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Abstract

Villar de Assumpgdo, Jéssica; Paula Medina Magaira Louro (Advisor);
Fernanda Araujo Baido Amorim (Co-Advisor). Lessons learned from
the COVID-19 pandemic in Latin America: a Data Science
standpoint. Rio de Janeiro, 2024. 44p. Dissertacao de Mestrado —
Departamento de Engenharia Industrial, Pontificia Universidade Catdlica
do Rio de Janeiro.

In the 21st century alone, the world has faced the devastating impacts of
three acute respiratory diseases: Middle East Respiratory Syndrome (MERS),
Severe Acute Respiratory Syndrome (SARS), and COVID-19, which evolved
into a pandemic. These diseases have not only caused a large number of
deaths but have also damaged the economies of the affected regions. In
particular, countries in the Latin American and Caribbean (LAC) region
have faced additional challenges due to greater social inequalities, limited
access to health services, and precarious living conditions. Therefore, it is
imperative to understand the effects of mitigation actions to guide actions
to mitigate the health and socioeconomic impacts if (or when) new acute
respiratory diseases emerge, especially in these countries. A retrospective study
was conducted to model the dynamics of variation in COVID-19 mortality
in LAC countries and analyze its association with vaccination strategies,
containment measures, mobility restrictions, and socioeconomic factors. The
study methodology applied clustering techniques that revealed two distinct
clusters based on sociodemographic characteristics, followed by the application
of XGBoost to model the dynamics of variation in deaths in the countries of
each cluster, over time. Finally, the SHAP Values technique was applied to
understand the associations between mortality and factors such as vaccination,
containment measures and mobility restrictions. In addition, a panel of experts
was held to assess the relevance and effectiveness of the results found. The
study provides evidence that economic support and the completion of the
vaccination scheme were especially relevant in reducing COVID-19 mortality.
It was possible to detect two distinct groups of countries, where one group
may have characteristics of greater vulnerability than the other group. The
most important interventions for understanding COVID-19 mortality varied
in two distinct periods of the pandemic: pre-vaccination and post-vaccination.

In the pre-vaccination period, containment measures were the most important



interventions for mortality in the least vulnerable countries, while for the most
vulnerable countries, they were variations in population mobility. In the post-
vaccination period, vaccination coverage was the most important intervention
for mortality in the least vulnerable countries, while the most vulnerable

countries were more impacted by containment measures.

Keywords
COVID-19; Latin America and the Caribbean; XGBoost; SHAP Values;

containment measures.



Resumo

Villar de Assumpcao, Jéssica; Paula Medina Macaira Louro; Fernanda
Araujo Baidao Amorim. Ligdoes aprendidas com a pandemia de
COVID-19 na América Latina: uma perspectiva de Ciéncia
de Dados. Rio de Janeiro, 2024. 44p. Dissertacao de Mestrado —
Departamento de Engenharia Industrial, Pontificia Universidade Catolica
do Rio de Janeiro.

Somente no século XXI, o mundo enfrentou os impactos devastadores de
trés doengas respiratérias agudas: a Sindrome Respiratoria do Oriente Médio
(MERS), a Sindrome Respiratéria Aguda Grave (SARS) e a COVID-19, que
evoluiu para uma pandemia. Essas doencas nao apenas causaram um grande
numero de mortes, mas também prejudicaram a economia das regides afeta-
das. Em particular, os paises da regiao da América Latina e Caribe (LAC)
enfrentaram desafios adicionais, devido a maiores desigualdades sociais, acesso
limitado a servicos de satude e condigoes de vida precarias. Portanto, é impe-
rativo compreender os efeitos das agoes de mitigacao para orientar as agdes no
sentido de mitigar os impactos sanitarios e socioecondémicos, se (ou quando)
surgirem novas doengas respiratorias agudas, especialmente nestes paises. Foi
realizado um estudo retrospectivo para modelar a dindmica da variacao da
mortalidade por COVID-19 em paises da LAC e analisar sua associa¢cdo com
estratégias de vacinacao, medidas de contencao, restricoes de mobilidade e fa-
tores socioecondmicos. A metodologia do estudo aplicou técnicas de clustering
que revelaram dois agrupamentos distintos com base em caracteristicas soci-
odemograficas, seguidos pela aplicagdo do XGBoost para modelar a dindmica
de variagao de mortes nos paises de cada cluster, ao longo do tempo. Por fim,
foi aplicada a técnica de SHAP Values para compreender as associacoes entre
mortalidade e fatores como vacinacao, medidas de contencao e restrigoes de
mobilidade. Além disso, foi realizado um painel com especialistas para ava-
liar a relevancia e efetividade dos resultados encontrados. O estudo fornece
evidéncias de que o suporte econémico e a conclusao do esquema de vacina-
¢ao foram especialmente relevantes para reduzir a mortalidade por COVID-19.
Foi possivel detectar dois grupos distintos de paises, onde um grupo pode ter
caracteristicas de maior vulnerabilidade do que o outro grupo. As interven-
¢Oes mais importantes para entender a mortalidade por COVID-19 variaram

em dois periodos distintos da pandemia: pré-vacinagao e poés-vacinagao. No



periodo pré-vacinagao, as medidas de contencao foram as intervengoes mais
importantes para a mortalidade nos paises menos vulneraveis, enquanto para
os paises mais vulneraveis, foram as varia¢des na mobilidade populacional. No
periodo pds-vacinacao, a cobertura vacinal foi a intervengdo mais importante
para a mortalidade nos paises menos vulneraveis, enquanto os paises mais vul-

neraveis foram mais impactados pelas medidas de contencao.

Palavras-chave
COVID-19; América Latina; XGBoost; SHAP Values; medidas de

contengao.
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Those who pass by us, do not go alone, and
do not leave us alone; they leave a bit of
themselves, and take a little of us.

Antoine de Saint-Exupéry, The Little Prince.



1
Introduction

Since 2001, three new coronaviruses have been responsible for causing
respiratory diseases whose spread led to four large-scale outbreaks (KWOK
et al., 2019): the Severe Acute Respiratory Syndrome (SARS) in 2003, two
Middle East Respiratory Syndrome (MERS) - the first in the Middle East in
2012 and the second in South Korea in 2015 -, and the COVID-19 pandemic
that began in 2019. As the most recent outbreak, COVID-19 is the current
case study for the ongoing challenge of emerging infectious pathogens (FAUCI;
LANE; REDFIELD, 2020). Its causing virus, SARS-Cov-2, was first detected
in Wuhan, China, in December 2019, and in February 2020, it had already
spread to Latin America and the Caribbean (LAC) (BURKI, 2020). By March
2020, every country in LAC had reported infections (GARCIA et al., 2020), and
by June 2020, LAC accounted for 27% of deaths from COVID-19 worldwide,
becoming the region with the highest number of deaths in the world (PABLOS-
MéNDEZ et al., 2020).

LAC is the world’s most inequality-ridden region, with 53% of its
working population earning their income from informal work (GARCIA et
al., 2020). Underfunded state-run hospitals are the only source of medical
care for those with informal jobs or unemployed (LITEWKA; HEITMAN,
2020). LAC countries suffer from social inequalities, several localities lacking
access to healthcare services, and poor health outcomes. Overcrowding, limited
sanitation, food insecurity, and poor nutrition are common health problems
(LITEWKA; HEITMAN, 2020). Urban slums in large LAC cities, such as
Bogota, Buenos Aires, Lima, Mexico City, Rio de Janeiro, and Sao Paulo, are
more susceptible to COVID-19 and other infectious diseases due to their high
population density (GARCIA et al., 2020). According to (PANIZ-MONDOLFI
et al., 2020) and (PERES et al., 2021), the impacts differ for each country
because of that heterogeneity. For example, the effect of COVID-19 will be
more devastating in Venezuela than in more developed economies, such as
Brazil, due to the Venezuelan humanitarian crisis, spreading many other
diseases over the region (PANIZ-MONDOLFT et al., 2020).

Governments implemented several social distancing measures to cope
with the COVID-19 pandemic (BARGAIN; AMINJONOV, 2021). Those poli-
cies were crucial to reduce the spread of the disease, especially before vaccines
became available; however, they may also worsen the situation for the poor

population, who lack food supplies, cannot work remotely, and rely on man-
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ual labor (BARGAIN; AMINJONOV, 2021). Lockdowns in Chile positively
reduced the number of cases within high-income geographical areas, with no
effects in lower-income areas (BENNETT, 2021). A possible explanation is that
poor people are less likely to comply with social distance measures, as they
must work (BARGAIN; AMINJONOV, 2021). Thus, mobility restrictions not
accompanied by social transfer programs are less likely to be followed by the
poorest population (BARGAIN; AMINJONOV, 2021; MARTINEZ-VALLE,
2021). In 2020, despite the demand from WHO that high equitable immu-
nization coverage be prioritized at all levels (national, municipal, and district)
(CHAN et al., 2022), the inequality in routine immunization in several LAC
countries worsened with the scenario imposed by COVID-19, mainly due to
the disproportionate impact on vulnerable populations (CHAN et al., 2022).
A Brazilian study about inequity in COVID-19 vaccination showed that mu-
nicipalities with low Human Development Index (HDI) had a lower first dose
coverage than those with medium and high HDI (BASTOS et al., 2022).
Given these disparities and the complex interplay between socioeconomic
factors and public health measures, it is important to deepen the understanding
of the specific impacts and effectiveness of these interventions. Therefore, the

objectives of this research are:

1. To understand which and how LAC countries are similar according to

their socioeconomic and demographic characteristics;

2. To identify the best lag of days between interventions (vaccination cover-

age, containment measures, economic support, and population mobility)
and COVID-19 mortality;

3. To identify which interventions are most important to understand
COVID-19 mortality and how they are associated with COVID-19 mor-
tality;

4. To propose public health guidelines for future respiratory diseases.

The research started by clustering countries with similar socioeconomic
and demographic characteristics to achieve the proposed objectives. Next, the
researchers separated into pre- and post-vaccination periods to model the
relationship between variables and COVID-19 deaths in each cluster using
XGBoost models. Finally, the association between each independent variable
and mortality was interpreted by calculating its SHAP Values. Finally, the
results were presented to health experts, who evaluated whether they were
surprising, whether they contributed to creating public health guidelines, and
what insights and bottlenecks they identified in the research.
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This document is structured as follows. Chapter 2 presents some previous
work relevant to the problem. In Chapter 3, the methodology are explained. In

Chapter 4, the results are shown. Finally, Chapter 5 presents conclusion and

future work.



2

Previous work

The objective of (OLIVEIRA et al., 2021) article is to investigate the
demographic, clinical, and epidemiological factors associated with COVID-19
mortality in Rio de Janeiro, using data from the Unified Health System. The
study employs advanced machine learning techniques, specifically the XGBoost
model and the SHAP Values technique, to analyze the importance of several
variables in predicting mortality among confirmed cases.

The steps of the study included collecting data from 243,509 confirmed
cases of COVID-19, categorizing these cases into influenza-like illness (ILI) and
severe acute respiratory syndrome (SARS), and analyzing these data through
the XGBoost model. The model was used to develop robust predictions about
patient outcomes. To interpret the model and understand the contribution
of each variable in the predictions, SHAP Values were used, which provide a
detailed view of the impact of each characteristic. The study results indicated
that factors such as advanced age, especially over 60 years, black race, and the
presence of comorbidities such as heart disease or diabetes significantly increase
the risk of death from COVID-19. Symptoms such as dyspnea and fever were
also associated with fatal outcomes. In addition, the study highlighted a higher
mortality rate among men and underscored the severe impact of COVID-19
on individuals with preexisting health conditions (OLIVEIRA et al., 2021).

(SNIDER; PATEL; MCBEAN;, 2021) aims to identify the main risk fac-
tors that influence mortality from COVID-19 in patients in Ontario, Canada,
using XGBoost. The goal is to provide insights that can help optimize health-
care resources and formulate more effective public policies. Data from 57,390
patients diagnosed with COVID-19 were collected through the Ontario Health
Data Platform. This data included demographic, epidemiological, and comor-
bidity information. After collection, the data were divided into a training set
and a test set, with the first used to train the model and the second to val-
idate its effectiveness. XGBoost was used to analyze the data and identify
patterns that could predict mortality risk. SHAP Values were used to inter-
pret the model results and understand how each variable impacted mortality
prediction.

The study indicated that patient age was the most critical factor, with
significantly higher risks for older groups. The test date was also relevant, sug-
gesting that individuals diagnosed in more advanced stages of the pandemic

had lower mortality risks, possibly due to advances in treatment and manage-
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ment of the disease. Other variables such as sex, income, and ethnicity were
also highlighted as influential, with lower-income and more ethnically diverse
groups showing greater vulnerability (SNIDER; PATEL; MCBEAN, 2021).

(WEN et al., 2022) aims to investigate how non-pharmaceutical inter-
ventions (NPIs) influence COVID-19 mortality before and after the implemen-
tation of mass vaccination campaigns. The study analyzed data from 34 coun-
tries, focusing on the relationship between the stringency of NPIs and mortality
rates at different stages of the pandemic. Initially, the study collected and an-
alyzed data on implementing NPIs and COVID-19 mortality rates. Using the
Random Forest algorithm, the study modeled the complexity of the relation-
ships between the variables. To interpret the results of the Random Forest
model and assess the importance of each NPI in reducing mortality, the study
employed SHAP Values. These values provide a detailed and quantitative ex-
planation of the impact of each intervention, allowing a deeper understanding
of which measures are most effective in different contexts.

The results indicated that, early in the pandemic, stricter NPIs were
strongly associated with a significant reduction in mortality. However, after
vaccination was implemented, the influence of these interventions on mortality
decreased. SHAP analyses highlighted that measures such as travel restrictions
and cancellation of public events were initially crucial, but their importance
decreased as vaccination progressed. The study concludes that, although
vaccination has reduced the need for strict NPIs, these interventions still
play a vital role, especially in areas with incomplete vaccination coverage.
The research highlights the need to adapt public health policies as the
epidemiological situation evolves, using a combination of vaccination and NPIs
to manage the pandemic effectively (WEN et al., 2022).

(ZHOU et al., 2023) main objective is to investigate how booster vaccina-
tion influences the age-adjusted case fatality rate of COVID-19 in 32 countries.
To this end, the study used XGBoost and SHAP Values analysis to provide a
more detailed interpretation of the factors involved. The study steps included
collecting and analyzing global data on age-adjusted COVID-19 infections and
deaths from February 2020 to February 2022. In addition, data on vaccination
and virus variants were collected. The study calculated crude and age-adjusted
case fatality rates and analyzed several explanatory variables across six dimen-
sions: demographics, disease burden, and health services. XGBoost was used to
model the age-adjusted case fatality rates. Feature selection was done through
a recursive elimination process, and hyperparameter tuning was done through
a grid search with cross-validation. The study used SHAP Values to interpret
the models generated by XGBoost.
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The results indicated significant variation in case fatality rates between
countries and over time, especially with the introduction of new virus variants.
Booster vaccination was found to play a crucial role in reducing case fatality,
with positive impacts observed in simulations that increased booster vacci-
nation coverage by 1 to 30%. The study also highlighted the importance of
evidence-based public health strategies tailored to the specific characteristics

of each country to combat the pandemic effectively (ZHOU et al., 2023).



3
Methodology

This study reports a retrospective analysis of COVID-19 mortality data

in LAC countries. It was considered its evolution over time and examined how

vaccination coverage, containment measures, economic support, and popula-
tion mobility contributed to the evolution of deaths from COVID-19 in LAC

countries, considering their socioeconomic differences. The construction pro-

cess and the relevant steps of the method proposed by this work are illustrated

in 3.1. The flowchart details the steps from obtaining and preparing the data

to developing the final models, which estimate the contribution of the variables

and evaluate the results with the experts. The only ones above each step are

the numbers of the chapters of this work where each of them was detailed.

4.2
L=
Clustering based on

Application of the lag between

Exploratory analysis

\:6

Assessment of the relevance and

socioeconomic and demographic
variables

\:5

Analysis of the contribution of

deaths and explanatory variables
by cluster

| 44

applicability of results with
experts

each feature per cluster

Modeling deaths by cluster

Figure 3.1: Flowchart of research steps

The data sources used in the study are described in the table 3.1.

Table 3.1: Description of the data sources used in this study

Data

Source

Source address

COVID-19 cases and deaths
Contaiment measures during the
COVID-19 pandemic
Population mobility trends dur-
ing the COVID-19 pandemic

Sociodemographic and economic
data

Our World in Data
Oxford Covid-19 Government Response
Tracker project

Google Mobility Data

Our World in Data, Human Develop-
ment Reports, and The World Bank

https://ourworldindata.org
https://www.bsg.ox.ac.uk/research/covid-
19-government-response-tracker

www.google.com/covid19/mobility
Our World in Data:
https://ourworldindata.org/

Human Development Reports:
https://hdr.undp.org/data-center

The World Bank:
https://data.worldbank.org/indicator/
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The study included data from January 1, 2020, to October 15, 2022.
It was analyzed data from all 20 LAC countries (Argentina, Bolivia, Brazil,
Chile, Colombia, Costa Rica, Cuba, Ecuador, El Salvador, Guatemala, Haiti,
Honduras, Mexico, Nicaragua, Panama, Paraguay, Peru, Dominican Republic,
Uruguay, and Venezuela).

The outcome is the COVID-19 mortality rate, calculated as the 7-day
daily moving average of COVID-19 deaths per 100,000 population.

All analysis and modeling were performed in Python. Except for the
mobility variables, all variables were standardized by the Z-Score method and
then by the Min-Max standardization to keep the variable values between 0
and 1. The mobility variables were only standardized by the Z-Score method

since these variables can assume negative values.

3.1
Clustering

According to (TAVARES; BETTI, 2021), people living in a country face
multiple difficulties simultaneously. Therefore, when characterizing a country,
it is important not to consider a single dimension (for example, high-income
or low-income). Thus, the proposed method addresses various socioeconomic
and demographic characteristics of countries through the clustering technique
to reduce dimensionality of the data and create a single to classification to be
used as an adjustment covariate in the modelling stage. Before clustering, an
analysis was conducted to detect multicollinearity in the candidate variables
for clustering using VIF (Variance Inflation Factor), where variables with a VIF
greater than ten were removed (O’BRIEN, 2007). The K-Means(IKOTUN et
al., 2023) and DBSCAN (ESTER et al., 1996) clustering methods were tested,
and the silhouette index, the elbow method, and the Calinski-Harabasz score
were tested to choose the number of clusters.

K-Means is a clustering algorithm used in machine learning and data
analysis to partition a set of n observations into k clusters, where each ob-
servation belongs to the cluster with the closest centroid. K-Means aims to
minimize the sum of the squared distances between the observations and the
cluster centroids, resulting in a partition that maximizes the internal homo-
geneity of the clusters and the heterogeneity between them. The algorithm
follows an iterative process that starts with initializing the centroids, assign-
ing each observation to the closest cluster, and updating the centroids based
on the means of the assigned observations. This process is repeated until con-
vergence is achieved and the cluster assignments no longer change significantly
(IKOTUN et al., 2023).
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DBSCAN (Density-Based Spatial Clustering of Applications with Noise)
is a density-based clustering algorithm used to identify arbitrary-shaped
clusters in noisy datasets. Unlike methods such as K-Means, which require
the number of clusters to be specified in advance, DBSCAN automatically
identifies the number of clusters based on the local density of the data points
(ESTER et al., 1996).

3.2
Day’s lag and Poisson regression

To assess the effectiveness of interventions during the pandemic, such
as the closure of schools and the percentage of the population that is fully
vaccinated, it is important to lag deaths from interventions, as this lag
represents the time between the implementation of the measures and the
observation of the results of these measures on the number of deaths. This
day’s lag was calculated to find the ideal lag between the mortality rate and
the interventions. Lags of 21 to 49 days (COSTA et al., 2023) were tested
for each cluster. To define the best lag, Poisson regressions (COXE; WEST;
ATKEN;, 2009) were applied to each cluster, and each lag was tested. The best
lag was chosen based on the AIC. After the lag, a multicollinearity analysis was
carried out with the VIF in the intervention variables, and, again, variables
with a VIF greater than ten were removed (O’BRIEN, 2007).

Poisson regression is a statistical technique used to model count data,
where the dependent variable is a count of events that occur in a fixed time
or space interval. Based on the Poisson distribution, this regression assumes
that the mean of the count is equal to its variance, which makes it particularly
suitable for count data that follow this property (COXE; WEST; AIKEN,
2009).

3.3
XGBoost

An XGBoost (Extreme Gradient Boosting) model (CHEN; GUESTRIN,
2016) was then applied, with the lagged COVID-19 mortality rate as its re-
sponse variable and a 7-day moving average adjusted by the predominance of
each COVID-19 variant per country. The intention was to remove the con-
founding effects of variants in analyzing the measures that most influenced
mortality. The present work extensively experimented by varying its parame-
ters to improve the proposed model’s performance.

XGBoost belongs to Ensemble Learning models, which are based on

training several simple models to produce a more robust final model. The
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algorithm builds decision trees in each iteration, where the models are no
longer trained independently but sequentially, adjusting themselves based on
previously trained models. XGBoost stands out for its regularization capacity,
which helps to avoid overfitting, and for its computational efficiency, allowing
parallel execution and handling sparse data (CHEN; GUESTRIN, 2016).

A Bayesian optimizer was used with cross-validation to optimize the hy-
perparameters of the XGBoost model. This method constructs a probabilistic
model of the loss function concerning the hyperparameters and uses this model
to make an informed selection of the next points to be evaluated (MOEKUS,
1975). An k-cross validation is incorporated into the process to ensure that
the evaluation of the hyperparameters is robust and generalizable, minimizing
the risk of overfitting. This iterative and adaptive process is particularly use-
ful for XGBoost, which has a complex and high-dimensional hyperparameter
space, including parameters such as learning rate, tree depth, regularization,

and number of estimators.

34
SHAP Values

Finally, the SHAP Values technique (LUNDBERG; LEE, 2017) was
applied to the results of the XGBoost modeling to understand how each feature
of the model is associated with mortality from COVID-19.

SHAP Values (Shapley Additive Explanations) is a game-theoretic
methodology for explaining the predictions of machine learning models, in-
cluding XGBoost. Based on the concept of Shapley values, which assign each
feature its marginal contribution to the model’s output, SHAP Values provide
a consistent and locally accurate decomposition of predictions. This is particu-
larly useful for XGBoost, a model with low explainability due to its complexity
and large number of hyperparameters. By applying SHAP Values, it is pos-
sible to interpret transparently and quantitatively the influence of each input
variable on the model’s output (LUNDBERG; LEE, 2017).

3.5
Assessment of the relevance and applicability of results with experts

In the research, experts evaluated the relevance and applicability of the
results, aiming to ensure that the conclusions obtained were not only theoret-
ically robust but also applicable and useful in a practical context. This vali-
dation with experts is crucial, as it allows the results to be interpreted based
not only on theory but also on experience and practical knowledge, identifying

possible limitations and opportunities for improvement that may not be evi-
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dent through quantitative analysis alone. In addition, validation with experts
ensures that the recommendations derived from the research are feasible and
aligned with the needs and realities of the field of study (SHCHERBAKOV
et al., 2014). The research was presented to 5 health field experts, who dis-
cussed the results and evaluated their relevance and employability. Individual
sessions were held with each expert, each session lasting approximately 45 min-
utes. During the session, slides were presented describing the study’s objective
and goals and summarizing the results obtained. At the end, each expert an-
swered a set of 4 questions for each period analyzed (pre- and post-vaccination
periods). The questions were:

1. Were the results presented surprising/unexpected?

2. What factors do you believe led to these results?

3. To what extent do these results contribute to the formulation of public
policies in Latin America?

4. If you were a manager, what guidelines would you create?

The objective was to create both questions that refer to the Likert scale,

for quantifiable analysis, and open-ended questions, for qualitative analysis.



Results

4.1
Exploratory analysis

As seen in Fig 4.1, Peru had the most deaths per 100,000 pop. until
October 15, 2022, followed by Brazil and Chile. The number of deaths in Peru

differs significantly from other countries. The countries with the fewest deaths

are Nicaragua, Haiti, and Venezuela, in that order.

Total cases per 100,000 inhabitants

Uruguay - 29566.12
Chile - 2569677
Panama - 23222 39
Gosta Rica- 2242277
Argentina - 21733.84
Brazil- 16873.67
Peru- 13084.56
Caolombia - 1221548
Paraguay - 11683.3
Cuba - 9917.71
Bolivia « 849777
Guatemala - 6748.14
Dominican Republic - 5838.01
Ecuador - 5780.03
Mexico - 5673.91
Honduras - 4465.84
El Salvador 3184.54
Venezuela - 1845.19
Haiti- 292 .56
Nicaragua- 221.13

Figure 4.1: Total deaths per 100,000 pop. by country until October
15, 2022.

In Fig 4.2, it is possible to observe that each country had different waves

of daily deaths and dimensions for this number of deaths.
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Country
—— Argentina —— Guatemala
Bolivia Haiti
Brazil Honduras
Chile Mexico
—— Colombia —— Nicaragua
Costa Rica Panama
—— Cuba Paraguay
Dominican Republic Peru
—— Ecuador —— Uruguay

20

El Salvador Venezuela

05

New deaths per 100k inhabitants (7-day moving average)

0.0

Date

Figure 4.2: New deaths per 100k pop. (7-day moving average) time
series per LAC country. Chile, Ecuador, and El Salvador have had unex-
pected jumps in deaths from COVID-19, and on specific days in the Our World
in Data database.

The country with the largest share of the population living in extreme
poverty and the largest share of the population in informal work is Haiti, as
shown in Fig 4.3. The country with the greatest inequality according to the
Gini index is Brazil. Meanwhile, the country with the lowest GDP per capita
is Haiti. Among the ten socioeconomic and demographic variables, only Cuba
and Venezuela have missing values or values equal to zero for some variables.

The variables are:

— Cuba: share of informal employment, share of the population living in

extreme poverty, Gini index, GDP per capita

— Venezuela: share of informal employment, share of the population living

in extreme poverty

Furthermore, Cuba does not have Google data on population mobility,
which is crucial for the research objective. Considering these points, Cuba and

Venezuela were removed from the analysis.
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Figure 4.3: Relationship among total deaths per 100,000 pop. per
country and the share of the population living in extreme poverty,
the share of informal employment, the Gini index, and GDP per
capta.

4.2
Clustering based on socioeconomic and demographic variables

Clustering was carried out to consider the different socioeconomic and
demographic characteristics. However, before clustering, variables with VIF
greater than ten were removed. Therefore, the variables selected for clustering
were the Gini Index, average household size (number of members), median age
of the population, share of the population living in extreme poverty, percentage
of the population aged between 20 and 79 years who have type 1 or type 2
diabetes, population density. The variables removed were HDI, the average
number of years of education received by people aged 25 and over, GDP per
capita, and share of informal employment.

Based on the clustering methods tested, the method chosen was K-Means
with 2 clusters as shown in Fig 4.4, where cluster 0 comprises Argentina,
Brazil, Chile, Colombia, Costa Rica, Mexico, Panama, and Uruguay. In con-
trast, cluster 1 comprises Bolivia, Dominican Republic, Ecuador, El Salvador,

Guatemala, Haiti, Honduras, Nicaragua, Paraguay, and Peru.
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Cluster 0
Cluster 1

Haiti

e
gua
Costa Rica
Panama
Colombia

Ecuador

Peru :
Brazil

Bolivia

Uruguay
Argentina
Chile

Figure 4.4: Map of LAC countries by cluster. Cluster 0 is a less
vulnerable cluster compared to Cluster 1.

In Fig 4.5, it is possible to observe the distribution of clustering variables
by cluster. The Mann-Whitney test indicated that, for a p-value of 0.05, the
Gini index variables, the share of the population with diabetes, and population
density do not have different medians. Furthermore, it is possible to observe
that cluster 1 has a younger population than cluster 0, in addition to being the
cluster with the largest population in extreme poverty and the largest average
household size. In this way, cluster 0 is less vulnerable compared to cluster 1.
Therefore, from now on, the present work will call cluster 0 less vulnerable

countries and cluster 1 will be called more vulnerable countries.
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Figure 4.5: Boxplot of socioeconomic and demographic characteristics
by cluster. Cluster 0 is a less vulnerable cluster compared to Cluster
1.

4.3
Application of the lag between deaths and explanatory variables by cluster

It is important to lag deaths from interventions to assess the effectiveness
of interventions during the pandemic (LI et al., 2022; COSTA; ROHLEDER;
BOZORGMEHR, 2023). Therefore, a lag was applied between deaths and
explanatory variables, which are interventions per cluster, where 21 to 49 days

lags were tested for each cluster. The lags chosen for each cluster were:

— Less vulnerable cluster: 49 days

— More vulnerable cluster: 21 days

A possible interpretation for these lags is that more vulnerable cluster

interventions had faster results than less vulnerable cluster interventions.

4.4
Modeling deaths by cluster

The next step was to select the variables that would be used to explain
deaths from COVID-19. For this, again, variables with VIF greater than ten

were removed. In the end, the variables selected for modeling were school

closures, restrictions on the size of meetings between people, closure of public
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transport, requirements to stay at home, restrictions on internal movement,
debt/contract relief for families, income support for people who have lost their
job or who cannot work, variation in mobility in supermarkets and pharmacies,
variation in mobility in parks, variation in mobility in public transport,
variation in mobility in places of work, variation in mobility in residential
locations, percentage of the population vaccinated with at least two doses.
Furthermore, the percentage of predominance of each variant per country
was also included in the model to remove confounding effects associated with
COVID-19 variants from the analysis.

In total, was obtained four models and the SHAP Values technique was

applied to the four models obtained:
1. Pre-vaccination period for the less vulnerable countries
2. Pre-vaccination period for the less vulnerable countries
3. Post-vaccination period for the more vulnerable countries

4. Post-vaccination period for the more vulnerable countries

4.5
Analysis of the contribution of each feature per cluster

45.1
Pre-vaccination period

SHAP Values show that, when comparing less vulnerable countries with
more vulnerable countries in the pre-vaccination period, it is possible to see
from Fig 4.6 that the most important variables in less vulnerable countries were
containment measures, while in more vulnerable countries, they were mobility
variables. Furthermore, economic support variables were more important in

less vulnerable than in more vulnerable countries.

Pre-vaccination

W Containment measures.
[ Economic support
B Mobility

More vulnerable countries

Less vulnerable countries

Normalized Mean Absolute SHAP value

b T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Figure 4.6: Normalized mean absolute SHAP Value by cluster for the
pre-vaccination period.
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Although containment measures were the most influential variables
in less vulnerable countries, their relevance was mainly driven by the clo-
sure of public transport and schools, C5_Close public transport and
Cl1_School closing Agrup respectively, as can be seen in Fig 4.7. The
most important variables for the most vulnerable countries were the vari-
ation in mobility in residential areas and the closure of public trans-
port, residential percent_change from baseline and C5_Close public

transport respectively. The closure of public transport was relevant in both

clusters.
Pre-vaccination
Less vulnerable countries More vulnerable countries
€5_Close public transport 0.0103 residential_percent_change._from_baseline
C1_school closing_Agrup 0.0054 C5_Close public transport
transit_stations_percent_change_from_baseline 0.0034 transit_stations_percent_change_from_baseline
E2_Debt/contract relief 0.0029 workplaces_percent_change_from_baseline
residential_percent_change_from_baseline 0.0024 E2_Debt/contract relief
workplaces_percent_change_from_baseline 0.0024 parks_percent_change_from_baseline
C7_Restrictions on internal movement 0.0022 grocery_and_pharmacy_percent_change_from_baseline
parks_percent_change_from_baseline 0-0021 C7_Restrictions on internal movement
E1_Income support C6_Stay at home requirements_Agrup
grocery_and_pharmacy_percent_change _from_baseline €1_School closing_Agrup 0.
C6_Stay at home requirements_Agrup Containment measures C4_Restrictions on gatherings_Agrup 40-0001 Containment measures
C4_Restrictions on gatherings_Agrup Economic support E1_Income support {0.0001 Economic support
B Mobility m Mobility
0.(;00 0.005 0.010 0.015 0.020 0.(;00 0.005 0.010 0.015 0.020
Feature importance - Mean absolute SHAP Value Feature importance - Mean absolute SHAP Value

Figure 4.7: Mlean absolute SHAP Value by cluster for pre-vaccination
period

Fig 4.8 shows that school closures, C1_School closing Agrup,
are the second most important variable in less vulnerable countries,
but it drops eight positions in the importance ranking of more wvul-
nerable countries. The mobility variation variable in transport stations,
transit_stations_percent_change_from_baseline, has the same position
in the importance ranking of both clusters. Both economic support variables

are less important in more vulnerable countries than in less vulnerable ones.
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Pre-vaccination

Containment measures residential_percent_change_from_baseline (4 positions T)
Economic support
BN Mobility

transit_stations_percent_change_from_baseline (0 positions)

workplaces_percent_change_from_baseline (2 positions 1)

parks_percent_change_from_baseline (2 positions 1)

grocery_and_pharmacy_percent_change from_baseline (3 positions 1)

Position in the feature importance ranking
w
L

T T
Less vulnerable countries More vulnerable countries

Figure 4.8: Position in the feature importance ranking by cluster for
pre-vaccination period

In Fig 4.9, it is possible to observe that in the pre-vaccination pe-
riod, debt relief and economic support, E2 Debt/contract relief and
El _Income support respectively, are associated with reducing mortality
from COVID-19 in less vulnerable countries. Some counterintuitive re-
sults indicate that the closure of public transport, the closure of schools,
the increase in mobility in public transport stations, the increase in
mobility in work areas, parks, stores, and pharmacies, and the restric-
tions on the size of meetings, C5_Close public transport, C1_School
closing Agrup, transit_stations_percent_change from_baseline,
workplaces_percent_change from_baseline, parks_percent_change from_baseline,
grocery_and_pharmacy_percent_change_from_baseline and C4_Restrictions
on gatherings Agrup respectively, between people are associated with in-
creased mortality.

For more vulnerable countries, unlike less vulnerable countries,
the debt relief variable, E2 Debt/contract relief, is associated with
increased mortality. The variation in mobility in residential areas,
residential_percent_change from_baseline, is the most impor-
tant feature of the model, but it is always associated with an in-

crease in mortality. The variation in mobility at transport stations,
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transit_stations_percent_change from baseline, is mostly associated
with a reduction in mortality, as is the variation in mobility in parks,
markets, and pharmacies, parks_percent_change from_baseline and

grocery_and_pharmacy_percent_change from_ baseline respectively.

Pre-vaccination

Less vulnerable countries igh More vulnerable countries bigh
C5_Close public transport e residential_percent_change_from_baseline
C1_School closing_Agrup C5_Close public transpert
transit_stations_percent_change_from_baseline transit_stations_percent_change_from_baseline
E2_Debt/contract relief workplaces_percent_change_from_baseline
residential_percent_change_from_baseline o E2_Debt/contract relief o
workplaces_percent_change_from_baseline é parks_percent_change_from_baseline -E;
€7_Restrictions on internal movement % grocery_and_pharmacy_percent_change_from_baseline .%
parks_percent_change_from_baseline " C7_Restrictions on internal movement £
E1_Income support C6_Stay at home requirements_Agrup
grocery_and_pharmacy_percent_change_from_baseline €1_School clasing_Agrup
C6_Stay at home requirements_Agrup W Containment measures C4_Restrictions on gatherings_Agrup
m— Economic support
C4_Restrictions on gatherings_Agrup - Mability E1_Income support
Tz oo oz " oo ohs o1 ¥
SHAP value (impact on model cutput) SHAP value (impact an model outputi

Figure 4.9: SHAP values by cluster for pre-vaccination period On the
y-axis are the features, and on the x-axis are the SHAP values. Each point
represents a data instance, and the color represents the feature value. The plot
shows only the nine most relevant features according to feature importance.

4.5.2
Post-vaccination period

Fig 4.10 shows that the vaccination coverage variable in the post-
vaccination period was the most important in less vulnerable countries. How-
ever, the most important variables for more vulnerable countries were the

containment measure variables, followed by the mobility variables.

Post-vaccination

W Containment measures
[ Economic support
B Mobility

Vaccination coverage

More vulnerable countries

Less vulnerable countries

Normalized Mean Absolute SHAP Value

0.0 0.2 0.4 0.6 0.8 1.0

Figure 4.10: Normalized mean absolute SHAP Value by cluster for
the post-vaccination period.

Asseen in Fig 4.11, the vaccination variable, people_at_least two_doses_vaccinated_per p
in the less vulnerable countries is much more relevant than the others. Al-

though in more vulnerable countries, the type of variable with the most
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importance is containment measures, the variable that drives this importance

is the requirement to stay at home, C6_Stay at home requirements_Agrup.

In more vulnerable countries, the variables of stay-at-home requirements are

more important than the vaccination coverage variable.

people_at_least_two_doses_vaccinated_per_population
€1_School closing_Agrup
parks_percent_change_from_baseline

C4_Restrictions on gatherings_Agrup

C7_Restrictions on internal movement
workplaces_percent_change_from_baseline

E1_Income support
transit_stations_percent_change_from_baseline
grocery_and_pharmacy_percent_change_from_baseline
E2_Debt/contract relief

€5_Close public transport
residential_percent_change_from_baseline

C6_Stay at home requirements_Agrup

0.000

Post-vaccination

Less vulnerable countries

0.0068

Containment measures
Economic support
== Mobility
Vaccination coverage

0.002
Feature importance - Mean absolute SHAP Value

0.004 0.006 0.008

More vulnerable countries

€6_Stay at home requirements_Agrup

people_at _least_two_doses_vaccinated_per_population
grocery_and_pharmacy_percent_change_from_baseline
E2_Debt/contract relief
transit_stations_percent_change_from_baseline
C1_school closing_Agrup

€5_Close public transport
parks_percent_change_from_baseline

C7_Restrictions on internal movement
residential_percent_change_from_baseline
C4_Restrictions on gatherings_Agrup
workplaces_percent_change_from_baseline

E1_Income support 4 0.

0.0081

Containment measures
Economic support
= Mobility
Vaccination coverage

0.000

0.002 0.004 0.006 0.008
Feature importance - Mean absolute SHAP Value

Figure 4.11: Mean absolute SHAP Value by cluster for post-
vaccination period

The economic support variable, E2 Debt/contract relief, drops six

positions in the importance ranking of more vulnerable countries. The stay-at-

home requirement variable, C6_Stay at home requirements_Agrup, is the

most important for the most vulnerable countries and the least important

for the least vulnerable countries. Furthermore, the vaccination variable,

people_at_least_two_doses_vaccinated_per_population, drops one posi-

tion in the importance ranking of more vulnerable countries, as seen in Fig 4.12.
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Post-vaccination

Containment measures

Economic support
BN Mobility

Vaccination coverage

grocery_and_pharmacy_percent_change_from_baseline (6 positions 1)

transit_stations_percent_change_from_baseline (3 positions T)

parks_percent_change_from_baseline (5 positions 1)

Position in the feature importance ranking

residential_percent_change_from_baseline (2 positions 1)

workplaces_percent_change_from_baseline (6 positions 1)

T T
Less vulnerable countries More vulnerable countries

Figure 4.12: Position in the feature importance ranking by cluster for
post-vaccination period

In Fig 4.13, it is possible to observe that in the post-vaccination
period, the percentage of the population vaccinated with at least two
doses, people_at_least_two_doses_vaccinated_per_population, is asso-
ciated with a reduction in mortality from COVID-19 in both less and more
vulnerable countries. However, for more vulnerable countries, it is possi-
ble to observe that the requirements to stay at home, C6_Stay at home
requirements_Agrup, are more relevant than vaccination and are associated

with increased mortality.
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Post-vaccination

Less vulnerable countries bign More vulnerable countries Hoh
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Figure 4.13: SHAP values by cluster for post-vaccination period On
the y-axis are the features, and on the x-axis are the SHAP values. Each point
represents a data instance, and the color represents the feature value. The plot
shows only the nine most relevant features according to feature importance.

Applying the SHAP Values technique to the four models revealed sig-
nificant insights into the factors influencing COVID-19 mortality in different
cluster contexts. It was possible to observe a marked distinction between less
and more vulnerable countries in the pre-vaccination period. While contain-
ment measures emerged as the most important variables in less vulnerable
countries, more vulnerable countries were mainly characterized by mobility
variables. Although containment measures proved crucial in less vulnerable
countries, their importance was largely driven by the closure of public trans-
port and schools.

However, when analyzing the post-vaccination period, it was possible to
observe a significant change in dynamics. Vaccination coverage emerged as the
most important variable in less vulnerable countries, reflecting the tangible
benefits of vaccination in reducing mortality. Conversely, more vulnerable
countries continued to be influenced mainly by containment measures and
mobility variables. Some hypotheses for this are that less vulnerable countries
have greater access to vaccines or that they have greater vaccination coverage
than more vulnerable countries.

Some findings were unexpected; for example, during the pre-vaccination
phase in both less and more vulnerable countries, there was a correlation be-
tween increased deaths and public transport closures. A limitation of the cur-
rent model is that it does not account for causality between variables. However,
the lag was used to model the potential time course of the intervention effect.

Despite some counterintuitive results, the model presented two that
made sense given the history of COVID-19. It is known that the greater the

percentage of the population with at least two doses of vaccine, the lower
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the number of deaths. There is also a hypothesis that when the government
helps the population financially, people tend to stay home more, reducing the

number of deaths.

4.6
Assessment of the relevance and applicability of results with experts

Public health experts were invited to participate in panel discussions to
assess the results of this research. The experts of these panels revealed a number
of valuable insights into the complexity and challenges faced in public health
policy-making. One of the most discussed points was the relationship between
correlation and causation. Experts highlighted the difficulty of establishing
robust causal relationships from correlations observed in aggregated data.
Three experts emphasized that the accuracy and validity of measures used
to capture phenomena such as mobility and adherence to containment policies
are crucial to avoid biases that could distort the results. (FABIO et al., 2021)
addresses the complexity and diversity of innovative lockdown measures during
the COVID-19 pandemic. The authors highlight that while several localities
have lockdown measures in place, these measures vary significantly in terms
of definition and application, making it difficult to compare and assess their
effectiveness across different regions and countries.

Another recurring theme in the discussions was the heterogeneity among
regions and how this influences the effectiveness of public health policies.
Four experts agreed that socioeconomic and demographic diversity across
regions makes comparing policies and measures a significant challenge. One
of the experts highlighted that “if there are already huge differences within
Brazil, imagine comparing several countries”; highlighting the complexity of
generalizing the results of public health policies. In addition, it was mentioned
that adherence to containment measures varied significantly among regions,
which may explain the unexpected results observed in some studies, as shown
in (FABIO et al., 2021). The need to consider specific regional characteristics
when formulating public health policies was widely recognized.

Vaccination was another central topic in the discussions. All experts
agreed that vaccination played a crucial role in reducing mortality from
COVID-19, especially in less vulnerable countries. However, it was also high-
lighted that the availability of and the access to vaccines varied significantly
among regions, influencing the effectiveness of vaccination campaigns. Reduc-
ing inequity in access to the vaccine was highlighted as a priority for future
vaccination campaigns by 3 experts.

Economic support during the pandemic was also widely discussed. Two
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experts recognized that economic support measures, such as debt relief and
income distribution, were essential to mitigate the economic impacts of the
pandemic, especially in less vulnerable countries. However, they observed that
the impact of these measures varied among regions. One expert mentioned
that "the more economic support I provide, the lower my mortality in these
less vulnerable countries is", highlighting the importance of adapting economic
support policies to the specific needs of each region.

All experts indicated that the research results added value to the current
literature, since they brought to light points that are not intuitive and that
do not simply reproduce the results already known. Given the novelty of the
results, the experts do not feel comfortable stating that they would adopt these
results individually to define new public policies. However, they believe that it
is worth deepening the research further in the direction of formulating public
policies. One expert said, "I do not think it would be possible to use this result,
for example, to formulate a policy. I think it brought a new perspective to the
problem; all the points you raised here are points of conflict in the literature."

In summary, all experts pointed out that the most interesting results
as a public health policy were that vaccination coverage was associated with
a reduction in COVID-19 mortality in both groups of countries and that
economic support was associated with a decrease in COVID-19 mortality only
in the least vulnerable countries, which implies that perhaps these countries
were the ones that had the financial means to offer greater support. The expert
discussions revealed the complexity and challenges in formulating public health
policies from the analysis results of the COVID-19 pandemic. The need for
careful and contextualized analysis that considers regional heterogeneity and
the relationship between correlation and causality was widely recognized. In
addition, the importance of vaccination as an essential tool to mitigate the

impacts of the pandemic was highlighted.
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Conclusion and future work

The first objective of the research was to understand which LAC countries
are similar and how they are similar according to their socioeconomic and
demographic characteristics. It was possible to detect two distinct groups of
countries, where one group may have characteristics of greater vulnerability
than the other group.

For the second objective of the research, the best interval of days between
interventions (vaccination coverage, containment measures, economic support
and population mobility) and mortality from COVID-19 was determined. This
interval was 49 days for the least vulnerable countries and 21 days for the most
vulnerable.

For the third research objective, it was possible to identify which inter-
ventions are most important for understanding COVID-19 mortality and how
they are associated with COVID-19 mortality in two distinct periods of the
pandemic: pre-vaccination and post-vaccination. In the pre-vaccination period,
containment measures were the most important interventions for mortality in
the least vulnerable countries. In contrast, for the most vulnerable countries,
they were features of variation in population mobility. In the post-vaccination
period, the most important interventions for mortality in the least vulnerable
countries were vaccination coverage, while the most vulnerable countries were
more impacted by containment measures.

However, the additional objective of proposing public health guidelines
for future respiratory diseases was not achieved. Despite this, the experts state
that the results presented were unexpected and that they add new perspectives
compared to the current literature, which can generate new discussions to
enrich knowledge on the subject. The results already known and that are
in agreement with what is in the literature were that vaccination coverage
was associated with a reduction in COVID-19 mortality in both groups of
countries and that economic support was associated with a decrease in COVID-
19 mortality only in the least vulnerable countries, which implies that perhaps
these countries were the ones that had the financial means to provide greater
support. In view of the unexpected and counterintuitive results, as future work
it is interesting to apply XAI (Explainable AI) and causal inference analysis
techniques, in order to deepen the understanding of the results found.

Although the research identified significant associations between the

variables, it is essential to recognize that correlation does not imply causality.



Chapter 5. Conclusion and future work 41

The observed relationships may be influenced by uncontrolled confounders or
omitted variables that simultaneously affect the variables of interest. Causal
inference analysis would help distinguish between associations and causality.
Furthermore, it is difficult to isolate the effects of different interventions due

to the simultaneity of the measures.

One point of discussion in the research is the heterogeneity of the regions
studied and its impact on the generalizability of the results. Latin America is
characterized by substantial socioeconomic, cultural and geographic diversity,
which may influence the observed effects of the variables analyzed differently.
This heterogeneity may limit the generalizability of the results obtained to
the entire region, since conclusions derived from a specific context may not
directly apply to other contexts with different characteristics. For example,
public health policies that have proven effective in a country with robust
infrastructure may not have the same impact in countries with underfunded
health systems.
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