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Abstract

Background The COVID-19 pandemic displayed notable disparities in infection and mortality rates across
populations, yet socioeconomic factors remain underexplored in many analyses. This study leverages an individual-
level dataset from Cali, Colombia, detailing COVID-19 cases, vaccination histories, and mortality outcomes, to examine
spatiotemporal vaccination patterns and their effects on mortality.

Methods Using a Bayesian two-part model with generalized linear mixed models, the analysis accounts for
endogenous selection, individual heterogeneity, and spatial-temporal dependencies.

Results The findings highlight significant socioeconomic inequalities in vaccination coverage: individuals from
higher socioeconomic strata were more likely to receive full vaccination regimens and booster doses, while those
from lower strata faced reduced vaccination coverage and elevated mortality risks. Employment, socioeconomic
status, and ethnicity emerged as key predictors of vaccination propensity and mortality, disproportionately
disadvantaging vulnerable groups.

Conclusions These results stress the need for equitable vaccine distribution and targeted interventions to address
disparities and enhance public health outcomes.
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Introduction

The COVID-19 pandemic has highlighted pre-existing
health inequalities, particularly for those subjects or
groups living in more socioeconomically disadvantaged
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hospitalization, Intensive Care Unit (ICU) admission,
and/or mortality. Many studies have analysed these
associations (see systematic review [1]), but most pres-
ent methodological limitations that prevent and solid
conclusions from being drawn. Even studies with fewer
limitations have not consistently shown a protective or
attenuating effect of meteorological factors, contrary to
initial hypotheses proposed during the early stages of the
pandemic (see systematic reviews [6, 7] and meta-analy-
sis [8]). In contrast, research on air pollution has yielded
more consistent results, with higher exposure levels asso-
ciated with increased COVID-19 incidence and mortal-
ity. However, air pollutants often act as proxies for other
underlying variables such as residential mobility patterns
or socioeconomic conditions - including overcrowded
housing, occupations that do not permit remote work,
and reliance on public transportation [9, 10].

Socioeconomic inequalities also appear to play a cru-
cial in understanding disparities in vaccination coverage.
Access barriers such as the distance to vaccination sites,
inflexible work schedules, lack of internet access, or the
absence of paid leave disproportionately affect low-SES
populations [11, 12]. In a multinational study covering
14 countries, Arsenault et al. [13] found that healthcare
utilisation, having a regular provider, and receiving pre-
ventive services (indicators of higher SES) were posi-
tively associated with vaccination uptake. Conversely,
unmet healthcare needs and discrimination, more com-
mon among disadvantaged populations, reduced vac-
cination likelihood. Institutional trust also plays a role:
Lansford et al. [14] reported that confidence in govern-
ment responses correlates with higher vaccination and
lower hesitancy, while Cantet et al. [15] showed that trust
in institutions such as the police, military and church, as
well as perceived infection risk, influenced vaccination
behaviour in rural Colombia. Moreover, belief in conspir-
acy theories significantly contributed to vaccine refusal,
as demonstrated by Caycho-Rodriguez et al. [16] across
several Andean countries.

Latin America and the Caribbean accounted for
roughly 25% of global COVID-19 deaths as of December
2023, despite comprising only 8% of the world’s popula-
tion [17]. While some countries achieved high vaccina-
tion coverage (Chile 90.80%, Brazil 86.75%, Peru 85.15%,
Ecuador 80.20%), the regional median for complete vac-
cination stood at just 57% (Q1: 48%, Q3: 81%), with Ven-
ezuela, Bolivia, Paraguay, Guyana and Suriname lagging
behind [17].

Colombia experienced one of South America’s highest
COVID-19 burdens, ranking third in incidence and sixth
in mortality [17-19]. By June 21, 2023, it had reported
6,371,090 confirmed cases (13,204 per 100,000 inhabit-
ants) and 142,794 deaths (296 per 100,000)25. By April
2023, complete vaccination coverage reached 71.73%,
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placing Colombia 11th among 28 Latin American coun-
tries [17]. This moderate coverage may be linked to social
unrest in 2021 and challenges in vaccine access [18, 19].

Cali, the capital of the Valle del Cauca department, is
the third-largest population in Colombia, with 2,205,615
inhabitants in 2018 (after Bogota with 7,412,566 inhabit-
ants and Medellin with 2,533,424), a density of 3,936.50
inhabitants per km? in the municipal area and 18,243.3
inhabitants/km? in the urban area [20]. The urban area
of the city is administratively organized into 22 comunas’
which, in turn, are divided into neighbourhoods. In total,
Cali has 332 neighbourhoods. Comuna 19 contains the
greatest number of neighbourhoods (33 neighbourhoods)
while comuna 1 has the fewest (1 neighbourhood).

In June 2023, although Cali had a cumulative incidence
(18,442 per 100,000 inhabitants) and mortality (405
deaths per 100,000 inhabitants) that was lower than the
other two largest cities in Colombia (cumulative inci-
dence equal to 25,472 in Bogotd and 21,741 in Medellin;
mortality equal to 409 deaths in both Bogotd and Medel-
lin, all figures per 100,000 inhabitants), it was consider-
ably higher than the figures for Colombia [21]. That said,
the fatality rate in Cali was much higher (2.20%) than in
Bogotd and Medellin (1.60% and 1.88%, respectively) and
quite like that of Colombia as a whole (2.24%) [21]. This
discrepancy is likely explained by the greater inequality
to be found in Cali than in other cities in Colombia. To
that effect, the urban area of Cali has the highest percent-
age of Afro-Colombian population (30.80% compared to
10.70% in the rest of Valle del Cauca), by far exceeding
any other regions in Colombia, including the depart-
ments of Bolivar (11.50%) and Chocé (8.90%) which are
traditionally areas of Afro-Colombian population [22].
On the other hand, more than half of Cali’s population
is concentrated in low socioeconomic neighbourhoods
located mainly in the east, northeast, and west, and
almost a tenth of the population below the poverty line
is concentrated in the eastern neighbourhoods of the city
[21].

In Cali, the pandemic initially affected higher-SES areas
but later shifted to densely populated, low-income neigh-
bourhoods with high levels of informal employment [23].
Two previous studies using SIVIGILA data analysed spa-
tiotemporal incidence: Dong et al. [24] applied a non-sta-
tionary point process model with a neural network-based
kernel, while Arango-Londoio et al. [25] used a Besag-
York-Mollié (BYM) model [26] to examine neighbour-
hood-level disparities. Both studies focused on incidence
and assumed that missing data, such as socioeconomic
indicators at the comuna level (an administrative subdivi-
sion of a city, roughly equivalent to a district or borough),
were random, potentially overlooking selection bias aris-
ing from missing addresses.
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Against this backdrop, our study analyses the spatio-
temporal variability of COVID-19 vaccination and mor-
tality in Santiago de Cali, Colombia (hereinafter Cali), a
city marked by pronounced socioeconomic inequalities.

Most importantly, our study makes a novel method-
ological contribution by integrating bias correction for
endogenous selection into a Bayesian spatiotemporal
modelling framework. Many individuals lacked residen-
tial address information, and this missingness is likely
related to sociodemographic and socioeconomic fac-
tors that also influence COVID-19 outcomes. Failure
to account for this results in inconsistent estimators
[27, 28]. Unlike previous research [24, 25], we explicitly
model the probability of being observed (i.e. of reporting
a residential address) and use this to obtain unbiased and
consistent estimates. By combining spatiotemporal mod-
elling with bias correction, we provide more reliable and
spatially nuanced estimates of how socioeconomic status,
occupation and ethnicity affect COVID-19 outcomes.

The primary objective of this study is to examine the
spatiotemporal distribution of COVID-19 vaccination in
Cali while explicitly accounting for endogenous selection
bias. A secondary objective is to evaluate the protective
effect of vaccination against COVID-19-related mortality.
By addressing a critical methodological gap and apply-
ing advanced spatial modelling techniques, this research
offers new insights and contributes to the development of
more accurate and equitable public health strategies.

Our results provide clear evidence of endogenous
selection in vaccination patterns, underscoring the
importance of accounting for this bias in epidemiologi-
cal analyses. We observed significant socioeconomic
inequalities in vaccination coverage levels, with higher
socioeconomic strata demonstrating better coverage
(including booster doses and complete regimens) while
lower strata showed reduced coverage and greater mor-
tality rates. After implementing corrections for selection
bias, our models confirmed that occupation, socioeco-
nomic status, and ethnicity significantly influenced both
vaccination probability and mortality risk, with particu-
larly adverse effects on vulnerable population groups.

Our study differs from previous research in sev-
eral important aspects. First, it covers a more extensive
observation period, from March 2020 to May 2022. Sec-
ond, it examines both vaccination patterns and mortal-
ity outcomes, rather than focusing solely on incidence.
Third, and most crucially, this study makes an original
methodological contribution by integrating bias correc-
tion for endogenous selection into a Bayesian spatio-
temporal modelling framework. By explicitly modelling
the probability of observation (reporting a residential
address) alongside health outcomes, we correct for non-
random missingness—a key but often overlooked source
of bias in health geography studies—and thus produce
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more reliable and spatially nuanced estimates of COVID-
19 outcomes. By combining spatiotemporal modelling
with bias correction, we provide more reliable estimates
of how SES, occupation and ethnicity affect COVID-19
outcomes.

Methods

Study design and setting

We used a mixed longitudinal design with the unit of
analysis being the individual. Specifically, our study pop-
ulation consisted of residents in Cali who were diagnosed
with COVID-19, and officially registered, between March
11, 2020, and May 19, 2022; shortly before the Colombian
government declared the end of the COVID-19 Health
Emergency on July 1, 2022.

We used individual-level data from Colombia’s National
Public Health Surveillance System (SIVIGILA) [29], col-
lected daily by Cali’s Municipal Public Health Secretariat
[30]. The dataset includes laboratory-confirmed COVID-
19 cases (defined via PCR or antigen test), diagnosis dates
and geographic coordinates of residence.

In Cali, health facilities, laboratories and local health
authorities are legally mandated to report confirmed
COVID-19 cases to the Municipal Public Health Sec-
retariat, which in turn transmits the information to the
National Institute of Health via the SIVIGILA platform.
Data are collected using standardised forms and proto-
cols that include demographic, clinical and geographic
information, and undergo routine quality checks before
integration into the national database.

After excluding 233 records corresponding to subjects
who did not have the date of their COVID-19 diagnosis,
and 830 records corresponding to subjects who declared
they did not reside in Cali, we were left with a sample of
380,562 subjects [31]. This figure represented 99% of the
385,529 confirmed positive cases of COVID-19 between
March 2020 and May 2022, according to the Behavioural
Surveillance Group for Events of Public Health Interest of
the Cali Municipal Public Health Secretariat [32].

Variables
Outcome variables
We considered two sets of outcome variables: vaccination
variables and deaths. As vaccination variables we con-
sidered: (i) only one dose: if the subject received a single
dose of the vaccine (except Janssen/J&]J); (ii) full-sched-
ule: if the subject received two doses of Pfizer-BioNTech,
Moderna, Oxford-Astra-Zeneca and Sinovac-Coronavac
and one dose of Janssen/J&J; and (iii) booster: whether
the subject received a third or fourth booster dose. When
modelling, we did not distinguish between the different
COVID-19 vaccines administered in Colombia.

We also analysed deaths, that is, if the subject had died
during the study period, but without distinguishing the
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actual cause of death. In this case, we excluded those sub-
jects who died within a period of less than one month
after their first vaccination.

Note that, in turn, the vaccination variables, in addition
to being output, are the exposure variables for the mor-
tality output.

Explanatory variables
The original database contained 131 variables. For the
present study, we implemented a systematic selection
process to identify those most relevant for analysing vac-
cination and mortality outcomes. We prioritised vari-
ables capturing key domains of public health relevance,
including comorbidities, timing of health events, socio-
demographic characteristics, and residential location.
This approach ensured that the variables retained were
directly aligned with our study objectives and provided
a clear basis for modelling both vaccination uptake and
COVID-19-related mortality.

We included explanatory variables at the individual
level and at the contextual level (neighbourhood).

At the individual level:

+  Sex (male — reference category-, female).

+  Age (categorized as under 15 years old, 15-24 years
old — under 25 years old was the reference category-,
25-34 years old, 35—44 years old, 45—54 years old,
55—64 years old, 65—74 years old and 75 years old or
older).

+ Comorbidities: (presence or not - reference - of
any comorbidity) hypertension, diabetes, asthma,
cardiovascular disease, chronic obstructive
pulmonary disease (COPD), cancer, kidney failure,
hypothyroidism; obesity (no -reference category-,
yes); smoker (no — reference category-, yes).

+ Type of insurance (public or private - reference
category-, SISBEN).

+  SISBEN (acronym of ‘Sistema de Identificacion
de Potenciales Beneficiarios de Programas Sociales’
in Spanish) [33] is a fully-subsidized public health
insurance for populations in extreme or moderate
poverty, and/or vulnerable populations. The public
regime is a contribution-based insurance for the
general population not covered by the SISBEN but
partially funded by the state. The private regime is a
voluntary and fully-paid insurance additional to the
public coverage.

+  Occupation (elementary jobs/services - reference
category-, professionals, administrative assistant,
service/sales workers, technicians/associated
professionals, manual workers, students, armed
forces/police/security/protection, retired,
unemployed).
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+  Ethnicity (White - reference category-, Afro-
Colombian Raizal/Indigenous/Gypsy).

All individual-level data were obtained from SIVIGILA
[29].
At a contextual (neighbourhood) level:

+ Socioeconomic strata in which the subject lives (1
Low - reference category-, 2 Middle/low, 3 Middle, 4
Middle-high, 5 High, 6 High-high).

+ In Colombia, the socioeconomic stratification
system is a classification method used by the
government to categorize residential properties
based on physical and environmental characteristics.
It assigns households to one of six strata (1 to 6),
where Stratum 1 represents the lowest-income and
most disadvantaged households, and Stratum 6
includes the most affluent. This system is primarily
used to allocate subsidies and set utility rates,
ensuring that lower-income households receive
financial support for basic services like water,
electricity, and gas.

+ The socioeconomic strata variable classifies
residential properties into strata to differentially
charge home public services, where those with
higher economic capacity pay more for public
services and thus contribute to lower strata
receiving subsidies on their bills (classification
in six groups, where strata 1 corresponds to the
most disadvantaged and strata 6 to the least
disadvantaged) [20, 34].

Information of the socioeconomic strata of the subject
was obtained from SIVIGILA [29].

Variables at the neighbourhood level where the subject
resided.

+  Unmet basic needs index.

+ The unmet basic needs index (UBN) is a
multidimensional poverty measure developed and
applied by DANE (Departamento Administrativo
Nacional de Estadistica) to identify households
in conditions of structural poverty based on the
deprivation of fundamental living conditions [34, 35].
The index classifies a household as ‘poor’ if it meets
at least one unsatisfied basic need across five specific
dimensions: Housing quality and materials; Housing
overcrowding; Access to basic public services;
School attendance; and Economic dependency.

If a household experiences one or more of these
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conditions, it is counted as having unsatisfied basic
needs. The index is widely used in Colombia for the
design and evaluation of social policies, particularly
for targeting vulnerable populations.

+  Percentage of subjects aged 20 to 59 years.

+  Percentage of subjects aged 70 to 79 years.

+  Percentage of subjects aged 80 or older.

+  Percentage of Afro-Colombians.

+  Proportion of people over 60 years of age who live
in single-person households.

+  Proportion of households in overcrowded
bedrooms.

+  Population density of the block.

All variables at the neighbourhood level where the
subject resided were obtained from the microdata of
the 2018 National Population and Housing Census for
Colombia [20], the most recent at the time of writing this
paper.

Prior to model fitting, we assessed collinearity using
pairwise correlations and examined its impact on model
stability. This assessment revealed severe collinearity
among several contextual variables (see Table S1 and
Figure S1 in the Supplementary Information), which
resulted in unstable parameter estimates and, in some
instances, changes in coefficient sign.

To mitigate these issues, we adopted a parsimoni-
ous modelling strategy and retained only those contex-
tual variables that exhibited lower mutual correlation
and produced stable estimates when jointly included.
The final set comprised neighbourhood socioeconomic
strata, the percentage of the neighbourhood population
aged 20-59 years, and the percentage of the population
aged 60 years or older living in single-person households.

Although unmet basic needs is a commonly used socio-
economic indicator, it is a composite measure that was
highly correlated with most other contextual variables
considered, capturing much of their shared variability.
Its inclusion alongside those variables did not contrib-
ute additional independent information and substantially
exacerbated collinearity; therefore, it was excluded from
the final models.

The percentage of the neighbourhood population aged
20-59 years, and the percentage of the population aged
60 years or older living in single-person households were
categorized into quartiles and we took the first quartile
as the reference category. For socioeconomic strata, the
reference category was ‘Low’.

Bias

We did not have the residential addresses of a third of the
subjects (125,294). This implies that there was a clear risk
of information bias if this missingness was systematically
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related to socioeconomic or health factors. In fact, the
lack of information explaining the unavailability of the
residential data suggested reasonable suspicion that it
was not missing at random. To investigate this further
by using the data available, the cumulative incidence of
COVID-19, per 100,000 inhabitants, rate by comuna
from March 2020 to May 2022 (Fig. 1) was compared
with that reported for the same period by Cali’s Health
Department in its epidemiological reports [30]. It was
observed that comuna 21 was located in a lower quartile
than reported by Cali’s Health Department, while comu-
nas 6 and 10 were located in higher quartiles. All three
comunas misplaced in the observed data were in neigh-
bourhoods mainly characterized by low economic condi-
tions (strata 1 to 3 on the map on the right of Fig. 1). That
is, the absence of residential address data among subjects
could not be randomly distributed and, consequently,
certain unobserved factors that might account for the
lack of this specific information among subjects could be
correlated with the outcomes.

To correct for this endogenous selection bias, we used
a two-part model [27, 28]. Our two-part model is con-
ceptually similar to Heckman’s selection models (but
within a Bayesian framework). In the first part we esti-
mated the probability that a subject had been observed
(that is, reported a residential address). These probabili-
ties were then used as weights in the second part of the
model where we estimated the probability of occurrence
of the outcome variables.

That is to say,

~

eli

weight; = s
eni

where i denoted subject; and 77; was the linear predic-
tor of the first part of the model. That is, the weights are
the probabilities (estimated in the first part of the model)
that a subject was present in the sample (i.e. that there
was information about their address).

Then, the likelihood of the second part of the model
was defined as:

Prob (yi|...)
= weight; 1, + (1 — weight,)
xBinomial (y;|y; > 0)

where y; denoted the dependent variable of the second
part of the model.

These two parts were estimated simultaneously in a
Bayesian model [28] based on the Integrated Nested
Laplace Approximation (INLA) [36-38]. The idea is to
use the facilities of this approach to model a multivari-
ate response variable composed of two processes. Each
of the processes has its linear predictor that may or may
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Fig. 1 Cumulative incidence of COVID-19, per 100,000 inhabitants, between March 2020 and May 2022 by comuna’for subjects with available residential
address (left) and strata of the neighbourhood (right). The map on the left identifies each‘comuna’ (with numbers). In the map on the left, the quartiles of
the distribution of the cumulative incidence are represented in different colours (Q1 first quartile, Q2 second quartile, Q3 third quartile, Q4 fourth quartile).
The socioeconomic strata, represented on the map to the right, is categorized into six groups, where strata 1 corresponds to the most disadvantaged
and strata 6 to the least disadvantaged. Own construction based on data from SIVIGILA (incidence of COVID-19) and DANE (socioeconomic strata). SIV-
IGILA. Sistema Nacional de Vigilancia en Salud Publica [in Spanish] [Available at: https://portalsivigila.ins.gov.co, last accessed on March 28, 2024]. DANE.
Departamento Administrativo Nacional de Estadistica. Unmet basic needs [Available at: https://www.dane.gov.co/index.php/estadisticas-por-tema/pob
reza-y-condiciones-de-vida/necesidades-basicas-insatisfechas-nbi, last accessed on December 16, 2024]

not share explanatory variables, but what is important is
that they share a random effect that includes those unob-
servable factors that would explain both probabilities (of
reporting the residence and of the occurrence of the out-
come variable).

Statistical methods
Maps of risk
To evaluate the existence of a geographical pattern in vac-
cination, we first represented the smoothed odds (sOdds)
on a map of Cali. In particular, we smoothed the only-one
dose odds (probability of only-one dose versus no vacci-
nation); full-schedule (probability of complete regimen
versus only-one dose); and booster (probability of booster
versus that of full-schedule). To estimate the sOdds, we
specified a generalized linear mixed model (GLMM)
with a binomial link (equivalent to a logistic regression),
without including explanatory variables, but controlling
for extra variability by including various random effects.
These random effects captured individual, neighbour-
hood and temporal dependencies and were incorporated
simultaneously from the outset of the model specifica-
tion, rather than being entered sequentially.

We assumed that conditional to the true risk for sub-
ject i, the occurrence of the vaccination outcome vari-
ables (Y;; 0 no, 1 yes) was distributed as a binomial,

o Prob(Y; =1)
& 1— Prob(Y; =1)
=08o+ vi+S(neighbourhood;) + 7

Prob(Y;=1)

T—Prob(v.=1) Were the odds.

where

We included three random effects in the models.

The first random effects, v ;, were indexed on the sub-
ject. These random effects were unstructured (indepen-
dent and identically distributed random effects), and
captured individual heterogeneity, i.e., unobserved con-
founders specific to the subject and invariant in time.

We also included structured random effects to control
spatial dependency, S (neighbourhood,), where neigh-
borhood was the neighborhood of the subject’s residence.
That is to say, the fact that small areas that are close in
space show more similar values of the outcome variables
than areas that are not close.

To control the temporal dependency we used struc-
tured random effects (random walk of order one) indexed
on time (week in which the subject was vaccinated),
7 ¢ . Following the INLA approach [36-38] when, as in
this case, the random effects are indexed on a continuous
variable, they can be used as smoothers to model non-
linear dependency on covariates in the linear predictor.

Random effects were defined using a multivariate
Gaussian distribution with a zero mean and precision
matrix kX, where k was a constant, and ¥ was a matrix
that defined the dependence structure of the random
effects [36—38]. In unstructured random effects, £ was
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a diagonal matrix of 1s; and in random walk random
effects, £ was defined assuming that increments (in rwl,
A u; = uy — uy_1) followed a Gaussian distribution with
a zero mean and a constant precision k [38].

The spatially structured random effect S was normally
distributed with a zero mean and a Matérn covariance
function [39]:

Cov (S (x;),S (z4r))

0.2

= =y (Kl =2 ) Ko (k=)
where K, is the modified Bessel function of the sec-
ond type and order v > 0. v is a smoother parameter,
o2 is the variance, and x > 0 is related to the range
(p = /8 v /k), the distance to which the spatial correla-
tion is close to 0.1.

We represented the sOdds on the map of Cali by neigh-
bourhoods in two different subperiods: until August 31,
2021, which corresponds to Phase 5 of the vaccination
scheme in Colombia [40] (the entire population aged 12
years or older was allowed to be vaccinated); and from
August 31, 2021 until the end of the period studied (on
November 24, 2021, Phase 1 of booster doses began).

We also computed exceedance probabilities [41] which,
in our case, were the probability that the smoothed odds
were above the median of the accumulated percentage in
each of the weeks. Richardson et al.*! recommend using
as a specific interpretation rule the cut-off 80% (and
20%). This cut-off can be used to help assess the existence
of agglomerations of excess (deficiency) cases (i.e., clus-
ters). The exceedance probabilities were also represented
on a map of the study area.

Two-part model
We specified a Bayesian two-part model based on INLA
for each outcome variable. Specifically, the two-part
model was composed of two GLMMs with binomial link
functions (equivalent to logistic regressions).

First part:

o Prob (residence; = 1)
S\ 1= Prob (residence; = 1)
= n _first_part, +v;+ S (neighbourhood;)

Second part:

log (Prob(Y _i=1)/(1—Prob(Y_i=1)))

= 1 _second_part_i+v _i+ S(neighbourhood_i) +1 _t

where residence; was the indicator that we had the sub-
ject’s residence (0 no, 1 yes); Y; denoted one of the four
dependent variables, the vaccination outcomes variables
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(only one dose; full-schedule; booster) or the death out-
come variable; and the linear predictor of the first and
the second part. Note that, the random effects that cap-
ture spatial dependence (the distribution of risk between
neighbourhoods) did not coincide in the two parts. How-
ever, individual heterogeneity (unobserved confounding)
was a shared random effect (i.e., the same for both parts).

The linear predictor of the first part included the vari-
ables at the individual level, whereas the linear predic-
tor of the second part had variables at the individual and
contextual levels. When the outcome variable was death,
the linear predictor of the second part also included the
vaccination variable (if the subject received any dose of
the vaccine: not vaccinated - reference category -; only
one-dose; only full-schedule; and booster).

We indexed the structured random effects that con-
trol the temporal dependency by the week in which the
subject was vaccinated (vaccination variables) and by the
week in which the subject died (death).

As we mentioned above, it should be noted that our
two-part specification is implemented as a single Bayes-
ian model rather than as two sequential steps. Both the
probability of an individual being observed (reporting a
residential address) and the probability of the outcome of
interest (vaccination or mortality) are estimated jointly
within the same Integrated Nested Laplace Approxima-
tion (INLA) framework. This joint estimation allows
the two components to share random effects, capturing
latent factors that influence both processes and thereby
correcting for endogenous selection bias. By integrating
the two parts into one coherent model, we obtain consis-
tent and spatially nuanced estimates while fully account-
ing for the non-random nature of the missing residential
data.

Inference

Inferences were made following a Bayesian perspective,
using the INLA approach [36—38]. We used priors that
penalize complexity (called PC priors). These priors are
robust in the sense that they do not have an impact on
the results and, in addition, they have an epidemiological
interpretation [42].

All analyses were carried out using the open-source
software R (version 4.3.1) [43], through the INLA pack-
age [36-38, 44] in the experimental mode [45]. The maps
were represented using the tmap package [46].

Results
Descriptive analyses
Most contextual socioeconomic variables were highly
correlated with neighbourhood strata, in particular,
unmet basic needs index.

Descriptive statistics of the variables are provided in
Table 1. Among the subjects, 27.40% were unvaccinated,
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Table 1 Descriptive of variables selected for analysis. Cali,

Colombia, March 2020-May 2022

(2026) 25:7

Missings' n (%)

(N=380,562)
Vaccine schedule progress 0%
[Unvaccinated] 104,172 (27-4%)
Only one dose 39,529 (10-4%)
Full-schedule 138,250 (36:3%)
Booster 98,611 (25:9%)
Died [NoJ: Yes 0% 8,599 (2:3%)
Hypertension [NoJ: Yes 0% 22,350 (5:9%)
Diabetes [No]: Yes 0% 10,354 (2:7%)
Obesity [No]: Yes 0% 6,559 (1-7%)
Asthma [No]: Yes 0% 5,673 (1-5%)
Hypothyroidism [No]: Yes 0% 3,638 (1-0%)
Cardiovascular disease [No]: Yes 0% 3,634 (1-0%)
COPD [No]: Yes 0% 2,304 (0-6%)
Cancer [No]: Yes 0% 2,126 (0-6%)
Kidney failure [NoJ: Yes 0% 1,758 (0-5%)
Smoker [No]: Yes 0% 3,300 (0-9%)
Sex [Nol: Female 0% 204,542 (53-7%)
Age 0%
[Less than 15] 21,035 (5:5%)
[15-24] 48,706 (12-8%)
25-34 88,210 (23-2%)
35-44 75,350 (19:8%)
45-54 57,236 (15:0%)
55-64 45,432 (11:9%)
65-74 24,828 (6:5%)
75 or more 19,765 (5-2%)
Socioeconomic strata’ 34.40%
[Low] 26,660 (10-7%)
Middle-low 60,554 (24-3%)
Middle 95,984 (38-4%)
Middle-high 38 (11-7%)
High 28433( -4%)
High-high 8,895 (3-6%)
Occupation 47.32%
[Elementary Jobs - Services] 72,928 (36:4%)
Professionals 37,586 (18:7%)
Administrative Assistant 23,069 (11-5%)
Service And Sales Workers 20,694 (10-3%)
Technicians 15,622 (7-8%)
Manual Workers 9,862 (4-9%)
Student 8,339 (4-2%)
Armed Forces and Police 5,545 (2:8%)
Retired 4,595 (2:3%)
Unemployed 2,245 (1-1%)
Ethnicity 31.13%
[Non-ethnic] 257,638 (98:3%)
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Table 1 (continued)
Missings’ n (%)
(N=380,562)
Afro-Colombian 2,921 (1-1%)
Raizal, Indigenous or Gypsy 1,534 (0:6%)

! Percentage of missing data

2|n Colombia, the socioeconomic stratification system is a classification method
used by the government to categorize residential properties based on physical
and environmental characteristics. It assigns households to one of six strata (1
to 6), where Stratum 1 represents the lowest-income and most disadvantaged
households, and Stratum 6 includes the most affluent. This system is primarily
used to allocate subsidies and set utility rates, ensuring that lower-income
households receive financial support for basic services like water, electricity,
and gas

Reference categories in brackets

10.40% received only one dose, and 62.20% received
full-schedule (36.30%) or booster (25.90%). The fatality
rate was 2.30%. The most prevalent chronic condition
was high blood pressure (5.90%), followed by diabetes
(2.70%), obesity (1.70%) and asthma (1.50%). In terms of
age, 61.30% were under 45 years of age, 18.30% under 25,
and only 11.70% were 75 or older.

Regarding socioeconomic variables, only 52.00% of
the subjects provided information about their occupa-
tion. The most frequent occupation was elementary jobs
-services (36.40%), followed by professionals (18.70%),
administrative assistants (11.50%) and services and sales
workers (10.30%). Only 1.00% of the subjects identified
themselves as Afro-Colombian and even fewer identi-
fied as Raizal, Indigenous or Gypsy. Subjects living in
low strata neighbourhoods accounted for 10.70% while
24.00% lived in middle-low strata. As shown in Figure
S1 of the supplementary material, when looking at the
context of the neighbourhoods in each stratum by the
UBN quartiles, the lower the strata, the more prominent
households with high UBN index became, with the most
populous being the middle strata (38.00% of all subjects),
while the three better economically established strata
encompassed 25.00% of the subjects.

In Fig. 2, the figure at the top shows the evolution of
the onset vaccination status of subjects and how this
changed through time. In mid-February 2021, the first
subjects with at least one dose of the vaccine appear, and
then in September 2021 subjects with booster doses.
Note that, death behaviour changed through time. It is
worth mentioning the observed link in spikes of unvac-
cinated people tested for COVID-19 and the death spikes
in December 2021 and January 2022. In December 2020,
vaccines were administered to priority groups of health
workers and the elderly, and that large scale roll-out was
launched in February 2021 (see Figure S2 in supplemen-
tal information).
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Fig. 2 Daily register of subjects’ onset vaccination status and daily recorded deaths. On the x-axis, the vaccination date (for those vaccinated) and the
date of the COVID-19 test (for those unvaccinated). The vertical dotted line indicates date of vaccine roll-out to the general public.”14 days MA"denotes a
14-day moving average, which is used to smooth the temporal evolution of the variable, making it easier to observe trends and patterns. Own construc-
tion based on data from SIVIGILA. SIVIGILA. Sistema Nacional de Vigilancia en Salud Publica [in Spanish] [Available at: https://portalsivigila.ins.gov.co, last

accessed on March 28, 2024]

Maps of smoothed odds

Smoothed odds maps help us to highlight geographical
zones where the outcome event has high and low likeli-
hoods of occurrence. In Fig. 3, the maps for the third sub-
period of interest (November 2021 — May 2022) indicate
that for single-dose vaccination the odds (i.e. the vaccina-
tion likelihood) were higher in comunas of predominately
lower strata, (numbers 4, 14 and 18), located in the north,
southwest and east, respectively (see Fig. 1 right), whilst
higher strata comunas had lower odds of single-dose sta-
tus. Full-schedule vaccination displayed higher odds in
middle income comunas, around the centre of the city,
however, the odds seemed evenly distributed across the
metropolitan area. For booster shots, there was a pre-
dominant spread of higher odds across the whole city,
however, mostly higher income comunas have distinc-
tively higher odds (numbers 2, 19, 18 and 22). The find-
ings in the smoothed odds maps were further analysed
with the exceedance probabilities maps which are dis-
played at the bottom of Fig. 3. The previously mentioned
comunas, for each of their corresponding outcomes,
hold neighbourhoods with probabilities above 50.00% of
exceeding the odds of the median for the whole city.

Validation of model estimation results

In Figures S3 in the Supplemental Information, we pro-
vide a residual analysis of the models. When, as in our
case, the models are equivalent to logistic regressions,
the graphs are interpreted as follows [47]: If the left-hand
graphs (fitted vs. deviance residuals) display two parallel
lines without curvature, the model does not exhibit spec-
ification errors. When the right-hand graphs (fitted vs.
square root of the deviance residuals in absolute value)

show two intersecting lines without curvature, the model
residuals will be homoscedastic.

Overall, we observe that the models perform reason-
ably well, although some curvature is present, particu-
larly in the right-hand graphs, thus highlighting some
heteroskedasticity issues. Heteroskedasticity is more pro-
nounced (in relative terms) in the first-part model and in
the only-one-dose model. We believe this indicates that
there are other explanatory variables not captured in the
model. In any case, the curvatures are not severe enough
to invalidate the models.

First part of the model

The results of the estimation of the first part of the model
can be seen in Table S2 in the supplemental informa-
tion. As can be observed, the probability of reporting the
residential address depends on almost all the variables.
Women were more likely than men to report their resi-
dential address (OR=1.03, 95%Crl: 1.01-1.06, when the
outcome in the second part of the model was only one
dose of the vaccine; OR=1.05, 95%Crl: 1.03—1.07, when
it was full schedule, OR=1.06, 95%Crl: 1.03-1.09, in
the case of booster and also in the case of death; in all
cases the credible intervals at 95% did not contain the
unity). Subjects under 25 years of age were more likely to
report residential information. Suffering from any of the
comorbidities recorded also significantly increased the
odds of residential information records. Elementary ser-
vice workers have the least odds of having the residential
address compared to all other occupations. Being of an
ethnicity other than white implied a greater propensity of
reporting one’s residential address.
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Fig. 3 Smoothed odds for vaccination outcome in Cali, Colombia, in subperiod II, August 2021 to May 2022. represents the smoothed odds of each
vaccination dose, defined as follows: Only-one dose: The probability of receiving only-one dose versus no vaccination. Full-schedule: The probability of
complete regimen versus only-one dose. Booster: The probability of booster dose versus full-vaccination schedule. Exceedance probabilities maps: PRP
Exceedance probability. Probability that the smoothed odds were above the median of the accumulated percentage in each of the weeks. On the abscis-
sas of maps, longitude is indicated, and on the ordinates, latitude is indicated. Own construction. The full neighbourhood-level tables underlying the

maps are available from the authors upon reasonable request

Second part of the model

Vaccination outcomes

Table 2 shows the results of the estimation of the second

part of the model for vaccination and death outcomes.
Being a woman implied a lower propensity to have

received only one dose of vaccine (OR=0.76, 95% credible

interval, 95%Crl:0.71 - 0.18), but a greater propensity to

receive only full-schedule (OR=1.12, 95%CrI=1.07-1.18)

and booster (OR=1.15, 95%CrI=1.05-1.11). In both
cases the reference category was those who received only
dose. Again, in all cases the credible interval at 95% did
not contain the unity.

Subjects 24 years of age or older had a greater propen-
sity to have received only full-schedule and booster doses
than those under 25 years of age (reference category). In
the case of only one dose, only subjects aged 44 years and
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Table 2 Results of the Estimation of the second part of the model for vaccination and death outcomes

Variable Category Only one dose OR Full-schedule OR Booster OR Death
OR’
Vaccine schedule progress [Unvaccinated] Only one dose 0.13**
Full schedule 0.10%*
Booster 0.03**
Sex [Male] Female 0.76** 1.12%* 1.15%% 0.36%*
Age [Less than 25] 25-34 0.94 1.38%* 2.43** 0.13**
35-44 1.04 1.74%% 3.71% 0.16**
45-54 1.48%* 2.13%* 7.88** 0.41%*
55-64 5.12%* 2.69%* 17.79%* 0.74
65-74 10.31%* 2.60%* 49.59%* 1.63**
75 or more 15.59%* 2.30%* 230.5%* 3.19**
Hypertension [No] Yes 1.51% 1.10%* 1.14% 0.91
Diabetes [No] Yes 1.14 0.96 1.16%* 1.99%*
Obesity [No] Yes 1.42%* 1.07* 1.00 1.91%
Hypothyroidism [No] Yes 0.87 1.10% 1.22%* 1.06
Asthma [No] Yes 0.49** 1.09* 1.07 0.94
Cardiovascular disease [No] Yes 0.98 097 1.30** 1.22
COPD [No] Yes 1.37%% 0.75%* 0.88 1.55
Cancer [No] Yes 1.31 0.89 1.09 1.88%
Kidney failure [No] Yes 1.13 1.04 1.12 1.17
Smoker [No] Yes 0.83 1.16%* 0.81** 091
Socioeconomic strata [Low] Middle-low 0.85 097 0.95 0.02**
Middle 0.80 1.15%% 1.02 0.04%*
Middle-high 0.62* 1.43%* 1.32%* 0.04**
High 0.78 1.43%* 1.46%* 0.06**
High-high 047% 1.34%* 1.33* 0.02%*
Occupation Professionals 0.93 1.50%* 3.27% 1.02
[Elementary Jobs — Services] Administrative Assistant 0.87 1.20%* 1.25%* 042%*
Service And Sales Workers 1.23 1.08** 1.14%% 1.06
Technicians And Associated Professionals  0.77 1.07%* 1.39% 041*
Manual Workers 0.65* 1.04 0.79%* 0.62
Student 0.84 0.80%* 0.61** 0.03**
Armed Forces, Police, Security, Protection  0.30** 1.32%* 3.31%* 0.19**
Retired 091 1.02 1.59%* 1.21
Unemployed 0.34** 0.99 1.20%* 221
Ethnicity [Non-ethnic] Afro-Colombian 0.37** 0.85** 0.95 0.50
Raizal, Indigenous or Gypsy 0.79 0.85* 0.87 0.25

** The credible interval at 95% did not contain the unity
* The credible interval at 90% did not contain the unity
Reference categories in brackets

Cali, Colombia, March 2020-May 2022

older had a higher propensity than those younger than 25
years. In all cases, the propensity increased with age; with
the case of the booster dose standing out.

Having hypertension implied a greater propensity to
being vaccinated, although the propensity to have only
one dose was much greater. Meanwhile, being obese
implied a greater propensity to have received only one
dose, followed, by a long way, with only full-schedule.
Subjects with COPD, while having a fairly high propen-
sity to have received only one dose of the vaccine, were
less likely to have received only full-schedule than for

subjects without COPD. The opposite was the case for
subjects with asthma, with a fairly high propensity to
have received only full-schedule and a lower propensity
to receive only one dose than subjects without asthma.
Subjects with hypothyroidism (in full-schedule and in
booster) and with cardiovascular disease and diabetes
(these two only in booster) were more likely to have been
vaccinated than subjects without these chronic condi-
tions. Finally, subjects with cancer and kidney failure
did not have a different propensity to being vaccinated
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regardless of the dose, than subjects without these
diseases.

Smokers had a greater propensity than non-smokers to
receive only full-schedule and a lower propensity in the
case of the booster, while we found no differences in the
case of only one dose.

Subjects whose occupation was in the armed
forces, police, security or protection (OR=0.30,
95%Crl=0,21-0,39), followed by the unemployed

(OR=0.34, 95%CrI=0.16—0.51) and manual workers
(OR=0.65, 95%CrI=0.57-0.73) had a lower propensity
to receive only one dose, than those employed in elemen-
tary jobs or services (reference category). The propensity
to receive only one dose in other occupations was no dif-
ferent from those in the reference category. In descending
order, professionals (OR=1.50, 95%Crl=1.45-1.54, only
full-schedule and OR =3.27 booster, 95%Crl=3.11-3.43),
armed forces, police, security or protection (OR=1.31,
95%Crl=1.25-1.37, only full-schedule and OR=3.31,
95%Crl=2.97-3.65, booster), administrative assistants
(OR=1.20, 95%Crl=1.16-1.24, only full-schedule and
OR=1.25, 95%Crl =1.18-1.32, booster), technicians and
associated professionals (OR=1.17, 95%Crl=1.13-1.21,
only full-schedule and OR=1.39, 95%Crl=1.30-1.48,
booster) and service and sales workers (OR=1.08,
95%Crl=1.04—1.12, only full-schedule and OR=1.14,
95%CrI=1.08-1.20, booster), had a greater propensity
than subjects employed in elementary jobs or services to
have received only full-schedule or booster. The retired
subjects (OR=1.59, 95%CrI=1.38—-1.80) and the unem-
ployed (OR=1.20, 95%CrI=1.02-1.38), although they
had a greater propensity to receive a booster than the
subjects employed in elementary jobs or services, they
did not present differences in receiving only full-sched-
ule. While students had a lower propensity to receive
both only full-schedule (OR=0.80, 95%CrI=0.62—0.98)
and booster (OR=0.61, 95%CrI=0.52—-0.70), manual
workers only had a lower propensity to receive booster
(OR=0.79, 95%Crl = 0.72-0.86).

Afro-Colombians were less likely than non-eth-
nic groups to receive only one dose (OR=0.37,
95%CrI=0.15-0.59) and only full-schedule (OR=0.85,
95%CrI=0.75-0.95). Raizal, Indigenous or Gypsy sub-
jects only had a lower propensity than non-ethnic
subjects in the case of only full-schedule (OR=0.85,
95%Crl=0.71-0.99).

In terms of socioeconomic stratum, we find differ-
ent propensities from those in the most disadvantaged
stratum (reference category) mainly in the middle-high
and higher strata (and also the middle strata, although
only in only full-schedule). We found for all these strata,
a greater propension to receive only full-schedule
(OR=1.34, 95%CrI=1.24-1.40 — high-high strata-, and
OR=1.43, 95%Crl=1.36-1.54 — high and middle-high
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strata-; and OR=1.15, 95%Crl=1.07-1.23, in middle
strata) and booster (OR=1.32, 95%Crl=1.30-1.34 -
middle-high strata-; OR=1.46, 95%Crl=1.37-1.55 -
high strata-; OR=1.33, 95%Crl=1.29-1.37 — high-high
strata-;). Note that the propensities to receive only one
dose were much lower than in the lowest socioeconomic
stratum in the high-high (OR=0.47, 95%CrI=0.31-0.63)
and middle-high (OR =0.62, 95%Crl =0.50-0.74) strata.

Death

It should be noted that the mortality outcome used in
this analysis corresponds to all-cause deaths during the
study period rather than exclusively confirmed COVID-
19-related deaths. This distinction is explicitly stated in
the Methods and further discussed in the Discussion sec-
tion to ensure transparency about the scope of the out-
come variable.

Being vaccinated against COVID-19, whatever the
dose, was a protective factor against death (i.e., only one
dose had an OR=0.13, 95%Crl=0.05-0.21; OR=0.10,
95%Crl =0.05-0.14, in only full-schedule; and OR=0.03,
95%CrI =0.01-0.05, in booster: being in all cases the ref-
erence category not getting vaccinated).

Being a woman (compared to men; under 55 years of
age (compared to those under 25 years of age); being a
student, being employed in the armed forces, police,
security, or protection, administrative assistants, or tech-
nicians and associated professionals (all of them regarded
as being engaged in elementary jobs or services), pre-
sented a lower risk of dying.

On the contrary, being 65 years old or older (OR=1.63,
95%Crl =1.21-2.05, in subjects aged 65 to 74 years and
OR=3.19, 95%Crl=2.41-3.97, in subjects aged 75 years
or older); having diabetes (OR=1.99, 95%Crl=1.13—
2.84), obesity (OR=1.91, 95%Crl=1.06-2.76) or cancer
(OR=1.88, 95%Crl=1.62-2.14); and being unemployed
(OR=2.21, 95%CrI=1.49-2.93), had a greater risk of
dying.

Furthermore, note that all socioeconomic strata had a
much lower risk of dying (ORs between 0.02 -middle-low
and high-high - and 0.06 — high-, 95%CrI between 0.002
and 0.04 — middle-low and high-high- and 0.01-0.11 —
high-) than the lowest socioeconomic strata.

Discussion

The results from the first part of our model clearly show
evidence of endogenous selection. We found that the
probability of reporting a residential address was sig-
nificantly related to almost all covariates included in the
model (see Table 3). This proves that missing data were
not random and that many variables affecting whether an
address was reported were also linked to the outcomes
we studied. Specifically, women were 3% more likely
than men to provide their address, and people under 25
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Table 3 Summary of the findings

General finding

Specific findings

Existence of endog-
enous selection

There were socioeco-
nomic inequalities in
vaccination coverage
against COVID-19
Existence of socioeco-
nomic inequalities in
COVID-19 mortality

Being vaccinated
against COVID-19,
whatever the dose,

Women were 3% more likely than men to provide their residential address.

Subjects under 25 years of age were more likely to provide residential information.

Having any of the recorded comorbidities also significantly increased the likelihood of having residential information on
record.

Elementary service workers have the lowest odds of having their residential address recorded compared to all other
occupations.

Being of an ethnicity other than white was associated with a greater likelihood of reporting one’s residential address.

The highest odds (i.e. vaccination likelihood) and, especially, the highest exceedance probabilities for the booster dose, and
to alesser extent in only full vaccination schedule, occurred in the strata with the highest socioeconomic level.

On the contrary, in the case of only one dose, these strata presented the lowest odds and the lowest exceedance
probabilities.

Most occupations showed a greater propensity to receive a booster or complete the full schedule compared to subjects
employed in elementary jobs or services.

Afro-Colombians were less likely than non-ethnic subjects to receive only full-schedule vaccinations.

The middle-high and higher strata showed greater propensities to receive only full-schedule and booster, than the less
economically advantaged strata.

Being unemployed or living in the most economically disadvantaged socioeconomic strata implied a very high risk of dying.
Only one dose had an 87% lower risk of dying than not getting vaccinated

Only full-schedule regime had a 90% lower risk (than not getting vaccinated)

Booster dose had a 97% lower risk (than not getting vaccinated)

was a protective factor
against death

years old were also more likely to report this information.
Additionally, having any chronic condition significantly
increased the chances of address reporting, probably
because these individuals were already registered in the
healthcare system.

We observed an interesting pattern concerning ethnic-
ity. Contrary to what might be expected, Afro-Colom-
bian, Raizal, Indigenous and Roma populations were
more likely to report their address than non-ethnic
groups. While economic difficulties might suggest lower
registration rates, this could be explained by these groups
needing to register to access government subsidies and
social benefits. The same explanation may apply to peo-
ple with chronic conditions, who need to be registered
for medical follow-up. On the other hand, workers in
elementary services had the lowest probability of address
reporting, showing their limited visibility in administra-
tive systems. As far as we know, no previous study has
specifically examined which sociodemographic factors
determine whether people appear in health surveillance
databases.

Our analysis also revealed socioeconomic inequalities
in COVID-19 vaccination coverage, visible in both the
smoothed odds maps and the second part of the model.
The highest probabilities of receiving booster doses - and
to a lesser extent, the full schedule - were concentrated in
higher socioeconomic groups. Meanwhile, these groups
showed lower probabilities of having only one dose, sug-
gesting wealthier people were more likely to get fully vac-
cinated while poorer groups often remained with partial
vaccination. These results agree with other studies show-
ing that lower socioeconomic status creates barriers to

vaccination through transportation problems, limited
information access, and job-related constraints [5, 11,
12].

It should be recognised, however, that some of the
observed differences in vaccination or mortality probabil-
ities across occupational groups may reflect the influence
of unmeasured confounders. In this sense, the compara-
tively high vaccination coverage seen among police offi-
cers could arise from job-related vaccination policies or
from other contextual circumstances. In a similar way,
differences in uptake between professional groups might
be shaped by government restrictions or workplace mea-
sures rather than by the factors explicitly modelled.

Similarly, differences in vaccination uptake across
people with existing health conditions could simply arise
from their underlying health concerns rather than from
external factors. For example, those with chronic respira-
tory illnesses may prioritize vaccination as a precaution
against the heightened risks that COVID-19 could pose
to their condition.

These inequalities also affected COVID-19 mortality.
Our model showed that unemployed people and those
living in the poorest areas had significantly higher risks
of death. Afro-Colombians were less likely than non-
ethnic individuals to complete vaccination, which might
help explain their higher mortality risk. Most job cat-
egories showed better vaccination rates than elementary
service workers, confirming that occupation is an impor-
tant health determinant. Similarly, middle-high and high
socioeconomic groups were much more likely to be fully
vaccinated or receive boosters than the poorest groups
(i.e. lower strata).
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But, as we commented above, the comparatively low
mortality recorded among police and military staff may
also reflect underlying fitness levels and overall health
rather than vaccination alone, suggesting the need for
caution when attributing these differences to a single
cause.

Although we could not find individual-level studies
with directly comparable results, our findings are con-
sistent with Barcel6 et al’s ecological study in Catalonia
[5], which found that poorer areas with more unemploy-
ment had lower vaccination rates and poorer COVID-19
outcomes including hospitalizations and deaths. Vac-
cination coverage was higher in areas with more elderly
people and lower in densely populated areas with poor
housing conditions - all indicators of socioeconomic
disadvantage.

Regarding individual characteristics, women were sig-
nificantly less likely than men to die from COVID-19
and more likely to be fully vaccinated or receive boost-
ers. While people aged 25-54 had lower mortality risk
than our reference group (under 25 years), older adults
- especially those 75 or older (OR: 3.19) - faced much
higher risks. These results match Reina et al's findings
that men had higher mortality risk (HR: 1.96) and that
risk increased by 8% for each year of age [48]. Their later
study also found that the proportion of women among
COVID-19 deaths decreased across pandemic waves
while the average age at death increased from 72.6 to 77.9
years, supporting our observation of strong age effects.
These results are in line with previous studies. For exam-
ple, Reina et al. [48] found that men had a higher hazard
of death than women (HR: 1.96, 95% CI: 1.83-2.10), and
that the risk of death increased by 8% for each year of
age. In their later study [49], they observed that during
the second and fourth waves in Cali, the percentage of
women among COVID-19 deaths was significantly lower
than that of men, and that mean age at death increased
from 72.6 to 77.9 years between those waves. They also
reported a higher proportion of deaths among those aged
over 80 in the fourth wave, which supports our finding of
a age gradient in mortality risk.

Furthermore, Reina et al. [48] found a hazard ratio of
2.74:(95% CI: 2.55-2.94) for the risk of death among indi-
viduals with comorbidities. Similarly, our model shows
significantly increased odds of death for individuals with
diabetes (OR: 1.99), cancer (OR: 1.88), and obesity (OR:
1.91) (all p<0.05), reaffirming that chronic conditions
amplify vulnerability to COVID-19.

Using the same database as we did, both at the indi-
vidual [24] and ecological levels [25], and controlling for
spatial and temporal dependence [24], two studies also
find socioeconomic inequalities, although in relation to
the incidence of COVID-19. Specifically, both studies
found that comunas and neighbourhoods with higher
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values of the unsatisfied basic needs index and low socio-
economic strata were more likely to present a higher inci-
dence of COVID-19.

In addition, there may be inequalities along other axes,
such as age and gender. On one hand, women had a
much lower risk of dying compared to men, while on the
other hand, although subjects aged 25 to 54 years were
less likely to die than those under 25 years (reference
category), those aged 65 years or older were much more
likely to die. Of particular note are subjects aged 75 years
or older, who had an OR of 3.19.

Our results confirm that being vaccinated against
COVID-19 was a strong protective factor against death,
regardless of the dose received. Receiving only one dose
was associated with an 87% reduction in mortality risk,
while the full vaccination schedule reduced the risk by
90%, and receiving a booster dose reduced the risk by
97%, compared to being unvaccinated. These findings
align with those of Reina et al. [48], who found a haz-
ard ratio of 0.12 (95% CI: 0.07—0.20) for full vaccination.
Likewise, in their later study, Reina et al. [49] found that
the drop in mortality between the second and fourth
waves was consistent with the introduction and expan-
sion of vaccination in Cali, estimating that approximately
3,763 deaths occurred in the fourth wave alone.

Our results are also comparable to those of Gélvez et
al. [50], who found a 28% reduction in infection risk for
individuals who received a booster compared to those
with only the full schedule, and to the national-level
analysis by Rojas-Botero et al. [51], who estimated an
effectiveness of 86.0% (95% CI: 85.5-86.5) for the full
schedule and 83.1% (95% CI: 81.5-84.5) for the booster
dose. While hazard ratios reported in those studies are
slightly higher than the odds ratios observed here, their
confidence intervals encompass our point estimates.

Conclusions

Our study is not without limitations. First, when inter-
preting the results, it is important to note that our data
only include registered cases of infection. Second, it is
an observational study, and therefore, we were unable to
prove causation. Third, some infected individuals may
have been asymptomatic, while others, though symp-
tomatic, might not have been recorded. Therefore, both
groups could be missing from our database. However,
we hypothesize that such cases were few. Thus, the data
consisted of a total of 381,625 records. After excluding
233 records lacking a COVID-19 diagnosis date and 830
records from individuals who reported not residing in
Cali, the final sample comprised 380,562 subjects. This
figure is very close to that reported by the Behavioural
Surveillance Group for Events of Public Health Inter-
est of the Cali Municipal Public Health Secretariat [32]
for the same study period (385,529 confirmed positive
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COVID-19 cases). While it is possible that these same
individuals were also be missing from these official
records, the fact that our data represent 99% of the total
reported cases gives us confidence that the extent of the
missing data for these reasons were minimal.

Fourth, as mentioned, we used death from any cause
during the study period. While it is highly likely that
COVID-19 was the cause of death in more vulnerable
subjects (such as the elderly and/or those with chronic
conditions), we are less certain that the increased risk
identified for those under 25 years of age, compared to
those aged 25 to 54 years, can be entirely attributed to
COVID-19 infection.

Fifth, we did not rule out the existence of unmeasured
residual confounding. In fact, we did not consider cer-
tain important confounders that could have influenced
vaccination rates (see, Figures S3 in Supplemental infor-
mation). These confounders can be categorised as either
objective and subjective, and some operate at the indi-
vidual level. Among the objective confounders, we find
factors such as lack of reliable Internet access [11, 12],
employment conditions [11, 12], access to information
[15], and use of the healthcare system. In this regard,
Arsenault et al. [13] find that in Colombia individuals
who had three or four visits to the healthcare system in
the previous year and received at least three other pre-
ventive health services in the last year were significantly
more likely to be vaccinated against COVID-19. Con-
versely, having unmet health-care needs in the past year,
decreased the likelihood of vaccination.

Additionally, subjective confounders may have influ-
enced vaccination rates, such as the perceived risk of
contracting COVID-19 [15], fear driven by conspiratorial
beliefs about vaccines [16], trust in institutions like the
police, military, and church [15], trust in the government
[13], vaccine hesitancy [14, 52], or, specific to Colombia,
being confident in obtaining and affording quality health-
care [23].

There could also be contextual confounders that we did
not address. For example, we did not consider the chal-
lenges in accessing vaccination sites. Reina et al. [47]
highlight that in Cali, the vaccination campaign faced
significant disruptions due to access barriers caused by
blockages in various parts of the city during Colombia’s
2021 civil unrest [53]. Likewise, government responses to
the COVID-19 pandemic [14] may have influenced vac-
cination probabilities. On the other hand, and also a con-
textual confounder, we had no information on variants of
the SARS-CoV-2 virus that could affect the effectiveness
of the vaccine.

Finally, spatial designs assume that an individual’s
exposure to the explanatory variables is the same as that
of the area in which their residence is located. However,
the individual may not have always resided in the same

(2026) 25:7

Page 15 of 18

area and/or could have been exposed in different areas.
While this measurement error is unavoidable in any spa-
tiotemporal design, it is important to note that it is also
random [10].

We believe that these limitations are at least largely
offset by our strengths. First, as we noted, we had a large
sample size, which resulted in high statistical power (i.e.,
a high probability of rejecting the null hypotheses of no
association when they were false). Second, we had an
individual design, thus avoiding ecological fallacy. Third,
we controlled for endogenous selection by modelling
the probability of being observed (i.e. of reporting the
residential address) and used this to obtain unbiased and
consistent estimators. None of the studies cited in this
paper, including those with an individual design, control
for such bias. Our study does not simply describe spa-
tiotemporal variations or estimate associations between
socioeconomic characteristics and health outcomes.
Instead, it explicitly integrates a model of endogenous
selection bias into a Bayesian spatiotemporal framework.
By jointly modelling the probability of observation (i.e.
whether an individual reported a residential address)
and the health outcomes of interest, we are able to cor-
rect for non-random missingness—a source of bias rarely
addressed in health geography or spatial epidemiology.
This combined two-part approach provides unbiased and
consistent estimates that better reflect the true underly-
ing relationships between socioeconomic status, occupa-
tion, ethnicity and COVID-19 outcomes. In doing so, it
substantially improves the reliability and interpretabil-
ity of our findings compared with standard approaches
that assume missing data at random or treat unobserved
cases as negligible. We believe this integration of endog-
enous selection correction within a Bayesian spatiotem-
poral model represents a significant methodological
advance for the field, enabling future studies to produce
more accurate, policy-relevant evidence. This innovation
strengthens the potential of health geography and spa-
tial epidemiology to inform equitable interventions and
to address complex public health challenges beyond the
COVID-19 context.

Fourth, we were the only study among those referenced
to control for socioeconomic status at both the individual
level (occupation and ethnicity) and, with the exception
of Arango-Londono et al. [25], at the contextual level
(socioeconomic strata). However, it should be noted
that the study by Arango-Londofio et al. [25] employs an
ecological design, with the limitations inherent to this
type of approach, (i.e. no inferences can be drawn at the
individual level, existence of unmeasured confounding
bias inherent in this type of design, etc.). These covari-
ates could capture much of the uncontrolled residual
confounding. Thus, objective individual factors such
as lack of reliable Internet access, poorer employment
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conditions, and having unmet health-care needs are
associated with lower individual socioeconomic status.
Likewise, access to information, use of the healthcare sys-
tem, and, partially, subjective individual factors, may also
be related to individual-level socioeconomic variables.
Moreover, some of the omitted contextual confounders
could be captured by the socioeconomic strata. Finally,
in our models we explicitly control for unobserved con-
founders, which can capture uncontrolled subjective
individual factors and, to some extent, certain objective
factors (such as use of the health system). Additionally,
we account for spatial dependence, which helps capture
omitted contextual confounders, such as lack of access to
health services and vaccination points. Temporal depen-
dence, modelled non-linearly, could also help control for
the effect of SARS-CoV-2 virus variants on vaccine effec-
tiveness or the impact of events such as blockages.

In conclusion, our study shows how socioeconomic
inequalities affected both COVID-19 vaccination and
mortality. By accounting for endogenous selection bias
and controlling for individual characteristics and spatial-
temporal patterns, we obtained more reliable estimates.
We also found complex patterns in healthcare access,
with typically disadvantaged groups (ethnic minorities,
chronic disease patients) showing better registration
rates because they interact more with the health system.

Our results show how social factors combine with
individual and geographic characteristics to influence
pandemic outcomes, highlighting the need for public
health measures that address social and economic bar-
riers to healthcare, not just medical interventions. Our
approach using spatial analysis while correcting for selec-
tion bias provides a useful method for identifying hid-
den inequalities and designing better responses to health
emergencies.

This study confirms the importance of tackling socio-
economic inequalities during pandemics. We found
major disparities in vaccination and death rates, with
poorer groups being less vaccinated and more likely to
die. After correcting for selection bias, we confirmed
that all vaccine doses provided strong protection against
death. These findings show that public health strategies
must consider social and economic factors to ensure
fair vaccine distribution and overcome the barriers that
worsen health inequalities. They can inform the design
of more effective interventions not only for COVID-19
but also for future health crises, emphasizing the need to
combine fair vaccination programs with other protective
measures.

Finally, our study reinforces the importance of inte-
grating socioeconomic factors into public health strate-
gies to ensure equitable vaccine distribution and address
the structural barriers that exacerbate health disparities.
Our results provide actionable insights for developing

(2026) 25:7

Page 16 of 18

targeted interventions, not only for controlling ongoing
pandemics but also for building resilient health systems
capable of addressing future global health crises effec-
tively. These findings offer valuable guidance for nations
in the prevention and management of future pandem-
ics, emphasizing the combined importance of equitable
vaccination strategies and effective non-pharmaceutical
interventions.

That said, it should be noted, however, that the associa-
tions identified in this study do not establish causality. As
such, the evidence presented can only partially support
the advanced policy recommendations, including fairer
vaccine distribution and targeted measures to address
inequalities and improve population health. Without a
demonstrated causal link, it is uncertain to what extent
these interventions would effectively reduce disparities
or enhance outcomes on the basis of this study alone.
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