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Abstract

Background: Zero-dose children - those who have not received any routine vaccines - represent a
critical challenge for achieving universal immunization coverage. This study applies the Three Delays
Model to examine multilevel factors associated with zero-dose children in sub-Saharan Africa.
Methods: We analyzed data from 59,211 children aged 12-23 months across 28 sub-Saharan African
countries using Demographic and Health Surveys (2016-2021). Zero-dose status was defined as not
receiving the first dose of diphtheria-tetanus-pertussis vaccine. Multilevel logistic regression models
examined individual-, community-, and country-level determinants guided by the Three Delays
Model framework. Results: The overall zero-dose prevalence was 10.71% (95% CI: 6.90-15.23), with
substantial variation ranging from 0.43% in Rwanda to 42.29% in Chad. In the fully adjusted model,
poor maternal health-seeking behavior showed the strongest association with zero-dose status (OR =
15.21, 95% Crl: 13.28-17.35). Maternal education demonstrated a clear gradient effect, with children
of mothers having no formal education showing nearly doubled odds of being zero-dose (OR = 1.84,
95% Crl: 1.36-2.81). Maternal empowerment factors were significant, including lack of decision-
making power (OR = 1.31, 95% Crl: 1.21-1.43) and no media access (OR = 1.28, 95% CrI: 1.18-1.39).
Community illiteracy rates (OR =1.11, 95% Crl: 1.08-1.14) and low country-level health expenditure
(OR = 3.45, 95% Crl: 1.85-5.72) were associated with increased zero-dose prevalence. Substantial
clustering persisted at community (42.0%) and country (19.1%) levels in the final model. Conclusions:
Zero-dose children are concentrated among the most disadvantaged populations, with maternal
health-seeking behavior serving as the strongest predictor. The substantial multilevel clustering and
diverse determinants identified necessitate integrated interventions addressing individual
empowerment, community capacity, and health system strengthening. The marked cross-country
variation demonstrates that universal vaccination coverage is achievable but requires sustained
commitment to addressing underlying social determinants of health inequity.

Keywords: zero-dose children; vaccination coverage; multilevel analysis; Sub-Saharan Africa; health
equity; Three Delays Model; maternal empowerment; health systems

Background

Childhood immunization represents one of the most successful and cost-effective public health
interventions, preventing an estimated 2-3 million deaths annually and generating substantial
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economic returns[1]. Despite remarkable global progress in vaccination coverage over the past
decades, significant disparities persist, with the burden of unvaccinated children disproportionately
concentrated in low- and middle-income countries[2]. The World Health Organization (WHO)
defines "zero-dose children" as those who have not received any routine vaccines, typically measured
by the absence of the first dose of diphtheria-tetanus-pertussis (DTP1) vaccine[3]. These children
represent the most marginalized populations and serve as a critical indicator of health system equity
and reach.

Sub-Saharan Africa bears a disproportionate burden of zero-dose children, accounting for
approximately 60% of the global total despite representing only 17% of the world's population[4].
The COVID-19 pandemic has exacerbated existing vaccination inequities, with routine immunization
services experiencing significant disruptions across the region[5]. The Immunization Agenda 2030
has prioritized reaching zero-dose children as a cornerstone strategy for achieving universal
immunization coverage and advancing health equity[3]. However, addressing this challenge requires
a comprehensive understanding of the complex multilevel factors that create and perpetuate
vaccination inequities.

Traditional approaches to understanding vaccination coverage have often focused on
individual-level characteristics, such as maternal education, socioeconomic status, and healthcare
access[6]. While these factors remain important, emerging evidence suggests that contextual factors
at community and country levels play equally critical roles in shaping vaccination outcomes[7]. The
clustering of unvaccinated children within specific geographic areas and communities indicates that
shared environmental, social, and structural factors contribute significantly to vaccination
patterns[8].

The Three Delays Model, originally developed to understand maternal mortality, provides a
comprehensive framework for examining barriers to healthcare access and utilization[9]. This model
conceptualizes three critical delays: the decision to seek care (first delay), reaching care (second
delay), and receiving quality care (third delay). Recent applications of this framework to childhood
vaccination have demonstrated its utility in identifying multilevel barriers and informing targeted
interventions[10]. The first delay encompasses factors influencing parental decision-making about
vaccination, including health knowledge, cultural beliefs, and maternal empowerment. The second
delay addresses barriers to accessing vaccination services, such as geographic distance,
transportation costs, and service availability. The third delay focuses on the quality of care received,
including provider competence, vaccine availability, and service organization[11].

Multilevel analytical approaches have gained prominence in vaccination research, recognizing
that individual behaviors are embedded within community and country contexts that shape health
outcomes[12]. These methods allow for simultaneous examination of individual compositional
effects and contextual area effects, providing insights into how place-based factors influence health
behaviors beyond individual characteristics[13]. Recent multilevel studies have revealed substantial
community and country-level variation in vaccination coverage, highlighting the importance of
contextual interventions alongside individual-focused strategies[14].

Despite growing recognition of multilevel influences on vaccination coverage, comprehensive
analyses examining the simultaneous effects of individual, community, and country-level factors on
zero-dose children in sub-Saharan Africa remain limited. Most existing studies focus on single
countries or examine only individual-level determinants, limiting our understanding of the complex
interplay of factors that create vaccination inequities across diverse contexts[15]. Furthermore, few
studies have applied theoretical frameworks such as the Three Delays Model to systematically
examine barriers to vaccination access and utilization across multiple levels.

This study addresses these knowledge gaps by conducting a comprehensive multilevel analysis
of zero-dose children across sub-Saharan African countries, using the Three Delays Model as a
guiding framework. Our analysis examines how individual-level factors (maternal characteristics,
empowerment, and healthcare access), community-level factors (socioeconomic context and
infrastructure), and country-level factors (health system characteristics and development indicators)
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independently and jointly influence zero-dose patterns. Understanding these multilevel
determinants is essential for informing evidence-based strategies to achieve universal immunization
coverage and advance health equity in sub-Saharan Africa.

Methods

Study Design

This study utilized cross-sectional data from the most recent Demographic and Health Surveys
(DHS) conducted in 28 sub-Saharan African countries between 2016 and 2021. The DHS program
provides nationally representative, standardized household surveys that collect comprehensive
information on population, health, and nutrition indicators. These surveys are designed to provide
reliable estimates at national and subnational levels, making them ideal for cross-country
comparative analysis of health outcomes and their determinants[16]. The cross-sectional design
allows for examination of associations between individual, community, and country-level factors and
zero-dose vaccination status at a single point in time across diverse sub-Saharan African contexts.

Sampling Technique

The DHS employs a standardized multi-stage stratified cluster sampling methodology across all
participating countries. The sampling frame is based on the most recent national population census
in each country, ensuring representativeness of the target population. The multi-stage sampling
process involves several sequential steps designed to achieve nationally representative samples while
maintaining statistical efficiency.

In the first stage, each country is stratified by administrative regions and urban-rural residence
to ensure adequate representation across geographic and settlement types. Primary sampling units
(PSUs), typically corresponding to enumeration areas from the national census, are then selected with
probability proportional to size within each stratum. Urban PSUs generally correspond to census
enumeration blocks, while rural PSUs are typically defined by village boundaries or administrative
units.

In the second stage, a systematic sample of households is selected from a complete household
listing within each selected PSU. The household listing is conducted prior to the main survey to
ensure accurate sampling frames. A fixed number of households, typically 20-30 per cluster, are
selected using systematic sampling with a random start to maintain the self-weighting nature of the
sample design.

In the final stage, all women of reproductive age (15-49 years) residing in selected households,
or who stayed in the household the night before the survey, are eligible for interview. For this
analysis, we further restricted the sample to women who had children aged 12-23 months at the time
of survey, as this represents the target age group for assessing zero-dose vaccination status according
to WHO recommendations.

Data Collection

Data collection for the DHS follows standardized protocols implemented consistently across all
participating countries to ensure comparability and data quality. Trained field teams, consisting of
supervisors, interviewers, and editors, conduct face-to-face interviews using structured
questionnaires that have been extensively pilot-tested and validated across diverse cultural contexts.
The DHS employs multiple standardized questionnaires designed to capture comprehensive
information on demographic characteristics, reproductive health, maternal and child health, and
household socioeconomic conditions. For this study, information was primarily extracted from the
Women's Questionnaire, which collects detailed data on all women of reproductive age, and the
Children's Questionnaire, which focuses specifically on children under five years of age. Vaccination
data, the primary focus of this analysis, are collected through a dedicated immunization module
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within the Children's Questionnaire. Interviewers record vaccination information from multiple
sources to maximize accuracy and completeness. The preferred source is the child's vaccination card
or health booklet, which provides the most reliable record of vaccination dates and types. When
vaccination cards are not available, interviewers rely on maternal recall, systematically asking
mothers about each specific vaccine their child has received. The immunization module follows a
standardized format across all countries, recording information for each recommended vaccine in the
national immunization schedule. For DTP vaccines, interviewers specifically document the dates of
DTP1, DTP2, and DTP3 administration, or record whether each dose was received if dates are not
available. This systematic approach enables consistent classification of zero-dose status across
countries with different vaccination schedules and documentation practices.

Community/Neighbourhood Definitions

We defined communities as geographical clusters based on shared primary sampling units
(PSUs) within the DHS data structure. DHS sampling frames utilize the most recent national census
to identify PSUs, which serve as the foundation for community-level analysis. Urban PSUs typically
correspond to census enumeration blocks, while rural PSUs are generally defined by village
boundaries or other recognized administrative units. This analytical unit was selected for two
primary considerations. First, PSUs provide the most standardized community measure across all
surveys, making them optimal for cross-regional comparative analysis[17,18]. Second, research
demonstrates that DHS cluster sample sizes typically achieve adequate precision with minimal
statistical bias, with cluster-based estimates showing only approximately 4% bias when using 25
women per cluster as population proxies[17,18]. Throughout this study, we use community and
neighbourhood terminology interchangeably to refer to these PSU-based geographical units.

Outcome Variable

The primary outcome variable was zero-dose status among children aged 12-23 months, defined
according to WHO recommendations as children who have not received the first dose of diphtheria-
tetanus-pertussis (DTP1) vaccine. The outcome variable was coded as a binary indicator, where 1
represented zero-dose status (child had not received DTP1) and 0 represented vaccinated status (child
had received at least DTP1). The 12-23 month age range was selected because children in this age
group should have had adequate opportunity to receive DTP1 according to standard immunization
schedules, while minimizing recall bias associated with older children.

Explanatory Variables

The explanatory variables were selected based on the Three Delays Model framework and
existing literature demonstrating their association with childhood vaccination patterns (Table Al).
Variables were categorized into individual-, community-, and country-level factors, representing the
hierarchical nature of influences on vaccination outcomes.

Individual-Level Variables

Maternal characteristics included age (measured in years), education level (categorized as no
education, primary, secondary, or higher education), and parity (total children ever born). Household
socioeconomic status was measured using the DHS wealth index, which employs principal
component analysis of household assets and living conditions to create quintiles from poorest to
richest. Partner's education level was categorized similarly to maternal education (no education,
primary, secondary, or higher).

Maternal empowerment was captured through multiple indicators reflecting women's
autonomy and decision-making capacity. Decision-making power was assessed based on women's
participation in household decisions regarding healthcare, major purchases, and family visits. Media
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access was measured as exposure to newspapers, radio, or television, representing access to health
information. Employment status was dichotomized as working versus not working outside the home.

A composite maternal health-seeking behavior index was constructed to capture patterns of
healthcare utilization during pregnancy and delivery. This index incorporated four key components:
(1) possession of a health card or vaccination record (hcard), (2) receipt of antenatal care (ante), (3)
delivery at a health facility (hospital), and (4) receipt of tetanus vaccination during pregnancy
(tetanus). The index was created by summing the number of positive health-seeking behaviors,
ranging from 0 (no health-seeking behaviors) to 4 (all health-seeking behaviors present). For
analytical purposes, this was further categorized into poor/no health-seeking behavior (0-2
behaviors) versus adequate health-seeking behavior (3-4 behaviors).

Healthcare access barriers were measured through self-reported problems with money and
distance in accessing healthcare services. Health insurance coverage was assessed as a binary variable
indicating presence or absence of any health insurance. Household size was included as a continuous
variable representing the number of household members.

Community-Level Variables

Place of residence was categorized as urban versus rural based on DHS classification.
Community-level socioeconomic indicators were calculated as the proportion of individuals within
each PSU exhibiting specific characteristics. Community poverty rate represented the proportion of
households in the poorest wealth quintile within each community. Community illiteracy rate was
calculated as the proportion of women with no formal education within each community.
Community unemployment rate represented the proportion of women not engaged in paid
employment within each community. These community-level indicators were constructed by
aggregating individual responses within PSUs, providing measures of neighborhood socioeconomic
context that may influence vaccination behaviors through social norms, peer effects, and local
resource availability.

Country-Level Variables

Country-level variables encompassed health system characteristics and broader development
indicators. Health system indicators included percentage of GDP spent on health expenditure and
government health expenditure as a proportion of total health expenditure. Development measures
included the Human Development Index (HDI), Gender Development Index (GDI), and Gender
Inequality Index (GII), obtained from the United Nations Development Programme. For analytical
purposes, continuous country-level variables were dichotomized using median splits to create low
versus high categories, facilitating interpretation of results in policy-relevant terms. This approach
allows for examination of whether countries above or below median performance levels show
different patterns of zero-dose prevalence.

Temporal variables included survey year and child's birth year to control for time trends and
potential cohort effects in vaccination coverage. These variables account for improvements in
vaccination programs over time and ensure that associations reflect contemporaneous relationships
rather than temporal changes in service availability or policies.

Statistical Analyses

Descriptive Statistics

Analysis began with pooling datasets from the 28 sub-Saharan African countries to create a
single comprehensive dataset for regional analysis. The pooled dataset was weighted using DHS-
provided sampling weights to adjust for complex survey design, including stratification, clustering,
and differential sampling probabilities across countries. These weights ensure that estimates are
representative of the target populations in each country and appropriately account for the multi-stage
sampling design.
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Descriptive statistics comprised frequency distributions and percentages for all categorical
variables, and means with standard deviations for continuous variables, stratified by zero-dose
status. To examine the distribution of zero-dose children across the three-level hierarchy, we
calculated the number and percentage of zero-dose children at each level: 59,211 children (level 1)
nested within 15,637 communities (level 2) across 28 countries (level 3).

Bivariate associations between each explanatory variable and zero-dose status were assessed
using Chi-square tests for categorical variables and t-tests for continuous variables. Forest plots were
constructed to visualize the variation in zero-dose prevalence across countries, with random-effects
meta-analysis used to calculate pooled estimates and assess between-country heterogeneity using the
I2 statistic. All variables demonstrating significant associations (p < 0.05) in bivariate analysis were
included in subsequent multilevel modeling.

Modelling Approaches

We employed multivariable logistic multilevel regression models to analyze the association
between individual compositional and community and country contextual factors associated with
zero-dose status. We specified a three-level model for the binary outcome of zero-dose status for
children (level 1), nested within communities (level 2), living in countries (level 3).

We constructed five nested multilevel models to examine the determinants of zero-dose status
across different levels of influence. The first model (Model 1) was an unconditional model without
any explanatory variables, specified to decompose the amount of variance that existed between
country and community levels and establish baseline clustering effects. The second model (Model 2)
included only individual-level factors to assess their independent contribution. The third model
(Model 3) contained only community-level factors to examine contextual effects. The fourth model
(Model 4) included only country-level factors to assess macro-level influences. Finally, the fifth model
(Model 5) simultaneously controlled for individual-, community-, and country-level factors,
representing the full model.

This sequential modeling approach allows for assessment of how much variance at each level is
explained by different categories of factors and enables examination of how contextual effects change
when individual characteristics are controlled.

Fixed Effects (Measures of Association)

The results of fixed effects (measures of association) were reported as odds ratios (ORs) with
their 95% credible intervals (Crls). Bayesian statistical inference provides probability distributions for
measures of association, which are summarized with 95% credible intervals rather than traditional
95% confidence intervals. A 95% credible interval can be interpreted as there being a 95% probability
that the parameter takes a value in the specified range.

For categorical variables, odds ratios represent the odds of zero-dose status in each category
relative to the reference category. For continuous variables, odds ratios represent the change in odds
associated with a one-unit increase in the predictor variable. Statistical significance was assessed
based on whether the 95% credible interval excluded 1.0, indicating evidence of association with zero-
dose status.

Random Effects (Measures of Variation)

The contextual effects were measured using several indicators of clustering and variation. The
variance partition coefficient (VPC) was calculated to measure similarity between children in the
same community and within the same country. The VPC represents the percentage of total variance
in the probability of zero-dose status that is attributable to community- and country-level factors,
quantifying the degree of clustering of vaccination behaviors within these geographic units.

The median odds ratio (MOR) was calculated to quantify the extent of variation between
clusters. The MOR represents the median value of the odds ratio between a child at higher risk and
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a child at lower risk when randomly selecting two children from different communities or countries.
MOR values close to 1.0 indicate minimal clustering, while larger values indicate substantial variation
between areas.

The proportional change in variance (PCV) was calculated to assess the proportion of area-level
variance explained by including explanatory variables in the model, calculated as: PCV = (02_null -
02_model) / 02_null x 100%, where 02_null is the area-level variance in the null model and 02_model
is the area-level variance in the model with covariates.

Model Fit and Specifications

All analyses were conducted using MLwiN software version 3.13, with parameters estimated
using the Markov Chain Monte Carlo (MCMC) procedure. MCMC estimation was chosen over
traditional maximum likelihood methods due to its superior performance with complex multilevel
models and its ability to provide full Bayesian inference, including credible intervals for all
parameters.

The MCMC chains were run for 50,000 iterations following a burn-in period of 5,000 iterations
to ensure convergence. Convergence was assessed through visual inspection of trace plots and
calculation of effective sample sizes. Multiple chains were run with different starting values to
confirm consistent results across runs.

The Bayesian Deviance Information Criterion (DIC) was used to assess model fit and compare
models, with lower DIC values indicating better fit to the data. The DIC balances model fit with
model complexity, penalizing models with excessive parameters. Model selection was based on both
statistical criteria (DIC values) and theoretical considerations regarding the relevance of included
variables.

Results

Sample Characteristics

The pooled analysis included 59,211 children aged 12-23 months from Demographic and Health
Surveys conducted across sub-Saharan African countries between 2015 and 2024 (Table 1). Of these
children, 9,220 (15.6%) were classified as zero-dose children who had not received their first dose of
DTP vaccine, while 49,991 (84.4%) had received at least one dose of DTP.

Table 1. Summary of pooled sample characteristics of the Demographic and Health Surveys data in sub-Saharan

Africa.
Zero dose
No Yes Total
N 49,991 (84.4%) 9,220 (15.6%) 59,211 (100.0%)
Survey year 2019 [20172021] | 2018 [20162020] | 2018 [2016 2021]
Birth year 2017 [2,015 2,020] | 2,017 [2,014 2,018] | 2,017 [2,015 2,019]
Maternal age
Young Adult 16,578 (33.2%) 3,220 (34.9%) 19,797 (33.4%)
Adult 30,177 (60.4%) 5,324 (57.7%) 35,501 (60.0%)
Middle-Aged /Older Adult 3,236 (6.5%) 676 (7.3%) 3,912 (6.6%)
Maternal age
no education 15,041 (30.1%) 5,791 (62.8%) 20,832 (35.2%)
primary 17,442 (34.9%) 2,079 (22.5%) 19,520 (33.0%)
secondary 14,708 (29.4%) 1,197 (13.0%) 15,905 (26.9%)
higher 2,800 (5.6%) 153 (1.7%) 2,954 (5.0%)
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Wealth index
poorest 10,227 (20.5%) 3,185 (34.5%) 13,412 (22.7%)
poorer 10,324 (20.7%) 2,400 (26.0%) 12,724 (21.5%)
middle 10,215 (20.4%) 1,705 (18.5%) 11,920 (20.1%)
richer 9,919 (19.8%) 1,189 (12.9%) 11,108 (18.8%)
richest 9,305 (18.6%) 741 (8.0%) 10,046 (17.0%)
husband/partner's education level
no education 12,094 (29.5%) 4,627 (58.3%) 16,721 (34.1%)
primary 12,673 (30.9%) 1,712 (21.6%) 14,385 (29.4%)
secondary 12,381 (30.1%) 1,303 (16.4%) 13,684 (27.9%)
higher 3,917 (9.5%) 288 (3.6%) 4,205 (8.6%)
Antenatal visits
no visit 3,233 (6.7%) 3,638 (41.3%) 6,871 (12.1%)
lessthan4 14,075 (29.3%) 2,350 (26.7%) 16,425 (28.9%)
4 or more 30,695 (63.9%) 2,820 (32.0%) 33,515 (59.0%)
Parity
1 11,426 (22.9%) 1,502 (16.3%) 12,928 (21.8%)
2 10,328 (20.7%) 1,639 (17.8%) 11,967 (20.2%)
3 8,412 (16.8%) 1,462 (15.9%) 9,874 (16.7%)
4 6,422 (12.8%) 1,135 (12.3%) 7,558 (12.8%)
5 4,616 (9.2%) 1,030 (11.2%) 5,646 (9.5%)
6 3,390 (6.8%) 792 (8.6%) 4,182 (7.1%)
7 2,360 (4.7%) 593 (6.4%) 2,954 (5.0%)
8 1,459 (2.9%) 438 (4.8%) 1,897 (3.2%)
9 790 (1.6%) 269 (2.9%) 1,059 (1.8%)
10 786 (1.6%) 360 (3.9%) 1,146 (1.9%)
Not working
0 31,171 (62.4%) 4,967 (53.9%) 36,139 (61.0%)
1 18,819 (37.6%) 4,252 (46.1%) 23,072 (39.0%)
No decision-making power
0 32,902 (65.8%) 5,022 (54.5%) 37,924 (64.0%)
1 17,089 (34.2%) 4,197 (45.5%) 21,286 (36.0%)
nomedia
0 33,253 (66.5%) 3,890 (42.2%) 37,143 (62.7%)
1 16,738 (33.5%) 5,330 (57.8%) 22,068 (37.3%)
No media access
0 623 (1.2%) 2,961 (32.1%) 3,585 (6.1%)
1 1,453 (2.9%) 933 (10.1%) 2,386 (4.0%)
2 4,712 (9.4%) 2,152 (23.3%) 6,864 (11.6%)
3 15,902 (31.8%) 2,008 (21.8%) 17,911 (30.2%)
4 27,300 (54.6%) 1,165 (12.6%) 28,465 (48.1%)
Household size
1 89 (0.2%) 14 (0.2%) 104 (0.2%)
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2 856 (1.7%) 144 (1.6%) 1,000 (1.7%)
3 6,312 (12.6%) 903 (9.8%) 7,215 (12.2%)
4 7,987 (16.0%) 1,288 (14.0%) 9,275 (15.7%)
5 7,859 (15.7%) 1,440 (15.6%) 9,298 (15.7%)
6 7,163 (14.3%) 1,186 (12.9%) 8,349 (14.1%)
7 5,434 (10.9%) 1,022 (11.1%) 6,456 (10.9%)
8 3,990 (8.0%) 852 (9.2%) 4,842 (8.2%)
9 2,718 (5.4%) 615 (6.7%) 3,333 (5.6%)
10 7,583 (15.2%) 1,756 (19.0%) 9,339 (15.8%)
Money problem accessing care
No 26,005 (52.0%) 3,927 (42.6%) 29,932 (50.6%)
Yes 23,986 (48.0%) 5,293 (57.4%) 29,278 (49.4%)
Distance problem accessing care
No 32,843 (65.7%) 5,024 (54.5%) 37,867 (64.0%)
Yes 17,148 (34.3%) 4,195 (45.5%) 21,344 (36.0%)
Health insurance
No 10,294 (20.6%) 1,258 (13.6%) 11,552 (19.5%)
Yes 39,697 (79.4%) 7,962 (86.4%) 47,658 (80.5%)
Place of resident
Urban 17,628 (35.3%) 2,154 (23.4%) 19,782 (33.4%)
Rural 32,362 (64.7%) 7,066 (76.6%) 39,429 (66.6%)
Community poverty rate 20.9 (26.6) 32.6 (32.2) 22.7 (27.8)
Community illiteracy rate 32.2(31.4) 59.6 (33.7) 36.5(33.2)
Community unemployment rate 30.2 (27.0) 30.8 (31.3) 30.3 (27.8)
Gross domestic product 3967.3 (3199.2) 4360.7 (3275.6) 4028.6 (3214.4)
Percentage health expenditure 5.0 (1.9) 4.3 (1.3) 4.9 (1.8)
Human development index 0.5 (0.1) 0.5 (0.1) 0.5 (0.1)
Gender Development Index 0.9 (0.0) 0.9 (0.1) 0.9 (0.0
Gender Inequality Index 0.6 (0.1) 0.6 (0.1) 0.6 (0.1)

Maternal and household characteristics showed notable disparities between zero-dose and
vaccinated children. Mothers of zero-dose children had substantially lower educational attainment,
with 62.8% having no formal education compared to 30.1% among mothers of vaccinated children.
Similarly, partners of mothers with zero-dose children demonstrated lower educational levels, with
58.3% having no education versus 29.5% in the comparison group. Household wealth index revealed
a clear socioeconomic gradient, with zero-dose children disproportionately represented in the
poorest quintile (34.5% vs. 20.5%) and underrepresented in the richest quintile (8.0% vs. 18.6%).

Healthcare utilization patterns differed markedly between groups. A substantial proportion of
mothers with zero-dose children (41.3%) had received no antenatal care visits compared to only 6.7%
of mothers whose children were vaccinated. Among those who did receive antenatal care, mothers
of zero-dose children were less likely to complete the recommended four or more visits (32.0% vs.
63.9%).

Barriers to healthcare access were more prevalent among families with zero-dose children.
Financial constraints were reported by 57.4% of families with zero-dose children compared to 48.0%
of those with vaccinated children. Geographic barriers were similarly pronounced, with 45.5% of
zero-dose families reporting distance as a problem accessing care versus 34.3% in the comparison
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group. Paradoxically, health insurance coverage was higher among zero-dose children (86.4% vs.
79.4%), though this may reflect country-specific insurance schemes or data collection variations.

Community and country-level factors revealed systematic disadvantages for zero-dose children.
These children were predominantly from rural areas (76.6% vs. 64.7%) and resided in communities
with higher poverty rates (32.6% vs. 20.9%) and illiteracy rates (59.6% vs. 32.2%). At the country level,
zero-dose children lived in nations with slightly higher GDP per capita (4,360.7 vs. 3,967.3 USD) but
lower health expenditure as a percentage of GDP (4.3% vs. 5.0%). Human development indicators,
including the Human Development Index, Gender Development Index, and Gender Inequality
Index, showed minimal variation between groups.

Variation in Zero-Dose Prevalence Across Sub-Saharan African Countries

The prevalence of zero-dose children varied substantially across the 28 sub-Saharan African
countries included in the analysis, with an overall pooled prevalence of 10.71% (95% CI: 6.90-15.23)
(Figure 1). This marked heterogeneity was statistically significant across all regional groupings (I2 >
93% for all regions, p <0.001), indicating considerable between-country variation that extends beyond

sampling variation.

Events per 100

Country (Survey year) Zero dose Sample Size observations Events 95%-Cl Weight
Central

Cameroon (2019) 313 1937 H 16.16 [14.55;17.88] 3.6%
Gabon (2021) 235 1322 = 17.78 [15.76; 19.96] 3.6%
Angola (2016) 982 2979 ) 32.96 [31.28;34.68] 3.6%
Chad (2015) 1324 3131 H 42.29 [40.55;44.04] 3.6%
Random effects model _— 26.64 [15.41; 39.66] 14.3%
Heterogeneity: /2 = 99.4%, 2 = 0.0199, p < 0.0001

East

Rwanda (2020) 7 1628 0.43 [0.18; 0.89] 3.6%
Burundi (2017) 36 2782 129 [0.91; 1.79] 3.6%
Zambia (2019) 38 2011 1.89 [1.34; 259] 3.6%
Malawi (2016) 82 3389 242 [192; 299] 3.6%
Uganda (2016) 140 3055 458 [3.85; 537] 3.6%
Tanzania (2022) 103 2216 465 [3.80; 560] 3.6%
Kenya (2022) 195 3848 5.07 [4.39; 580] 3.6%
Zimbabwe (2015) 102 1190 M 8.57 [7.05;10.32] 3.6%
Mozambique (2023) 271 1806 = 15.01 [13.40; 16.75] 3.6%
Madagascar (2021) 543 2464 H 22.04 [20.37;23.69] 3.6%
Ethiopia (2016) 497 2056 B 2417 [22.33;26.07] 3.6%
Random effects model R 6.49 [2.81;11.53] 39.3%
Heterogeneity: 12 = 99.5%, t° = 0.0224, p = 0

Southern

Lesotho (2024) 9 547 H 165 [0.82; 3.17] 3.5%
South Africa (2016) 41 702 ==} 584 [4.27; 789] 3.5%
Random effects model < 3.46 [0.53; 8.68] 7.1%
Heterogeneity: /2 = 93.7%, 1> = 0.0060, p < 0.0001

West

Gambia, The (2020) 32 1675 191 [1.32; 2.69] 3.6%
Ghana (2023) 60 2021 297 [227; 3.81] 3.6%
Burkina Faso (2021) 91 2383 3.82 [3.08; 466] 3.6%
Sierra Leone (2019) 98 2021 485 [3.97; 589] 3.6%
Liberia (2020) 86 1151 == 747 [6.03; 9.16] 3.6%
Mauritania (2021) 212 2196 = 9.65 [8.45;10.96] 3.6%
Benin (2018) 404 2668 15.14 [13.76; 16.52] 3.6%
Mali (2018) 413 2056 H 20.09 [18.38;21.89] 3.6%
Cote d'lvoire (2021) 510 2098 ==} 24.31 [22.49;26.21] 3.6%
Nigeria (2018) 2130 6562 32.46 [31.32;33.60] 3.6%
Guinea (2018) 547 1521 [ 35.96 [33.54;38.43] 3.6%
Random effects model e 12.38 [6.34; 20.07] 39.3%
Heterogeneity: 12 = 99.7%, 12 = 0.0314, p = 0

Random effects model = 10.71 [6.90; 15.23] 100.0%
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Central Africa demonstrated the highest regional burden, with a pooled prevalence of 26.64%
(95% CI: 15.41-39.66). Within this region, Chad exhibited the highest zero-dose prevalence at 42.29%
(95% CI: 40.55-44.04), followed by Angola at 32.96% (95% CI: 31.28-34.68). Gabon and Central African
Republic showed more moderate rates at 17.78% (95% CI: 15.76-19.96) and 16.16% (95% CI: 14.55-
17.88), respectively.

West Africa showed considerable internal variation with a pooled prevalence of 12.38% (95% CI:
6.34-20.07). Guinea recorded the highest prevalence in this region at 35.96% (95% CI: 33.54-38.43),
followed by Nigeria at 32.46% (95% CI: 31.32-33.60) and Cote d'Ivoire at 24.31% (95% ClI: 22.49-26.21).
Mali demonstrated a prevalence of 20.09% (95% CI: 18.38-21.89), while Benin showed 15.14% (95%
CI: 13.76-16.52). The remaining West African countries exhibited single-digit prevalences, with
Gambia showing the lowest at 1.91% (95% CI: 1.32-2.69).

East Africa presented more heterogeneous patterns with a pooled prevalence of 6.49% (95% CI:
2.81-11.53). Ethiopia and Madagascar showed the highest burdens at 24.17% (95% CI: 22.33-26.07)
and 22.04% (95% CI: 20.37-23.69), respectively. Mozambique recorded 15.01% (95% CI: 13.40-16.75),
while Zimbabwe showed 8.57% (95% CI: 7.05-10.32). Several East African countries demonstrated
remarkably low prevalences, including Rwanda at 0.43% (95% CI: 0.18-0.89), Burundi at 1.29% (95%
CI: 0.91-1.79), and Zambia at 1.89% (95% CI: 1.34-2.59).

Southern Africa exhibited the lowest regional burden with a pooled prevalence of 3.46% (95%
CIL: 0.53-8.68), though this estimate was based on only two countries. South Africa showed a
prevalence of 5.84% (95% CI: 4.27-7.89), while Lesotho demonstrated 1.65% (95% CI: 0.82-3.17).

Measures of Association (Fixed Effects Model)

The fully adjusted multilevel model (Model 5) incorporating individual-, community-, and
country-level factors revealed several significant associations with zero-dose status among children
aged 12-23 months in sub-Saharan Africa (Table 2).

Table 2. Individual compositional and contextual factors associated with zero-dose children.

Variable Model 1 Model 2 Model 3 Model 4 Model 5

OR (95% Crl) OR (95% Crl) | OR (95% Crl) | OR (95% Crl) OR (95% Crl)

Measures of associations (Fixed Effects Model)

Individual -level factors

Survey year

0.95 (0.95-0.95)

0.95 (0.95-0.95)

Birth year

0.97 (0.97-0.97)

0.97 (0.97-0.97)

Maternal age

Young adult

1.73 (1.42-2.04)

1.59 (1.34-1.89)

Adult

1.25 (1.07-1.44)

1.20 (1.05-1.37)

Middle-Age/Older Adult

Education

No education

2.39 (1.94-2.87)

1.84 (1.36-2.81)

Primary 1.53 (1.24-1.84) 1.40 (1.05-2.06)
Secondary 1.24 (0.99-1.50) 1.17 (0.89-1.67)
Tertiary

Wealth

Poorest 1.33 (1.13-1.57) 1.14 (0.95-1.34)
Poorer 1.19 (1.01-1.41) 1.11 (0.92-1.30)
Middle 1.18 (1.01-1.38) 1.11 (0.94-1.28)
Richer 0.96 (0.82-1.12) 0.93 (0.79-1.07)
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Richest

Partner Education

No education

1.56 (1.28-1.94)

1.44 (1.17-1.72)

Primary 1.21 (1.00-1.47) 1.27 (1.02-1.54)
Secondary 1.04 (0.87-1.27) 1.09 (0.90-1.29)
Tertiary

Parity 1.04 (1.02-1.06) 1.04 (1.02-1.06)
Not working 1.26 (1.16-1.37) 1.13 (1.04-1.23)
No decision-making

power 1.33 (1.22-1.45) 1.31 (1.21-1.43)

No media access

1.32(1.21-1.44)

1.28 (1.18-1.39)

Household size

1.00 (0.98-1.02)

1.00 (0.98-1.02)

Money problem accessing

care

1.03 (0.94-1.13)

1.05 (0.96-1.15)

Distance problem

accessing care

1.10 (1.01-1.20)

1.07 (0.98-1.17)

Money problem accessing

care

2.09 (1.91-2.28)

1.98 (1.81-2.17)

No health insurance

1.09 (0.86-1.30)

1.11 (0.94-1.27)

Poor / No maternal health 15.90 (13.93- 15.21 (13.28-
seeking 18.09) 17.35)
Community -level
factors
1.22 (1.11-

Rural resident 1.35) 0.91 (0.80-1.01)
Community poverty rate 1.07 (1.06-

1.09) 1.01 (0.99-1.03)
Community illiteracy rate 1.31 (1.28-

1.33) 1.11 (1.08-1.14)
Community 1.09 (1.07-
unemployment rate 1.12) 1.06 (1.04-1.09)

Societal -level factors

Gross domestic product 0.26 (0.17-0.36) 1.26 (0.53-2.21)
Percentage health
expenditure 1.68 (1.16-2.84) 3.45 (1.85-5.72)
Human development
index 1.81 (0.97-3.17) 0.82 (0.42-1.82)

Gender Development

Index

7.26 (3.91-
13.57)

1.91 (1.11-3.17)

Gender Inequality Index

1.67 (1.02-2.88)

0.87 (0.39-1.50)

Measures of variations (random effects)

Country-level

r(s). Distributed under a Creative Commons CC BY license.
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Variance (95% CrI) 2.04 (1.18-
2.81 (1.63-4.72) 1.52 (0.87-2.64) 3.56) | 1.90 (1.05-3.30) 1.08 (0.59-1.91)

VPC (%) 29.5 (19.8-
32.4(22.3-43.7) 25.1 (16.5-36.1) 41.5) | 24.5(16.5-35.2) 19.1 (11.6-28.8)

MOR (95% CrT) 3.91 (2.82-
4.95 (3.38-7.94) 3.24 (2.43-4.71) 6.05) | 3.72 (2.66-5.65) 2.70 (2.08-3.74)

Explained variance (%) 27.4 (24.6-
reference 46.0 (44.1-46.8) 27.8) | 32.5(30.1-35.7) 61.6 (59.5-64.0)

Community-level

Variance (95% CrI) 1.59 (1.46-
2.59 (2.40-2.79) 1.25 (1.10-1.39) 1.73) | 2.57(2.38-2.78) 1.30 (1.17-1.42)

VPC (%) 52.5 (44.5-
62.1 (55.0-69.5) 45.7 (37.4-55.0) 61.6) | 57.6 (51.0-64.9) 42.0 (34.7-50.3)

MOR (95% CrI) 3.33(3.17-
4.64 (4.38-4.92) 2.91 (2.72-3.08) 3.51) | 4.62 (4.36-4.91) 2.97 (2.80-3.12)

Explained variance (%) 38.5 (38.0-
reference 51.7 (50.2-54.2) 39.1) 0.6 (0.4-0.8) 49.7 (49.1-51.4)

OR odds ratio, CrI credible interval, MOR median odds ratio, VPC variance partition coefficient. Model 1 — baseline model
without any explanatory variables (unconditional model). Model 2 — adjusted for only individual-level factors. Model 3 —
adjusted for only community-level factors. Model 4 — adjusted for only country-level factors. Model 5 — adjusted for

individual-, community-, and country-level factors (full model).

Individual-level factors demonstrated the strongest associations with zero-dose status. The most
pronounced effect was observed for poor or absent maternal health-seeking behavior, with children
whose mothers had inadequate antenatal care utilization showing dramatically increased odds of
being zero-dose (OR =15.21, 95% Crl: 13.28-17.35). Maternal educational attainment exhibited a clear
gradient effect, with children of mothers having no formal education showing nearly doubled odds
of zero-dose status compared to those with tertiary education (OR = 1.84, 95% Crl: 1.36-2.81).
Similarly, children of mothers with only primary education remained at elevated risk (OR =1.40, 95%
Crl: 1.05-2.06).

Partner education also emerged as a significant determinant, with children whose
fathers/partners had no formal education showing increased odds of zero-dose status (OR = 1.44, 95%
Crl: 1.17-1.72). Maternal empowerment indicators were consistently associated with vaccination
outcomes, as children of mothers with no decision-making power had 31% higher odds of being zero-
dose (OR =1.31, 95% Crl: 1.21-1.43), while those with no media access showed 28% higher odds (OR
=1.28, 95% Crl: 1.18-1.39). Maternal employment status also influenced vaccination likelihood, with
children of non-working mothers showing 13% higher odds of zero-dose status (OR =1.13, 95% CrI:
1.04-1.23).

Temporal trends revealed improving vaccination coverage over time, with both survey year (OR
=0.95, 95% Crl: 0.95-0.95) and child's birth year (OR = 0.97, 95% Crl: 0.97-0.97) showing protective
effects. Maternal age demonstrated a gradient relationship, with children of young adult mothers
having 59% higher odds of zero-dose status compared to middle-aged/older mothers (OR =1.59, 95%
Crl: 1.34-1.89).

Community-level factors showed important associations as continuous variables. Community
illiteracy rates demonstrated a significant positive association, with each unit increase in illiteracy
rate associated with 11% higher odds of zero-dose status (OR = 1.11, 95% CrI: 1.08-1.14). Similarly,
community unemployment rates showed a modest but significant association, with each unit increase
associated with 6% higher odds of being zero-dose (OR =1.06, 95% CrI: 1.04-1.09). Interestingly, rural
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residence showed no significant association in the fully adjusted model (OR = 0.91, 95% Crl: 0.80-
1.01), suggesting that the rural-urban disparity observed in bivariate analyses was largely explained
by other socioeconomic and health system factors. Community poverty rates showed no significant
association after full adjustment.

Country-level factors revealed complex relationships with zero-dose prevalence when
categorized into high versus low levels relative to median values. Children in countries with low
health expenditure (below median) had substantially higher odds of zero-dose status compared to
those in higher health expenditure countries (OR = 3.45, 95% Crl: 1.85-5.72), indicating that
inadequate national health investment is associated with poorer vaccination coverage. Children in
countries with low Gender Development Index values had nearly doubled odds of zero-dose status
compared to those in countries with high gender development (OR = 1.91, 95% Crl: 1.11-3.17),
suggesting that gender inequality at the national level contributes to vaccination gaps. GDP per capita
categorization showed no significant association in the fully adjusted model. Human Development
Index and Gender Inequality Index classifications also showed no significant associations after full
adjustment.

Measures of Variations (Random Effects)

As shown in Table 2, in Model 1 (unconditional model), there was significant variation in the
odds of zero-dose status across countries (02 = 2.81, 95% Crl 1.63 to 4.72) and across communities (02
= 259, 95% Crl 240 to 2.79). According to the intra-country and intra-community correlation
coefficients, 32.4% and 62.1% of the variance in odds of zero-dose status could be attributed to
country- and community-level factors, respectively.

The inclusion of explanatory variables progressively reduced the unexplained variance at both
levels. Individual-level factors (Model 2) explained 46.0% of the country-level variance and 51.7% of
the community-level variance. Community-level factors alone (Model 3) had moderate impact on
country-level variance (27.4% explained) and substantially reduced community-level variance by
38.5%. Country-level factors (Model 4) explained 32.5% of country-level variance with minimal effect
on community-level variance (0.6% explained).

From the full model (Model 5), which included individual-, community-, and country-level
factors, the total explained variance was 61.6% at the country level and 49.7% at the community level.
The remaining unexplained variance was 1.08 (95% Cr1 0.59 to 1.91) at the country level and 1.30 (95%
Crl 1.17 to 1.42) at the community level. The variance partition coefficients in the final model
indicated that 19.1% and 42.0% of the remaining variance in zero-dose status could still be attributed
to unmeasured country- and community-level factors, respectively.

From the full model (Model 5), it was estimated that if a child moved to another community or
another country with a higher probability of zero-dose status, the median increase in their odds of
being zero-dose would be 2.97 (95% CrI 2.80 to 3.12) and 2.70-fold (95% CrI 2.08 to 3.74), respectively.
These substantial MOR values underscore the important role of contextual factors in shaping
vaccination coverage patterns beyond individual-level characteristics.

Discussion

Main Findings

This multilevel analysis of 59,211 children aged 12-23 months from 28 sub-Saharan African
countries reveals substantial variation in zero-dose prevalence and identifies critical determinants
across individual, community, and country levels. The overall pooled prevalence of zero-dose
children was 10.71% (95% CI: 6.90-15.23), with marked heterogeneity ranging from 0.43% in Rwanda
to 42.29% in Chad. This variation underscores the complex interplay of factors influencing childhood
vaccination outcomes across the region.

We found substantial evidence of geographical clustering in zero-dose vaccination behaviors. In
the unconditional model, approximately 62.1% and 32.4% of the variation in zero-dose status among
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children in sub-Saharan Africa was conditioned by differences between communities and countries,
respectively. The median odds ratios from the fully adjusted model revealed that if a child moved to
another community or another country with a higher probability of zero-dose status, their odds of
being zero-dose would increase by 2.97-fold and 2.70-fold, respectively.

It is intuitive that children from the same community may be more similar to each other in
relation to their vaccination status than to others from different communities. This contextual
phenomenon expresses itself as clustering of individual vaccination behaviors within communities
and countries. The substantial community-level variance (42.0% in the final model) suggests that
neighborhood characteristics create shared environments that influence vaccination-seeking
behaviors through multiple pathways including social norms, peer influences, collective efficacy, and
local healthcare infrastructure. The persistence of significant country-level clustering (19.1% in the
final model) indicates that national policies, health system organization, and broader socioeconomic
contexts continue to shape vaccination outcomes beyond individual and community characteristics.

The application of the Three Delays Model framework proved highly effective in identifying key
barriers to vaccination access and utilization. Consistent with the model's first delay (decision to seek
care), maternal health-seeking behavior emerged as the strongest predictor of zero-dose status, with
children whose mothers had poor or no antenatal care utilization showing dramatically increased
odds (OR =15.21, 95% Crl: 13.28-17.35). This finding reinforces the critical importance of maternal
engagement with health services as a gateway to childhood immunization.

The second delay (reaching care) was manifested through several significant associations.
Community-level factors demonstrated clear patterns, with higher community illiteracy rates (OR =
1.11 per unit increase, 95% Crl: 1.08-1.14) and unemployment rates (OR = 1.06 per unit increase, 95%
Crl: 1.04-1.09) associated with increased zero-dose prevalence. These factors likely reflect both direct
barriers to accessing services and indirect effects through reduced health literacy and economic
constraints. Interestingly, rural residence showed no independent association after controlling for
other factors, suggesting that geographic barriers are mediated through socioeconomic and health
system characteristics rather than distance alone.

Maternal empowerment emerged as a critical determinant bridging the first and second delays.
Children of mothers with no decision-making power had 31% higher odds of being zero-dose (OR =
1.31, 95% Crl: 1.21-1.43), while those with no media access showed 28% higher odds (OR =1.28, 95%
Crl: 1.18-1.39). These findings highlight how women's autonomy and access to information directly
influence their ability to seek and obtain healthcare services for their children.

Educational gradients were pronounced across multiple domains, reflecting the third delay
(receiving quality care) and its intersection with the first two delays. Maternal education showed a
clear dose-response relationship, with children of mothers having no formal education showing
nearly doubled odds of zero-dose status (OR = 1.84, 95% Crl: 1.36-2.81). Partner education also
demonstrated significant effects, with children whose fathers had no education showing 44% higher
odds of being zero-dose (OR = 1.44, 95% Crl: 1.17-1.72). These educational effects likely operate
through multiple pathways, including health knowledge, service navigation skills, and healthcare
provider interactions.

The temporal analysis revealed encouraging trends, with both survey year and child's birth year
showing protective effects, indicating gradual improvements in vaccination coverage over time.
However, the persistence of substantial zero-dose prevalence suggests that progress remains
insufficient to achieve universal coverage goals.

Country-level factors revealed complex relationships that warrant careful interpretation. The
counterintuitive finding that children in countries with low health expenditure had higher odds of
zero-dose status (OR = 3.45, 95% CrI: 1.85-5.72) aligns with expectations about resource allocation and
health system capacity. However, the association between low Gender Development Index and
increased zero-dose prevalence (OR = 1.91, 95% Crl: 1.11-3.17) suggests that broader gender
inequalities at the societal level compound individual-level maternal disempowerment effects.
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The multilevel analysis demonstrated that substantial clustering persists even after accounting
for measured factors. The sequential model building revealed that individual-level factors explained
the largest proportion of variance (46.0% at country level and 51.7% at community level), followed
by community-level factors (27.4% and 38.5%, respectively) and country-level factors (32.5% and
0.6%, respectively). This pattern suggests that while contextual factors are important, household and
maternal characteristics remain the primary drivers of vaccination outcomes, emphasizing the need
for interventions that address both individual and structural determinants simultaneously.

Comparison with Previous Studies

Our findings align with several recent studies examining zero-dose children in sub-Saharan
Africa, while revealing important nuances in the determinants of vaccination coverage. The overall
zero-dose prevalence of 10.71% observed in our study falls within the range reported by other
continental analyses, though comparisons are complicated by different methodological approaches
and time periods. Our findings of highest prevalence in Chad (42.29%) and lowest in Rwanda (0.43%)
are consistent with Bangura et al. (2020), who identified similar country-level disparities and
highlighted the role of health system strengthening in Rwanda's vaccination success[19].

Our educational gradient findings align with extensive literature documenting the role of
parental education in vaccination outcomes. Gram et al. (2019) reported comparable odds ratios for
maternal education effects on vaccination in their systematic review of African studies, with no
formal education associated with 1.8-fold higher odds of non-vaccination[20]. The significant
association with partner education observed in our study extends findings by Antai (2012), who
emphasized the importance of paternal characteristics in vaccination decision-making within
patriarchal contexts[21].

The community-level clustering effects we observed (42.0% residual variance) are consistent
with recent multilevel studies. Ntenda et al. (2019) found similar community-level variance
proportions (38-45%) in their analysis of childhood vaccination in Malawi, emphasizing the role of
local social norms and healthcare infrastructure[8]. However, our finding that rural residence showed
no independent association after adjustment contrasts with some previous studies that reported
persistent rural-urban disparities[22], suggesting that socioeconomic factors may mediate geographic
effects more completely than previously recognized.

The country-level associations we identified, particularly the relationship between health
expenditure and zero-dose prevalence, align with macro-level analyses by Restrepo-Méndez et al.
(2016), who demonstrated that national health financing levels were inversely associated with
vaccination inequities across countries[14].

Implications for Policy and Future Research

The findings from this comprehensive multilevel analysis provide critical insights for policy
development and research priorities aimed at reducing zero-dose children in sub-Saharan Africa. The
substantial clustering effects and multifaceted determinants identified suggest that successful
interventions must adopt integrated, multi-level approaches rather than focusing on single-factor
solutions.

The overwhelming importance of maternal health-seeking behavior (OR = 15.21) underscores
the need for integrated maternal and child health service delivery models. Countries should prioritize
strengthening antenatal care platforms as entry points for childhood vaccination. The WHO's
recommendation for focused antenatal care that explicitly links maternal and child health services
provides a framework for such integration. Countries with high zero-dose burdens, particularly in
Central and West Africa, should consider implementing maternal health scorecards that track both
antenatal care attendance and childhood vaccination initiation as linked indicators.

The pronounced educational gradients observed necessitate targeted interventions addressing
health literacy and maternal empowerment. Evidence from community-based intervention studies
suggests that peer education programs and women's group interventions can effectively bridge
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educational gaps in health knowledge[14,23]. The significant association with partner education
highlights the need for male engagement strategies in vaccination programs[24] [4]. Policy
frameworks should explicitly address gender dynamics in vaccination decision-making, particularly
in contexts where women have limited autonomy.

The persistence of substantial community-level clustering (42.0% residual variance) indicates
that place-based interventions remain essential. The association between community illiteracy and
zero-dose prevalence suggests that broader education initiatives may have spillover effects on
vaccination coverage, supporting arguments for intersectoral collaboration between education and
health ministries.

Country-level findings reveal the critical importance of adequate health financing and gender-
equitable development policies. The association between low health expenditure and increased zero-
dose prevalence reinforces calls for increased domestic and international investment in health
systems. Countries should prioritize reaching the Abuja Declaration target of 15% of government
budgets allocated to health, with specific emphasis on primary healthcare and immunization
services. The relationship between Gender Development Index and vaccination outcomes suggests
that broader gender equality initiatives may have positive externalities for child health outcomes.

The substantial unexplained variance at both community and country levels (42.0% and 19.1%,
respectively) highlights critical knowledge gaps requiring urgent research attention. Mixed-methods
studies combining quantitative surveys with qualitative ethnographic approaches are needed to
understand unmeasured community-level factors, including local health system performance,
traditional beliefs, and social network influences. Implementation science research should investigate
how successful vaccination programs can be adapted and scaled across diverse contexts, particularly
examining the mechanisms underlying Rwanda's exceptional performance.

The complex relationship between health expenditure and vaccination outcomes requires
deeper investigation through health systems research. Studies should examine the efficiency of health
spending, quality of service delivery, and governance mechanisms that mediate the relationship
between financial inputs and vaccination outcomes[25]. Longitudinal studies tracking countries'
vaccination performance alongside health system investments could provide critical insights for
optimal resource allocation.

Research is urgently needed to understand the mechanisms linking gender inequality at
multiple levels to vaccination outcomes. Studies should investigate how national-level gender
policies translate into household-level empowerment and healthcare decision-making[26].
Intervention research testing gender-transformative approaches to vaccination programs could
provide evidence for scaling successful models.

Given the persistent rural-urban disparities in some contexts, research should investigate
innovative service delivery models for hard-to-reach populations. Mobile health technologies,
community health worker programs, and seasonal vaccination campaigns require rigorous
evaluation to determine optimal implementation strategies. Cost-effectiveness analyses of different
delivery modalities are essential for informing resource allocation decisions in resource-constrained
settings.

Study Strengths and Limitations

This study presents several notable strengths that enhance the validity and generalizability of
our findings. The analysis utilized a large, representative sample of 59,211 children from 28 sub-
Saharan African countries, providing substantial statistical power and broad geographic coverage
across diverse socioeconomic and health system contexts[16]. The use of standardized DHS
methodology ensures comparability across countries and time periods, addressing concerns about
data harmonization that often plague multi-country analyses.

The application of multilevel modeling represents a methodological strength, appropriately
accounting for the hierarchical structure of the data and clustering effects at community and country
levels. This analytical approach provides more accurate estimates of associations and variance
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components compared to single-level analyses, which can produce biased standard errors and
misleading inferences[27]. The sequential model-building strategy allowed for systematic
examination of how different levels of factors contribute to zero-dose patterns, providing insights
into the relative importance of individual, community, and country-level determinants.

The theoretical framework based on the Three Delays Model provided a structured approach to
variable selection and interpretation, ensuring that our analysis addressed key pathways to
vaccination coverage systematically[9]. This framework has been successfully applied to various
health outcomes and provides a robust foundation for understanding barriers to healthcare access
and utilization[11]. The inclusion of both compositional and contextual factors at multiple levels
aligns with current best practices in health services research and social epidemiology[12].

The use of recent DHS data ensures contemporary relevance of findings, capturing recent trends
in vaccination coverage and health system performance. The temporal analysis examining both
survey year and birth year effects provides insights into vaccination trends while controlling for
potential cohort effects.

Despite these strengths, several limitations must be acknowledged when interpreting our
findings. The cross-sectional design precludes causal inference, as temporal relationships between
exposures and outcomes cannot be established definitively. While the associations observed are
consistent with theoretical expectations and previous research, longitudinal studies would be needed
to confirm causal pathways, particularly for modifiable factors such as maternal empowerment and
community-level characteristics.

The DHS relies on maternal recall for vaccination status, which may introduce information bias.
Studies have shown that maternal recall can underestimate vaccination coverage compared to health
facility records, particularly for children without vaccination cards[28]. However, the DHS
methodology has been extensively validated and remains the gold standard for population-based
vaccination coverage estimates in low- and middle-income countries[29]. The binary coding of zero-
dose status, while aligned with WHO definitions, may not capture the complexity of partial
vaccination patterns that could provide additional insights into vaccination barriers.

The analysis was constrained by variables available in DHS datasets, potentially omitting
important determinants of vaccination coverage. Key unmeasured factors may include healthcare
provider characteristics, vaccine availability and stockouts, service quality, and cultural beliefs about
vaccination[15]. The substantial residual variance at community and country levels (42.0% and 19.1%,
respectively) suggests that important contextual factors remain unaccounted for in our models.

Finally, The aggregation of community-level variables from individual responses may not
accurately reflect true community characteristics, particularly in areas with small sample sizes or high
heterogeneity. Similarly, the use of median splits for country-level variables, while improving
interpretability, may mask important non-linear relationships and reduce statistical power to detect
associations[30].

Conclusions

This comprehensive multilevel analysis reveals that zero-dose children in sub-Saharan Africa
are concentrated among the most disadvantaged populations, with substantial clustering at both
community and country levels. The application of the Three Delays Model successfully identified
critical barriers across the healthcare-seeking pathway, with maternal health-seeking behavior
emerging as the most powerful predictor of vaccination status. The pronounced educational
gradients, maternal empowerment effects, and community-level determinants underscore the
multifaceted nature of vaccination inequities.

The findings demonstrate that addressing zero-dose children requires coordinated interventions
spanning individual, community, and national levels. Strategies must integrate maternal and child
health services, strengthen community-level health literacy and infrastructure, and ensure adequate
health system financing with attention to gender equity. The substantial unexplained variance at
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community and country levels indicates that context-specific factors remain critically important,
suggesting that one-size-fits-all approaches are unlikely to succeed.

The marked heterogeneity in zero-dose prevalence across countries, ranging from less than 1%
to over 40%, demonstrates that achieving universal vaccination coverage is feasible but requires
sustained commitment to health system strengthening and addressing underlying social
determinants. The temporal improvements observed provide encouraging evidence that progress is
possible, though current rates of improvement remain insufficient to achieve global vaccination
targets.

Future efforts to eliminate zero-dose children must adopt integrated, equity-focused approaches
that address the complex interplay of individual, social, and structural determinants identified in this
analysis. Success will require not only strengthened vaccination programs but also broader
investments in education, gender equality, and health system capacity that address the root causes
of vaccination inequities in sub-Saharan Africa.
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Appendix

Table Al. Variable Definitions and Three Delays Framework Classification.

Variable Definition Type Hypothesis/Justification
of
Delay

Individual-

Level Variables

Age Maternal age in years Delay Younger women may lack experience
1 and knowledge about postnatal care
importance
Education level No education, primary, | Delay Education enhances health literacy and
secondary, higher 1 awareness of postnatal care benefits
Wealth index Poorest to richest quintiles Delays | Wealth affects both decision-making

1&2 capacity and ability to afford/access care

Partner's No education, primary, | Delay Partner's education influences household
education secondary, higher 1 health decisions and support for care-
seeking

Parity Total children ever born (0-10+) Delay Higher parity may reduce perceived
1 need for care due to experience or resource

constraints
Employment Working vs. not working Delays | Employment provides economic
status 1&2 resources and may increase autonomy in

health decisions
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Decision- Participates  in  household | Delay Autonomy in decision-making directly
making power decisions vs. not 1 affects ability to decide to seek care

Media Access to newspapers/radio/TV | Delay Media exposure increases awareness of
exposure vs. not 1 health services and danger signs

Maternal Composite index (0-4) based on: | Delay Maternal engagement with health
health-seeking (I) possession of  health |1 services during pregnancy and delivery
behavior index card/vaccination  record, (2) reflects health knowledge, attitudes

receipt of antenatal care, (3) toward healthcare, and established

facility delivery, and (4) tetanus patterns of service utilization. Women

vaccination during pregnancy. who demonstrate consistent health-

Categorized as poor/no health- seeking behaviors are more likely to value

seeking (0-2 behaviors) vs. and pursue preventive services for their

adequate (3-4 behaviors) children, including vaccination. This
composite measure captures the "pathway
to care" effect, where previous positive
healthcare experiences facilitate future
service utilization.

Money Problem vs. no problem Delays | Financial barriers affect both decision to
problems 1&2 seek care and ability to reach facilities
accessing care

Distance Problem vs. no problem Delay Geographic Dbarriers directly impact
problems 2 ability to reach health facilities
accessing care

Place of | Hospital vs. home Delays | Facility delivery indicates successful
delivery 2&3 navigation of access barriers and system

engagement

Health Covered vs. not covered Delays | Insurance coverage reduces financial
insurance 1&2 barriers and facilitates access

Household size | Number of household members | Delay Larger households may have competing

(1-10+) 1 resource  demands  affecting  care
prioritization

Community-

Level Variables

Place of | Urban vs. rural Delay Rural areas typically have greater
residence 2 distance to health facilities and transport

challenges

Community Proportion of poor households | Delays | Community poverty affects collective
poverty rate in community 1&2 resources and health infrastructure

availability

Community Proportion of illiterate | Delay Community education levels influence
illiteracy rate individuals in community 1 social norms and health-seeking behaviors
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Community Proportion of unemployed | Delays | Community economic status affects local
unemployment | individuals in community 1&2 resources and transport infrastructure
rate

Country-Level
Variables

Region Geographic regions G| Al Regional variations capture cultural,

categories) delays | economic, and health system differences

Health Government health spending as | Delay Higher health spending improves health
expenditure (% | percentage of GDP 3 system capacity and service quality
GDP)

Urbanization Percentage of population in | Delay Urbanization affects distribution of
rate urban areas 2 health facilities and accessibility

Physician Number of physicians per 10,000 | Delay Provider availability ~directly affects
density population 3 ability to receive adequate care

Human Composite measure of | All Overall development affects health
Development development delays | system strength and population health
Index literacy

Gender Gender-specific human | Delay Gender equality affects women's
Development development measure 1 autonomy and health decision-making
Index power

Gender Measure  of  gender-based | Delay Gender inequality constrains women's
Inequality Index | disadvantage 1 ability to make independent health

decisions

Survey year Year of data collection Controls for temporal trends in health

Control | service utilization
Birth year Year of child's birth Controls for cohort effects and changing
Control | health service availability
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