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1. Slowed Progress in Global Immunization Coverage

Immunization, hailed as one of the most successful public health interventions in the
world, has contributed to major advancements in health as well as social and economic
development [1]. Vaccines help to avert more than 20 life-threatening diseases and are
responsible for preventing an estimated 3.5 to 5 million deaths each year [2]. Following the
introduction of the Expanded Immunization Programme by the World Health Organization
(WHO) in 1974 [3], there were dramatic gains in immunization coverage worldwide,
bolstered by global collaborative efforts to increase coverage and expand immunization
among under-vaccinated populations.

Yet, in recent years, progress has largely stalled and, in some cases, reversed. Although
these trends were becoming evident prior to the COVID-19 pandemic [4], they have been
greatly exacerbated since the onset of COVID-19 and associated disruptions in 2020. Child-
hood immunization programmes have lost ground, with an estimated 25 million children
under the age of 1 not receiving a third dose of diphtheria-tetanus-pertussis-containing
vaccine (DTP3) in 2021—the highest number for more than a decade; 18 million of these
children did not even receive the first dose of DTP vaccine (zero-dose children) [5]. Between
2019 and 2021, there were decreases in global coverage of the first dose of Human Papillo-
mavirus vaccine (HPV) among girls (from 20% in 2019 to 15% in 2021) [5], and coverage
decreases were reported across many other WHO-recommended vaccines, including polio,
pneumococcal, rotavirus, and measles-containing vaccines [6].

Against this backdrop of slowed progress, inequalities are an increasingly highlighted
concern as certain population groups remain systematically at risk of being unvaccinated
or under-vaccinated. More than 60% of unvaccinated or under-vaccinated children in 2021
lived in just 10 countries (India, Nigeria, Indonesia, Ethiopia, the Philippines, the Demo-
cratic Republic of the Congo, Brazil, Pakistan, Angola, and Myanmar) [5], and unvaccinated
children remain disproportionately represented in impoverished, rural or urban slum areas,
and situations of conflict or fragility [7]. Meanwhile, with recent disruptions to immu-
nization programs, inequalities have emerged or become worse in many middle-income
countries that have typically had high-performing programs [8].

2. Major Initiatives to Tackle Inequality in Immunization

As part of efforts to restore progress and tackle inequality, in 2020, the World Health
Assembly endorsed the Immunization Agenda 2030 (IA2030) [9]. TA2030 sets forth an
“ambitious, overarching global vision and strategy for vaccines and immunization for the
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decade 2021-2030" [9]. IA2030’s third Strategy Priority places emphasis on coverage across
subgroups of gender, age, location, or socioeconomic status and promotes principles of
people-centredness and country ownership for processes that are premised on partnership
and guided by data. Realizing the IA2030 vision—a world where everyone, everywhere, at
every age fully benefits from vaccines for good health and well-being—is aligned with the
Sustainable Development Goal (SDG) imperative of “leaving no one behind” [9]. Indeed,
immunization is central to achieving the health-specific SDG (SDG3), and, furthermore,
contributes to 14 of the 16 other SDGs [10].

Equity is a major priority area for Gavi, the Vaccine Alliance. Gavi, established in
2000 to improve access to vaccines among children in the poorest countries, has supported
countries in the provision of vaccines to 981 million children in 77 countries through
routine immunization programmes, and an additional 1.4 billion vaccinations through
campaigns [11]. Gavi’s current 2021-2025 strategy builds on this work, addressing within
country equity as an organizing principle “with a high ambition to reduce the number of
under-immunized children and an intensified focus on reaching the unreached” [12]. This
includes additional support for countries such as the Identify—Reach-Monitor-Measure—
Advocate (IRMMA) framework, a new Equity Accelerator Fund and Learning Hub [13].

Another noteworthy initiative is the Equity Reference Group for Inmunization (ERG),
an action-oriented thinktank consisting of senior experts in global health working with
WHO, Gavi, the World Bank, the Bill and Melinda Gates Foundation, and UNICEF; aca-
demics in critical topics such as metrics, gender, and health systems development; and
senior leaders from ministries of health. The ERG has four priority thematic areas: urban
poor areas; remote rural areas; children affected by conflict; and gender-related inequities
and barriers to immunization [14].

3. The Special Issue: Monitoring Inequalities and Understanding Drivers; Sharing
Experiences and Impact of Equity-Focused Interventions

In this Special Issue, we bring together research and evaluation on Inequality in
Immunization to contribute to growing evidence and insights on monitoring immunization
inequalities and understanding drivers of coverage, as well as pathways towards enhancing
and sustaining equity in immunization. The Special Issue features research, reviews,
and commentaries that span a range of immunization topics and populations. While
there is an emphasis on childhood vaccinations [15-18]—exploring inequalities in DTP
and measles-containing vaccine (MCV) coverage [19-23] and patterns of inequality in
unvaccinated or zero-dose children [24-29]—contributions also cover inequalities in adult
immunization [30], including protection of pregnant women and their newborns against
tetanus [31] and COVID-19 vaccination [32,33].

An encouraging observation while putting together this Special Issue has been the use
of a variety of data sources to assess immunization inequalities. Studies have made use of
traditional sources of immunization data like administrative data [19,23,32] and population
surveys [18,21,22,27,29,30] (including Demographic and Health Surveys and/or Multiple
Indicator Cluster Surveys [15,20,31]), while several other studies explored the potential of
novel sources such as geospatial data [24,25], electronic immunization registries [34], dia-
logues [16], country appraisals and reports [35], and funding proposals [26]. Three review
studies relied on synthesis and structured analyses drawing from a multitude of existing
studies [17,33,36]. Indeed, the diversity of data sources represented across the articles of
this Special Issue points to greater availability of data, and, critically, the innovative use of
these data to delve more deeply into inequality analysis and inference. This is a practice
that is welcome and will be key to generating new insights into immunization inequalities
and progress in this area.

This collection of articles makes important contributions to understanding dimensions
of immunization inequality—that is, the diverse demographic, socioeconomic, or geograph-
ical characteristics that define populations who are advantaged and disadvantaged, while
also highlighting the frequent co-occurrence and compounding of multiple deprivations.
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As dimensions of inequality present themselves and intersect in dynamic ways, our modes
of understanding must keep up. Several studies in this Special Issue examined multiple
dimensions of immunization inequality [18,19,21,27,29,31,33,36], while others focused on
specific dimensions, such as gender barriers [20,34] or socioeconomic status [15,30,32].

There is an established and growing evidence base on exemplars of action on immu-
nization equity, particularly among Gavi-supported countries, but also in other contexts
with successful immunization programmes [26,35,37]. This research offers important in-
sights into what strategies are being deployed to reduce inequalities (“the what”) [35,37,38],
while starting to shed light on how gains in immunization equity were achieved (“the
how”) [39,40]. There is, admittedly, a long way to go in expanding the evidence base in
this latter “how” category and what is required to feasibly implement these strategies,
including costs and drivers of sustained change.

Taken together, the articles in this Special Issue spotlight some of the most current and
pressing areas of interest in the topic of inequality in immunization, though the absence
of certain themes is notable. For instance, analyses pertaining to conflict or fragile state
contexts were lacking. Several of the contributions to this Special Issue acknowledge
the need for greater reliance on qualitative methodologies and longer-term engagement
with affected populations. These approaches are vital to developing contextually tailored
monitoring and planning mechanisms that foreground equity in the face of changing or
worsening relationships of security or trust.

Our Special Issue launch in April 2023 is timed to coincide with the 2023 World
Immunization Week, which this year focuses on the theme of ‘The Big Catch-Up” [41].
This initiative calls for the year 2023 to be a coordinated, intensified period of vaccination
catch-up—to close immunity gaps among persons missed during the pandemic—involving
recovery and strengthening of immunization services. “The Big Catch-Up” is a concerted
effort intended to be driven by communities and countries, regions working in partnership
with IA2030 institutions and structures, to which equity is integral [42]. This requires
vigilance to change local realities with more sensitive and flexible metrics and methods
to understand the complex, intersectional and dynamic nature of inequities, alongside
concerted collaboration, context-tailored, and community-driven responses that chip away
at inequities. In short, it is crucial that we hold on to equity in immunization in our efforts
to catch up on the IA2030 goals to realize the vision of a world where everyone, everywhere,
at every age, fully benefits from vaccines to improve health and well-being [9].

Funding: The Special Issue was funded in part by Gavi, The Vaccine Alliance. Beyond the individual
contribution of HL], who is a Gavi employee, the funder had no role in the writing of the editorial.
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Data Availability Statement: Not applicable.
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Abstract: Substantial progress in maternal and neonatal tetanus elimination has been made in the
past 40 years, with dramatic reductions in neonatal tetanus incidence and mortality. However, twelve
countries have still not achieved maternal and neonatal tetanus elimination, and many countries
that have achieved elimination do not meet key sustainability thresholds to ensure long-lasting
elimination. As maternal and neonatal tetanus is a vaccine-preventable disease (with coverage of
the infant conferred by maternal immunization during and prior to pregnancy), maternal tetanus
immunization coverage is a key metric for monitoring progress towards, equity in, and sustainability
of tetanus elimination. In this study, we examine inequalities in tetanus protection at birth, a measure
of maternal immunization coverage, across 76 countries and four dimensions of inequality via
disaggregated data and summary measures of inequality. We find that substantial inequalities in
coverage exist for wealth (with lower coverage among poorer wealth quintiles), maternal age (with
lower coverage among younger mothers), maternal education (with lower coverage among less
educated mothers), and place of residence (with lower coverage in rural areas). Inequalities existed
for all dimensions across low- and lower-middle-income countries, and across maternal education
and place of residence across upper-middle-income countries. Though global coverage changed little
over the time period 2001-2020, this obscured substantial heterogeneity across countries. Notably,
several countries had substantial increases in coverage accompanied by decreases in inequality,
highlighting the need for equity considerations in maternal and neonatal tetanus elimination and
sustainability efforts.

Keywords: inequality; maternal and neonatal tetanus; immunization; vaccination; health disparities

1. Introduction

Maternal and neonatal tetanus (MNT) is a form of tetanus, an acute and potentially
fatal disease caused by the bacterium Clostridium tetani. It affects women during pregnancy
or within six weeks of the end of pregnancy and infants during their first 28 days of life [1].
MNT constitutes a major public health concern, as neonatal case-fatality rates are upwards
of 80% and approach 100% when untreated [2]. Since the initial adoption of maternal and
neonatal tetanus elimination (MNTE) goals by the World Health Organization (WHO) and
global health partners in the late 1980s [3], the annual number of deaths due to neonatal
tetanus has decreased substantially, from 787,000 in 1988 to 25,000 in 2018 [4]. MNTE, which
is defined as less than one case of neonatal tetanus per 1000 live births in every district in a
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country each year (neonatal tetanus is considered a proxy indicator for maternal tetanus),
has been achieved in 47 of the 59 priority countries targeted for MNTE as of December
2020 [5].

MNT is a vaccine-preventable disease [1,2]. Inmunization is therefore a key strategy
for achieving and sustaining its elimination, alongside clean birth and cord care practices,
reliable surveillance, and use of data to identify areas and populations at risk for MNT [3].
To achieve life-long protection, the WHO recommends that national immunization pro-
grams provide six doses of tetanus toxoid containing vaccines (TTCV) administered in
childhood and adolescence [2]. Pregnant women who are not vaccinated against tetanus, or
for whom vaccination status is unknown, should receive at least two TTCV doses starting
as early as possible during pregnancy. Pregnant women who are partially immunized with
one to four doses should receive one dose before giving birth [2]. Thus, as populations
increasingly receive the routine six doses during childhood and adolescence, fewer women
will require TTCV during pregnancy.

MNT is associated with poverty and lack of access to adequate health services, and
occurs most frequently in settings with weak health and immunization systems, largely in
the worst performing districts in low- and lower-middle-income countries [1,2]. Therefore,
MNT is inherently a health equity issue. Despite this, relatively few publications have exam-
ined predictors of and inequalities in maternal tetanus immunization, particularly relative
to other child immunization outcomes. Prior research examining inequalities in childhood
immunizations and using multi-national samples has found several factors which are signif-
icantly associated with disparities in coverage, including household wealth [6-9], maternal
age [10], maternal education [8,9,11], and place of residence (urban/rural) [9,11-13]. A
number of single-country studies have examined factors associated with tetanus vacci-
nation uptake by pregnant women in, for example, Afghanistan [14], Bangladesh [15,16],
Ethiopia [17,18], The Gambia [19], India [20], Kenya [21], Myanmar [22], Sierra Leone [23],
and Sudan [24]. Across these studies, higher levels of maternal education and household
wealth have often been found to be associated with increased TTCV uptake, and in some
(but not all) contexts, there were also significant associations between uptake and maternal
age and place of residence. Two multi-country studies within Africa found greater maternal
age, education, and household wealth to be significantly associated with higher coverage
of births protected against neonatal tetanus [25,26].

To date, no global multi-country analyses have explored the extent of inequalities
in maternal tetanus immunization coverage. Though smaller-scale (e.g., country-level or
subnational-area-level) analyses are important to understand context-specific determinants
of maternal tetanus immunization coverage and inequalities, a multi-country examination
such as this one provides the opportunity to assess whether broader trends in drivers of
coverage and inequalities exist, by using consistent outcome and inequality dimension
measures and methods. They also permit benchmarking (comparisons) between countries
to identify different situations of inequality, and explore where lessons to address inequal-
ity can be learned or applied. Findings from multi-country analyses such as these are
particularly useful for informing broad, multinational initiatives [27]. This study examines
levels and trends in tetanus protection at birth by four dimensions of inequality (wealth,
maternal age and education, and area of residence), and explores variations by country
World Bank income level (low-, lower-middle-, and upper-middle income). Specifically, we
hypothesize that factors shown to be associated with childhood immunization coverage
(household wealth, maternal age, maternal education, and place of residence) will also
be associated with MNT vaccination coverage across low- and middle-income country
contexts. Quantifying and reporting inequalities in tetanus protection at birth can inform
strategies and interventions to reach the goal of MNTE.
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2. Materials and Methods
2.1. Data Sources

Data from this study come from 76 countries with a recent (2011-2020) Demographic
and Health Survey (DHS) or Multiple Indicator Cluster Survey (MICS), which collected
information on maternal tetanus immunization coverage during pregnancy [28,29]. DHS
and MICS are nationally-representative household surveys that collect extensive infor-
mation about health outcomes, interventions, and healthcare behaviors. The information
analyzed here comes from interviews with women aged 15-49 years. DHS and MICS
survey methodologies have been published elsewhere [30,31].

2.2. Study Outcome

We examine maternal tetanus immunization coverage via the standard measure Pro-
tection at Birth (PAB), the proportion of women whose most recent live birth was protected
against neonatal tetanus [32,33]. A birth is considered protected from tetanus if the mother
(a) received at least two doses of TTCV during the pregnancy for her most recent live birth;
(b) received at least two doses of TTCV, the last one within 3 years of the most recent live
birth; (c) received at least 3 doses of TTCYV, the last one within 5 years of the most recent live
birth; (d) received at least 4 doses of TTCV, the last one within 10 years of the most recent
live birth; or (e) ever received at least 5 doses of TTCV at any time prior to the most recent
live birth. This measure is based on women whose most recent live birth occurred in the 59
or 23 months prior to the survey for DHS or MICS, respectively. This difference in time
frame is due to the data collection methodologies of the two survey families. Additionally,
maternal tetanus vaccination is ascertained via recall in DHS, while maternal vaccination
cards are requested for confirmation in MICS and recall is used only if no card is available.

2.3. Dimensions of Inequality

Based on drivers of inequality identified in previous publications on childhood vaccination
as well as data availability in DHS and MICS, we examined the following four dimensions of
inequality: household wealth (country-specific wealth quintiles) [6-9], maternal age (15-19,
20-49) [10], maternal education (none, primary, secondary or higher) [8,9,11], and place of
residence (urban, rural) [9,11-13].

For a set of sub-analyses, we classified countries based on World Bank 2022 income
groups: low-income, lower-middle income, or upper-middle income [34]. Only two high-
income countries (Uruguay and Trinidad and Tobago) had available data, so they were
excluded from these sub-analyses.

2.4. Statistical Analyses

We first present the latest situation of inequality in MNT vaccination coverage for
each country (using the most recent survey available from 2011 to 2020) via disaggregated
data and summary measures of inequality. For each of the four dimensions of inequality
(household wealth, maternal age, maternal education, and place of residence), we calculated
the following, based on the country-specific estimates:

1. Median coverage by subgroup of each inequality dimension, overall;

2. Median coverage by subgroup of each inequality dimension, by country income group;

3. Absolute inequality in coverage between the most and least advantaged subgroups of
each inequality dimension, calculated using difference (e.g., highest wealth quintile
coverage minus lowest wealth quintile coverage) and the slope index of inequality
(SII), overall and by country income group;

4. Relative inequality in coverage between the most and least advantaged subgroups of
each inequality dimensions, calculated using ratio (e.g., highest wealth quintile cover-
age divided by lowest wealth quintile coverage) and the relative index of inequality
(RII), overall and by country income group.
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For each median value estimated, we also present the 95% confidence interval (CI)
of the median, calculated using the centile Stata command with default specifications.
This uses a binomial-based method described in Mood and Graybill 1963 that makes no
assumptions on the distribution of the coverage variable [35,36].

We also examined changes over time in coverage levels and coverage inequalities. For
this analysis, we included countries with at least one survey in the period 2011-2020 and
one in the period 2001-2010, where the two surveys were at least 5 years apart. When
multiple surveys in a time range were available, the most recent survey that maintained a
5-year gap was used. To assess changes in inequality over time, we first examined annual
absolute change in national coverage levels, calculated as the national coverage in the more
recent survey minus the national coverage in the older survey divided by the number of
years between surveys. We then calculated annual absolute excess change in coverage,
which compares the annual rate of change in the least and most advantaged subgroups. This
is calculated as (absolute annual change for least advantaged subgroup) minus (absolute
annual change for most advantaged subgroup). Several patterns in coverage can lead to
positive (pro-disadvantaged) or negative (pro-advantaged) excess change. For example,
a positive excess change in coverage value can arise when both groups have increasing
coverage but the increase in the disadvantaged group is faster than the increase in the
advantaged group; when both groups have decreasing coverage but the decrease in the
disadvantaged group is slower than the decrease in the advantage group; or when the
disadvantage group increased (or had no change in) coverage while the advantage group
had a decrease (or had no change in) coverage. Excess change in coverage has been
previously used to portray change in inequality over time in diphtheria-tetanus-pertussis
(DTP) immunization coverage and in other maternal health outcomes [7,37].

As an additional post hoc analysis, we examined whether trends in inequality differed
substantially based on MNTE achievement status, assessing inequality metrics separately
for countries who have achieved MNTE vs. those who have not achieved MNTE.

Relevant survey sampling designs were taken into account when calculating point
estimates of disaggregated data and corresponding 95% ClIs at the country level. Statistical
significance was set at p < 0.05 for all comparisons, and 95% ClIs are reported throughout.

We conducted all analyses in Stata 17, and we developed data visualizations using
Tableau version 2022.1.1.

3. Results
3.1. PAB Coverage Medians

Median national PAB coverage among the most recent survey sample (N = 76) was
69.1% (95% CI 61.6-71.9%), ranging from 15.0% in Trinidad and Tobago to 91.8% in India.
Median national PAB coverage was 71.0% (95% CI 58.2-79.3%) in low-income countries
(n =20),71.3% (95% CI 66.1-76.1%) in lower-middle-income countries (n = 34), and 64.7%
(95% CI 35.7-71.2%) in upper-middle-income countries (1 = 20). PAB coverage differed
by within-country populations subgroups for all examined dimensions of inequality (see
Figure 1, Interactive Supplemental Table S1). Median PAB coverage increased monotoni-
cally with increasing wealth, from 61.6% (95% CI 51.4-70.2%) among the poorest quintile
to 77.3% (95% CI 67.8-80.1%) among the richest. Children of younger mothers were less
likely to have protection at birth, with median coverage increasing from 63.0% (95% CI
60.1-69.6%) among mothers aged 15-19 to 71.1% (95% CI 66.8-75.1%) among mothers aged
20-49. Maternal education was also associated with median PAB coverage, increasing from
63.1% (95% CI 52.5-69.2%) among mothers with no education, to 71.5% (95% CI 66.7-75.3%)
among mothers with primary education, to 78.5% (95% CI 74.5-81.1%) among mothers
with secondary or higher education. Finally, children in urban areas had higher median
PAB coverage than children in rural areas (73.6% urban [95% CI 66.9-77.4%] vs. 66.0% rural
[95% CI 59.1-72.7%)]).
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Figure 1. Latest situation of inequality in PAB coverage (DHS/MICS, 2011-2020).

These patterns in inequalities in PAB coverage are largely consistent across country
income groupings, with two exceptions. Increasing wealth and increased maternal age are
not associated with increased coverage for upper-middle-income countries (see Figure 2a,b).
Increasing wealth and older maternal age are associated with increased coverage for low-
income and lower-middle-income countries, however. Within all three income groupings,
we see a consistent increase in coverage with increasing maternal education (see Figure 2c)
and greater coverage in urban compared to rural areas (see Figure 2d).

3.2. Absolute and Relative Inequality in PAB Coverage

The median difference between PAB coverage in the richest wealth quintile and poor-
est wealth quintile among the most recent survey sample was 7.9 percentage points (95%
CI 5.0-11.8), and the ratio in coverage between these quintiles was 1.12 (95% CI 1.08-1.19)
(see Table 1, Interactive Supplemental Table S1). These measures differed by country
income grouping; in low-income countries, the median difference was 15.2 percentage
points (95% CI 5.7-24.7), lower-middle-income countries had a smaller gap of 10.9 per-
centage points (95% CI 7.2-16.7), and upper-middle-income countries had a small negative
gap of —1.5 percentage points in coverage (95% CI —6.5-5.5). The median ratio of cov-
erage between the richest and poorest wealth quintile followed a similar pattern: 1.21
(95% CI 1.09-1.66) among low-income countries, 1.16 (95% CI 1.10-1.32) among lower-middle-
income countries, and 0.98 (95% CI 0.88-1.08) among upper-middle-income countries.

Differences by maternal age were also evident. Overall, the median difference between
PAB coverage in children of mothers aged 15-19 and mothers aged 20-49 among the most
recent survey sample was 4.5 percentage points (95% CI 2.9-6.1), and the ratio in coverage
between these groups was 1.07 (95% CI 1.04-1.10). In low-income countries, the median
difference in coverage was 4.8 percentage points (95% CI 1.9-8.4). Lower-middle-income
countries had a slightly larger gap of 6.0 percentage points (95% CI 3.7-8.3), while upper-
middle-income countries had a small gap of 1.1 percentage points (95% CI —3.0-5.0) in
coverage. The median ratio of coverage between the children of older and younger mothers
followed a similar pattern: 1.09 (95% CI 1.03-1.18) among low-income countries, 1.09 (95%
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CI 1.06-1.14) among lower-middle-income countries, and 1.03 (95% CI 0.96-1.14) among
upper-middle-income countries.
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Figure 2. Latest situation of inequality in PAB coverage by World Bank income group (DHS/MICS,
2011-2020). (a) Wealth quintile; (b) maternal age; (c) maternal education; (d) place of residence.

The median difference between PAB coverage in children of mothers with secondary
or higher education and mothers with no education was 11.6 percentage points (95% CI
8.4-15.7), and the ratio in coverage between these groups was 1.18 (95% CI 1.12-1.25).
Differences in PAB coverage by maternal education were substantial across all country
income groups. In low-income countries, the median difference between PAB coverage in
children of mothers with secondary or higher education and mothers with no education
was 15.6 percentage points (95% CI 4.3-25.2). Lower-middle-income countries had a gap of
13.1 percentage points (95% CI 10.0-25.9), while upper-middle-income countries had a gap
of 7.3 percentage points (95% CI —3.3-9.5). The median ratio of coverage between the chil-
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dren of more and less educated mothers followed a similar pattern: 1.23 (95% CI 1.05-1.53)
among low-income countries, 1.20 (95% CI 1.17-1.47) among lower-middle-income coun-
tries, and 1.11 (95% CI 0.96-1.15) among upper-middle-income countries.

The median difference between PAB coverage in urban areas compared to rural areas
was 3.7 percentage points (95% CI 1.9-6.4), and the ratio in coverage between these groups
was 1.05 (95% CI 1.03-1.10). In low-income countries, the median difference in coverage
was 7.3 percentage points (95% CI 3.8-11.3). Lower-middle-income countries had a gap of
4.7 percentage points (95% CI 1.3-8.1), while upper-middle-income countries had a negligi-
ble gap of 0.2 percentage points (95% CI —1.7-2.9). The median ratio of coverage between
the children in urban versus rural areas followed a similar pattern: 1.10 (95% CI 1.05-1.21)
among low-income countries, 1.07 (95% CI 1.02-1.13) among lower-middle-income coun-
tries, and 1.00 (95% CI 0.94-1.05) among upper-middle-income countries.

We analyzed both simple and complex measures of inequality in PAB coverage for
each of the four examined dimensions of inequality. As simple and complex measures
demonstrated similar patterns of results, we focus on reporting the simple measures of
inequality (difference and ratio) here. Complex measure findings can be found in Interactive
Supplemental Table S1.

3.3. Change in Inequality in PAB Coverage over Time

We focus our change over time results on inequalities in household wealth; findings
for other dimensions of inequality are available in Interactive Supplemental Table S2). The
change over time analyses included 41 countries with data in both the periods 2001-2010
and 2011-2020.

Examining annual absolute change in national average PAB coverage (see Figure 3,
x-axis; Interactive Supplemental Table S2), we find almost no annual change (median
—0.04 percentage points, 95% CI —0.35-0.76) in overall PAB coverage across the exam-
ined countries from earlier (2001-2010) to more recent (2011-2020) time frames. There is
substantial variation by country, however, ranging from an annual decrease in coverage
of 2.0 percentage points in Suriname to an annual increase of 2.6 percentage points in
Afghanistan. Twelve countries saw annual improvements in coverage of 1 percentage
point or more (suggesting at least a 10-percentage point improvement in coverage over the
examined 10-year time period), while three countries saw annual decreases in coverage of
at least 1 percentage point (suggesting at least a 10-percentage point decrease in coverage
over the examined time period). Of note, no countries with 80% or higher coverage at the
earlier time period (1 = 8) saw any improvements in national coverage.

Examining annual absolute excess change in the poorest compared to the richest
wealth quintiles (Figure 3, y-axis; Interactive Supplemental Table S2), we find an annual
excess change median value of 0.26 percentage points (95% CI 0.05-0.41), indicating slightly
more favorable change over time for the poorest quintile over the examined time period.
This measure also demonstrated heterogeneity by country, ranging from 2.4 percentage
points annual excess change in Liberia to —1.9 percentage points annual excess change in
Zambia. Ten countries had excess annual change of 1 percentage point or more (equivalent
to 10 percentage points or more over the examined time period, favoring the poorest
quintile), while six countries had excess annual change of —1 percentage point or less
(equivalent to 10 percentage points or more over the examined time period, favoring the
richest quintile).

Six of the examined countries had a substantial increase in national average of
15 percentage points over the 10-year time period (annual change of 1.5 percentage points
increase or more)—Afghanistan, Cambodia, Namibia, Nepal, Senegal, and Togo. All six
countries also had positive annual absolute excess change, indicating faster improvement
among the poorest than the richest. Afghanistan and Cambodia saw the largest statistically
significant annual excess change, equivalent to 23 percentage points excess improvement for
the poorest relative to the richest in Afghanistan, and 13 percentage points excess improve-
ment for the poorest relative to the richest in Cambodia over the examined 10-year time
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period. The Gambia, Lesotho, Liberia, and Nigeria also indicated statistically significant
excess change in favor of the poorest quintile, all four with excess change of 15 percentage
points or more over the 10-year time period. Only three countries—the Democratic Repub-
lic of the Congo, Egypt, and Zambia—saw statistically significant excess change in favor of
the richest quintile of 15 percentage points or more over the 10-year time period; all three
countries saw decreases in their average national coverage over the same time period.
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Figure 3. Change in national average and wealth-related inequality in PAB coverage (DHS/MICS,
2001-2010 and 2011-2020).

Examining the subset of 15 countries with data from the two most recent years of
available data (2019-2020), we see substantial heterogeneity in change over time for cov-
erage level and inequality by wealth quintile (see Figure 4). For example, Senegal had
significant improvement in coverage levels for all wealth quintiles, but almost no changes
in absolute inequality across levels of wealth. In contrast, Liberia had a negligible change
in the national average coverage, but substantial reductions in inequality. Thus, while
cross-national medians suggest little change for either coverage or inequality of PAB from
2001-2020, specific country patterns demonstrate meaningful changes over the time period.
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Figure 4. Change in inequality in PAB coverage (DHS/MICS, 2001-2010 and 2011-2020), countries
with latest survey in 2019 or later.

3.4. PAB Coverage in Countries by MNTE Achievement Status

This study includes data from 10 of the 12 countries who have not achieved MNTE as
of 2020: Afghanistan, Angola, Central African Republic, Guinea, Mali, Nigeria, Pakistan,
Papua New Guinea, Sudan, and Yemen (Somalia and South Sudan have not met MNTE
but did not have available data) [5]. All 10 countries demonstrated statistically significant
inequality in PAB coverage across maternal education; nine had significant inequality
in PAB across household wealth, nine had significant inequality in PAB across place of
residence, and four had significant inequality in PAB across maternal age. Of the five
countries for which we had data to examine change over time, three (Afghanistan, Nigeria,
and Pakistan) demonstrated significant improvements in national average coverage over
the examined time period, while two (Central African Republic and Mali) had stagnant
coverage. Of these five, only Afghanistan and Nigeria had statistically significant excess
change over time across any of the examined dimensions, indicating decreased inequality
in PAB coverage by wealth in Afghanistan, and decreased inequality for all dimensions
in Nigeria.

As a post hoc analysis, we also examined median inequality measures by MNTE
achievement status (see Table 2, Supplemental Figure S1). We find that there is substantially
larger inequality (as measured by difference and ratio) in household wealth, maternal edu-
cation, and place of residence among countries which have not achieved MNTE compared
to those which have achieved MNTE; no meaningful difference in inequality by MNTE
status is observed for maternal age.
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4. Discussion

Findings from this study of 76 countries suggest that there is substantial inequality
in maternal tetanus immunization coverage globally. In particular, we find substantial in-
equality in tetanus protection at birth coverage by household wealth quintile, maternal age,
maternal education, and place of residence. Though previous studies have demonstrated
inequalities in coverage in one or more of these inequality dimensions in single-country or
single-continent contexts, this is the first study to examine inequalities in PAB coverage
across all four of these dimensions utilizing a large, global sample of low-, lower-middle,
and upper-middle income countries. As the burden of MNT is highest in the most vulnera-
ble populations (including those with lower wealth, younger maternal age, lower maternal
education, and rural residence) [1], the lower immunization coverage we observe in these
groups is particularly concerning.

We find that greater maternal education and urban (compared to rural) residence are
associated with greater PAB coverage, overall and for each country income grouping. This is
consistent with prior research of other childhood vaccines, and with priority focus areas of ma-
jor immunization initiatives, which include reducing gender-related barriers to immunization
(such as maternal education) and reaching remote rural populations [12,27,38—42].

Older maternal age and higher household wealth are also associated with greater PAB
coverage overall and for low- and lower-middle-income countries, similarly consistent
with prior research and immunization targets. However, the upper-middle-income country
group demonstrated approximately equitable coverage by maternal age and wealth. As
MNTE has been achieved in all examined upper-middle-income countries, many for more
than 20 years, tetanus toxoid vaccination efforts likely differ from those in low- or lower-
middle-income countries, possibly resulting in alternate patterns of coverage [43].

With regard to age, upper-middle-income countries generally have higher and more
equitable childhood vaccination coverage and have for the past several decades [7]—
meaning more young mothers received the basic three doses of DTP vaccines and additional
TTCV doses in childhood and adolescence, resulting in complete PAB coverage by the time
of childbirth. We similarly expect inequalities in PAB coverage by maternal age to continue
to narrow over time as childhood DTP3 and additional TTCV dose coverage increases. With
regards to wealth, the fact that the lowest wealth quintile had the highest coverage was
unexpected. Similarly, the observation of lower overall median PAB coverage across upper-
middle-income countries (65%) compared to low- and lower-middle income countries (both
71%) was counter to hypothesized patterns based on other childhood vaccine coverages.
These findings provide further evidence of differences in tetanus immunization strategies
across country income groupings. This includes substantial supplementary immunization
activities (SIAs) or campaigns in countries with the highest burden of maternal and neonatal
tetanus, which are largely low- and lower-middle-income countries, and relatively few such
activities in upper-middle-income settings [44]. Additionally, as MNTE has been achieved
in all upper-middle-income countries analyzed, the disease is often no longer considered
a priority public health issue, and immunization may be considered less necessary as
there is near universal access to clean birth environments and adequate umbilical cord
management practices [43]. Nonetheless, the findings regarding equitable PAB coverage by
wealth within upper-middle-income countries, and relatively lower PAB coverage overall
in these settings, warrant further exploration within country-specific contexts.

Differential patterns of PAB coverage across dimensions of inequality and country
income grouping highlight the importance of examining multiple dimensions of inequal-
ity. However, this study examines only four potential factors which may influence PAB
coverage. Additional factors, such as conflict-affected areas and intensity [24,45], or subpop-
ulations defined by double disaggregation, such as urban poor [46,47], have been shown to
be associated with lower PAB coverage. Future work using multi-country samples should
examine these and other potentially related factors to better understand determinants of
coverage levels and inequalities, and consider multivariate analyses to understand the
relative importance of co-existing factors. For analyses of smaller geographic scope, exam-
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ining factors which are as relevant and as specific to the context as possible will best enable
targeted efforts to improve TTCV coverage and eliminate MNT [5].

Despite large strides in MNTE efforts over the examined time period, and success in
achieving MNTE in 47 of 59 countries with MNT as of 2020, there has been little change
in maternal tetanus immunization levels and inequalities over the study time period on
aggregate. However, this hides significant heterogeneity in coverage levels and inequality
across countries. We see significant improvements in PAB coverage of 15 percentage points
or more over 10 years for six countries, all of which also demonstrated reductions in wealth-
related inequality in PAB coverage over the same time period. Though we cannot determine
the direction of this relationship in current analyses, efforts to improve coverage should
simultaneously be oriented towards reducing inequality. Importantly, we see evidence of
inequalities in PAB coverage for all ten examined countries which have not achieved MNTE,
and only see improvements in coverage and inequality for two of these target countries.
We also observe substantially greater inequalities in PAB coverage among countries which
have not achieved MNTE compared to countries which have been successful in achieving
MNTE for three of the four examined dimensions (wealth, maternal education, and place
of residence) in the most recent data. Reductions in these inequalities in coverage will be
crucial to achieve MNTE.

Efforts to improve PAB coverage and equity should thus remain a key aim of MNTE
initiatives, including quality targeted supplementary immunization activities, increases in
uptake by LMICs of TTCV booster doses along the life-course, improved antenatal care
visit access and TTCV administration during antenatal care, and increased institutional
deliveries and clean delivery practices [48-51]. Additionally, persistent inequalities in PAB
coverage in those countries which have achieved MNTE suggest the need for ongoing
efforts to ensure MNTE sustainability, such as periodic neonatal tetanus risk analyses and
corrective measures to close immunity gaps [43]. Assessments of inequality such as this
one may help inform the groups to be targeted in these MNTE sustainability efforts. Global
initiatives, such as the Immunization Agenda 2030 (IA2030), also present opportunities
to catalyze action to address inequalities in PAB [27]. Positioning maternal and neonatal
tetanus as a tracer of inequality in health care provision will enable more visibility and
enhanced resource mobilization for the global initiative to eliminate MNT.

This study relies largely on maternal vaccination self-report, which is subject to recall
bias, particularly as childhood doses may have been received 20+ years prior [52]. No
recent review has explored the reliability of recall for immunization coverage, but prior
research suggests that it can be problematic for childhood vaccines [53]. In particular, older
women and women with more children may be more susceptible to underreport prior
doses, and maternal recall likely underestimates TTCV coverage generally [54]. However,
TTCV immunization protocols indicate that women who do not remember if they received
a dose—or who report that they have not received a dose—should be immunized; thus, suc-
cessful TTCV immunization efforts should negate this bias. Increasing use of home-based
records and digitalized personal health records will likely also lead to decreased recall
bias, reduction in unnecessary doses, and improved coverage over time [55]. The complex
nature of PAB definition requires surveyors to correctly and comprehensively collect infor-
mation about past tetanus immunization, leading to potential underreporting of coverage if
information is only partially collected. We do not have reason to think that such bias would
differ by the dimensions of inequality examined, however. In particular, women with
multiple prior pregnancies may have underreporting or inaccurate reporting of prior doses;
limiting these analyses to first births only would help mitigate this potential bias. Though
such analyses were outside of the scope of this manuscript, future work should consider
examination of first births (single parity mothers) only. Despite limiting analyses to the
most recent data available, we include surveys from 2011 to 2020, and the current situation
in a country may have changed substantially in the time since. This is particularly a concern
in light of the COVID-19 pandemic, which interrupted immunization efforts and healthcare
access in many places. Conclusions from these analyses about specific country situations
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should therefore be interpreted with caution. Finally, the nature of this cross-sectional,
aggregate analysis does not allow for conclusions about the relative importance of the
examined dimension of inequality, a causal relationship between inequality and coverage
levels, subnational inequalities in coverage, the relative contributions of immunization
prior to versus during the most recent pregnancy, nor the most effective potential solutions
for improving coverage and reducing inequalities. All of these areas would benefit from
examination in future research.

Despite these limitations, findings from this work can be used to inform future re-
search, policy, and clinical practice and to benchmark progress. The occurrence of maternal
and neonatal tetanus is a marker of inequities as this disease affects the most vulnerable
populations, thus, MNTE efforts should continue considering equity a priority to ensure
sustained results. This includes regular data collection of PAB coverage along with so-
ciodemographic data to be able to regularly perform disaggregated data monitoring and
analysis. Findings from this routine monitoring then can and should be used to inform sub-
populations which can be the targets of interventions to improve coverage including SIAs,
additional ANC-based screening and vaccination opportunities, improved immunization
documentation efforts, and tetanus awareness and education activities. These analyses
also provide an initial set of potential priority groups (the lowest wealth quintile, lower
maternal education, and rural populations) for vaccinations efforts, and provide a potential
framework for identifying additional subpopulations of interest.

5. Conclusions

Maternal immunity against tetanus, measured as PAB coverage, is a key aspect of
MNTE. Findings from this study of 76 countries suggest that substantial inequalities in PAB
coverage exist for wealth, maternal age, maternal education, and place of residence, and
that these inequalities exist globally across low-, lower-middle-, and upper-middle-income
countries. Though global coverage changed little over the time period 2001-2020, several
countries had substantial increases in PAB coverage accompanied by decreases in inequality,
highlighting the need for continued equity considerations in MNTE efforts.

Supplementary Materials: The following supporting information can be accessed at: https://public.t
ableau.com/app/profile/katherine kirkby /viz/Interactivetable-Inequalitiesintetanustoxoidprotect
ioncoverage/Interactivetables Interactive Supplemental Table S1: Latest situation of inequality; In-
teractive Supplemental Table S2: Change in inequality over time. The following supporting in-
formation can be downloaded at https://www.mdpi.com/article/10.3390/vaccines11040752/s1:
Supplemental Figure S1: Latest situation of inequality in PAB coverage by country MNTE achieve-
ment status (DHS/MICS, 2011-2020).
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Abstract: The role of gender inequality in childhood immunization is an emerging area of focus
for global efforts to improve immunization coverage and equity. Recent studies have examined the
relationship between gender inequality and childhood immunization at national as well as individual
levels; we hypothesize that the demonstrated relationship between greater gender equality and
higher immunization coverage will also be evident when examining subnational-level data. We thus
conducted an ecological analysis examining the association between the Subnational Gender Devel-
opment Index (SGDI) and two measures of immunization—zero-dose diphtheria-tetanus-pertussis
(DTP) prevalence and 3-dose DTP coverage. Using data from 2010-2019 across 702 subnational
regions within 57 countries, we assessed these relationships using fractional logistic regression
models, as well as a series of analyses to account for the nested geographies of subnational regions
within countries. Subnational regions were dichotomized to higher gender inequality (top quintile of
SGDI) and lower gender inequality (lower four quintiles of SGDI). In adjusted models, we find that
subnational regions with higher gender inequality (favoring men) are expected to have 5.8 percentage
points greater zero-dose prevalence than regions with lower inequality [16.4% (95% confidence inter-
val (CI) 14.5-18.4%) in higher-inequality regions versus 10.6% (95% CI 9.5-11.7%) in lower-inequality
regions], and 8.2 percentage points lower DTP3 immunization coverage [71.0% (95% CI 68.3-73.7%)
in higher-inequality regions versus 79.2% (95% CI 77.7-80.7%) in lower-inequality regions]. In models
accounting for country-level clustering of gender inequality, the magnitude and strength of associ-
ations are reduced somewhat, but remain statistically significant in the hypothesized direction. In
conjunction with published work demonstrating meaningful associations between greater gender
equality and better childhood immunization outcomes in individual- and country-level analyses,
these findings lend further strength to calls for efforts towards greater gender equality to improve
childhood immunization and child health outcomes broadly.

Keywords: immunization; vaccination; zero-dose children; diphtheria-tetanus-pertussis vaccine;
determinants of immunization; health status disparities; gender equity; gender inequality

1. Introduction

Gender inequality is increasingly recognized as a key determinant of childhood im-
munization coverage and health equity [1-4]. Gender-related barriers to immunization
have been shown to operate at the individual, interpersonal, community, and broader
socio-structural levels [2]. These include barriers faced by (frequently women) caregivers,
such as lower health education and literacy, travel restriction, and limited household
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decision-making influence; by health workers delivering services (who are disproportion-
ately women), including gender pay gap, workplace harassment and inequitable exposures
to health risks; and by policy-makers (where women are frequently under-represented),
who enact laws and guidelines which may amplify or reinforce gender inequities [2,5].
Several recent studies have examined the relationship between childhood immunization
coverage and measures of gender inequality empirically, at the individual [6,7] and na-
tional [8,9] levels. These studies consistently find significant and meaningful associations
between greater gender inequality and lower immunization coverage.

Existing individual-level analyses use the survey-based women’s empowerment (SW-
PER) index, a three-dimensional measure of women’s empowerment comparable across
time and geographies [10]. These studies find that children of women with greater empow-
erment (as measured by social independence [including such items as schooling attainment
and access to information], decision-making control, and attitudes towards violence) were
more likely to have received three doses of the combined diphtheria-tetanus-pertussis (DTP)
vaccine and less likely to have received zero doses of DTP than children of women with
lower empowerment [6,7]. Individual-level analyses have several advantages: mothers are
frequently caregivers for their child, and their experiences are proximally related to their
child’s outcomes; confounding mother- and child-level information known to be associated
with immunization coverage could be accounted for, including mother’s education and
child birth order; and unlike aggregated analyses, these methods can avoid the ecological
fallacy and account for individual variation. However, individual measures of empow-
erment do not take into account broader gender norms, policies, and social climates that
may contribute to gender inequality. Furthermore, it is difficult to assess empowerment or
gender equity at the individual level given existing measures.

National level analyses that have examined gender barriers and immunization out-
comes similarly find that countries with lower gender inequality have higher rates of DTP3
coverage and lower zero-dose DTP prevalence [8,9]. The advantages of national analyses
include: readily available data and the ability to examine large numbers of geographies;
standard measures of inequality that are comparable across countries and time; and the fact
that national averages capture the broader state of women in a society, as laws, economics,
health systems, and education are often determined and implemented at the national level.
However, these analyses fail to account for individual variation and may reflect averages
which obscure more important within-country inequality. They also fail to capture commu-
nity factors at the subnational level, where there may be significant differences in regional
policies or implementation of national practices and priorities.

Our current analysis expands on this previous work and fills an important gap by
utilizing subnational data to examine the association between gender inequality and child-
hood immunization at the subnational region level. Although subnational analyses also
cannot capture all levels at which gender inequality may affect child immunization, they
do bridge the gap between existing national and individual level information. Subnational
units may be particularly relevant for laws, health systems, government or nonprofit ini-
tiatives, as well as geographic variation in education, religion, wealth, industry, and other
factors which may be associated with both gender equity and childhood immunization.
Specifically, in this manuscript we test the hypothesis that the subnational gender develop-
ment index will be associated with zero-dose DTP prevalence and DTP3 coverage at the
subnational level.

2. Materials and Methods
2.1. Indicators and Data Sources

The data used in this study include up to 10 years of subnational region estimates
of childhood immunization, indicators of gender inequality, and other demographic, eco-
nomic, and social characteristics. Data were available for 702 subnational regions across
57 countries. We included the 10 most recent years of available data (2010-2019); all region
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years where estimates for subnational gender development and immunization outcomes
were available were included, for a total of 1066 total region years of data.

2.1.1. Immunization Outcomes

We examined two outcomes based on subnational coverage of the DTP vaccine. First,
the prevalence of zero-dose children (zero-dose DTP), defined as the percentage of surviving
one-year old children in a subnational region who have not received the first dose of the
DTP vaccine series. This indicator is a proxy for children who have missed immunization
services entirely. Second, the prevalence of DTP3 immunization (DTP3), the percentage of
surviving one-year old children in a subnational region who have received three doses of
DTP vaccine. This indicator is a proxy for children who have accessed the full series of basic
immunizations. Together, these are frequently used indicators of child health more broadly
as they reflect regular and timely interaction with health services (DTP3) and health equity
(zero-dose DTP) [11-13].

These estimates are derived from Demographic and Health Surveys (DHS) Program
data, which uses a rigorous survey design to create representative samples at the subna-
tional level. Substantial detail on the study design and methodology of the DHS has been
published elsewhere [14].

2.1.2. Factors Associated with Immunization Coverage

We examined variables selected a priori based on prior national-level analyses, to
make findings as directly comparable as possible [9]. These factors were chosen to account
for demand and supply side factors that influence vaccination and might confound the
association between immunization and gender inequality [15-19]. These included sub-
national estimates of percent of population under 15 years of age, percent of population
living in urban areas, and a number of human development indicators (described below).
We also utilized national estimates of average annual rate of population change; estimates
corresponding to study subnational regions were not readily available.

To capture human development in adjusted models, we utilized the subnational
human development index (SHDI). The SHDI is a summary measure of development
in three dimensions, namely education, health, and standard of living, with an index
normalized between 0 and 1 created for each dimension [20]. The education index based on
mean expected years of schooling for children and mean years of schooling for adults ages
25 years and older, the health index is based on life expectancy at birth, and the standard of
living index is based on gross national income per capita (2017 purchasing power parities
[PPP] in USD). We utilized the three dimension-specific indices in analyses. Each of these
indices are calculated both for the total population, as well as disaggregated by sex. All
human development indicators were available at the subnational level.

2.1.3. Gender Inequality

Gender inequality was measured using the subnational gender development index
(SGDI) [20,21]. The SGDLI is the only readily publicly available metric of gender inequality
available at the subnational level which is comparable across geographies and time.

SGDI captures gender inequalities in achievement in the three dimensions of develop-
ment captured by the SHDI (items detailed above). The SGDI is the ratio of SHDI among
men to SHDI among women within a subnational region; additional detail regarding the
SGDl is published elsewhere [20]. We include both SGDI (the ratio of development between
women and men) as well as the SHDI (the overall level of development) in adjusted models.

SGDI values below 1 indicate higher human development among men than women, a
value equal to 1 indicates equality, and values above 1 indicate higher development among
women than men. We created a binary analysis variable for SGDI based on quintiles of its
sample distribution, dichotomized to higher gender inequality favoring men (highest quin-
tile) versus lower gender inequality (quintiles 2-5). In analyses limited to the most recent
year of data, we recreated the binary variable based on quintiles of the most recent year
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sample distribution. We present summary statistics for the continuous SGDI measure, but
analyzed SGDI as a binary measure (higher versus lower gender inequality) in regression
analyses for ease of interpretation.

2.2. Data Sources

All subnational estimates of outcomes, gender inequality, human development, and
demographic characteristics came from the Global Data Lab [22]. Though the Global Data
Lab produces SHDI estimates for subnational regions in 161 countries for all years from
1990-2019, we utilized only those country years in which a DHS survey was conducted, as
subnational vaccination coverage was only available for these years. As a result, all data in
this study is derived from DHS survey-weighted estimates and do not rely on interpolation.
Full details on data sources for the indicators compiled, calculated, and distributed by
Global Data Lab have been published elsewhere [20]. Estimates of national average annual
rate of population change came from the World Development Indicators [23].

Table 1 presents a summary of indicators.

Table 1. Measures.

Category Indicator
Outcomes Zero-dose DTP prevalence
DTP3 immunization coverage
Gender inequality Subnational gender development index (SGDI)
Demographic/geographic characteristics Average annual rate of population change (%) *
Population <15 years (%)
Urban population (%)
Human development Subnational health index (0 to 1)

Subnational education index (0 to 1)
Subnational income index (0 to 1)

* All indicators at the subnational level with the exception of annual rate of population change, which is assessed
at the national level due to data availability.

2.3. Analyses

We present descriptive statistics, bivariate comparisons of immunization outcomes
and SGDI, and unadjusted outcome distributions by SGDI, for the most recent year of data
available for each subnational region. We then present regression analyses to examine the
association between childhood immunization and gender inequality using the full 10-year
dataset. All region years with available data were included in analyses. All models were
conducted using fractional logit specifications, as the outcomes are proportions with values
between 0 and 1 [24,25].

Models were estimated with SGDI as a binary variable equal to 1 if subnational regions
were in the highest gender inequality quintile, and 0 if regions were in any of the four lower
inequality quintiles.

For each immunization outcome, we first estimated the unadjusted association be-
tween the outcome and SGDI, without controlling for any other factors. We then conducted
adjusted analyses, including controls for annual population growth and age structure,
percentage of urban population, and the three individual dimensional indices of the SHDI
(health, education, and income).

Unadjusted and adjusted models accounted for non-parametric time trends via year
fixed effects, and were estimated with standard errors clustered at the subnational
region level.

To account for the geographically clustered nature of subnational regions within
countries, we also conducted a series of analyses accounting for country-level clustering.

e  First, we replicated the adjusted fractional logistic regression as described above
with the addition of a covariate which was the country-year average zero-dose DTP
prevalence or DTP3 coverage.
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e  Second, we retained only the most recent year of available data for each subnational
region, and conducted the same adjusted fractional logistic regression, but with the
clustered standard errors based on country, rather than region.

e Third, we included all available data but used a multi-level mixed effects linear
regression approach, using nested random effects of subnational region within country,
with covariate fixed effects as defined by the adjusted model above. For these models,
we specified random intercepts for both country and region, and random slopes
for region, with an identity variance-covariance structure; these specifications were
selected based on model performance as assessed by AIC and BIC.

e  Fourth, we replicated the mixed-effects linear regression approach using the most
recent year of available data for each subnational region, and including only random
intercepts for country.

Statistical significance was set at p < 0.05 for all comparisons including adjusted odds
ratios (AORs); 95% confidence intervals (Cls) are reported throughout. All analyses were
conducted using STATA 16.1 [26].

3. Results
3.1. Descriptive Analyses

In the most-recent-year sample, where each observation is one region, the mean value
of SGDI was 0.90, ranging from a low of 0.51 to a high of 1.09. This mean value below 1
indicates that, overall, human development was lower among women than men in the
analyzed subnational regions. Distributions of the SGDI for the pooled 10-year (Figure 1a)
and most-recent-year (Figure 1b) samples are shown in Figure 1.
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Figure 1. Distribution of Subnational Gender Development Index score.

In unadjusted comparisons, higher gender inequality was associated with higher
prevalence of zero-dose DTP and lower DTP3 immunization coverage (Table 2,
Figures 2 and 3). Examining the most recent year of available data sample, subnational
regions with higher gender inequality (favoring men) as measured by the SGDI had 13.4
percentage points greater zero-dose prevalence (18.2% vs. 4.8%), and 21.6 percentage points
lower DTP3 immunization coverage (86.0% vs. 64.4%) than regions with lower inequality.
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Table 2. Prevalence of zero-dose DTP and DTP3 immunization coverage by SGDI category, most

recent year of available data.

Zero-Dose DTP (%) DTP3 Immunization Coverage (%)
Median Min Max Median Min Max N
High gender inequality 18.2 0 96.6 64.4 2.6 98.1 214
Medium/low /negligible gender inequality 4.8 0 81.2 86.0 9.7 100 852
p-value <0.001 <0.001

Zero-dose DTP prevalence by SGDI score

DTP3 coverage by SGDI score
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Figure 2. Prevalence of zero-dose DTP and DTP3 immunization coverage by continuous SGDI score,
most recent year of available data.
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Figure 3. Prevalence of zero-dose DTP and DTP3 immunization coverage by SGDI category, most
recent year of available data. Note that boxes show 25-75th percentile values, with 50th percentile

(median) line inside box. Single dots are outlier values.

3.2. Regression Analyses

Higher inequality was significantly associated with lower zero-dose prevalence and
higher DTP3 coverage in unadjusted and adjusted fractional logistic regression analyses
(Table 3). In subnational regions with higher gender inequality, zero-dose prevalence
odds were 1.7 times higher (AOR =1.74, 95% CI: 1.38-2.19) compared to subnational
regions with lower inequality. Consistently, the odds of DTP3 coverage were 39% lower
(AOR = 0.61, 95% CI: 0.51-0.75) in regions with higher gender inequality relative to regions
with lower inequality.
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Table 3. Odds ratios for zero-dose DTP prevalence and DTP3 immunization coverage by SGDI
category (702 subnational regions across 57 countries, 2010-2019).

Unadjusted Adjusted
Zero-dose children

High gender inequality 2.637 *** 1.742 ***

95% CI (2.122-3.275) (1.384-2.193)
DTP3 immunization coverage

High gender inequality 0.437 *** 0.614 ***

95% CI (0.364-0.524) (0.505-0.746)
)< 0.001.

We also estimated the average marginal effects of SGDI to indicate the average per-
centage point change in the outcome variable (zero-dose DTP or DTP3 coverage) by higher
versus lower gender inequality (See Figure 4). A subnational region with higher inequality
(favoring men) is expected to have 5.8 percentage points higher prevalence of zero-dose
DTP relative to a region with lower inequality, increasing from 10.6% (95% CI 9.5-11.7%)
for regions with lower inequality to 16.4% (95% CI 14.5-18.4%) for regions with higher
inequality. A subnational region with higher gender inequality is expected to have 8.2 per-
centage points lower coverage of DTP3 immunization than a region with lower gender
inequality, dropping from 79.2% (95% CI 77.7-80.7%) for regions with lower inequality to
71.0% (95% CI 68.3-73.7%) for regions with higher inequality.
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Figure 4. Adjusted * expected proportions of zero-dose DTP and DTP3 immunization coverage by
SGDI category, 702 subnational regions across 57 countries, 2010-2019. Estimated proportions are
adjusted for annual population growth and age structure (measured as the percentage of the popula-
tion under 15 years of age), percentage of urban population, and the three individual dimensional
indices of the SHDI (health index, education index, and income index).

Models Accounting for Country-Level Clustering

Consideration of country-level clustering reduced the observed associations between
subnational gender inequality and immunization coverage outcomes. In the model ad-
ditionally controlling for the average zero-dose prevalence or DTP3 coverage for the
corresponding country-year, we find a significant association between gender inequality
and both zero-dose DTP prevalence and DTP3 coverage. In the model limited to the most
recent year of data available for each subnational region and clustering standard errors
by country, we do not observe a significant association between gender inequality and
immunization outcomes. In multilevel linear regression models accounting for nested ran-
dom effects of subnational regions within country, we find significant associations between
gender inequality and both zero-dose DTP prevalence and DTP3 coverage. Findings are
similar when limited to the most recent year of data, utilizing a linear regression model with
country random effects. To more directly compare findings between models, we present
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predicted marginal effects of higher versus lower gender inequality, e.g., the predicted
percentage point difference in coverage between subnational regions with higher gender
inequality compared to those with lower gender inequality (see Table 4). We first present
the adjusted model that does not account for country clustering, as well as the four models
discussed above. Though the direction of association remains constant across models, the
magnitude and strength of association is reduced for the models that take into account
country-level clustering.

Table 4. Predicted marginal effects [percentage point difference] for zero-dose DTP prevalence
and DTP3 immunization coverage by SGDI category (702 subnational regions across 57 countries,
2010-2019).

Fractional Mixed Effects
No .Count}*y Fractional Logistic Model, Mixed Effects Linear Regression
Consideration . L. Most Recent Year . L Model, Most
. Logistic Model, Linear Regression
(Fractional of Data Only, Recent Year of
- Plus Country-Year Model, Nested
Logistic Model, Average Coverage Country Random Effects Data Only,
Full Sample) & 8 Clustered Country Random
Standard Errors Effect
N 1066 1066 702 1066 702

Zero-dose

children

High gender 5.83 ** 331% 3.48 3.64* 416+

inequality

95% CI (3.26-8.39) (1.82-4.80) (—1.04-8.00) (1.36-5.91) (1.57-6.75)

DTP3
immunization
coverage
High gender —8.20% —4.07% —5.16 42 ~530%

inequality

95% CI (—11.64 to —4.77) (—6.06 to —2.09) (—11.69-1.38) (—7.00 to —1.45) (—8.48 to —2.12)

*p <0.01;* p < 0.001.

4. Discussion

Findings from this study of 702 subnational regions across 57 countries suggest that
greater gender equality, as measured by the SGD], is associated with positive childhood
immunization outcomes—higher DTP3 coverage and lower zero-dose prevalence. We find
that, after adjustment, a subnational region with higher gender equality is expected to
have 5.8 percentage points lower prevalence of zero-dose DTP and 8.2 percentage points
higher coverage of DTP3 than a region with lower gender equality. To put this coverage
difference in context, it took more than 10 years of concerted effort for global DTP3 coverage
to improve by 8 percentage points—DTP3 coverage globally increased from 78% in 2006 to
86% in 2019 (prior to COVID-19-related declines) [27].

These findings align with prior work examining gender inequality and childhood
outcomes, including child mortality and immunization coverage, using different analytic
approaches including alternate measures of gender inequality and national or individual
units of analysis [6-9,28-30]. These studies consistently find that gender equality, and the
related construct of women’s empowerment, are associated with improved immunization
coverage, decreased child mortality, and other positive child health outcomes. Existing
work has also demonstrated substantial subnational inequality in immunization, high-
lighting the relevance of subnational policies and outreach efforts, as well as intra-country
variations in immunization access and resources [31,32]. Our study builds on this existing
literature to demonstrate that within-country variation in gender inequality is associated
with immunization coverage at the subnational level, and suggests that gender inequality
may be one of many drivers of subnational inequalities in coverage.
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Compared to national analyses, we find an even stronger association between immu-
nization and subnational gender inequality [9]. For example, the same adjusted regressions
suggests that at the national level, countries with higher gender equality have 4.6 percent-
age points higher DTP3 coverage than countries with lower gender equality, while we
find that subnational regions with higher gender equality had 8.2 percentage points higher
DTP3 coverage than subnational regions with lower gender equality. This larger (and
statistically stronger) association highlights the importance of within-country variation
in determinants of immunization. Nonetheless, we do find that the magnitude of these
associations is reduced somewhat when we take into account the clustering of subnational
regions within countries. This reduction in effect size suggests that national-level factors
remain important and meaningful predictors of immunization.

Reaching zero-dose and under-immunized children means reaching the communities
they are a part of; these ‘missed communities’ are not only a heightened risk for disease out-
breaks, but often also suffer from a lack of basic services and face entrenched socio-economic
marginalization [33]. Better understanding the drivers of subnational inequalities—such as
subnational differences in gender inequality—can enable targeted and tailored approaches
to improve not only gender equality, but also reach these missed communities to improve
immunization coverage and equity.

Findings from this study should be viewed in light of its limitations. Firstly, these
are ecological analyses, and hence does not imply causation. However, taken together,
the consistent association between gender equality and better childhood immunization
coverage across a range of individual, national, and subnational analyses lend strength to
the assertion that gender inequality is a key determinant of immunization coverage and
equity. Second, these data are available for low- and middle-income countries; high-income
countries, which likely have stronger health systems, and other countries without available
data may or may not exhibit the same patterns of association. Third, while these findings
demonstrate an association between gender inequality and immunization coverage, they
do not elucidate the pathways through which that association may be causal. Qualitative
work is needed to better understand the contextual pathways through which restrictive
gender norms and gender-related barriers hamper immunization efforts.

A growing body of evidence on gender as a determinant of health examines the ways
in which gender inequality influences decision-making about health services, access to
and affordability of health services, limitations on mobility and decision-making, and
provider attitudes, among others [4,34,35]. Further work is needed to understand the
ways in which interventions may operate across these pathways, and understand which
interventions are effective in addressing and circumventing gender-related barriers to
immunization. Addressing these factors in order to improve child immunization coverage
and equity are strategic priorities of major international immunization initiatives including
the Immunization Agenda 2030 (IA2030) and the Gavi Phase 5 strategy [36,37]. Ensuring
gender transformative approaches and efforts to improve gender equality will not only
have a benefit for childhood immunization coverage, but better health outcomes for all.

5. Conclusions

Our study of 702 subnational regions across 57 countries suggests that gender equality
is positively associated with childhood immunization coverage at the subnational level.
These findings fill a gap in the existing literature and strengthen findings of individual-
and national-level analyses, which collectively show a robust and meaningful association
between gender inequality and immunization coverage outcomes. Multi-sectoral gender-
responsive and gender-transformative approaches are needed to ensure improvements in
immunization coverage and equity.
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Abstract: The integration of immunization with other essential health services is among the strategic
priorities of the Immunization Agenda 2030 and has the potential to improve the effectiveness,
efficiency, and equity of health service delivery. This study aims to evaluate the degree of spatial
overlap between the prevalence of children who have never received a dose of the diphtheria—tetanus—
pertussis-containing vaccine (no-DTP) and other health-related indicators, to provide insight into
the potential for joint geographic targeting of integrated service delivery efforts. Using geospatially
modeled estimates of vaccine coverage and comparator indicators, we develop a framework to
delineate and compare areas of high overlap across indicators, both within and between countries,
and based upon both counts and prevalence. We derive summary metrics of spatial overlap to
facilitate comparison between countries and indicators and over time. As an example, we apply this
suite of analyses to five countries—Nigeria, Democratic Republic of the Congo (DRC), Indonesia,
Ethiopia, and Angola—and five comparator indicators—children with stunting, under-5 mortality,
children missing doses of oral rehydration therapy, prevalence of lymphatic filariasis, and insecticide-
treated bed net coverage. Our results demonstrate substantial heterogeneity in the geographic overlap
both within and between countries. These results provide a framework to assess the potential for
joint geographic targeting of interventions, supporting efforts to ensure that all people, regardless of
location, can benefit from vaccines and other essential health services.

Keywords: immunization; spatial overlap; DTP vaccine; integrated service delivery; geospatial
modeling; zero-dose children; vaccination; vaccine coverage; geographic inequality

1. Introduction

Since the inception of the Expanded Programme on Immunisation (EPI) in 1974 [1],
global efforts to expand access to lifesaving vaccines have produced tremendous public
health benefits, with an estimated 50 million deaths averted by vaccination activities
between 2000 and 2019 alone [2]. Over the past four decades, country immunization
programs have overseen large gains in coverage for vaccines included in the original EPI
program, alongside the global rollout and scale-up of newer vaccines.

However, since 2010, these gains have stalled or reversed in many countries, and global
vaccination coverage has largely plateaued [3,4]. In addition, disruptions to immunization
delivery efforts due to the COVID-19 pandemic have resulted in additional, persistent
declines in global vaccine coverage, with the coverage of key vaccines such as diphtheria—
tetanus—pertussis (DTP) falling in many countries to the lowest levels in decades [5,6].

The stagnation and backsliding of global vaccine coverage in recent years emphasizes
the need for new approaches to vaccine delivery. The Immunization Agenda 2030 (IA2030)
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aims to provide such a global strategy, coordinating and strengthening vaccination efforts
around the world to ensure that “everyone, everywhere, at every age fully benefits from
vaccines for good health and well-being” [7]. IA2030 also contains a strong strategic em-
phasis on the integration of vaccine delivery with other key health services [7], embedding
immunization programs within the broader context of primary health care and global goals
to achieve universal health coverage [8,9].

To achieve these ambitious goals, immunization programs must be equipped to reach
“zero-dose” children—children who have never received a dose of a routine
vaccine—including children and communities historically missed by immunization ser-
vices. Operationally, “zero-dose” is generally proxied by “no-DTP”; that is, children who
have never received a dose of a DTP-containing vaccine [10]. Recent work analyzing the
complex paths from birth to full immunization in 92 countries emphasizes the importance
of zero-dose children, as receipt of a first vaccine is strongly associated with additional
vaccinations [11]. Furthermore, zero-dose children are more likely to have limited access
to water, sanitation, and education [12] and live in poorer households [11]. A substantial
number of zero-dose children also live in proximity to conflict [13]. Therefore, more delib-
erate provisioning of multiple interventions or services in contact with health systems or
providers, including vaccination services, could be an efficient way to reach at-risk children
and communities and reduce health inequalities.

To understand where and with which services integrated delivery could have the
greatest impact for previously underserved communities, an understanding of the degree
of overlap between no-DTP prevalence and other health gaps is needed. Numerous
previous studies have assessed these relationships at an individual level, most commonly
using data from household surveys [12,14-16]. At the population level, analyses of the
spatial overlap between gaps in immunization coverage and other health services can
complement these individual-level analyses. Spatial analyses conducted in recent years
have emphasized the substantial degree of subnational inequality in vaccine coverage [13,
17-23], as well as other key health services and indicators [22,24-31]. Fewer studies have
assessed whether subnational distributions of zero-dose (or no-DTP) children are similar
to those for other health indicators [32]. Some publicly available tools, such as the WHO
Health Equity Assessment Toolkit [33], allow for powerful comparisons of health indicators
within countries, although only for the years in which surveys have been conducted,
and are limited to the geographic resolution of traditional survey methods (e.g., the first
administrative level). Spatial overlap analyses can help to identify subnational areas and
health services that may benefit most from integrated intervention.

Here, we propose a set of analyses that can be used to explore and quantify the
degree of spatial overlap between populations of zero-dose children (proxied by no-DTP
prevalence and counts) and gaps in vaccine coverage or other health-related indicators.
Leveraging estimates of vaccination coverage from geospatial models and publicly available
gridded estimates of other health indicators, we estimate patterns of spatial overlap in five
example countries to demonstrate how these patterns may be explored both between and
within countries, as well as over time. The approaches presented here can be expanded to
other countries and health indicators and could serve as a resource when considering the
possibility of joint intervention targeting.

2. Materials and Methods
2.1. Geospatial Estimation of Vaccination Coverage

For the purposes of this analysis, we used the prevalence of no-DTP (the proportion
of children of the target age for vaccination who have not received any doses of a DTP-
containing vaccine (DTPcv)) as a proxy for zero-dose children. We used a previously
published geospatial modeling approach to estimate DTP vaccine coverage at the 5 x 5 km
level [17], updating the approach to include more recent data and extending through 2019
(estimates were previously published for years 2000-2016).
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To simplify the demonstration of these analyses, we selected the following five coun-
tries as examples for this analysis: Nigeria, Democratic Republic of the Congo (DRC),
Indonesia, Ethiopia, and Angola. These countries were selected by ordering all the
countries by the total number of estimated no-DTP children in 2019 [3], excluding coun-
tries for which spatial estimates were unavailable for two or more comparator indicators
(Supplemental Table S1).

We searched the Global Health Data Exchange (GHDx) for household-based surveys
containing information on DTP vaccination status between 2000 and 2019 [34]. We included
surveys with information on DTP coverage information among children aged 12-59 months
and excluded surveys that lacked subnational geographic information, had unrealistic cov-
erage estimates, or contained areal data but were missing survey design variables that
precluded the calculation of representative DTP coverage for each areal unit. From these
five countries, we included data from 35 surveys with vaccination coverage information
for 420,710 children from 11,047 GPS-located clusters and 2772 areal units. We calculated
coverage at the most geographically granular level available for inclusion in the model. To
better estimate the covariate effects and account for cross-border patterns of vaccine cover-
age, we modeled each country as part of a multi-country region (mirroring regions used to
estimate MCV1 coverage by Sbarra et al. [18]), resulting in the inclusion of an additional
202 surveys including data for 1,200,877 children from other surrounding countries in the
modeling process. A full list of included surveys can be found in Supplemental Table S2
and excluded surveys (with rationale for exclusion) in Supplemental Table S3.

We defined DTP1 coverage as the proportion of children who have received at least one
dose of a DTPcv. At the most granular geospatial resolution possible for each survey, we cal-
culated DTP1 coverage for each birth cohort. We then used a previously described Bayesian
continuation ratio ordinal regression model-based geostatistical estimation framework to
estimate DTP1 coverage [17], aggregated these estimates to the second administrative level
using population estimates from WorldPop [35,36] and a modified version of the Database
of Global Administrative Areas (GADM) shapefile [37], and then calculated no-DTP preva-
lence as 1—DTP1 prevalence. For analyses using counts of zero-dose children, we similarly
converted no-DTP prevalence to counts by multiplying the estimates of children under 1
year of age for each second-level administrative unit and year derived from the gridded
estimates from WorldPop. For brevity and consistency throughout this manuscript, we
refer to second-level administrative units as “districts” hereafter, while acknowledging that
the nomenclature for these units varies between countries (e.g., local government areas
in Nigeria). Additional details of the geospatial modeling strategy can be found in the
Supplemental Material (Supplemental Methods).

2.2. Spatial Estimates of Other Health Indicators

To assess the degree to which areas with a high prevalence or counts of zero-dose
children may also exhibit gaps in other health services or outcomes, we identified and
included the following five additional health indicators in our analyses: mortality among
children under 5 years of age (U5SM) [24], children with stunting [25], children with diarrhea
who did not receive oral rehydration therapy (ORT) [38], prevalence of lymphatic filariasis
(LF) [39], and individuals not sleeping with insecticide-treated bed nets (ITNs) [31]. These
metrics were selected based on their persistent significance in the global health sphere, the
role that subnational disparity plays in that persistence, and relationships to immunization
that may give rise to potentially useful overlap analyses.

In addition to their significance in global health, these metrics were selected according
to the availability of published estimates over time across multiple countries ata 5 x 5 km
resolution. Estimates available in this format were most readily comparable to those
produced for no-DTP prevalence. The estimation of these different metrics also employed
geospatial modeling techniques that incorporated similar survey and other data sources
and accounted for relationships with covariates, as well as correlations across space and
time. The range of years with available estimates differed for each metric (Table 1). For each
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metric, we analyzed the overlap with no-DTP prevalence in the most recent year of data
available, and for select analyses, we compared the overlap during the most recent year to
that in the year 2000. Given their limited use in the country, missing ITN information was
not available in Indonesia, but there was full coverage for all other indicators and countries.

Table 1. Details for health indicator estimates.

Example Countries Most Recent Target Population

Indicator Definition Available Year Available Age Range Citation
Angola, DRC,
No-DTP rel\;(l)(;i)czprate Ethiopia, 2019 Under 1 year Mosser, J.E. et al. [17] *
prev Indonesia, Nigeria
Stuntin Angola, DRC,
Stunting revalencegrate Ethiopia, 2019 Under 5 years Kinyoki, D.K. et al. [25]
p Indonesia, Nigeria
. . Angola, DRC,
UsM Mortality probability and Ethiopia, 2017 Under 5 years Burstein, R. et al. [24]
death counts X S
Indonesia, Nigeria
(1-ORT coverage) for Angola, DRC,
Missed ORT children who Ethiopia, 2017 Under 5 years Wiens, K.E. et al. [38]
had diarrhea Indonesia, Nigeria
(1-proportion of
Missed ITNs population that sleeps Apgqla, DARC’A 2019 All ages Bertozzi-Villa, A. et al. [31]
Ethiopia, Nigeria
under an ITN)
Angola, DRC,
LF LF prevalence rate Ethiopia, 2018 All ages Cromwell, E.A. et al. [39]

Indonesia, Nigeria

* Estimates updated to include additional years, geographies, and data sources.

2.3. Analyses of Spatial Overlap

For this analysis, we assessed the spatial overlap of no-DTP and these additional
indicators in the context of assessing the degree to which the greatest burden for both
no-DTP and the other indicators fell within the same districts. We fractionally aggregated
the 5 x 5 km resolution pixel estimates for each metric to the same modified GADM
shapefile [37]. Because prioritization decisions may be based not only on prevalence
but also on total counts, we multiplied the respective prevalence estimates by the target
population (Table 1) data available from WorldPop [35,36] to calculate the count estimates
for each metric. For metrics with count data already available (i.e., for USM, ORT, and LF),
we used those values directly, although these were also based on WorldPop data. For both
no-DTP and the health indicators, we assessed the overlap based on the mean estimates
of prevalence or counts, without accounting for the uncertainty associated with all of
these indicators.

In practice, decisions about prioritization for integrated service delivery are (and
should be) made not only by considering the geographic patterns of the relevant indicators,
but by accounting for a broad range of factors, including the available resources and data,
and tailored by local expertise to each context [9]. For the purposes of this study, we used a
highly simplified categorization scheme to illustrate the potential applications of spatial
overlap analysis to contribute to the prioritization decisions. Similar analytic techniques,
however, could easily be applied to other prioritization groupings. In this illustrative
categorization approach, we assigned districts to population-weighted quartiles of burden
for each metric, where districts with the highest values for each metric were in the top
quartile and the districts with the lowest values for each metric were in the bottom quartile.
Through population weighting, we ensured that the sum of target populations within each
quartile were roughly equal. The scope of categorization needs and overlap assessment may
vary between country-focused and global stakeholders. To explore the implications of these
different frames of reference, we organized districts into quartiles both (1) within countries
and (2) at a multi-national scale across countries. Similarly, we also categorized the districts
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where the stunting prevalence is >

between 45-80% ...

~ 25% in districts where the

prevalence is between 30-45% ...

~ 25% in districts where the

prevalence is between 20-30% ...

And ~ 25% in districts where the

prevalence is between 5-20%

into quartiles according to both (1) prevalence and (2) counts. To assess the full scope of
overlap, we produced bivariate maps displaying overlap across all quartiles (Figure 1).
We also produced simplified maps highlighting only those districts in the highest quartile
for no-DTP, the respective comparator metric, or both. Finally, while we largely focused
on comparing no-DTP categorization with each individual comparator metric, we also
produced maps quantifying the number of metrics in the highest quartile in each district.

45-80

Cutoffs for each

. ﬁ indicator are set to
&£ " roughly balance the
g number of children

v
20-30

represented in each
row or column

v
5-20

5-10 10-25 25-50 50-60
® 4 ® A
No-DTP

And the same for no-DTP: approximately 25% of children live in districts
where no-DTP prevalence falls into each of these ranges

Figure 1. Example for a bivariate color legend used in maps to describe quartile classification overlap
between no-DTP and the other health indicators (with stunting here as an example). For each of the
two indicators, districts are distributed across four bins based on prevalence values such that the total
target population value is roughly equal in each bin. Color bins along the diagonal (from bottom
left to top right) indicate matching category assignments for the two indicators for a given district.
Schema is used in figures representing all categorization quartiles.

We also aimed to quantify the overall degree of overlap between no-DTP and the
other health indicators using the summary metrics to facilitate high-level comparisons.
We calculated the proportion of districts in the highest quartile for no-DTP that were also
in the highest quartile for the other indicators. Furthermore, we devised an additional
measure that was not reliant on the quartile categorization schema. We envisioned a
scenario where vaccination stakeholders might prioritize districts by aiming to reach the
greatest number of no-DTP children in the fewest districts possible. If these same districts
were also targeted for simultaneous interventions for our comparator health indicators,
what proportion of that country’s target groups for those indicators would be reached?
We applied this hypothetical approach, serially targeting districts based on the number
of no-DTP children, beginning with the targeting of the single district with the highest
number of no-DTP children, then the two highest no-DTP districts, and so on. At each step,
we calculated the cumulative proportion of individuals reached (for both no-DTP and the
additional indicator), with each subsequent district targeted based upon the number of
no-DTP children. By comparing these cumulative proportions between the two indicators
for each set of serially targeted districts, we can calculate the area under the curve (AUC)
to serve as a measure of overlap (Figure 2). This process is illustrated in step plots in
Supplemental Figures S1-523. As an example, an AUC of 0.5 indicates that geographic
targeting based upon no-DTP reaches areas with equal proportions of no-DTP children and
children with stunting. AUC values < 0.5 would indicate a smaller proportion of children
with stunting reached, and AUC values > 0.5 would indicate greater proportions of children
with stunting reached. We then analyzed AUC values between countries and indicators

41



Vaccines 2023, 11, 802

and over time, comparing AUC values in 2000 to those in the most recent year of available
data.

Nigeria: cumulative proportions reached with no-DTP targeting
AUC =0.453

1004

1‘ Greater targeting for children with stunting

754

< 1 population
O 20,000
(O 40,000

() s0.000

50

Percent children with stunting (%)

254

\|, Worse targeting for children with stunting

0 25 50 75 100
Percent children with no-DTP (%)

Figure 2. Area under the curve (AUC) scatter plot example. This example scatterplot visualizes how
the area under the curve (AUC) can be used to quantify the proportion of children with stunting
(Y axis) in Nigeria that could be reached through cumulative proportion targeting of districts for
children with no-DTP (X axis). Individual points represent districts, ordered to begin with the district
with the highest number of no-DTP children, then the second highest, until the cumulative proportion
of no-DTP children reaches 100%. The red line represents AUC = 0.5, indicating equal proportions
of children with stunting through cumulative no-DTP targeting. Curves below the red line are
associated with AUC < 0.5 or smaller proportions of children with stunting, and curves above the
red line are associated with AUC > 0.5, or greater proportions of children with stunting. Point size
represents district population size of children under 1.

2.4. Ethical Approval and Reporting Guidelines

Data were not obtained from subjects for the Global Burden of Diseases, Injuries,
and Risk Factors Study or related analyses such as this study. Instead, we used pre-
existing, publicly available, de-identified datasets that include, but are not limited to,
administrative and survey-based vaccine coverage reports. Data were identified through
online searches, outreach to institutions that hold relevant data such as ministries of health,
or individual collaborator references and identification. Most of the data used are publicly
available. Therefore, informed consent was not required. This study was approved by
the University of Washington’s Human Subjects Division Study ID: STUDY00009060. Our
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(A} No-DTP and children with stunting quartiles (%): Nigeria

(B) No-DTP and children with stunting guartiles {counts): Nigeria

study follows the Guidelines for Accurate and Transparent Health Estimates Reporting
(GATHER; Supplemental Table S4).

3. Results
3.1. Mapping Overlap
3.1.1. Country-Specific Overlap by Prevalence

Figure 3A shows an example bivariate map that illustrates the spatial overlap be-
tween the population-weighted quartile classifications for no-DTP and stunting in Nigeria,
based on the prevalence of each indicator. In this example, when categorizing by preva-
lence within Nigeria, based on the available geospatial estimates for both no-DTP and
stunting, higher-prevalence districts tended to be more widely distributed through the
northern regions of the country, while the southern regions had a lower prevalence for
both indicators. Overlap between no-DTP and stunting categorization was high; nearly
two thirds of all districts in Nigeria (488 of 774 districts, or 63.0%) were designated to the
same population-weighted quartile for both no-DTP and stunting. Figure 4A shows a
simplified representation of the same analysis, restricting the mapped districts to only the
high-quartile areas for each indicator. Of the 207 districts in the highest quartiles for either
no-DTP or stunting, half of those districts (49.0%, or 100 of 207 total) were in the highest
quartile for both indicators.

Children with stunting (%)
Children with stunting (%)

No-OTP (%)

0 20 40 60 B0
No-DTP (%)

Children with stunting (counts)

Children with stunting (counts)
%

No-DTP (counts) )

A & &

o &
No-DTP (counts)

Figure 3. Country-specific Nigeria overlap for no-DTP and stunting, for all categorization quartiles.
The top row (A) shows categorization based on prevalence, while the bottom row (B) shows cat-
egorization based on counts. Population-weighted quartile ranges for no-DTP and children with
stunting are delineated in the bivariate color legends (center). District-level values are shown both as
maps (left) and with scatterplots (right), with colors corresponding to quartile legend values. Point
size in scatterplots reflects relative size of under-1 population in each district.
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(A) By prevalence (%)

(B) By counts

No-DTP anly
Children with stunting only
Both

Figure 4. Country-specific overlap between no-DTP and stunting in Nigeria for highest category
quartiles only. Districts in red are in the highest quartile for no-DTP only, blue are in the highest
quartile for children with stunting only, and purple are in the highest quartile for both indicators. The
map on the left (A) shows categorization based on prevalence, and the map on the right (B) shows
categorization based on counts.

The spatial overlap between health indicators varies from indicator to indicator and
country to country (Supplemental Figures S24-569). In Ethiopia, for example, the loca-
tions with the highest no-DTP prevalence are located primarily in the east and south of
the country (especially in the Afar and Somali regions) and are distinct from those with
the lowest ITN coverage, which are located more centrally (for instance, in Amhara and
Oromia) (Supplemental Figures S40a and S63a). In the Democratic Republic of the Congo,
the geographic overlap between under-5 mortality and no-DTP prevalence is highly het-
erogeneous, with a mixture of high-prevalence areas for no-DTP, USM, both, and neither
indicator (Supplemental Figures S34a and S57a).

3.1.2. Country-Specific Overlap by Counts

As expected, when these same analyses are repeated using an example categorization
approach based on counts rather than prevalence, the results tend to emphasize areas of
large populations—although this pattern is not universal across indicators and countries.

For the overlap between no-DTP and stunting in Nigeria, for example, when catego-
rization is based on counts rather than prevalence, higher-quartile districts still tended to
be in the northern regions of the country, while southerly districts tended to be in the lower
quartiles (Figure 3B). Compared to the prevalence-based approach, there was more con-
cordance between count-based classifications, with more than three fourths of all districts
(597 of 774 districts, or 77.1%) being designated to the same quartiles for both no-DTP and
stunting. Fewer districts were classified into the highest quartiles for either metric based
on counts compared to prevalence (125 vs. 207 districts), but a greater proportion were in
the highest quartile for no-DTP and stunting (78 of 125 districts, or 62.4%). There were 44
districts categorized in the highest quartile for both no-DTP and stunting according to both
prevalence and counts (Figure 4).

However, these patterns again varied between countries and indicators (Supplemental
Figures 524-569). For Indonesia, for instance, locations that might be targeted for joint
targeting based on spatial overlap between no-DTP and missed ORT would vary broadly
depending on whether decisions were informed by analyses of prevalence or counts
(Supplemental Figures 545 and S68). In Angola, prevalence-based analysis of the overlap
between no-DTP and ITN use identifies broad areas of the country that is potentially
amenable to joint targeting (Supplemental Figures S31a and S53a). Due to the population
distribution in the country, however, count-based analysis suggests that joint targeting
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(A) By prevalence

opportunities might be focused upon relatively few locations (Supplemental Figures S31b
and S53b).

3.1.3. Overlap for Multiple Indicators

For some stakeholders, it may be of interest not only to understand the degree of
geographic overlap between no-DTP and other health indicators individually, but also to
identify locations that may be amenable to integrated intervention across many indicators.
We, therefore, produced country-specific maps that show the number of health indicators in
the highest quartile in each district, using our population-weighted classification approach.
Here, we continue to show results from Nigeria as an example, although results for other
countries can be found in Supplemental Figures S70-S73.

According to both prevalence and counts, more indicators were classified in the highest
quartile in northern and northwestern Nigeria (Figure 5). Districts in southern Nigeria
were largely only in the highest quartile for one to two indicators (missed ITNs and/or LF),
whereas districts in northern and northwestern Nigeria had many cases of the overlapping
classification for no-DTP, stunting, USM, and missed ORT.

(B) By counts

Number of
indicators
5

Number of
indicators
5

4

3

Figure 5. Country-specific multi-indicator overlap for Nigeria. Color given in each district reflects
the number of indicators assigned to the highest quartile in that district. Districts outlined in white
indicate those where no-DTP is among the indicators in the highest quartile. The map on the
left (A) shows categorization based on prevalence, and the map on the right (B) shows categorization
based on counts.

When classified by prevalence, high-quartile districts were relatively more concen-
trated across indicators in Nigeria compared to other countries (Figure 5A, Supplemental
Figures 570-S73). More than two thirds of districts in Nigeria were categorized into the
highest quartile for at least one of the six indicators analyzed (525 of 774, or 67.8%), but
these proportions were even greater in all other countries, including 74.8% of districts in
Indonesia (374 of 500), 81.1% of districts in DRC (194 of 239), 81.0% of districts in Ethiopia
(64 of 79), and 87.7% of districts in Angola (143 of 163).

The opposite was true when categorizing the districts into population-weighted quar-
tiles by counts. In this example, a much smaller proportion of districts—43.7%—were in
the highest quartile for at least one indicator in Nigeria (338 of 774 districts; Figure 4B).
This trend was consistent across other countries (Supplemental Figures S70-S73).

3.1.4. Multinational Overlap by Prevalence

The analyses above focus on describing the spatial patterns of no-DTP and other
indicators, based upon within-country classification for each indicator. For global or
regional decision-makers, however, examination of the degree of spatial overlap across
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Indonesia

countries may be of interest. We, therefore, repeated these analyses, but instead categorized
districts as those with the highest prevalence or counts for each indicator across all five
example countries included in these analyses, rather than within the countries separately.
Given the limited number of countries and indicators used in this analysis, these example
results are meant to be illustrative only, to demonstrate the magnitude of differences in the
perceived overlap when looking across rather than between countries and are not meant as
policy recommendations.

Categorizing by prevalence across our five focal countries combined, population-
weighted quartile assignments for no-DTP and stunting were markedly similar (Figure 6).
The quartile classifications for no-DTP and stunting exactly matched (i.e., districts in the
lowest quartile for no-DTP were also in the lowest quartile for stunting, etc.) in nearly
half of all districts (795 out of 1755 total; 45.3%). Districts in the highest quartile across all
countries for no-DTP could be found in every country, as well as districts in the highest
quartile for stunting (Figure 7). The districts where the highest-quartile categorization for
no-DTP and stunting overlapped largely fell within Nigeria and Angola, with 27.0% of
districts in Nigeria and 50.3% of districts in Angola being in the highest category for both
indicators (209 of 774 in Nigeria and 82 of 163 districts in Angola). While significant portions
of DRC and Ethiopia were in the highest quartile for one indicator or the other, there was
little overlap between indicators in these countries, and none in Indonesia (Figure 7).

Angola Ethiopla

I

e
k<]

Children with stunting (3%)
&,

MNo-DTP (%5}

Figure 6. Multinational overlap between stunting and no-DTP for all categorization quartiles, based
on prevalence. Ranges for population-weighted quartiles across the five example countries combined
for no-DTP and children with stunting are delineated in the bivariate color legend (bottom right).

Different patterns were observed for other comparator indicators (Supplemental
Figures S74-581). For instance, when comparing categorization for no-DTP and ORT across
all five countries to that for no-DTP and stunting, fewer districts in Nigeria and Angola
were in the highest quartile for both indicators, whereas larger areas of Ethiopia and DRC
were in the highest quartile for both (Supplemental Figure S80).
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Figure 7. Multinational overlap between stunting and no-DTP for highest quartiles only, based on
prevalence. Districts in red are in the highest quartile for no-DTP only, blue are in the highest quartile
for children with stunting only, and purple are in the highest quartile for both indicators.

3.1.5. Multinational Overlap by Counts

Categorization at the multinational scale was even more closely aligned between
no-DTP and stunting when classifying districts according to counts rather than preva-
lence (Figure 8). When categorizing by counts, quartile assignment matched exactly
between no-DTP and stunting in 71.1% of all districts (1248 of 1755 total). Far fewer
districts were in the highest quartile when considered in terms of counts—only 5.8% of
districts were in the highest quartile for either indicator using counts, compared to 35.5%
of districts when considered by prevalence (102 vs. 623 out of 1755 districts, respectively;
Figures 8 and 9). In addition, the highest-quartile districts for either indicator fell largely in
Ethiopia and DRC. The highest-quartile districts were scarce in the other three countries,
making up <3% each for districts in Nigeria, Angola, and Indonesia. Only 49 districts were
in the highest quartile for both no-DTP and stunting (2.7% of all districts), and more than
half (28 of 49) were found in Ethiopia. This trend was largely consistent across all indicators
(Supplemental Figures S82-589).

3.2. Quantifying Spatial Overlap

District-level mapping, as in the analyses above, can help to identify subnational
locations with potential for joint targeting. In some cases, however, it may be useful to
quantify the degree of spatial overlap between no-DTP and another indicator in a single
summary metric—i.e., to compare between countries or across comparator indicators.
These summary metrics may help to determine the potential benefit of integrated services
and delivery for some indicators compared to others, for instance.
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Figure 8. Multinational overlap between stunting and no-DTP for all categorization quartiles, based
on counts. Ranges for population-weighted quartiles across the five example countries combined for
no-DTP and children with stunting are delineated in the bivariate color legend (bottom right).
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Figure 9. Multinational overlap between stunting and no-DTP for highest quartiles only, based on
counts. Districts in red are in the highest quartile for no-DTP only, blue are in the highest quartile for
children with stunting only, and purple are in the highest quartile for both indicators.
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Percent overlap (%)

3.2.1. Percent Overlap of High-Quartile Districts

First, we identified all the districts in the highest quartile for no-DTP and calculated the
proportion of those districts that were also categorized into the highest quartile for each of
the other indicators. This proportion of overlap varied greatly between and within countries
and indicators (Figure 10). The overlap was almost always higher when districts were
classified based on counts rather than prevalence, with a few exceptions (e.g., overlap with
LF or with ORT in several countries). For both prevalence- and count-based categorization
approaches, the degree of overlap between no-DTP and other indicators tended to be
lower in DRC compared to other countries; the proportion overlap was less than 50% for
all comparator indicators except LF (where 66.2% of districts categorized in the highest
quartile for no-DTP overlapped with LF highest-quartile categorization using prevalence,
compared to 46.7% using counts).
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D.R.C. Ethiopia Indonesia Nigeria

Figure 10. Overlap between districts in highest quartile categories for both no-DTP and comparator
indicators, by country. Percent overlap indicates the proportion of districts in the highest quartile
for no-DTP that are also in the highest quartile for the respective comparator indicators. Solid bars
represent categorization based on prevalence, while striped bars represent categorization based
on counts.

Although the ranges between the indicators tended to be broad, there was nevertheless
variation in consistency within most countries. For example, for categorization based on
prevalence, there was some degree of overlap with no-DTP for every comparator indicator
in Angola; the proportions of overlap ranged from 25.0% for LF to 62.8% for missed ORT.
In Nigeria, on the other hand, proportions ranged from extremely low overlap with missed
ITNs (0.6%) to high overlap with missed ORT (77.9%).

3.2.2. AUC

In the more recent year of measurement, across countries and indicators, the median
AUC was 0.43 (where AUC = 0.5 indicates equal proportions of the comparator indicator
and no-DTP reached through no-DTP targeting, AUC < 0.5 indicates lower proportions
of the population reached for the given indicator compared to no-DTP, and AUC > 0.5
indicates greater proportions of the population reached for the given indicator). The AUC
for stunting in Nigeria was slightly above this value at 0.453 (Figure 2). The overall range
of values for this measure was relatively narrow (Figure 11, Supplemental Figures S1-523).
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AUC

Two-thirds of the observations fall between 0.39 and 0.46, with all indicators in Ethiopia
and DRC falling within that range. The AUC was higher in Angola compared to other
countries overall; only in Angola did any indicators reach an AUC > 0.5 (stunting at 0.52,
LF at 0.55, and missed ITNs at 0.58), indicating even greater proportions of those target
populations reached (compared to no-DTP populations reached). This finding is possible
when the degree of geographic concentration is greater for other indicators than for no-DTP.
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Figure 11. Comparison of AUC in 2000 and the most recent year of available data for each comparator
indicator, by country. Solid bars represent values for the year 2000, while striped bars represent
values for the most recent year of data available for the given metric (Table 1).

Based on AUC, across indicators, overlap with no-DTP was generally lower in 2000
compared to the more recent year measured in the countries included here, indicating
broad reductions in spatial overlap over time (Figure 11). The largest decreases were for LF
and missed ITNs in Nigeria, which were already lower than the other indicators in Nigeria
in 2000 and these declined by 0.15 and 0.14, respectively. Angola was an exception to this
trend, with a higher AUC in the more recent year across the indicators.

4. Discussion

In this study, we present a series of analyses of the distribution of no-DTP children and
populations in need of other health interventions, using available subnational estimates of
each indicator, and highlight their potential utility by applying these approaches to five
example countries. These results demonstrate the substantial variation in joint geographic
overlap between no-DTP and other health indicators, both between and within countries. In
addition, the degree of spatial overlap and potential areas for joint geographic targeting vary
depending on whether classification is based on prevalence or counts, and whether policy
decisions are being made within or across countries. In general, the degree of spatial overlap
between no-DTP and other indicators (measured by AUC) decreased over time for most
comparisons and countries, with the exceptions of LF in Ethiopia and multiple indicators
in Angola. For several of these analyses, we derived hypothetical categorization schemes
for no-DTP children for illustrative purposes, such as population-weighted quartiles or
serial targeting of districts based upon the estimated number of no-DTP children living
in each district. We note, however, that these approaches could (and should) be tailored
to reflect specific subnational prioritization plans under consideration in the future, while
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also expanding to include more countries and/or comparator indicators in the analysis.
Taken together, the analytic approaches presented here form a foundation for future work
to better understand the degree of geographic overlap between districts with high numbers
of no-DTP children and those in need of other vital health services.

The comparator indicators presented here reflect a mixture of health service and health
outcome measures, illustrating the different ways in which spatial overlap analyses might
be applied. For instance, previous integration efforts have often included co-delivery of
immunizations and ITNs [40], and areas with high LF prevalence and low immunization
coverage may benefit from mass drug administration and immunization efforts. Reduc-
ing the disease burden of childhood diarrhea requires multifaceted approaches, such as
preventive measures (including vaccination, i.e., for rotavirus) and access to treatment
(including ORT) [41]. Malnutrition and immunization have complex interactions; malnour-
ished children are at a higher risk for infectious disease mortality [42] and may benefit most
from the protection of vaccines. Malnutrition may also affect immunologic responses to
vaccination, and vaccination is an important component of multi-pronged interventions to
reduce malnutrition [43]. Lastly, despite substantial progress, under-5 mortality in many
countries is still significantly higher [44] than the stated Sustainable Development Goal
(SDQG) target of 25 or fewer deaths per 1000 live births by 2030 [8], and immunization is
one of the cornerstones of efforts to reduce child mortality. Comparisons between gaps in
vaccination coverage and these indicators, therefore, can illustrate a variety of potential
uses for spatial overlap analyses.

For no-DTP children and communities that face barriers to accessing essential health
services beyond immunization, integrating vaccine delivery with the delivery of other
services could potentially provide substantial equity benefits. Integrated approaches also
have the potential to increase the efficiency of health service delivery. As a result, integration
has been a key theme of global immunization strategies over the past decades. The
integration of immunization service delivery along with other public health interventions
across one’s life course is one of the strategic priority goals of IA2030 [7], formed one of the
strategic focus areas of the Global Immunization Vision and Strategy (2006-2015) [45], and
was one of the guiding principles of the Global Vaccine Action Plan (2011-2020) [46]. The
World Health Organization has also published extensive guidance for the integration of
immunization services across one’s life course and within health systems [47].

Past efforts have focused on the integration of immunization services with other inter-
ventions in both campaign and routine immunization settings, including services such as
ITN distribution, mass drug administration for deworming, vitamin A supplementation
and nutritional services, family planning, HIV services, water and sanitation, and intermit-
tent preventive therapy for malaria, among others [9,40]. Reviews of program experiences
that implemented such integrated immunization activities suggest that integration can be
challenging and highlight the need for a thoughtful consideration of the feasibility of joint
intervention; careful, context-specific planning and implementation; strong community-
based leadership; and timely and reliable monitoring strategies [9,48]. Analyses of the
geographic overlap of populations in need of improved vaccination services and other
interventions—such as those presented in this study—could serve as valuable additional
input into this decision-making and planning process. Moreover, the heterogeneous pat-
terns of overlap between countries and indicators illustrated by this study reinforce the
need for context-specific decision-making about the integration of service delivery and
integration plans that are tailored to the needs of each country and community.

This study is subject to several important limitations. First, this analysis focuses on
district-level, population overlaps between the distribution of no-DTP children and other
health services. This type of analysis helps to define geographic areas that might bene-
fit from joint prioritization of immunization and other service delivery. This approach,
however, does not examine other dimensions of overlap that may be important to under-
stand when evaluating the potential benefits of integrated service delivery. These results
should be paired with local expertise, as well as individual-level analyses such as those
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recently published [12], which can provide a more nuanced understanding of the associa-
tions between no-DTP status, lack of access to other health services, and other important
non-geographic factors, such as poverty and race/ethnicity. Second, geospatial modeled
estimates are often generated from survey data, which can vary in representativeness,
temporal availability, and accuracy across indicators and between countries, and are subject
to important forms of bias (including recall bias). Survey data representativeness may vary
due to limitations of the available population estimates to inform sampling designs in some
countries. In cases where populations at high risk for being zero-dose—for instance, those
living in urban poor areas or migrant populations—are not adequately represented in the
survey data, the resulting geospatial estimates will reflect these underlying biases. Third,
these analyses rely on gridded population estimates from the WorldPop project [36] to con-
vert between the prevalence of each indicator and counts of individuals at risk. In settings
where no recent census data are available or migration is common, however, inaccurate
population estimates could substantially bias prioritization decisions. To support accurate
prioritization and planning, reliable target population estimates are critical. Last, we note
that the classifications for the indicators presented here may not translate directly with the
unmet needs. For example, coverage of ITNs on its own does not account for the endemicity
of malaria. This limitation emphasizes the need for a framework such as that proposed here
to be considered alongside a broad range of additional factors, context, and local expertise.
For additional limitations, please see the Supplemental Material (Supplemental Methods).

As this paper has highlighted, contextual knowledge is crucial for the effective use
of any analyses to be used in decision-making. That contextual information can be highly
localized and unique to each situation. We also note that the work in this paper is presented
here without that contextual input of those most affected by under-immunization. While
we have attempted to present many different analytical facets to address a range of possible
use cases, we nevertheless acknowledge this critical component still missing from these
analyses. Therefore, we invite feedback from global, regional, national and local experts
in vaccine delivery and health service delivery as to how this work may be improved,
modified and/or tailored to best support the efforts to reach zero-dose children and provide
essential health services.

5. Conclusions

As the global immunization community works to fulfill the ambitious goals of IA2030,
new strategies to reach zero-dose children and communities will be needed. Integrating
immunization with other essential health services, as part of robust primary health care
systems, has the potential to improve efficiency and achieve greater equity in health
outcomes, particularly for communities that are most at risk. The potential benefits of
integration—and the ideal strategies to plan and implement these efforts—are likely to vary
from country to country. Spatial analyses of the overlap between gaps in immunization
services and other key health indicators can help to define the potential for joint geographic
targeting of integrated service delivery to help ensure a future where all people have
equitable access to lifesaving vaccines.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/vaccines11040802/s1, Supplemental Methods; Table S1: Ten
countries with highest no-DTP counts in 2019 and indicator data availability details; Table S2: Surveys
included in DTP modeling; Table S3: Surveys excluded from DTP modeling; Table S4: GATHER Com-
pliance checklist; Table S5: Geospatial covariates used in modeling; Figures S1-523: Country-specific
AUC step plots; Figures 524-S46: Country-specific, all quartile overlap; Figure S47-569: Country-
specific, highest quartile overlap; Figures S70-573: Multi-indicator overlap of country-specific highest
quartiles; Figures S74-S77: Multinational all quartile overlap by prevalence; Figures S78-S81: Multi-
national highest quartile overlap by prevalence; Figures S82-585: Multinational all quartile overlap
by counts; Figures 586-S89: Multinational highest quartile overlap by counts. References [49-52] are
cited in the Supplemental Methods.
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Abstract: The Republic of Guatemala’s reported COVID-19 vaccination coverage is among the lowest
in the Americas and there are limited studies describing the disparities in vaccine uptake within the
country. We performed a cross-sectional ecological analysis using multi-level modeling to identify
sociodemographic characteristics that were associated with low COVID-19 vaccination coverage
among Guatemalan municipalities as of 30 November 2022. Municipalities with a higher proportion
of people experiencing poverty (3 = —0.25, 95% CI: —0.43-—0.07) had lower vaccination coverage.
Municipalities with a higher proportion of people who had received at least a primary education
(p =0.74,95% CI: 0.38-1.08), children (§ = 1.07, 95% CI: 0.36-1.77), people aged 60 years and older
(B =2.94, 95% CI: 1.70-4.12), and testing for SARS-CoV-2 infection ( = 0.25, 95% CI: 0.14-0.36) had
higher vaccination coverage. In the simplified multivariable model, these factors explained 59.4%
of the variation in COVID-19 vaccination coverage. Poverty remained significantly associated with
low COVID-19 vaccination coverage in two subanalyses restricting the data to the time period of the
highest national COVID-19-related death rate and to COVID-19 vaccination coverage only among
those aged 60 years or older. Poverty is a key factor associated with low COVID-19 vaccination and
focusing public health interventions in municipalities most affected by poverty may help address
COVID-19 vaccination and health disparities in Guatemala.

Keywords: COVID-19 vaccination; Guatemala; equity

1. Introduction

Guatemala has the largest population among Central American countries (over 17 mil-
lion) and is bordered by Mexico, Belize, Honduras, and El Salvador [1]. While considered
an upper-middle-income country due to a GDP of $4603 per capita in 2020 [1], Guatemala
has marked inequalities, with wealth held in a small sector of the population, low access to
basic services for much of the population, and an overall lack of investment in the public
sector [1-3].

Guatemala has the lowest COVID-19 vaccination coverage in Central America and
is among the lowest compared with its regional neighbors in South America [4,5]. As of
November 2022, there have been over one million SARS-CoV-2 cases and nearly 20,000
COVID-19-related deaths reported in Guatemala [6,7]. Within Guatemala, it was estimated
that COVID-19-related mortality has been higher in people aged 60-69 years and in frontline
healthcare workers [8]. As part of the National Vaccination Plan Against COVID-19,
frontline healthcare workers were prioritized for vaccines when they initially became
available in March 2021 [8,9]. In later phases, people aged 50 years and older and those
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with underlying medical conditions were prioritized [8,9]. Vaccines became available free
of charge to the general public in May 2021 [8,9]. Vaccines were obtained through donations,
via the COVID-19 Vaccines Global Access (COVAX) mechanism for which Guatemala was a
“self-pay” country, and one bilateral purchase of the Sputnik vaccine [9]. To date, there are
four COVID-19 vaccines available to Guatemalans and all of them are two-dose primary
series courses (Pfizer/BioNTech, Oxford/ AstraZeneca, Moderna, and Sputnik V) [10]. As
of 30 November 2022, 19,960,793 COVID-19 vaccines had been administered, with 49.4% of
the total population having received at least one dose, and approximately seven million
people, or 40.0% of the total population, having completed a primary COVID-19 vaccination
series with two doses [4,6,7,10]. Of those who had completed a primary vaccination series,
42.8% had received Moderna, 23.0% received Oxford/ AstraZeneca, 18.4% received Sputnik
V, and 15.9% had received Pfizer/BioNTech vaccines [11]. In addition, about four million
people, or 24.0% of the population, had received one or two booster doses by 30 November
2022 [12].

The inequity in the global distribution of COVID-19 vaccines with preferential access
for countries with higher per capita incomes and gross domestic products has been well-
documented [13-15]. However, there are limited studies describing COVID-19 vaccination
disparities within low- and middle-income countries, and many focus on vaccination intent.
Studies that have explored sociodemographic factors associated with COVID-19 vaccina-
tion coverage have primarily focused on the United States. One survey conducted among
U.S. adults found that participants with lower incomes, lower educational attainments,
those without health insurance, who were non-Hispanic Black, and who lived outside of
metropolitan areas had the lowest reported COVID-19 vaccination coverage and intent to
get vaccinated [16]. Two other analyses showed that vaccination coverage was lower in ru-
ral compared with urban U.S. counties [17], and lower in counties with a higher percentage
of people with incomes below the poverty threshold, experiencing unemployment, and not
graduating from high school [18].

Several reasons have been posited for the low COVID-19 vaccination coverage in
Guatemala. The country faces multiple challenges in its healthcare and public health
system such as inadequate financing of the health sector, disparities in access to public
health services in rural areas, and a shortage of healthcare workers [19,20]. COVID-19
vaccination coverage has been highest in the capital, Guatemala City, while rural areas with
higher concentrations of Indigenous people have had lower vaccination coverage [5,21].
In the 2018 census, the Maya comprised 41.7% of the total population, and the Xinca
were 1.8% of the total population [22]. The disproportionate burden of COVID-19 on
Indigenous people and those of low socioeconomic status has been studied regionally, for
instance, in Colombia [23]. A 2021 UNESCO report on COVID-19 vaccination in Latin
America and the Caribbean noted that in communities with higher “unemployment or
informal employment, or where ethnic groups live, there is a higher prevalence of COVID-
19 and a higher risk of mortality” [24]. Moreover, there is evidence of vaccine hesitancy
among people with lower levels of institutional trust, those living in rural areas, and those
experiencing economic insecurity [25-27]. Early vaccination outreach in Guatemala was
often conducted in Spanish using mainstream media instead of through local organizations,
and using local Indigenous languages, according to a Pan American Health Organization
report [5]. As part of the Ministry of Public Health and Social Assistance (MSPAS) Strategy
to Strengthen the COVID-19 Vaccination Plan in Rural Areas, vaccination activities have more
recently incorporated community leader guidance and local media campaigns [28].

Given the limited studies describing COVID-19 vaccination coverage disparities within
Guatemala, we performed an ecological analysis to understand the association between
sociodemographic factors and primary vaccination coverage among the 340 Guatemalan
municipalities. Identifying factors associated with low vaccination could inform strategies
to improve COVID-19 vaccine coverage and other public health interventions in Guatemala.
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2. Materials and Methods

We performed a cross-sectional analysis of aggregated COVID-19 vaccination coverage
data in Guatemala from 13 February 2020 to 30 November 2022. As the lowest level of
data availability was at the municipal level, we conducted an ecological analysis of factors
associated with primary COVID-19 vaccine series’ coverage by municipality.

Sociodemographic data variables at the municipal level were obtained through the
2018 Guatemala Population and Housing Census (Table 1) [22]. Municipalities are orga-
nized into 22 departments, and some variables only available at the departmental level
were obtained through the 2014-2015 Demographic and Health Survey [29]. We chose
sociodemographic variables a priori that could be proxies for healthcare access, poverty,
and related variables that we hypothesized to be related to vaccination uptake [30-32]. We
elected to use the general poverty indicator (percentage of each municipality population
experiencing poverty) developed by Figueroa Chavez and colleagues and shared with our
team [33]. Figueroa Chavez and colleagues developed the general poverty indicator by
using the associations between sociodemographic variables in the 2018 Census and the
poverty measure in the 2014 National Survey of Living Conditions [34] to estimate poverty
at the municipality level [35]. According to their findings, the general poverty indicator
ranged from 10.56% in the Jocotenango municipality in Sacatepéquez, to 94.59% in the
Senaht municipality in Alta Verapaz [35]. COVID-19 vaccination data differentiated by
municipality, department, and age were available at the MSPAS of Guatemala surveillance
websites from 25 February 2021 to 30 November 2022 [11,12]. SARS-CoV-2 testing data
(either antigen or polymerase chain reaction tests) and death data were also available
through MSPAS from 13 February 2020 to 30 November 2022 [11]. A completed primary
COVID-19 vaccination course was considered to be two doses of any of the four nationally
available vaccines among people aged six years and older, consistent with current national
guidelines [11]. The data used in this study were all de-identified, aggregated, and, with
the exception of the general poverty indicator, publicly available.

Table 1. Data elements used in the analysis.

Variable Source

Total municipality population

Female sex population in the municipality

Population aged 0-17 years in municipality

Population aged 18-59 years in municipality

Population aged 60 years or older in municipality

Ethnicity identification in the municipality

Population in a municipality having received at least primary

school education

Population in municipality with household in a rural location

2018 Guatemala Population and Housing Census
2018 Guatemala Population and Housing Census
2018 Guatemala Population and Housing Census
2018 Guatemala Population and Housing Census
2018 Guatemala Population and Housing Census
2018 Guatemala Population and Housing Census
2018 Guatemala Population and Housing Census

2018 Guatemala Population and Housing Census

Population in municipality experiencing poverty
Department-level childhood mortality rate (deaths per 1000
livebirths) among children aged under five years

Percentage of women aged 15-49 years in department who
reported having problems accessing health services when ill due to
distance to a health establishment

Percent of children aged 12-23 months in the department who have
received the third Pentavalent vaccine dose

Department Gini coefficient (%)

SARS-CoV-2 vaccination status among the municipality population
aged six years or older (incomplete, complete, one booster dose,
two booster doses)

Municipality population aged 60 years or older with completed
SARS-CoV-2 primary vaccination course

SARS-CoV-2 tests reported per municipal population.

Deaths due to COVID-19 among the municipality population

Figueroa Chavez et al., 2020 [30]
2014-2015 Demographic and Health Survey

2014-2015 Demographic and Health Survey

2014-2015 Demographic and Health Survey

2014-2015 Demographic and Health Survey
Ministry of Public Health and Social Assistance (MSPAS) of
Guatemala, 2021-2022

Ministry of Public Health and Social Assistance (MSPAS) of
Guatemala, 2021-2022
Ministry of Public Health and Social Assistance (MSPAS) of
Guatemala, 2020-2022
Ministry of Public Health and Social Assistance (MSPAS) of
Guatemala, 2020-2022

59



Vaccines 2023, 11, 745

Municipal-level independent variables included in the model were the percentage of
each municipality population reported to be of Mayan ethnicity, living in a rural residence,
of the female sex, having attained primary school or higher educational level, experiencing
poverty, aged 0-17 years or >60 years, and having died due to COVID-19 (Table 1). The
reported number of SARS-CoV-2 tests by municipality was an additional independent
variable. Independent variables at the departmental level included the under-five childhood
mortality rate, the percentage of women aged 1549 years who reported problems accessing
health services when ill due to distance to a health establishment, the percentage of children
aged 12-23 months who had received a third dose of Pentavalent vaccine (a combination
vaccine against diphtheria, tetanus, pertussis, hepatitis B, and Haemophilus influenzae type
b), and the Gini coefficient indicating income inequality. The dependent variable was the
percent coverage of each municipality population with a complete primary COVID-19
vaccination course. Proportions of municipalities with completed COVID-19 vaccination
and SARS-CoV-2 tests exceeding 100.0% (as total population estimates were from 2018) were
capped at 99.0%. Given that the proportion of the population that died from COVID-19 by
municipality was relatively small, the variable was scaled by 100 in the model to achieve a
similar order of magnitude to the other variables.

Two subanalyses were also performed to assess whether the demographic associations
with vaccination in the overall model were consistent among the subgroups. In the first,
the dependent variable was limited to the population aged 60 years or older who had
completed COVID-19 vaccination. We chose this subgroup given the initial national
focus on vaccinating older adults. In the second subanalysis, the SARS-CoV-2 cases and
COVID-19 vaccination data were confined to the period of the highest national COVID-19-
related death rate, from 13 February 2020 to 1 October 2021 [6]. All count variables (derived
from the census and the MSPAS) were converted to percentages to account for differences
in municipal total populations. Data on deaths due to COVID-19 were missing for four
municipalities (San Juan Tecuaco, Santa Rosa; Concepcién, Solold; Santa Catarina Palopo,
Solola; Rio Blanco, San Marcos) and were removed from the multivariable models.

We calculated descriptive statistics for sociodemographic characteristics among munic-
ipalities and departments. We used Pearson correlation coefficients and variance inflation
factors to assess potential collinearity within our model. The poverty indicator used in
our analysis was developed using some of the variables included in our model, however,
these common variables were not heavily weighted in the poverty index [33,35]. As this
was the most robust measure of poverty by municipality despite potential collinearity, we
performed a sensitivity analysis of the model without the poverty indicator and found
similar results and chose to retain this variable (Supplementary Table S1). We identified
municipalities with high Indigenous populations, rurality, and poverty who achieved a
COVID-19 vaccination coverage of at least 70%, according to World Health Organization
(WHO) guidelines [36]. We assessed relationships between municipal- and departmental-
level factors and COVID-19 vaccination using multi-level modeling, allowing for random
department-level intercepts to account for differences between departments. The model
results were robust to different specifications of the underlying error distribution. A multi-
level linear regression model was selected to maximize both model fit and interpretability.
All variables were included in the full multivariable model, and those variables with as-
sociations significant at p < 0.05 were included in the simplified multivariable model. We
used a normal approximation of a 1000 replicate parametric bootstrap to generate our
95% confidence intervals and present both the marginal R? (representing the proportion
of the variance explained by the model-fixed effects) and conditional R? (representing the
proportion of the variance explained by both the fixed and random effects) for each model.
All analyses were performed using R Statistical Software (v.4.2.2; Vienna, Austria) [37].
We hypothesized, based on our literature review, that COVID-19 vaccination would be
negatively associated with higher poverty, rurality, and Indigenous population.
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3. Results
3.1. Demographic Data

Among the 340 municipalities, as of 30 November 2022, 7.05 million persons had
completed a primary COVID-19 vaccine course. The median proportion of vaccination
coverage among people aged at least six years in the municipalities was 42.3% (interquar-
tile range, IQR, 31.8-53.8%) (Table 2). The median proportion of the female sex among
municipalities was 51.3% (IQR 50.6-52.2%). The median proportion of the population
aged 60 years or older among all municipalities was 7.8% (IQR 6.9-9.3%), and the me-
dian proportion of those identifying as Maya was 30.0% (IQR 2.9-91.4%). Four out of
151 majority Maya municipalities, San José Chacayd, Santa Catarina Barahona, Chimal-
tenango, and San Lorenzo, had at least 70% of their populations who had completed
COVID-19 vaccination, and this relationship was inversely correlated (p = —0.299, p < 0.001)
(Figure 1A). Guatemala, Mixco, Jocotenango, and San Lucas Sacatepéquez municipalities
had the highest proportion of their populations (>40%) who had received at least a primary
school education. The median proportion of rural residence among all municipalities was
64.8% (IQR 37.1-82.7%), with an inverse correlation (p = —0.417, p < 0.001) with COVID-19
vaccination coverage (Figure 1B). The median proportion of people experiencing poverty
among the municipalities was 60.8% (IQR 43.8-75.8%), with an inverse correlation with
COVID-19 vaccination (p = —0.634, p < 0.001) (Figure 1C). Overall, the municipalities with
the highest COVID-19 vaccination coverage were Guatemala, San José, and San José del
Golfo. By November 2022, 23 municipalities had completed primary series vaccination in
at least 70% of their populations (Figure 2). Additional summarizing demographic data
among the municipalities are shown in Table 2.

3.2. Factors Associated with COVID-19 Vaccination

In the bivariate analysis of all COVID-19 vaccination data as of 30 November 2022,
significant factors (« = 0.05) negatively associated with primary COVID-19 vaccination
course coverage by municipality, adjusting for departmental level differences, included the
proportion of the municipality identifying as Mayan (3 = —0.15, 95% CI: —0.21-—0.10), the
proportion of the municipality living in a rural residence (3 = —0.19, 95% CI: —0.25-—0.13),
the proportion of the municipality experiencing poverty (3 = —0.54, 95% CI: —0.63——0.46),
the proportion of the municipality in the 0-17 years age group ( = —1.81, 95% CL:
—2.16-—1.47), departmental-level under-five childhood mortality rate (3 = —0.09, 95%
CI: —0.46-0.27), the proportion of those in the department reporting difficulty accessing
healthcare due to distance from a health facility (3 = —0.82, 95% CI: —1.12-—0.53), and the
department’s Gini coefficient ( = —0.62, 95% CI: —1.20-—0.08) (Table 3).

Factors positively associated with primary COVID-19 vaccination series coverage by
municipality, adjusting for departmental level differences, included the proportion of the
municipality with at least a primary school education ( = 1.40, 95% CI: 1.18-1.62), the
proportion of female sex in the municipality (3 = 2.53, 95% CI: 1.02-4.03), proportion of the
municipality in the 60 years and older age group (p = 4.54, 95% CI: 3.57-5.49), proportion
of the municipality tested for SARS-CoV-2 infection (3 = 0.52, 95% CI: 0.43-0.61), reported
deaths due to COVID-19 in the municipality ($ = 1.17, 95% CI: 0.94-1.41), and proportion
of 12-23 months old children in the department who had received the third Pentavalent
vaccine (3 = 0.65, 95% CI: 0.20-1.11).

After adjusting for all covariates and departmental effects in the full model, the
proportions of the municipal population who (1) had received at least a primary school
education, (2) were experiencing poverty, (3) were below the age of 18 years, (4) were
aged 60 years and above, and (5) tested for SARS-CoV-2 remained significantly associated
with complete vaccination coverage (Table 3, Section “Full multivariable model”). In
the simplified multivariable model (Table 3, Section “Simplified multivariable model”),
when adjusting for covariates and departmental level differences, a 10% higher proportion
of people experiencing poverty within a municipality was associated with 2.5% lower
COVID-19 vaccination coverage (95% CI: —4.33——0.70). Conversely, a 10% increase in
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Percent of municipality with completed COVID-18 vaccination

the proportion of the municipality having received at least a primary school education
was associated with 7.4% higher COVID-19 vaccination coverage (95% CI: 3.83-10.75); a
10% increase in the proportion of the municipality aged <18 years was associated with
10.7% higher COVID-19 vaccination coverage (95% CI: 3.55-17.67); a 10% increase in the
proportion of the municipality in the 60 years and older age group was associated with
29.4% higher COVID-19 vaccination coverage (95% CI: 17.00-41.21); and a 10% higher
proportion of the municipality tested for SARS-CoV-2 infection was associated with a 2.5%
higher COVID-19 vaccination coverage (95% CI: 1.37-3.55). Overall, the marginal R? value
was 0.496, and the conditional R? value accounting for the covariates and departmental-

level differences was 0.594.
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Figure 1. Guatemalan municipalities by percent of primary COVID-19 vaccination series coverage

versus (A) percent of municipality population of Mayan identity, (B) percent of municipality popula-
tion living in a rural area, and (C) percent of municipality population experiencing poverty. Labeled

municipalities are those with >70% completed COVID-19 vaccination (green dashed line) and >50% of

the Mayan population (A), rural residence (B), or people experiencing poverty (C) (gray dashed line).
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Figure 2. Primary COVID-19 vaccination series coverage by municipality in Guatemala. Image
adapted from Guatemala Ministry of Health and Social Assistance, 25 February 2021 to 30 November
2022 [11].
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Table 2. Demographic characteristics among the 340 municipalities and 22 departments in Guatemala.
Data source: Guatemala Population and Housing Census 2018, 20142015 Demographic and Health
Survey, and Guatemala Ministry of Health and Social Assistance. The poverty variable is a model
estimate from Figueroa Chavez et al. (2020) [33,35]. SARS-CoV-2 cases and vaccination data are from
13 February 2020 to 30 November 2022, except where indicated.

Municipality Characteristic

N
Median (IQR)

%a

Median (IQR)

Population
Female sex
Age group (years)
0-17
18-59
>60
Ethnicity
Maya
Garifuna
Xinka
Latino(a)
Educational level primary school and above
Household rural location
People experiencing poverty
SARS-CoV-2 vaccination status
Vaccine eligible population (>6 years)
Incomplete
Complete
One booster dose
Two booster doses
MSPAS P SARS-CoV-2 indicators
Confirmed cases
Tests reported
Deaths due to COVID-19

People aged 60 or more years with complete vaccination

Measures as of 1 October 2021
Complete vaccination
Tests reported
Deaths due to COVID-19

28,156.5 (15,730.8-51,426.0)
14,580.0 (8067.3-27,052.3)

11,599.5 (6227.3-21,980.8)
14,131.0 (7891.3-25,263.5)
2226.0 (1321.0-3797.8)

7129.0 (1008.8-25,847.5)
25.0 (13.0-50.8)

4.0 (1.0-16.0)
11,362.5 (2463.0-26,008.5)
18,065.0 (10,058.5-32,712.8)
13,458.5 (6260.5-28,052.5)
16,086.0 (7909.0-30,343.5)

27,156.0 (15,180.3-50,978.5)
13,853.5 (7890.8-23,373.3)
10,633.5 (6286.3-18,466.8)

4813.0 (2887.5-8097.5)
385.5 (183.8-952.0)

917.5 (442.0-1899.8)
5248.5 (2798.0-10,824.5)
20.0 (10.0-38.0)
1173.5 (733.8-2071.0)

3160.5 (1918.0-5897.8)
2129.0 (966.5-4492.8)
16.5 (8.0-30.8)

51.3 (50.6-52.2)

40.8 (37.4-45.3)
51.1 (48.0-53.4)
7.8 (6.9-9.3)

30.0 (2.9-91.4)
0.1 (0.1-0.1)
0.0 (0.0-0.1)

63.7 (8.2-93.5)

74.4 (68.5-78.9)

64.8 (37.1-82.7)

60.8 (43.8-75.8)

53.0 (43.0-66.6)

423 (31.8-53.8)

18.8 (13.1-27.0)
1.7 (0.9-3.0)

3.0 (1.7-5.4)
19.4 (10.7-28.6)
0.07 (0.0-0.1)
53.0 (41.5-66.9)

13.1 (8.5-19.6)
7.9 (4.5-12.4)
5.6 (3.2-9.5)

Departmental Characteristic

%
Median (IQR)

Under-5 childhood mortality rate (deaths per 1000 live births)
Difficult access to healthcare facilities due to distance
12-23 months old children receiving third Pentavalent vaccine

Gini coefficient

37.0 (31.0-42.5)
38.6 (33.8-46.9)
86.9 (82.0-90.4)
30.0 (30.0-40.0)

2 Proportion derived by dividing by total population as provided by respective data source. ® Ministry of Public
Health and Social Assistance.

3.3. Factors Associated with COVID-19 Vaccination among People Aged 60 Years or Older

Nationally, 61.9% of those aged 60 years or older had completed COVID-19 vaccination
by 30 November 2022 [12]. In the analysis of this subgroup, significant factors (e = 0.05) in
the bivariate model negatively associated with COVID-19 vaccination, adjusting for depart-
mental level differences, were similar to the overall analysis and included the proportion of
the municipality identifying as Mayan, the proportion living in a rural residence, and the
proportion experiencing poverty, but did not include the departmental-level under-five
childhood mortality rate and the department’s Gini coefficient (Table 4). Factors positively
associated in the bivariate model were the same as in the overall analysis.

After adjusting for all covariates and departmental effects in the full model, the pro-
portions of the municipal population (1) living in a rural residence, (2) having received at
least a primary school education, (3) experiencing poverty, (4) of female sex and (5) tested
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for SARS-CoV-2 remained significantly associated with complete vaccination coverage
(Table 4, Section “Full multivariable model”). In the simplified multivariable model (Table 4,
Section “Simplified multivariable model”), when adjusting for covariates and departmen-
tal level differences, a 10% higher proportion of people experiencing poverty within a
municipality was associated with 2.0% lower complete COVID-19 vaccination coverage
(95% CI: —3.79-—0.28). A 10% increase in the proportion of the municipality living in a
rural residence was associated with a 0.9% higher COVID-19 vaccination coverage (95%
CI: 0.27-1.59); having received at least a primary school education was associated with
9.8% higher COVID-19 vaccination coverage (95% CI: 5.66-13.72); a 10% increase in the
proportion of the municipality of female sex was associated with 20.6% higher COVID-19
vaccination coverage (95% CI: 6.39-34.51); and a 10% higher proportion of the municipality
tested for SARS-CoV-2 infection was associated with a 3.1% higher COVID-19 vaccination
coverage (95% CI: 1.90-4.37). The marginal R? value was 0.487, and the conditional R?
value accounting for the covariates and departmental-level differences was 0.600.

3.4. Factors Associated with COVID-19 Vaccination up to 1 October 2021

As of 1 October 2021, immediately after the peak of COVID-19-related deaths in
Guatemala, 2.58 million persons (15.1% of the total population) had completed a primary
COVID-19 vaccine course [11]. In the bivariate analysis of all COVID-19 vaccination data
up to 1 October 2021, significant factors negatively associated with COVID-19 vaccination
coverage by municipality (o« = 0.05), adjusting for departmental level differences, were
similar to the overall analysis and included the proportion of the municipality identifying
as Mayan, the proportion living in a rural residence, and proportion experiencing poverty,
but did not include the departmental-level under-five childhood mortality rate and the
department’s Gini coefficient (Table 5). Factors positively associated in the bivariate model
were the same as in the overall analysis.

After adjusting for all covariates and departmental effects in the full model, the pro-
portion of the municipal population (1) having received at least a primary school education,
(2) experiencing poverty, (3) aged 60 and above, and (4) tested for SARS-CoV-2 remained
significantly associated with complete vaccination coverage (Table 5, Section “Full mul-
tivariable model”). In the simplified multivariable model (Table 5, Section “Simplified
multivariable model”), when adjusting for covariates and departmental level differences, a
10% higher proportion of people experiencing poverty within a municipality was associated
with 1.1% lower COVID-19 vaccination coverage (95% CI: —1.90-—0.39); a 10% increase in
the proportion of the municipality having received at least a primary school education was
associated with 1.6% higher COVID-19 vaccination coverage (95% CI: —0.12-3.28); a 10%
increase in the proportion of the municipality in the 60 years and older age group was asso-
ciated with 13.9% higher COVID-19 vaccination coverage (95% CI: 8.93-18.73); and a 10%
higher proportion of the municipality tested for SARS-CoV-2 infection was associated with
a 2.6% higher COVID-19 vaccination coverage (95% CI: 1.46-3.80) (conditional RZ =0.615).
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4. Discussion

In this cross-sectional analysis of COVID-19 vaccination coverage among Guatemalan
municipalities, we provide population-level information on sociodemographic and health
system variables associated with vaccination. In the adjusted multi-level model evaluating
vaccination data as of 30 November 2022, municipalities with higher proportions of people
experiencing poverty had lower COVID-19 vaccination coverage. Municipalities with
higher proportions of people who had received at least a primary school education, children,
people aged 60 years or older, and testing for SARS-CoV-2 infection had higher COVID-19
vaccination coverage. In our subanalyses, the timing of the country’s response to the
pandemic did not appear to notably affect the results, as factors associated with vaccination
coverage in the overall model were similar to the point at which Guatemala had just passed
its highest daily death rate. Additionally, poverty, educational level, and prevalence of
testing for SARS-CoV-2 infection remained significant factors associated with COVID-19
vaccination coverage among Guatemalans aged >60 years.

Our findings are generally consistent with those from previous studies. Prior studies
have largely focused on factors related to the intent to vaccinate rather than the completion
of COVID-19 vaccination. A 2022 global, population-based analysis noted that participants
identifying as female, in older age groups, with a higher level of education, and with health
insurance reported being more willing to get vaccinated [32]. In a study of Latin American
and Caribbean countries, those with a university education, residence in an urban area,
and a higher perceived likelihood of contracting COVID-19 had higher intentions to be
vaccinated [31]. With regards to age, our model showed that municipalities with more
children and people aged 60 years or older had higher vaccine coverage when adjusting for
other covariates and variations at the departmental level. This is expected given that older
populations were prioritized under national vaccination planning given their elevated risk
of severe COVID-19 [8]. The role of children is less clear, especially as vaccines for children
under 12 years of age only became available in 2022, and there are no vaccines for children
under six years of age at the time of analysis [38]. Possibly, concern over the well-being of
children motivated parents’ vaccination, or that when vaccines were available for children,
other family members were also vaccinated. The role of children in the community could
be an area of further investigation.

It is also expected that municipalities with more SARS-CoV-2 testing had a higher
proportion of the population that was vaccinated for COVID-19 as these municipalities
may have more access to health facilities or services. The MSPAS provided free testing to
people with symptoms or to those who were COVID-19 contacts, however, these services
were generally offered at health facilities that were not always accessible to rural popula-
tions [9,21,39]. Tt is possible that the presence of more testing resources could positively
influence individuals to receive COVID-19 vaccinations. This would support public health
interventions, such as making SARS-CoV-2 testing more accessible in rural areas through
mobile health units. In our model, higher proportions of deaths due to COVID-19 in
the municipalities were not significantly associated with increased vaccination. While
Guatemala has reported less excess mortality compared with other countries within the
region [40], the excess mortality was found to be 46% higher compared with confirmed
COVID-19 death counts, according to a study by Martinez-Folgar and colleagues [41],
indicating that mortality and case estimates are likely underestimated, which may have
affected our analysis. Moreover, their study showed that most deaths appeared to occur
at home, further highlighting barriers to healthcare access that are likely reflected in low
COVID-19 vaccination coverage and possibly higher mortality.

In unadjusted models, we observed significant associations between lower COVID-19
vaccination coverage and Indigenous identity, rural residence, poverty, and self-reported
difficulty accessing healthcare. In the adjusted model, of these sociodemographic variables,
only the proportion of the municipality experiencing poverty remained negatively associ-
ated with vaccination coverage. It is possible that poverty partially explains the observed
associations between COVID-19 vaccination and other sociodemographic variables, such
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as Indigenous identity, rurality, and healthcare access. We found a few municipalities with
high rurality and Indigenous populations that reached at least 70% vaccination coverage.
There were only three municipalities with 50% or more of their population experiencing
poverty that reached 70% vaccination coverage. Poverty remained significantly associated
with low vaccination coverage when the analysis was restricted to the time that COVID-19
deaths peaked, or to coverage among those aged 60 years or older. Even as the risk of
mortality due to COVID-19 has been shown to be higher among those in the lowest so-
cioeconomic strata [23], there is evidence that economic insecurity was associated with
fear of adverse effects from the vaccine in Latin America [27]. Additionally, the monetary
and opportunity costs of accessing vaccination sites, missing work, arranging childcare,
etc., have been described as potential barriers to vaccine access [5,21]. Therefore, while
Indigenous and rural communities are at a higher risk for low vaccine access, it may be
particularly effective to use poverty indices when designing community-wide vaccination
interventions in Guatemalan municipalities, and to focus on interventions such as trans-
portation, childcare, and alternative hours of service that can overcome cost-related barriers.
Further, research to better understand the structural determinants of poverty, including
class, gender, and race, can help guide future interventions [42]. Additional research on the
monetary and opportunity costs of accessing vaccination within Guatemala may be needed.
Lastly, outreach specifically to areas with lower access to primary school education and
vaccination programming that accommodates potential literacy issues may be considered.

There are limitations to this study which should be considered. Our analysis was
conducted at the municipal level as we did not have access to community estimates
or individual-level data that could possibly provide more complex explanations of low
vaccination coverage among certain sociodemographic groups. Our conclusions at the
population level may not be applicable to specific sociodemographic groups within munici-
palities. Secondly, factors such as poverty, Indigenous identity, and rurality are complex
and interrelated, and it is difficult to assess their relationship to vaccination and healthcare
access in isolation. The proxies we used for healthcare access, such as testing for SARS-CoV-
2 infections and vaccination program reach, such as childhood Pentavalent vaccination
coverage, may not capture the intricacies of the political, economic, and historical reasons
for low COVID-19 vaccination coverage. Additionally, our analysis may differ depending
on alternative definitions of vaccination coverage, such as partial vaccination with one
dose or coverage with booster doses. Lastly, as we relied on data from the most recent
national census, some of our findings may not reflect the population during the COVID-19
pandemic.

5. Conclusions

Through our multi-level modeling approach, we were able to identify sociodemo-
graphic factors associated with COVID-19 vaccination at the municipality level. Our
findings show more granularly where COVID-19 vaccination is lagging in Guatemala and
which municipalities could benefit from more focused vaccination activities. Municipali-
ties with populations experiencing higher poverty had lower vaccination coverage, and
municipalities with higher proportions of primary education completion, children, people
aged 60 years and older, and more testing for SARS-CoV-2 infection had higher vaccina-
tion coverage. COVID-19 vaccine delivery and public health outreach may be focused on
communities experiencing more poverty. While there has historically been a difficulty with
healthcare delivery to communities experiencing poverty, interventions based on poverty
indices may help mitigate the effects of the COVID-19 pandemic on such communities and
ultimately improve health equity.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390 /vaccines11040745/s1, Table S1: Association between sociodemographic
factors (by municipalities and departments) and two-dose vaccination coverage (%) by municipalities
in Guatemala (N = 336). SARS-CoV-2 case and vaccination data are from 13 February 2020 to
1 October 2021.
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Abstract: (1) Background: The Democratic Republic of the Congo (DRC) is one of the countries with
the highest number of never vaccinated or “zero-dose” (ZD) children in the world. This study was
conducted to examine the proportion of ZD children and associated factors in the DRC. (2) Methods:
Child and household data from a provincial-level vaccination coverage survey conducted between
November 2021-February 2021 and 2022 were used. ZD was defined as a child aged 12 to 23 months
who had not received any dose of pentavalent (diphtheria-tetanus-pertussis-Haemophilus influenzae
type b (Hib)-Hepatitis B) vaccine (by card or recall). The proportion of ZD children was calculated and
associated factors were explored using logistic regression, taking into account the complex sampling
approach. (3) Results: The study included 51,054 children. The proportion of ZD children was 19.1%
(95%CI: 19.0-19.2%); ZD ranged from 62.4% in Tshopo to 2.4% in Haut Lomami. After adjustment,
being ZD was associated with low level of maternal education and having a young mother/guardian
(aged < 19 years); religious affiliation (willful failure to disclose religious affiliation as the highest
associated factor compared to being Catholic, followed by Muslims, revival/independent church,
Kimbanguist, Protestant); proxies for wealth such as not having a telephone or a radio; having to
pay for a vaccination card or for another immunization-related service; not being able to name any
vaccine-preventable disease. A child’s lack of civil registration was also associated with being ZD.
(4) Conclusions: In 2021, one in five children aged 12-23 months in DRC had never been vaccinated.
The factors associated with being a ZD child suggest inequalities in vaccination that must be further
explored to better target appropriate interventions.

Keywords: Democratic Republic of the Congo; immunization; vaccination coverage; zero-dose;
inequity; determinants; non-vaccination

1. Introduction

Routine childhood immunization is one of the most important advances in global
health and development [1]. Global routine childhood vaccination programs provided
protection to 86% of children in 2019, before the COVID-19 pandemic hit, greatly reducing
the effects of diseases such as polio, measles, and several others on children, helping them
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grow up healthy. Vaccination is considered one of the most cost-effective ways to promote
global well-being [2] and even development.

Despite all the proven benefits, vaccination coverage has remained low in some
settings, and this was worsened through the pandemic. In 2021, for example, nearly
25 million children remained undervaccinated, 6 million more than in 2019 and the highest
number since 2009 [2]. In addition, the number of “children zero dose”, defined as those
who did not receive any dose of a diphtheria-pertussis-tetanus vaccine as proxy for lack
of access to vaccination services [3], increased from 13.6 million in 2019 to 18.2 million in
2021 [2,3]. Many of these children live in countries affected by conflict, in urban slums, or
in remote areas that are hard to reach [2,3], but characterizing them in each country remains
important. Gavi, the Vaccine Alliance, through its action plan, has expressed the goal of
reducing the ZD children by 25% by 2025 and more than 50% by 2030 [4].

The Democratic Republic of the Congo (DRC), located in the heart of Africa, had an
estimated population of 98.3 million in 2016 according to the results of the count organized
by the health zones [5]. About 70% of this population lives in rural areas and 30% in
urban areas [5]. This population is young, 48% are less than 15 years old, 18.9% are
less than 5 years old and about 4% are less than one-year-old [5]. The health system
comprises three levels (central, intermediate, and peripheral), and vaccination activities
are an integral part of the minimum package of activities of health facilities [5]. The DRC
has made significant efforts to improve immunization through the implementation of the
Mashako Plan, which is an emergency plan to strengthen the expanded immunization
program aimed at reviving routine immunization activities to avoid epidemic outbreaks
of certain vaccine-preventable diseases (VPDs) by increasing immunization coverage [5].
Yet, vaccination coverage remains way below the 90% global target according to national
surveys and WHO/UNICEEF estimates [2]. The DRC is one of the countries in Africa, and
the world, with the highest number of ZD children, which results in repeated outbreaks of
vaccine-preventable diseases such as vaccine-derived polio, measles, and yellow fever [2,6].

The present study was conducted to examine the proportion of ZD children in each
of the 26 provinces of DRC in 2021, as well as the factors associated with being ZD, using
data from a provincial-level survey. This information will help better characterize this
population and serve as a benchmark to evaluate progress.

2. Materials and Methods
2.1. Study Design

This study is an analytical cross-sectional study aimed at estimating the proportion of
ZD children in the DRC and associated factors. It used data from a vaccination coverage
survey in 511 of the 519 health zones of the 26 provinces of the DRC conducted between
December 2021 and February 2022. Seven health zones were excluded due to insecurity
linked to the presence of active armed groups or of poachers.

2.2. Sampling

Sampling was representative at the provincial level, and all 26 provinces of the DRC
were surveyed. Multistage sampling was use in each province. First stage: simple random
sampling of 5 health areas within each health zone. Second stage: simple random sampling
of 30% of avenues/villages within each selected health area. Third stage: systematic
random sampling of 34 households with at least one eligible child within each selected
avenue/village. Scheme 1 summarizes the sampling approach down to the number of
children surveyed.
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| Level | I Entity | | Sampling technique l
| Province (26) | mmmeal | Exhaustive sampling |
I Health zones | mmma | Exhaustive sampling I
N Simple random sampling
First Health area (5 per health
m———— b »====> | (done by the research
degree zone; total 2580 clusters) ;

team at the central level)

Simple random sampling
Second Avenue/village (30% per (done by survey team
semnna S ) b

degree health area) leaders, guided by the

survey supervisors)

Third Household with child aged 6 Systematic sampling
4 3 ~===> | to 23 months (34 per health =====> | (done by survey team
egree
8 area; total: 87,720 children) leaders)

Scheme 1. Sampling procedure by level, 2021-2022 Vaccination Coverage Survey, DRC.

In accordance with the objectives, this survey consisted of 3 distinct statistical units: the
child aged 12 to 23 months (though, to estimate other indicators, children aged 6-11 months
were also included) living in the household, the head of household sheltering a child aged
12 to 23 months, and the mother/guardian of the child aged 12 to 23 months living in the
household. Response rate at the household level was 99.7%.

2.3. Data Collection

As mentioned earlier, this is a secondary analysis for data collected from a nation-wide,
provincial-level survey that collected data through interview, observation, and document
review. The interview was conducted with heads of household, mothers/caregivers of
children aged 6 to 23 months, and nurses from health centers or their assistants. The
observation and document review were of vaccination cards and health facility registries
(for children for whom a card was not seen at home) in order to transcribe vaccination
dates into the data collection tool.

All data collected for the survey was encoded on an android tablet by trained study
staff using the SurveyCTO application [7]. All data, including GPS coordinates, was
transmitted from the surveyors’ tablets to a secure virtual server after data quality checks
were conducted by the field supervisor. Vaccination status was ascertained, by hierarchical
order, by the observation of data on the vaccination card or records kept at home, the
registers at the health care facilities where available, or the use of recall or verbal history if
documented vaccination history was not available.

2.4. Variables

The outcome of interest was not having received any dose of the pentavalent vaccine.
The explanatory variables used were: household urban/rural location; wealth quintiles
calculated from household proxies for socio-economic status using Principal Component
Analysis (PCA); presence of a telephone or a radio set as a possible means of communication
in the household; maternal/caregiver characteristics including relationship with the child,
age, marital status, educational level, occupation, religion, the number of children in the
household; gender of the child; birth registration of the child with the civil authority;
potential financial barriers from the household such as having to pay for a vaccination
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card or for another immunization-related service; and caregiver knowledge of vaccine-
preventable diseases.

2.5. Data Analysis

We performed weighted descriptive analyses of household characteristics in the study
sample with categorical variables reported as frequencies and percentages and continuous
variables summarized using means and standard deviations or medians and inter-quartile
ranges, depending on normality of the distribution.

The extrapolation of ZD children in the general population was made based on the
target number of the DRC surviving infants estimated at 4,037,161 for 2021.

We conducted a bivariate analysis between ZD and factors using the Rao-Scott chi-
square test, as it is adequate for multistage sampling, to compare the proportions according
to the socio-demographic, economic, communicational characteristics, and those related to
the system when the expected minimum was >5. Then, a multivariable logistic regression
model was fitted. The automatic selection of variables using the forward type was used
with an entry probability of 0.05. We considered it acceptable after verification of the
area under the receiver operating characteristic curve (ROC area = 0.6640). We used the
Archer-Lemeshow test to assess the goodness-of-fit of the logistic regression model, as the
data was data collected using a complex survey design that involved clustering. Measures
of association between each variable and ZD were reported as Adjusted Odd Ratio (AOR)
along with their 95% Confidence Intervals (95% CI). Before gauging the final model, we
checked the collinearity effect among the variables. The final model only included the
variables whose effects remained significant after adjustment.

All analyses were conducted using Stata version 17 (StataCorp, College Station, TX,
USA). To account for the complex sampling design, the svy command and the weighting
taking into account the multistage design were used.

2.6. Ethical Considerations

The Kinshasa School of Public Health Ethical committee approved the vaccination cov-
erage survey before data collection (approval number: ESP/CE/175/2021). Authorization
was also provided by health and politico-administrative authorities. Before starting the
interview, oral informed consent was obtained from the study participants. The research
team provided the respondent with information about the nature of the study, its objectives,
the risks and benefits incurred, the freedom to participate or not without any prejudice, the
confidentiality, and the contact details of the person in charge of the study for subsequent
contact if necessary. Confidentiality was respected by anonymizing the dataset.

3. Results
3.1. Description of the Sample
3.1.1. Characteristics of Mothers/Caregivers of 12-23 Month Old Children and Gender of
the Child

Table 1 describes the characteristics of the sample of 51,054 children aged 1223 months.
Mothers/caregivers had a median age of 27 years (interquartile range (IQR) = 22-33) with
the youngest at 13 and the oldest at 81 (a non-mother caregiver), were mostly married
(52.5%) or in a free union (38.1%), had completed primary (38.0%) or secondary education
(45.5%), were professionally occupied (68.8%, with 42.4% being farmers/breeders), had
religious beliefs (98.5%), and had other children under their care (99.9%). Over half of the
children 12-23 months were male (54%), and almost all (93.9%) mothers/ caregivers cited
at least one vaccine-preventable disease (VPD).
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3.1.2. Household Socio-Economic, Communicational, and System-Related Characteristics

In terms of household socio-economic, communicational, and system-related char-
acteristics, the majority (89.7%) were in the bottom two wealth quintiles, living in rural
areas, with unregistered children (69.4%). Over half had a home radio and telephone. Even
though most had not paid money either for the vaccination card or for a vaccination-related
service, 39.8% did report having to pay for a card and 21.2% reported having to pay some
other immunization-related fee (Table 1).

3.2. Proportion of ZD Children 12-23 Months in DRC

The percentage of ZD children aged 12-23 months was 19.1% (95% CI: 19.0-19.2%),
which would correspond to a target population of between 767,061 and 775,135 surviving
infants in the DRC. This proportion varied importantly between provinces in the DRC. The
provinces with prevalence of ZD above the national mean included: Tshopo, Maniema,
Sankuru, Mongala, Bas Uele, Tshuapa, Maindombe, Kasai Oriental, Sud Ubangi, Kasai,
Haut Uele, and Nord Ubangi (Figure 1).

Weighted %
Province zero-dose
Tshopo 62.4% (62.1-62.7%)
Maniema 57.7% (57.4-58.1%)
Sankuru 49.2% (48.9-49.6%)
Mongala 48.1% (47.8-48.4%)
Bas Uele 47.6% (47.2-48.1%)
Tshuapa 44,1% (43.7-44.4%)
Maindombe 41.8% (41.5-42.2%)
Kasai Oriental 29.2% (29.0-29.4%)

% zero-dose children Sud Ubangi 24.6% (24.4-24.9%)
m <=10% Kasai 24.6% (24.4-24.8%)
= >10-20% Haut Uele 22.3% (22.0-22.6%)
B >20%-50% Nord Ubangi  21.7% (21.4-22.0%)
| >50% Tanganyika 19.0% (18.8-19.3%)

Haut Katanga 18.5% (18.3-18.6%)
Lualaba 18.3% (18.0-18.5%)
Sud Kivu 15.2% (15.0-15.3%)
Kasai Central 12.6% (12.5-12.8%)
Tturi 12.6% (12.5-12.8%)
Kwilu 10.3% (10.1-10.4%)
Lomami 9.8% (9.6-9.9%)
Equateur 8.4% (8.2-8.6%
Kwango 7.8% (7.7-8.0%)
Kongo Central 5.8% (5.6-5.9%)
Nord Kivu 4.0% (3.9-4.1%)
Kinshasa 3.0% (2.9-3.1%)
Haut Lomami 2.4%(2.3-2.5%)
Total 19.1%

Figure 1. Proportion of ZD children aged 12-23 months by province in DRC, 2021-2022 Vaccination
Coverage Survey.

3.3. Factors Associated with Zero-Dose Vaccine in Children Aged 12 to 23 Months in the DRC

After adjusting for independent variables, being zero-dose was significantly associated
with the age of the mother or guardian being less than or equal to 19 years (AOR = 1.23
(95% CI 1.06 to 1.44)); maternal education (lack of education AOR = 3.46 (95% CI 1.99 to
5.99), primary AOR = 3.14 (95% CI 1.81 to 5.42), and secondary level AOR = 3.87 (95% CI
2.22 to 6.75) compared to the level of higher or university education); religious affiliation
(willful failure to disclose religious affiliation AOR = 4.22 (95% CI 1.63 to 10.94), Muslim
AOR =1.71 (95% CI 1.25 to 2.33), revival /independent Church AOR = 1.35 (95% CI 1.22 to
1.50), Kimbanguist AOR = 1.31 (95% CI 1.03 to 1.66), and Protestant AOR = 1.12 (95% CI
1.01 to 1.25) compared to the Catholic); proxies for wealth such as not having a telephone to
use AOR = 1.59 (95% CI 1.45 to 1.75) or a radio AOR = 1.48 (95% CI 1.34 to 1.63); and lack of
civil registration AOR =2.04 (95% CI 1.81 to 2.24). Parents who reported having to pay for a
vaccination card or for another immunization-related service were more likely to have a
ZD child AOR =2.02 (95% CI 1.81 to 2.24) and AOR =3.22 (95% CI 2.57 to 4.03), respectively.
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Finally, not being able to name any vaccine-preventable disease (VPD) was also associated
with being ZD, AOR = 3.37 (95% CI 2.94 to 3.87). Summary of these findings are in Table 2.

Table 2. Bivariate and multivariate analysis of the association “zero-dose” and socio-demographic,
economic, communication, and system-related characteristics, 2021-2022 Vaccination Coverage
Survey, DRC.

Bivariate Multivariate
: o,
Variables Weighted % OR (95% CI) p-Value AOR (95% CI) p-Value
Age groups
20 to 29 years 189 1.00 1.00
30 to 39 years 17.9 0.94 (0.89 t0 0.99) 0.034 1.01 (0.93 to 1.11) 0.760
40 to 49 years 21.6 1.19 (1.07 to 1.32) 0.002 0.97 (0.81 to 1.15) 0.680
>50 years 29.3 1.79 (1.38 t0 2.31) <0.001 1.14 (0.74 to 1.75) 0.561
<19 years 24.0 1.36 (1.24 to 1.49) <0.001 1.23 (1.06 to 1.44) 0.007
Relationship between
respondent and child
Child’s mother 18.8 1.00
Other caregiver 27.8 1.67 (1.49 to 1.87) <0.001
Current marital status
Married 18.1 1.00
Free union 194 1.09 (1.03 to 1.15) 0.002
separated 282 1.77 (1.51 to 2.08) <0.001
Single 20.8 1.19 (1.07 to 1.32) 0.002
Divorced 344 2.37 (1.70 to 3.32) <0.001
Widow 28.8 1.83 (1.46 to 2.29) <0.001
Educational level
Superior 4.6 1.00 1.00
No level 22.8 6.18 (4.64 to 8.23) <0.001 3.46 (1.99 t0 5.99) <0.001
Primary 14.6 3.59 (2.69 to 4.79) <0.001 3.14 (1.81 to 5.42) <0.001
Secondary 28.0 8.14 (6.09 to 10.89) <0.001 3.87 (2.22 t0 6.75) <0.001
Occupation
No occupation 175 1.00
Teacher 13.0 0.71 (0.60 to 0.83) <0.001
Official 9.7 0.51 (0.38 to 0.67) <0.001
Farmer /Breeder 227 1.38 (1.30 to 1.47) <0.001
Fisherman 324 2.25 (1.66 to 3.05) <0.001
Trader 137 0.75 (0.67 to 0.83) <0.001
Worker 17.0 0.96 (0.75 to 1.24) 0.777
Others 19.1 1.11 (0.98 to 1.27) 0.103
Pupil /Student 18.4 1.06 (0.89 to 1.27) 0.507
Religion
Catholic 15.1 1.00 1.00
No religion 30.2 2.44 (2.02t02.95) <0.001 1.12 (080 to 1.56) 0.510
Protestant 19.7 1.39 (1.29 to 1.49) <0.001 1.12 (1.01 to 1.25) 0.031
Kimbanguist 20.7 1.47 (1.27 to 1.71) <0.001 1.31 (1.03 to 1.66) 0.026
Muslim 30.4 2.46 (2.05 to 2.96) <0.001 1.71 (1.25 to 2.33) 0.001
Revival/Ind. Church 20.5 1.45 (1.36 to 1.55) <0.001 1.35 (1.22 to 1.50) <0.001
Other religion 219 1.58 (1.39 to 1.80) <0.001 1.13 (0.91 to 1.39) 0.267
Do not know 14.8 0.98 (0.36 to 2.70) 0.972 0.85(0.23 t0 3.12) 0.804
Failure to disclose RA 52.0 6.12 (3.45 t0 10.85) <0.001 4.22 (1.63 to 10.94) <0.001
Household wealth
quintile
Lowest 26.3 9.44 (1.23 t0 72.29) 0.031
Second 15.6 4.88 (0.64 to 37.50) 0.127
Middle 8.1 2.34 (0.30 to 18.02) 0.415
Fourth 6.6 1.86 (0.25 to 14.76) 0.557
Highest 3.7 1.00
Household location
environment
Urban 12.7 1.00
Rural 21.5 1.89 (1.76 to 2.04) <0.001
Child’s gender
Male 194 1.00
Female 18.9 0.97 (0.92 to 1.02) 0.241
Registration of birth
with the civil authority
Yes 6.2 1.00 1.00
No 24.5 4.91 (4.50 to 5.35) <0.001 2.04 (1.81 t0 2.29) <0.001
Do not know 289 6.17 (4.83 t0 7.86) <0.001 2.36 (1.65 to 3.36) <0.001
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Table 2. Cont.

Bivariate Multivariate
: o,
Variables Yeighted % OR (95% CI) p-Value AOR (95% CI) p-Value
Having to pay for the
vaccination card

Yes 3.8 1.00 1.00
No 11.0 3.10 (2.81 to0 3.42) <0.001 2.02 (1.81 to 2.24) <0.001

Do not know 38.0 15.44 (11.29 to 21.12) <0.001 5.14 (3.46 t0 7.65) <0.001

Having to pay for
another
immunization-related
service

Yes 1.8 1.00 1.00
No 9.8 5.81 (4.76 t0 7.10) <0.001 3.22 (2.57 to 4.03) <0.001

Do not know 28.9 21.75 (15.58 to 30.37) <0.001 5.80 (3.82 to 8.82) <0.001

Telephone use
Yes 13.8 1.00 1.00
No 28.9 2.54 (2.41 t0 2.67) <0.001 1.59 (1.45 to 1.75) <0.001

Radio
Yes 13.2 1.00 1.00
No 26.2 2.33(2.21 to 2.45) <0.001 1.48 (1.34 t0 1.63) <0.001
At least one
vaccine-preventable
disease cited by the
respondent

Yes 16.7 . .
No 56.4 6.44 (5.90 to 7.03) <0.001 3.37 (2.94 t0 3.87) <0.001

With n = number of subjects in the sample; OR = Odd Ratio; AOR = Adjusted Odd Ratio; 95% CI = 95% Confidence
Interval; RA = religious affiliation.

4. Discussion

The results from this survey showed 19.1% ZD, representing between 767,061 and
775,135 ZD children in the DRC. This result is similar to the proportion estimated by WHO
and UNICEF relating to the national vaccination coverage estimates of 19% for the DRC in
2021 [6]. The fact that almost 1 in 5 children aged 12 to 23 months was ZD in the DRC in
2021 is high in comparison to other low- and low-middle-income countries including those
in Africa [2]. There was an increase in the prevalence of zero-dose children in sub-Saharan
Africa from 6.8% in 2010 to 14% during the COVID-19 pandemic year of 2021 [2].

Our study found that zero-dose children were significantly associated with several
factors. Zero-dose children were positively associated with young mothers, which is similar
to findings from several studies. The older the mother gets, the less she may hesitate and
the fewer barriers she may face to have the child vaccinated [8-11]. Our study also found
that uneducated mothers and those who had only primary or secondary education were
more likely to have a ZD child compared to those with higher or university education.
Maternal education has been associated with vaccination in most settings [12-24]. This
may be affected by changes affected by education in attitudes, traditions, and beliefs,
and even increased autonomy and control over household resources that would improve
health-care seeking [12-20]. Zero-dose status was also associated with religious affiliation
in the DRC, with those not reporting an affiliation having the highest odds of having
an unvaccinated child. A pooled cross-sectional study of individual and national data
obtained from Demographic and Health Surveys of 33 sub-Saharan African countries found
that the children of Muslims were significantly more likely to be zero-dose than children
of Christians (25.2% versus 12.3%) [25]. However, Costa et al., in an analysis of 66 low
and middle income countries with standardized national surveys since 2010, found that
the relationship between religion and vaccination was not consistent across the world [26].
The latter suggests that various cultural and community-level factors may modulate the
relationship between religious affiliation and immunization. Working with religious leaders
may be an appropriate solution.

Zero-dose children are significantly related to proxies for wealth such as not having
a telephone to use or a radio. These two elements are currently important channels
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through which messages can pass to reach a large part of the population. This significant
link somehow reflects the existence of a dissemination of messages likely to encourage
parents to have their children vaccinated. However, information and communication
are a major challenge in the viability of an initiative. Its success or failure depends on
communication and information [27]. Vaccination services, which are the subject of so
much controversy, cannot do without communication. Communicating to convince cannot
be improvised either at the risk of reaping the opposite effects of what is expected. It is,
therefore, worthwhile to rely on the socio-cultural realities of the populations in order
to develop appropriate communication strategies, including those adapted to these two
channels, to better explain the advantages of vaccination. In the DRC, ZD children were
also significantly linked to the lack of civil registration. This result opens a window of
action to linking immunization and birth registration, as has been discussed by many
in recent years [28,29]. Another finding that is of significance is the high proportion of
people reporting having to pay for a vaccination card or another immunization-related
fee, as this is a potentially modifiable factor. This study suggests an inhibiting role of fees
on child vaccination, and this has been reported as an important barrier elsewhere. This
undoubtedly goes against the official free vaccination policy of the DRC, which is aimed at
breaking down the financial barrier to give the population maximum access to vaccination
services; several studies support that making vaccination free plays a most fundamental
role in improving immunization coverage [30,31].

Finally, not being able to name any VPD was also associated with being zero-dose.
This association has also been found in several studies conducted in sub-Saharan Africa,
particularly in Ethiopia, Burkina-Faso, or Nigeria, including systematic reviews. The
lower the level of knowledge, the less likely the caregiver is to vaccinate the child. Work-
ing on improving maternal and community knowledge about vaccination, about the
diseases that are targeted for protection, the consequences of not vaccinating the child,
the vaccination schedule, and on awareness of vaccination campaigns can help improve
vaccination [8,17,21,24,32].

The literature suggests that to reduce inequalities in immunization, targeted and
pro-equity interventions should be explicitly developed. Such interventions need to be mul-
ticomponent to mainly facilitate access through the proper offer of services and community-
based mobilization, outreach, and education, adapted to the language and health literacy of
the population [33]. Using the results of the 2021-2022 Vaccination Coverage Survey, along
with periodic monitoring of process indicators, each province, and health zone, in the DRC
is tailoring its immunization delivery strategy. The survey and this analysis were conducted
in the context of the Mashako Plan [5]. Alongside other system-strengthening actions, the
Mashako Plan is a multipartner and multicomponent initiative that is addressing access
and inequalities through simple and targeted interventions developed in collaboration
with many stakeholders. The Plan started targeting 9 provinces and has now been ex-
tended to all but two of the provinces. It took lessons from previous experiences, including
work to improve coverage in Kinshasa [34]. The focus is to favor access to vaccination by
strengthening local-level data use and accountability for better micro-planning, outreach,
and reduction of vaccine stock-outs, supportive supervision and outreach monitoring, as
well as demand generation through community engagement [5].

Limitations

This study reflects one point in time, and it does not provide longitudinal data. It relies
on survey data that can be affected by selection and information biases. The sampling frame
was derived from 1984 census data that is known to be inaccurate. To tackle this issue, a
household listing exercise was conducted in all selected clusters. Only 7 of 519 health zones
were excluded due to insecurity and non-response was 0.3%, with 86920 HHs participating
out of 87166 selected HHs. Yet, communities not included in the sampling frame may have
been left out and such communities may also be less likely to be reached with vaccines.
Vaccination history obtained from cards or facility records may have errors, as records
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can be incomplete or difficult to read or interpret [35,36]. Additionally, the proportion of
vaccination status ascertained by recall was 30%, which can lead to recall bias; although,
stating that a child was not vaccinated might be more accurate than indicating which
vaccines or how many doses a child has received [37]. Similarly, the ascertainment of
factors that relate to vaccination might also suffer from desirability or other biases that are
difficult to quantify. Finally, while we assessed factors that were related to being ZD, our
study did not go into root cause analysis of the actual reasons for not being vaccinated, or
even the factors related to the provision of vaccination services that may affect vaccination.

5. Conclusions

Zero-dose is frequent and contributes to the serious health problems in the Democratic
Republic of the Congo, with some provinces having over half of their children unvaccinated.
Important geographic, demographic, and socio-economic inequalities were observed and
quantified. Several factors were associated with not being vaccinated; yet, only better
understanding of the underlying causes of ZD will help to inform strategic and operational
decisions and to tailor interventions aiming at reducing the ZD burden. Inequalities in
immunization should continue to be monitored to assess progress.
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[T S N

Abstract: Discrimination and limited access to healthcare services in remote areas can affect vaccina-
tion coverage. Therefore, this study aimed to estimate vaccination coverage for children living in
quilombola communities and rural settlements in the central region of Brazil during their first year of
life and to analyze the factors associated with incomplete vaccination. An analytical cross-sectional
study was conducted on children born between 2015 and 2017. The percentage of children who re-
ceived all vaccines recommended by the National Immunization Program in Brazil by 11 months and
29 days was used to calculate immunization coverage. Children who received the following vaccines
were considered as having a complete basic vaccination schedule: one dose of BCG; three doses of
Hepatitis B, of Diphtheria-Tetanus-Pertussis (DPT), of Haemophilus influenzae type b (Hib), and of
Poliovirus (Polio); two doses of Rotavirus, of 10-valent pneumococcal (PCV10), and of Serogroup
C meningococcal conjugate (MenC); and one dose of Yellow Fever (YF). Measles-mumps-rubella
(MMR) and other doses recommended at or after 12 months were not included. Consolidated logistic
regression was used to identify factors associated with incomplete vaccination coverage. Overall
vaccination coverage was 52.8% (95% CI: 45.5-59.9%) and ranged from 70.4% for the Yellow Fever
vaccine to 78.3% for the Rotavirus vaccine, with no significant differences between the quilombola
and settler groups. Notably, the likelihood of incomplete general vaccination coverage was higher
among children who did not receive a visit from a healthcare professional. Urgent strategies are
required to achieve and ensure health equity for this unique and traditionally distinct group with
low vaccination coverage.

Keywords: vaccination coverage; rural population; immunization schedules

1. Introduction

The World Health Organization (WHO) has addressed immunization inequity, and
global efforts to promote vaccine access are encouraged [1]. In 2021, 25 million children
worldwide (19%) did not receive basic vaccines, such one or more doses of the Diphtheria-
Tetanus-Pertussis vaccine (DTP). This number of undervaccinated children has increased by
5.9 million since 2019. Countries such as Angola, Brazil, the Democratic Republic of Congo,
Ethiopia, India, Indonesia, Myanmar, Nigeria, Pakistan, and the Philippines comprise 60%
of these children [2].

In Brazil, the National Immunization Program (NIP) was established in 1973, and
it is considered an international benchmark due to its scope and performance, offering
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most WHO-recommended vaccines free of charge [3,4]. However, the country still faces
challenges in achieving the expected worldwide vaccine coverage [5].

Incomplete childhood vaccination may be associated with demographic, socioeconomic,
and policy-related factors [6]. Additionally, gender inequalities, ethnic discrimination, and
limited access to health services in remote areas may also affect vaccination coverage [7].

In rural Brazil, significant inequalities are observed regarding urban environments
and diverse races, peoples, and cultures. Settlers are rural groups that rely on family
agricultural production, demanding agrarian reform [8]. Quilombolas are ethnic groups
distributed throughout Brazil, residing in rural or urban areas, predominantly black, with
their own historical ties [9]. Settlers and traditional quilombola communities stand out
in this scenario, characterized by cultural isolation, popular struggles of resistance, and
deprioritization. Little is known about their living and health conditions [10].

To date, there are no data on vaccination coverage for children residing in settlements
and quilombola areas in Brazil. Therefore, situational diagnoses regarding access and
factors associated with vaccination in vulnerable areas of the country are critical. These
data can guide the development of more effective actions, informing decision-making in
public policies and promoting universal access to health services.

This study aims to estimate vaccination coverage for the complete basic schedule
during the first year (Table 1) and analyze the factors associated with incomplete vaccination
in settled and quilombola children in the state of Goids, Brazil, in response to the gaps in
vaccination for children in rural Brazil.

2. Materials and Methods
2.1. Study Design

A cross-sectional retrospective cohort analytical study was conducted in 36 municipal-
ities in the state of Goids. This investigation is part of the “Sanitation and Environmental
Health in Rural and Traditional Communities of Goids-SanRural Project” matrix project.
The SanRural Project aims to promote knowledge about sanitation conditions and the envi-
ronmental health of settled and traditional communities, such as riverside communities
and remnants of quilombos.

2.2. Context

The State of Goids is located in the Center-West Region of Brazil and comprises
246 municipalities distributed in five mesoregions (Centro Goiano, East Goiano, North-
west Goiano, North Goiano, and South Goiano). Goias is the most populous state in the
Midwest region and has the ninth-largest economy in the country. Agriculture is the main
economic activity in the state and one of the main factors responsible for the rapid pro-
cess of agro-industrialization in Goids. The state of Goias has an estimated population
of 6 million people, with approximately 10% residing in rural areas [11]. According to
the IBGE, 117 quilombola communities existed in the state of Goias in 2019 [12]. In 2017,
309 settlements were registered in Goias [13].

2.3. Participants

The study’s target population was children born from January 2015 to December 2017,
living in settled communities or traditional communities of quilombola descendants in the
state of Goids. Children reported by the head of the household as not living in the home
were excluded from the study.

2.4. Sampling

Sampling for the SanRural Project was carried out in multiple stages. Initially, mu-
nicipalities with one or more certified and recognized quilombola community in the state
of Goias were included, and information was checked in the official sources of accredita-
tion [14]. Therefore, of the municipalities in Goids (1 = 246), 45 (18.3%) met this criterion
and were included in the study. In addition, in these 45 municipalities, all communities
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of recognized settlements were included [15]. Thus, this study included all quilombola
communities and settlements in the selected municipalities, representing 44 quilombola
communities and 62 settlements, totaling 106 communities. Municipalities and communi-
ties were selected based on community certification criteria.

Next, the SanRural Project encompassed the following sampling units: (i) families and
(ii) individuals. Families were selected by systematic random sampling. In each community,
the first individual was selected by simple random sampling, and for every two households
(k = 2), one family was interviewed until reaching the sample size. The sample calculation
parameters for the SanRural Project study were considered, so the estimates of proportions
of the leading indicators were obtained with 95% Confidence Intervals, a maximum margin
of error per community of 10%, and a margin of error for the totality of communities of
the same type of 2%. After selecting the family, vaccination card information was collected
from all individuals in the household, including the children. Thus, all eligible children
from the selected family were included in the study. Since the family was selected by
systematic random sampling, we considered this sampling unit as the primary sampling
unit (PSU) and the individuals as the secondary sampling unit (SSU).

In this study, we used data only from children born from January 2015 to Decem-
ber 2017. Information from children in 36 municipalities (80% of the SanRural Project
municipalities), 44 settled communities (71% of the total SanRural Project settlements),
and 37 quilombola communities (84.1% of the total quilombola communities in the San-
Rural Project) were included. Thus, data from 81 communities were analyzed, including
information from 227 children (94 from settlements and 133 from quilombola communities).

Figure 1 shows the distribution map of communities and municipalities according to
the mesoregions of the state of Goias.

0p.0"W

Communities
@ Settlers
@ Quilombolas

Figure 1. Distribution of communities and municipalities according to the mesoregions of the state of
Goias. Note: Map made using ArcGIS, version 3.24.3.

A field team collected data from February 2018 to September 2019, conducting inter-
views on portable computers. The person responsible for the family, aged over 18, was
asked to answer the research questions in each residence.

The electronic instrument for data collection contained questions about the family’s
socioeconomic status, housing conditions, and the health characteristics of household
residents. In addition, at the time of the interviews, the vaccination cards of all household
residents were photographed.
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The study included a total of 227 children distributed across settler communities
(n = 94) and quilombola communities (1 = 133). For children who did not present their
vaccination cards during the interview (n = 80), vaccination data were obtained from
the Information System of the National Immunization Program (SI-PNI) in Brazil. Of
the investigated children (n = 227), 23 had no vaccination records and were considered
unvaccinated [16].

2.5. Variables

The construction of variables related to vaccination was based on definitions supported
by Brazil’s National Immunization Program recommendations and the World Health
Organization [4,17].

Vaccines recommended and distributed free of charge by the Brazilian government
for children under one year: BCG (single dose), Hepatitis B (4 doses), Rotavirus (2 doses),
pentavalent DTP/Hib/Hepatitis B (3 doses), Polio (3 doses), PCV10 (2 doses), MenC
(2 doses), and YF (single dose), offering protection against more than 11 diseases [17].

Doses: We considered the recommended doses according to the national child vac-
cination schedule for the first year, without considering the interval between doses. For
multiple-dose vaccines, the record of the last dose was considered [17].

Complete basic vaccination schedule: Defined as the doses of vaccines recommended
for the first year established by the basic vaccination schedule in force and applied up to
11 months and 29 days, including one dose of BCG vaccine (Bacillus Calmette-Guérin), the
last dose of Hepatitis B vaccine, the last dose of Diphtheria-Tetanus-Pertussis vaccine (DTP),
the last dose of Hemophilus influenzae type b vaccine (Hib), the last dose of Poliovirus
vaccine (Polio), the last dose of 10-valent pneumococcal vaccine, the last dose of Rotavirus
vaccine, the last dose of Serogroup C meningococcal conjugate vaccine, and one dose of
Yellow Fever vaccine [17].

Incomplete basic vaccination schedule: Not receiving at least one of the doses de-
scribed in the complete basic vaccination schedule.

Table 1 presents the changes made to the National Vaccination Calendars of the
National Immunization Program in Brazil of the vaccines recommended for the first year
between 2015 and 2017.

Table 1. Changes made to the National Vaccination Calendars of the National Immunization Program
in Brazil of vaccines recommended for the first year between 2015 and 2017.

Years
Vaccines Schedule 2015 Second Semester/2016 2017
BCG 1 dose - - -
DTP 2,4, and 6 months
Hib 2,4, and 6 months
Rotavirus 2 and 4 months - - -
YF 9 months - - -
Hepatitis B At birth, 2, 4, and 6 months - - -
MenC 3 and 5 months, booster 15 months - 3 and 5 months, booster 12 months -
Polio 2 and 4 months (IPV), 6 months (OPV) - 2,4, and 6 months (IPV) -
PCV10 2,4, and 6 months, booster 12 months - 2 and 4 months, booster 12 months -

BCG: Bacillus Calmette-Guérin vaccine; DTP: Diphtheria-Tetanus-Pertussis vaccine; Hib: Haemophilus influenzae
type b vaccine; Polio: Poliovirus vaccine (inactivated Polio vaccine (IPV))/oral Polio vaccine (OPV)); PCV10:
10-valent pneumococcal vaccine; MenC: Serogroup C meningococcal conjugate vaccine; YF: Yellow Fever vaccine.
Source: Ordinances and technical reports of the National Immunization Program [18-22]. Note: In this study,
the recommended vaccine doses up to 11 months and 29 days were included; therefore, the first dose of the
measles-mumps-rubella (MMR) vaccine and the booster of the PCV10 vaccine were not considered.
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General vaccine coverage: Vaccination coverage (VC) was calculated according to
the applied doses and was defined as the percentage of children with a complete basic
vaccination schedule, namely:

number of children with vaccination records and complete basic vaccination schedule

VC = x 100

total number of children with vaccination records

The dependent variable in this study was incomplete general vaccination coverage
related to the vaccination situation (yes or no) according to the applied doses described in
the basic vaccination schedule, evaluated at 11 months and 29 days.

The independent variables included the sex of the child (male or female), the type of
community (settlement or quilombola), housing zone (rural or urban/periurban), mesore-
gion of Goias (Central Goiano, East Goiano, Northwest Goiano, North Goiano, or South
Goiano), mother’s age (<28 or >29 years), number of people in the house (<5 or >6),
internet access (yes or no), income (<USD 277.91 or > USD 277.92), health professional
visit in the last year (yes or no), and community healthcare unit availability (yes or no).
Quantitative variables, such as the mother’s age, number of people in the house, and
income, were categorized based on their mean (less than or equal to the mean versus
greater than or equal to the mean).

2.6. Statistical Analysis

The data collected during the interview, information about the vaccines recorded on
the vaccination card, and the vaccine data obtained from the SI-PNI were exported to
statistical analysis software (IBM SPSS®, version 24 and StataCorp. 2021. Stata Statistical
Software: Release 17. College Station, TX, USA: StataCorp LLC.).

All analyses were performed using the complex sample design. Stata’s “survey”
package was used. The selected families were included as PSU, and the type of community
(settlement/quilombola communities) was used as a stratum. Individual selection sample
weights were included for each child [23], considering the selection probability according
to their community, sex, and age group.

A descriptive analysis of the participants’ characteristics was carried out initially,
followed by Pearson’s chi-square test corrected for design to assess differences in character-
istics between children from settlements and communities. Estimates of the coverage of
the complete immunization schedule by type of vaccine and type of community were then
calculated, along with 95% Confidence Intervals (95%CI). Next, bivariate and multiple anal-
yses were performed using binary logistic regression to identify the factors associated with
incomplete general vaccination coverage. In the bivariate analysis, the dependent variable
was associated with each of the independent variables analyzed. Next, the variables that
presented a p-value < 0.25 were included in the multiple logistic regression model, single
input method. The magnitude of the multiple analysis effect was presented as Adjusted
Odds Ratios (AOR) and 95%CI. Variables with p-values < 0.05 were considered significantly
associated with the outcome.

2.7. Ethical Aspects

The SanRural Project was approved by the Research Ethics Committee of the Federal
University of Goids (CAAE number 2.886.174/2018). All participants signed the Terms
of Free and Informed Consent applied to the family by signature or fingerprint of the
interviewee.

3. Results

In the investigated communities, there were 227 children born between 2015 and 2017,
with 94 (41.4%) from settlements and 133 (58.6%) from quilombola communities.

Population Characteristics:

Table 2 shows the characteristics of the participants by type of community. Of the total
children included in the study (1 = 227), 56.7% were male and 43.3% were female. Regarding
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the children’s mothers, 63.2% were aged 28 or younger. Concerning the children’s families,
66.4% had five people or fewer, 53.0% had access to the internet, and 61.5% had a gross
income of less than or equal to USD 277.91. Furthermore, most children lived in quilombola
communities (n = 133; 58.6%), rural areas (n = 172; 75.8%), and municipalities located in the
North Goiano region (1 = 77; 36.8%). As for the characteristics of access to health services
for the children’s families, it was identified that, in the last year, 59.9% received a visit from
a health professional and 66.2% of the communities where the children lived did not have

a public health unit.

Table 2. Sociodemographic characteristics according to the type of community of 227 settled and

quilombola children in the state of Goids, 2015-2017.

Total Settlers Quilombolas 5
i -Val
Variables =227 =94 =133 X** p-Value
Sex, n (%)
Male 126 (56.7) 52 (54.0) 74 (57.9) 0.254 0.615
Female 101 (43.3) 42 (46.0) 59 (42.1)
Housing zone, n(%)
Urban/Periurban 55 (24.2) 0(0.0) 55 (44.8) 44.272 <0.001
Rural 172 (75.8) 94 (100.0) 78 (55.2)
Mesoregion, 1 (%)
Central Goiano 47 (21.0) 19 (18.8) 28 (21.9) 20.719 <0.001
East Goiano 32 (14.0) 0(0.0) 32 (20.0)
Northwest Goiano 36 (12.9) 36 (42.6) 0(0.0)
North Goiano 77 (36.8) 27 (28.5) 50 (40.5)
South Goiano 35 (15.3) 12 (10.1) 23 (17.6)
Mother’s age (years), n (%)
<28 years 141 (63.2) 62 (65.6) 79 (62.2) 0.202 0.654
>29 years 86 (36.8) 32(34.4) 54 (37.8)
Number of people in the house, 11 (%)
<5 people 158 (66.4) 77 (79.6) 81 (60.7) 5.742 0.017
>6 people 69 (33.6) 17 (20.4) 52(39.3)
Has internet, 1 (%)
Yes 120 (53.0) 41 (42.5) 79 (57.6) 3.659 0.057
No 107 (47.0) 53 (57.5) 54 (42.4)
Income (USD) **, n (%)
<277.91 138 (61.5) 54 (56.5) 84 (63.7) 0.837 0.361
>277.92 89 (38.5) 40 (43.5) 49 (36.3)
Health professional visits in the last year, 1 (%)
Yes 137 (59.9) 59 (58.0) 78 (61.0) 0.113 0.737
No 90 (40.1) 35 (42.0) 55 (39.3)
Community public health unit, 1 (%)
Yes 63 (33.8) 6(6.8) 57 (45.5) 34.719 <0.001
No 164 (66.2) 88(93.2) 76 (54.5)

Notes: Mother’s age (years)—mean 27.9, standard deviation 6.5; number of people in the house—mean 4.9,
standard deviation 1.6; income (USD)—mean 277.91, standard deviation 226.2. * Pearson’s chi-square test

corrected for study design. ** Per month.

After a global evaluation of the variables, a statistical difference was observed between
the communities (p < 0.05) concerning the following characteristics: area of residence,
mesoregion, number of people in the home, access to the internet, and the existence of a

public health unit in the community (p = 0.000).
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3.1. Vaccination Coverage

Table 3 presents the vaccination coverage of the basic vaccination schedule for the first
year evaluated at 11 months and 29 days. The overall vaccination coverage at 11 months
and 29 days was 52.8% (95% CI: 45.5-59.9%). By community, the general vaccination
coverage for the first year was 63.6% (95% CI: 51.7-74.1%) for settler communities and
48.0% (95% CI: 39.3-56.9%) for quilombola communities. The vaccine coverage by the
investigated vaccine ranged from 70.4% for the Yellow Fever vaccine to 78.3% for the
Rotavirus vaccine.

Table 3. Complete vaccination coverage and vaccine coverage, according to doses in the first year,
evaluated at 12 months in settler and quilombola children in the state of Goids, 2015-2017.

Complete Vaccine Schedule

Vaccines General (n =227) Settler (n = 94) Quilombola (1 = 133)

n % 95%CI n % 95%CI n % 95%CI
BCG 176 75.9 69.1-81.5 78 82.0 71.1-89.4 98 73.2 64.5-80.4
Hepatitis B 167 724 65.1-78.7 69 75.1 63.7-81.3 98 71.2 61.9-79.1
DTP 171 74.3 67.1-80.4 70 75.6 64.2-84.3 101 73.8 64.5-81.3
Hib 167 72.4 65.1-78.7 69 75.1 63.7-83.9 98 71.2 61.9-79.1
Polio 171 75.8 68.9-81.6 70 75.8 64.6-84.6 101 75.7 66.8-82.9
PCV10 184 77.9 71.0-83.5 75 81.4 71.1-88.6 109 76.3 67.3-83.5
Rotavirus 177 78.3 71.6-83.7 72 79.0 68.5-86.7 105 78.0 69.3-84.7
MenC 179 78.0 71.0-83.5 75 81.4 71.1-88.6 104 76.3 67.3-83.5
YF 161 70.4 63.1-76.8 65 72.9 61.8-81.7 96 69.3 60.0-77.4
General vaccine coverage 121 52.8 45.5-59.9 54 63.6 51.7-74.1 67 48.0 39.3-56.9

BCG: Bacillus Calmette-Guérin vaccine; DTP: Diphtheria-Tetanus-Pertussis vaccine; Hib: Haemophilus influen-
zae type b vaccine; Polio: Poliovirus vaccine; PCV10: 10-valent pneumococcal vaccine; MenC: Serogroup C
meningococcal conjugate vaccine; YF: Yellow Fever vaccine.

3.2. Factors Associated with Incomplete General Immunization Coverage

The binary logistic regression model was adjusted for the child’s sex, type of commu-
nity, housing zone, mesoregion, number of people in the house, and health professional
visits in the last year. These variables had a p-value of less than 0.25 in the bivariate analysis.
Based on the multiple analysis, it was observed that the odds of an incomplete vaccination
schedule were higher in children who had not received a visit from a health professional in
the last year (AOR: 1.96; 95%CI: 1.03-3.73) compared to those who had received such visits
(Table 4).

Table 4. Factors associated with incomplete general vaccination coverage for the first year. Goias,
Brazil, 2015-2017.

Bivariate Analysis

Multiple Analysis *
Vaccine Schedule (n = 227)
Variables Total Incomplete Complete
p-Value OR (95%CI) p-Value AOR (95%CI)
(n=227) (n =106) (n=121)
Sex
Male 126 66 (52.3%) 60 (47.7%) 1.00 1.00
Female 101 40 (40.6%) 61 (59.4%) 0.119 0.62 (0.34-1.13) 0.273 0.78 (0.37-1.4)
Community type
Settler 94 40 (36.4%) 54 (63.6%) 1.00 1.00
Quilombola 133 66 (52.0%) 67 (48.0%) 0.040 1.89 (1.03-3.48) 0.882 1.08 (0.40-2.89)
Housing zone
Rural 172 75 (40.3%) 97 (59.7%) 1.00 1.00
Urban/periurban 55 31 (62.6%) 24 (37.4%) 0.008 2.48 (1.28-4.80) 0.092 2.28 (0.87-5.92)
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Table 4. Cont.

Bivariate Analysis

Vaccine Schedule (n = 227)

Multiple Analysis *

Variables
Total Incomplete  Complete
p-Value OR (95%CI) p-Value AOR (95%CI)
(n=227) (n =106) (n=121)
Mesoregion
Central Goiano 47 28 (61.2%) 19 (38.8%) 1.00 1.00
East Goiano 32 10 33.9%) 22 (66.1%) 0.027 0.32 (0.12-0.88) 0.122 0.43 (0.15-1.26)
Northwest Goiano 36 13 (30.1%) 23 (69.9%) 0.014 0.27 (0.09-0.76) 0.132 0.40 (0.12-1.32)
North Goiano 77 38 (49.1%) 39 (50.9%) 0.241 0.61 (0.27-1.39) 0.726 0.84 (0.32-2.24)
South Goiano 35 17 (50.4%) 18 (49.6%) 0.371 0.64 (0.25-1.69) 0.370 0.63 (0.23-1.74)
Mother’s age (years)
<28 141 73 (512%) 68 (48.8%) 1.00 1.00
>29 86 33 (404%) 53 (59.6%) 0.156 0.65 (0.35-1.18) 0.101 0.58 (0.30-1.11)
Number of people in the house
<5 158 68 (434%) 90 (56.6%) 1.00 1.00
>6 69 38 (54.8%) 31 (45.2%) 0.148 1.58 (0.84-2.93) 0.092 1.82 (0.90-3.65)
Has internet
Yes 120 56 (46.8%) 64 (53.2%) 1.00
No 107 50 (47.8%) 57 (52.2%) 0.889 1.04 (0.58-1.87)
Income (USD)
<277.91 138 68 (47.8%) 70 (52.2%) 1.00
>277.92 89 38 (46.3%) 51 (53.7%) 0.847 0.94 (0.51-1.73)
Health professional visit in the last year
Yes 137 52 (40.8%) 84 (59.2%) 1.00 1.00
No 90 54 (56.9%) 37 (43.1%) 0.035 1.91 (1.05-3.49) 0.039 1.96 (1.03-3.73)
Is a community healthcare unit available?
Yes 63 29 (50.8%) 34 (49.2%) 1.00
No 164 77 (45.5%) 87 (54.5%) 0.505 0.80 (0.43-1.52)

Note: Incomplete and complete vaccination coverage is presented as 1 (%), where 1 is the number of observations
in the sample and % is the percentage weighted by the complex sampling design. AOR: Adjusted Odds Ratio;
95.0%CI: 95% Confidence Interval; OR: Odds Ratio. * Binary logistic regression model adjusted for child’s gender,
type of community, housing zone, mesoregion, number of people in the house, and health professional visit in the
last year.

4. Discussion

In Brazil, information on the health and vaccination status of racial/ethnic minorities
and rural groups is still scarce [10,24,25]. Therefore, this study presents the first infor-
mation regarding vaccination coverage for children in rural settlements and quilombola
communities in Goids.

The present study showed a predominance of children from low-income families.
However, investigations on these populations also suggest a predominance of disadvan-
taged groups with characteristics that make them individually, socially, and programmati-
cally vulnerable [24,26,27].

This study identified low overall vaccination coverage, a relevant indicator of this
population’s precarious living and health conditions. While the World Health Organization
encourages all countries to achieve global immunization coverage greater than or equal
to 90% for vaccines regulated by the country [28], the present study showed an overall
vaccination coverage of 52.8% (95%CI: 45.5-59.9%). It is essential to highlight that no
statistical differences were observed between general vaccination coverage stratified by the
investigated community (settlers and quilombolas).

In Brazil, investigations in urban municipalities also showed higher vaccination cover-
age in children compared to the present study’s general vaccination coverage [29]. Indeed,
the last immunization coverage survey in urban areas was carried out in the country in
2007 and evaluated immunization coverage for vaccines recommended in the first year,
including a dose of the MMR vaccine. A total of 17,149 children from 26 Brazilian state
capitals and the Federal District were investigated and had complete vaccination coverage
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of 81.0% (95%CI: 80.4-81.6%) at 18 months [29], which is about 1.5 times greater than the
general vaccination coverage of the present study.

Garcia et al. [30] conducted a study in a medium-sized municipality in the South-
east Region of Brazil and analyzed the vaccination coverage of the complete schedule at
12 months in children born in 2015. The result was a coverage of 77.1% (95%CI: 72.6-81.0%).
Similar data were also identified in a study in the southern region of Brazil, which showed
vaccination coverage for the complete basic vaccination schedule (one dose of BCG, one
dose of SCR, three doses of Polio, and three doses of pentavalent) among children born in
2015 to be 77.2% (95% CI: 75.8-78.4%) [31].

At the international level, wide variations in general immunization coverage have been
observed in different regions worldwide. In African countries, immunization coverage for
recommended vaccines during the first year was estimated at 29.7% in Ethiopia and 67.6%
in Senegal [32,33]. In India, among children aged 12 to 36 months residing in rural areas of
26 states, complete immunization coverage, i.e., one dose of the BCG vaccine, three doses of
the DTP vaccine, and one dose of the measles vaccine, was 53.2% (95% CI: 52.7-53.7%) [34].

In developed countries such as the United States and China, recent investigations have
revealed specific differences in vaccine coverage. For example, a national survey conducted
in the United States in 2017 found that vaccination coverage for children aged 19 to
35 months living in rural areas was 66.8% (95% CI: 63.6-69.9%) for the complete schedule
of vaccines (acellular DTP, Polio, SCR, Hib, Hepatitis B, varicella, and pneumococcal) [35].
In China, data from 2016 showed that 94.0% (95%CI: 91.4-95.9%) of children aged 24 to
35 months living in rural areas were fully vaccinated with scheduled vaccines for the first
year (BCG, Hepatitis B, Polio, DTPa, and measles and rubella (MR)) [36].

These inequalities in vaccination coverage can be explained by the diversity of vaccines
recommended in each country’s vaccination schedules, making vaccination programs and
schemes more complex [5]. In addition, of course, these economic, social, and health
discrepancies exist worldwide. It is important to remember that, as of 2016, underdeveloped
countries such as Senegal, Ethiopia, and India began to receive financial resources from
Gavi, The Vaccine Alliance, to introduce and increase vaccine access for thousands of
children [37].

When evaluating vaccination coverage for each vaccine, none reached the recom-
mended minimum coverage of 90%. While the Yellow Fever vaccine had the lowest
coverage of 70.4%, the Rotavirus vaccine had the highest coverage of 78.3%. This result
may be related to the immunization program’s recommended age for these vaccines. In
Brazil, the Rotavirus vaccine is recommended earlier, at 2 and 4 months, while the Yellow
Fever vaccine is recommended at 9 months [17]. Studies have shown greater adherence
to vaccination in the first months, as vaccination dates correspond to the child’s routine
consultation, which happens monthly in the first six months [38,39].

In the present study, vaccination coverage was associated with the health services
offered to the investigated population. Families that did not receive a home visit from a
health professional in the last year had odds of having incompletely vaccinated children
that were 1.96 times higher than those who received a visit from a healthcare worker.

Brazil’s national primary care policy is crucial in discussing these data since the results
are linked to the Family Health Strategy, which significantly reorganized Primary Health
Care in the Unified Health System. In Brazil, one of the primary objectives of the Family
Health Strategy Program (FHS-ESF) is to provide comprehensive, accessible, and contin-
uous care with resolvability and good quality at public health units and homes through
a multidisciplinary team [40,41]. In the present study, home visits seem to contribute to
increased vaccination coverage of the investigated children. Furthermore, this interactive
healthcare technology identifies susceptible groups in a differentiated and equitable way,
promoting health education actions [42].

Although public policies in Brazil have positively impacted vaccination coverage
in this study, the results show a low vaccination coverage panorama for children from
racial/ethnic minorities and rural groups. Therefore, health services must be rethought for
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difficult-to-access groups with unique cultural characteristics. We believe it is necessary to
understand the reasons for vaccine hesitancy in these groups and that creating bonds and
security should be the first step towards effective health actions.

Finally, it is necessary to consider some limitations of this investigation. The SanRural
Project is a household survey to investigate the health and sanitation situation of the rural
and traditional populations in the state of Goias. Therefore, other determinants to assess the
factors associated with vaccine incompleteness were not investigated. Although participant
compliance was high, the response rate was not measured. More studies are encouraged
to address this knowledge gap in these vulnerable groups. Another limitation was the
absence of some vaccination cards during data collection. However, to increase the veracity
of the analysis of information on vaccination coverage, all means of searching for vaccine
data were accessed from public agencies in Brazil. Another relevant point was the long
period of data collection, but it is important to highlight the great difficulty that exists in
accessing these groups, as they live in rural regions with difficult geographic mobility. Only
quilombola communities recognized by responsible bodies in Brazil participated in this
study, which restricted the participation of other communities that are in the certification
process. However, we believe that the characteristics of the communities not included are
similar to those that were studied, as both are located in the same geographic region, share
the same public health policies, and have the same challenges inherent to the traditional
population of Brazil.
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Abstract: Gender-based inequities in immunization impede the universal coverage of childhood
vaccines. Leveraging data from the Government of Sindh’s Electronic Immunization Registry (SEIR),
we estimated inequalities in immunization for males and females from the 20192022 birth cohorts in
Pakistan. We computed male-to-female (M:F) and gender inequality ratios (GIR) Tfor enrollment,
vaccine coverage, and timeliness. We also explored the inequities by maternal literacy, geographic
location, mode of vaccination delivery, and gender of vaccinators. Between 1 January 2019, and
31 December 2022, 6,235,305 children were enrolled in the SEIR, 52.2% males and 47.8% females. We
observed a median M:F ratio of 1.03 at enrollment and at Penta-1, Penta-3, and Measles-1 vaccinations,
indicating more males were enrolled in the immunization system than females. Once enrolled, a
median GIR of 1.00 indicated similar coverage for females and males over time; however, females
experienced a delay in their vaccination timeliness. Low maternal education; residing in remote-
rural, rural, and slum regions; and receiving vaccines at fixed sites, as compared to outreach, were
associated with fewer females being vaccinated, as compared to males. Our findings suggeste
the need to tailor and implement gender-sensitive policies and strategies for improving equity in
immunization, especially in vulnerable geographies with persistently high inequalities.

Keywords: gender inequity; routine immunization; male-to-female ratio; female vaccination; timeliness
of immunization

1. Introduction

Vaccination is considered one of the most successful and cost-effective interventions
in public health, with a potential return on investment of up to USD 16 per dollar spent [1].
However, many countries, particularly low- and middle-income countries (LMICs), strug-
gle to equitably vaccinate all children, leading to persistent immunization inequities across
multiple socio-demographic dimensions, with gender-based inequities being a prominent
factor [2]. Although there are apparently no significant differences in coverage rates be-
tween males and females at the global level, several country-specific studies have provided
contrary evidence [3]. Studies have shown there were significant biases in immunization
coverage rates that disadvantaged females in South and Southeast Asia, with Pakistan
reporting a 7.8 percentage-point difference between males and females in terms of complete
immunization; Cambodia reporting a difference of 4.9 percentage points; Nepal, a difference
of 4.3 percentage points; and India, with the largest gap of 13.4 percentage points [4]. In
addition to varying inequities at the country level, substantial differences also exist within
countries, highlighting an interplay of complex socio-cultural, economic, and geographic
factors that leave females at a disadvantage when accessing immunization services.
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Pakistan is among the countries where gender inequity in immunizations is a growing
concern. As per the Global Gender Gap Index Report 2022 [5], the country ranked 143 out of
a total of 146 countries for health and survival, highlighting the adverse position of females
relative to males, with inequities manifesting in areas such as healthcare and immunizations.
The Pakistan Demographic and Health Survey (2017-18) [6] showed there was a significant
difference in coverage rates between females and males, with females being less likely to
receive all basic vaccinations, as compared to males (63% vs. 68%), eventually contributing
to higher morbidity and mortality among females over the long term. Although concerted
efforts in recent decades have resulted in improved immunization coverage rates in the
country overall [7], the trend of differential coverage rates among females and males
remains, underscoring the gaps in equitable coverage. This is partly due to the lack of
gender-sensitive immunization strategies, which are difficult to design in the face of the
unavailability of gender-disaggregated data at the micro-level. This has led to a lack
of evidence regarding the true estimates and the extent of immunization inequities in
the regions where females are most likely to fall behind males. Additionally, there is
insufficient information regarding the risk factors associated with unequal coverage rates,
and understanding of the demand- and supply-side barriers that consistently prevent
females from accessing immunizations.

Major global immunization initiatives, including the Immunization Agenda 2030 and
the Gavi 5.0 strategy, were designed around the themes of “Leave No One Behind” and
“endeavor to reach the furthest behind first” [8], highlighting the need for identifying,
understanding, and addressing the gender-related barriers to immunizations. It is crit-
ically important for governments and other stakeholders to estimate the true extent of
female-based gender inequities in immunization outcomes at a micro-geographic level
and delineate the contributing factors. It is also vital to identify the supply-side barriers
that can adversely impact immunization uptake by females. This crucial information is
important for immunization systems to implement targeted approaches for reaching missed
female children, ensuring their immunization completion as per the WHO-recommended
immunization schedule, and promoting gender-based equity in immunizations.

We leveraged the individual child-level data from the Government of Sindh’s Elec-
tronic Immunization Registry (SEIR) to uncover a detailed picture of the gender inequities
in childhood immunizations. We estimated the male-to-female ratios for coverage and
timeliness at the micro-geographic level by districts and union councils (UCs; smallest geo-
graphic administrative unit) in Sindh Province, Pakistan. Additionally, we also examined
the gender inequality ratios for the above as an additional measure. We examined how
maternal literacy levels, geographic area (urban, rural, remote-rural, and slum areas), and
supply-side factors (gender of vaccinators and modality of immunization service delivery)
affect gender inequities in immunization.

2. Methods
2.1. Population

As per the population estimates for 2022, Sindh Province has an annual birth cohort
of 1.9 million [9], and a total population of 53.8 million people, with a population density
of 381.1 people/sq. km [10]. The province comprises 6 divisions, which are further
divided into 30 districts with 1130 UCs [11]. The median population of the UCs is 46,401
(range: 8371-574,2572). The urban and rural median populations of the UCs are 59,293
(range: 8371-574,257) and 37,936 (range: 13,000-95,886), respectively. The poverty index
of the province is 0.28 (district range: 0.02-0.50) [12]. The literacy rate for the province
is 58% (male = 68%; female = 47%; urban = 73%; rural = 39%) [13]. The annual target
population (0-23-month-old children) for the Expanded Programme on Immunization (EPI)
was 1.9 million in 2022. Immunizations in Sindh are administered predominantly through
public services supplemented by private clinics [14]. Traditionally, approximately 60% of all
provincial immunizations were provided through fixed immunization centers, whereas the
rest were delivered through routine outreach sessions [15]. However, after the COVID-19
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pandemic, this proportion has reversed, with almost 60% of the immunizations now being
provided through outreach [16]. Routine outreach comprises immunization sessions held
at a site other than the immunization center, from which vaccinators can go out and return
the same day, whereas enhanced outreach is defined as a series of immunization outreach
sessions covering a geographic area outside the radius of routine activities [17].

2.2. Data Source

We used geospatial-enabled immunization records from the SEIR (also known as
Zindagi Mehfooz (Safe Life) Electronic Immunization Registry; ZM-EIR). SEIR is an Android-
based application that allows vaccinators to enroll and track children’s immunization
records. The SEIR captures routinely collected data, including the child’s demographic
details (child’s name, father’s name, caregiver national identity card number (optional), and
contact information) and immunization details (vaccination status, dates, and modality).
Additionally, the SEIR also captures the health facility and vaccinator details and the
geolocation of each vaccination. Each child’s record is tracked through a unique identifier
assigned to the child at the time of enrollment in the SEIR. Performance management of
the data of vaccinators, including attendance and compliance of usage of the system, is
also captured.

The SEIR was scaled up in October 2017 across 28 districts of Sindh and was later rolled
out to the remaining 2 districts, Khairpur and Dadu (where primary health care is delivered
through a public—private partnership) on 24 February 2020 and 29 June 2020, respectively.
Currently, the SEIR is being used across all 30 districts of Sindh, by 3565 vaccinators
(including 15.0% female vaccinators) working at 1785 public and 373 private immunization
clinics. As of 31 December 2022, the SEIR enrolled >7.7 million children and >2.6 million
females and recorded >90 million immunization events. The SEIR enrolled 108.34%, 96.49%,
97.26%, and 95.34% of the EPI estimated annual birth cohorts of 2019, 2020, 2021, and 2022,
respectively (1,340,207; 1,638,386; 1,642,773; and 1,682,569, respectively), in the districts
where it was operational.

2.3. Study Design and Procedure

We analyzed the child-level longitudinal immunization records in the SEIR from
1 January 2019 to 31 December 2022, for all 30 districts of Sindh. Data from District Khair-
pur and District Dadu were not shown for children who had received their vaccinations in
2019, as the SEIR was launched in these districts in 2020. We extracted data related to the
demographic profile (gender, age, and maternal literacy level), immunization history (vac-
cines, date of administration, and geo-coordinates of vaccine administration site); modality
of immunization service delivery (fixed, routine outreach, or enhanced outreach), and geo-
graphical location of household (district, UC, urban vs. rural area, rural vs. remote-rural
area and slums vs. non-slums) of children from the 2019-2022 birth cohorts enrolled in
the SEIR. Out of 1130 UCs in the province, 464 were classified as urban, and 666 as rural.
Within the rural UCs, 88 were classified as remote-rural UCs, and within the urban UCs, 89
were classified as slum areas. An slum area was defined as a contiguous settlement where
the inhabitants are characterized as having inadequate housing and basic services. Slum
UCs were defined as having >75% population living in poverty. The slum area analysis
was limited to EPI-identified slums in the eight districts of Karachi and Hyderabad [18].
All slum UCs in Karachi and Hyderabad were in urban areas. Remote-rural UCs were
classified according to the Government of Sindh’s School Education and Literacy De-
partment classification of hard-area UCs that were located in remote coastal, desert, or
mountainous areas [19]. Remote-rural UCs were mostly concentrated in the eastern and
western peripheries of the province; urban UCs were found within the cities of Karachi
and Hyderabad; and the rest of the remaining UCs in the province were predominantly
rural (Supplementary, Figure S1). In addition to the geo-location data, we also extracted
the gender profile of vaccinators who used the SEIR across the province.
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2.4. Vaccination Schedule

Pakistan’s routine immunization schedule included the following vaccines: BCG
(Bacille Calmette-Guérin) and oral polio vaccine (OPV) vaccine at birth; 3 doses of pen-
tavalent (DPT, HepB, Hib) vaccine; 3 doses of pneumococcal conjugate vaccine (PCV) and
3 doses of OPV at 6, 10, and/or 14 weeks of age; 2 doses of rotavirus vaccines at 6 and
10 weeks of age; 2 doses of inactivated polio vaccine (IPV) at 14 weeks and 9 months of
age; and 2 doses of measles-rubella vaccine and typhoid conjugate vaccine (TCV) at 9 and
15 months of age. TCV, second dose of IPV, and rubella vaccine were added to the EPI
schedule on 1 January 2020, 3 May 2021, and 15 November 2021, respectively [20].

2.5. Ethics

This analysis was deemed to be exempt by the Institutional Review Board of Interactive
Research and Development under 45 CFR 46.101(b). The IRB was registered with the U.S.
Department of Health and Human Services Office for Human Research Protections with
registration number IRB 404 00005148.

2.6. Outcome

The primary outcome was the male-to-female ratios (M:F) at enrollment and by anti-
gens among children from the 2019, 2020, 2021, and 2022 birth cohorts enrolled in the SEIR.
The M:F ratio was the number of vaccinated males relative to females. Enrollment was
defined as the first encounter of the child with the SEIR. We calculated the M:F ratios at
the district and UC levels. We adjusted the M:F ratios using the sex ratios at birth (1.055)
in Pakistan [21]. We computed the M:F ratios for the up-to-date vaccination coverage for
Pentavalent-1, Pentavalent-3, and Measles-1 at 6, 9, 12, 18, and 24 months. Up-to-date
coverage was defined as the proportion of 0-24 months children who received vaccinations
by the specified months of age. In order to examine timely coverages, we also calculated
the up-to-date coverage of Penta-1 at 10 weeks, Penta-3 at 18 weeks, and Measles-1 at
10 months to account for the timeliness criteria used by EPI-Sindh (an additional 4 weeks’
time duration beyond the age at which each vaccine is due, as per the WHO-specified EPI
schedule). Furthermore, we compared the M:F ratios by maternal literacy level, geographic
residential location of the child (urban vs. rural, rural vs. remote-rural and slums vs.
non-slums), modality of vaccination (fixed center, outreach, and enhanced outreach), and
the sex ratio of vaccinators in the province. As a secondary outcome, we also calculated
the Gender Inequality Ratio (GIR) for all the above analyses, where the gender inequality
ratio was defined as the proportion of vaccinated males among those who were due for
vaccination, relative to the proportion of vaccinated females who were due for vaccination.

2.7. Statistical Analysis

We reported the median and interquartile range (IQR) of the UCs for the M:F ratios,
along with the ranges at the UC level. UCs with no children vaccinated for any particular
vaccine were excluded from the analysis for that particular vaccine only. A male-to-female
ratio of 0.00 indicated that there were no males or females vaccinated in the particular UC.
This was due to the reduced population sizes when we examined our indicators across the
sub-categories (maternal literacy and geographic location of vaccination) within a UC.

For our secondary outcome, we computed the GIR by dividing the proportion of
males who were due and received vaccinations by the proportion of females who were
due and received vaccinations. A GIR of 1.00 implied no differential in coverage rates
between females and males, whereas a GIR of above 1.00 indicated inequalities (with
higher coverage rates for males relative to females). We performed statistical analyses with
Stata, release 17 (StataCorp, College Station, TX, USA). We used digital maps to review the
immunization coverage by the district and UC using QGIS (3.16.7-Hannover).
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3. Results

Between 1 January 2019, to 31 December 2022, a total of 6,235,305 children were
enrolled in the SEIR from the 2019 (23.29%), 2020 (25.35%), 2021 (25.62%), and 2022 (25.73%)
birth cohorts. The proportion of males enrolled in the SEIR, as compared to females, was
consistently higher across all birth cohorts (2019: 52.11%, 2020: 52.14%; 2021: 52.30%; 2022:
52.25%) (data not shown).

Across districts, we found a distinctive pattern in districts Kashmore, Ghotki, Jacoba-
bad, and Tharparkar, having the highest adjusted median M:F ratios at enrollment: (Kash-
more: 1.11 (IQR: 1.04-1.25); Ghotki: 1.11 (IQR: 1.04-1.16); Jacobabad: 1.07 (IQR: 1.00-1.13),
and Tharparkar: 1.12 (IQR: 1.02-1.18)) (Table 1). The findings were similar for Penta-1,
Penta-3, and Measles-1 vaccinations. A consistent trend, therefore, emerged, showing
females falling behind males consistently in these districts from enrollment into the SEIR
until their Measles-1 vaccination. At the UC-level, a high median M:F ratio emerged for
selected UCs in District Thatta, where thrice the number of males were vaccinated, as
compared to females.

When examining the GIR, we observed that once children were enrolled in the
SEIR, coverage rates for vaccines were similar for females and males, as shown by the
UC-level median GIR for Penta-1 (median: 1.00, IQR: 1.00-1.01), Penta-3 (median: 1.00,
IQR: 0.99-1.01), and Measles-1 (median: 1.00, IQR: 0.99-1.01) (Supplementary Table S1).

Tracking the M:F ratios for vaccines over the 4 years showed high inequities in the num-
ber of females vaccinated, as compared to males, in 2019 for Penta-3 (1.14, range: 0.24-8.00)
and Measles-1 (1.14, range: 0.14-5.00), which declined to 1.10 (Penta-3 range: 0.49-5.00;
Measles-1 range: 0.25-2.07) in 2020 and remained at the same level for the following
2 years. The M:F ratios for Penta-1 remained roughly the same between 2019 and 2022,
showing no major progress was made in reducing these disparities over the last 4 years
(Supplementary Figure S2). The GIR reflected a similar picture of slightly higher inequali-
ties in coverage among the enrolled children in 2019. Thereafter, coverage rates became
more balanced between females and males (GIR: 1.00) for all the vaccines in 2020-2022
(Supplementary Figure S3). At the UC level, we found that 11.6% (131/1129) of the UCs
showed a M:F > 1.10 for Penta-1 consistently over the four years. This proportion was 10.7%
(121/1129) for Penta-3 and 8.9% (101/1129) for Measles-1, reflecting certain geographic
pockets had persistently higher numbers of males being vaccinated, as compared to females,
year-on-year (Supplementary Table S3). A closer geographic examination revealed that
these UCs were spread throughout the province, as opposed to being located in clusters
(Supplementary Figure S4).

The up-to-date coverages at specific age intervals for Penta-1, Penta-3, and Measles-1
showed more males were vaccinated, as compared to females, at each age (M:F > 1.10) (Figure 1).

Among the enrolled children, 1 out of every 2 UCs in the province had females falling
behind males on timely vaccinations of Penta-1, Penta-3, and Measles-1, as denoted by
GIRs > 1.00. Notably, 60.7% (685/1129), 57.4% (648/1129), and 54.5% (615/1128) of UCs
had GIRs > 1.00 for up-to-date coverage of Penta-1 at 10 weeks, Penta-3 at 18 weeks, and
Measles-1 at 10 months. This proportion continued to decline across ages, demonstrating a
narrowing of the inequity gap at the UC level as children aged (Figure 2).
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Vaccines 2023, 11, 685

Penta-1

10 weeks (n=2,801,134) & manths (n=4,172,983) 12 months (n=3,935,409) 18 manths {n=3,180,123) 24 months (n=2,634,971)
MF ratio: 1.12 (range: 0.65-3.31) MF ratio; 1.11 (range: 0.65-3.46) M:F ratio: 110 (range: 0.33-2.31) B:F ratio: 1.10 (range: 0.33-2.90) M:F ratio: 1.10 {range: 0.50-2.67)

UC level analysis shows female-based gender inequity, with 85.8% (969/1129) UCs reporting a M:F ratio of > 1 at up-to-date Pentavalent-1 vaccination coverage at 10 weeks, 85.4% (975/1129) at 6 months, B6.5% (376/1128) at 12 months,
£4.3% (951/1128) at 18 months and 81,6% (920/1127) at 24 months

Penta-3
18 wesks (1=909,736) § manths (1=2,049,284) 12 months (n=3,022,700) 18 menths (=2,696,431) 24 morths (r=2,324,370)
M:F ratio: 1,15 (range: 0.25-4.33) M:F ratio: 1.12 (range: 0.63-3.75) M:F ratio: 1.11 (range: 0.50-4.75) M:F ratio: 1.10 (range: 0.50-2.83) M:F ratio: 1.10 (range: 0.25-6.50)

UC level analysis shows female-based gender inequity, with 79.9% (803/1129) LCs reporting M:F ratio of > 1 at up-to-date Pentavalent-3 vaccination coverage at 18 weeks, 84,19 (949/1129) at 6 months 85.0% (959/1128) at 12
months,54.4% (352/1128) at 18 months and 81.1% (914/1127) at 24 months.

Measles -1

10 months (n=1,662,384) 12 months (n=2,596,943) 18 manths (n=2,769,849) 24 monthe (n=2,485,265)
M:Fratio: 111 (range: 0.61-3.36) MeF ratio: 1,10 {range: 0.50-3.34) M:F ratio: 1,10 (range: 0.61-2.83) MiF ratio: 1,10 (range: 0.40-3.00)

UC level analysis shows female-based gender inequity, with 82.8% (35/1129) UCs reporting a M:F ratio of > 1 at up-to=date Measles-1 vaccination coverage at 10 months, B4.25 (950/1128) at
12 months, £3.5% (042/1128) at 18 monthes and 82,43 (920/1127) at 24 manths.

() Dot Bty Gt ratis 7% 00 - 0.0 I <= 0,70 [0 071 - 0.7% B 0.% - 0.5 [ 81 - s [ 0.9 0.0 £ 0,91 - .9, [ 056 - .00 (11 [0 1.0« 10 [ 1.06 110 [0 .00 - .08 [0 .05+ .20 0 .2n - 126 [ 126 130 [ =130

Figure 1. Male-to-female ratios of up-to-date vaccination coverage of Pentavalent-1 at 10 weeks and
6,12, 18, and 24 months; Pentavalent-3 at 18 weeks and 6, 12, 18, and 24 months; and Measles-1 at
10, 6, 12, 18, and 24 months, in 0-23-month-old children in 2019-2022 birth cohorts enrolled in SEIR

(1 January 2019-31 December 2022).

By observing the inequities in enrollment and the number of vaccinated males and
females across maternal literacy levels, we found higher inequities among children with
mothers who had only primary education (1-5 years of education), as compared to moth-
ers with higher education levels and those who were not educated at all (Table 2). This
was evident for Penta-1 (median M:F ratio: 1.09 (IQR: 0.92-1.3)), Penta-3 (median: 1.10
(IQR: 0.91-1.33)), and Measles-1 (median: 1.10 (IQR: 0.93-1.33)). With increasing education
levels, the inequities were reduced, as shown by the median M:F ratio declining to 1.00.
However, when examining the inequities at the UC level, individual UCs had high in-
equities in enrollment and the number of vaccinated males vs. females (M:F ratio between

7.00-10.00), even when mothers had high literacy levels (>11 years of education).
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Penta-1

10 weeks (n=2,891,134) 6 (n=4,1 12 moniths (n=3,935,409) 18 months (n=3,180,123) 24 months (n=2,634,971)
GIR: 1.00 (range: 0.75-1.24) + 1.00 : 0.82- GIR: 1.00 {range: 0.69-1.18) GIR: 1.0 (range: 0.67-1.38) GIR: 1.00 (range: 0.50-L67)

LUC level analysis shows female-based gender inequty, wih 60.7% (685/1129) UCs reparting a GIR ratio of > 1 at up-to-date Pentavalent-1 vaccination coverage at 10 weeks, 58.7% (663/1129) at 6 months, 51.9% (S54/1128) at 12 months,
. m(swnu}anemﬁs-mss%:smnma:zamm

Penta-3
18 weeks (n=909,736) & months (n=2,049,284) 12 months {ne3,022,700) 18 months (n=2,696,431) 24 manths (n=2,324,330)
GIR: 1.04 (range: 0-23-2.69) GIR: 1.02 (range: 0.62-2.71) GIR: 1.01 (range: 0.73-2.28) GIR: 1,01 (range; 0.75-3.50) GIR: 1,00 {range: 0.50-2.00)

UC level gnatysis shows femple-based gender inequity, with 57.4% (648/1129) UCs reparting & GIR ratio of > 1 ot up-to-date Pentavalent-3 vacdnation coverage at 18 weeks, 59.0% (666/1129) at 6 months 52.3% (590/1128) at 12 months,
«m(ssz.lum)xmm-mgm:seommnzam
Measles -1
10 months (n=1,662,384) 12 manths (n=2,596,943) 18 months (n=2,769,849) 24 months (n=2,485,265)
GIR: 1.01 {range: 0,69-1.51) GIR: 1.00 {range: 0.43-1.48) GIR: 1.00 (range: 9.60-2.00) GIR: 1.00 (range; 0.86-1.50)

UC level analysis snows female-ased gender inequity, with 54.5% (615/1128) UCS reporting a GIR ratio.of > 1 at up-to-date Measies-1 vacsination coverage at 10 months, 52.7% ($94/1128) at
12 months, 51.0% (575/1128) at 18 months and 48. 1% (542/1127) at 24 months.

[ costrcr poenaary GIR: Zloo-o.0 M <= 0.0 Bl 071 -0.75 @ 075~ 000 B 051 - 025 B o -0 es-a9s Closs-<1oo 0y oo - 1os Evoe- 1w B -wis @ e 120 0 12015 Bl 12 130 Bl =0 m

Figure 2. Gender inequality ratio (GIR) at up-to-date vaccination coverage of Pentavalent-1 at
10 weeks and 6, 12, 18, and 24 months; Pentavalent-3 at 18 weeks and 6, 12, 18, and 24 months; and
Measles-1 at 10, 6, 12, 18, and 24 months, in 0-23-month-old children in 2019-2022 birth cohorts
enrolled in SEIR (1 January 2019-31 December 2022).

Rural UCs had higher median M:F ratios, as compared to urban UCs, for Penta-1
(median M:F ratio 1.11 vs. 1.06), Penta-3 (M:F ratio: 1.11 vs. 1.06), and Measles-1 vac-
cinations (M:F ratio: 1.10 vs. 1.07). The UC-level ranges, however, demonstrated that
there were selected UCs with as many as five times more males being vaccinated than
females for Measles-1, even in urban areas. Within the rural UCs, the remote-rural UCs
reflected worse equity outcomes, with median M:F ratios as high as 1.14 for Penta-1. The
slum UCs had the worst median M:F ratios for Penta-1 (1.07 (IQR: 1.03-1.11)), Penta-3
(1.07 (IQR: 1.03-1.12)), and Measles-1 (1.07 (IQR: 1.03-1.12)), as compared to non-slum
UCs (Penta-1: 1.05 (IQR: 1.01-1.09), Penta-3: 1.05 (IQR: 1.02-1.09), and Measles-1 1.06
(IQR: 1.01-1.09).
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Based on M:F ratios by mode of vaccination, we found marginally higher inequities in
the number of males vaccinated, as compared to females, among vaccinations conducted at
fixed immunization centers, as compared to immunizations by routine outreach (Penta-
1: 1.09 vs. 1.08; Measles-1: 1.09 vs. 1.08)). Lower median M:F ratios were found for
immunizations administered by EOAs, (Penta-1: 1.07; Penta-3: 1.07; and Measles-1: 1.07),
showing more equity between the number of females and males vaccinated during the
intensive periods of EOAs conducted in the province.

Slight variations in M:F ratios were also observed when investigating inequities across
UCs with varying numbers of female and male vaccinators. No differences between the
number of males and females vaccinated (across any antigen) were observed when examining
the median M:F ratios. However, we observed slightly increased inequities at the UC level in
areas where there were no female vaccinators (UC range: 0.80-3.00 for Penta-1 and 0.80-2.80
for Penta-3 and Measles-1). We noted that even in areas where there were more female than
male vaccinators (selected UCs in Karachi Division, Supplementary Figure S5), there were
UCs that still had fewer females vaccinated than males (UC range: 1.00-1.20).

Conducting the above analysis according to the GIR did not reveal substantial inequal-
ities in coverage rates between males and females (median GIR of UCs ranged between
0.99-1.03). Selected UCs demonstrated high inequalities. Nevertheless, a clear correlational
pattern between inequality in coverage and maternal literacy, geographic location, modality of
vaccination, and sex ratio of vaccinators, was not always obvious (Supplementary Table S2).

4. Discussion

We found that for every 100 females, 103 males were enrolled and vaccinated in the
SEIR over the last 4 years. However, the sub-national analysis at the UC level shows
the difference increased to 300 males being vaccinated for every 100 females in specific
UCs. Merely observing the aggregate levels for evidence of gender differentials masked
these nuanced yet more pronounced inequities. Moreover, recent reports by Gavi [22] and
WHO [23] asserted that subnational variations in immunization coverage were ‘one of
the tractable but unfinished challenges of immunization inequity globally.” Differences
at the micro-geographic level reflected subtle and persistent forms of gender bias and
discrimination that continue to affect health outcomes for females over the long term.
When comparing the male-to-female ratios and gender inequality ratios, we observed a
larger number of males than females made contact with the immunization system (even
after adjusting for the male-to-female baseline population). However, once they had been
enrolled (in the SEIR), the vaccine coverage rates were similar for both females and males,
although females still fell behind males in receiving timely vaccinations.

Our findings have important implications for the zero-dose children that have yet to
make contact with the health system. Since more males than females have been enrolled
in the immunization system, this reflects substantial inequities, indicating more females
than males are left behind and being added to the higher proportion of zero-dose children.
There is a need for rethinking and emphasizing the narrative of ‘zero-dose females’, and
ensuring the use of gender-disaggregated data and gender-sensitive strategies in order to
reach the missing children. We also observed that gender inequities continue to persist
over time. The analysis of individual UCs suggested there were certain pockets and regions
spread throughout the province where females continuously fell behind males on their
vaccinations, year-on-year. Targeted, intensified efforts directed to hotspots showing high
inequities could be a potential measure 