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Abstract

Background

Monitoring progress and inequality in childhood immunization coverage at both
national and sub-national levels is essential for refining equity-oriented health pro-
grams and ensuring equitable access to care towards achieving global targets in
African countries.

Methods and Findings

Using approximately 1 million records from 104 nationally representative Demo-
graphic and Health Surveys (DHS) conducted in 38 African countries (2000-2019),
we estimated childhood immunization coverage for key indicators (BCG, MCV1,
DPT3, Polio3, and Full immunization), stratified by socioeconomic status. Variations
of Bayesian spatio-temporal analysis using Besag, Besag—York—Mollié (BYM) and
BYM2 models were employed to assess and project the trends from 2000 to 2030.
We evaluated the probability of achieving Universal Health Coverage (80% coverage)
and Immunization Agenda (90% coverage) by 2030, at national and sub-national
levels. Finally, we conducted a comprehensive inequality analysis using the Slope
Index of Inequality (SII) and Relative Index of Inequality (RII) to assess changes over
the study period.
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Childhood immunization coverage improved significantly across most African
countries from 2000 to 2019. However, projections suggest that 12 countries are
unlikely to achieve global targets for full immunization by 2030 at the national level
if current trends continue. Notably, high-Socio-Demographic Index (SDI) countries
such as South Africa, Egypt, and Congo Brazzaville are projected to miss immu-
nization targets across all sub-national regions. While socioeconomic inequalities
were widespread in 2000, they are projected to decline or stabilize in 36 countries
by 2030, with Eswatini, Morocco, Rwanda, and Burkina Faso expected to elimi-
nate disparities. In contrast, Nigeria and Angola are projected to face increasing
inequalities or persistent large gaps. Regional disparities in both coverage and
inequality remain pronounced, particularly in Central and Western Africa, where
coverage remains low and inequality remains high despite overall national-level
improvements. The analysis was limited to DHS surveys 2000-2019, excluding
more recent data during the COVID-19 period and potentially overestimating
trends in data-sparse settings.

Conclusions

This study highlights both progress and persistent challenges in childhood immu-
nization coverage, along with inequalities across 38 African countries. Persistent
regional disparities and socioeconomic inequalities require multifaceted strategies
that account for demographic, geographic, economic, and political factors to ensure
equitable immunization. Greater efforts are needed to close these gaps and support
global health goals for the African nations.

Author summary
Why was this study done?

» Vaccines are one of the most effective ways to protect children from deadly
diseases, yet immunization coverage is still suboptimal in many African
countries.

* Monitoring progress toward global immunization targets and reducing within-
country inequalities has been challenging in many low- and middle-income
countries due to limited and infrequent data, especially at sub-national levels.

» This study was conducted to generate consistent, comparable estimates of child-
hood immunization coverage and inequalities at sub-national levels across 38
African countries.

What did the researchers do and find?

» We analyzed data from over 1 million households across 104 national surveys
conducted between 2000 and 2019.
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» Using spatio-temporal Bayesian modeling techniques, we estimated immunization coverage trends through 2030 and
assessed disparities across geographic areas and socioeconomic groups.

+ Although immunization coverage has improved in many settings, substantial gaps persist both within and between
countries, and only a few are on track to meet global immunization targets.

What do these findings mean?

* The results serve as a reference point for monitoring future progress and for identifying vulnerable populations at risk
of being left behind.

» Policymakers and health programs must adopt more focused, equity-driven strategies to ensure all children have
access to life-saving vaccines.

 As projections are based on data collected before the COVID-19 pandemic, they may not fully reflect recent disrup-
tions and should be interpreted with appropriate caution.

Introduction

Childhood immunization is one of the most cost-effective public health interventions, preventing millions of deaths annu-
ally and substantially reducing the burden of vaccine-preventable diseases. Since the launch of the Expanded Programme
on Immunization (EPI) by the World Health Organization (WHO) in 1974, substantial progress has been made globally,
particularly in low- and middle-income countries (LMICs) [1]. Specifically, vaccination programs have been estimated to
have saved 153.8 million lives globally and 52.8 million lives in Africa over the past 50 years [2]. The vaccines for Bacillus
Calmette—Guérin (BCG), MCV1, Polio, and Diphtheria—Tetanus—Pertussis (DPT) contribute to over 95% of lives saved
through immunization [3,4]. Despite these advancements, immunization coverage remains lowest in Africa, with persistent
disparities between and within African countries [5]. This situation is hindered further by the impact of the COVID-19
pandemic, logistical issues, the rising number of children in fragile and conflict zones, underscoring the need for focused
monitoring and evaluation.

Global initiatives focusing on increasing immunization coverage and ensuring equitable access to vaccines have been
established to advance childhood immunization [6]. The World Health Assembly’s Immunization Agenda 2030 (IA2030)
reflects a unified global commitment to ensuring that all children, regardless of socioeconomic status or geographic
location, benefit from immunization [7]. Expanding coverage of essential health services, including immunization through
equity-focused health programs, is also a central objective of key global targets, including Universal Health Coverage
(UHC) and the Sustainable Development Goals (SDGs) [8]. While these efforts have gained momentum worldwide, recent
trends indicate stagnation or slow progress in many resource-constrained settings, such as in African countries, raising
concerns about whether global immunization targets will be met [9]. Currently, immunization coverage in Africa stands at
78% for BCG, 68% for MCV1, 70% for Polio (third dose, Polio3), and 71% for DPT (third dose, DPT3), falling well below
global averages and considerably short of key global targets [10]. Persistent disparities both between and within African
countries, compounded by geographic and socioeconomic inequalities, further complicate progress toward universal
immunization coverage and health equity [11-13].

To address these challenges, monitoring childhood immunization coverage at both national and sub-national levels
is essential for refining equity-focused health programs tailored to each country’s specific needs and ensuring equitable
access to care [14]. While childhood immunization coverage has been regularly monitored by WHO and UNICEF, there
are persistent knowledge gaps in tracking sub-national progress and stratified analyses [7,15]. Even if a nation is on track
to achieve its national immunization targets, childhood disease may persist in sub-national areas with low vaccination
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rates, hence, health inequalities may remain unaddressed despite overall good progress. Moreover, sub-national analyses
of long-term immunization trends, projections toward global targets, and socioeconomic-related inequalities are critical to
generating granular insights beyond national statistics and routine monitoring reports. This evidence-based information

is essential for informing policy decisions, optimizing resource allocation, and guiding targeted interventions to promote
equitable vaccine access, advance social justice, and achieve global health goals.

While valuable, previous single-country studies on childhood immunization in Africa have often faced data limita-
tions, such as insufficient time-series data for trend analysis and small sample sizes for stratified analyses [16]. These
constraints made it challenging to assess long-term trends, generate reliable estimates at the sub-national level, and
identify disparities within countries. Meanwhile, existing multi-national studies have primarily focused on national-level
estimates, often overlooking sub-national variations and disparities critical for understanding localized barriers to immuni-
zation [11,12]. Notably, prior multi-country modeling efforts, such as those by Mosser and colleagues [17] and Utazi and
colleagues [18], have mapped fine-scale immunization coverage across Africa, providing valuable spatial insights, but
they did not incorporate socioeconomic stratifications, forward projections, or detailed inequality analyses at sub-national
levels. A multi-national study with sub-national level analysis is needed to overcome these limitations by integrating both
national and sub-national perspectives, enhancing statistical power, and enabling more robust trend estimations and
inequality assessments across sub-national regions and socioeconomic groups.

The objectives of this study were 2-fold: (1) to estimate trends and projections of childhood immunization coverage
from 2000 to 2030, and assess the probability of achieving global immunization targets at both national and sub-national
levels, and (2) to examine socioeconomic-related inequalities in immunization coverage, including estimates, patterns,
and trends of inequalities. Using advanced Bayesian spatio-temporal models, we leverage spatial borrowing and trend
smoothing for more reliable projections across 38 African countries, even in data-sparse sub-national regions. This
approach provides a more comprehensive analysis of immunization coverage, capturing long-term trends and localized
disparities often missed in national-level studies, supporting more effective tracking of progress towards global immuniza-
tion targets.

Methods
Data sources

In this secondary analysis, we collected a comprehensive set of Demographic and Health Surveys (DHS) of African
countries from the Integrated Public Use Microdata Series (IPUMS) [19]. The DHS used standardized questionnaires
and employed a standardized sampling design and method across all countries, typically following a stratified two-stage
cluster approach, to ensure data comparability. The surveys primarily focused on women of productive age (aged 15—49
years) and their children to collect nationally representative data on population health and demographic indicators in
LMICs, including Reproductive, Maternal, Newborn, and Child Health. Detailed descriptions of the sampling methodology,
questionnaires, and indicator measurements of DHS have been published elsewhere [20]. We included all available DHS
data for African countries from 2000 to 2019, ultimately including 1,000,435 records of living children from 104 datasets
across 38 African countries. While more recent DHS rounds exist, they were neither publicly released nor integrated

into the IPUMS system at the time of analysis, making systematic inclusion impractical. Furthermore, direct access to
DHS datasets has been constrained following the program’s suspension under the recent U.S. administration. To ensure
consistency and comparability across countries, we therefore focused our analysis on the 2000-2019 period. Details of
included surveys by country are provided in Table Ain S1 File.

We analyzed data at sub-national regions—the first administrative-level units (Admin-1), which served as the primary
unit of analysis. These units were matched to national boundaries using shape files from the DHS Spatial Data Repos-
itory. For countries with multiple survey rounds, we harmonized sub-national boundaries to align with the most recent
administrative definitions. In cases where boundaries had changed over time, smaller units were merged into broader
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regions to ensure consistency in regional comparisons, following established practices in spatio-temporal mapping of
IPUMS DHS data [21].

Childhood immunization

The DHS program monitored childhood immunization status through two sources: (1) from vaccination record cards pro-
vided by mothers/caretakers (primarily), and (2) verbal reports if cards were unavailable (supplemented) [20]. Consistent
with the UHC and WHO global monitoring frameworks, we selected vaccination indicators tailored to African countries
[7,15,22,23]. The recommended vaccination schedule includes BCG administered at birth, three doses of oral polio vac-
cine or inactivated polio vaccine with an optional dose at birth and mandatory doses at 6, 10, and 14 weeks, three doses
of DPT at 6, 10, and 14 weeks, and one dose of MCV1 vaccine at 9 months [20]. Accordingly, we analyzed four key immu-
nization indicators: BCG, three doses of Polio (Polio3), three doses of DPT (DPT3), and MCV1 vaccines. The primary out-
come of this study was full immunization coverage, defined as the proportion of living children within a specified age group
who received all recommended vaccines. In this study, we measured the main outcomes for children aged 12—23 months,
a time frame widely used in previous research [7,20,24]. Information regarding estimated indicators, including definitions,
denominators, and numerators, is outlined in Table B in S1 File.

We estimated childhood immunization coverage indicators for each country and year, stratified by sub-national levels
and socioeconomic groups, including household wealth quintiles and maternal education levels. Wealth quintiles were
derived using principal component analysis (PCA), which generated a wealth score based on household assets and
services, ranking households into quintiles from poorest to richest, as per DHS survey standards. Maternal education was
categorized as a binary variable, distinguishing between less educated (primary school or lower) and most educated (sec-
ondary school or higher) groups. We adjusted all estimated coverage values for the complex survey design, incorporating
sampling weights, clustering, and stratification [25].

Statistical analysis

To estimate sub-national trends in immunization coverage, we applied Bayesian spatio-temporal models incorporating
spatial dependencies and temporal smoothing. In countries with only one available survey, temporal trends were inferred
using the global time trend and spatial borrowing from neighboring countries and sub-national regions, with increased
uncertainty reflected in the posterior estimates. The models used include the Besag model [26], Besag—York—Mollié (BYM)
model [27], and enhanced BYM2 model with tailored parametrization and meaningful assignment of Penalized Complexity
priors [28]. To model time trends, we applied a linear specification on the logit scale for each sub-national region, enabling
projections to 2030 [29]. Alternative approaches, including autoregressive and random walk models, were tested but
resulted in unstable or discontinuous trends, limiting interpretability. We also explored the use of country-level covariates
(e.g., SDI, HDI), but this approach would require projecting those covariates to 2030, introducing further uncertainty. The
final logit-linear model offered a balance of simplicity, interpretability, and performance across all indicators and settings,
consistent with prior forecasting studies [11,30]. We conducted stratified analyses by wealth quintile and education level,
incorporating random slopes by sub-national region and interaction terms with time. This allowed us to estimate subgroup-
specific trajectories and project immunization coverage, AARC, SlI, and RIl values to 2030, assuming observed trends
from 2000-2020 remain constant in the absence of major interventions. Full model details are available in the Supplemen-
tary Modeling section.

We applied Integrated Nested Laplace Approximation (INLA), a computational alternative to Markov chain Monte Carlo
(MCMC) methods for conducting approximate Bayesian inference within latent Gaussian models [31]. INLA was selected
over MCMC methods for its computational efficiency and ability to conduct large-scale spatio-temporal models, such as
estimating immunization coverages across multiple countries and sub-national regions. Model comparison and selection
were conducted using data from 2000 to 2016, with 2017—2019 held out for out-of-sample validation. We assessed model
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performance using Deviance Information Criterion (DIC), Watanabe-Akaike Information Criterion (WAIC), Absolute Differ-
ence, Mean Error, and computational efficiency (runtime in seconds), evaluating each model on in-sample (2000-2016),
out-of-sample (2017-2019), and full-period (2000-2019) performance. Among the six model variations, we selected
model_bym2_2, a hierarchical BYM2 model that captures within- and between-region spatial dependencies and accounts
for national-level structure. It demonstrated the best overall performance across all immunization indicators based on DIC,
WAIC, average absolute difference, and mean error. Its nested spatial structure also enhanced interpretability, aligning
well with the hierarchical country—region relationships in the data. Details of model comparison and validation are pre-
sented in S1 File (Table C and Figs A1-A14 in S1 File).

Under the Bayesian framework, we estimated the probability of achieving global targets for childhood immunization at
national and sub-national levels. Specifically, we evaluated the UHC target (80% coverage of essential healthcare ser-
vices) and the IA2030 target (90% coverage of essential childhood and adolescence vaccines) by 2030 [7,9]. To do so, we
computed exceedance probabilities, which represent coverage of childhood immunization at location i, and is the target
threshold (e.g., 0.8 for UHC, 0.9 for 1A) [32]. We extracted the posterior predictive distribution and calculated the average
annual rate of change (AARC) and its 95% Credible Intervals (Crl) using the formula:

(7)1

where: P, is coverage in the later time period (year 2030); P, is coverage in the earlier time period (year 2000); and N is
the number of years in the interval.

AARC = 100 x

Validation analysis

Model validation was conducted using the Absolute Difference (AD) and Mean Error (ME) between observed and predicted
values, as shown in Tables D and E in S1 File [33,34]. The final model demonstrated strong accuracy, with an average AD
of 2.9% across immunization indicators (ranging from 1.9% to 3.5%) and countries (ranging from 0.1% to 10.0%) [35]. While
in-sample ME was close to zero, out-of-sample ME (holding out 2017-2019) was consistently positive (1.27% to 7.86%),
suggesting a possible tendency to overestimate recent progress. We independently modeled full immunization coverage and
its component vaccines (BCG, Polio3, DPT3, and MCV1), without imposing constraints that force full coverage to remain
below its components. A post-modeling consistency check revealed only a few minor instances (0.8%) where full coverage
slightly exceeded one or more components, with negligible effect on the overall findings (Table E in S1 File).

Inequality analysis

To examine inequality in childhood immunization coverage, we calculated various indices using posterior predictive distribution,
including the Slope Index of Inequality (SII) and Relative Index of Inequality (RIl). These indices quantify the absolute difference
in percentage points and relative ratio of coverages between the most advantaged and disadvantaged sub-groups [36,37].

We analyzed two dimensions of socioeconomic-related inequality, encompassing household wealth (richest versus poorest),
and educational attainment (most educated versus less educated) at both national and sub-national levels. Furthermore, we
assessed changes in both relative and absolute inequalities over time. For the RII, we calculated the AARC using the same
approach described earlier. For the SlI, which ranges from —100% to 100% and is not suitable for the AARC formula due to the
possibility of negative values, we instead calculated the Absolute Annual Change (AAC) to quantify the trend over time.

Sensitivity analysis

While children aged 12—23 months are commonly used for childhood immunization indicators, age group definitions
vary, with some studies using 12—35 months and 24—35 months for immunization measures [38,39]. In addition, while
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immunization among new birth cohorts is pivotal, achieving the elimination of highly contagious diseases necessitates
assessing coverage among all age groups at sub-national levels. Thus, we conducted a sensitivity analysis of childhood
immunization across different indicator definitions, including children aged 24—35 months, 12—-35 months, 24-59 months,
and 12-59 months. This analysis provides evidence of potential disparities in immunization coverage between age
groups, identifies underserved child age groups, and informs the development of targeted intervention strategies [40].

Our projections assume that historical trends, observed throughout the study period, continue to the future. However,
recent implementations of national policies and global initiatives may have had a greater impact on trends in recent years
(e.g., 2010-2019). As a result, recent trends are likely more indicative of future projections [41]. To address this, we con-
ducted a sensitivity analysis comparing the 2030 projections using two data periods: one covering the entire period from
2000 to 2019 and the other using only recent data from 2010 to 2019. In addition, given the variation in progress across
sub-national regions within countries, we compared the national 2030 projections with an alternative scenario based on
the observed AARC of its best-performing region, defined as the region with the highest AARC during the 2000-2019
period. Finally, given the comparable performance of the three models, we compared their 2030 projections as a sensitiv-
ity analysis of model selection, using the Besag, BYM, and BYM2 models.

All statistical analyses were performed in R (version 4.3.1). This study is reported as per RECORD guideline (S1
Checklist).

Ethics statement

This study is a secondary analysis of publicly available, de-identified data with no identifiable personal information. As
such, no ethical approval was required.

Inclusivity in global research

Additional information regarding the ethical, cultural, and scientific considerations specific to inclusivity in global research
is included in the Supporting Information (S2 Checklist).

Results
Childhood immunization coverage at the national level, 2000-2030

Fig 1 shows the coverage of full immunization and the four key vaccines—BCG, MCV1, Polio3, and DPT3—for 2000 and
2020, with projections for 2030. It also presents the AARC over 2000—2030 and the proportion of regions expected to
achieve the UHC (80% coverage) and |IA (90% coverage) targets by 2030. Immunization coverage improved significantly
in most African countries, with the majority showing statistically significant positive AARC. However, declining trends

were observed in Egypt (MCV1 and Full immunization), Congo Brazzaville (Polio3, DPT3, and Full immunization), and
Guinea (all five indicators). If current trends continue, most countries are projected to meet or exceed both UHC (80%)
and IA2030 (90%) targets for BCG, MCV1, Polio3, and DPT3 by 2030, reaching UHC in 33—-37 countries and |A targets

in 30-33 countries. In contrast, only 26 of 38 countries are projected to achieve the UHC target for full immunization,

and just 19 are expected to meet the IA2030 target. At the sub-national level, only Eswatini, Morocco, Kenya, Rwanda,
Malawi, Burkina Faso, and Niger are projected to achieve the UHC target across all sub-national regions, with only Malawi
and Burkina Faso reaching IA2030 target across all regions. Conversely, Comoros, Angola, and Guinea are not projected
to meet either target in any region. Coverage levels and the probabilities of reaching the global immunization targets by
2030, both nationally and stratified by wealth quintile and educational level, are presented in Tables F—H in S1 File. Tables
I-K provide information on the observed and projected AARC over 2000-2020 and 2020-2030, along with the additional
AARC values needed for countries to meet the 2030 targets, at the national level and stratified by wealth quintile and
educational level.
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Fig 1. Childhood immunization coverage in 2000, 2020, and 2030, average annual rate of change (AARC) over 2020-2030, and proportion

of regions expected to reach 2030 targets across 38 African countries. Countries (Y-axis) are ordered by Socio-Demographic Index (SDI), from
highest (top) to lowest (bottom). Vertical dashed lines mark global targets: the blue line indicates the UHC benchmark (80% coverage), and the purple
line indicates the IA2030 target (90% coverage). Abbreviations: AARC, Average Annual Rate of Change; UHC, Number of regions per country projected
to reach 80% coverage by 2030; IA, Number of regions projected to reach 90% coverage by 2030.

https://doi.org/10.1371/journal.pmed. 1004664.9001

Childhood immunization coverages at the sub-national level, 2000-2030

Fig 2 presents childhood immunization coverage in 2000, 2020, and 2030 at the regional level in 38 African countries. In 2000,
full immunization coverage was generally low across Africa, except in parts of Northern (Egypt, Morocco) and Southern Africa
(Namibia, Tanzania, Mozambique). Significant regional disparities were evident, with the lowest coverage levels. often below
40%, observed in Central and Western Africa, while Eastern and Southern Africa showed higher coverage levels, typically
above 60%. This pattern of disparity was consistent across all immunization indicators, although BCG generally showed
higher coverage (approximately 10% higher) than MCV1, DPT3 and Polio3, as reflected by the greater presence of blue areas
in the maps. By 2030, immunization coverage is projected to improve significantly, with most sub-national regions expected

to surpass the 80% target if trends continue, although some areas in Central and Western Africa are predicted to lag behind.
Disparities persisted, with Eastern and Southern Africa maintaining greater progress than Central and Western Africa.

Socioeconomic-related inequality at the national level

Fig 3 shows estimated full immunization coverage by wealth quintile and educational level in 2000 and 2020, along with
projections for 2030. It also illustrates socioeconomic inequalities in coverage, measured by the Sl and RIl. Changes in
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Fig 2. Maps of childhood immunization coverage in African countries at regional level for (A) 2000, (B) 2020, and (C) 2030. Coverage levels are
displayed in 10 color-coded categories, ranging from lowest (0%—9%) to highest (90%—100%). Countries shaded in gray indicate missing or unavailable

data. Basemap from GADM (https://gadm.org/).

https://doi.org/10.1371/journal.pmed.1004664.9002
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Fig 3. Full immunization coverage in 2000, 2020, and 2030 by wealth quintile and educational level, with socioeconomic-related inequality
indices (SlI, RIl) and changes over 2000-2030 (AARC). The Y-axis lists 38 African countries, ordered by Socio-Demographic Index (SDI) from highest
(top) to lowest (bottom). Vertical dashed lines mark global targets: the blue line indicates the UHC benchmark (80% coverage), and the purple line
indicates the 1A2030 target (90% coverage). Abbreviations: SlI, Slope Index of Inequality; RIl, Relative Index of Inequality; AARC, Average Annual Rate of
Change (2000—2030).

https://doi.org/10.1371/journal.pmed.1004664.g003

absolute and relative inequalities from 2000 to 2030 are represented by AARC of SlI and RII. In 2000, the highest-income
and most-educated groups had substantially higher immunization coverage than the lowest-income and least-educated
groups. The gaps reached a maximum of 58% in absolute terms or 4-fold in relative terms for wealth quintiles, with a sim-
ilar but smaller disparity observed for educational levels. Socioeconomic inequalities in childhood immunization coverage
were significant across all African countries. By 2030, most countries are projected to reduce these gaps, with declines

in Sl and RII expected under current trends. Specifically, 36 out of 38 countries are projected to show either significantly
negative AAC or AARC values, indicating declining inequality trends, or in the case of Eswatini, Morocco, Rwanda, and
Burkina Faso, a potential elimination of socioeconomic-related inequalities in childhood immunization coverage if current
progress continues. Conversely, Nigeria exhibited increasing wealth-related inequality, with a statistically significant posi-
tive AAC in SlI, while Angola maintained large and persistent gaps between socioeconomic groups over the study period.
Immunization coverages by wealth quintile and education level for BCG, MCV1, DPT3, and Polio3 are shown in S1 File
(Figs A15—-S18). Detailed estimates and changes in socioeconomic-related inequalities are provided in S1 File (Tables L
and M in S1 File).
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Socioeconomic-related inequality at the sub-national level

Fig 4 shows maps of socioeconomic inequality in full immunization coverage, represented by the SlI, at sub-national level
for 2000, 2020, and projections for 2030. In 2000, sizeable wealth-related inequalities were observed across most Afri-
can areas, indicating substantial gaps in immunization coverage between the wealthiest and poorest groups. Central and
Western Africa exhibited the most pronounced inequalities, with many areas showing SlI values exceeding 30%, highlight-
ing heterogeneity in the degree of socioeconomic-related inequalities at the sub-national level. By 2030, wealth-related
inequalities are projected to decline in many sub-national regions. However, sub-national disparities are projected to
persist, with higher socioeconomic-related inequalities in Central and Western Africa compared to other areas. Education-
related inequalities followed similar but less pronounced geographic patterns and temporal trends compared to wealth-
related inequalities. Detailed maps of socioeconomic inequalities for BCG, MCV1, DPT3, and Polio3 are provided in
S1 File (Figs A19-A22).

Fig 5 presents a two-dimensional graph showing changes in absolute (Sll) and relative (RII) socioeconomic inequal-
ities from 2000 to 2030 across all immunization indicators in 38 African countries, exhibiting broadly similar patterns for
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Fig 4. Maps of socioeconomic-related inequalities in full immunization coverage at the regional level in 2000, 2020, and 2030: (A) Wealth-
related inequality and (B) Education-related inequality. Inequality is measured using the Slope Index of Inequality (Sll). Countries shown in gray
indicate data not available. Basemap from GADM (https://gadm.org/).

https://doi.org/10.1371/journal.pmed.1004664.9004
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Fig 5. Two-dimensional graph of changes in socioeconomic-related inequalities in childhood immunization coverage (2000-2030) in 38 Afri-
can countries. The analysis includes five immunization indicators: Full Immunization, BCG, MCV1, DPT3, and Polio3. Abbreviations: AARC, Average
Annual Rate of Change; AAC, Absolute Annual Change; Sll, Slope Index of Inequality; RIl, Relative Index of Inequality.

https://doi.org/10.1371/journal.pmed.1004664.9005

wealth- and education-related inequalities. Countries and indicators are grouped into four categories: (1) progress in

both SlI and RII, indicating reductions in absolute and relative gaps; (2) progress in absolute terms but persistent relative
inequality; (3) progress in relative terms but persistent absolute inequality; and (4) worsening inequalities on both scales.
While increases or decreases in Sll or RIl can be assessed individually, interpreting their combined behavior offers deeper
insights into where progress or setbacks are concentrated. For example, reductions in both Sll and RII signal progress
toward equity; stable SlI with declining RIl suggests that both disadvantaged and advantaged groups are improving, but
at different rates; while rising Rl typically points to stagnation or decline among disadvantaged groups. The majority of
countries and indicators fell into Group 1, reflecting projected progress toward greater equality. Group 2 patterns sug-
gest slower gains among disadvantaged groups, observed only for Nigeria’s full immunization. Group 3 indicating overall
declines, observed only for Guinea’s MCV1 immunization, consistent with patterns observed in Figs 1 and Figs A16 (S1
File). Only two countries fell into Group 4, where both Sll and RIl worsened, including BCG in Benin and Guinea. These
groupings help policymakers pinpoint where targeted interventions are most urgently needed to close persistent or wid-
ening gaps. Complementary analyses comparing 2000—2020 (observed) and 2020—2030 (projected) trends, presented in
Figs A23—A24 in S1 File, provide additional insights into pass progress and future challenges. While six

country-indicator combinations showed increasing inequality over 2000—-2020, only two are projected to experience rising
inequality in 2020-2030, suggesting a potential shift toward more equitable progress if current trajectories are maintained.
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Figs A25—-A29 in S1 File further detail sub-national regions experiencing rising inequalities across all five immunization
indicators.

Sensitivity analysis

Fig 6 presents a sensitivity analysis of selected immunization indicator definitions in Full immunization coverage. The
analysis considered commonly used definitions, namely the primary measurement in this study (12—23 months), those
used in previous studies (12—35 months and 24—35 months), and broader cohorts covering all children under 5 years
(12-59 months and 24-59 months). The results showed nearly identical coverage levels and trends over time for narrower
age groups (12-23, 12-35, and 24-35 months) across all African countries, indicating that our findings are consistent
regardless of indicator definition. In contrast, the broader all-age approach yielded markedly different results in 19/38
countries, projecting much lower immunization coverage for 2030 and exhibiting declining trends from 2000 to 2030. This
fact underscores disparities in immunization coverage across child cohorts in these countries. The sensitivity analysis
using recent trends (2010-2019), presented in Fig A30 in S1 File, projects lower full immunization coverage by 2030 and
slower progress, as indicated by smaller AARC values. Fig A31 in S1 File shows the national projections based on the
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observed AARC of best-performing region in each country. This alternative scenario illustrates the potential gains that
could be achieved if all regions followed the trajectory of their top-performing one, providing valuable insight for policymak-
ers seeking to accelerate national progress through targeted regional strategies. Fig A32 in S1 File presents a sensitivity
analysis comparing projections from the Besag, BYM, and BYM2 models. BYM and BYMZ2 yielded similar results, while
Besag differed in some countries, suggesting that including both structured and unstructured spatial effects improves
model stability and projection robustness.

Discussion

This study provides a comprehensive analysis of trends, projections, and inequalities in childhood immunization coverage
across 38 African countries from 2000 to 2030 at both national and sub-national levels. Most countries showed consistent
and significant improvements in coverage and are projected to meet or exceed the 2030 targets for BCG, MCV1, Polio3,
and DPT3 if current trends continue, aligning with recent forecasts [42]. The findings presented are consistent with data
from WHO/UNICEF Estimates of National Immunization Coverage (WUENIC), which show that many African countries
have surpassed 80% coverage for childhood immunization indicators at the national level since 2020 [5]. These achieve-
ments are likely the result of sustained progress driven by decades of national and sub-national initiatives along with
international support aimed at prioritizing immunization [43,44].

However, progress towards full immunization coverage remains slow in 12 African countries examined, with many
sub-national regions within these nations also falling short of global targets. In most African nations, challenges related
to vaccine affordability (including both direct and indirect costs), accessibility, and availability remain major obstacles,
driven by weak primary healthcare systems and limited resources [45]. Vaccine stockouts are a persistent issue across
sub-Saharan Africa, and are further exacerbated in resource-limited regions, which may also suffer shortages of trained
personnel or unreliable electricity for cold chain management [46]. For instance, in Kenya, frequent stockouts discour-
age families from seeking immunization services at health facilities [47]. Socioeconomic factors remain critical barriers
to the accessibility of immunization programs in Africa, influencing maternal health literacy, health-seeking behaviors,
childcare practices, and access to healthcare facilities [48]. However, some low-Socio-Demographic Index (SDI) African
nations have achieved relatively high immunization coverage, largely due to decades of strong and sustained support
from international organizations such as WHO and UNICEF. While international funding ensures that child vaccinations
are provided free of charge, which improves affordability, indirect costs such as transportation and accommodation when
long-distance travel is required, continue to cause considerable financial challenges for the poorest populations when they
access immunization programs [12]. In addition, the recent USAID shutdown and cuts to U.S. funding for UN organiza-
tions threaten childhood immunization progress in Africa, as these programs are key supporters of vaccine delivery, health
system strengthening, and maternal and child health services [49]. The suspension of health development assistance for
African countries could disrupt immunization efforts, widen regional disparities, and reverse decades of progress, making
global immunization targets even harder to reach. Consequently, evidence-based cost-effective programs and sustained
investments will be essential to ensuring equitable immunization progress across Africa and achieving global immuniza-
tion targets [50]. Future research on the cost-effectiveness of immunization programs could help optimize resource alloca-
tion and develop sustainable financing strategies amid declining global health funding [51].

Conversely, some high-SDI African nations showed relatively low childhood full immunization coverage, with South
Africa, Egypt, and Congo Brazzaville not projected to achieve global targets in all sub-national regions under current
assumptions. While previous studies suggest a positive correlation between GDP per capita and vaccination coverage,
our findings indicate that this relationship is inconsistent between African nations, with low immunization coverage and
disparities persist despite economic growth [6,12,52]. These findings suggest that economic growth alone might be insuffi-
cient to drive immunization progress in African nations. Indeed, high-SDI African nations may still have weak immunization
programs due to inefficient primary healthcare systems, misallocation of resources, or political instability [45]. Specifically,
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political instability and armed conflict hinder vaccination accessibility and availability by weakening health systems and
endangering the lives of health workers. In northern Nigeria, armed conflict within 10 km of a child’s residence reduces the
likelihood of that child receiving any vaccinations by nearly 50% [53]. In addition, fragile settings may be more sensitive
to demand-side barriers such as limited awareness of vaccination by parents, misinformation, and lack of understanding
of programs [13]. In particular, vaccine hesitancy, recognized as one of the top global health threats, could further reduce
vaccination uptake and weaken immunization programs. In addition to internal factors such as cultural beliefs, religious
opposition, mistrust in vaccines, and skepticism toward healthcare providers, vaccine hesitancy in LMICs can be influ-
enced by external sources, including anti-vaccine movements from high-income nations and the promotion of misinfor-
mation by political figures [54]. A well-known example is Samoa’s suspended vaccination program and the influence of
anti-vaccine promoter Robert F. Kennedy Jr. in 2019, which led to a severe measles outbreak, resulting in thousands of
infections and dozens of child fatalities [55]. This emphasizes the devastating impact of vaccine hesitancy and the need
for on-going immunization programs, resilient primary healthcare systems, and greater public awareness to prevent out-
breaks of infectious diseases in African nations [56].

Using spatio-temporal models, this study incorporated neighborhood effects at the sub-national level to capture varia-
tions in childhood immunization coverage in different regions. Notable sub-national disparities were observed, with some
regions in Africa, particularly Central Africa, showing persistently low coverage despite improvements at the national level.
Beyond that, this study also highlights the sub-national variations in socioeconomic-related inequality, with some regions
exhibiting substantially higher levels of inequality than others. In 2000, pronounced socioeconomic-related inequalities in
childhood immunization coverage were observed in all African countries, consistent with previous studies that found lower
vaccination rates among children from less wealthy households or those with mothers of lower educational status [57]. By
2030, most of the study countries are projected to reduce socioeconomic-related inequalities, with Eswatini, Morocco, and
Burkina Faso anticipated to eliminate major gaps if current progress continues. However, persistent or worsening inequali-
ties are projected in countries such as Congo Brazzaville, Nigeria, Angola, Guinea, which have some of the highest global
proportions of unvaccinated children [58]. Large and rapidly growing populations, particularly in Nigeria, place further
strain on healthcare systems, making it even more challenging to achieve equitable immunization coverage [59]. Address-
ing these challenges requires multifaceted programs that consider demographic, geographic, socioeconomic, and politi-
cal factors. Comprehensive approaches are essential to reduce inequality and ensure equitable access to immunization
services.

Our sensitivity analysis using the broader all-age approach revealed remarkedly lower immunization coverage for 2030
and declining trends in half of the countries, highlighting disparities among age groups whereby certain cohorts missed
opportunities in these African nations. Notably, eliminating or interrupting highly transmissible infectious diseases like
MCV1 requires more than achieving the UHC target (80%). It necessitates reaching the herd immunity threshold, which
depends on the basic reproduction number (R) of the disease and vaccine effectiveness (VE) within a specific population,
estimated at around 95% for MCV1 in African nations [60,61]. Moreover, herd immunity among new birth cohorts (chil-
dren aged 12—23 months) alone is still insufficient; sustained herd immunity across all birth cohorts at the regional level is
essential for the effective elimination of infectious diseases and the prevention of future outbreaks. To achieve this, efforts
must focus on addressing missed opportunities and reducing cohort-based inequalities in childhood immunization cover-
age. This requires a comprehensive approach, including enforcing booster vaccinations, routinely monitoring population
immunity to identify left-behind groups, and implementing school-based interventions, including entry immunization checks
and school-based vaccination programs [62,63].

We conducted another sensitivity analysis using recent trends (2010-2019), which projected lower full immunization
coverage by 2030 and slower progress, as reflected by smaller AARC values. This suggests a deceleration in cover-
age improvements during the recent period, consistent with global reports, including WUENIC estimates, that document
plateauing immunization rates in many countries [5]. Notably, this stagnation was observed even before the COVID-19
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pandemic, which further disrupted routine childhood immunization programs across Africa due to lockdowns, healthcare
system strain, and interruptions in vaccine delivery [64]. These findings highlight the urgent need for additional efforts
and targeted strategies to sustain and accelerate progress, as emphasized by the Immunization Agenda 2030 [7]. At the
same time, projections based on overall trends (2000-2019) yield higher coverage projections and better representation
of regional variation. However, this approach may overestimate future progress by smoothing over recent stagnation, and
thus findings should be interpreted with caution. On the other hand, it is crucial to assess whether immunization rates
have rebounded post-pandemic and how the trends observed different with the present findings [65]. Examining regional
variations in immunization recovery can also provide valuable insights into health system resilience and policy responses
across different countries. This future study direction will need to leverage DHS surveys conducted during (2020-2023)
and after (post-2023) the COVID-19 pandemic to evaluate recovery patterns. However, the DHS program, a key source
of data for tracking immunization trends, relies on USAID funding and is currently suspended, with its future uncertain for
at least the next four years [66]. This funding gap may lead to serious data shortages, making it more difficult to moni-
tor coverage, identify disparities, and guide interventions effectively. Without sustained international support, vulnerable
populations face increased risks of vaccine-preventable disease outbreaks, emphasizing the urgent need for alternative
funding mechanisms to safeguard immunization efforts. To ensure continuous tracking and evaluation, local-based and
sustainable monitoring systems should be developed, integrating national health surveillance programs and
community-based reporting frameworks [67].

This study provides a comprehensive and policy-relevant assessment of childhood immunization coverage across 38
African countries, leveraging a large dataset of over 1 million households and advanced Bayesian spatio-temporal mod-
els. Strengths include the integration of neighborhood effects to improve sub-national estimates, stratified analyses by
socioeconomic groups, quantification of inequalities, and estimation of the probability of achieving UHC and IA2030 tar-
gets at the regional level. Extensive sensitivity analyses, including comparisons across indicator definitions, time periods,
and model specifications, further reinforce the robustness and generalizability of the findings. However, a few limitations
warrant consideration. First, the reliance on secondary survey data may introduce biases due to recall errors or incom-
plete vaccination records [68]. Second, the analysis was limited to DHS surveys conducted between 2000 and 2019,
based on the availability of harmonized data through IPUMS. While more recent surveys may reflect the impact of COVID-
19, they were not yet publicly available or consistently integrated, and their absence remains a limitation. Nonetheless, the
projections provide a useful baseline for evaluating future progress and the resilience of health systems [69]. Although we
focused on DHS due to its comparability and wide coverage, other sources, such as Multiple Indicator Cluster Surveys,
also offer valuable sub-national data. Yet, methodological differences in sampling and indicator definitions complicate
integration, and future work could explore harmonizing these data sources [70]. While the logit-linear time trend structure
allows for interpretable and consistent projections, it may over-smooth local variation in data-sparse settings or diverge
from estimates like WUENIC, which incorporate survey, administrative, and country-reported data [5]. This is particularly
relevant in countries with only one survey, where projections are more reliant on global trends. The consistently positive
out-of-sample ME suggests a tendency to overestimate recent progress, possibly reflecting the stagnation in coverage
trends, and should be interpreted with appropriate caution. Nevertheless, this method reflects common epidemiological
patterns, for instance, faster initial gains and slowing progress at higher coverage levels, and has been validated in previ-
ous global health modeling work [11,30]. Finally, while this study focused on service coverage, understanding the extent
to which improvements translate into better child health outcomes, such as reductions in mortality or disease burden,
remains essential [71,72].

In conclusion, this study provides a comprehensive assessment of progress and inequality in childhood immunization
across 38 African countries, underscoring both achievements and persistent gaps. The slower projected progress in sev-
eral countries, including those with higher SDI, highlights the need for integrated efforts that strengthen primary health-
care, improve resource allocation, ensure sustainable funding, and engage communities to address both supply- and
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demand-side barriers. Regional disparities in coverage and socioeconomic inequality call for targeted, context-specific
strategies that consider demographic, geographic, and political realities. As health development assistance for LMICs
declines, renewed commitment is essential to sustain progress and avoid setbacks; without this, global goals such as
UHC and the SDGs may remain out of reach for many African countries.

Supporting information

S1 File. Table A. Description of the included DHS surveys by countries. Table B. List of child immunization indicators
with definitions and calculations. Table C. Model comparison and selection. Table D. Model validation by immunization
indicators. Table E. Model validation by countries. Table F. Immunization coverage 2000-2030, and % reach global
targets, at the national level. Table G. Immunization coverage 2000—2030, and % reach global targets, by wealth quin-
tile. Table H. Immunization coverage 2000-2030, and % reach global targets, by educational level. Table I. AARC and
Additional values required to reach 2030 targets, at national level. Table J. AARC and Additional values required to reach
2030 targets, by wealth quintile. Table K. AARC and Additional values required to reach 2030 targets, by educational
level. Table L. Wealth-related inequality in childhood immunization coverage, 2000-2030. Table M. Education-related
inequality in childhood immunization coverage, 2000—-2030. Fig A1. Residual histogram for 6 comparing models. Fig A2.
Predicted vs. observed values plot for 6 comparing models. Fig A3. Residual vs. fitted plot for 6 comparing models. Fig
A4. Posterior Distribution of BCG immunization coverage for 6 comparing models. Fig A5. Trends in BCG immunization
coverage at regional levels, using model_besag_1. Fig A6. Trends in BCG immunization coverage at regional levels,
using model_besag_2. Fig A7. Trends in BCG immunization coverage at regional levels, using model_bym_1. Fig A8.
Trends in BCG immunization coverage at regional levels, using model_bym_2. Fig A9. Trends in BCG immunization
coverage at regional levels, using model_bym2_1. Fig A10. Trends in BCG immunization coverage at regional levels,
using model_bym2_2. Fig A11. Trends in MCV1 immunization coverage at regional levels, using model_bym2_2. Fig
A12. Trends in Polio3 immunization coverage at regional levels, using model_bym2_2. Fig A13. Trends in DPT3 immu-
nization coverage at regional levels, using model_bym2_2. Fig A14. Trends in Full immunization coverage at regional
levels, using model_bym2_2. Fig A15. BCG coverage, inequality indices (SllI, RIl), and changes over 2000—-2030 (AARC).
Fig A16. MCV1 coverage, inequality indices (SlI, RIl), and changes over 2000—2030 (AARC). Fig A17. Polio3 coverage,
inequality indices (SlI, RIl), and changes over 2000-2030 (AARC). Fig A18. DPT3 coverage, inequality indices (SlI, RII),
and changes over 2000-2030 (AARC). Fig A19. (A) Wealth- and (B) Education-related inequality in BCG coverage. Fig
A20. (A) Wealth- and (B) Education-related inequality in MCV1 coverage. Fig A21. (A) Wealth- and (B) Education-related
inequality in Polio3 coverage. Fig A22. (A) Wealth- and (B) Education-related inequality in DPT3 coverage. Fig A23.
Two-dimensional graph of changes in socioeconomic-related inequalities, 2000-2020. Fig A24. Two-dimensional graph
of changes in socioeconomic-related inequalities, 2020—2030. Fig A25. Inequality changes in Full immunization coverage
(2000—-2030) with region names. Fig A26. Inequality changes in BCG immunization coverage (2000-2030) with region
names. Fig A27. Inequality changes in MCV1 immunization coverage (2000-2030) with region names. Fig A28. Inequality
changes in Polio3 immunization coverage (2000-2030) with region names. Fig A29. Inequality changes in DPT3 immuni-
zation coverage (2000—-2030) with region names. Fig A30. Sensitivity analysis of using recent trend for projections of Full
immunization coverage. Fig A31. Sensitivity analysis of using AARC of best-performing region for 2030 national projec-
tions. Fig A32. Sensitivity analysis of model selection for projections of Full immunization coverage.

(PDF)

S1 Checklist.
(PDF)

S2 Checklist.
(PDF)

PLOS Medicine | https://doi.org/10.1371/journal.omed.1004664 July 29, 2025 17121



http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004664.s001
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004664.s002
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004664.s003

PLON. Medicine

Acknowledgments

We would like to express our sincere appreciation to colleagues and public health experts from several African countries,
including those who provided valuable feedback during the 2024 World Congress of Epidemiology in South Africa, which
helped strengthen the contextual interpretation of this study. We also thank Dr. Kota Katanoda of the National Cancer
Center Japan for his critical review and insightful comments.

Declaration of Generative Al Use: The authors independently drafted, revised, and edited the manuscript. ChatGPT
was used solely for minor language refinement, with all modifications carefully reviewed and approved by the authors.

Author contributions

Conceptualization: Phuong The Nguyen, Stuart Gilmour.
Data curation: Phuong The Nguyen, Phuong Mai Le.

Formal analysis: Phuong The Nguyen.

Funding acquisition: Phuong The Nguyen, Motohiro Sato.
Investigation: Phuong The Nguyen.

Methodology: Phuong The Nguyen, Ryota Nakamura, Hideyasu Shimadzu, Stuart Gilmour.
Project administration: Phuong The Nguyen, Phuong Mai Le.
Resources: Phuong The Nguyen, Motohiro Sato.

Software: Phuong The Nguyen.

Supervision: Phuong The Nguyen, Stuart Gilmour.

Validation: Phuong The Nguyen, Ryota Nakamura, Hideyasu Shimadzu, Huy Van Nguyen, Hoa L. Nguyen, Motohiro
Sato, Ayako Honda, Stuart Gilmour.

Visualization: Phuong The Nguyen.
Writing — original draft: Phuong The Nguyen, Aminu Kende Abubakar, Phuong Mai Le.

Writing — review & editing: Phuong The Nguyen, Ryota Nakamura, Hideyasu Shimadzu, Aminu Kende Abubakar,
Phuong Mai Le, Huy Van Nguyen, Hoa L. Nguyen, Motohiro Sato, Ayako Honda, Stuart Gilmour.

References
1. World Health Assembly. WHO expanded programme on immunization. Geneva, Switzerland: WHO. 1974.

2. Shattock AJ, Johnson HC, Sim SY, Carter A, Lambach P, Hutubessy RCW, et al. Contribution of vaccination to improved survival and health: mod-
elling 50 years of the Expanded Programme on Immunization. Lancet. 2024;403(10441):2307-16. https://doi.org/10.1016/S0140-6736(24)00850-X
PMID: 38705159

3. Higgins JPT, Soares-Weiser K, Lopez-Lépez JA, Kakourou A, Chaplin K, Christensen H, et al. Association of BCG, DTP, and measles containing
vaccines with childhood mortality: systematic review. BMJ. 2016;355:i5170. https://doi.org/10.1136/bm|.i5170 PMID: 27737834

4. Centre for Disease Control and Prevention. Fast Facts on Global Immunization. Centre for Disease Control and Prevention; 2023 [cited 2024 Janu-
ary 31]. https://www.cdc.gov/globalhealth/immunization/data/fast-facts.html

5. World Health Organization (WHO). WHO Immunization Data Portal. Geneva, Switzerland: WHO; 2024. https://immunizationdata.who.int/

6. Casey RM, Hampton LM, Anya B-PM, Gacic-Dobo M, Diallo MS, Wallace AS. State of equity: childhood immunization in the World Health Organiza-
tion African Region. Pan Afr Med J. 2017;27(Suppl 3):5. https://doi.org/10.11604/pamj.supp.2017.27.3.12114 PMID: 29296140

7. World Health Organization (WHO). Immunization agenda 2030: a global strategy to leave no one behind. Geneva, Switzerland: WHO, 2020.

8. World Health Organization (WHO). World Health Statistics 2023: monitoring health for the SDGs, Sustainable Development Goals. Geneva, Switzer-
land: WHO; 2023.

9. World Health Organization Regional Office for Africa. 2023 Annual report: universal health coverage, communicable and noncommunicable dis-
eases. Geneva, Switzerland: WHO, 2023.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004664 July 29, 2025 18721



https://doi.org/10.1016/S0140-6736(24)00850-X
http://www.ncbi.nlm.nih.gov/pubmed/38705159
https://doi.org/10.1136/bmj.i5170
http://www.ncbi.nlm.nih.gov/pubmed/27737834
https://www.cdc.gov/globalhealth/immunization/data/fast-facts.html
https://immunizationdata.who.int/
https://doi.org/10.11604/pamj.supp.2017.27.3.12114
http://www.ncbi.nlm.nih.gov/pubmed/29296140

PLON. Medicine

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.
20.
21.

22.

23.

24,

25.
26.

27.

28.

29.

30.

31.

32.
33.

34.

World Health Organization (WHO). Immunization coverage Geneva, Switzerland: WHO; 2023 [cited 2024 Jan 28]. Available from: https://www.who.
int/news-room/fact-sheets/detail/immunization-coverage

Rahman MM, Rouyard T, Khan ST, Nakamura R, Islam MR, Hossain MS, et al. Reproductive, maternal, newborn, and child health intervention
coverage in 70 low-income and middle-income countries, 2000-30: trends, projections, and inequities. Lancet Glob Health. 2023;11(10):e1531-43.
https://doi.org/10.1016/S2214-109X(23)00358-3 PMID: 37678321

Bobo FT, Asante A, Woldie M, Dawson A, Hayen A. Child vaccination in sub-Saharan Africa: increasing coverage addresses inequalities. Vaccine.
2022;40(1):141-50. https://doi.org/10.1016/j.vaccine.2021.11.005 PMID: 34794824

Bangura JB, Xiao S, Qiu D, Ouyang F, Chen L. Barriers to childhood immunization in sub-Saharan Africa: a systematic review. BMC Public Health.
2020;20(1):1108. https://doi.org/10.1186/s12889-020-09169-4 PMID: 32664849

GBD 2019 Child and Adolescent Communicable Disease Collaborators. The unfinished agenda of communicable diseases among children

and adolescents before the COVID-19 pandemic, 1990-2019: a systematic analysis of the Global Burden of Disease Study 2019. Lancet.
2023;402(10398):313-35. https://doi.org/10.1016/S0140-6736(23)00860-7 PMID: 37393924

World Health Organization WHO, International Bank for Reconstruction and Development TWB. Tracking universal health coverage: 2023 Global
Monitoring Report. Geneva, Switzerland: WHO and World Bank; 2023.

Atnafu Gebeyehu N, Abebe Gelaw K, Asmare Adella G, Dagnaw Tegegne K, Adie Admass B, Mesele Gesese M. Incomplete immunization and its
determinants among children in Africa: systematic review and meta-analysis. Hum Vaccin Immunother. 2023;19(1):2202125. https://doi.org/10.108
0/21645515.2023.2202125 PMID: 37144686

Mosser JF, Gagne-Maynard W, Rao PC, Osgood-Zimmerman A, Fullman N, Graetz N, et al. Mapping diphtheria-pertussis-tetanus vaccine
coverage in Africa, 2000-2016: a spatial and temporal modelling study. Lancet. 2019;393(10183):1843-55. https://doi.org/10.1016/S0140-
6736(19)30226-0 PMID: 30961907

Utazi CE, Thorley J, Alegana VA, Ferrari MJ, Takahashi S, Metcalf CJE, et al. High resolution age-structured mapping of childhood vaccination
coverage in low and middle income countries. Vaccine. 2018;36(12):1583-91. https://doi.org/10.1016/j.vaccine.2018.02.020 PMID: 29454519

Boyle EH, King M, Sobek M. IPUMS-demographic and health surveys: version 9. Minnesota Population Center and ICF International. 2022.
Croft TN, Allen CK, Zachary BW. Guide to DHS statistics. Rockville, Maryland, USA: ICF; 2023.

Sarkar S, Cleveland L, Silisyene M, Sobek M. Harmonized census geography and spatio-temporal analysis: Gender equality and empowerment of
women in Africa. Minneapolis, US: University of Minnesota; 2016.

WHO, World Bank. Tracking universal health coverage: 2017 global monitoring report. Geneva, Switzerland: World Health Organization and Inter-
national Bank for Reconstruction and Development; 2017.

World Health Organization WHO. 2019 Global Monitoring Report: primary health care on the road to universal health coverage. Geneva, Switzer-
land: WHO; 2019.

Sako S, Gilano G, Hailegebreal S. Determinants of childhood vaccination among children aged 12-23 months in Ethiopia: a community-based
cross-sectional study. BMJ Open. 2023;13(3):e069278. https://doi.org/10.1136/bmjopen-2022-069278 PMID: 36889833

Lumley T. Complex surveys: a guide to analysis using R. Hoboken, N.J: Wiley; 2010.

Besag J. Spatial interaction and the statistical analysis of lattice systems. J Roy Stat Soc Ser B Stat Methodol. 1974;36(2):192—-225. https://doi.
org/10.1111/].2517-6161.1974.tb00999.x

Besag J, York J, Mollié A. Bayesian image restoration, with two applications in spatial statistics. Ann Inst Stat Math. 1991;43(1):1-20. https://doi.
org/10.1007/bf00116466

Simpson D, Rue H, Riebler A, Martins TG, Sgrbye SH. Penalising model component complexity: a principled, practical approach to constructing
priors. Statist Sci. 2017;32(1). https://doi.org/10.1214/16-sts576

Bernardinelli L, Clayton D, Pascutto C, Montomoli C, Ghislandi M, Songini M. Bayesian analysis of space-time variation in disease risk. Stat Med.
1995;14(21-22):2433-43. https://doi.org/10.1002/sim.4780142112 PMID: 8711279

Rahman MS, Rahman MM, Gilmour S, Swe KT, Krull Abe S, Shibuya K. Trends in, and projections of, indicators of universal health coverage in
Bangladesh, 1995-2030: a Bayesian analysis of population-based household data. Lancet Glob Health. 2018;6(1):e84—94. https://doi.org/10.1016/
S2214-109X(17)30413-8 PMID: 29241620

Rue H, Martino S, Chopin N. Approximate Bayesian inference for latent Gaussian models by using integrated nested Laplace approximations. J
Roy Stat Soc Ser B Stat Methodol. 2009;71(2):319-92. https://doi.org/10.1111/j.1467-9868.2008.00700.x

Moraga P. Geospatial health data: modeling and visualization with R-INLA and Shiny. Chapman and Hall/CRC; 2019.

Nguyen PT, Saito E, Katanoda K. Long-term projections of cancer incidence and mortality in japan and decomposition analysis of changes in
cancer burden, 2020-2054: an empirical validation approach. Cancers (Basel). 2022;14(24):6076. https://doi.org/10.3390/cancers14246076 PMID:
36551562

Nguyen PT, Hori M, Matsuda T, Katanoda K. Cancer prevalence projections in japan and decomposition analysis of changes in cancer burden,
2020-2050: a statistical modeling study. Cancer Epidemiol Biomarkers Prev. 2023;32(12):1756—70. https://doi.org/10.1158/1055-9965.EPI-23-0754
PMID: 37756571

PLOS Medicine | https://doi.org/10.1371/journal.pomed.1004664  July 29, 2025 19/21



https://www.who.int/news-room/fact-sheets/detail/immunization-coverage
https://www.who.int/news-room/fact-sheets/detail/immunization-coverage
https://doi.org/10.1016/S2214-109X(23)00358-3
http://www.ncbi.nlm.nih.gov/pubmed/37678321
https://doi.org/10.1016/j.vaccine.2021.11.005
http://www.ncbi.nlm.nih.gov/pubmed/34794824
https://doi.org/10.1186/s12889-020-09169-4
http://www.ncbi.nlm.nih.gov/pubmed/32664849
https://doi.org/10.1016/S0140-6736(23)00860-7
http://www.ncbi.nlm.nih.gov/pubmed/37393924
https://doi.org/10.1080/21645515.2023.2202125
https://doi.org/10.1080/21645515.2023.2202125
http://www.ncbi.nlm.nih.gov/pubmed/37144686
https://doi.org/10.1016/S0140-6736(19)30226-0
https://doi.org/10.1016/S0140-6736(19)30226-0
http://www.ncbi.nlm.nih.gov/pubmed/30961907
https://doi.org/10.1016/j.vaccine.2018.02.020
http://www.ncbi.nlm.nih.gov/pubmed/29454519
https://doi.org/10.1136/bmjopen-2022-069278
http://www.ncbi.nlm.nih.gov/pubmed/36889833
https://doi.org/10.1111/j.2517-6161.1974.tb00999.x
https://doi.org/10.1111/j.2517-6161.1974.tb00999.x
https://doi.org/10.1007/bf00116466
https://doi.org/10.1007/bf00116466
https://doi.org/10.1214/16-sts576
https://doi.org/10.1002/sim.4780142112
http://www.ncbi.nlm.nih.gov/pubmed/8711279
https://doi.org/10.1016/S2214-109X(17)30413-8
https://doi.org/10.1016/S2214-109X(17)30413-8
http://www.ncbi.nlm.nih.gov/pubmed/29241620
https://doi.org/10.1111/j.1467-9868.2008.00700.x
https://doi.org/10.3390/cancers14246076
http://www.ncbi.nlm.nih.gov/pubmed/36551562
https://doi.org/10.1158/1055-9965.EPI-23-0754
http://www.ncbi.nlm.nih.gov/pubmed/37756571

PLON. Medicine

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

Utazi CE, Nilsen K, Pannell O, Dotse-Gborgbortsi W, Tatem AJ. District-level estimation of vaccination coverage: discrete vs continuous spatial
models. Stat Med. 2021;40(9):2197-211. https://doi.org/10.1002/sim.8897 PMID: 33540473

Nguyen PT, Gilmour S, Le PM, Nguyen HL, Dao TMA, Tran BQ, et al. Trends in, projections of, and inequalities in non-communicable disease
management indicators in Vietnam 2010-2030 and progress toward universal health coverage: a Bayesian analysis at national and sub-national
levels. EClinicalMedicine. 2022;51:101550. https://doi.org/10.1016/j.eclinm.2022.101550 PMID: 35856038

Nguyen PT, Rahman MS, Le PM, Nguyen HV, Vu KD, Nguyen HL, et al. Trends in, projections of, and inequalities in reproductive, maternal, new-
born and child health service coverage in Vietham 2000-2030: a Bayesian analysis at national and sub-national levels. Lancet Reg Health West
Pac. 2021;15:100230. https://doi.org/10.1016/j.lanwpc.2021.100230 PMID: 34528011

Dimitrova A, Carrasco-Escobar G, Richardson R, Benmarhnia T. Essential childhood immunization in 43 low- and middle-income countries:
analysis of spatial trends and socioeconomic inequalities in vaccine coverage. PLoS Med. 2023;20(1):e1004166. https://doi.org/10.1371/journal.
pmed.1004166 PMID: 36649359

Tekeba B, Tamir TT, Zegeye AF. Prevalence and determinants of full vaccination coverage according to the national schedule among children aged
12-35 months in Ghana. Sci Rep. 2025;15(1):13. https://doi.org/10.1038/s41598-024-84481-2 PMID: 39747564

Jacques M, Lorton F, Dufourg M-N, Bois C, Launay E, Siméon T, et al. Determinants of incomplete vaccination in children at age two in France:
results from the nationwide ELFE birth cohort. Eur J Pediatr. 2023;182(3):1019-28. https://doi.org/10.1007/s00431-022-04733-z PMID: 36542162
Nguyen PT, Katanoda K, Saito E, Hori M, Nakayama T, Matsuda T. Trends in lung cancer incidence by gender, histological type and stage at diag-
nosis in Japan, 1993 to 2015: a multiple imputation approach. Int J Cancer. 2022;151(1):20-32. https://doi.org/10.1002/ijc.33962 PMID: 35138642
Islam MR, Rahman MM, Rahman MS, Abe SK, Akmatov MK, Hashizume M. Trends and projections of age-appropriate vaccination coverage in 41
low-and middle-income countries in Asia and Sub-Saharan Africa, 2000—2030. Front Public Health. 2024;12:1371258.

Ikilezi G, Augusto OJ, Dieleman JL, Sherr K, Lim SS. Effect of donor funding for immunization from Gavi and other development assistance chan-
nels on vaccine coverage: Evidence from 120 low and middle income recipient countries. Vaccine. 2020;38(3):588-96. https://doi.org/10.1016/].
vaccine.2019.10.057 PMID: 31679863

Mihigo RM, Okeibunor JC, Karmal F, O’'Malley H, Godinho N, Okero L, et al. The Addis Declaration on Immunization: a binding reminder of the
political support needed to achieve universal immunization in Africa. Vaccine. 2022;40(35):5126-30. https://doi.org/10.1016/j.vaccine.2022.06.073
PMID: 35871874

Nabyonga-Orem J, Christmal C, Addai KF, Mwinga K, Aidam K, Nachinab G, et al. The state and significant drivers of health systems efficiency in
Africa: A systematic review and meta-analysis. J Glob Health. 2023;13:04131. https://doi.org/10.7189/jogh.13.04131 PMID: 37934959
Machingaidze S, Wiysonge CS, Hussey GD. Strengthening the expanded programme on immunization in Africa: looking beyond 2015. PLoS Med.
2013;10(3):e1001405. https://doi.org/10.1371/journal.pmed.1001405 PMID: 23526886

Favin M, Steinglass R, Fields R, Banerjee K, Sawhney M. Why children are not vaccinated: a review of the grey literature. Int Health.
2012;4(4):229-38. https://doi.org/10.1016/j.inhe.2012.07.004 PMID: 24029668

Sacre A, Bambra C, Wildman JM, Thomson K, Bennett N, Sowden S, et al. Socioeconomic inequalities in vaccine uptake: a global umbrella review.
PLoS One. 2023;18(12):e0294688. https://doi.org/10.1371/journal.pone.0294688 PMID: 38091273

Callaway E. It is chaos: US funding freezes are endangering global health. Nature. 2025.

Apeagyei AE, Lidral-Porter B, Patel N, Solorio J, Tsakalos G, Wang Y. Financing health in sub-Saharan Africa 1990-2050: donor dependence and
expected domestic health spending. PLOS Global Public Health. 2024;4(8):e0003433.

Edoka I, Kohli-Lynch C, Fraser H, Hofman K, Tempia S, McMorrow M, et al. A cost-effectiveness analysis of South Africa’s seasonal influenza
vaccination programme. Vaccine. 2021;39(2):412-22. https://doi.org/10.1016/j.vaccine.2020.11.028 PMID: 33272702

Lai X, Zhang H, Pouwels KB, Patenaude B, Jit M, Fang H. Estimating global and regional between-country inequality in routine childhood vaccine
coverage in 195 countries and territories from 2019 to 2021: a longitudinal study. EClinicalMedicine. 2023;60:102042. https://doi.org/10.1016/j.
eclinm.2023.102042 PMID: 37304497

Sato R. Effect of armed conflict on vaccination: evidence from the Boko haram insurgency in northeastern Nigeria. Confl Health. 2019;13:49.
https://doi.org/10.1186/s13031-019-0235-8 PMID: 31673285

Unfried K, Priebe J. Vaccine hesitancy and trust in sub-Saharan Africa. Sci Rep. 2024;14(1):10860. https://doi.org/10.1038/s41598-024-61205-0
PMID: 38740790

Yang YT. The perils of RFK Junior’s anti-vaccine leadership for public health. Lancet. 2025;405(10473):122. https://doi.org/10.1016/S0140-
6736(24)02603-5 PMID: 39708828

Rainey JJ, Watkins M, Ryman TK, Sandhu P, Bo A, Banerjee K. Reasons related to non-vaccination and under-vaccination of children in low and
middle income countries: findings from a systematic review of the published literature, 1999-2009. Vaccine. 2011;29(46):8215-21.

Tamirat KS, Sisay MM. Full immunization coverage and its associated factors among children aged 12-23 months in Ethiopia: further analysis
from the 2016 Ethiopia demographic and health survey. BMC Public Health. 2019;19(1):1019. https://doi.org/10.1186/s12889-019-7356-2 PMID:
31362790

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004664  July 29, 2025 20/21



https://doi.org/10.1002/sim.8897
http://www.ncbi.nlm.nih.gov/pubmed/33540473
https://doi.org/10.1016/j.eclinm.2022.101550
http://www.ncbi.nlm.nih.gov/pubmed/35856038
https://doi.org/10.1016/j.lanwpc.2021.100230
http://www.ncbi.nlm.nih.gov/pubmed/34528011
https://doi.org/10.1371/journal.pmed.1004166
https://doi.org/10.1371/journal.pmed.1004166
http://www.ncbi.nlm.nih.gov/pubmed/36649359
https://doi.org/10.1038/s41598-024-84481-2
http://www.ncbi.nlm.nih.gov/pubmed/39747564
https://doi.org/10.1007/s00431-022-04733-z
http://www.ncbi.nlm.nih.gov/pubmed/36542162
https://doi.org/10.1002/ijc.33962
http://www.ncbi.nlm.nih.gov/pubmed/35138642
https://doi.org/10.1016/j.vaccine.2019.10.057
https://doi.org/10.1016/j.vaccine.2019.10.057
http://www.ncbi.nlm.nih.gov/pubmed/31679863
https://doi.org/10.1016/j.vaccine.2022.06.073
http://www.ncbi.nlm.nih.gov/pubmed/35871874
https://doi.org/10.7189/jogh.13.04131
http://www.ncbi.nlm.nih.gov/pubmed/37934959
https://doi.org/10.1371/journal.pmed.1001405
http://www.ncbi.nlm.nih.gov/pubmed/23526886
https://doi.org/10.1016/j.inhe.2012.07.004
http://www.ncbi.nlm.nih.gov/pubmed/24029668
https://doi.org/10.1371/journal.pone.0294688
http://www.ncbi.nlm.nih.gov/pubmed/38091273
https://doi.org/10.1016/j.vaccine.2020.11.028
http://www.ncbi.nlm.nih.gov/pubmed/33272702
https://doi.org/10.1016/j.eclinm.2023.102042
https://doi.org/10.1016/j.eclinm.2023.102042
http://www.ncbi.nlm.nih.gov/pubmed/37304497
https://doi.org/10.1186/s13031-019-0235-8
http://www.ncbi.nlm.nih.gov/pubmed/31673285
https://doi.org/10.1038/s41598-024-61205-0
http://www.ncbi.nlm.nih.gov/pubmed/38740790
https://doi.org/10.1016/S0140-6736(24)02603-5
https://doi.org/10.1016/S0140-6736(24)02603-5
http://www.ncbi.nlm.nih.gov/pubmed/39708828
https://doi.org/10.1186/s12889-019-7356-2
http://www.ncbi.nlm.nih.gov/pubmed/31362790

PLON. Medicine

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

Hosseinpoor AR, Bergen N, Schlotheuber A, Gacic-Dobo M, Hansen PM, Senouci K, et al. State of inequality in diphtheria-tetanus-pertussis
immunisation coverage in low-income and middle-income countries: a multicountry study of household health surveys. Lancet Glob Health.
2016;4(9):e617-26. https://doi.org/10.1016/S2214-109X(16)30141-3 PMID: 27497954

World Health Organization WHO. State of inequality: childhood immunization. Geneva, Switzerland: WHO; 2016.

Guerra FM, Bolotin S, Lim G, Heffernan J, Deeks SL, Li Y, et al. The basic reproduction number (R0O) of measles: a systematic review. Lancet Infect
Dis. 2017;17(12):e420-8. https://doi.org/10.1016/S1473-3099(17)30307-9 PMID: 28757186

Endalamaw D, Nibret E, Munshea A, Mekonnen F, Tadesse S, Zeru T, et al. Measles vaccine effectiveness in African children: a systematic review
and meta-analysis. BMC Infect Dis. 2024;24(1):1330. https://doi.org/10.1186/s12879-024-10239-w PMID: 39574018

World Health Organization WHO. Planning guide to reduce missed opportunities for vaccination. Geneva, Switzerland: WHO; 2017.

Hanson CM, Mirza |, Kumapley R, Ogbuanu I, Kezaala R, Nandy R. Enhancing immunization during second year of life by reducing missed oppor-
tunities for vaccinations in 46 countries. Vaccine. 2018;36(23):3260-8. https://doi.org/10.1016/j.vaccine.2018.04.070 PMID: 29731113

Adamu AA, Jalo RI, Habonimana D, Wiysonge CS. COVID-19 and routine childhood immunization in Africa: leveraging systems thinking and imple-
mentation science to improve immunization system performance. Int J Infect Dis. 2020;98:161-5. https://doi.org/10.1016/}.ijid.2020.06.072 PMID:
32592908

World Health Organization WHO. Childhood immunization begins recovery after COVID-19 backslide. Geneva, Switzerland: WHO; 2023. Available
from: https://www.who.int/news/item/18-07-2023-childhood-immunization-begins-recovery-after-covid-19-backslide

Institute of Tropical Medicine. When health data go dark: a call to restore DHS Program funding. 2025. Available from: https://www.itg.be/en/
health-stories/articles/call-to-restore-dhs-program-funding

Mihigo R, Okeibunor J, Anya B, Mkanda P, Zawaira F. Challenges of immunization in the African Region. Pan Afr Med J. 2017;27(Suppl 3):12.
https://doi.org/10.11604/pamj.supp.2017.27.3.12127 PMID: 29296147

Nguyen PT, Gilmour S, Le PM, Nguyen TT, Tanuma J, Nguyen HV. Factors associated with high-risk behaviors of people newly diagnosed with
HIV/AIDS: results from a cross-sectional study in Vietnam. AIDS Care. 2020;33(5):607—15. https://doi.org/10.1080/09540121.2020.1761519 PMID:
32397740

Nguyen T-P, Wong ZS, Wang L, Thanh TT, Van Nguyen H, Gilmour S. Rapid impact assessments of COVID-19 control measures against the Delta
variant and short-term projections of new confirmed cases in Vietnam. J Glob Health. 2021;11:03118. htips://doi.org/10.7189/jogh.11.03118 PMID:
34987776

Hancioglu A, Arnold F. Measuring coverage in MNCH: tracking progress in health for women and children using DHS and MICS household sur-
veys. PLoS Med. 2013;10(5):e1001391. https://doi.org/10.1371/journal.pmed.1001391 PMID: 23667333

Ng M, Fullman N, Dieleman JL, Flaxman AD, Murray CJL, Lim SS. Effective coverage: a metric for monitoring Universal Health Coverage. PLoS
Med. 2014;11(9):e1001730. https://doi.org/10.1371/journal.pmed.1001730 PMID: 25243780

Marsh AD, Muzigaba M, Diaz T, Requejo J, Jackson D, Chou D, et al. Effective coverage measurement in maternal, newborn, child, and adoles-
cent health and nutrition: progress, future prospects, and implications for quality health systems. Lancet Glob Health. 2020;8(5):e730-6. https://doi.
org/10.1016/S2214-109X(20)30104-2 PMID: 32353320

PLOS Medicine | https://doi.org/10.1371/journal.pomed.1004664  July 29, 2025 217121



https://doi.org/10.1016/S2214-109X(16)30141-3
http://www.ncbi.nlm.nih.gov/pubmed/27497954
https://doi.org/10.1016/S1473-3099(17)30307-9
http://www.ncbi.nlm.nih.gov/pubmed/28757186
https://doi.org/10.1186/s12879-024-10239-w
http://www.ncbi.nlm.nih.gov/pubmed/39574018
https://doi.org/10.1016/j.vaccine.2018.04.070
http://www.ncbi.nlm.nih.gov/pubmed/29731113
https://doi.org/10.1016/j.ijid.2020.06.072
http://www.ncbi.nlm.nih.gov/pubmed/32592908
https://www.who.int/news/item/18-07-2023-childhood-immunization-begins-recovery-after-covid-19-backslide
https://www.itg.be/en/health-stories/articles/call-to-restore-dhs-program-funding
https://www.itg.be/en/health-stories/articles/call-to-restore-dhs-program-funding
https://doi.org/10.11604/pamj.supp.2017.27.3.12127
http://www.ncbi.nlm.nih.gov/pubmed/29296147
https://doi.org/10.1080/09540121.2020.1761519
http://www.ncbi.nlm.nih.gov/pubmed/32397740
https://doi.org/10.7189/jogh.11.03118
http://www.ncbi.nlm.nih.gov/pubmed/34987776
https://doi.org/10.1371/journal.pmed.1001391
http://www.ncbi.nlm.nih.gov/pubmed/23667333
https://doi.org/10.1371/journal.pmed.1001730
http://www.ncbi.nlm.nih.gov/pubmed/25243780
https://doi.org/10.1016/S2214-109X(20)30104-2
https://doi.org/10.1016/S2214-109X(20)30104-2
http://www.ncbi.nlm.nih.gov/pubmed/32353320
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

