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In the 21st century, the world has faced the devastating impacts of three acute respi-
ratory 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
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Introduction

Since 2001, three new coronaviruses have been responsible for causing respiratory diseases
whose spread led to four large-scale outbreaks [1]: 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 chal-
lenge of emerging infectious pathogens [2]. 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) [3]. By March 2020, every country in LAC had reported
infections [4], and by June 2020, LAC accounted for 27% of deaths from COVID-19 world-
wide, becoming the region with the highest number of deaths in the world [5].

LAC is the world’s most inequality-ridden region, with 53% of its working population
earning their income from informal work [4]. Underfunded state-run hospitals are the only
source of medical care for those with informal jobs or unemployed [6]. LAC countries suf-
fer 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 [6]. 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 [4]. According to [7] and [8],
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 [7].

Governments implemented several social distancing measures to cope with the
COVID-19 pandemic [9]. Those policies 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 manual
labour [9]. Lockdowns in Chile positively reduced the number of cases within high-income
geographical areas, with no effects in lower-income areas [10]. A possible explanation is that
poor people are less likely to comply with social distance measures, as they must work [9].
Thus, mobility restrictions not accompanied by social transfer programs are less likely to be
followed by the poorest population [9,11]. In 2020, despite the demand from WHO that high
equitable immunization coverage be prioritized at all levels (national, municipal, and dis-
trict) [12], the inequality in routine immunization in several LAC countries worsened with
the scenario imposed by COVID-19, mainly due to the disproportionate impact on vulnera-
ble populations [12]. A Brazilian study about inequity in COVID-19 vaccination showed that
municipalities with low Human Development Index (HDI) had a lower first dose coverage
than those with medium and high HDI [13].

Given these disparities and the complex interplay between socioeconomic factors and
Public Health measures, it is important to deepen the understanding of these interventions’
specific impacts and effectiveness. Therefore, the objectives of this research are:

1. To understand which and how LAC countries are similar according to their socioeco-
nomic and demographic characteristics;

2. To identify the best lag of days between interventions (vaccination coverage, contain-
ment 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 mortality;
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4. To provide insights into the impacts of vaccination coverage, containment measures,
economic support, and population mobility in COVID-19 mortality, providing insights
toward the definition of Public Health guidelines in 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 indepen-
dent variable and mortality was interpreted by calculating its SHAP Values. Finally, the results
were presented to experts in the Healthcare domain and evaluated concerning their degree of
surprise, their potential contribution toward the definition of new Public Health guidelines,
and the insights and bottlenecks they identified in the research.

Materials and methods
Study design and data sources

This study reports a retrospective analysis of COVID-19 mortality data in LAC countries.
We considered its evolution over time and examined how vaccination coverage, containment
measures, economic support, and population mobility contributed to the evolution of deaths
from COVID-19 in LAC countries, accounting for their socioeconomic differences.
COVID-19 data records were provided by Our World in Data (https://ourworldindata.
org/), containing daily data on cases, deaths, and vaccination rates. Data on containment
measures was made available by the Oxford Covid-19 Government Response Tracker project
(https://www.bsg.ox.ac.uk/research/covid- 19-government-response-tracker). Mobility

data was obtained from Google Mobility Data (www.google.com/covid19/mobility). Socio-
demographic data was collected from Our World in Data, Human Development Reports
(https://hdr.undp.org/data-center), and The World Bank (https://data.worldbank.org/
indicator/).

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).

Outcome

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

Statistical analysis

All analysis and modelling 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.

According to [14], 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 the dimensionality of the data and create an additional feature for classification,
to be used as an adjustment covariate in the modelling stage. Before clustering, an analysis
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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 [15].
The K-Means [16] and DBSCAN [17] clustering methods were tested, and the silhouette
index, the elbow method, and the Calinski-Harabasz score were tested to choose the number
of clusters.

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 were tested for each cluster, according to [18], whose work applied these
lags to assess the effects of non-pharmaceutical interventions (NPIs) on COVID-19 cases
and deaths and analyzed the aggregated reality of 32 European countries and found associa-
tions after 21 to 49 days. Poisson regressions [19] were applied to each cluster, and each lag
was tested to define the best lag. 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 [15].

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 [19].

An XGBoost (Extreme Gradient Boosting) model [20] was then applied, with the lagged
COVID-19 mortality rate as its response variable and a 7-day moving average adjusted by
the predominance of each COVID-19 variant per country. The intention was to remove the
confounding effects of variants in analyzing the measures that most influenced mortality. The
present work extensively experimented with varying parameters to improve the proposed
model’s performance.

Finally, the SHAP Values technique [21] was applied to the results of the XGBoost
modelling to understand how each feature of the model is associated with mortality from
COVID-19.

In the research, experts evaluated the relevance and applicability of the results, aiming to
ensure that the conclusions obtained were theoretically robust but also applicable and help-
ful in a practical context. This validation 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-
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 [22]. The research was presented to 5 experts in the Healthcare
domain, who discussed the results and evaluated their relevance and applicability. Individual
sessions lasting approximately 45 minutes were held with each expert. During each session,
slides were presented describing the study’s objective and goals and summarizing the results
obtained. Ultimately, each expert answered four 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 formulating public policies in Latin
America?
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4. If you were a Public Health manager, how would these results contribute to creating
guidelines for future respiratory diseases?

The objective was to ask questions that could be answered using a Likert scale, thus
proving a quantifiable analysis and open-ended questions for qualitative analysis.

Results and discussion
Exploratory analysis

As seen in Fig 1, Peru had the most significant death rate 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.

In Fig 2, it is possible to observe that each country had different waves of daily deaths and
dimensions for this number of deaths.

Haiti, with the largest share of the population living in extreme poverty and the largest
share of the population in informal work, is shown in Fig 3. Brazil is the country with
the most significant inequality, according to the Gini Index. Meanwhile, Haiti has the
lowest GDP per capita. 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
o 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.

Total cases per 100,000 inhabitants

Uruguay - 29566.12
Chile - 25696.77
Panama- 23222.39
Costa Rica- 2242277
Argentina - 21733.84
Brazil- 16873.67
Peru- 13094.56
Colombia - 12215.48
11683.3
9917.71
9497.77
6748.14
Dominican 5838.01
5780.03
5673.91
4465.84
ElS 318454
1945.19
Haiti- 292.56

Nicaragua- 221.13
0 10000

Fig 1. Total deaths per 100,000 pop. by country until October 15, 2022.
https://doi.org/10.1371/journal.pone.0324171.g001
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Fig 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
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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 num-
ber of years of education received by people aged 25 and over, GDP per capita, and share of
informal employment.

The DBSCAN and K-Means clustering methods were tested and evaluated based on the
elbow method, silhouette index, and Calinski-Harabasz score. The principle of parsimony
was also considered, prioritizing a simpler and more interpretable solution. Based on these
evaluations, the chosen method was K-Means with 2 clusters, allowing for clear and robust
comparative analysis between the groups. As shown in Fig 4, where cluster 0 comprises

@ Clustero
©® Cluster1

.

Fig 4. Map of LAC countries by cluster. Cluster 0 is a less vulnerable cluster compared to Cluster 1.

https://doi.org/10.1371/journal.pone.0324171.g004
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cluster

cluster

Argentina, Brazil, Chile, Colombia, Costa Rica, Mexico, Panama, and Uruguay. In contrast,
cluster 1 comprises Bolivia, Dominican Republic, Ecuador, El Salvador, Guatemala, Haiti,
Honduras, Nicaragua, Paraguay, and Peru.

In Fig 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. Further-
more, it is possible to observe that cluster 1 has a younger population than cluster 0, in addi-
tion 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 refer to cluster 0 as the less vulnerable countries and to cluster 1
as the more vulnerable ones.

An association analysis using the LMIC (Low- and Middle-Income Countries) classifica-
tion from the World Bank revealed that the less vulnerable cluster contains more high-income
countries. In contrast, the more vulnerable cluster includes lower-middle-income countries.
This further corroborates the naming of the clusters as less and more vulnerable, reinforcing
the socio-economic distinctions between them.

p-value: 0.033
0- o{ J
—
L
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]
o
24 26 28 30 32 34 36 0 5 10 15 20
median age of the population share of the population living in extreme poverty
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Fig 5. Boxplot of socioeconomic and demographic characteristics by cluster. Cluster 0 is a less vulnerable cluster compared to Cluster 1.

https://doi.org/10.1371/journal.pone.0324171.g005
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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 [18,23]. Therefore, a lag was applied between deaths and explanatory
varijables, which are interventions per cluster, where 21 to 49 days lags were tested for each
cluster. The lags chosen for each cluster were:

o 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 ones.

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 modelling were school closures, restrictions on the size of meet-
ings between people, closure of public 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,
varijation in mobility in parks, variation in mobility in public transport, variation in mobil-
ity in places of work, variation in mobility in residential locations, percentage of the popula-
tion 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, four models were constructed, and the SHAP Values technique was applied to
each one of them:

Pre-vaccination period for the less vulnerable countries
Pre-vaccination period for the less vulnerable countries
Post-vaccination period for the more vulnerable countries
Post-vaccination period for the more vulnerable countries

Ll

Analysis of the contribution of each feature per cluster

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 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.

In Fig 6 it was possible to observe that containment measures were the most influential
in the less vulnerable countries, however through Fig 7 it is possible to observe that their rel-
evance was driven mainly by the closure of public transport and schools, C5_Close pub-
lic transportandCl_School closing_Agrup respectively. The most important
variables for the most vulnerable countries were the variation in mobility in residential areas
and the closure of public transport, residential_percent_change_from_baseline
and C5_Close public transport. The closure of public transport was relevant in
both clusters.
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Normalized Mean Absolute SHAP Value

More vulnerable countries

Less vulnerable countries

Pre-vaccination

Containment measures
Economic support
Mobility

0.0

0.8 1.0

0.2 0.4 0.6

Fig 6. Normalized SHAP Values by cluster representing the relative importance of different features in more and less
vulnerable countries. The larger the bar size, the greater the association with COVID-19 mortality

https://doi.org/10.1371/journal.pone.0324171.9006

Pre-vaccination

Less vulnerable countries

C5_Close public transport

C1_School closing_Agrup
transit_stations_percent_change_from_baseline
E2_Debt/contract relief
residential_percent_change_from_baseline
workplaces_percent_change_from_baseline
C7_Restrictions on internal movement
parks_percent_change_from_baseline
E1_Income support
grocery_and_pharmacy_percent_change_from_baseline
C6_Stay at home requirements_Agrup -I0-0006

C4_Restrictions on gatherings_Agrup ~|0.0005

W Containment measures
I Economic support
B Mobility

T
0.000 0.005

T T T
0.010 0.015 0.020

Feature importance - Mean absolute SHAP Value

More vulnerable countries

residential_percent_change_from_baseline

C5_Close public transport
transit_stations_percent_change_from_baseline
workplaces_percent_change_from_baseline
E2_Debt/contract relief
parks_percent_change_from_baseline
grocery_and_pharmacy_percent_change_from_baseline
C7_Restrictions on internal movement

C6_Stay at home requirements_Agrup 4 0.0004

C1_School closing_Agrup 4 0.0003

C4_Restrictions on gatherings_Agrup 40.0001 mmm Containment measures
[ Economic support

E1_Income support {0.0001
. Mobility

T T T T
0.005 0.010 0.015 0.020
Feature importance - Mean absolute SHAP Value

L,
0.000

Fig 7. Absolute mean SHAP value per cluster for the pre-vaccination period. The numerical values next to each bar indicate the importance of the feature. Higher
values reflect a greater association with COVID-19 mortality

https://doi.org/10.1371/journal.pone.0324171.g007

Fig 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 vulnerable 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.

In Fig 9, it is possible to observe that in the pre-vaccination period, debt relief and
economic support, E2_Debt/contract reliefandEl_Income support
respectively, are associated with reducing mortality from COVID-19 in less vulnerable
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Position in the feature importance ranking

Pre-vaccination

Containment measures residential_percent_change_from_baseline (4 positions 1)
[ Economic support
mEE Mobility

transit_stations_percent_change_from_baseline (0 positions)

workplaces_percent_change_from_baseline (2 positions

parks_percent_change_from_baseline (2 positions 1)

grocery_and_pharmacy_percent_change_from_baseline (3 positions 1)
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Fig 8. Ranking position of feature importance for each cluster in the pre-vaccination period. The numbers next to each feature
indicate the change in its importance ranking, with arrows showing the direction of this change (up arrows indicating increase and
down arrows indicating decrease)

https://doi.org/10.1371/journal.pone.0324171.g008

countries. Some counterintuitive results indicate that the closure of public transport, the
closure of schools, the increase in mobility in public transport stations, the increase in mobil-
ity in work areas, parks, stores, and pharmacies, and the restrictions on the size of meetings,
C5_Close public transport,Cl_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 increased mortality.

For more vulnerable countries, unlike less vulnerable countries, the debt relief variable,
E2_Debt/contract relief, isassociated with increased mortality. The variation in
mobility in residential areas, residential_percent_change_from_baseline,is
the most important feature of the model, but it is always associated with an increase in mor-
tality. The variation in mobility at transport stations, transit_stations_percent_
change_from_baseline, is mainly associated with a reduction in mortality, as is the
variation in mobility in parks, markets, and pharmacies, parks_percent_change_
from_baselineand grocery_and_pharmacy_percent_change_from_
baseline respectively.
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Fig 9. SHAP Values per cluster in the pre-vaccination period show each feature’s importance on COVID-19 mortality.
X-Axis (SHAP Value) represents the contribution of each feature to the predicted COVID-19 mortality rate, where positive
values indicate an increase in predicted mortality and negative values indicate a decrease in predicted mortality. Y-Axis lists
the input features ranked by importance (average absolute SHAP value), with the most impactful features at the top. Color
Gradient (blue to pink) represents the feature value for each country or observation, where pink indicates high feature
values and blue indicates low feature values. Each dot corresponds to a specific country, showing how the value of a feature
for that country influenced the model’s prediction of mortality

https://doi.org/10.1371/journal.pone.0324171.g009

Post-vaccination period. Fig 10 shows that the vaccination coverage variable in the post-
vaccination period was the most important in less vulnerable countries. However, the most
important variables for more vulnerable countries were the containment measure variables,
followed by the mobility variables.

As seen in Fig 11, the vaccination variable, people_at_least_two_doses_
vaccinated_per_population, in the least vulnerable countries is much more rele-
vant than the others. Although in the most vulnerable countries, the most important type of

Post-vaccination

[ 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

Fig 10. Normalized SHAP Values by cluster representing the relative importance of different features in more and less
vulnerable countries. The larger the bar size, the greater the association with COVID-19 mortality

https://doi.org/10.1371/journal.pone.0324171.g010
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Fig 11. Absolute mean SHAP value per cluster for the post-vaccination period. The numerical values next to each bar indicate the importance of the feature.

Higher values reflect a greater association with COVID-19 mortality

https://doi.org/10.1371/journal.pone.0324171.g011

variable is containment measures, the variable that drives this importance is the requirement
to stay at home, C6_Stay at home requirements_Agrup. In the most vulnerable
countries, the variables of stay at home requirements are more important than the vaccination
coverage variable. In the least vulnerable countries, the most important containment measure
was C1_School closing_Agrup.

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 more vul-
nerable and the least for the less vulnerable countries. Furthermore, the vaccination vari-
able, people_at_least_two_doses_vaccinated_per_population, drops one
position in the importance ranking of more vulnerable countries, as seen in Fig 12.

In Fig 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 associated with a reduction in mortality from
COVID-19 in both less and more vulnerable countries. However, for more vulnerable coun-
tries, it is possible 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.

Applying the SHAP Values technique to the four models revealed significant 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 containment measures emerged as the most important vari-
ables in less vulnerable countries, more vulnerable countries were mainly characterized
by mobility variables. Although containment measures proved important in less vulnera-
ble countries, their importance was driven mainly by the closure of public transport 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
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Fig 12. Ranking position of feature importance for each cluster in the post-vaccination period. The numbers next to each feature
indicate the change in its importance ranking, with arrows showing the direction of this change (up arrows indicating increase and
down arrows indicating decrease)

https://doi.org/10.1371/journal.pone.0324171.g012

varijable in less vulnerable countries, reflecting the tangible benefits of vaccination in reduc-
ing mortality. Conversely, more vulnerable countries continued to be influenced mainly by
containment measures and mobility variables. Some hypotheses for this are that less vul-
nerable countries have greater access to vaccines or 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 between increased deaths and public
transport closures. A limitation of the current model is that it does not account for causality
between variables. However, the lag was used to model the potential time course of the inter-
vention effect.

Some hypotheses for these counterintuitive results are: the closure of public transport,
for instance, may have hindered access to essential services, such as hospitals and healthcare
clinics, especially for more vulnerable populations. Additionally, alternative transportation
methods, such as carpooling or shared vehicles, may have increased exposure to the virus,
contributing to higher mortality rates.

In the case of school closures, redistributing children’s and adolescents’ time to other envi-
ronments, such as more intense domestic interactions or informal gatherings in uncontrolled
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Fig 13. SHAP Values per cluster in the post-vaccination period show each feature’s importance on COVID-19 mor-
tality. X-Axis (SHAP Value) represents the contribution of each feature to the predicted COVID-19 mortality rate, where
positive values indicate an increase in predicted mortality and negative values indicate a decrease in predicted mortality.

Y- Axis lists the input features ranked by importance (average absolute SHAP value), with the most impactful features at the
top. Color Gradient (blue to pink) represents the feature value for each country or observation, where pink indicates high
feature values and blue indicates low feature values. Each dot corresponds to a specific country, showing how the value of a
feature for that country influenced the model’s prediction of mortality

https://doi.org/10.1371/journal.pone.0324171.g013

settings, may have increased the risk of transmission within households or communities
lacking adequate support to implement protective measures. Similarly, increased mobility
in public areas, such as transport stations, parks, markets, and pharmacies, can be explained
by a relaxation in adopting protective measures, such as mask use and social distancing. It is
also possible that these areas attract economically active populations or individuals depen-
dent on in-person work, who are more exposed to the virus and often have limited access to
healthcare.

Furthermore, the association between economic support and lower mortality in less vul-
nerable countries can be explained by structural and institutional factors. In these countries,
more robust institutions allow for the efficient implementation of economic programs, reach-
ing the population in a timely and comprehensive manner. More resilient healthcare systems
and higher formal employment rates facilitate more significant benefits for the population,
amplifying the positive impact of economic support.

On the other hand, in more vulnerable countries, the effectiveness of economic support
is limited by more profound structural inequalities, high levels of informality in the labor
market, and insufficient resources. Program implementation is often delayed or has restricted
coverage, and the benefits provided may not be sufficient to meet the basic needs of large
segments of the population. These factors help explain the lack of an association between eco-
nomic support and reduced mortality in these countries, emphasizing the need for policies
adapted to the local context.

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 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.
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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. They were selected based on their recognized experience and contribution to
the medical field, possessing extensive understanding and knowledge on the subject under
analysis. The experts of these panels revealed several 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 establish-
ing 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 dis-

tort the results. [24] addresses the complexity and diversity of innovative lockdown mea-
sures during the COVID-19 pandemic. The authors highlight that while several localities
have lockdown measures in place, they vary significantly in terms of definition and applica-
tion, 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 socioeco-
nomic 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 gener-
alizing 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 [24]. 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 was important in reducing mortality from COVID-19, especially in less vulner-
able countries. However, it was also highlighted that the availability of and access to vaccines
varied significantly among regions, influencing the effectiveness of vaccination campaigns.
Three experts highlighted reducing inequity in access to the vaccine as a priority for future
vaccination campaigns.

Economic support during the pandemic was also widely discussed. Two 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 is in these less
vulnerable countries”, 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 shed light on issues 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, it
is worth further deepening the research to formulate 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 result towards defining
a Public Health policy was that vaccination coverage was associated with a reduction in
COVID-19 mortality in both groups of countries and that economic support was associated
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with a decrease in COVID-19 mortality only in the less 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 based on the results of the COVID-19 pandemic analysis. The need for care-
ful and contextualized analysis was widely recognized, considering regional heterogeneity and
the relationship between correlation and causality. In addition, the importance of vaccination
as an essential tool to mitigate the impacts of the pandemic was highlighted.

Feedback from public health experts was incorporated into the review of the research.
These experts highlighted the need to make the distinction between correlation and causa-
tion explicit, particularly about the effectiveness of public policy interventions during the
pandemic. They also highlighted the importance of considering regional heterogeneity and
socioeconomic implications in their analyses, which led to a more critical review of the rec-
ommendations. This interaction with experts reinforced the robustness of the results and
broadened the discussion on their practical implications in diverse socioeconomic settings.

Conclusion

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. Two
distinct groups of countries were detected, one characterized by a greater vulnerability than
the other.

For the second objective of the research, the best lag between interventions (vaccination
coverage, containment measures, economic support, and population mobility) and mor-
tality from COVID-19 was determined as a time interval of 49 days for the less vulnerable
countries, and of 21 days for the more vulnerable ones.

For the third research objective, we identified the most important interventions 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 mortal-
ity in the less vulnerable countries. In contrast, the variation in population mobility was high-
lighted for the more vulnerable countries. In the post-vaccination period, the most important
interventions for mortality in the less vulnerable countries were vaccination coverage, while
containment measures impacted the more vulnerable countries more.

Finally, the fourth objective, which aimed to provide insights into the definition of new
Public Health guidelines for future respiratory diseases, was not fully achieved. The study did
not succeed in proposing new public policies; however, health experts stated that, despite the
results being counterintuitive, they bring new insights that spark relevant discussions and
enrich the scientific debate on the topic. The main findings include two significant results: (1)
vaccination coverage was consistently associated with a reduction in COVID-19 mortality in
both groups of countries, highlighting vaccination as a critical factor in saving lives regard-
less of the level of vulnerability, and (2) economic support was associated with a reduction in
COVID-19 mortality only in less vulnerable countries, suggesting that these countries had the
financial capacity to implement more effective support measures. These findings underscore
the importance of specific structural conditions for the effectiveness of Public Health inter-
ventions. In light of the unexpected and counterintuitive results, future work will apply XAl
(Explainable AT) techniques and causal inference analyses to deepen the understanding of the
dynamics observed in the study and enable further advances in the field.

Fig 14 summarizes the objectives and key findings of the study presented in this conclu-
sion, providing a visual overview of the analyses conducted and the results obtained.
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Fig 14. Summary of study objectives and key findings.
https://doi.org/10.1371/journal.pone.0324171.9014

Although the research identified significant associations between the variables, it is essen-
tial to clarify that this study exclusively addresses correlation, not causation. The observed
relationships may be influenced by uncontrolled confounders or omitted variables that simul-
taneously affect the variables of interest. Causal inference techniques were not applied in this
study; however, future analyses could use such methodologies to further and more accurately
explore the results obtained, helping to distinguish between observed associations and poten-
tial causal relationships. Additionally, it is important to highlight the difficulty of isolating the
effects of different interventions due to the simultaneity of the measures analyzed.

One point of discussion in the research is the heterogeneity of the regions studied and
its impact on the generalization 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 generalization 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 Healthcare systems.

An important limitation of this study is the potential influence of confounding variables,
such as healthcare infrastructure, testing rates, and potential reporting biases in the analyzed
countries. These variables may impact both the relationship between the interventions ana-
lyzed and mortality and the interpretation of the results. For instance, countries with more
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robust healthcare systems may exhibit lower mortality rates regardless of implemented inter-
ventions. In contrast, limited testing rates might underestimate the actual number of cases
and deaths, distorting observed associations. We acknowledge that the absence of direct
adjustments for these variables may introduce biases into the results, and we suggest that
future studies incorporate these considerations to deepen the understanding of the analyzed
relationships.
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