automatically find the best combination of the
input that maximizes the performance of CoD prediction during the training. The set of
weights that are learnt is defined in (2.4.10) and the output will be a probability for each
CoD computed from a linear combination between the input and the set of weights (i.e. ¢
and f; for the i-th CoD). The main objective is to maximize the prediction accuracy and
to validate this method, the logistic regression will at least have the accuracy of the input
model with the highest accuracy and it will be expected to take into account the output of
both input models to increase the performance of using both of them separately.

In (2.4.9), the input is the concatenation and the standardize of the outputs of the trans-
former and the XGBoost model. This time, the final output will be ¢rg , that is, the
predicted cause of death for the i-th verbal autopsy. Then, this prediction is compared
with the actual CoD and the error is measured, so the logistic regression is the layer that
makes the prediction which is compared with the actual CoD for the ensemble performance
measure.

Some preliminar experiments have shown the simple approach of estimating the CoD
by choosing the CoD with the highest value in x’ (similar as done in (2.4.7)) to achieve
lower evaluation scores. Thus, the need of a more complex way of combining the input is
required and that is the reason why a logistic regression approach is employed.

x' = standardize(concat(yy,y3)) (2.4.9)
yir(X) = (21, ,zjcopp) € RIPl with z; asin (2.4.10)

. |CoD|
CEnsemble — aI'g malx Zi
i=

The output of the logistic regression, y.r = (¥1,"** ,¥|cop|)> is computed as in (2.4.10),
where z; represents a weight of the input VA being associated with the i-th CoD. In the
computation, the parameters ¢ are inferred in the training process of the logistic regression
approach, which has a vector of weights (o) associated and learnt during the training
process of the logistic regression. If the learnt weight for the k input, that is oy, is large,
the output given for the i-th cause of death (i.e z;) will be influenced by the value given by
the k input. Extracting this weights open rooms for interpretability as shown in Figures
2.5.2 and 2.5.3, where each row corresponds to the learnt ¢; vector and each column is the
k input of the model.

zi=0; X x —I—ﬁ,‘ with (2.4.10)
— (o . R2[CoD|
o = (alla---aal\x’\) €
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Experimental results

In this section we offer and discuss the results given by the aforementioned methods. In
subsection 2.5.1, a comparison between XGBoost and InterVA is done having as input the
CQs. In subsection 2.5.2, instead, a XGBoost and a variety of transformer based models
are compared for the treatment of the OR. Finally, in subsection 2.5.3, the results of the
proposed ensemble model are shown.

Assessment of models based on closed questions

In this first experiment, the objective is to measure the performance of the WHO standard
InterVA for cause of death prediction and compare it with the proposed XGBoost model.
These models only use the CQs divided by age group, as the questionnaire is different for
each group. Thus, a model suited for each age segment is assessed.

We have followed the steps shown by Li et al. [2017] and we have made available an R
notebook where the XGBoost and the InterVA are compared for the adult group in two
widely employed evaluation approaches: 10-fold cross validation and hold-out evaluation.
The comparison between both models with hold-out evaluation (i.e. splitting the data-set
into train and test sets) is done with the same data partitions and the description of the train
and test sets is in Table 2.3.1.

In the training stage, several parameters were adjusted to optimize the performance of the
resulting XGBoost model leading to the following values: maximum depth to 2, 1 value
to 0.25, sample type equal to weighted’ and a grow policy as ’lossguide’. We have found
that 1) has a great impact in the performance and that the optimal number of rounds (i.e.
training iterations) is 75 for adult, 15 for child and 33 for neonate.

The results of this experiment can be seen in Table 2.5.1 where the XGBoost outperforms
the InterVA in each of the different age groups. For instance, the accuracy for the adult
group for InterVA is 27.73% while XGBoost attains a 50.61% of accuracy, that is more than
a 20% of improvement in terms of accuracy and the same happens for the F1-score metric.
The difference in accuracy between the InterVA and XGBoost is even more dramatic in
case of the child and neonate groups, with an increase of almost a 30% in both accuracy
and F1-score.

In addition, the only remarkable result is not only the improvement that the XGBoost
provides, it is also the performance that the InterVA achieves, as it only classifies correctly
less than the 30% of the verbal autopsies for the adult age group. That value is not feasible
and even if the data-set used is not as large as we would want to, the InterVA could be
expected to get a better result regarding the assignment of the corresponding cause of death
to each verbal autopsy.
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Model based on CQs Age group Accuracy Precision Recall F1-score

Adult 27.73 43.57 27.73 29.59
InterVA Child 28.78 3475 39.96 32.36
Neonate 46.41 64.06 46.41 46.88
Adult 50.61 49.13 50.61 50.22
XGBoost Child 57.57 5417 57.57 58.14
Neonate 75.06 71.86 75.06 74.38

Table 2.5.1: Assessment of the models based on CQs (denoted as CQ2CoD in Figure 2.4.2):
comparison between InterVA and XGBoost for each age group by means of accuracy,
precision, recall and F1-score. The average method is weighted’.

Assessment of models based on open response

These set of experiments are related with the use of the OR to extract the cause of
death along with a comparison between different approaches with most of them based in
transformers architecture: XGBoost, Small BERT, BioClinical BERT and BERT. The goal
with these set of experiments is to see whether valuable information can be extracted from
the OR and which model performs better.

These 3 BERT-based models were fine-tuned with the training corpus by means of the
transformers python package [Wolf et al., 2020] for sequence classification. The computa-
tion was carried out in a Google Colaboratory notebook for 10 epochs in a single GPU. In
addition, the input tokens are padded until a maximum sequence size fixed in 175.

In table 2.5.1, the performance of different approaches can be seen. In general, BERT
seems to get the best results except for the adult set, where the accuracy and the recall
is higher with the XGBoost model, and for neonate, where BioClinical BERT gets the
best score for precision and F1-score. Taking into account that this corpus is in a medical
scope, BioClinical BERT could be expected to get a higher score than the other two
transformers-based models. Nonetheless, BERT surpasses BioClinical BERT in most of
the cases and it can be due to the corpus used by BioClinical BERT, which is far more
technical than the OR collected in the verbal autopsies. At the end of the day, even if our
corpus is in a medical scope, it is just what the interviewees say and it can be considered
text of general knowledge and, consequently, non-technical.

In Figure 2.5.1, a comparison on the performance of the test set between the three trans-
former based models can be seen per each of the training epochs. The BERT model has a
higher accuracy in all the epochs than the other two approaches, getting the highest score
at the end of the training with an accuracy of a 47.55% for 48 different causes of death
prediction. Furthermore, the Bioclinical BERT seems to behave like BERT with a lower
performance but close until the fifth epoch where it begins to behave more like the small
BERT in terms of accuracy.

As the conclusion of this experiment, we think that BERT is the best model to ascertain
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the cause of death with the OR except for adult and neonate, but the difference with the
XGBoost model for adults is small and the F1-score attained by BERT is higher. In addition,
it seems that valuable information can be extracted from the OR and we hypothesize that
adding this information to these CQs could be useful to improve the performance when
predicting the cause of death.
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Figure 2.5.1: Assessment of the models based on OR (denoted as OR2CoD in Figure
2.4.2): comparison between three transformer-based models by means of accuracy on the
test set for each of the training epochs for all the age groups.

Models based on OR Age group Accuracy Precision Recall F1-score
Adult 45.60 46.00 45.60 44.70

XGBoost [Blanco et al., 2020]  Child 46.90 4450 46.90 43.70
Neonate 59.30 5420  59.30 55.30

Adult 43.97 48.25 4397 45.16

Child 51.01 69.07 51.01 56.63

Small BERT Neonate 58.35 6697 5835  61.95
All 45.81 51.04 4581 47.42

Adult 45.48 48.57 45.48 46.28

BERT Child 53.78 69.21 53.78 58.93
Neonate 61.80 71.80 61.80 64.79

All 47.55 51.66 47.55 48.85

Adult 43.63 47.18 43.63 44.62

P Child 51.26 60.35 51.26 54.18
BioClinical BERT Neonate 60.74 7581  60.74  66.49
All 45.05 47.42  45.05 45.74

Table 2.5.2: Assessment of the models based on OR (denoted as OR2CoD in Figure 2.4.2):
BERT-based approaches compared to the XGBoost in the antecedents [Blanco et al., 2020].
The results are presented per age group and measured with accuracy, precision, recall and
Fl1-score. The average method is weighted’.
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Assessment of models based on dual input

In this final set of experiments we aim to combine the best two models obtained in Sections
2.5.1 and 2.5.2 in order to make use of both the OR and the CQs to predict the cause of
death. For the OR, the BERT model will be used while for the CQs, even though the
XGBoost would be most suitable model for CoD prediction, testing the performance with
the InterVA and determining whether the OR adds valuable information or not is one of
the key points of this work.

The results of these set of experiments are shown in Table 2.5.3, given that the proposed
ensemble models are based in the architecture represented in Figure 2.4.2 and varying the
model that handles the CQs.

Models based on dual input Age group Accuracy Precision Recall F1-score

Adult 51.57 50.89 5157  50.89
Child 54.29 5338 5429 5277
XGBoost+BERT+LR Neonate 7082 6887 7082  69.17
All 56.20 56.17 5387  53.87
Adult 46.57 4627 4657 46.13
Child 51.01 5207 51.01 50.23
InterVA+BERT+LR Neonate 65.51 6170 6551 63.38
All 46.17 4662 4617  45.78

Table 2.5.3: Assessment of the models based on dual input (i.e. ORCQ2CoD in Figure
2.4.2): with the CQs handled by either InterVA or XGBoost and the OR handled by BERT.
The final output is given by the logistic regression and the performance is measured by
means of accuracy, precision, recall and F1-score. The average method is *weighted’.

In Table 2.5.3, as expected, the performance of the ensemble model that uses the XGBoost
for the CQs is better than the ensemble with the InterVA for all the age groups and also
using the whole data-set. However, comparing with the results obtained in Table 2.5.1, the
gap between the performance of both models is lower. For instance, now the ensemble with
XGBoost gets an accuracy of 51.57% compared to the 46.57% attained by the ensemble
with InterVA, that is a difference of the 4% and in Table 2.5.1, the difference between
XGBoost and InterVA was higher, more than 20%.

It is also remarkable that with the ensemble model with XGBoost trained to classify per
age group the performance is almost the same or even worse than using just the CQs
with the XGBoost model. For example, the accuracy for adult using the ensemble with
XGBoost is 51.57% while only the XGBoost with the CQs gets 50.61% in Table 2.5.1. For
child and neonate the performance decreases when adding the OR. We hypothesize that
this is due to the BERT model, that benefits from more data rather than from less classes to
predict. This can be seen reflected when using the ensemble for all the age groups, that
attains a 56.20% of accuracy, that means that taking into account that BERT gets a 47.55%,
adding the CQs leverages that accuracy to a 56.20%, and an increase in performance of
almost a 8%.
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On the other hand, adding the OR to the InterVA model has led to an accuracy of the
46.56% in case of the adult group, but it has to be taken into account that BERT had an
accuracy of 45.48% so it was foreseeable that the ensemble model with InterVA would
end up with a similar performance as BERT with a low relative increase respect to BERT,
of the 2.3%.

Finally, if both ensemble models are compared, in accuracy, the ensemble with XGBoost
for all the age groups is better, with a 10% more in accuracy and for the F1-score measure,
an 8% of absolute improvement. In addition, it is important to know from where does that
performance of the ensemble with InteVA come.

As pointed out in the research questions RQS5, we want to study the liability of each input
in the decision of the ensemble model. That is, we wondered to which extent was relying
the LR on the OR and on the CQ. Given that the LR conveys a simple linear combination
of both inputs, the answer to this question can be attained by a simple inspection to the
parameters involved in the combination. The parameters ¢; inferred during the training
process of the LR, mentioned in expression 2.4.10 were graphically depicted in Figures
2.5.2 and 2.5.3 in an attempt to sed light to the interpretability of the model. In Figures
2.5.2 and 2.5.3 two heatmaps of the weights learned by the logistic regression layer of
the ensemble model are shown. The bigger the weight, the more relevant the input is
for the LR to make the predicted CoD. That is, we are comparing which of the elements
(the outcome given by either the BERT or the InterVA) are gaining importance when it
comes to making the decision through the ensemble approach. The row i and column j of
the heatmap in Figure 2.5.2 shows the relevance that the logistic regression has assigned
to the credibility given by InterVA to the j-th CoD when it comes to predicting the i-th
CoD. Indeed, the LR opts for CoD i combining all the CoDs (all the j columns) or the
credibility given by InterVA to all the CoD. Thus, each row conveys the set of weights that
the logistic regression has assigned to each of the CoD proposed by InterVA. Implicitly,
what the logistic regression learns is, for each cause of death, how reliable is the cause of
death value given by the InterVA model. Likewise, Figure 2.5.3 depicts how reliable to the
LR is each of the outcomes given by the BERT model.

Taking both Figure 2.5.2 and 2.5.3 into account, it is derived that the ensemble relies much
more on the BERT model, as all the BERT inputs in the main diagonal have a large weight,
while the logistic regression does not trust in the majority of the InterVA inputs, as they
have much smaller weights. The same exploration of the weights have been done for
the ensemble model trained with the XGBoost for the CQs and, instead of having just
the diagonal with large values as in 2.5.3, there were other relevant values as well. For
example, for the output corresponding to *Suicide’ the logistic regression was relying in
both BERT and XGBoost. However, for BERT, it was not only relying in the output given
for *Suicide’, it was also relying in the output given for "Homicide’. In Figure 2.4.1, we
can see an example of an OR, whose cause of death is *Suicide’, but the BERT model has
given the highest value to "Homicide’. Because this seems to be a common mistake, the
logistic regression relies on both values, hence, the LR is also able to reduce the impact of
the common mistakes that both input models can make.
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Figure 2.5.2: Heatmap of the weights learned in the last layer of the ensemble model of
Figure 2.4.2 by logistic regression for the input given by the InterVA model scaled between
0 and 1. The y axis are the weights learnt for the final output while the y axis indicates
to which of the InterVA outputs (i.e. probability given by InterVA for a particular CoD)
corresponds that weight.
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Figure 2.5.3: Heatmap of the weights learned in the last layer of the ensemble model of
Figure 2.4.2 by logistic regression for the input given by the BERT model scaled between
0 and 1. The y axis are the weights learnt for the final output while the y axis indicates to
which of the BERT outputs (i.e. value given by BERT for a particular CoD) corresponds
that weight.
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As a conclusion, first, if we compare the predictive capability of the CQ, we found that
XGBoost is superior to InterVA for every age group. On its side, simple and imperfect
though the OR might seem, the OR has proven to convey competitive predictive capabilities
and is superior to InterVA. Finally, when the dual input is available, marginal improvements
are attained over the XGBoost, though significant improvements with respect to InterVA.
In any case, the OR is gaining importance over the CQ in the ensemble approach.

Discussion

Through this work we have applied some of the state-of-the-art NLP techniques to extract
valuable information from the OR in order to improve the performance of the InterVA
model from the WHO 2016 instrument, which only uses the CQs. We have compared
the InterVA performance with a XGBoost model per each age group and we have also
fine-tuned three different transformer-based models for the OR treatment. In addition.
we have proposed an ensemble model to take both the OR and the CQs as input and to
ascertain the cause of death using the InterVA and the XGBoost models for the CQs, a
BERT-based transformer for the OR and a logistic regression for the final output.

As for the RQ1 and the CQ model, we have compared InterVA with XGBoost and the latter
provided a general increment in accuracy of around the 20-30%. For the RQ2 and thus,
the OR, the transformer-based and pre-trained models have been fine-tuned and compared
with an XGBoost. The results show a marginal increment in performance in favor to the
BERT model compared with other two transformer-based models except for the adult age
group in which XGBoost resulted to have similar performance. A well known drawback of
the CQ is the complexity of the interview since there are hundreds of questions arranged in
a decision tree structure and also the lengthy duration of the interview. The OR is shorter in
duration and results less complex for the interviewer and the interviewee and what is more,
without being detrimental to the prediction accuracy compared with the widely accepted
InterVA approach. Besides, as further version of the questionnaires arise, the approaches
based on CQs must be updated, while ascertaining the CoD from the OR would have as an
added advantage, the versatility.

Regarding the RQ3, the best ensemble model has achieved an accuracy of 56.20% for all
the age groups. That result implies an improvement of the 9% in accuracy compared with
just having the open response in the input, proving that when both inputs are combined the
performance of the system can be improved. The same happens for the RQ4, when adding
the open response to the InterVA method, the improvement is of almost a 20% compared
to just using the CQ:s.

Finally, as stated in RQS, the interpretation of the weights of the resulting ensemble model
with InterVA for the CQs shows that the ensemble model does not rely too much in the
Inter VA while it fully relies in the BERT model. This conclusion could be expected, as the
BERT model has a much larger accuracy.



3.1

This chapter presents the final conclusions of this research, as well as the scientific
contributions and the future work.

Concluding remarks

This work has focused on verbal autopsies, specifically, on predicting the cause of death
assigned by experts taking into account the answers collected from the questionnaire. For
this purpose, a wide variety of methods have been employed for both closed questions and
the open response. For the closed questions, a series of experiments have been carried
out using the InterVA algorithm, which is endorsed by WHO in The WHO 2016 tool, and
the XGBoost classifier. For the open response, on the other hand, several tests have been
performed with different models based on BERT. Finally, an ensemble model has been
proposed that combines the models mentioned above to make a final prediction.

Regarding the proposed objectives in Section 1.3, I consider that all the objectives proposed
initially have been fulfilled:

1. An ensemble model has been created in order to combine the information provided
by both the open response and the closed questions. This ensemble model has been
able to improve the performance of using just both inputs independently.

2. The InterVA algorithm has been included in the analysis and extended with the
integration of the open response, resulting in a remarkable increase in performance.

3. Many teachniques learnt in the master’s degree have been applied to the analaysis,
specially the transformer-based models such as BERT that have enabled a great
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performance in cause of death predicition.

I conclude that my approach was able to improve the performance of the InterVA model
adding the processing of the OR, resulting in a remarkable increase in performance and,
moreover, | have found a better alternative to the InterVA for the prediction of the cause of
death with the CQs.

Even though the InterVA model has been improved, the problem is not solved yet, as the
performance can be far improved. However, it is hard to achieve an acceptable performance
for this task as we believe that more data should be released. This is a complex multi-class
classification task and the models developed in this work, specially BERT, would benefit
from a data size increase. In addition, as seen not only in this work but also in previous
works, there is evidence of the poor performance achieved by the WHO 2016 algorithms
in the cause of death prediction task and we think that the WHO should reconsider the
current approaches and take others into account in future versions.

Taking into account the reduced number of instances provided by the dataset and the high
number of classes to predict, the final ensemble model achieves a good result with an
accuracy (i.e. hit rate on the test set) of 56.20%. This result implies an increase of 6.0%
in accuracy compared to using only the closed questions or a 9.0% using only the open
response. In addition, all the proposed models achieve a much better performance than
InterVA, which obtains an accuracy of 27.73% for adults. Note that the accuracy reported
in this work is at the individual verbal autopsy level and not at the population level as
presented in the articles of the WHO-endorsed algorithms, which is why they report a
higher performance.

Therefore, this work has proposed a new line of work showing the benefit of extending the
analysis of verbal autopsies by integrating the open response and exploring state-of-the-art
models. I want to point out the importance of using pre-trained models to assign cause of
death using text due to the limitations of this dataset. As an added conclusion, i was able
to improve the performance of InterVA by adding the information provided by the open
response.

This work has meant the immersion into a world within natural language processing that is
gaining a lot of strength, such as pre-trained and transformer-based models, making me
much more qualified than before starting it. It has also contributed to the development of a
web prototype for the analysis of the causes of death, being able to test a wide variety of
methods and thus allowing the analysis of the results obtained. This contribution is not
part of the initially proposed objectives but it has been developed as a side contribution for
the ease of the experimentation part. This prototype is explained in Appendix A.

The master’s degree in Computational Engineering and Intelligent Systems of the UPV/EHU
has played a relevant role in obtaining the necessary knowledge to carry out this work.
Throughout this master’s degree I have learned to program in the R programming language
and to use R Studio, which has been vital to carry out this work as InterVA is included in
an R package. In the subjects of Data Mining and Data Exploration and Analysis I have



3.2 Scientific conftributions 29

learned exploratory techniques that have influenced the paths I have followed throughout
this study. Finally, the subject Deep Learning taught by the IXA research group, mainly, by
Eneko Agirre, its principal researcher, has been of much importance given that the subject
contained practical laboratories that I have used to train models based on transformers as
can be seen in the results provided in this work.

One of the most positive outcomes of this work has been my collaboration with the WHO.
During this study, we collaborated with a very influential physician on the challenge of
verbal autopsies. In the summer I worked with him on the study of public opinion on
public health issues and during this year he has been supporting and guiding my work. In
addition, the physician has confidence in the methods and conclusions drawn from my
work and he has offered me the opportunity to continue contributing to this work.

Scientific contributions

1. Related to the closed questions we carried out a work that has resulted in a publication
in an international double-blind peer-reviewed conference [Cejudo et al., 2021]:

Authors: Ander Cejudo, Owen Trigueros, Alicia Pérez, Arantza Casillas,
Daniel Cobos Title: Verbal Autopsy: first steps towards questionnaire
reduction

Ref. Book: Lecture Notes in Computer Science. Computational Linguis-
tics and Intelligent Text Processing

Fecha: 2021

Publisher: Spring-Verlag

2. Additionally, connected with the classification methods learned in the master and ap-
plied in this document arose the collaboration between Ixa and UNED-LSI research
groups contribute at the CLPsych2022 shared task on suicide risk detection and has
resulted in a publication that is currently accepted [Fabregat et al., 2022]:

Authors: Gildo Fabregat, Ander Cejudo, Juan Martinez-Romo, Alicia
Pérez, Lourdes Araujo, Nuria Lebefia, Maite Oronoz, and Arantza Casil-
las

Title: Approximate nearest neighbour extraction techniques and neural
networks for suicide risk prediction in the CLPsych 2022 shared task.
Ref. Book: In Proceedings of the Eighth Workshop on Computational Lin-
guistics and Clinical Psychology: Mental Health in the Face of Change.
Date: 2022

Publisher: Association for Computational Linguistics

Future work

This study has left many open lines, such as trying to add the open response analysis to
the rest of the algorithms endorsed by the WHO in search of a remarkable performance
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increase. It also gives rise to the possibility of combining open response and closed
questions in multiple ways, trying to maximize as much as possible the predictive capacity
of the cause of death of the final system.

Another contribution to make is to unify the whole ensemble model system, offering it in a
single package as a single flow, since currently the software is very segmented as part of
the implementation is in R and part in Python.

Finally, different techniques can be applied to the open response, such as summarizing the
text, obtaining entities or even creating an information retrieval system to try to associate
a new open response to the cause of death with the one that has more open responses in
common.



In this chapter, the created web prototype as a secondary and initially not planned con-
tribution is presented along with some of the web prototype’s functionalities, which are
described and shown through screenshots. During the development of this TFM, the
web prototype has been implemented in parallel as an opportunity to obtain an additional
publication. In general terms, this prototype implements many of the conclusions obtained
in the first publication [Cejudo et al., 2021] as well as others that have been obtained during
the course of this project.

This prototype can be used by two different user profiles: researcher and physician. The
researcher profile can use the dataset provided in this prototype and vary the methods
and parameters provided and investigate the implementation of new methods from these.
The physician profile can upload the collected verbal autopsies, use the methods that are
selected by default and rely on the provided results for their final prediction. The results
are displayed in a series of tables, showing the probability of belonging to the different
causes of death in order to help them in their final decision as shown in Figure A.5.

The table A.1 shows the main functionalities offered by the application for each of the
different modules implemented. Then, a series of screenshots of the application are shown.

In Figure A.1, the user interface when entering to the prototype is shown. In this screen,
the user can change the input for the analysis: open response, closed questions, closed
questions reduced and the whole questionnaire. Depending on the input selected, the user
will be given the chance to either upload a file, as shown in the screenshot with verbal
autopsies, or fill in some on the questionnaire fields. Finally, the user can press the button
of the "Run" section to predict the cause of death for each of the input verbal autopsies.
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Module Features

- Analysis with CQ

- Analysis with OR

- Analysis with CQr

- Analysis with OR+CQ

- Upload csv files

- OR and CQr manual data entry

- Classifier selection: LR, Naive Bayes, XGBoost and Inter VA
- Text processing selection: Embeddings (50, 100, 200, 300) and TF-IDF
- Data source selection: train, test or manual

- Questionnaire reduction for CQs

- Precision at k for labeled data (k->1 = accuracy)

- Selection of analyzed verbal autopsies

- Viewer of selected verbal autopsy responses

Output - Viewer of probabilities of membership for each cause of death
- Indicator for eliminated questionnaire questions

- Entity recognizer for open response

- Entity recognizer for summarized open response

- Help boxes in all options

- Animation when obtaining results

- Saving of models

- Loading animation

Input

Configuration

General

Table A.1: Table of functionalities of the web prototype combining several inputs: open
response (OR), closed response questions (CQ) and a reduced set of closed response
questions (CQr).

If the user selects closed questions as the only or as one of the inputs, two more options are
displayed as in A.2: select the questionnaire reduction method and the number of questions
to drop. According to Cejudo et al. [2021], some questionnaire reduction techniques were
implemented and thus, added to this web prototype.

For the closed questions input, as shown in A.3, if “advanced mode” is selected, the
user will be given the chance to select between several classifiers: XGBoost, logistic
regression, naive bayes and InterVA. If the input included the open response, additionally
it would be possible to choose between the text representation method (i.e. TF-IDF and
word-embeddings).

After pressing the button and when the loading step has finished, the screen is shifted and
the output section is displayed as in A.4. In this screen, if in the input the actual causes of
death are provided, the precision at k evaluation metric is provided for each of the entry
age groups varying the k value. Precision at k is similar to the accuracy score metric but
in this case the prediction is considered correct when the most likely k causes of death
include the actual cause of death. For k equal to 1 the metric is the same as accuracy.
Moreover, a verbal autopsy picker is offered where the user can choose between one of the
verbal autopsies provided in the input in order to analyze it.
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acejudo001@ikasle.ehu.eus

Verbal Autopsy Playground

Questionnaire reduction and cause of death prediction

What questionnaire responses do you want to use to ascertain the cause of

Open response +
death? (e L )

Configuration

Load data from file @ Advanced mode

Select a data source file with verbal autopsies. We provide the train dataset and the test dataset but in order to use a custom
dataset, you must upload it.

Input
Train dataset ~ Test dataset ~Custom dataset archivo nada
Run @ Determine cause/s of death
Figure A.1: Screenshot of the application at login.
acejudo001@ikasle.ehu.eus
Verbal Autopsy Playground
Questionnaire reduction and cause of death prediction
;\Iel;?:‘guestionnaire responses do you want to use to ascertain the cause of [ T D)
Which automatic method would you like to use for questionnaire [ S ‘]
Configuration reduction? L g
How many questions would you like to be removed by the questionnaire reduction method? o
Advanced mode
Select a data source file with verbal autopsies. We provide the train dataset and the test dataset but in order to use a custom
dataset, you must upload it.
Input
OTrain dataset  Test dataset Custom dataset ionar archivo nada
Run @ Determine cause/s of death

Figure A.2: Screenshot of the application when selecting closed questions for analysis.
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How many questions would you like to be removed by the questionnaire reduction method? (i ]

Advanced mode

Select a data source file with verbal autopsies. We provide the train dataset and the test dataset but in order to use a custom
dataset, you must upload it.

Input
O Train dataset  Test dataset Custom dataset Seleccionar archivo nada seleccionado
Select an algorithm to learn from data and predict the cause/s of death
Classifier
xgboost  © Logistic regression Naive bayes InterVA
Determine cause/s of death
Run @

Figure A.3: Screenshot of the application with the classifiers to choose after selecting the
advanced mode.

After choosing a verbal autopsy, the user is provided with a cause of death probability
ranking as in Figure A.5. In this table, the user can see which cause of death is the most
probable and the probability assigned by the chosen classifier. Additionally, as the closed
questions are present in the input, when selecting a verbal autopsy all the data related to
this verbal autopsy is displayed in the last table and the column that where not removed by
the chosen questionnaire reduction method are colored in green while the removed ones
are colored in red.



acejudo001@ikasle.ehu.eus

Verbal Autopsy Playground

Questionnaire reduction and cause of death prediction

Precision atk @
Adult 45.75% 68.90% 79.32%
Child 53.03% 75.00% 86.62%
Neonate 67.37% 91.51% 98.67%
VA picker @ Cause of death probability @
2329 Acute Myocardial Infarction
Output
7583 Other Non-communicable Diseases
6434 Other Infectious Diseases
7121 Renal Failure
1029 Pneumonia
6957 Pneumonia
Responses viewer @
Kept Removed
Click on a verbal autopsy newid from the VA picker table Verbal autopsy responses will be displayed here
Figure A.4: Screenshot of the application providing the results.
acejudo001@ikasle.ehu.eus
Verbal Autopsy Playground
Questionnaire reduction and cause of death prediction
Precisionatk @
Adult 45.75% 68.90% 79.32%
Child 53.03% 75.00% 86.62%
Neonate 67.37% 91.51% 98.67%
VA picker © Cause of death probability @
2329 Acute Myocardial Infarction 1 Diabetes 39.97%
Output i i
utpu 7683 e N bl Plesaes 2 Other Cardiovascular Diseases 25.90%
K ) 3 Renal Failure 9.41%
6434 Other Infectious Diseases
4 Pneumonia 8.47%
7121 Renal Failure n .
5 Cirrhosis 5.48%
hlrd Pneumonia 6 Acute Myocardial Infarction 4.25%
6957 Pneumonia 7 AIDS 2.76%
Responses viewer @
Kept Removed

Figure A.5: Screenshot of the application when selecting a verbal autopsy in the results.
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