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Abstract

The success of immunisation programmes is traditionally evaluated by measuring vaccination
coverage rates, which assumes uptake, but overlooks if vaccine doses are delivered within the
recommended and accepted timeframes. The timeliness of routine childhood vaccination shapes
childhood vaccine-preventable diseases (VPDs) risk, thus, is an important public health metric. To
achieve the goals of the Immunisation Agenda 2030, countries must also ensure that all children

receive vaccination in a timely, age-appropriate manner.

While studies on the timeliness of childhood vaccination have gained traction in low-and middle-
income countries (LMICs), many of them have key measurement and methodological gaps that
limit their utility and comparability. These studies generated estimates of timeliness at the national
or regional level, masking significant within and between country heterogeneities that hinders the
identification of hotspots that could benefit from targeted interventions. Existing research have
rarely explored the specific impact of supply-side determinants on vaccination timeliness, despite
their known influence on the uptake of childhood vaccination. This PhD investigated the burden
and spatial pattern of untimely childhood vaccinations in The Gambia, and examined the demand
and supply-side determinants of timely vaccination. It also examined the impact of the COVID-19

pandemic on the timeliness of childhood vaccination in The Gambia.

The first objective of the PhD was to determine the methodological and measurement gaps in
assessing vaccination timeliness in LMICs through a scoping review of existing literature. The
review relied on the guidance framework for scoping reviews described by the Joanna Briggs
Institute. The second objective leveraged the latest available nationally representative
Demographic and Health Survey (DHS) data to investigate all dimensions of childhood vaccination
timeliness, analysing outcomes across two birth cohorts in The Gambia. The second objective also
identified the hotspots of untimely routine vaccination by leveraging a well validated fully Bayesian
geostatistical modelling approach and generated high-resolution maps depicting the prevalence of
untimely childhood vaccination in The Gambia. Additionally, this analysis identified specific districts

with a combination of high estimated prevalence and a substantial number of affected infants.

The third objective of the PhD examined the impact of the COVID-19 pandemic on vaccination
coverage and timeliness in The Gambia. This analysis leveraged a binomial interrupted time-series
regression model and monthly longitudinal birth cohort data of 57,286 children in over 300
communities in two large Health and Demographic Surveillance Systems in The Gambia, covering
five years preceding and two years during the COVID-19 pandemic. Finally, the fourth objective
investigated the demand- and supply-side factors determining timely vaccination in The Gambia,
guided by two complementary conceptual frameworks. To achieve this objective, two nationally-

representative and temporally aligned datasets were integrated.



This PhD, through the most extensive review on the topic to date, spanning four decades and
including 224 studies from 103 LMICs, identified significant measurement and methodological gaps
in the existing literature on vaccination timeliness. Specifically, there was substantial variation in
the definition, dimensions studied, and operationalisation of timeliness. The subsequent objectives
of the PhD addressed these gaps through a robust approach. Delayed vaccination was the most
common dimension of untimely vaccination in The Gambia, with the highest proportion and the
longest median number of days children were vaccinated after the recommended time frames. The
spatial modelling of vaccination timeliness, potentially the first globally, revealed significant
subnational heterogeneity, with most 'hotspots' of delayed vaccination clustered in the eastern part
of The Gambia. The COVID-19 pandemic had no significant negative impact on the timeliness and
coverage of routine childhood vaccinations in The Gambia. Demand-side factors were the most
common drivers of timely vaccination; however, supply-side factors such as travel time, availability
of cold storage, and staffing levels at the nearest immunisation clinic were also significant

determinants.

Taken together, the PhD research underscores the need for a comprehensive, nuanced and robust
approach to measuring vaccination timeliness. The findings have key implications for policy and
practice for The Gambian routine immunisation system and similar LMICs context. While
optimising overall vaccination coverage rates and reaching zero-dose children remain crucial,
focusing solely on these measures may obscure other important aspects of programme
performance, particularly the timeliness of vaccination. This is even more important for ‘maturing’
immunisation systems like The Gambia, which, despite achieving relatively high routine vaccination

coverage rates, continue to grapple with untimely vaccination and VPDs outbreaks.
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Thesis outline

This PhD thesis is divided into three parts and consists of seven chapters presented in the
research paper style. Part 1, which includes Chapters 1 and 2 provides the background and
objectives of the research. Part 2, which comprises Chapters 3, 4, 5 and 6, consist of analytical
chapters, which are presented as research papers. Finally, Part 3, which is Chapter 7 presents a
general discussion, future direction for research, recommendations and the conclusion of the PhD

research. An overview of the outline is provided below.

PART 1: BACKGROUND AND OBJECTIVES

Chapter 1 sets the stage by exploring the critical role of childhood immunisation and the key
indicators used to track progress in vaccination programmes. It introduces the concept of
vaccination timeliness, highlighting its significance as a marker of programme quality. Additionally,
the chapter provides a comprehensive overview of The Gambia's routine immunisation
programme, including the specific vaccines offered, their recommended schedule, and the
programme's achievements and challenges. Finally, it critically evaluates past research on
vaccination timeliness in The Gambia, identifying limitations and paving the way for the scientific

rationale behind the PhD research.

Chapter 2 of the thesis provides an overview of the aim, hypothesis, and objectives of the PhD
research. It also presents an overview of the different methodologies used throughout the
research. There is no overall methods section because the methods used to address each of the
PhD objective differ. Detailed methods to achieve each objective are thus presented in the
respective chapters, within the included research papers and the accompanying supplementary

materials.

PART 2: ANALYTICAL CHAPTERS

Chapter 3 of this thesis addresses the first objective of my PhD, which was to systematically
review the literature to understand the measurement and methodological gaps in the existing
research on vaccination timeliness in low-and middle-income countries. The insights gained from
this scoping review of the literature played a crucial role in shaping the design of my subsequent
PhD studies. This chapter is presented as two published research papers; Research Paper 1
(appendix): Wariri O, Okomo U, Kwarshak YK, et al. Timeliness of routine childhood vaccination in
low-and middle-income countries, 1978—-2021: Protocol for a scoping review to map methodologic
gaps and determinants. PLoS ONE. 2021. Research Paper 2: Wariri O, Okomo U, Kwarshak YK,

et al. Timeliness of routine childhood vaccination in 103 low-and middle-income countries, 1978—

2021: A scoping review to map measurement and methodological gaps. PLOS Global Public
Health. 2022
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Chapter 4 of the thesis addresses the second objective of my PhD, which was to examine the
burden and spatial pattern of the timeliness of routine childhood vaccination in The Gambia. This

chapter is presented as two published research papers. Research Paper 3: Wariri O, Utazi CE,

Okomo U, et al. Timeliness of routine childhood vaccination among 12—-35 months old children in
The Gambia: Analysis of national immunisation survey data, 2019-2020. PLoS ONE. 2023.

Research Paper 4: Wariri O, Utazi CE, Okomo U, et al. Mapping the timeliness of routine

childhood vaccination in the Gambia: a spatial modelling study. Vaccine. 2023.

Chapter 5 addresses the third objective of my PhD which was to examine the impact of COVID-19
pandemic on the timeliness of routine childhood vaccination in The Gambia. This chapter includes

one published research paper. Research Paper 5: Wariri O, Utazi CE, Okomo U, et al. Impact of

the COVID-19 pandemic on the coverage and timeliness of routine childhood vaccinations in the
Gambia, 2015-2021. BMJ Global Health. 2023.

Chapter 6 of the thesis focuses on the fourth and final objective of my PhD research, which was to
investigate the multi-level determinants (demand and supply-side) of timely routine childhood
vaccinations in The Gambia. This chapter is presented as a research paper that has been

submitted for peer-review and is currently undergoing review. Research paper 6: Wariri O, Utazi

CE, Okomo U, et al. Multi-level determinants of timely routine childhood vaccinations in The

Gambia: findings from a nationwide analysis. Status: Submitted Manuscript Under Review.

PART 3: GENERAL DISCUSSION, CONTRIBUTION OF THE PHD TO LITERATURE AND
DIRECTION FOR FUTURE RESEARCH

Chapter 7 of the thesis summarises the main findings from the four analytical chapters and
discusses their interconnectedness, highlights the conceptual and methodological contributions to
the literature, as well as its limitations. Additionally, this chapter highlights the implications of the
PhD research for programme and policy and presents direction for future research. Finally, the

chapter ends with key recommendations and concluding remarks.
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Chapter 1: Introduction

1.1 Global status of routine childhood immunisation

The global Expanded Programme on Immunisation (EPI), launched by the World Health
Organization (WHO) during the 27" World Health Assembly in May, 1974," has seen remarkable
success. The catalyst for the launch of the EPI was the substantial progress made towards global
smallpox eradication in the 1970s, a milestone that was achieved in 1978 due to smallpox
vaccination." At its outset, the WHO aimed to vaccinate all children against smallpox, tuberculosis,
diphtheria, tetanus, pertussis, poliomyelitis, and measles through the EPI by 1990.? Due to its
success, EPI currently provide protection against other global and regional specific pathogens,
across the life course.® The inclusion of new vaccines into the EPI schedule, and the specific ages
or timeframes for their administration, is typically driven by local or region-specific epidemiological

situations and country programme decisions."

The EPI has significantly reduced the incidence and mortality from childhood vaccine-preventable
diseases (VPDs). A prime example is polio, a crippling childhood disease that was once a global
threat. Thanks to widespread routine childhood vaccination, polio is now on the verge of
eradication, like smallpox which was eradicated more than four decades ago.* In 2022, only 22
cases of wild poliovirus type 1 were reported in Afghanistan and Pakistan compared with 1988
when wild poliovirus paralysed over 350 000 children across 125 countries.® But the benefits
extend beyond polio or smallpox. The EPI is the single greatest contributor to global child survival,
having averted 154 million deaths since its inception in 1974.3 In low- and middle-income countries
(LMICs) alone, vaccination programmes have saved the lives of 36 million children under-5
between 2000 and 2019.° Vaccines are not just about protecting people; they are a powerful public
health tool with exceptional cost-effectiveness. Studies show that for every dollar invested in
immunisation programmes, there's a return on investment of over 16 dollars.” This number jumps
to 48 dollars when the wider benefits, like reduced healthcare costs and increased productivity are

considered.

Despite significant progress in reducing morbidity and mortality from VPDs, and the clear economic
benefits of routine immunisation programmes, major challenges persist in many countries.®
Unfortunately, the benefits of vaccination are not distributed equally. Coverage varies significantly
within and between countries, with some subpopulations facing the greatest barriers. These
subpopulations often include the poorest, most marginalised, and vulnerable people, particularly in
fragile and conflict-affected settings.® An alarming 20 million children miss out on completing even
basic vaccinations each year, with an even higher number missing newer vaccines.? Notably,
almost half of these unvaccinated children reside in the WHO African Region. Furthermore, in

2022, over 14.3 million received no vaccines at all through routine programs, known as "zero-dose"
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children (Figure 1)."° In some countries, progress has plateaued since 2009 or even declined

(Figure 1), raising concerns that complacency could jeopardize past achievements.

86% 8% 84%
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Un-and under vaccinated

22
~ ™

Un and Under Vaccinated Children

@ Zero doses Drop-out O DTP3 coverage DTPI coverage

Figure 1: Global trends in estimated vaccine coverage and zero-dose children, 2000 — 2022.
Image source: World Health Organization, 2023.1°

The recent global resurgence of measles serves as a stark reminder of how hard-won gains of
routine immunisations can easily be eroded. Measles is a highly transmissible VPD and its
occurrence acts as a “canary in the coalmine”, quickly exposing any immunity gaps in the
population.’ In 2018, over 140,000 people died due to measles globally - a tragic figure that
highlights the urgent need for action."” While the reasons for these outbreaks varied within and
between countries, low coverage of the first dose of the measles-containing vaccine (MCV1),
declining confidence in vaccines, and previously unidentified immunity gaps were important
contributing factors.' Even in Europe, where more children were vaccinated against measles than
ever before, over 80,000 people across 47 of 53 countries contracted measles in 2018, resulting in
72 deaths — the highest number in a decade.’® The worst impacts were felt in sub-Saharan Africa,
where many children consistently miss out on vaccination." The Democratic Republic of the
Congo, Liberia, Madagascar, and Somalia were the most affected countries, accounting for nearly

half of all global measles cases in 2018."

Earlier in 2010, the WHO launched the Global Vaccine Action Plan (GVAP) for the decade 2011—
2020, with the aim of ensuring that all countries worldwide achieve a coverage of 90% for all

childhood vaccines by 2020, among other targets.'* However, only 11 countries/territories had met
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the GVAP target of reaching and maintaining 90% coverage across the assessed vaccines in
2019." Recognising the role of childhood vaccination in global health security and the cost-
effectiveness of vaccination, the Immunisation Agenda 2030 (IA2030) was officially launched in
2021 as a comprehensive and inclusive framework for the decade 2021-2030. The 1A2030 is more
ambitious than GVAP, striving for a 50% reduction in the number of zero-dose children, the
introduction of 500 new vaccines in LMICs by 2030, and ultimately achieving “a world where every-

one, everywhere, at every age fully benefits from vaccines”.’

Central to its core strategies, the
IA2030 seeks to prioritise the subpopulations that are usually not reached by lifesaving vaccines or
are under-immunised. However, the COVID-19 pandemic presents a significant challenge,

jeopardising these crucial objectives.

The global COVID-19 pandemic overstretched health systems. It amplified the already existing
gaps which prevented countries from reaching global immunisation targets."® In 2020, an estimated
23 million children aged 12 months or younger did not receive their basic vaccines, which is 3.7
million more children than in 2019."” 60% of these children disproportionately lived in 10 LMICs.
Estimates also suggest that the COVID-19 pandemic prevented 8.9 million children from receiving
their routine MCV1 vaccination in 2020.'® This setback reversed years of progress, and 39 of the
68 Gavi-supported vaccine introductions slated for 2020 were delayed due to COVID-19."°
Although there is some evidence of recovery, a pulse survey conducted in late 2021 found that
over half of the 129 participating countries reported continued disruptions in routine
immunisation.? Furthermore, a multi-country analysis of the African continent in 2020 found that
22 13 of 15 included countries demonstrated
evidence of declines in the monthly number of
vaccine doses delivered across several
antigens.?’ It is worth noting that Guinea and

Liberia experienced similar disruptions to

I 18
15
routine vaccination during their 2013-2015
Ebola outbreaks, later followed by measles
II! resurgence.?># While the latest WHO and

UNICEF Estimates of National Immunisation

Coverage (WUENIC) show a decrease in "zero-

dose" children compared to 2021, pre-pandemic
levels have not been achieved (Figure 2)."°
Figure 2: Zero-dose children (in millions) by
WHO regions. Note: AFR = African Regions; AMR =
American Region; EMR = Eastern Mediterranean Region;
EUR = European Region; SEAR = South East Asian

2000 2005 2010 2020 2022 Region; WPR = Western Pacific Region.

Image source: World Health Organization, 2023.1°
@ AFR @ AMR @EMR @ EUR SEAR @ WPR
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1.2 Monitoring the performance of routine immunisation systems

Routine immunisation programmes have a significant impact on reducing childhood morbidity and
mortality from VPDs. Therefore, monitoring the performance of immunisation programmes is
crucial in assessing the health system's overall performance. To achieve this, the immunisation

),2* with each component further

system is generally divided into five key components (Figure 3
divided into key indicators for evaluation.? The commonest indicators for evaluating and monitoring
the performance of immunisation programmes include: vaccination coverage; up-to-date
vaccination; zero-dose children; new vaccine introductions; drop-out rate, equity of vaccination
coverage, and incomplete vaccination.? These indicators are part of the ‘Service Delivery’

component of the immunisation system.

Vaccination coverage is the traditional and most common indicator for evaluating and monitoring
the performance of immunisation programmes. It refers to the proportion of the target population
vaccinated with a specific vaccine dose by any date before data collection.?*2® This indicator,
which belongs to the service delivery component of the immunisation system, provides information
on how effectively the immunisation programme is reaching its target population (Figure 3).%*
Vaccination coverage is also a primary proxy indicator for monitoring progress towards various
vaccine-specific global health strategies, including the GVAP, IA2030, Reach Every District (RED)
strategy, and the Measles and Rubella Strategic Framework 2021-2030. For instance, these four
strategies aim to achieve a national vaccination coverage of 90%,' coverage of 90% for essential
vaccines,® 80% vaccination coverage in all districts,?’
and at least 95% vaccination coverage with two doses of
2) Vaccine supply, 5) Programme measles and rubella-containing vaccines in each district
Quakty & logistics Jeragches of every country,? respectively. Moreover, coverage

also serves as an indicator for monitoring progress

;Lﬁf:&ce towards the Sustainable Development Goals and was
also part of the Millennium Development Goals.
3) Surveillance 4) Advocacy Figure 3: Five components of the immunisation
& monitoring & communication | system. Image source: World Health Organization, 2008.24

2 Service Delivery include vaccination coverage, drop-out rates and existence of national plan for immunisation.
Vaccine Supply, Quality and Logistics include availability of operational cold-chain equipment, availability of vaccine
stocks and continuity of services, implementation of multi-dose vial policy, etc. Surveillance and Monitoring include
completeness and timeliness of reporting, outbreak investigation initiated within 48 hours, proportion of VPDs confirmed
by laboratory etc. Advocacy and Communication include availability of social mobilization or overall communication
plan, availability of specific strategy for hard-to-reach population, etc. Programme Management include government
funding for vaccines and programme operations, multiple-year commitment to financing, proportion of planned
supportive supervision conducted, existence of micro-plans for each district, adequacy of personnel training, etc.
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While vaccination coverage is an important measure of how effective an immunisation programme
is in reaching its intended population, it does not provide the whole picture. The concept of "zero-
dose" children has emerged as a crucial indicator for monitoring the performance of immunisation
systems. For operational purposes, zero-dose children are defined as those who have not received
the first dose of the Diphtheria, Tetanus, and Pertussis containing vaccine (DTP1).2° This indicator
is a key priority for both Gavi's 5.0 Strategy® and the 1A2030,° which aims to reduce the number of
zero-dose children by 50% globally by 2030. However, the IA2030 goes beyond coverage and
zero-dose children. It also emphasises the number of new vaccines successfully introduced as a
key service delivery indicator for monitoring the performance of immunisation systems.® Another
important indicator for monitoring immunisation system performance is the drop-out rate between
two vaccine doses (e.g., the drop-out rate between DTP1 and DTP3).2*? |t is calculated by
comparing the number of children who started receiving vaccination to the number that received
subsequent vaccine doses.?*?® Drop-out rate reflects the percentage of children who start a
vaccination schedule but do not complete it. This indicator can be useful for defaulter tracking

mechanisms.

Achieving equity in immunisation systems is crucial to the Gavi’s 5.0 Strategy of “Leaving no-one
behind with immunisation”,*® and aligns with the "Everyone, Everywhere" vision of the 1A2030
agenda.’® Therefore, equity in vaccination coverage based on location, sex, age, social or cultural
background, is another crucial indicator of immunisation system performance.® This indicator is
measured by comparing the vaccination coverage in one subpopulation to another, such as
children from the poorest households compared to those from the richest or those in urban areas
compared to those in rural settings.®' To identify location-based or geographic inequalities in
vaccination coverage, it is crucial to have spatially detailed data that goes beyond national or
regional averages. This type of data helps to pinpoint areas with low or inadequate vaccination
coverage and determine the best strategies to bridge the gap and improve overall coverage.
Geospatial modelling approaches that use geolocated household survey data have become an
important tool for generating high-resolution estimates and maps of vaccination coverage, and
have gained prominence in recent years.*>3® This type of equity-based, spatially detailed,
vaccination coverage indicator is highly relevant for immunisation programmes, as recognised by

0,9,30

global health policy frameworks such as the WHO 1A2030 and Gavi Strategy 5. which aims to

achieve equity in vaccination coverage.

1.3 Timeliness of routine childhood vaccination

The traditional measure of immunisation programme performance, vaccination coverage, has
certain limitations that make it an imperfect indicator of the effectiveness of vaccination
programmes.>* Conceptually, vaccination coverage assumes uptake, and overlooks whether doses

were received within the recommended age window. Vaccination coverage does not account for

Page | 6



whether doses were administered too early, late or improperly spaced, rather, it classifies
children into two groups: those who are vaccinated and those who are not. This approach
oversimplifies the reality, concealing a spectrum of situations within each group that can affect
vaccine effectiveness and protection from VPDs. Seemingly high-coverage populations may exhibit
poor performance if the timing and adherence to recommended vaccination schedules are taken
into account. A study in Malawi confirms this, where 93% of children had received DTP3 by the
age of 23 months, but only 2% had received it at the recommended age of 14 weeks.*® Another
study found that only 18% of children in the United States received all their vaccinations at the
recommended times, despite vaccination coverage rates reaching record-high levels.*” This shows
that vaccination coverage can overestimate protection and mask significant immunity gaps arising
from non-adherence to recommended vaccination schedules. Therefore, while coverage remains
an important indicator, it is crucial to consider additional quality indicators, such as timeliness of

vaccination, to fully assess programme effectiveness.°

Timeliness of vaccination —i.e., vaccines received within the recommended vaccination schedule,
in an age-appropriate manner, is a measure of effective vaccination coverage.?® The purpose of
the vaccination schedule is to protect children during their first year of life, when they are most
vulnerable.*® Determining the optimal timing for vaccination depends on several factors, such as
the epidemiology of VPDs, waning of maternal antibodies, and identifying the earliest safe age for
vaccination with optimal efficacy and minimal risks.*' Other factors that determine the optimal
timing of vaccination include the age at which the child is at the greatest risk of VPDs and when
their immune system is mature enough to provide maximum response to the vaccine (Figure 4).*?
The US measles epidemic of 1989-1990 was attributed to a failure to provide timely vaccination to
children at their most vulnerable period, according to the recommended schedule.*® This resulted
in many children being exposed to measles for longer than they should have been. Pertussis is a
another example of the significance of timely vaccination. Since siblings can transmit pertussis to
infants who are too young to be vaccinated, vaccinating these children according to the
recommended schedule can indirectly protect their younger siblings by minimising their
exposure.*** These examples highlights the need for high coverage and timely vaccination, i.e.,
ensuring that a high proportion of children receive their doses at the optimal and recommended

time for maximum protection.?
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MCV1 vaccination.*’ Note the increasing rate of seroconversion to MCV1, from 4 to 8 months.
Image source: Nic Lochlainn et al, 2019.42

Ensuring the timeliness of vaccination is essential for several individual and programmatic reasons.
At the individual level, early vaccination, i.e., vaccines received before the earliest or minimum
valid ages, may result in suboptimal immune response due to interference with maternal
antibodies.*"*24¢ For example, evidence suggests that early measles vaccination, resulted in a lack
of protective antibodies levels due to neutralisation of vaccine antigen by maternal antibodies
(Figure 4).**® Delayed vaccination, i.e., vaccines received after the latest recommended age
window, can prolong the exposure of children to potentially life-threatening VPDs such as
pertussis, and measles whose peaks occur in infancy.*"*® A previous Malawian study confirms this,
showing that measles outbreaks occurred despite achieving high vaccination coverage rates,
suggesting a link between the accumulation of susceptible persons and delayed vaccination.>
Furthermore, delayed vaccination can have a domino effect, leading to further delays and non-
completion of subsequent doses.®' As a result, clusters of children with delayed or incomplete
vaccinations accumulate within communities. This can ultimately lead to outbreaks of VPDs if there
are enough susceptible individuals due to delayed vaccination, lack of vaccination, or suboptimal
immune response to vaccination.®** A marginal reduction in herd immunity can leave populations

vulnerable, especially for highly infectious diseases such as measles.®?

At the programmatic level, vaccinations given too early, before their earliest valid dates, or

delayed, outside the recommended windows are important indicators of the quality of an
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immunisation programme.?* Early or delayed vaccination might be the only warning sign that could
alert immunisation programme managers to potential problems with the delivery and uptake of
certain vaccines. Monitoring the timeliness of vaccination in the population is crucial for
establishing VPD risk, especially for diseases where age is linked to higher complication rates or
severity. This has programmatic significance to understand the vaccination needs of specific
subpopulations, target the necessary interventions, and prevent outbreaks. Timeliness also has
implications for the introduction of new vaccines. For example, the WHO initially recommended an
age restriction on the administration of the rotavirus vaccine, stating it should not be initiated in
infants aged 12 weeks or older to minimize the potential risk of a rare but severe form of bowel
obstruction called intussusception.®® This policy recommendation restricted the introduction of
rotavirus vaccine in many LMICs where untimely (i.e., early or delayed) vaccination was a major
concern. However, the recommendation was subsequently reversed. Taken together, the
timeliness of vaccination is a key measure of the quality of immunisation programmes. It better
reflects the effective or valid coverage needed to achieve herd immunity and ensure optimal

protection for individuals and communities.

1.4 The Gambia immunisation programme

The Gambia, situated in West Africa, has a population of 2.7 million people and a birth cohort of
about 90,000 children who are added to the routine childhood immunisation programme yearly.*" In
2022, the country had an under-5 mortality rate of 47.9 deaths per 1,000 births, compared to 166.5
and 113.7 deaths per 1,000 births in 1990 and 2000 respectively.®® In May 1967, The Gambia
achieved the distinction of being the first country in the world to interrupt the transmission

of measles virus successfully.®® After a yellow fever outbreak in 1978, The Gambia launched its
national EPI in May 1979.%° The programme initially offered six vaccines that targeted tuberculosis
(BCG vaccine), diphtheria, pertussis, tetanus (combined DTP vaccine), measles, polio, and yellow
fever. Over the past forty years, numerous additional vaccines have been introduced in The
Gambia.®® For example, the Hepatitis B vaccine (HBV) was introduced in 1986, followed by the
Haemophilus influenza type B (HiB) vaccine in 1997, pneumococcal conjugate vaccine (PCV) in
2009, and inactivated polio vaccine (IPV) in 2015. More recently, in 2019, The Gambia added
meningitis A (MenA) and human papillomavirus vaccine (HPV) to its routine vaccination
programme. In early 2017, the country switched from a measles-only vaccine to a combined
measles/rubella vaccine due to epidemiological evidence indicating the prevalence of rubella in the
population. The immunisation schedule showing the recommended childhood vaccines in The

Gambia is shown in Table 1.

Page | 9



Table 1: The routine childhood immunisation schedule in The Gambia as of June 2024.

Vaccine Vaccination window Early Delayed
(Timely or age- vaccination vaccination
appropriate
vaccination)

Hepatitis B vaccine birth dose (HepBO0) Birth NA > 24 hours of life®"
Bacilli Calmette Guerin (BCG) NA > 7 days®°
Oral Polio Vaccine (OPV0)

Oral Polio Vaccine (OPV1) 2 Months <61 days >90 days
Pentavalent vaccine (PENTA1)* (61— 90 days)

Pneumococcal vaccine (PCV1)
Rotavirus vaccine (Rota1)

Oral Polio Vaccine (OPV2) 3 Months <91 days >120 days
Pentavalent vaccine (PENTA2)* (91 - 120 days)

Pneumococcal vaccine (PCV2)

Rotavirus vaccine (Rota2)

Oral Polio Vaccine (OPV3) 4 Months <121 days >150 days
Pentavalent vaccine (PENTA3)* (121 - 150 days)

Pneumococcal vaccine (PCV3)

Inactivated Polio Vaccine (IPV)

Measles and Rubella vaccine (MCV1) 9 Months <271 days >300 days
Oral Polio Vaccine (OPV4) (271 - 300 days)

Yellow Fever vaccine

Meningitis A vaccine 12 months NA** NA**
Measles and Rubella vaccine (MCV2) 18 months NA** NA**
Interval between multi-series vaccine: 4 — 8 weeks <4 weeks or 28 >8 weeks or
e.g., OPV1 - OPV2; OPV2 - OPV3; (28 — 56 days) days** 56 days™*

PENTA1 — PENTA2; PENTA2 — PENTA3

Note: *Pentavalent vaccine protects against Diphtheria, Tetanus, Pertussis, Hepatitis B, and Haemophilus
influenza type B (DPT-HepB-HiB). **There is no strict window around the vaccines given in the second year
of life (i.e., 12 months and above) in The Gambia. OPV booster is also given at 18 months in The Gambia.

The Gambian EPI is primarily funded by government budgetary allocation,?® but supplemented
through additional funding and support from the WHO, UNICEF, Gavi the Vaccine Alliance and
other development partners.®? All routine childhood vaccines are provided free of charge in the
country. Vaccination services are implemented through two approaches - fixed base (health
facility) delivery and mobile outreach clinics that cater to children in communities without functional
health facilities. Since its inception in 1979, The Gambian EPI programme has grown to be a highly
successful and model immunisation programme in sub-Saharan Africa. For more than a decade,
The Gambia EPI has consistently maintained vaccination coverage rates comparable to those
achieved in high-income countries. The country consistently achieved coverage rates above 90%
for several vaccines,® including DTP3 which is traditionally regarded as the measure of national
immunisation programme performance (figure 5). The country achieved the GVAP vaccination

6485 and is on track to reach the coverage target of the WHO

coverage target a decade early,
IA2030.° The success of The Gambia EPI can be attributed, in parts, to high public awareness
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about the benefits of vaccines,®® and easy access to vaccination services through fixed

Reproductive and Child Health and outreach clinics for remote rural communities.®’
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Figure 5: WHO and UNICEF estimates of routine childhood vaccination coverage in The
Gambia, 2011 - 2022.

Image source: World Health Organization, 2023.53

Despite the notable successes, many poor, rural, and hard-to-reach communities continue to have
low vaccination coverage rates. In fact, national immunisation coverage rates for many vaccines
have remained stagnant since 2009.%® Furthermore, the global COVID-19 pandemic, which began
in The Gambia in March 2020, may have further contributed to a decline in routine vaccination
coverage across the country (Figure 5). Even before the onset of the COVID-19 pandemic, there
was evidence that a large proportion of vaccinations were delayed and not given according to
recommended timeframes.®”%*’° These issues are concerning, particularly in light of recent
measles outbreaks in some parts of the country. In fact, there has been a six-fold increase in
measles cases as of mid-2023 compared to 2020 figures (Figure 6), despite historically high
coverage of MCV1 and the introduction of the second dose of measles-containing vaccine (MCV2)
since 2012.”""? Measles outbreaks are often a sign of emerging immunity gaps in vaccination
programmes. Several factors, including postponed measles campaigns, stagnating or declining
measles vaccine coverage, and untimely (early and delayed) measles vaccination potentially
explain the recent trend of increasing outbreaks. These factors can lead to the accumulation of

susceptible children in spatial clusters, increasing the risk of outbreaks. Given the continued
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addition of new vaccines to the immunisation schedule, The Gambia's EPI faces the challenge of

delivering all recommended vaccines in a timely and age-appropriate manner.
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Figure 6: Annual measles incidence rate per million population in The Gambia, 2011-2023.
Note: the red horizontal dashed line is the WHO threshold for measles elimination of <1 case per 1,000,000 population.
Data source: World Health Organization, 2023." Image credit: Oghenebrume Wariri.

1.5 Existing literature on the timeliness of childhood vaccinations in The Gambia
In The Gambia, three studies, published in 2014,%” 2015,° and 2016°° have so far assessed the
timeliness of routine childhood vaccination. These studies revealed that although the overall
vaccination coverage was high for the vaccines studied, a large proportion of children did not
receive vaccinations according to the antigen-specific, nationally recommended vaccination
timeframes. While these studies focused mainly on delayed vaccination, they did not adequately
explore other crucial dimensions such as early vaccination and untimely intervals between
subsequent doses of multi-series vaccines like pentavalent vaccines. This one-dimensional
approach provides inadequate data to gain a holistic understanding of the overall pattern of
vaccination timelines in The Gambia. Moreover, the previous studies used a pragmatic approach
that lumped together and categorised all children vaccinated after the latest recommended

vaccination timeframe as "delayed vaccination”, irrespective of the numbers of days they were
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delayed. This methodological approach prevents a nuanced interpretation of the outcome.
Communities where children experience a longer average number of days vaccinations are
delayed may face an increased risk of exposure to VPDs and potential outbreaks compared to

communities where delays are shorter.

The definition of timely vaccination was not consistent across the three studies. The timeframes
that were considered untimely vaccination in one study were classified as timely and age-
appropriate vaccination in the other studies. This methodological approach limits the comparability
of their findings. Moreover, none of the studies used a nationally representative dataset, thus,
provide an incomplete picture of the true scale of vaccination timeliness in The Gambia. While
these studies explored several factors that may explain the untimely receipt of childhood
vaccination, they primarily focused on demand-side factors such as parental and childhood
sociodemographic characteristics as determinants of timeliness. However, there is evidence from
various sub-Saharan African settings that supply-side factors such as geographic accessibility to
immunisation clinics determine the uptake of childhood vaccination.” " Factors such as how far a
family lives from a vaccination clinic, how long they had to travel for an appointment, and the
presence (or lack thereof) of accessible roads can all impact the uptake of health services,
including vaccination. The absence of comprehensive evidence regarding the broader
determinants hinders an understanding of the complex interplay between different demand and

supply-side factors and their potential influence on timely vaccination.

Finally, it is worth noting that the previous studies on vaccination timeliness in The Gambia did not
generate spatially disaggregated estimates; rather, they produced overall estimates. This omission
meant that the studies missed the opportunity to identify specific areas or “hotspots” of too early or
delayed vaccinations. While the estimates from these studies are a crucial initial step in exploring
vaccination timeliness, they are insufficient for targeted programmatic interventions because they
did not identify pockets of vulnerabilities that could benefit from targeted interventions. Taken
together, the identified gaps in the existing studies on vaccination timeliness in The Gambia limit
the comparability, programmatic relevance, and the extent to which inference can be drawn from

their findings.

1.6 Rational for the PhD studies

Routine childhood vaccination programmes are fundamental to public health, especially in LMICs,
where preventable diseases still pose significant threats to children’s well-being. While vaccination
coverage rate have traditionally been used to measure immunisation programme performance,
recent studies have recognised the limitations of relying solely on this metric. For instance, a
recent Global Burden of Disease Study suggested that vaccination timeliness should be taken into

account when evaluating coverage trends.” The authors recommended that future research
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should develop methods to estimate age-specific vaccination coverage where data permit. They
argue that such estimates could provide a better reflection of schedule adherence and identify
when delays in vaccination are occurring.”® In addition, a 2019 WHO white paper on harmonising
vaccination coverage measures also recognised that vaccination timeliness is a better indicator of
effective or valid coverage.?® The white paper emphasised that valid or timely coverage reflects
vaccine doses that are most likely to be immunogenic. This is based on respecting the timing in the

national schedule, including the child's age and the minimal interval between doses.?®

The Gambian routine childhood immunisation programme can be considered 'maturing.’ In contrast
to many sub-Saharan African countries, it has consistently achieved relatively high vaccination
coverage rates over the past decade, comparable to those of many high-income countries. Despite
being regarded as a model for other LMICs,**%® documented evidence shows that the country still

faces significant challenges in delivering vaccines within the recommended timeframes.®”:69.7°

Additionally, there has been an increasing trend of VPDs outbreaks, particularly measles.”" In
2022 and 2023, the measles incidence rates were 22.9 and 38 cases per million population (Figure
6), respectively, compared to the WHO elimination benchmark of <1 case per million.”® For more
than a decade before the COVID-19 pandemic, vaccination coverage plateaued, and over the past

three years, there has been a decline in coverage for many routine vaccines.

The emerging weaknesses in ensuring timely coverage, repeated measles outbreaks, and
declining coverage might have been detected earlier if indicators of effective or timely coverage
were also prioritised alongside overall coverage measures. Neglecting to measure quality
indicators such as timeliness can obscure the onset of programme weaknesses. The underlying
maturity of the immunisation programme, along with its emerging weaknesses and the unique
characteristics of The Gambia, such as its relatively small population and geography, make it a
suitable study site for this PhD. When successfully implemented, the findings and methodologies
developed during this PhD can be adapted to other countries with 'maturing' immunisation

systems, enabling early detection of programme weaknesses.

In the last decade, there has been a notable increase in studies exploring the timeliness of
childhood vaccination in LMICs.”” However, a review of the existing studies from The Gambia
shows that there are important methodological and measurement gaps that limit their
programmatic relevance. This PhD research will address these gaps by comprehensively
examining the burden, spatial patterns, and gain a better understanding of the broader factors
influencing vaccination timeliness in The Gambia. By examining the various dimensions of
timeliness, and addressing other identified gaps, this research seeks to fill a crucial void in the
existing literature and inform targeted interventions to enhance the effectiveness of immunisation

programmes in The Gambia and similar LMIC settings. The PhD research will potentially lay the
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groundwork for evidence-based interventions to address untimely childhood vaccination in The

Gambia.

Moreover, the COVID-19 pandemic has introduced unprecedented disruptions to healthcare
systems worldwide, potentially exacerbating existing challenges in timely vaccine delivery and
uptake. Understanding the pandemic's impact on vaccination timeliness is paramount for mitigating
its adverse effects and ensuring the resilience of The Gambia immunisation programme in the face
of future public health emergencies. This PhD plans to examine the impact of the COVID-19
pandemic on the timeliness of childhood vaccination in The Gambia through a detailed analysis of
longitudinal data spanning pre-pandemic and pandemic periods. By shedding light on the potential
vulnerabilities exposed by the pandemic, this PhD research holds profound implications for
strengthening health systems' capacity to respond to emergent threats and safeguarding the health

of vulnerable populations.
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Chapter 2: The PhD Aim, Hypothesis, Objectives and Methodology

2.1 Aim

The overarching aim of this study was to investigate the burden and spatial pattern of the various

dimensions of the timeliness of childhood vaccination in The Gambia and examine the influence of

both demand-side and supply-side factors and the COVID-19 pandemic.

2.2 Hypotheses

1.

Despite an expected high overall vaccination coverage rate, various dimensions of untimely
childhood vaccination, including early, delayed, and untimely intervals between doses, are

likely to be prevalent in The Gambia.

The prevalence of untimely vaccinations in The Gambia will demonstrate obvious
subnational inequalities, with districts in the more rural regions of the country being more

likely to experience higher ‘un-timeliness’ for all vaccines scheduled for the first year of life.

The COVID-19 pandemic will result in a significant increase in the proportion of untimely
childhood vaccinations, as well as a decrease in routine childhood vaccination coverage in

The Gambia, particularly during the peaks of epidemiological waves.

The most common factors influencing the timeliness of childhood vaccination in The
Gambia will be household factors such as socioeconomic and demographic characteristics,

which determine the household's intention or recognition of the need for vaccination.

Factors impacting a household's ability to reach immunisation facilities, such as geographic
accessibility or travel time, will have an impact on the timeliness of receiving childhood

vaccinations in The Gambia.

Factors determining the readiness of immunisation facilities to deliver appropriate services
such as ownership of functional cold storage facility or staffing numbers, will have an

impact on the timeliness of receiving childhood vaccinations in The Gambia.

2.3 Specific Objectives

The four specific objectives of the PhD research are:

1.

To systematically review the existing empirical literature on the timeliness of routine
childhood vaccination in low-and middle-income countries, with the aim of identifying the

measurement and methodological gaps to inform the design of the PhD research.

To describe the burden and the spatial pattern of the various dimensions of the timeliness

of childhood vaccination in The Gambia.
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3. To determine the impact of the COVID-19 pandemic on the timeliness and coverage of

routine childhood vaccination in the Gambia.

4. To examine the influence of demand-side factors such as individual and family
sociodemographic characteristics, as well as supply-side factors such as geographic
accessibility to immunisation clinics and the readiness of these clinics to deliver services on

the timeliness of receiving routine childhood vaccination in The Gambia.

2.4 Methodology

During my PhD, | employed a broad range of established methodologies, including various
datasets, analytic and statistical approaches, to appropriately address the four objectives
described above. The datasets used, the analytical and statistical techniques employed are
described in detail in the respective research papers and accompanying supplementary
appendices. Broadly, these research methodologies can be broken down into five components, as
shown in the overview below. Table 1 maps the datasets, analytical and statistical approaches

adopted to each of the PhD objective.
2.4.1 Scoping Review of the empirical literature of vaccination timeliness

To identify measurement and methodological gaps in the existing research on the timeliness of
vaccination and inform the design of my PhD research, | conducted a scoping review, following the
guidance framework described by the Joanna Briggs Institute. | searched five electronic databases
for peer-reviewed articles in English and French that examined vaccination timeliness in LMICs,
and were published from database inception until 01 July 2021. Paper 1 (included as appendix), is
the review protocol and provides the detailed methodology, including the search strategy, data
extraction approach, and analytic approach. Paper 2 outlines the results of the methodological and
measurement gaps synthesised from the empirical literature on vaccination timeliness. Paper 2

addresses Objective 1 and is presented in Chapter 3.
2.4.2 Geospatial Modelling

To address Objective 2 of my PhD research, which involved describing the burden and spatial
pattern of the various dimensions of the timeliness of childhood vaccination in The Gambia, |
utilised a fully Bayesian geostatistical modelling approach. In this well-established geospatial
modelling approach, | incorporated publicly available spatial covariates to increase predictive
accuracy. By using this approach, | mapped the various dimensions of vaccination timeliness
across The Gambia at a resolution of 1 x 1-km2 pixel. To do this, | utilised cluster-level childhood
vaccination data from The Gambia 2019-20 DHS. In Paper 4 and the accompanying
supplementary appendix, | provide a detailed description of this methodology and my findings. This

paper is included along with Paper 3 in Chapter 4 of my thesis. Paper 3 presents a descriptive
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analysis of the burden of the different dimensions of the timeliness of vaccination in The Gambia.

Together, these papers address Objective 2 of my PhD research.
2.4.3 Interrupted time-series analysis

To address objective 3 of my PhD, which involved determining the impact of the COVID-19
pandemic on the timeliness and coverage of routine childhood vaccination in the Gambia, |
implemented a binomial interrupted time-series regression modelling approach. To achieve this, |
obtained prospective monthly birth cohort data of about 60,000 children in over 300 communities in
two large Health and Demographic Surveillance System in The Gambia, including data from the
pre-pandemic period (January 2015—-February 2020) and the three waves of the pandemic period
(March 2020-December 2021). In Paper 5, which is presented in chapter 5, | provided a detailed
description of the binomial interrupted time-series regression modelling approach used to analyse

the data and presents the findings from this analysis.
2.4.4 Travel time modelling (i.e., geographic accessibility to clinics)

To examine the influence of supply-side factors on the timeliness of receiving routine childhood
vaccination in The Gambia, | estimated travel time to the nearest immunisation clinic, using
AccessMod, a WHO tool to model physical accessibility. Travel times were modelled as the least
cost path over an impedance surface. | incorporated various spatial covariates, road network data
and cluster geolocation (i.e., longitude and latitude) from The Gambia 2019-20 DHS for this
modelling process. The nearest clinic was determined using data from the national immunisation
facility mapping and census conducted by The Gambia EPI. The travel time outputs (i.e.,
intermediate outputs) were incorporated with other supply-side factors to address objective 4 of my
PhD. Chapter 6 of my thesis (or Paper 6) presents a detailed description of this methodology and

the multi-level modelling approach used to achieve objective 4.
2.4.5 Multi-level regression modelling

Investigating the influence of demand- and supply-side factors on timely childhood vaccination in
The Gambia (Objective 4) required a robust analytical approach. | employed a Bayesian multi-level
binary logistic regression model, leveraging two nationally representative datasets: the 2019-20
The Gambia DHS and the national immunisation facility mapping and census. To capture
additional crucial supply-side factors, | collaborated with The Gambia EPI to update the national
immunisation facility mapping and census dataset with additional information on the number of
times each facility is open per month, staffing levels, and other relevant variables. A detailed
description of the Bayesian multi-level binary logistic regression modelling approach adopted to
achieve objective 4, and the accompanying findings can be found in Paper 6, as presented in
Chapter 6 of this thesis.

Page | 18



Table 1: Mapping the datasets, analytical and statistical approach utilised to achieve each PhD objective.

Datasets

Analytical and statistical approach

PhD objective

Empirical
literature
(1970 - 2021)

Longitudinal
cohort HDSS
data

(2015 - 2021)

Cross-
sectional The
Gambia

DHS & spatial
location data
(2019/2020)

National
immunisation
facility
census and
spatial
location data
(2019)

Spatial
covariates

Scoping
review

DHS
direct
survey
method

Spatial
modelling

Time-
series
analysis

Travel
time
modelling

Multi-level
regression

OBJ 1.

To systematically review the available
empirical literature on the timeliness of
routine childhood vaccination in low-and
middle-income countries, with the aim of
identifying the measurement and
methodological gaps to inform the design
of the PhD research

OBJ 2.

To describe the burden and the spatial
pattern of the various dimensions of the
timeliness of childhood vaccination in The
Gambia.

OBJ 3.

To determine the impact of the COVID-19
pandemic on the timeliness and coverage
of routine childhood vaccination in the
Gambia.

OBJ 4.

To examine the influence of demand-side
factors such as individual and family
sociodemographic characteristics, as well
as supply-side factors such as
geographic accessibility to immunization
clinics and the readiness of these clinics
to deliver services on the timeliness of
receiving routine childhood vaccination in
The Gambia.

Note: HDSS = Health and Demographic Surveillance System; DHS = Demographic and Health Survey. Descriptive analysis refers to the DHS
Direct Survey Methodology applied to generate vaccination coverage estimates that are aligned to those published by the DHS. The same

methodology was used to generate the prevalence of the various dimensions of vaccination timeliness.
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2.5 Ethics

This research received ethical approval from both the Research Ethics Committee of the London
School of Hygiene and Tropical Medicine (LSHTM) (Ethics Ref: 22786; Date: January 20, 2021)
and The Gambia Government and MRC Unit The Gambia at LSHTM Joint Ethics Committee
(Project ID/Ethics ref: 22786; Date: January 16, 2021). All participants of the studies provided
informed consent to participate, and all personal identifiers were removed from the datasets which

were analysed. Copies of the ethical approval certificates are available as Appendix 11 and

Appendix 12.
2.6 Funding

This thesis is a product of research funded by the EDCTP2 Programme, supported by the
European and Developing Countries Clinical Trials Partnership (EDCTP). The project was made
possible through a 33-month Career Development Fellowship (grant number: TMA2019CDF-2734
— TIMELY) awarded to me, Oghenebrume Wariri, which spanned from 1t November 2020 to 31%
July 2023. This fellowship aims to empower early- to mid-career researchers by providing
opportunities to build research expertise and skills. Additionally, | received further funding from a
15-month Wellcome Trust Institutional Strategic Support Fund (ISSF) grant (RSRO_P67869)
administered through Imperial College London from 01 November 2020 to 28 February 2022.

2.7 Dissemination

Between 2021-2024, | have made various efforts to disseminate and present the research findings

from this PhD. Table 2 describes the activities undertaken.

2.8 Availability of Codes

To ensure transparency and reproducibility, the R codes which | wrote and used for data cleaning,
wrangling, and analysis to achieve all the PhD objectives has been deposited in a publicly

accessible open repository. Links to the specific GitHub repositories containing these R scripts are

provided in Appendix 13.

Page | 20



Table 2: Dissemination activities undertaken during the PhD Programme to share research findings

S/no. | Title of talk and format Organisation / Event Audience

1 Timeliness Matters: examining the burden and the MRC Unit The Gambia at LSHTM Academic audience
spatial pattern of untimely childhood vaccinations in Academic Seminar Series. The Gambia.
The Gambia. (Oral presentation) June 2023

2 Timeliness Matters: examining the burden and the Dissemination workshop for the TIMELY WHO, UNICEF, National and
spatial pattern of untimely childhood vaccinations in Project to Immunisation Stakeholders in Regional programme managers of
The Gambia (Oral presentation and panel The Gambia. July 2023 the Expanded Programme on
discussion sessions) Immunisation in The Gambia

3 Leveraging multiple sources of data to characterise Princeton University, Office of Population Academic, UNICEF, and Equity
vaccination programme weakness. (Oral Research (OPR), Vaccination Meeting, Reference Group for Immunisation
presentation and panel discussion) Princeton, USA. October 2023

4 Mapping the timeliness of routine vaccination among | 11" European and Developing Countries Academic, Non-governmental
12-35 months old children in The Gambia: a spatial Clinical Trials Partnerships (EDCTP) organisations (NGOs), and donor
modelling study (Poster presentation) Conference, Paris, France. November agencies

2023

5 Timeliness of routine childhood vaccination among European Congress of Tropical Medicine Academic, NGOs, and donor
12-35 months old children in The Gambia: analysis of | and Hygiene (ECTMIH2023), Utrecht, agencies
national immunisation survey data, 2019-2020. (Oral | Netherlands. November 2023
presentation)

6 The timeliness of routine childhood vaccination in The | 42" Annual Meeting of the European Academic audience
Gambia: mapping the spatial pattern (Research Society for Paediatric Infectious Diseases
Masterclass oral presentation) (ESPID2024), Copenhagen, Denmark.

May 2024
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PART 2: ANALYTICAL CHAPTERS

Immunisation facilities in The Gambia
Image source: Photographs taken by Oghenebrume Wariri during facility mapping
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Chapter 3: Identifying the measurement and methodological gaps
in the empirical literature on the timeliness of routine childhood
vaccination in low-and middle-income countries (Research
Paper)

3.1 Overview of Chapter

This chapter addresses the first objective of my PhD which was; “To systematically review the
available empirical literature on the timeliness of routine childhood vaccination in low-and middle-
income countries, with the aim of identifying the measurement and methodological gaps to inform

the design of the PhD research’.

As highlighted in the introduction, three empirical studies so far have investigated the timeliness of
routine childhood vaccination in The Gambia. However, these studies are limited by key
measurement and methodological gaps that hinder their comparability and utility. In this chapter, |
utilised a scoping review approach, a well-established research methodology, ideal for mapping
the extent , range, nature and identifying gaps in the literature on a specific topic. This approach
allowed me to systematically examine existing studies on the timeliness of routine childhood
vaccination in LMICs, specifically focusing on identifying their measurement and methodological
gaps. The insights gained from this scoping review played a crucial role in shaping the design of

my subsequent PhD studies.

This scoping review was published in PLoS Global Public Health, with the following full

bibliographic information:

Wariri O, Okomo U, Kwarshak YK, Utazi CE, Murray K, Grundy C, Kampmann B. (2022)

Timeliness of routine childhood vaccination in 103 low-and middle-income countries, 1978—-2021: A

scoping review to map measurement and methodological gaps. PLOS Glob Public Health.

This chapter is supplemented by the full scoping review protocol paper, which was published in
PLoS ONE and is included as Appendix 1. The search strategy, summary characteristics of
included studies and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
extension for Scoping Reviews (PRISMA-ScR) checklist accompanying this scoping review paper

are also included as Appendix 2, Appendix 3 and Appendix 4.
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Abstract

Empiric studies exploring the timeliness of routine vaccination in low-and middle-income
countries (LMICs) have gained momentum in the last decade. Nevertheless, there is emerg-
ing evidence suggesting that these studies have key measurement and methodological
gaps that limit their comparability and utility. Hence, there is a need to identify, and docu-
ment these gaps which could inform the design, conduct, and reporting of future research
on the timeliness of vaccination. We synthesised the literature to determine the methodolog-
ical and measurement gaps in the assessment of vaccination timeliness in LMICs. We
searched five electronic databases for peer-reviewed articles in English and French that
evaluated vaccination timeliness in LMICs, and were published between 01 January 1978,
and 01 July 2021. Two reviewers independently screened titles and abstracts and reviewed
full texts of relevant articles, following the guidance framework for scoping reviews by the
Joanna Briggs Institute. From the 4263 titles identified, we included 224 articles from 103
countries. China (40), India (27), and Kenya (23) had the highest number of publications
respectively. Of the three domains of timeliness, the most studied domain was ‘delayed vac-
cination’ [99.5% (223/224)], followed by ‘early vaccination’ [21.9% (49/224)], and ‘untimely
interval vaccination’ [9% (20/224)]. Definitions for early (seven different definitions), untimely
interval (four different definitions), and delayed vaccination (19 different definitions) varied
across the studies. Most studies [72.3% (166/224)] operationalised vaccination timeliness
as a categorical variable, compared to only 9.8% (22/224) of studies that operationalised
timeliness as continuous variables. A large proportion of studies [47.8% (107/224)] excluded
the data of children with no written vaccination records irrespective of caregivers’ recall of
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their vaccination status. Our findings show that studies on vaccination timeliness in LMICs
has measurement and methodological gaps. We recommend the development and imple-
ment of guidelines for measuring and reporting vaccination timeliness to bridge these gaps.

Introduction

Since its inception in 1974, the expanded programme on immunisation (EPI) has successfully
decreased the incidence of, and mortality from childhood vaccine preventable diseases
(VPDs), nevertheless, progress has plateaued, or regressed in many countries [1]. Vaccination
coverage dropped globally by about 3% between 2019-2020, with an estimated 23 million chil-
dren under the age of one year not receiving their basic vaccines in 2020 —the highest number
since 2009 [2]. In addition, 8-9 million children were not routinely vaccinated with the first-
dose measles-containing vaccine (MCV1) which prevent measles, a highly contagious infec-
tious disease [3]. Disruptions to routine childhood vaccination due to the ongoing pandemic
are likely to amplify the already existing gaps which prevented countries from reaching global
immunisation targets [4].

The traditional metric used for evaluating the success of immunisation programs is vac-
cine-specific crude vaccination coverage [5]. Crude vaccination coverage conceptually assumes
uptake of vaccines without considering timely delivery, i.e., whether doses are received within
the recommended window, are too early, delayed, or whether the intervals between doses are
inappropriate [6]. To achieve the full benefit of vaccines, however, both high coverage and
timely delivery are required. Timeliness of vaccination-i.e., vaccination received within the
recommended window, in an age-appropriate manner explores the quality dimension of
immunisation programs and is important for several reasons. Untimely vaccination might be
the only early warning sign that could alert EPI programme managers to potential problems
with the delivery of certain vaccines, and help put in place mitigating strategies. Vaccines
received too early, or before the earliest valid ages may result in suboptimal immunity due to
interference with maternal antibodies [7]. Delayed vaccination, on the other hand, prolongs
the exposure of children to debilitating VPDs such as Haemophilus influenzae type b, pertussis,
and measles whose peaks occur in infancy [7, 8]. Delayed vaccination also increases a child’s
risk of not completing their schedule, and ultimately leads to suboptimal levels of herd immu-
nity needed to prevent the outbreak of VPDs. There is evidence suggesting that measles out-
breaks have occurred in the past due to delayed vaccination despite high overall crude
vaccination coverage [9].

Over the last decade, studies exploring vaccination timeliness have gained some traction
[10]. A recent Global Burden of Disease Study published in The Lancet argued that vaccination
timeliness better reflects coverage trend, thus, recommended that future research should esti-
mate age-specific vaccination coverage rather than crude coverage alone [11]. Most vaccina-
tion timeliness studies have been conducted in high-income countries (HICs) with much
fewer reports from low-and middle-income countries (LMICs) where vaccination coverage is
variable but comparatively lower, and VPD burden is high [10]. There is emerging evidence
suggesting that the published studies on the timeliness of routine vaccination in LMICs has
key methodological and measurement issues that limit their comparability, utility, and the
extent to which inference can be drawn from their findings [10]. Hence, there is an urgent
need to identify, and document these measurement and methodological gaps which could
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inform the design, conduct, and reporting of future research on the timeliness of routine child-
hood vaccination in LMICs.

This scoping review, therefore, aimed to identify and synthesise published literature on the
timeliness of routine childhood vaccination in LMIC and answer the following questions: (a)
how has the literature on vaccination timeliness evolved?; (b) how has vaccination timeliness
been defined or operationalisation?; (c) what domains of vaccination timeliness have been
studied; (d) what methodological or statistical approaches have previous studies deployed to
ensure robustness of results and; (e) what determinants of untimely vaccination have been
explored.

Materials and methods

Scoping reviews are an emerging approach for evidence synthesis. Unlike systematic reviews
that traditionally answer precise questions related to the effectiveness of a specific intervention,
scoping reviews are exploratory in nature [12]. Scoping reviews typically address a broad ques-
tion such as what kind of evidence exists on a topic, and how research on that topic has been
designed or conducted [13]. They are useful in mapping the key concepts underpinning a
research area as well as to clarify working definitions or concepts, and identify knowledge gaps
[12]. These characteristics make the scoping review approach well suited to answer our
research questions aimed at identifying methodological and measurement gaps in vaccination
timeliness studies (Box 1). Although conducted for different purposes compared to systematic
reviews, scoping reviews still require rigorous and transparent methodologies to ensure that
their results are trustworthy [13].

Box 1. Potential measurement and methodological gaps in
vaccination timeliness studies

There are important issues that must be considered during data collection, analysis, and
presentation of results in vaccination timeliness studies to ensure robustness and compara-
bility of results. We refer to the key issues related to the collection of data and analysis as
‘methodological gaps’, while those related to how results are presented as ‘measurement

gaps’.
Methodological gaps

1. How missing vaccination dates are handled: to effectively generate robust esti-
mates for vaccination timeliness, precise vaccination dates are required. Inade-
quately handling missing dates is a potential gap

2. Definition of vaccination timeliness: to be able to compare results or generate
point estimates from multiple studies, uniformity in defining vaccination timeli-
ness is desirable.

Measurement gaps

1. Operationalisation of vaccination timeliness: how timeliness is reported or opera-
tionalized (continuous vs categorical) determines the usefulness of the estimates
produced.
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2. Domains of vaccination timeliness studied: domains of timeliness includes; ‘early’,
‘untimely interval’, or ‘delayed’ vaccination. focusing on one domain without the
other is a potential measurement gap.

3. Determinants of vaccination timeliness: several factors act as barriers to receiving
vaccines in a timely age-appropriate manner. Narrowly focusing on a few determi-
nants could be considered a measurement gap.

This scoping review was based on the guidance framework of the Joanna Briggs Institute
(JBI) [14]. The review is reported using the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR) (S1 Checklist) [15]. Since
registration of scoping reviews are currently not accepted in PROSPERO, we published the
review protocol a priori in a peer-review journal [16]. The review process did not deviate from
the previously published protocol.

Search strategy

The literature search was performed across the databases: MEDLINE, EMBASE, Global
Health, CINAHL and Web of Science. Following the recommendation of the JBI, we followed
a three-step search strategy to ensure a comprehensive search [17]. First, a preliminary search
of MEDLINE and Web of Science was conducted on March 27, 2021 using the key search con-
cepts: Childhood vaccination; Timeliness; and LMICs. We refined the initial search strategy by
including additional key concepts after analysing the text words in the title and abstract of the
retrieved papers, and the indexing terms. The search strategy was developed in consultation
with a Librarian and was refined based on their input. The full search strategy and search
terms used in MEDLINE is included as S1 Table. In the second step, we conducted a full search
on July 01, 2021, across all five included databases using the refined search strategy from the
first step. The search strategy was adapted to fit the search terminologies for each database. In
the third step, we searched the reference list of the included papers (from the database search)
for additional sources not previously retrieved.

Inclusion criteria

Studies were included if they reported childhood vaccinations that are part of the routine
national EPI schedules; calculated any measure of timeliness related to vaccine coverage; are
based on data from countries categorised as LMICs (low-income, lower middle-income, and
upper-middle income economies) according to 2020 World Bank classification; [18] were pub-
lished in English or French languages from 01 January 1978 through to July 01,2021. We
restricted the review to studies conducted in LMICs because these countries account for a
higher proportion of the global burden of VPDs, and the national EPI schedule in these coun-
tries generally adopts the WHO-recommended childhood immunization schedule. We did
not include grey literature because it was unmanageable to manually search for additional offi-
cial reports on vaccination timeliness from the EPI website of the more than 120 listed LMICs.
We included studies published from 01 January 1978 because routine childhood immuniza-
tion against diphtheria, pertussis, tetanus, poliomyelitis, measles, and tuberculosis commenced
in LMICs in 1977 [1]. The search was extended to July 01,2021 to capture up-to-date evidence
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on timeliness of routine childhood vaccination. We excluded systematic reviews, study proto-
cols, journal commentaries, and conference papers.

Study selection

Retrieved titles were imported into Endnote X9.3.3 (Clarivate Analytics) for de-duplication of
records. Subsequently, the records were exported to Rayyan-a novel web based application for
screening articles for reviews [19]. Two reviewers (OW and YKK) independently screened the
titles and abstracts for relevance using the pre-set eligibility criteria. Records that met the eligi-
bility criteria were exported back to Endnote for full-text retrieval, screening, and extraction.
One reviewer (OW) screened the full text of records to ensure they were appropriate for full
data extraction while another reviewer (YKK) verified all decisions. Final decisions regarding
the eligibility of articles were made through consensus. A third member of the review team
(UO) was consulted to resolve disagreements when the two initial reviewers fail to reach a con-
sensus. All decisions were based on consensus.

Data extraction. We used a data extraction template to extract the information of interest
from the included articles. We adapted the template from the JBI data extraction tool for scop-
ing reviews [20]. Before the commencement of data extraction, two members of the review
team piloted the extraction template on 20 randomly selected articles and was subsequently
refined based on feedback from this process. One reviewer (YKK) extracted the data from the
included articles while another reviewer (OW) verified the extracted data by cross-checking
10% of the full-text articles against the extracted data to ensure that the correct variables have
been extracted. Critical appraisal of the quality of the included studies was deemed to be
beyond the scope of this study and is not considered mandatory for scoping reviews [20].

Presentation and charting of results

We analysed the extracted data descriptively and results are presented using tables, charts,
and maps to ensure adequate visualisation of the key findings. We presented the number of
studies published per country from 1978-2021 using a thematic map. The determinants of
timeliness of routine childhood vaccination are organised according to a priori categories
adapted from the 3-delays conceptual framework [21]. Delay-1 relates to decision to seek
care and includes factors such as household socioeconomic and cultural characteristics;
Delay-2 relates to arrival at a health facility and includes factors such as geographic accessi-
bility and transportation; Delay-3 are factors related to provision of adequate care at facility
level [21]. We categorised the included studies to determine if censored data was accounted
for during data analysis. Studies that statistically adjusted for children yet to be vaccinated
at the time of the empiric studies are considered to have accounted for right censoring. On
the other hand, studies that statistically adjusted for children vaccinated before data collec-
tion but without precise vaccination records are considered to have accounted for left
censoring.

Role of the funding source

The funder of the research had no role in the design, selection, data collection, data analysis,
data interpretation, or writing of the report of this scoping review.

Results

A total of 6 819 publications were identified (Fig 1). After duplicate removal, 4263 records
were eligible for screening. After screening these records by title and abstract, 260 publications
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Fig 1. Flowchart showing study identification, screening, and selection process.

https://doi.org/10.1371/journal.pgph.0000325.9001

were selected for full-text screening; however, full-texts were not available for 17 titles even
after contacting their authors as these articles were not open access. We further excluded 32
articles, leaving 211 articles for inclusion and 13 additional articles that fulfilled the inclusion
criteria were identified from a search of the reference lists of the 211. Overall, 224 studies were
included for analysis of which 13 were multi-country studies with the remaining 211 being sin-
gle country reports. (S2 and S3 Tables).

Over one-third (35%; 78/224) of published studies were from the WHO African region,
with only 2% (6/224) and 6% (15/224) from the European and America Region, respectively
(Fig 2B). The included studies represented 103 of the 137 LMIC studied (S1 Table and S1
Checklist) with China (WHO Western Pacific Region; 40 articles), India (WHO South-East
Asia Region; 27 articles), and Kenya (WHO African Region; 23 articles) being most repre-
sented countries (Fig 3).

The earliest reported study exploring timeliness of routine childhood vaccination in LMICs
was published in 1987 [23]. Since 2004, we observed a gradual increase in relevant publications
with the most rapid increase from 2013, with 20 articles already published in the first six
months of 2021 (Fig 2A). The most common vaccines that have been the focus of studies on
the timeliness of routine childhood are DTP3/Penta3 and MCV1 with 137 articles each. The
least studied antigen was the yellow fever vaccine while the second doses of multi-dose vac-
cines were generally less studied (Fig 2C).
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Domains and definitions of vaccination timeliness

All included studies but one [99.5% (223/224)] [24] explored the timeliness domain of ‘delayed
vaccination’. Less frequently studied were ‘early vaccination’ (receipt of a vaccine before the
recommended schedule; 21.9% (49/224) of studies) and ‘untimely interval vaccination’ (receipt
of a subsequent dose of a multi-dose antigen outside the recommended EPI window; 9% (20/
224) of studies) (Fig 4A). We observed varying cut-off values for defining ‘untimely interval’,
‘early’, or ‘delayed’ vaccination. Among studies exploring ‘untimely interval vaccination’, four
different definitions were used but over half [55% (11/20)] of the studies considered 4 weeks
beyond the accepted EPI interval as being untimely (Fig 4B). Among the 49 studies that
focused on ‘early vaccination’, seven different definitions were used, with the most used defini-
tion [63% (31/49)] being ‘any time before the accepted EPI schedule’ (Fig 4C). With 19
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Fig 3. Map of the world showing low-and middle-income countries where studies on the timeliness of routine
childhood vaccination has been conducted, 1978-2021. This map was produced by the authors with administrative
boundaries data from geoBoundaries [22].

https://doi.org/10.1371/journal.pgph.0000325.9003

different definitions, delayed vaccination had the highest number of definitions of the domains
studied (Table 1). Specifically, delayed birth-dose of hepatitis-B vaccine was defined in 15 dif-
ferent ways (Fig 4D).

Operationalisation of vaccination timeliness

Untimely interval, early, and delayed vaccination were measured or operationalised in vari-
ous ways by the included studies (Fig 4A). Most studies [72.3% (166/224)] operationalised
untimely interval, early, and delayed vaccination as categorical measures such as the pro-
portion of the study population with the different domains of vaccination timeliness using
the operational definitions. However, only 9.8% (22/224) of studies operationalised these
domains using continuous measures such as median and mean delay or early vaccinations
(Fig 4A).

Methodological and statistical gaps

During data collection for the included studies, the majority [47.8% (107/224)] excluded the
data of children whose caregivers had no vaccination cards or written records of their vaccina-
tion irrespective of caregivers’ recall of their vaccination status (Table 2). In 9.4% (21/224) of
studies, it was not clear how scenarios where vaccination records were not available for some
children was handled by the authors.

The majority [76.3% (171/224)] of studies did not account for any form of censored event
[i.e., a child being vaccinated before their study but without a record (left censoring) or vaccina-
tion that would occur outside their study period (right censoring)]. There were 50 studies
(22.3%) that accounted only for right censored data—i.e., children who were not vaccinated as
of the time of the study but with a possibility of being vaccinated afterwards. Most of these
studies used survival analysis techniques such as Kaplan-Meier statistics. Only three studies
[98, 109, 147] accounted for both right and left censoring using survival analysis approach
such as Turnbull and Weibull statistics (Table 2).
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Determinants of vaccine timeliness

Over two-thirds [68.3%; 153/224] of studies discussed factors associated with socioeconomic
and household-level determinants (Delay 1) specifically, maternal education (46.4%); child’s
sex (35.3%); family wealth (33%); place of residence (29.5%); maternal age (27.2%); child’s
place of birth (25%); and maternal occupation (20.1%). Factors associated with accessibility of
health facilities or immunisation clinics (Delay 2) were the least explored, accounting for
15.6% (35/224) of studies (Fig 5). Among the Delay 2 factors, reported travel distance was the
most explored in the literature [35, 47, 59, 61, 65, 68, 77-79, 87, 116, 119, 131, 165, 168, 182,
203, 206, 217, 222, 223, 234, 235, 242]. Broader determinants such as conflict/humanitarian
crises, and large public health crises such as COVID-19 which fall outside the traditional
3-delay categories, have been rarely studied. So far, only one published study has explored the
impact of the ongoing COVID-19 pandemic on the timeliness of receiving routine childhood
vaccination over an 18-month period following the onset of the pandemic (i.e., January 2020 -

July 2021) [132].
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Table 1. How delayed routine childhood vaccination was defined in the 223 studies from LMICs that focused on
this domain of timeliness, 1978-2021.

Studies Cut-off or definition used Definition of delayed vaccination

[25-47] 24 hours Hepatitis B vaccine birth doses received after 24 hours of birth

[48-50] 4 days EPI vaccine doses received >4 days after the recommended age of
vaccination

[51-56] 1 week or 7 days EPI vaccine doses received 1 week or 7 days after the scheduled or
recommended age of vaccination

[57-61] 14 days or 2 weeks EPI vaccine doses received 14 days or 2 weeks after the scheduled or
recommended age of vaccination

[62] 15 days EPI vaccine doses received 15 days after the scheduled or
recommended age of vaccination

[63-95] 28 days or 4 weeks EPI vaccine doses received 28 days or 4 weeks after the scheduled or
recommended age of vaccination

[96] 29 days EPI vaccine doses received 29 days after the recommended age of
vaccination

[97-106] | 30 days EPI vaccine doses received 30 days after the recommended age of
vaccination

[107,108] | 30.5 days EPI vaccine doses received 30.5 days after the reccommended age of
vaccination

[109] 32 days EPI vaccine doses received 32 days after the recommended age of
vaccination

[110-121] | 1 month EPI vaccine doses received 1 month after the scheduled or
recommended age of vaccination

[122] 2 months EPI vaccine doses received 2 months after the recommended age of
vaccination

[123] 60 days EPI vaccine doses received 60 days after the recommended age of
vaccination

[124] 90 days EPI vaccine doses received 90 days after the recommended age of
vaccination

[125] >12 months of life EPI vaccine doses received after 12 months of life

[23, 126~ | Outside EPI window* EPI vaccine doses received outside the country-specific EPI or WHO

202] recommended vaccination windows

[203-205] | Outside manufacturer’s EPI vaccine doses received outside the manufacturer’s

recommended window recommended vaccination windows
[206-211] | Unclear cut-off** Although delayed vaccination was studied, there was no clear

definition or cut-off value

[212-245] | Variable cut-off*** Several cut-offs used in the same study to define delayed vaccination
of the same or different antigens in the schedule

“These relied on the national EPI window in the country of the study. Any vaccine received outside the maximum
date of the window was considered delayed.

**These studies focused on the domain ‘delayed vaccination’, however, did not explicitly document what operational
definition was used.

***These studies measured delayed vaccination using multiple or variable definitions and reported multiple estimates

for delayed vaccination.

https://doi.org/10.1371/journal.pgph.0000325.t001

Discussion

Our scoping review show that ‘delayed vaccination’ was the commonest domain of vaccination
timeliness studied, however, there were varying definitions for early, untimely interval, and
delayed vaccination even in studies from the same country or focused on same vaccine. Most
of the studies operationalised vaccination timeliness as a categorical variable. There was a lack
of uniformity in handling situations where children were already vaccinated but lacked
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Table 2. Analytic and statistical gaps in the 224 included studies on the timeli of routine childhood vaccina-
tion, 1978-2021.

Variable Number of articles (N = 224) Proportion (%)
Statistically accounting for censored data

Not done 171 76.3
Right censoring only 50 22.3

Both Right and Left censoring 3 1.4
Unavailable precise vaccination records

Excluded data 107 47.8

Not applicable* 75 33.5
Unclear 21 9.4
Included data 21 9.4

*These studies were based on data from health information management systems (HIMS) or facility-based records,

hence, vaccination dates were available.

https://doi.org/10.1371/journal.pgph.0000325.t002

information on precise vaccination dates. Demand-side factors such as socioeconomic and
cultural determinants were most commonly studied, while supply-side or broader determi-
nants such as factors related to accessibility of immunisation service points were the least stud-

ied determinants.

Vaccination schedules are designed with age-specific immunity and risks of disease in
mind, thus, they target the best possible points of early childhood to ensure children develop
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Fig 5. Deter of the timeli of routine childhood vaccination studied in low-and middle-income countries, 1978-2021. Note: Delay 1, 2, and 3 are based on

the 3-delay conceptual framework developed by Thaddeus and Maine [21].

https://doi.org/10.1371/journal.pgph.0000325.9005
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adequate immunity against VPDs as early as possible [7]. Furthermore, the intervals for multi-
dose antigens is aimed at optimising immune responses against VPDs [5]. The vaccination
schedules in early infancy, therefore, leaves little room for vaccination to be given before their
due dates or delayed significantly. Although there are recommendation from the WHO
regarding vaccination schedules, country-level vaccination windows are designed, taking into
consideration, the local disease epidemiology, availability of resources, programmatic and pol-
icy considerations. Thus, the recommended age of vaccination for a specific vaccine in some
LMICs might differ slightly from those in other countries. The lack of comparable definitions
for early, untimely interval, and delayed vaccination could be partly explained by these varia-
tions in accepted windows across LMICs. However, we found that even for antigens such as
the birth-dose of hepatis-B vaccine that is recommended within the 1% 24 hours of life by the
WHO, [246] there was no uniformity in the definitions used across studies. Irrespective of
context, or antigen of focus, generating point estimates around each domain of vaccination
timeliness through a meta-analysis to understand intra- or inter-country gaps in reaching anti-
gen-specific targets will be limited due to the heterogeneity in the cut-off points used across
studies.

An important measurement gap in the literature was that most studies operationalised the
domains of vaccination timeliness as categorical variables. That is, most studies categorised
doses as either ‘on-time’ if received within the cut-off points of the operational definition used,
or as early, untimely interval, or delayed vaccination if received outside the specified opera-
tional definition, reported as proportions. While this approach appears pragmatic, it poten-
tially lumps together a wide window of untimely vaccinations and obscures a nuanced
interpretation of the data on vaccination timeliness. Unpacking and presenting the domains of
vaccination timeliness as continuous variables, for example, as mean or median days delayed
(outside the nationally accepted window) could be considered more robust. Clusters of chil-
dren with a longer mean delay, potentially have a higher risk of VPDs exposure and likelihood
of not completing their schedules compared to their counterparts with shorter delays. Addi-
tionally, comparatively longer untimely vaccination in a particular sub-national unit, poten-
tially highlights equity gaps which must be bridged, or an early warning sign of weaknesses in
immunisation programmes.

A key methodological gap was the lack of a uniform approach in handling censored data—
i.e., situations where vaccination dates or time to vaccinations were not available for all partici-
pants. The commonest, in the included studies left and right censoring. Only three studies [98,
109, 147] accounted for both scenarios where precise vaccination dates were unavailable. Left
censored data is common in LMICs where retention rates of vaccine cards are variable, and
complete clinical records are seldom available. Using approaches that account for both right
and left censoring improves the robustness of timeliness estimates, because it permits more
observations (including those without vaccination records) to be included in the analysis that
might otherwise have been excluded.

Factors related to the geographic accessibility of immunisation clinics, clinic-level and ser-
vice delivery-related determinants have been less studied, compared to socioeconomic and
cultural determinants of vaccination timeliness. This finding could have been due to the fact
that data on geographic accessibility of health services is not routinely collected as part of
health surveys, as this requires skilled personnel to collect and adequately model accessibility,
compared to describing socioeconomic variables which are more routine. Nonetheless, there
is evidence to suggest that geographic accessibility to immunization service points impacts the
likelihood of receiving childhood vaccination in an age-appropriate manner [247, 248]. How
remotely away from a clinic a family lives, how long they had to travel for an appointment,
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geospatial relationships in catchment areas of clinics and the presence (or lack thereof) of
accessible roads can all impact the uptake of health services, including vaccination.

There is no doubt that epidemics/pandemics, conflicts, and disasters such as earthquakes
and flooding impact the delivery of health services, including timely receipt of vaccines. Since
December 2019, an additional challenge has been posed by the ongoing COVID-19 pandemic,
which has resulted in disruptions of immunisation systems [3, 249]. Despite the potential effect
of the COVID-19 pandemic on routine vaccination timeliness, to date, only one study, [132]
have explored the impact of the pandemic on vaccination timeliness. It is expected that the
COVID-19 pandemic will continue to determine how timely children in many LMICs receive
their vaccines, thus, future studies should explore its impact on vaccination timeliness. Under-
standing how, where, and to what extent fragile contexts impact the timeliness of receiving
routine vaccination is an important initial step for EPI programmes to plan mitigating mea-
sures during such circumstances.

Our study has some limitations which must be considered. First, by including only studies
published in English and French, we could have omitted a small number of studies published
in other languages. Similarly, we did not include grey literature such as official government
reports on vaccination timeliness. We also acknowledge that a handful of studies would have
been published since our search was completed on 01 July 2021 as our study is not a ‘living
Review’. While a very small number of reports might have been published after we concluded
our search, or might have been published in other languages and as grey literature, we do not
expected them to significantly alter the conclusions drawn from our study which was based on
224 published articles, spanning 1978-2021. Second, we did not include studies that focused
on vaccinations given outside the routine childhood EPI schedule, including those given in
adolescence, and adulthood, for example maternal tetanus vaccinations. Third, although
appraisal of study quality or design is primarily not the focus of scoping reviews, there was sub-
stantial variability in the quality and design of the included studies that potentially explains the
observed measurement and methodological gaps. Despite these limitations, our study high-
light important gaps related to the design, conduct and reporting of studies on vaccination
timeliness that could shape future studies on this topic, and potentially improve their utility
and comparability.

To date, this is the most extensive review spanning four decades aimed at understanding
the measurement and methodological gaps in the literature on the timeliness of routine child-
hood vaccination in LMICs. To our knowledge, the first and only previous review on the sub-
ject by Masters et. al. (2019) [10] provided valuable insights into some existing measurement
and methodological gaps in the literature on timeliness of vaccination; however, the review
had key limitations that necessitated a further review. First, the review was limited to studies
published between 2007-2017, and therefore did not include important studies published
prior to 2007, or after 2017. Second, the review focused on three electronic databases and was
restricted to studies published in English language only. Due to the extensive nature of our
scoping review, we included 224 studies compared with only 67 in the review by Master et.al,
thus, making our study more extensive.

Implications for future research, policy, and practice

Based on our findings, future studies on the timeliness of routine childhood vaccination
should, at minimum, pay attention to the following methodological and measurement issues
to ensure the robustness, comparability, and utility of their findings. First, to bridge the meth-
odological gap related to lack of a comparable cut-off or definition of early, untimely interval,
and delayed vaccination, future studies should consider defining vaccine doses received
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outside the nationally accepted EPI vaccination windows in their countries as early, untimely
interval, or delayed as was done by some studies. Second, operationalising untimely vaccina-
tion as a categorical variable prevents a nuanced interpretation of vaccination timeliness.
Thus, future studies should unpack and present the domains of vaccination timeliness as con-
tinuous variables, for example, as mean or median days vaccination was early or delayed out-
side the nationally accepted window. Through this approach, one can more clearly compare
not just the proportion of children with untimely vaccination, but also on average, how many
days outside the national vaccination window children are vaccinated too early or delayed
across antigens—an important indicator of the quality of an immunisation programme. Also,
such continuous variables can be easily converted to categorical variables, which may be more
suitable when analysing individual level data. Third, deploying methodological approaches
that account for situations where precise vaccination dates are unavailable potentially
improves the power of the individual studies, thus, generating more reliable and precise esti-
mates. Future studies can apply the Turnbull estimator, Weibull method, [250] or machine
learning techniques to account for both left and right censored data as was done by three of
the included studies. Fourth, to gain a robust understanding of the complex factors determin-
ing the timely receipt of vaccines, future studies should not only explore demand-side factors
such socioeconomic or cultural determinants, but also, supply-side determinants including
geographic accessibility to clinics, and facility-level factors. Lastly, the WHO and national
immunisation programmes should develop and implement guidelines for measuring vaccina-
tion timeliness based on the accepted vaccination windows. Through this approach, measure-
ment gaps related to the lack of a uniform cut-off for defining vaccination timeliness can be
bridged, thus, improving the comparability and utility of data across antigens and settings.
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Chapter 4: The burden and the spatial pattern of the various
dimensions of the timeliness of childhood vaccination in The
Gambia (Research Papers)

4.1 Overview of Chapter

This chapter addresses the second objective of my PhD which was; “To describe the burden and
the spatial pattern of the various dimensions of the timeliness of childhood vaccination in The

Gambia’.
This chapter also tests the following hypotheses:

» Despite an expected high overall vaccination coverage rate, various dimensions of
untimely childhood vaccination, including early, delayed, and untimely intervals between
doses, are likely to be prevalent in The Gambia.

= The prevalence of untimely vaccinations in The Gambia will demonstrate obvious
Subnational inequalities, with districts in the more rural regions of the country being more

likely to experience higher ‘un-timeliness’ for all vaccines scheduled for the first year of life.

To adequately address the second PhD objective and test the hypotheses, this chapter was
divided into two research papers. The first paper was published in PLoS ONE, while the second

was published in VACCINE, with the following full bibliographic information:

Wariri O, Utazi CE, Okomo U, Sogur M, Murray KA, Grundy C, Kampmann B. (2023) Timeliness
of routine childhood vaccination among 12—35 months old children in The Gambia: Analysis of
national immunisation survey data, 2019-2020. PLoS ONE.

Wariri O, Utazi CE, Okomo U, Metcalf CJ, Sogur M, Fofana S, Murray KA, Grundy C, Kampmann

B. (2023) Mapping the timeliness of routine childhood vaccination in the Gambia: a spatial

modelling study. Vaccine.

The supplementary materials, accompanying the two research papers included in this chapter are

included as Appendix 5, Appendix 6, Appendix 7 and Appendix 8.
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Abstract

The Gambia’s routine childhood vaccination programme is highly successful, however,
many vaccinations are delayed, with potential implications for disease outbreaks. We
adopted a multi-dimensional approach to determine the timeliness of vaccination (i.e.,
timely, early, delayed, and untimely interval vaccination). We utilised data for 3,248 children
from The Gambia 2019-2020 Demographic and Health Survey. Nine tracer vaccines
administered at birth and at two, three, four, and nine months of life were included. Timeli-
ness was defined according to the recommended national vaccination windows and
reported as both categorical and continuous variables. Routine coverage was high (above
90%), but also a high rate of untimely vaccination. First-dose pentavalent vaccine
(PENTAT1) and oral polio vaccine (OPV1) had the highest timely coverage that ranged from
71.8% (95% Cl = 68.7—74.8%) to 74.4% (95% Cl = 71.7-77.1%). Delayed vaccination was
the commonest dimension of untimely vaccination and ranged from 17.5% (95% Cl = 14.5—
20.4%) t0 91.1% (95% CI = 88.9-93.4%), with median delays ranging from 11 days (IQR =
5, 19.5 days) to 28 days (IQR = 11, 57 days) across all vaccines. The birth-dose of Hepatitis
B vaccine had the highest delay and this was more common in the 24—35 months age group
(91.1% [95% CI = 88.9-93.4%], median delays = 17 days [IQR = 10, 28 days]) compared to
the 12—23 months age-group (84.9% [95% CI = 81.9-87.9%)], median delays = 16 days
[IQR =9, 26 days]). Early vaccination was the least common and ranged from 4.9% (95% CI
=3.2-6.7%) to 10.7% (95% Cl = 8.3—13.1%) for all vaccines. The Gambia’s childhood
immunization system requires urgent implementation of effective strategies to reduce
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untimely vaccination in order to optimize its quality, even though it already has impressive
coverage rates.

Introduction

The Gambian routine childhood vaccination programme is highly successful; for over a decade,
it has consistently maintained routine childhood vaccination coverage rates of at least 90% for
most routine childhood vaccines [1, 2]. The Gambia is therefore considered a model for the
delivery and of coverage of routine childhood vaccines for many sub-Saharan African countries.
The country achieved the 2020 Global Vaccine Action Plan (GVAP) coverage target a decade
early [1], and is on track to reach the coverage target of the 2030 immunization agenda
(IA2030) which aims to achieve at least 90% coverage for routine childhood vaccines [3].
Despite the celebrated success, there is growing evidence that many children are not receiving
their vaccines within the recommended time frames [4-6]. This is particularly worrying as in
parts of The Gambia, there has been a recent upsurge of measles, with a 6-fold increase in cases
as of mid-2022 compared to 2020 figures despite a high coverage of both doses of measles-con-
taining vaccine (MCV1 and MCV2) [7, 8]. Measles outbreaks are considered a sensitive marker
of emerging herd immunity gaps [9] that might be created by untimely vaccination even in pop-
ulations with otherwise high routine measles vaccination coverage rates [10].

Timely vaccination, operationally defined as vaccination received within the recommended
age windows (i.e., valid doses) [11, 12], explores the quality dimension of immunization pro-
grams and is important for EPI programs like The Gambia that have already achieved high
overage rates for most vaccines [13]. Deciding the appropriate window for childhood vaccina-
tion depends on several factors such as local disease epidemiology, presence of maternal anti-
bodies, and the earliest age at which vaccines can be safely administered with maximum
efficacy and the lowest risk of adverse effects [14]. Early vaccination, i.e., vaccines received
before the earliest recommended window, may result in suboptimal immune response as
maternal antibodies may inhibit vaccine response [14-18]. Conversely, delayed vaccination,
i.e., vaccination received after the latest reccommended window, prolongs the exposure of chil-
dren to potentially life-threatening but vaccine-preventable diseases (VPDs) such as pertussis
and measles [14, 19]. There are reports from other settings showing that measles outbreaks
have occurred despite high vaccination coverage rates, suggesting a link to untimely vaccina-
tion [20]. Furthermore, delayed vaccination may have a domino effect on timeliness of other
routine vaccines resulting in a child not completing their required vaccinations or receiving
successive doses of a multi-series vaccine in an untimely manner (i.e., untimely interval vacci-
nation) [21].

At the programmatic level, vaccinations given too early (before their earliest recommended
window) or that are delayed (after the recommended windows) are key indicators for monitor-
ing and evaluating the quality of an immunization program [22]. Untimely vaccination could
be the only early warning signal that may alert the immunization system to potential problems
with the delivery and uptake of vaccines. Timeliness of vaccination also has implications for
the introduction of novel vaccines. For example, the World Health Organization (WHO) ini-
tially placed a strict age limit on the administration of rotavirus vaccine, stating it should not
be initiated in infants aged 12 weeks or older to minimize the potential risk of intussusception,
arare form of bowel obstruction [23]. This policy restricted rotavirus vaccine introduction in
many low-and middle-income countries (LMICs) where untimely vaccination was a main
concern [24].

PLOS ONE | https://doi.org/10.1371/journal.pone.0288741

July 21, 2023 2/15

Page

| 58



PLOS ONE The timelinss of routine childhood vaccination in The Gambia

Studies exploring childhood vaccination timeliness in LMICs have gained momentum in
the last decade [25]. In The Gambia, three studies, published in 2014 [6], 2015 [5], and 2016
[4] have so far assessed childhood vaccination timeliness. Nevertheless, many of the studies
from LMICs, including the Gambian studies have key methodological issues that limit their
utility and comparability. First, previous studies have primarily focused on delayed vaccina-
tion, with limited research into other crucial dimensions such as early vaccination and
untimely interval vaccination for multi-series vaccines [25]. This one-dimensional approach
provides inadequate data needed to gain a holistic understanding of untimely vaccination. Sec-
ond, most of the previous studies operationalized vaccination timeliness as a categorical vari-
able, mainly reporting the proportion of children with untimely vaccination [25]. While this
approach appears pragmatic, it is simplistic, lumping together a wide window of untimely vac-
cinations and preventing a nuanced interpretation of the outcome. Populations with compara-
tively longer mean or median number of days children were vaccinated too early or delayed,
outside the recommended windows, potentially have a higher likelihood of suboptimal
immune response or risk of VPD outbreaks. Third, previous studies did not compare vaccina-
tion timeliness to official national routine vaccination coverage rates. Lastly, none of the Gam-
bian studies used a nationally representative data; consequently, their findings give an
incomplete picture of the true scale of untimely vaccination in The Gambia. This study, there-
fore, aims to bridge all the identified gaps by utilizing nationally-representative data to com-
prehensively investigate all dimensions of routine childhood vaccination timeliness and
present categorical and continuous outcomes across two birth cohorts in The Gambia.

Materials and methods
Study setting and context

The Gambia is located in West Africa, with a population of about 2.5 million people and a
birth cohort of 90,000 children who are added to the routine childhood immunization pro-
gram yearly [26]. The national expanded programme on immunization (EPI) was launched in
May 1979 and initially delivered six vaccines targeting tuberculosis (BCG vaccine), diphtheria,
pertussis, tetanus (combined DTP vaccine), measles, polio, and yellow fever. The current
childhood vaccination schedule include vaccines administered at birth and at two, three, four,
nine, twelve and eighteen months of life (Table 1) [27]. We explored the timeliness of vaccina-
tion using tracer vaccines given in the first year of life, a period when the peaks and severity of
VPDs are highest. The included vaccines are Bacilli Calmette Guerin (BCG) and the birth dose
of Hepatitis B vaccine (HepB0) administered at birth; the first, second, and third doses of
multi-series oral polio vaccine (OPV) and pentavalent vaccine (diphtheria, tetanus, pertussis,
hepatitis B, and Haemophilus influenzae type b) given at two, three and four months of life;
and the first dose of measles containing vaccine (MCV1), which is administered at nine
months in The Gambia (Table 1).

Data sources, study design and population

We analysed vaccination data from The Gambia Demographic and Health Survey (DHS),
2019-2020. The DHS is a nationally representative household survey that was designed by the
global DHS program and implemented by the Gambia Bureau of Statistics (GBoS) [30]. The
design, and implementation of the DHS is described in detail elsewhere [30]. In brief, The
Gambia DHS 2019-2020 was performed using a two-stage cluster sampling design. In the first
stage, the DHS selected a random sample of clusters with a probability proportional to their
size within each sampling stratum from an already existing sample frame that was based on an
updated version of the 2013 Gambia Population and Housing Census. In the second stage,
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Table 1. The Gambia routine childhood immunization schedule showing vaccines given during infancy and the accepted national vaccination window [27].

Vaccine Vaccination window (Timely or age-appropriate vaccination) Early vaccination Delayed vaccination
Hepatitis B vaccine birth dose (HepB0)* Birth NA > 24 hours of life [28]
Bacilli Calmette Guerin (BCG)* NA > 7 days [29]
Oral Polio Vaccine (OPV0)

Oral Polio Vaccine (OPV1)* 2 Months (61-90 days) <61 days >90 days
Pentavalent vaccine (PENTA1)* <61 days >90 days

Pneumococcal vaccine (PCV1)

Rotavirus vaccine (Rotal)
Oral Polio Vaccine (OPV2)* 3 Months (91-120 days) <91 days >120 days
Pentavalent vaccine (PENTA2)* <91 days >120 days

Pneumococcal vaccine (PCV2)

Rotavirus vaccine (Rota2)
Oral Polio Vaccine (OPV3)* 4 Months (121-150 days) <121 days >150 days
Pentavalent vaccine (PENTA3)* <121 days >150 days

Pneumococcal vaccine (PCV3)
Inactivated Polio Vaccine (IPV)
Measles and Rubella vaccine (MCV1)* 9 Months (271-300 days) <271 days >300 days
Oral Polio Vaccine (OPV4)
Yellow Fever vaccine
OPV1 -OPV2; OPV2 -OPV3 interval* 4-8 weeks (28-56 days) <4 weeks or 28 days** | >8 weeks or 56 days™*
PENTAI1 -PENTA2; PENTA2 -PENTA3 interval® 4-8 weeks (28-56 days) <4 weeks or 28 days** | >8 weeks or 56 days™*

Note: *The tracer vaccines and vaccination intervals examined in this study. ** untimely interval represents the combination of both scenarios. Pentavalent
vaccine = DPT-HepB-Hib.

https://doi.org/10.1371/journal.pone.0288741.t001

households were systematically sampled from each cluster. The samples were stratified by
urban and rural areas and sample weights were determined that must be applied to generate
statistics that are representative at the national, urban and rural levels, and at the Local Gov-
ernment Area levels (i.e., first administrative area). The Gambia DHS 2019-2020 was con-
ducted from 21 November 2019 to 30 March 2020 in 7025 selected households [30].

The Gambia DHS 2019-2020 collected childhood immunization data from 5,148 children
aged 0-35 months who received specific vaccines at any time before the survey based on infor-
mation from the child’s health card or the mother’s recall of vaccination. Overall, 93% of the
included children (0-35 months) had vaccination cards, thus, accurate information on date of
birth, vaccines received, and the dates of receipt (the variables needed to compute vaccination
timeliness) were extracted directly from these cards. To ensure our timeliness analyses were
comparable to the routine childhood coverage estimates routinely published in the DHS final
reports [30], we generated timeliness output for the 3,248 children across two age groups: 12—
23 months; and 24-35 months. A comprehensive breakdown detailing the number of children
in the included age group and the availability of their birth and vaccination dates for the calcu-
lation of vaccination timeliness can be found in the supporting information (S1 Table).

Measuring the dimensions of vaccination timeliness

At the individual level, we used the difference between vaccination dates and birth date to
determine the age at vaccination (in days) for every vaccine. Using the nationally accepted
childhood vaccination window in The Gambia (Table 1) [27], we converted the accepted age
recommendations given in months and weeks to days. To ensure uniformity and
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comparability, we considered a month to be equal to 30 days and a week was equal to 7 days.
We considered each recommended age to begin at the first day of the window and end at the
greatest number of days that could compose the given number of months or weeks (Table 1).
For example, for vaccines that are recommended at two months of life, timely vaccination (or
“on time") was any dose received between 61 days (the first day the child turned two months)
and 90 days (the last day the child was two months). Any vaccination administered outside of
the accepted window was considered “untimely” and include the following dimensions; early
vaccination, delayed vaccination and untimely interval vaccination.

Early vaccination. This was defined as vaccines received before the earliest nationally
accepted valid ages or vaccination window (in days) for a specific vaccine in The Gambia
(Table 1). Since BCG and HepB0 are recommended at birth, they can either be timely or
delayed and cannot be administered too early unlike the other tracer vaccines.

Delayed vaccination. This was defined as vaccines received after the latest nationally
accepted valid ages or vaccination window (in days) for a specific vaccine in The Gambia
(Table 1). The WHO recommends that infants receive HepBO0 as soon as possible after birth,
preferably within 24 hours [28], thus, delayed HepB0 was defined as doses received after 24
hours of life (i.e., 2 days and above). For BCG which is also recommended to be given “as soon
as possible after birth”, we instead used The Gambia Ministry of Health’s definition of BCG
received after 7 days (one week) as delayed [29].

Untimely interval vaccination. In line with the WHO guideline [31], the reccommended
interval for subsequent doses of multi-series vaccine in The Gambia is 4-8 weeks (i.e., 28-56
days). Thus, we defined “untimely interval vaccination” as any subsequent dose of a multi-
series vaccine received before or after the recommended window (i.e., interval <28 days or
>56 days between doses).

Data analysis

Following the DHS direct survey methodology, we computed routine vaccination coverage as
the proportion of all eligible children (i.e., 12-23 months and 24-35 months) who were vacci-
nated. The denominator for computing routine vaccination coverage was all eligible children,
within the specified age ranges (12-23 months and 24-35 months), with any form of vaccina-
tion evidence (i.e., either vaccination cards or mother’s recall). We subsequently computed vac-
cination timeliness (timely, early, delayed and untimely interval vaccination) among those
who were vaccinated. The denominator for computing vaccination timeliness (timely, early,
delayed and untimely interval vaccination) was all eligible children whose date of birth was
known, were within the specified age ranges, and whose vaccination dates were available from
a vaccination card [12]. We report the proportion vaccinated (coverage, timely, and untimely
vaccination) and 95% confidence interval (CI). We also computed vaccination timeliness as
continuous variables and reported the median days (and interquartile range) outside the
accepted window that children were vaccinated too early or too late (delayed). In all statistical
analyses, we accounted for survey design and sample weights following standardized tech-
niques [32], implemented using the survey package in R [33]. All analyses were performed in
Rand figures were generated using the ggplot2 package [34].

Ethics

This study was based on the analysis of the openly available The Gambia demographic and
health survey 2019/2020 (GDHS 2019-2020). The ethical procedures for GDHS 2019-2020
were the responsibilities of the institutions that commissioned, funded or managed the sur-
veys. The DHS states that it sought written informed consent from all participants before data
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collection and the study did not include minors. We received formal approval from the DHS
program to use GDHS 2019-2020 dataset. The Gambia Government and MRC Unit The
Gambia at LSHTM Joint Ethics Committee granted ethical approval for secondary data analy-
sis (Project ID/Ethics ref: 22786; Date: 16 January, 2021).

Results
Pattern of routine vaccination coverage compared to timely vaccination

The routine vaccination coverage was high (90% or more) across all tracer vaccines. However,
many children were vaccinated outside the recommended national vaccination windows as
shown in the cumulative routine vaccination coverage curve in Fig 1.

Fig 2 shows the comparison between routine coverage and timely vaccination coverage in
The Gambia. Overall, the coverages of all the included childhood vaccines were above 90% in
the two age groups, except the coverage of OPV3 which was 88% (95% CI = 85.7-90.2) in the
24-35 months age group.

The percentage of children with timely or “on time” vaccination was higher in the 12-23
months compared to the 24-35 months age group. Timely vaccination ranged from 15.1%
(95% CI = 12.1-18.1%) to 74.4% (95% CI = 71.7-77.1%) in the 12-23 months age group com-
pared to 8.9% (95% CI = 6.6-11.1%) to 71.9% (95% CI = 68.8-75.0%) in the 24-35 months age
group (Fig 1). For specific childhood vaccines, timely vaccination was lowest for the vaccines
scheduled to be administered at birth, especially HepB0 and the pattern was similar in the 12—
23 and 24-35 age group. Timely vaccination was highest for the vaccines scheduled to be
administered at two months of life (OPV1 and Pental), which corresponds to the next contact
with the vaccination system outside the birth period (Fig 2).
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Fig 1. Cumulative routine vaccination coverage curve of children 12-35 months in The Gambia. Note: Green

vertical dotted lines indicate the recommended national vaccination windows (<24 hours for HepBO0, 1-7 days for

BCG, 61-90 days for OPV1 and PENTALI, 91-120 days for OPV2 and PENTA2, 121-150 days for OPV3 and PENTA3,

and 271-300 days for MCV1). Red dotted line indicates WHO routine vaccination coverage target. Denominator is all

eligible children with any evidence of vaccination, including vaccination cards and maternal recall.

https://doi.org/10.1371/journal.pone.0288741.g001
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Fig 2. The comparison between routine vaccination coverage and timely vaccination coverage in The Gambia.
Note: Red horizontal dotted lines indicate the 2020 Global Vaccine Plan (GVAP) and the Immunization Agenda 2030
(IA2030) country-level crude vaccination coverage target. Error bar indicates 95% confidence interval (CI).

https://doi.org/10.1371/journal.pone.0288741.9002

Early vaccination (categorical and continuous outcomes)

The proportion of children who received their vaccinations too early was lower compared
delayed vaccination. Overall, early vaccination ranged from 4.9% (95% CI = 3.2-6.7) to 10.7%
(95% CI = 8.3-13.1) and the proportions were similar in the two age group (Fig 3A). The
median number of days children were vaccinated too early, before the reccommended window
ranged from 3 days (IQR = 1, 11 days) to 14.5 days (IQR = 6.75, 26.25 days) and has a similar
pattern in the two age groups (Fig 3B, supporting information [S2 Table]).

As per specific vaccines, the percentage of children with early vaccination was lowest for
the vaccine that protect against measles infection, MCV1 (5.1% vs 4.9% in the 12-23 and 24—
35 months age groups respectively). However, MCV1 had the highest median number of days
that children were vaccinated too early (14.5 days, [IQR = 6.75, 26.25] and 9.0 days,

[IQR = 4.0, 26.0] for 12-23 and 24-35 months age group respectively) compared to other vac-
cines (Fig 3B).OPV2 (in the 12-23 months) and OPV1 (in the 23-35 months) had the highest
proportion of children with early vaccination representing 10.7% (95% CI = 8.3-13.1) and
10.6% (95% CI = 8.4-12.8), respectively (Fig 3A).

Delayed vaccination (categorical and continuous outcomes)

Delayed vaccination ranged from 17.5% (95% CI = 14.5-20.4) to 91.1% (95% CI = 88.9-93.4),
showing a similar pattern in the two age groups (Fig 4A). The median number of days children
were vaccinated too late (i.e., delayed) ranged from 11 days (IQR = 5, 19.5 days) to 28 days
(IQR =11, 57 days) across all vaccines and had a similar pattern in the two age groups (Fig 4B,
supporting information [S2 Table]). Overall, HepB0 had the highest proportion of delayed
vaccination across the two age groups. Specifically, delayed HepB0 was higher in the 24-35
months age group (91.1% [95% CI = 88.9-93.4], median days delayed = 17 days [IQR = 10, 28
days]) compared to the 12-23 months age group (84.9% [95% CI = 81.9-87.9], median days
delayed = 16 days [IQR =9, 26 days]).
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The percentage of children with delayed vaccination was lowest for the first dose of the
multi-series vaccines (i.e., OPV1 and Pental), with a gradual increase in delayed vaccination
with subsequent doses in the series across the two age groups (Fig 4A). Similarly, the median
number of days that children were vaccinated too late for OPV1 in the 24-35 months age
group increased from 11 days (IQR = 4, 29 days) until it peaked at 28 days (IQR = 11, 57 days)
for OPV3 (Fig 4B, supporting information [S2 Table]). The 12-23 months age group also
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Fig 4. Delayed vaccination among children 12-23 months and 24-35 months in The Gambia (a) the proportion with
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vaccinated too late or delayed (continuous timeliness). Panel B is truncated at 300 days, thus, does not show the
number of days outside the window for the outliers.

https://doi.org/10.1371/journal.pone.0288741.g004
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followed a similar pattern of increasing median days children were vaccinated too late with
subsequent doses of the multi-series vaccines.

Untimely interval of vaccination between multi-series vaccines

Overall, less than 20% of the vaccinated children received their multi-series vaccines outside of
the recommended window (i.e., a minimum interval of four weeks and maximum interval of
eight weeks between subsequent doses of multi-series vaccines). This trend was observed con-
sistently across both age cohorts and across all multi-series vaccines (Fig 5). Too early interval
(i.e., being vaccinated less than 4 weeks or 28 days between subsequent doses of multi-series
vaccines) was the least common, accounting for less than 5% for all multi-series vaccines

(Fig 5).

Discussion

To the best of our knowledge, this is the first study conducted in an LMIC context to simulta-
neously investigate all the dimensions of vaccination timeliness (timely, early, delayed, and
untimely interval), and presents the outcomes as both categorical and continuous variables.
This approach allows for a uniquely nuanced interpretation of the results unlike previous stud-
ies that often focused on one dimension or predominantly reported the outcomes as categori-
cal variables. We also compared vaccination timeliness to official national survey-based
routine vaccination coverage rates. Although overall coverage was high, a large number of chil-
dren were vaccinated outside the recommended time-frames. Early vaccination was the least
common dimension of untimely vaccination and also had a comparatively shorter median
number of days children were vaccinated outside the window. Delayed vaccination was the
most common dimension of untimely vaccination, with the highest proportion and longest
median number of days children were vaccinated outside the recommended time-frames. Our
findings do not align with prior research on vaccination timeliness, as the proportion of
delayed vaccinations and the median delays in our study are generally lower compared to the
largest study so far that included data of 217,706 children from 45 LMICs [35]. Our findings
demonstrate that the Gambia EPI not only achieves high routine childhood vaccination
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coverage rates but has also ensured that children receive their vaccinations within the recom-
mended time-frames, as much as possible, in comparison to other LMICs.

In the last decade, The Gambian EPI program has further strengthened its commitment to
leave no child behind and to reach 100% immunization coverage in the country. This commit-
ment is supported by development partners such as Gavi, the Vaccine Alliance which contin-
ues to make huge investments towards ensuring that all children receive all their basic
vaccinations within the recommended time-frames [36]. These commitments and investments
might explain why vaccination was generally more timely in the younger age group (12-23
months) compared to children in the older age group. This improvement in timely vaccination
is similar to the official national survey-based routine vaccination coverage estimates which
shows that coverage was also higher among children in the younger age group [30].

For the multi-series vaccines, the proportion and median delays increased gradually and
peaked with the third doses, reflecting a pattern similar to previous studies from Indonesia
[37], the UK [38], and across LMICs context [35]. This trend is not surprising because the first
doses of the multi-series vaccines are administered at two months of life in The Gambia which
coincides with the first vaccination visit outside the birth period and may also be an opportu-
nity to receive post-natal services, hence, the timely uptake. Nevertheless, it is worrisome
because it reflects the inability of the program to consistently ensure timely vaccination or a
lack of enthusiasm by caregivers for subsequent doses of multi-series vaccines. This situation
may have a knock-on effect as many children may progress from untimely vaccination in sub-
sequent doses to actual dropout from the system with increasing median delays with subse-
quent doses. Our results should, therefore, inform the development of retention strategies by
the EPI for multi-series vaccines aimed at delivering doses in a timely manner.

Implications for childhood vaccination planning and policy in The Gambia

The fact that HepB0 had the highest proportion (~90%) and median delay of more than two
weeks in both age groups is of particular concern and has implication for immunization plan-
ning and public health policy. Globally, about 360 million people are chronically infected with
Hepeatitis B virus (HBV) and can lead to serious complications such as liver cirrhosis or cancer
[28]. In The Gambia, HBV infection is endemic, with 15% to 20% of the population being
chronically infected [39]. HBV can be transmitted from mother-to-child during the birthing
process and through breast feeding. Thus, the WHO has recommended that HepBO0, one of the
safest and most effective vaccines, be given within 24 hours of birth and followed by at least
two subsequent doses to prevent perinatal infection [28]. The ~90% delay found in this study
is an improvement compared to the 98.9% HepB0 delay recorded in the Gambia in 2015 [4].
However, it highlights the need for more action to ensure timely delivery and uptake of HepB0
in the country. The evidence base suggests that the key drivers of delayed HepB0 are lack of
facility delivery or mothers being discharged before their babies can be accessed for vaccina-
tion [40, 41]. While these drivers might not be under the direct purview of the EPI, the pro-
gramme can work collaboratively with the relevant department of the ministry health to better
align priorities.

The fact that the categorical measures of vaccination timeliness showed a contrasting pat-
tern to the continuous measures of timeliness for most vaccines, highlights the need for studies
to operationalize timeliness using the two outcome measures. The subpopulation with a longer
median duration of untimely (early or late) vaccination can create windows of vulnerability,
even when the overall proportion of children with early or delayed vaccination is low. For this
reason, it is important for EPI programs to supplement routine measures of coverage and cate-
gorical timeliness with continuous measures of vaccination timeliness to aid a nuanced
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interpretation of the quality dimension of routine immunization system performance. Our
findings contextualizes the available evidence in The Gambia which shows that routine vacci-
nation coverage of MCV1 is high [2], and the proportion of children vaccinated too early for
MCV1 is generally low [5], because we provide additional evidence on the median number of
days children are vaccinated outside the recommended time-frames. Efforts at reducing the
median number of days that children are vaccinated too early or late, in addition to increasing
timely, age-appropriate MCV1 coverage and other measures must be prioritized by the Gam-
bia EPI to halt sporadic measles outbreaks in the country.

Transferability and future research

To ensure comparability of data, future studies examining vaccination timeliness in other
LMICs contexts can implement the approach we have adopted in defining the dimensions of
vaccination timeliness. We acknowledge that vaccination windows may vary across countries,
nevertheless, using the nationally accepted EPI vaccination windows, rather than an arbitrary
definition makes it easier to aggregate and compare data across countries, especially LMICs
with similar vaccination schedules. Nationally-representative surveys such as DHS and the
multiple indicator cluster survey (MICS) are widely implemented in many LMICs and rou-
tinely generate national-level routine vaccination coverage rates. The widespread availability
of these surveys presents an opportunity to replicate the analysis implemented in this study by
comparing routine vaccination coverage rates with estimates of all the dimensions of vaccina-
tion timeliness. Through this approach, countries can monitor the quality dimension of their
immunization systems, in addition to measuring routine vaccination coverage rates which can
mask substantial immunity gaps created by untimely vaccinations.

To effectively implement targeted public health interventions, it might be necessary to
move beyond utilizing national and subnational estimates of vaccination timeliness and
instead identify specific subpopulations that are hotspots’ of untimely vaccination. Future
studies should deploy geospatial modelling techniques and generate maps showing the hot-
spots of early, delayed, and untimely interval vaccination at high-resolution, similar to spatial
modelling of routine vaccination coverage already being conducted [42-44]. The factors that
contribute to the pattern of untimely vaccination observed in this study are likely to be multi-
faceted and complex. In order to gain a deeper and more comprehensive understanding of
these factors, future studies should adopt an action-oriented conceptual framework that takes
into account both accessibility and utilization of immunization services, as well as demand-
and supply-side factors. This approach will allow for a more robust examination of the various
factors contributing to untimely vaccination, providing valuable insights for the development
and implementation of effective strategies to improve vaccination timeliness.

Methodological implications and limitations

To compute vaccination timeliness, dates of birth and vaccination are essential, and the per-
centage of children with vaccination cards must be high to ensure the analysis is powered to
generate representative outcomes [45]. Vaccination card availability was high in our dataset
and in the age group we included (~ 85%), thus, supporting the feasibility of implementing
our timeliness analysis. However, in many LMICs context, the retention of vaccination cards
is variable and may limit the computation of timeliness outcomes. To conduct timeliness anal-
ysis in situations where dates of birth and vaccination are incomplete, there is a need to
develop, validate, and deploy methodologies that can input or predict age at vaccination espe-
cially in situations where it can be confirmed from maternal recall that the child has been vac-
cinated. Such imputation or prediction techniques can utilize machine learning approaches
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that may leverage pre-specified characteristics such as the age at vaccination of children in sim-
ilar age bands or living in the same spatial location with the index child [35, 46].

The use of DHS data for the analyses of vaccination timeliness presents certain limitations
inherent to the nature of the survey data. First, the availability of valid date of birth and date of
vaccination for a substantial number of children in the dataset is crucial for accurate analysis.
However, the completeness and accuracy of these data elements can vary significantly across
many LMIC context where the availability of home-based vaccination records are seldom
incomplete. This can potentially introduce biases or limit the generalizability of the timeliness
estimates. Second, cross-sectional surveys like DHS provide a snapshot of the population at a
specific point in time. Since the data is typically collected every 5 years and focusses on chil-
dren who were vaccinated 12-35 months before the survey was implemented, it does not
reflect the most recent vaccination status and poses challenges in capturing the temporal
nature of vaccination timeliness. Locally tailored approaches are needed to generate timely,
high-quality, population-based vaccination data needed to assess to temporal trends in vacci-
nation timeliness. The availability of such real-time, routinely collected data has fundamental
advantages over data generated through periodic (~5 yearly) surveys like the DHS and can be
exploited in the future for the analysis implemented in this study. Despite these limitations,
DHS data is a valuable resource for tracking vaccination timeliness. DHS data is collected in a
standardized way across countries, which makes it possible to compare vaccination rates
across countries. DHS data is also collected from a large sample of households, which makes it
possible to get a reliable estimate of vaccination rates.

Supporting information

S1 Fig. Flowchart displaying children included in this study by age group and birth/vacci-
nation data completeness.
(DOCX)

S1 Table. Median number of days children were vaccinated too early and interquartile
ranges for all vaccines for children 12-23 and 24-35 months in The Gambia.
(DOCX)

S2 Table. Median delays and interquartile ranges for all vaccines for children 12-23 and
24-35 months in The Gambia.
(DOCX)

Author Contributions

Conceptualization: Oghenebrume Wariri, Chigozie Edson Utazi, Uduak Okomo, Malick
Sogur, Kris A. Murray, Chris Grundy, Sidat Fofanna, Beate Kampmann.

Data curation: Oghenebrume Wariri, Chigozie Edson Utazi.
Formal analysis: Oghenebrume Wariri, Chigozie Edson Utazi.
Funding acquisition: Oghenebrume Wariri, Beate Kampmann.
Investigation: Oghenebrume Wariri, Beate Kampmann.

Methodology: Oghenebrume Wariri, Chigozie Edson Utazi, Uduak Okomo, Malick Sogur,
Kris A. Murray, Chris Grundy, Sidat Fofanna, Beate Kampmann.

Project administration: Oghenebrume Wariri.

Resources: Oghenebrume Wariri, Malick Sogur.

PLOS ONE | https://doi.org/10.1371/journal.pone.0288741 July 21, 2023 12/15

Page | 68



PLOS ONE

The timelinss of routine childhood vaccination in The Gambia

Software: Chigozie Edson Utazi.

Supervision: Chigozie Edson Utazi, Uduak Okomo, Kris A. Murray, Chris Grundy, Sidat

Fofanna, Beate Kampmann.

Validation: Oghenebrume Wariri.

Visualization: Oghenebrume Wariri, Chigozie Edson Utazi.

Writing - original draft: Oghenebrume Wariri.

Writing - review & editing: Chigozie Edson Utazi, Uduak Okomo, Malick Sogur, Kris A.

Murray, Chris Grundy, Sidat Fofanna, Beate Kampmann.

References

1.

10.

1.

12

13.

14.

15.

Wariri O, Edem B, Nkereuwem E, et al. Tracking coverage, dropout and multidimensional equity gaps
inimmunisation systems in West Africa, 2000-2017. BMJ Global Health 2019; 4(5): e€001713—e.
https://doi.org/10.1136/bmjgh-2019-001713 PMID: 31565416

Wariri O, Nkereuwem E, Erondu NA, et al. A scorecard of progress towards measles elimination in 15
west African countries, 2001-19: a retrospective, multicountry analysis of national immunisation cover-
age and surveillance data. The Lancet Global Health 2021; 9(3): e280—e90. https://doi.org/10.1016/
$2214-109X(20)30481-2 PMID: 33607028

World Health Organization. Implementing the Immunization Agenda 2030: A Framework for Action
through Coordinated Planning, Monitoring & Evaluation, Ownership & Accountability, and Communica-
tions & Advocacy. Geneva, Switzerland: World Health Organization, 2021.

Miyahara R, Jasseh M, Gomez P, et al. Barriers to timely administration of birth dose vaccines in The
Gambia, West Africa. Vaccine 2016; 34(29): 3335-41. https://doi.org/10.1016/j.vaccine.2016.05.017
PMID: 27195759

Odutola A, Afolabi MO, Ogundare EO, et al. Risk factors for delay in age-appropriate vaccinations
among Gambian children. BMC health services research2015; 15: 346. https://doi.org/10.1186/
5$12913-015-1015-9 PMID: 26315547

Scott S, Odutola A, Mackenzie G, et al. Coverage and timing of children’s vaccination: an evaluation of
the expanded programme on immunisation in The Gambia. PLoS One 2014; 9(9): e107280. https://doi.
org/10.1371/journal.pone.0107280 PMID: 25232830

World Health Organization. Surveillance for Vaccine Preventable Diseases (VPDs). 2022. https://www.
who.int/teams/immunization-vaccines-and-biologicals/immunization-analysis-and-insights/
surveillance/surveillance-for-vpds (accessed 19 July 2022).

Sowe A, Njie M, Sowe D, et al. Epidemiology of measles cases, vaccine effectiveness, and perfor-
mance towards measles elimination in The Gambia. PLoS One 2021; 16(10): e0258961. https://doi.
org/10.1371/journal.pone.0258961 PMID: 34673828

Gastafiaduy PA, Goodson JL, Panagiotakopoulos L, Rota PA, Orenstein WA, Patel M. Measles in the
21st Century: Progress Toward Achieving and Sustaining Elimination. J Infect Dis 2021; 224(12 Suppl
2): S420-s8. https://doi.org/10.1093/infdis/jiaa793 PMID: 34590128

Truelove SA, Graham M, Moss WJ, Metcalf CJE, Ferrari MJ, Lessler J. Characterizing the impact of
spatial clustering of susceptibility for measles elimination. Vaccine2019; 37(5): 732—41. https://doi.org/
10.1016/j.vaccine.2018.12.012 PMID: 30579756

MacDonald SE, Russell ML, Liu XC, et al. Are we speaking the same language? an argument for the
consistent use of terminology and definitions for childhood vaccination indicators. Hum Vaccin Immun-
other2019; 15(3): 740-7. https://doi.org/10.1080/21645515.2018.1546526 PMID: 30457475

World Health Organization. Harmonizing vaccination coverage measures in household surveys: A
primer. Geneva, Switzerland: WHO, 2019.

Cutts FT, Izurieta HS, Rhoda DA. Measuring coverage in MNCH: design, implementation, and interpre-
tation challenges associated with tracking vaccination coverage using household surveys. PLoS medi-
cine 2013; 10(5): e1001404. https://doi.org/10.1371/journal.pmed.1001404 PMID: 23667334

Plotkin SA. Vaccines: Past, present and future. Nature Medicine 2005; 11(4S): S5-S. https://doi.org/
10.1038/nm1209 PMID: 15812490

Nic Lochlainn LM, de Gier B, van der Maas N, et al. Effect of measles vaccination in infants younger
than 9 months on the immune response to subsequent measles vaccine doses: a systematic review

PLOS ONE | https://doi.org/10.1371/journal.pone.0288741 July 21, 2023 13/15

Page | 69



PLOS ONE

The timelinss of routine childhood vaccination in The Gambia

16.

17.

18.

19.

20.

21.

22.

23.

24,

25,

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

and meta-analysis. The Lancet Infectious Diseases2019; 19(11): 1246-54. https://doi.org/10.1016/
S$1473-3099(19)30396-2 PMID: 31548081

Borras E, Urbiztondo L, Costa J, et al. Measles antibodies and response to vaccination in children aged
less than 14 months: implications for age of vaccination. Epidemiol Infect2012; 140(9): 1599-606.
https://doi.org/10.1017/S0950268811002184 PMID: 22074684

Garly ML, Balé C, Martins CL, et al. Measles antibody responses after early two dose trials in Guinea-
Bissau with Edmonston-Zagreb and Schwarz standard-titre measles vaccine: better antibody increase
from booster dose of the Edmonston-Zagreb vaccine. Vaccine 2001; 19(15-16): 1951-9. https://doi.
org/10.1016/s0264-410x(00)00431-x PMID: 11228365

Whittle H, Hanlon P, O'Neill K, et al. Trial of high-dose Edmonston-Zagreb measles vaccine in the Gam-
bia: antibody response and side-effects. Lancet 1988; 2(8615): 811—4. https://doi.org/10.1016/s0140-
6736(88)92781-x PMID: 2902264

Guerra FA. Delays in immunization have potentially serious health consequences. Paediatr Drugs;
2007. p. 143-8. https://doi.org/10.2165/00148581-200709030-00002 PMID: 17523694

Henderson DA, Dunston FJ, Fedson DS, et al. The Measles Epidemic: The Problems, Barriers, and
Recommendations. JAMA 1991; 266(11): 1547-52.

Kiely M, Boulianne N, Talbot D, et al. Impact of vaccine delays at the 2, 4, 6 and 12 month visits on
incomplete vaccination status by 24 months of age in Quebec, Canada. BMC Public Health2018; 18
(1): 1364.

World Health Organization. Training for mid-level managers (MLM) module 5: monitoring the immuniza-
tion system. Geneva, 2008.

World Health O. Rotavirus vaccines: an update. Weekly Epidemiological Record = Relevé épidémiologi-
que hebdomadaire 2009; 84(51-52): 533—40.

Patel MM, Clark AD, Sanderson CF, Tate J, Parashar UD. Removing the age restrictions for rotavirus
vaccination: a benefit-risk modeling analysis. PLoS Med2012; 9(10): e1001330. https://doi.org/10.
1371/journal.pmed.1001330 PMID: 23109915

Wariri O, Okomo U, Kwarshak YK, et al. Timeliness of routine childhood vaccination in 103 low-and mid-
dle-income countries, 1978-2021: A scoping review to map measurement and methodological gaps.
PLOS Global Public Health 2022; 2(7): €0000325. https://doi.org/10.1371/journal.pgph.0000325

PMID: 36962319

Worldometer. The Gambia Population. 2021. https://www.worldometers.info/world-population/gambia-
population/ (accessed November 19 2021).

World Health Organization. Vaccination schedule for Gambia. 2023. https://immunizationdata.who.int/
pages/schedule-by-country/gmb.htm|?DISEASECODE=&TARGETPOP_GENERAL= (accessed 29
January 2023).

World Health Organization. Preventing Perinatal Hepatitis B Virus Transmission: A Guide for Introduc-
ing and Strengthening Hepatitis B Birth Dose Vaccination. Geneva, Switzerland: World Health Organi-
zation, 2015.

Ministry of Health The Gambia. Draft policy of the expanded programme on immunisation, Republic of
The Gambia. Banjul, The Gambia: Ministry of Health The Gambia, 2006.

Gambia Bureau of Statistics (GBoS) and ICF. The Gambia Demographic and Health Survey 2019-20.
Banjul, The Gambia and Rockville, Maryland, USA, 2021.

World Health Organization. Summary of WHO Position Papers—Recommended Routine Immuniza-
tions for Children. Geneva, Switzerland: World Health Organization, 2020.

International ICF. Demographic and Health Survey Sampling and Household Listing Manual. MEA-
SURE DHS, Calverton, Maryland, U.S.A.: ICF International, 2012.

Lumley T. Analysis of Complex Survey Samples. Journal of Statistical Software 2004; 9(8): 1-19.

R Core Team R. R: A language and environment for statistical computing. 2022.

Clark A, Sanderson C. Timing of children’s vaccinations in 45 low-income and middle-income countries:
an analysis of survey data. Lancet 2009; 373(9674): 1543-9. https://doi.org/10.1016/S0140-6736(09)
60317-2 PMID: 19303633

Gavi The Vaccine Alliance. Program impact: The Gambia. 2022. https://www.gavi.org/programmes-
impact/country-hub/africa/gambia (accessed 27 January 2023).

Oktaria V, Bines JE, Murni IK, et al. Timeliness of routine childhood vaccinations in Indonesian infants
in the first year of life. Vaccine 2022; 40(21): 2925-32. https://doi.org/10.1016/j.vaccine.2022.04.001
PMID: 35422336

PLOS ONE | https://doi.org/10.1371/journal.pone.0288741 July 21, 2023 14/15

Page

| 70



PLOS ONE The timelinss of routine childhood vaccination in The Gambia

38. Walton S, Cortina-Borja M, Dezateux C, et al. Measuring the timeliness of childhood vaccinations:
Using cohort data and routine health records to evaluate quality of immunisation services. Vaccine
2017; 35(51): 7166-73. https://doi.org/10.1016/j.vaccine.2017.10.085 PMID: 29132992

39. Kirk GD, Lesi OA, Mendy M, et al. The Gambia Liver Cancer Study: Infection with hepatitis B and C and
the risk of hepatocellular carcinoma in West Africa. Hepatology 2004; 39(1): 211-9. https://doi.org/10.
1002/hep.20027 PMID: 14752840

40. Montagu D, Yamey G, Visconti A, Harding A, Yoong J. Where Do Poor Women in Developing Countries
Give Birth? A Multi-Country Analysis of Demographic and Health Survey Data. PLOS ONE 2011; 6(2):
e17155. https://doi.org/10.1371/journal.pone.0017155 PMID: 21386886

41. Bryce J, Daelmans B, Dwivedi A, et al. Countdown to 2015 for maternal, newborn, and child survival:
the 2008 report on tracking coverage of interventions. Lancet 2008; 371(9620): 1247-58. https://doi.
org/10.1016/S0140-6736(08)60559-0 PMID: 18406859

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

43. Dong TQ, Wakefield J. Modeling and presentation of vaccination coverage estimates using data from
household surveys. Vaccine 2021; 39(18): 2584-94. https://doi.org/10.1016/j.vaccine.2021.03.007
PMID: 33824039

44. Utazi CE, Thorley J, Alegana VA, 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

45. Wagai JN, Rhoda D, Prier M, et al. Implementing WHO guidance on conducting and analysing vaccina-
tion coverage cluster surveys: Two examples from Nigeria. PLoS One 2021; 16(2): e€0247415. https:/
doi.org/10.1371/journal.pone.0247415 PMID: 33635913

46. LiY, Vinzamuri B, Reddy CK. Regularized weighted linear regression for high-dimensional censored
data. Proceedings of the 2016 SIAM International Conference on Data Mining; 2016: SIAM; 2016. p.
45-53.

PLOS ONE | https://doi.org/10.1371/journal.pone.0288741 July 21, 2023 15/15

Page | 71



LONDON
SCHOOL¢f

HYGIENE
&TROPICAL
MEDICINE

London School of Hygiene & Tropical Medicine

Keppel Street, London WC1E 7HT

T:+44 (0)20 7299 4646
F:+44 (0)20 72900 4656
www.lshtm.ac.uk

RESEARCH PAPER COVER SHEET

Please note that a cover sheet must be completed for each research paper included within a thesis.

SECTION A — Student Details

Student ID Number 1509291 Title DR
First Name(s) Oghenebrume
Surname/Family Name | Warini

Timeliness of routine childhood vaccination in The Gambia:

Thesis Title examining the burden, spatial pattern, determinants and the
impact of COVID-19 pandemic
Primary Supervisor Chris Grundy

If the Research Paper has previously been published please complete Section B, if not please move

to Section C.

SECTION B — Paper already published

Where was the work published? Vaccine

When was the work published? September 2023

If the work was published prior to
registration for your research degree, NA
give a brief rationale for its inclusion

work?*

Have you retained the copyright for the

Was the work subject
Yes to academic peer Yes
review?

*If yes, please attach evidence of retention. If no, or if the work is being included in its published format,
please attach evidence of permission from the copyright holder (publisher or other author) to include this

work.

SECTION C — Prepared for publication, but not yet published

published?

Where is the work intended to be

Please list the paper’s authors in the
intended authorship order:

Improving health worldwide

www.Ishtm.ac.uk

Page | 72



Stage of publication Choose an item.

SECTION D — Multi-authored work

I conceptualised this study and led it's execution. I

For multi-authored work, give full details of cleaned the data, merged datasets, undertook the

your role in the research included in the analysis, and interpreted the results. I wrote the initial
paper and in the preparation of the paper. manuscript draft and handled all referencing. I handled
(Attach a further sheet if necessary) the submission, the reviewer responses, and the re-

submisison process.

SECTION E
Student Signature _
Date 20th February 2024

Supervisor Signature Chris Groandy
Date 21 Feb 2024

Improving health worldwide Page 20f2 www.Ishtm.ac.uk

Page | 73



4.3 Research Paper 2 (VACCINE)

Vaccine 41 (2023) 5696-5705

Contents lists available at ScienceDirect = .
\/ accine

Vaccine

&5

ELSEVIER

journal homepage: www.elsevier.com/locate/vaccine ——

Check for

Mapping the timeliness of routine childhood vaccination in The Gambia: A &
spatial modelling study

Oghenebrume Wariri ™", Chigozie Edson Utazi d¢ Uduak Okomo ™', C. Jessica E. Metcalf,
Malick Sogur”, Sidat Fofana”, Kris A. Murray ', Chris Grundy ', Beate Kampmann * !

 Vaccines and Immunity Theme, MRC Unit The Gambia a London School of Hygiene and Tropical Medicine, Fajara, Gambia

Y Department of Infectious Disease Epidemiology, London School of Hygiene and Tropical Medicine, London, United Kingdom

¢ Vaccine Centre, London School of Hygiene and Tropical Medicine, London, United Kingdom

4 WorldPop, School of Geography and Environmental Science, University of Southampton, Southampton, United Kingdom

€ Southampton Statistical Sciences Research Institute, University of Southampton, Southampton, United Kingdom

f MARCH Centre, London School of Hygiene and Tropical Medicine, London, United Kingdom

& Department of Ecology & Evolutionary Biology, Princeton University, Princeton, NJ, USA

! Expanded Programme on Immunization, Ministry of Health and Social Welfare, The Gambia, Banjul, Gambia

! Centre on Climate Change and Planetary Health, MRC Unit The Gambia at The London School of Hygiene and Tropical Medicine, Fajara, Gambia
I Centre for Global Health, Charité Universitatsmedizin, Berlin, Germany

ABSTRACT

Introduction: Timeliness of routine vaccination shapes childhood infection risk and thus is an important public health metric. Estimates of indicators of the timeliness
of vaccination are usually produced at the national or regional level, which may conceal epidemiologically relevant local heterogeneities and make it difficult to
identify pockets of vulnerabilities that could benefit from targeted interventions. Here, we demonstrate the utility of geospatial modelling techniques in generating
high-resolution maps of the prevalence of delayed childhood vaccination in The Gambia. To guide local immunisation policy and prioritize key interventions, we also
identified the districts with a combination of high estimated prevalence and a significant population of affected infants.

Methods: We used the birth dose of the hepatitis-B vaccine (HepBO0), third-dose of the pentavalent vaccine (PENTA3), and the first dose of measles-containing vaccine
(MCV1) as examples to map delayed vaccination nationally at a resolution of 1 x 1-km? pixel. We utilized cluster-level childhood vaccination data from The Gambia
2019-20 Demographic and Health Survey. We adopted a fully Bayesian geostatistical model incorporating publicly available geospatial covariates to aid predictive
accuracy. The model was implemented using the integrated nested Laplace approximation—stochastic partial differential equation (INLA-SPDE) approach.
Results: We found significant subnational heterogeneity in delayed HepB0, PENTA3 and MCV1 vaccinations. Specific districts in the central and eastern regions of The
Gambia consistently exhibited the highest prevalence of delayed vaccination, while the coastal districts showed a lower prevalence for all three vaccines. We also
found that districts in the eastern, central, as well as in coastal parts of The Gambia had a combination of high estimated prevalence of delayed HepBO, PENTA3 and
MCV1 and a significant population of affected infants.

Conclusions: Our approach provides decision-makers with a valuable tool to better understand local patterns of untimely childhood vaccination and identify districts
where strengthening vaccine delivery systems could have the greatest impact.

1. Introduction

Immunisation is a highly effective and cost-efficient means of con-
trolling infectious diseases [1]. Studies estimate that every dollar spent
on immunisation yields a return on investment (ROI) of more than 16
dollars. If the broader benefits of immunisation are considered, the ROI
rises to 48 dollars [2]. Since its establishment, the expanded programme
on immunisation (EPI) has significantly reduced the incidence of and
mortality from childhood vaccine-preventable diseases (VPDs) [3].

Between 2000 and 2019, vaccination programs in low- and middle-
income countries (LMICs) prevented 36 million deaths among children
aged under five [4]. Despite these hard-won successes, the COVID-19
pandemic caused the biggest setback in routine childhood vaccina-
tions in 30 years. In 2021 alone, 18.2 million children globally did not
receive the first dose of the diphtheria-tetanus-pertussis (DTP) con-
taining vaccine, and an additional 6.8 million children were under-
vaccinated [5]. Thus, a more holistic approach, considering different
aspects of the routine vaccination system, needs to be adopted to
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facilitate speedy recovery from the drastic disruptions caused by the
pandemic.

The success of EPI programs has traditionally been evaluated by
measuring vaccination coverage rates [6,7]. This indicator assumes
uptake and overlooks whether doses are received within the recom-
mended window, are too early or delayed [8,9]. Yet, several factors,
including local VPD epidemiology, maternal antibodies, and the earliest
safe age for a vaccination with optimal efficacy and minimal risks,
determine an ideal age window for vaccination [10]. High coverage and
timely delivery are crucial to achieve the full benefits of vaccines [6].
Timely vaccination, that is, vaccination received within the recom-
mended window in an age-appropriate manner [11], is an essential
quality dimension of immunisation programs for various reasons. At the
programmatic level, too early or delayed vaccination could alert pro-
gram managers to potential issues with vaccine delivery [7]. At the in-
dividual level, vaccines received too early could lead to suboptimal
immune response due to interference with maternal antibodies [12,13].
Conversely, delayed vaccination could increase children’s exposure to
VPDs, such as pertussis and measles, whose peaks occur during the first
year of life [10,14]. Because of its high infectivity rate, measles requires
at least 95 % vaccination coverage and population immunity to prevent
outbreaks [15]. However, evidence from high-income countries suggests
that measles outbreaks have occurred in the past due to suboptimal
population immunity associated with delayed measles vaccination, even
in the presence of a high overall coverage [16]. It is therefore imperative
that countries like The Gambia [17,18], which have attained a persis-
tently high vaccination coverage, must now explore the quality dimen-
sion — i.e., ensuring that children across all subpopulations receive
vaccination in a timely, age-appropriate manner.

Regardless of source or strength of evidence of vaccination, survey-
based estimates of vaccination coverage are typically produced at the
national level or at the scale of large regions. This approach is often due
to administrative convenience, operational limitations, or high cost of
data collection to produce more spatially detailed estimates. Such large-
area estimates mask epidemiologically important heterogeneities in
local vaccine coverage and limit the identification of low coverage areas
capable of sustaining pockets of disease transmission and which could
benefit from targeted efforts [19]. Consequently, geospatial modelling
approaches, utilizing geolocated household survey data have gained
traction as a vital tool for creating high-resolution estimates and maps of
vaccination coverage [20-24]. Recently, studies exploring the timeli-
ness of childhood vaccination in LMICs have also gained significant
momentum [25,26]. Nevertheless, to date, no studies have produced
high-resolution maps showing the spatial patterns of the timeliness of
routine childhood vaccination. The Immunization Agenda 2030
(IA2030) is an ambitious global strategy that aims to halve the number
of under- or unvaccinated children and eliminate measles transmission
globally [3]. This requires new data and methodological approaches to
precisely locate and target these subpopulations to ensure no one is left
behind. Maps are a powerful tool that can help identify vulnerable
subpopulations and their programmatic relevance in vaccination is well
recognised by the WHO IA2030 [3], UNICEF, and Gavi, the Vaccine
Alliance [27].

In this paper, we show the utility of geospatial modelling techniques
for high-resolution mapping of the timeliness of routine vaccination in
The Gambia. We mapped the prevalence of delayed vaccination na-
tionally at 1 x 1-km? resolution, second (District), and third (Wards)
health administrative levels among children aged 12-35 months in The
Gambia. To guide immunisation micro-planning, we also identified the
specific districts and wards where there was a combination of high
estimated prevalence and a significant population of affected infants.
We focused our spatial analysis on delayed vaccination because we have
previously shown that it is significantly more prevalent in The Gambia
than other dimensions of vaccination timeliness [28]. We used the birth-
dose of hepatitis-B vaccine (HepBO0), the third dose of pentavalent vac-
cine (PENTA3) and the first-dose of the measles-containing vaccine

5697

Vaccine 41 (2023) 5696-5705

(MCV1) as case studies for three reasons. First, several studies have
shown that delayed HepBO is a key marker of incomplete or delayed
subsequent doses of routinely recommended childhood vaccines
[29,30]. Second, the coverage of PENTA3 (formerly coverage of DPT3)
is commonly used as a performance indicator for routine vaccine de-
livery in The Gambia and globally [7]. Third, a single valid dose of a
measles-containing vaccine is approximately 93 % effective in providing
lifelong protection against measles [31]. Yet, despite achieving consis-
tently high coverage of MCV1, The Gambia experienced a significant six-
fold increase in measles cases by mid-2022 compared to the numbers
reported in 2020 [32]. Postponed measles campaigns and stagnating
MCV1 coverage since 2017, along with the potential impact of delayed
MCV1 resulting in the accumulation of susceptible sub-populations,
might explain the recent trend. The high-resolution geospatial mapping
of delayed HepB0O, PENTA3 and MCV1 may therefore offer critical in-
sights on the pattern of vaccination timeliness that could guide targeted
programmatic actions in The Gambia and serve as an example for other
immunisation programs.

2. Methods
2.1. Study setting and context

The Gambia, situated in West Africa, has a population of 2.5 million
and a yearly birth cohort of about 90,000 children who are added to the
routine childhood immunisation program [33]. In May 1967, The
Gambia achieved the distinction of being the first country in the world to
interrupt the transmission of measles virus successfully [34]. The
Gambian EPI was established in 1979 with six vaccines targeting
tuberculosis (BCG vaccine), diphtheria, pertussis, tetanus (combined
DTP vaccine), measles, polio, and yellow fever. The current vaccination
schedule includes several additional vaccines recommended at birth,
two, three, four, nine, twelve and eighteen months of age [35].

2.2. Data collection

We obtained cluster-level routine vaccination data for HepBO,
PENTA3 and MCV1 for children aged 12-35 months from the 2019-20
Gambia Demographic and Health Survey (GDHS) [36]. The GDHS used a
stratified, two-stage sampling design to produce estimates of health and
demographic indicators, including vaccination coverage at the national
and Local Government Area (LGA) levels and for urban and rural areas.
Stratification was achieved by separating each of the eight LGAs (i.e.,
Banjul, Basse, Brikama, Janjanbureh, Kanifing, Kerewan, Kuntaur and
Mansakonko) into urban and rural areas [36]. Samples were drawn from
within each stratum in two stages. In the first stage, survey clusters were
selected using a probability proportional to their size within each sam-
pling stratum from a national sampling frame. In the second stage,
households were randomly selected from household lists within the
chosen clusters. The survey was implemented in a total of 281 clusters
and 7,025 selected households between 21 November 2019 to 30 March
2020 [36].

The 2019-20 GDHS collected childhood immunization data from
5,148 children aged 0-35 months who received vaccines at any time
before the survey. The data was collected based on the mother’s recall of
vaccination or parent-held vaccination cards. However, to determine the
timeliness of vaccination, we require a child’s date of birth and vacci-
nation dates [6], information only available from their home-based
vaccination records (HBR). We therefore restricted our analysis to the
3,248 children (93 % of 12-35-month-olds) with complete birth and
vaccination dates from their home-based vaccination records. For each
child, we also extracted the geographical locations, i.e., latitude and
longitude of the cluster from which their household was selected.
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2.3. Defining and computing vaccination timeliness

We used the accepted childhood vaccination window for The Gambia
[35], converting age recommendations from months to days. For con-
sistency, we considered a month to be 30 days. Delayed HepB0O, PENTA3
or MCV1 was defined as being vaccinated after the latest recommended
window according to the national vaccination schedule in The Gambia
(i.e., >1 day for HepBO [37], >150 days for PENTA3, and >300 days for
MCV1) [35]. We determined the age at vaccination (in days) for each
vaccine by calculating the difference between vaccination dates and
birth dates at the individual child level. Afterward, we aggregated the
individual data from each survey cluster to generate observed cluster-
level delayed HepBO, PENTA3 and MCV1 prevalence (Fig. 1a, b, and c).

2.4. Geospatial covariate data and selection

Geospatial covariates play a crucial role in geostatistical modelling
by explaining and predicting the outcome variable(s) [38]. In our spe-
cific modelling approach, the inclusion of covariates aimed to improve
the accuracy of outcome predictions, rather than serving an explanatory
purpose to identify which covariates are driving the outcome [38]. We
assembled a suite of socio-economic, environmental, and physical geo-
spatial covariates from WorldPop which have been previously used in
predictive modelling of vaccination coverage (Supplementary Table S1)
[39]. These covariates were processed to generate 1 x 1-km? raster
layers using ESRI ArcGIS v10.6. Subsequently, cluster-level data values
were extracted from each standardised gridded layer using geographical
coordinates from the 2019-20 GDHS, as previously described
[20,22,23]. To accommodate DHS’s confidentiality measures involving
random cluster location displacement [40], we extracted mean covariate
values from a 2 km and 5 km buffer around urban and rural clusters,
respectively. We note that this covariate data extraction process can be
further refined by using a population density layer to calculate weighted
means within the buffers.

A Cluster-level observed delayed HepBO

Vaccine 41 (2023) 5696-5705

To determine the optimal set of covariates to be included for the
predictive modelling of each outcome, we followed previous work by
conducting a covariate selection process [21,23]. The selection process
involved checking the relationship between the covariates and vacci-
nation timeliness indicators and applying the log transformation where
necessary to improve relationship; fitting single covariate models and
ranking the covariates based on their predictive ability using predictive
R? values; checking for multicollinearity and selecting between highly
correlated covariates (correlation > 0.8 or variance inflation factor
[VIF] > 4.0) using their ranks. Subsequently, the best model/combina-
tion of covariates for modelling the indicator was chosen using stepwise
regression, with backward elimination based on Akaike Information
Criterion (AIC) in a nonspatial framework using binomial regression
models. For all the modelled indicators, we included urbanicity (i.e.,
urban or rural) as a covariate even if it was not chosen during the co-
variate selection process, as a way of accounting for the urban/rural
stratification used in the survey design [41]. The covariates chosen for
each vaccine are displayed as Supplementary Table S1 and Fig. S1.

To evaluate the need for accounting for spatial autocorrelation when
modelling the indicators, we fitted binomial regression models with
independent and identically distributed (iid) random effects, including
the selected covariates for each indicator. Using the estimates of the iid
random effect, we fitted a variogram in each case to assess the presence
of residual spatial autocorrelation in the models (Supplementary
Fig. S2). To enable the modelling of the prevalence of delayed vacci-
nation at district level, we obtained relevant population estimates cor-
responding to the survey years for children one year and below in The
Gambia from WorldPop [42]. The data were also used to generate the
estimated population of infants affected with delayed HepBO, PENTA3
and MCV1 in all districts.

2.5. Geospatial modelling and validation
The general model we used to create 1x1-km? prevalence maps of

Fig. 1. Spatial distribution of the observed delayed
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delayed HepBO, PENTA3 and MCV1 is a fully Bayesian geostatistical
technique with a binomial likelihood (see Supplementary material for
details). The model was implemented using the integrated nested Lap-
lace approximation—stochastic partial differential equation (INLA-
SPDE) approach [43]. The INLA approach is a faster alternative to the
traditional Markov chain Monte Carlo (MCMC) technique for perform-
ing approximate Bayesian inference. The approach uses numerical
techniques to approximate the marginal posterior distributions of each
of the unknown quantities in the model. The SPDE approach facilitates
the estimation of the Gaussian spatial random effect by reducing the
computational burden involved in the estimation of %, through a
Gaussian Markov random field (GMRF) representation [43]. Further
details on the implementation of the INLA-SPDE approach are provided
in Utazi et al. [21,44].

To ensure consistency in the modelled prevalence (p) estimates for
indicators of timeliness across each vaccine [i.e. p(early vaccination) + p
(timely vaccination) + p(delayed vaccination) = 1 for each prediction
location], we independently modelled p(timely vaccination) and p
(delayed vaccination), and then derived p(early vaccination) as 1 - p
(timely vaccination) - p(delayed vaccination) using the corresponding
posterior samples. Where necessary, we adjusted the modelled estimates
to ensure consistency across all indicators for each vaccine and predic-
tion location. We chose to model p(timely vaccination) and p(delayed
vaccination) because there were more observed cases of both events for
the included vaccines compared to early vaccination, which increased
the likelihood of obtaining more accurate estimates.

We summarised the calibrated draws for each predicted outcome as
mean estimates and 95 % credible interval width (CIs). The predicted
estimates at 1x1-km? were then aggregated to policy-relevant adminis-
trative areas (i.e., district- and ward-levels) as population-weighted
means taken over all the grid cells falling within each areas in The
Gambia by use of administrative boundaries from the Global Adminis-
trative Area (GADM) database [45]. We conducted a bivariate analyses
and then created maps to visualize areas with a combination of high
prevalence of delayed vaccination and a significant number of affected
children.

In-sample model validation was done by comparing the model pre-
dictions at the first-administrative level (LGA) to the actual observed
design-based direct survey estimates computed using the survey pack-
age (Supplementary Fig. S4) [46]. To evaluate the performance of our
model on out-of-sample predictions, we used a 5-fold cross-validation

Table 1

Vaccine 41 (2023) 5696-5705

approach. We quantified predictive performance using percentage
bias, mean absolute error (MAE), and root mean squared error (RMSE).
All of these metrics are described in the Supplementary Table S2. All
analyses were performed using the R-INLA package in R (R Development
Core Team, 2023) [47]. To ensure easy understanding of the main
findings, the results section primarily presents cluster-level, 1x1-km?
pixel, and district-level estimates (including uncertainty estimate) for
each vaccine. Additional ward-level estimates (third-administrative
level) are provided in the Supplementary material, but will be refer-
enced throughout the results section.

3. Results

Table 1 below shows the design-based estimates of vaccination
coverage and delayed vaccination at the national and LGA level in The
Gambia. Overall, the vaccination coverage rates for all three vacci-
nes was high, both at the national level and across all the eight LGAs
(first-administrative level) in The Gambia. However, the prevalence of
delayed vaccination is also high, particularly for HepBO.

3.1. Predicted delayed HepBO, PENTA3 and MCV1 vaccination at district
and ward-level

The predicted prevalence of delayed HepBO vaccination surpassed
that of the other vaccines, indicating a higher degree of delay for this
particular vaccine. At the 1 x 1-km? pixel-level, there were significant
subnational disparities in the predicted prevalence of delayed vaccina-
tion throughout The Gambia. The highest pockets of predicted delayed
vaccination were located in the central and eastern end of the country,
while the coastal areas generally exhibited the lowest pockets of delays
(Fig. 2a, b, and c). This pattern was consistent for all three vaccines
studied, i.e., delayed HepBO, PENTA3, and MCV1 vaccinations.

The predicted prevalence of delayed HepBO vaccination at the dis-
trict level exhibited significant variation, ranging from 66.4 % to 95.0 %,
representing a difference of over 25 % (Fig. 3a). Among the 49 districts
in the country, 17 (34.7 %) had a HepBO vaccination delay of > 90 %,
surpassing the national average. Notably, Basse LGA accounted for 41 %
(7/17) of these districts, while Janjanbureh and Kuntaur LGAs each had
23.5 % (4/17) (Fig. 3a). A similar pattern emerged at the ward level,
where the predicted prevalence of delayed HepBO vaccination ranged
from 63.5 % to 95.6 %. Janjanbureh, Kuntaur, and Basse LGAs, located

Design-based Direct Survey Estimates of Vaccination Coverage and Delayed Vaccination Among 12-23 Months Old Children at the First-Administrative Level in The

Gambia.

Administrative level Coverage (95 % CI)

Delayed vaccination (95 % CI)*

HepB0 PENTA3 Mcv1 HepBO PENTA3 MCV1
National-level 98.9 93.8 20.6 89.4 42.8 31.6

(98.3, 99.5) (92.2, 95.6) (88.3,92.8) (81.9, 87.9) (39.5, 46.1) (28.5, 34.6)
Banjul 9.7 90.1 86.1 89.1 485 26.9

(93.4, 99.5) (83.0,97.1) (77.1,95.1) (81.8, 96.4) (34.3, 62.7) (14.0, 39.9)
Basse 97.1 92.3 89.8 95.9 49.4 39.6

(95.3, 98.9) (87.2,97.4) (85.2, 94.3) (93.4, 98.4) (43.5, 55.3) (31.2,48.1)
Brikama 98.5 95.4 89.6 80.4 42.4 27.6

(97.1, 99.9) (92.8, 97.9) (85.5,93.7) (74.4, 86.4) (36.7, 48.7) (22.5,32.7)
Janjabureh 98.9 925 93.8 95.3 522 40.6

(97.5,99.8) (88.9, 96.1) (90.3, 97.3) (92.0,98.7) (44.9, 59.6) (31.8, 49.4)
Kanifing 97.4 86.7 85.7 80.8 40.1 30.3

(95.0, 99.9) (80.2, 93.2) (78.1,93.2) (73.6, 87.9) (31.5, 48.7) (21.5,39.1)
Kerewan 99.5 98.7 95.4 84.2 37.9 30.7

(98.7, 99.9) (97.2,99.8) (92.2, 98.5) (77.7,90.7) (30.7, 45.1) (24.5, 36.8)
Kuntaur 98.0 95.7 94.4 925 44.8 36.1

(96.0, 99.7) (92.8, 98.6) (91.1,97.7) (88.4, 96.6) (37.2, 52.5) (28.9, 43.3)
Mansakonko 9.8 97.0 97.3 88.0 35.6 34.8

(94.1, 99.6) (94.4, 99.6) (94.4,99.9) (821, 93.9) (26.4, 44.8) (27.8, 41.8)

Note: The administrative levels mentioned in this table include the national level and the Local Government Area level (first administrative level). The direct-survey
estimates from the 2019-20 The Gambia Demographic Survey are only representative at these specific levels, as well as at the urban and rural levels. *This indicates
the prevalence of delayed vaccination among children who received vaccination and had documented dates of birth and vaccination. CI = Confidence Interval.
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A Modelled delayed HepBO at 1km 1 km pixel
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Fig. 2. (A) Predicted delayed birth-dose of hepatitis B vaccine (HepB0) at 1 x 1 km? pixel; (B) predicted delayed third-dose of pentavalent vaccine (PENTA3) at 1 x
1 km? pixel; (C) predicted delayed first-dose of the measles-containing vaccine (MCV1) at 1 x 1 km? pixel among 12-35 months children in The Gambia.
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Fig. 3. (A) Predicted delayed birth-dose of hepatitis B vaccine (HepBO0) at the district level; (B) predicted delayed third-dose of pentavalent vaccine (PENTA3) at the
district level; (C) predicted delayed first-dose of the measles-containing vaccine (MCV1) at the district level among 12-35 months children in The Gambia.
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in the central and eastern parts of the country had a higher concentra-
tion of wards with a delay of > 90 % (Supplementary Fig. S5 and
Table S3). It is worth noting that even in the coastal areas of Man-
sokonko, Banjul, Kerewan, and Kanifing LGAs, which generally had the
lowest prevalence of delayed HepBO vaccination, a few wards still
experienced delays of > 90 %.

The predicted prevalence of delayed PENTA3 vaccination at the
district level ranged from 25.7 % to 54.1 %. Among the seven districts
with a delay of 50 % or more in PENTA3 vaccination, four were located
in Basse LGA, two in Janjanbureh LGA, and one in Banjul LGA (Fig. 3b).
Similarly, at the ward level, the prevalence of delayed PENTA3 vacci-
nation ranged from 24.2 % to 54.5 %. Basse LGA accounted for the
majority (57 % or 8/14) of wards with a delay of 50 % or more (see
Supplementary Fig. S6 and Table S4). The districts and wards with the
lowest predicted prevalence of delayed PENTA3 vaccinations were pri-
marily situated in coastal areas of The Gambia.

The predicted prevalence of delayed MCV1 vaccination at the district
level ranged from 22.7 % to 40.2 %, as shown in Fig. 3c. Of the top 10
districts with delayed MCV1 vaccinations (i.e., delay of 37 % or more),
five (50 %) were located in Basse LGA in the eastern part of The Gambia,
while four (40 %) were in Janjanbureh LGA, and one (10 %) was in
Kuntaur LGA in central parts (Fig. 3¢ and Supplementary Table S5).
Similarly, the top 10 wards with the highest delayed MCV1 vaccinations
(i.e., delay of 38 % or more) were also located in Basse, Janjanbureh,
and Kuntaur LGAs (Supplementary Table S7).

Fig. 4 presents the summary of the pattern of delayed vaccination,
categorized as tertiles, for all vaccines in all the wards in The Gambia. In
the Basse LGA, all the districts, except one, fell within the highest tertile
of delayed vaccination for the three vaccines.

The 95 % credible interval width around the modelled estimates,
which reflects the uncertainty in the estimates, was generally narrow (i.
e., <15 %) for the three vaccines and outcomes examined (Fig. 4a, b, and
c). This indicates that the modelled estimates are relatively robust and
precise. However, it is worth noting that the uncertainty was generally
highest for districts and wards located in Brikama LGA, which is situated

Vaccine 41 (2023) 5696-5705

in the coastal area of the country (Fig. 5).

3.2. Districts with a combination of high estimated prevalence and a
significant population of affected infants

Overall, there was some similarity in the spatial pattern of districts
where there was a combination of high estimated prevalence and a
significant population of affected infants by delayed HepBO, PENTA3
and MCV1 (Fig. 5). Our findings revealed that certain districts in Basse
and Janjabureh LGAs in the eastern and central Gambia, as well as in
Brikama LGA in coastal Gambia, had a spatial overlap of high estimated
prevalence and a significant population of affected infants (Fig. 6 and
Supplementary Table S6). In particular, there was a consistent spatial
overlap of high delayed vaccination and a significant number of affected
children across four districts in Basse LGA. These districts include
Kantora, Jimara, Basse, and Tumana, and this pattern was observed for
all the vaccines studied.

4. Discussion

The routine childhood vaccination program in The Gambia has
achieved remarkable success, maintaining vaccination coverage of at
least 90 % for most childhood vaccines for over a decade [18,48]. This
accomplishment has positioned the country as a model for vaccine de-
livery in many sub-Saharan African countries. However, our findings
emphasize an important point: relying solely on overall vaccination
coverage estimates may not accurately measure immunisation program
quality. Significantly, our results offer valuable insights into the per-
formance of the vaccine delivery system in The Gambia applying novel
methodology that could be used in other countries.

Previous studies on vaccination timeliness in The Gambia did not
incorporate spatial analysis [49-51], thus, missing the opportunity to
identify specific areas or “hotspots” of delayed childhood vaccinations.
The estimates from these studies serve as an important initial step in
exploring vaccination timeliness, but they are insufficient for targeted
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Fig. 4. The summary of the pattern of modelled estimates for delayed vaccination, categorized as tertiles, for the three vaccines (HepBO, PENTA3 and MCV1) in all
the 49 districts in The Gambia. Note. Each district (second administrative level) is shown with their corresponding LGA (first administrative level).
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A Uncertainty estimates (95% credible interval width) at 2nd admin-level
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Fig. 5. (A) Uncertainty estimate (95 % credible interval width) around predicted delayed HepBO at district level in The Gambia; (B) uncertainty estimate (95 %
credible interval width) around predicted delayed PENTA3 at district level in The Gambia; (C) uncertainty estimate (95 % credible interval width) around predicted
delayed MCV1 at district level among 12-35 months children in The Gambia.
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Fig. 6. Bivariate maps showing the spatial relationship between delayed HepBO (A), PENTA3 (B), MCV1 (C) and the number of affected children across the 49
districts (second administrative level) in The Gambia.
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programmatic interventions because they did not identify pockets of
vulnerabilities that could benefit from targeted interventions. Our
analysis is the first of its kind to provide a country-wide, high-resolution
spatial estimation of the timeliness of routine childhood vaccination
within the context of an LMIC. Our data reveal significant subnational
inequalities in delayed HepBO, PENTA3, and MCV1 vaccinations, pri-
marily concentrated in The Gambia’s central and eastern regions which
are also the most economically disadvantaged regions [52]. Conversely,
children in western coastal areas experienced less vaccination delay,
further corroborating findings from a previous large cross-sectional
study conducted in The Gambia [51]. National-level estimates of
vaccination timeliness mask these subnational pockets of delayed
vaccination, thereby potentially exposing children in those areas to the
risk of measles and pertussis outbreaks or vertical transmission of hep-
atitis B virus.

Family sociodemographic barriers, health facility readiness, and
physical accessibility of vaccination services, among other factors, have
previously been reported to impact vaccine delivery and uptake [53,54],
and they may help explain the observed pattern of subnational in-
equalities in our study. Previous research has established a clear
connection between geographical isolation from service delivery chan-
nels and the coverage of routine childhood vaccines [55,56]. However,
the extent to which these factors affect vaccination timeliness remains
largely unexplored. To achieve optimal vaccination coverage, The
Gambia currently employs a unique system that combines fixed facilities
and outreach sites. Most fixed health facilities are located in coastal
areas and provide services at least once a week [57]. Outreach sites, on
the other hand, serve remote locations, potentially more prevalent in the
eastern region of The Gambia, at least once a month [57]. Travel diffi-
culties between households, fixed facilities and outreach sites may
hinder travel and result in delayed uptake and delivery of vaccines to
remote communities. This two-tier routine vaccine delivery mechanism
may partially explain the spatial pattern of delayed vaccination
observed in our study. However, exploring other potential health system
or structural drivers contributing to the significant subnational in-
equalities reported in our data is a crucial next step.

While the majority of districts or wards with the highest prevalence
of delays were not located in the coastal areas of The Gambia, we
observed that some districts had a combination of high prevalence and a
significant absolute number of children with delayed vaccinations in this
area. This finding is unsurprising, as it reflects a higher population
density in these areas. More children likely live in districts and wards in
the country’s more urban and coastal regions. These findings demon-
strate the usefulness of geospatial analysis in uncovering areas with co-
occurrence of high under-vaccination (including delays) and a signifi-
cant absolute number of children. Clusters or pockets of locations with
high population density, under- or delayed vaccination can sustain
outbreaks of VPDs such as measles and pertussis. Previous studies have
demonstrated the significant impact of clustering or pockets of under-
vaccinated subpopulations on the occurrence of disease outbreaks,
particularly in countries that have already achieved high overall
coverage rates [58,59]. While we have not established a direct link be-
tween vaccination timeliness and VPDs outbreaks, improving timeliness
potentially plays a role in preventing outbreaks or contributing to
achieving disease elimination in the context of high coverage.

Our findings provide valuable insights for immunization program
managers and decision-makers, offering a tool to visualize and
comprehend local patterns of vaccination timeliness more precisely.
This information can play a crucial role in identifying districts where
routine vaccine delivery systems require strengthening and prioritizing
interventions for maximum impact. It is especially significant consid-
ering our data demonstrated that four districts in Basse consistently
exhibited high delayed vaccination and a significant number of affected
children across all the vaccines studied. This finding suggests that these
districts may have peculiar health system or other issues that could
benefit from targeted interventions. Our findings underscore the
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significance of employing fine-scale spatial mapping techniques to
investigate timeliness, particularly in countries like The Gambia, where
overall vaccination coverage is high. This approach is crucial as it can
reveal untimely vaccination patterns at lower administrative levels that
may be masked by the aggregated data at higher levels.

In future work, we need to explore the spatiotemporal pattern of
untimely vaccination to determine whether the subnational heteroge-
neities in delayed vaccination identified in our study persist over time or
exhibit seasonal or monthly variations. Such analysis could benefit from
geocoded longitudinal population survey data. One strength of using
such data is the ability to link vaccination data with other epidemio-
logical and disease surveillance data, and the fact that they cover under-
documented or often missed communities. There is also a need to
investigate whether there is a spatial relationship between areas that
report measles outbreaks, low overall MCV1 coverage rates, and high
prevalence of delayed MCV1. This can be done by using longitudinal
vaccination data linked to measles epidemiological or disease-
surveillance data. When triangulated with other datasets to produce
additional metrics, such data could potentially shed more light on the
impact of untimely vaccination on population immunity and enable the
programmatic assessment of EPI performance. In future work, we will
also consider developing a methodology for mapping indicators of
timeliness of routine childhood vaccination using a combination of
geolocated survey data and District Health Information Software (i.e.,
DHIS2) data. In a multi-temporal analysis, this could have the added
benefit of improving the accuracy of the modelled estimates.

Our study provides valuable insights into subnational patterns of
vaccine timeliness using a probabilistic spatial modelling framework.
However, the dataset analyzed and the methods deployed are subject to
some limitations. First, the sampling frames used in the 2019-20 GDHS
may have missed hard-to-reach or disadvantaged populations. This
could lead to an under- or over-estimation of the prevalence of delayed
vaccination in certain areas. To address this, we recommend using more
accurate geocoded data from targeted surveys in future analyses to
obtain better estimates in such locations. Second, to ensure confidenti-
ality of respondents, the GDHS randomly displaced the geographical
coordinates at the cluster level. This displacement is restricted so that
the points remain within the country and within the DHS survey region.
While we created buffers around the coordinates in rural and urban
locations in line with previous approaches [20,22,23], there might have
been some residual influence on the modelled estimates, especially at a
more granular level. Thirdly, excluding children without HBR may lead
to potential under- or overestimation of the timeliness estimates, espe-
cially if there is differential availability of records across clusters, dis-
tricts or wards. Nevertheless, it is worth noting that HBR and
vaccination records availability was high (~93 %) in the 2019-20
GDHS, which likely limited such potential bias in our analysis. Lastly, it
is important to acknowledge that the 2019-20 GDHS sample was de-
signed to be representative at the national and regional levels, consid-
ering urban/rural stratification, and not at the district or ward level.
However, the Bayesian spatial modelling approach utilized in this ana-
lysis has been well validated and is known to provide robust estimates.
Despite these limitations, our analysis provides an important first step in
refining interventions to strengthen vaccination programs in a targeted
and cost-effective manner. This is especially important in the wake of
the COVID-19 pandemic, as we need to ensure that children receive their
routine vaccines in a timely manner so they are protected from VPDs.
Our findings can also be used to assess the progress made in expanding
immunisation and ensuring effective protection for children following
the implementation of such interventions.

5. Conclusion
This study identified all districts and wards in The Gambia where

there was a combination of a high estimated prevalence of delayed
vaccination and a significant population of affected infants. Our
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methodological approach enabled us to identify districts and wards with
the highest prevalence of delayed vaccination, which would not have
been possible using large area estimates. This information is valuable for
immunisation programme managers as it allows them to identify the
most vulnerable districts that could benefit from targeted immunisation
interventions. Our results and existing subnational-level estimates of
vaccination coverage provide a more detailed understanding of the
overall quality of routine childhood vaccination in The Gambia. This
information is valuable for identifying areas that require targeted in-
terventions to improve vaccination timeliness. Additionally, our
approach can be applied to other countries, serving as a model to guide
immunisation programs and service providers that seek to enhance the
overall quality of the immunisation system.
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Chapter 5: The impact of the COVID-19 pandemic on the
timeliness and coverage of routine childhood vaccination in the
Gambia (Research Paper)

5.1 Overview of Chapter

This chapter addresses the third objective of my PhD which was; “To determine the impact of the
COVID-19 pandemic on the timeliness and coverage of routine childhood vaccination in the

Gambia’.
This chapter tests the following hypotheses:

= The COVID-19 pandemic will result in a significant increase in the proportion of untimely
childhood vaccinations, including both early and delayed vaccinations, as well as a
decrease in routine childhood vaccination coverage in The Gambia, particularly during the

peaks of epidemiological waves.

The research paper addressing the objective in this chapter was published in BMJ Global Health,

with the following full bibliographic information:

Wariri O, Utazi CE, Okomo U, Sowe A, Sogur M, Fofanna S, Ezeani E, Saidy L, Sarwar G,
Dondeh BL, Murray KA, Grundy C, Kampmann B. (2023) Impact of the COVID-19 pandemic on the
coverage and timeliness of routine childhood vaccinations in the Gambia, 2015-2021. BMJ Global
Health.

The supplementary material, accompanying the research paper in this chapter is included as

Appendix 9.
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ABSTRACT

Introduction The COVID-19 pandemic caused
widespread morbidity and mortality and resulted in
the biggest setback in routine vaccinations in three
decades. Data on the impact of the pandemic on
immunisation in Africa are limited, in part, due to
low-quality routine or administrative data. This study
examined coverage and timeliness of routine childhood
immunisation during the pandemic in The Gambia,

a country with an immunisation system considered
robust.

Methods We obtained prospective birth cohort data of
57286 children in over 300 communities in two health
and demographic surveillance system sites, including
data from the pre-pandemic period (January 2015—
February 2020) and the three waves of the pandemic
period (March 2020-December 2021). We determined
monthly coverage and timeliness (early and delayed)
of the birth dose of hepatitis B vaccine (HepB0) and
the first dose of pentavalent vaccine (Penta1) during
the different waves of the pandemic relative to the
pre-pandemic period. We implemented a binomial
interrupted time-series regression model.

Result We observed no significant change in the coverage
of HepBO and Penta1 vaccinations from the pre-pandemic
period up until the periods before the peaks of the first
and second waves of the pandemic in 2020. However,
there was an increase in HepBO coverage before as well
as after the peak of the third wave in 2021 compared with
the pre-pandemic period (pre-third wave peak OR = 1.83,
95% Cl 1.06 to 3.14; post-third wave period 0R=2.20,
95% Cl 1.23 to 3.92). There was some evidence that
vaccination timeliness changed during specific periods of
the pandemic. Early Penta1 vaccination decreased by 70%
(OR=0.30, 95%Cl 0.12 to 0.78) in the period before the
second wave, and delayed HepBO vaccination decreased
by 47% (OR=0.53, 95% CI 0.29 to 0.97) after the peak of
the third wave in 2021.

Conclusion Despite the challenges of the COVID-19
pandemic, The Gambia’s routine vaccination programme
has defied the setbacks witnessed in other settings

and remained resilient, with coverage increasing and
timeliness improving during the second and third waves.

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Several studies conducted in North America, Europe
and Asia showed that the coverage of routine immu-
nisation declined, especially in the early phase of the
COVID-19 pandemic.

= While mortality and morbidity from the pandem-
ic were comparatively lower in Africa, data on the
impact of the pandemic on routine vaccination are
limited, partly due to low-quality routine or admin-
istrative data.

WHAT THIS STUDY ADDS

= We used monthly prospective birth cohort data from
over 300 communities in 2 large health and demo-
graphic surveillance systems in The Gambia, cover-
ing 5 years before and 2 years into the COVID-19
pandemic, to explore 2 important dimensions of
immunisation system performance: coverage and
timeliness.

= Our findings suggest that the COVID-19 pandemic
did not have a significant negative impact on routine
vaccination in The Gambia.

= Rather, we observed that coverage and timeliness
of vaccinations remained stable in the first year of
the pandemic, with significant improvement in both
metrics in the second year compared with the pre-
pandemic period.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our findings suggest that Gambia’s routine immuni-
sation system was resilient and absorbed the addi-
tional shocks imposed by the pandemic.

= Thus, it can be a model for other countries to learn
from and adapt strategies to their context in future
public health emergencies.

These findings highlight the importance of having adequate
surveillance systems to monitor the impact of large shocks
to vaccination coverage and timeliness.

BM)
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INTRODUCTION

Public health emergencies, such as natural disasters,
humanitarian crises, armed conflicts and major disease
outbreaks resulting in epidemics and pandemics, can
strain country-level health systems and lead to a decline
in the provision, demand and utilisation of basic health
services.'™ This can worsen the burden of infectious
diseases and contribute to increased mortality. For
example, during the Ebola outbreak in West Africa from
2014 to 2015, there was a significant reduction in health-
care utilisation, including routine immunisation, espe-
cially in regions with a high incidence of Ebola cases.*’
In Liberia and Guinea, the number of children receiving
measles vaccinations dropped by 30% and 33%, respec-
tively, following the Ebola outbreak in 2014. This decline
was followed by further drops of 25% and 26% in 2015.°
The decline in routine immunisation coverage led to an
increase in the number of children susceptible to measles
and a surge in measles cases that persisted for 2 years
following the Ebola outbreak.” The COVID-19 pandemic,
which began in December 2019 and caused morbidity
and mortality in nearly all countries, also resulted in the
biggest setback in routine vaccinations in three decades.
In the second year of the pandemic, 18.2 million children
globally did not receive the first dose of the diphtheria-
tetanus-pertussis containing vaccine, and an additional
6.8 million children were undervaccinated.’ These exam-
ples show that even a temporary interruption of basic
health services, such as routine immunisation, during
public health emergencies can lead to secondary health
crises. This underscores the importance of monitoring
the impact of COVID-19 on routine immunisation. Moni-
toring can help to identify potentially significant adverse
changes and inform the planning of mitigating measures
for future similar circumstances.

In addition to the direct effects of the pandemic, such
as morbidity and mortality caused by the virus, there
are well-documented indirect effects on services like
routine immunisation, especially in the initial phase of
the COVID-19 pandemic. Such effects have been exten-
sively documented, especially in relation to services such
as routine immunisation.”™™ They stem from a combi-
nation of factors, including the negative impact of the
physical measures implemented to reduce COVID-19
infection, such as lockdowns, movement restrictions and
the suspension of elective and preventive visits to health-
care facilities. Furthermore, even when medical services
are available, people were unable to access them due
to transport interruptions, economic hardship and fear
of COVID-19 exposure. Healthcare workers may expe-
rience similar challenges and concerns, as was evident
in the early pandemic phase when access to personal
protective equipment was unreliable in many contexts.
These effects are thought to be higher in low-income
and middle-income countries with limited healthcare
resources and fragile health systems.” Recognising the
detrimental effects on routine immunisation services, the
WHO promptly issued guidance for sustaining routine

immunisation activities as early as March 2020.'*°
These guidance strongly recommended that, to the
extent feasible and in alignment with local contexts and
COVID-19 responses, routine immunisation activities for
all eligible individuals should maintain their status as a
priority.

Studies examining the impact of the pandemic on
routine childhood immunisation gained momentum as
early as the first year of the pandemic. A global WHO
survey, early in 2020, reported a 70% disruption to
routine immunisation services, indicating that services
were affected in most countries.'” Several studies have
been conducted at country level in North America,®'® ?
Europe'' ® and Asia.”®' A key underlying finding from
these studies is a decline in routine immunisation rates,
especially in the early phase of the pandemic. This decline
is indicated by a drop in vaccine coverage and a consid-
erable decline in routine vaccine ordering by national
or regional authorities compared with earlier years.
However, in other settings, the evidence has been mixed.
For example, in countries such as South Korea, there was
little to no effect on routine immunisation.”’ Another
study of South-East Asia and Western Pacific countries
found that the impact of the COVID-19 pandemic on
routine immunisation was most pronounced in rural
and economically disadvantaged communities.” Data
for Africa are limited, in part, due to low-quality routine
or administrative data. A 2020 study that reported data
from 15 African countries found that those with histor-
ically high immunisation rates had minimal declines in
coverage compared with 2019 rates, while those with
lower coverage had larger declines.?” This study did not
include data from The Gambia, a country with histori-
cally high immunisation rates. This is a key evidence
gap, as the situation in The Gambia may be different
from other high performing, but geographically larger
countries such as Senegal and Rwanda, which had been
included. Additionally, most of the published studies
focused on measuring routine coverage, without exam-
ining other important and time-sensitive dimensions of
immunisation performance, such as the timeliness of
vaccination. Timeliness of vaccination, that is, receiving
vaccines within the recommended windows and in
an age-appropriate manner,? is essential to achieving
the full benefits of vaccines, along with achieving high
coverage. Lastly, most of the studies have been based
on cross-sectional surveys, which were conducted early
in the pandemic, making it difficult to understand and
compare the impact on routine vaccination during the
later phases of the pandemic.

To address the identified gaps, the aim of this study
was to assess the impact of the COVID-19 pandemic on
the coverage and timeliness of routine childhood immu-
nisation in The Gambia. To do this, we used routinely
collected data from two health and demographic surveil-
lance system (HDSS) sites. We also examined whether
the pandemic impacted the coverage and timeliness of
vaccination differently across these two regions in The
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Gambia: one with relatively lower coverage and higher
untimely vaccination, and the other with relatively better
performance.” We used HDSS data because they offer
a unique opportunity to prospectively or prospectively
monitor vital statistics and health indicators, including
childhood immunisation over a long period of time.”
HDSS data are high-quality and population-based,
making it an ideal source for studying the impact of the
COVID-19 pandemic on routine childhood immunisa-
tion. We hypothesise that the COVID-19 pandemic would
have led to a statistically significant decrease in routine
childhood vaccination coverage and an increase in
untimely vaccination (ie, early and delayed vaccinations)
in The Gambia. These changes are expected to have been
particularly pronounced during the peaks of infections
or waves when resources were stretched and disruptions
to vaccination services expected to been most severe.
We used the birth dose of hepatitis B vaccine (HepB0)
and the first dose of pentavalent vaccine (Pental) as
case studies for two reasons. HepB0 is recommended by
the WHO to be administered within 24 hours of birth.*
Therefore, the uptake and timeliness of HepB0 could be
significantly affected by disruptions to delivery of immu-
nisation services caused by the COVID-19 pandemic. On
the other hand, the administration of Pental is the first-
time families interact with the immunisation system after
the birth period. Studies indicate that delaying or not
receiving Pental could have a negative impact on subse-
quent scheduled doses, creating a cascading effect.””

METHODS

Study context and COVID-19 timeline

The Gambia, a country located in West Africa, has a popu-
lation of about 2.5 million people. The median age is 17.8
years, and a national yearly birth cohort of about 90000
children.”® More than half of the population lives in
urban areas, mainly on the coast.? The childhood immu-
nisation programme in The Gambia has been remark-
ably successful, with routine immunisation coverage
rates comparable to those of high-income countries. The
country has consistently achieved routine coverage of at
least 90% for most childhood vaccines for over a decade
prior to the COVID-19 pandemic.””*' However, we have
previously shown that many children are vaccinated
outside of the recommended time frames,” especially
in districts in the eastern part of the country.** The first
confirmed case of COVID-19 in The Gambia was identi-
fied on 17 March 2020.% The evolution of the pandemic
and measures taken to control the spread of COVID-19
in The Gambia have been previously described.* In
brief, in the days following the confirmation of the first
case, the government swiftly implemented a series of
measures to curb further transmission. These measures
included the prohibition of public gatherings, closure of
educational institutions including universities, suspen-
sion of air travel, closure of land and sea borders, and
closure of non-essential businesses. There were three

waves of COVID-19 recorded between March 2020 and
December 2021. Figure 1A shows the detailed timeline of
the COVID-19 related events in The Gambia.

Study design

We used an interrupted time-series (ITS) design to
examine the impact of the COVID-19 pandemic on the
coverage and timeliness of vaccination in a longitudinal
cohort of children born 5 years prior to the pandemic and
those born within the initial 2 years of the pandemic. Our
choice of an ITS design was justified by the availability of
sequential, equally spaced measurements of vaccination
coverage and timeliness before and after the COVID-19
pandemic’s interruption. This design, with its substantial
number of time points, provided a robust framework for
isolating the pandemic’s specific effect.””

Data sources

We used data from the Basse and Farafenni Health and
Demographic Surveillance Systems (BHDSS and FHDSS
henceforth), which were established about four decades
ago. BHDSS and FHDSS are located in eastern and
central parts of The Gambia and prospectively follow-up
a combined population of 280 000 persons in about 9000
households in over 300 communities (figure lB).36 The
BHDSS is predominantly rural and located in the part
of The Gambia with comparatively lower vaccination
coverage and higher rates of delayed vaccination.” The
FHDSS is predominantly peri-urban and has relatively
better coverage and timeliness. The yearly birth cohort
is approximately 9000 children in both HDSS. Both sites
have supported cutting-edge medical, public health and
demographic research since their inception.

Detailed information about the design and method-
ology of the BHDSS and FHDSS have been described else-
where,” and in online supplemental material. In brief,
BHDSS and FHDSS conduct routine surveillance rounds
every 4months to collect health and demographic data
from all consenting households in all HDSS communi-
ties. Every child born within the HDSS communities is
automatically enrolled and followed up by fieldworkers.
Information on the date of birth and date of vaccinations
is extracted from parent-held vaccination cards during
each census round. Any missing information is routinely
updated in subsequent rounds for all individuals who
have been enrolled. This approach makes HDSS data
more robust and potentially better for our purpose than
cross-sectional population surveys which although often
have high geographical coverage but do not allow for
longitudinal follow-up and additionally rely on poten-
tially biased information from caregiver recall to evaluate
vaccination coverage.

Data processing

To synthesise adequate evidence regarding the monthly
trend in coverage and timeliness well before the pandemic,
we included data for 7 years, that s, from all children born
from 1 January 2015 to 31 December 2021 in all FHDSS

Wariri 0, et al. BMJ Glob Health 2023;8:6014225. doi:10.1136/bmjgh-2023-014225

3

‘WbuAdod Aq parosjoid 1senb Aq £20z ‘0€ Jequisoa uo /wiod g yby/:dny woly papeojumoq €202 J8quisdaq 9g Uo Szz 10-£202-Ublwa/9gt 101 se paysiiand isiy :uiesH qo|9 rING

Page | 89



BMJ Global Health

A
Mar 27: State of q’.
Emergency. Closure :} ‘
of churches, ‘
mosque and publ.lc 1st Wave
transport regulation
Mar 22: Land Jun 10: State
borders and [ of Emergency
airspace closure extended
Mar 18: School May 19: State
closure and no of Emergency
public gatherings extended
Jul 10:
Apr17: State of
Mar 17: First Restricted Emergency
confirmed case market lifted.
in The Gambia opening Mandatory
hours facemasks
1st confirmed
global case of
COVID-19

Villages in Farafenni and Basse HDSS

s Eh

34 Wave

Mar 10: Launch of
COVID-19 vaccination
in The Gambia

Jul 25: Addition of Dec 16:
1/) & Sinopharm Updated
COVID vaccines travel advice

Jan 13: New
strain of
SARS-CoV-2
confirmed in
the Gambia

Jul 16: Social
distancing and Aug 21: New stock
mask mandate of AstraZeneca
enforced vaccine

May 27:
New strain
detected in
The Gambia

Jun17:
Stockout of
AstraZeneca
vaccine

138N

13.6°N

3.4°N

latitude

13.2°N

site
© Basse

*  Farafenni

16.5°W 16.0°W 15.5°W

15.00W 145W 14.0°W

longitude

Figure 1

(A) Detailed timeline showing the evolution and measures implemented to control the spread of COVID-19 in The

Gambia, March 2020-December 2021. (B) Map of The Gambia showing the location of all the communities covered by the
Basse and Farafenni Health and Demographic Surveillance Sites. *In figure 1A, red lines indicate case confirmation, new
variants and waves. Blue lines indicate preventive measures implemented by government reduce impact of the pandemic.

HDSS, health and demographic surveillance system.

and BHDSS households. The decision to include data
for 5 years before and 2 years during the pandemic was
also to balance out temporal confounding factors, such
as seasonal variations (wet and dry seasons) and monthly
birth rate variations. We defined the pre-pandemic epoch
as the period from January 2015 to February 2020. The
pandemic epoch started in March 2020, when the first
case of COVID-19 was confirmed in The Gambia. The time
series ends in December 2021. Subsequently, we created
84 birth cohorts, each corresponding to children born in
a specific month, starting from January 2015 (cohort 1)
to December 2021 (cohort 84). The outcome variable was
vaccination coverage and timeliness of vaccination among
each of these monthly birth cohorts. Detailed informa-
tion about the number of eligible children per month
and those excluded due to improbable vaccination dates
is shown in the online supplemental material

Defining and computing vaccination coverage and timeliness
We defined vaccination coverage as the monthly propor-
tions of children who received the vaccine of interest

(HepB0O or Pental) relative to the respective monthly
birth cohorts, regardless of timing. Timeliness was deter-
mined based on the accepted vaccination window in The
Gambia,38 in line with recent timeliness studies from The
Gambia.?**? Age at vaccination (in days) for each vaccine
was calculated by finding the difference between vacci-
nation and birth dates for every child. Timely HepB0
and Pental was defined as vaccination within 24 hours of
birth and between 2 and 3 months of age (ie, 61-90 days),
respectively, in accordance with the national vaccination
schedule in The Gambia.” For children born in BHDSS
from September 2019 until December 2021, timely
Pental was considered as vaccination between 6 and
10 weeks of age (42-70 days). This modified definition
for Pental in BHDSS was adopted due to the ongoing
prospective, cluster-randomised, non-inferiority field trial
of an alternative schedule for one dose of pneumococcal
conjugate vaccines in this area from September 2019.%
This trial, conducted in collaboration between the MRC
Unit The Gambia at LSHTM and the Gambian Ministry
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of Health, administers Pental at 6weeks instead of the
usual 2 months. HepB0 and Pental vaccinations that
were received after the accepted window were considered
delayed, whereas Pental vaccinations that were received
before the accepted window were considered early.

Modelling counterfactual scenario and testing changes due to
the pandemic

We performed one-step-ahead simulations to generate the
counterfactual scenario after the onset of the pandemic
(from cohort 63 or March 2020) using a binomial first-
order autoregressive (AR1) time series regression model
as shown below in equation (1). This model can be fitted
without the (¢ term, but this trend term was included
to explicitly test for an overall increasing or decreasing
trend in the data. Also, for delayed HepB0, the model
that included the explicit trend term performed slightly
better than the model without it. The model is given by

Y, ~ Binomial (N, p) , t=1,...,n=84,

logit (p;) = Bo + P11+ wy,
wilwy_q ~ N(pw,g,l, 02) s (1)

2
N0 75,

where Y; is the number of vaccinated children out of a
birth cohort of size N, at time ¢, p; is the corresponding
underlying true vaccination coverage, /3y (intercept) and
B1 are regression coefficients and w; is an AR(1) term
with autoregressive parameter, p, and conditional vari-
ance, 02, accounting for residual serial correlation.

To estimate changes (ie, level change and change in
slope) in vaccination coverage and timeliness during
the peaks of infections (waves), we extended the base
model in (1) to an ITS model.” The variable of interest
was the proportion of timely, delayed, or early vaccina-
tion per month. We assessed changes in the time periods
before the peaks of the first (T, = 63, April-August 2020),
second (T, = 68, September 2020-March 2021), and third
(T, = 75, April-August 2021) waves of the pandemic, as
well as the period afier the peak of the third wave (T, =
80, September—-December 2021), relative to the pre-
pandemic period (ie, from January 2015 to March 2020).
We coded the level changes as indicator variables (ie,
D3, Dgg, Dy75, Do), with each variable representing a
given time period during which changes are evaluated.
For example, D3 is used to assess a level change between
the start of the pandemic in The Gambia in April 2020
and the peak of the first wave in August 2020 and is coded
1 within this time period and 0 elsewhere.

Slope changes, assessed using the terms [¢-7,]1D,,, [t-
T,0D, [t=T,1D, and [+-T,]1D, were coded as sequen-
tially numbered months during each time period, and 0
before or after.

The baseline monthly trend in coverage and timeli-
ness (time) was coded sequentially throughout the entire
study period. The ITS model with a binomial likelihood
can be written as

Y, ~ Binomial (N, ), t=1,...
logit (pr) = Bo + B1+ BaDiss + B3 [t — T1] Dig3 + BaDygs
+B5 [t = To] Digs + 6Dy

+ 87 [t— T3] Dygs + BsDigo + Bo [t — T4] Digo + wi,

wylwpq ~ N(Pwt71’02> ,

02
o~ N(0.755).
(2)

where the regression coefficient f) estimates the pre-
pandemic intercept and [(1—the pre-pandemic slope.
The regression coefficients S, 4, 86, f3 are intercept
terms measuring immediate level changes in the coverage
and timeliness indicators within the segments following
the pandemic, and B3, 35, f7, B9 measure corresponding
changes in slope. As in model (1), w; is an AR1 random
effect used to capture residual autocorrelation in the
model. Both models (1) and (2) were implemented using
the integrated nested Laplace approximation approach,
in a fully Bayesian framework."' We report the ORs and
corresponding credible intervals (Cls) of all the regres-
sion coefficients.

To provide a comprehensive understanding of delayed
vaccination, we calculated the mean number of days
children in each birth cohort were delayed for HepBO0,
in addition to the monthly proportion of delayed vacci-
nation. This mean delay was then compared against the
overall average delay for HepB0 vaccination across the
entire population and between the pre-pandemic and
pandemic periods. All analysis was done in R (R Devel-
opment Core Team, 2023). We report and compare find-
ings for vaccination coverage, proportion delayed, mean
number of days delayed and proportion with early vacci-
nation for the monthly birth cohorts in the pre-pandemic
and pandemic periods.

,n=284

RESULTS

From January 2015 to December 2021, a total of 57286
children were born in the Basse and Farafenni HDSSs
and were eligible for HepB0 and Pental vaccination. This
number includes 43428 children from villages within the
Basse HDSS and an additional 13858 children from the
Farafenni HDSS. Overall, the coverage of HepB0 vacci-
nation was generally higher than that of Pental vaccina-
tion throughout the study duration. The proportion of
children with delayed HepB0 vaccination was also higher
than that of delayed Pental vaccination.

Coverage of HepB0 and Pental

Figure 2A and B illustrate the coverage of HepB0 and
Pental for monthly birth cohorts during the pre-
pandemic and pandemic epochs. The observed HepB0
and Pental vaccination coverage declined over time in
the pre-pandemic period, but an increasing trend was

Wariri 0, et al. BMJ Glob Health 2023;8:6014225. doi:10.1136/bmjgh-2023-014225
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Figure 2 Observed hepatitis B vaccine (HepBO) (A) and pentavalent vaccine (Pental) (B) coverage, counterfactual scenario
and changes (level and slope) due to the pandemic overall, in Farafenni and Basse. *Red-dotted lines indicate when the first
case of COVID-19 was confirmed in The Gambia, the peaks of the first, second and third waves. Blue line indicates observed
coverage and 95% credible intervals; red line=counterfactual scenario and 95% credible interval; yellow line indicates the

change in slope for the proportion of children vaccinated.

observed during the pandemic period, compared with
the counterfactual scenario as shown in figure 2A and B.

Overall, the binomial regression model did not find
statistically significant differences in the coverage of
HepB0 and Pental vaccinations between the pre-
pandemic period and the period just before the
peaks of the first, second, and before and after the
third waves of the pandemic, based on level changes.
The only exception was the period before and after
the peaks of the third wave for HepBO (table 1 and
figure 2A). The likelihood of receiving HepBO0 vacci-
nation increased by 83% (OR=1.83, 95% CI 1.06 to
3.14) and 120% (OR=2.20,95% CI 1.23 to 3.92) in the

period before and after the peaks of the third wave,
respectively, compared with the pre-pandemic period
(table 1). The changes were similar in Farafenni
and Basse (figure 2A). In Farafenni, the likelihood
of receiving HepB0 increased by 150% (OR=2.54,
95% CI 1.14 to 11.2) during the period preceding
the third wave’s peak. In the Basse area, there was
an increase of 120% (OR=2.21, 95% CI 1.24 to 3.89)
following the third wave’s peak, compared with the
pre-pandemic period (online supplemental table).
No statistically significant changes in the slope of
the trends were observed overall, or in Farafenni and
Basse.
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Table 1 Parameter estimates for the likelihood of change in coverage and the proportion of delayed and early hepatitis B
vaccine (HepBO0) and pentavalent vaccine (Pental) vaccinations in the pre-pandemic and pandemic periods in The Gambia*

HepBO Penta1
Coverage Estimate/OR 95% credible interval Estimate/OR 95% credible interval
Level change
Before first wave 1.24 0.79 1.93 1.15 0.75 1.74
Before second wave 1.28 0.79 2.01 1.10 0.53 2.19
Before third wave 1.83 1.06 3.14 1.41 0.54 3.41
After third wave 2.20 1.23 3.92 1.17 0.40 3.11
Change in slope
Pre-pandemic 0.99 0.99 1.00 0.98 0.97 1.00
Before first wave 1.08 0.95 1.23 1.04 0.89 1.20
Before second wave 1.06 0.96 1.15 1.05 0.94 1.18
Before third wave 1.01 0.88 1.16 1.00 0.86 1.17
AFTER third wave 0.95 0.80 1.14 1.05 0.87 1.25
52 31.56 17.99 49.37 11.12 3.74 21.63
P 0.50 0.25 0.72 0.87 0.75 0.96
Delayed
Level change
Before first wave 1.25 0.73 2.12 1.60 0.79 3.41
Before second wave 1.65 0.99 2.67 1.13 0.30 3.29
Before third wave 1.46 0.82 2.59 0.96 0.18 3.25
After third wave 0.53 0.29 0.97 0.97 0.16 3.61
Change in slope
Pre-pandemic 0.98 0.97 0.99 1.00 0.99 1.03
Before first wave 1.05 0.90 1.23 0.90 0.70 1.13
Before second wave 0.94 0.86 1.04 0.94 0.79 1.1
Before third wave 0.81 0.70 0.94 0.96 0.76 1.21
AFTER third wave 1.09 0.90 1.32 0.92 0.69 1.22
52 32.25 15.71 60.57 7.21 2.52 13.96
p 0.29 -0.20 0.70 0.78 0.53 0.94
Early
Level change
Before first wave 0.54 0.19 1.60
Before second wave 0.30 0.12 0.78
Before third wave 0.49 0.16 1.56
After third wave 0.48 0.14 1.72
Change in slope
Pre-pandemic 0.99 0.99 1.00
Before first wave 1.01 0.76 1.34
Before second wave 1.12 0.93 1.34
Before third wave 0.99 0.72 1.36
After third wave 0.92 0.60 1.42
52 9.95 5.63 15.87
p 0.38 0.07 0.66

This table summarises the overall estimates. See the online supplemental material for Farafenni-specific and Basse-specific parameter

estimates.
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Figure 3 Observed hepatitis B vaccine (HepBO) (A) and pentavalent vaccine (Pental) (B) delayed vaccination, counterfactual
scenario and changes (level and slope) due to the pandemic overall, in Farafenni and Basse. “Red-dotted lines indicate when
the first case of COVID-19 was confirmed in The Gambia, the peaks of the first, second and third waves; blue line indicates
observed coverage and 95% credible intervals; red line=counterfactual scenario and 95% credible interval; yellow line indicates

the change in slope for the proportion of children vaccinated.

The proportion of delayed HepB0 and Penta1l

Overall, there was a downward trend in observed delayed
HepB0 vaccination in the pre-pandemic period. This
trend in delayed HepBO0 plateaued in the first year of the
pandemic, before a rapid decline in the second year of
the pandemic period, compared with the counterfac-
tual scenario (figure 3A). Delayed Pental was generally
stable (ranging from 20 to 35%) in the pre-pandemic
period, with a rapid rise in the months leading up to the
pandemic, entirely driven by data from the BHDSS area.
However, the monthly proportion of observed delayed
Pental steadily declined over time (figure 3B).

There were no statistically significant differences in
the proportions of delayed HepB0 and Pental vaccina-
tions between the pre-pandemic period and the period
before the peaks of the first, second, and before and after
the third waves of the pandemic, based on level changes
(table 1 and figure 3A and B). The only exception was
the period after the peaks of the third wave for HepB0
(figure 3A), where the likelihood of delayed vaccination
decreased by 47% (OR=0.53, 95% CI 0.29 to 0.97). This
finding is consistent with level changes in Farafenni and
Basse, where no statistically significant differences were
found in the proportion of delayed HepB0 and Pental
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Figure 4 Observed mean number of days with delayed hepatitis B vaccine (HepBO0) vaccination per monthly birth cohort in
the pre-pandemic compared with the pandemic period overall, in Farafenni and Basse.

vaccinations between the pre-pandemic period and the
waves of infections in the pandemic period, based on
level change (online supplemental table). Regarding the
change in slope of the trend for delayed HepB0, there
was a statistically significant decrease in the pre-pandemic
period overall and in Basse. Similarly, there was a statis-
tically significant decrease in the slope of the trend for
delayed HepBO for the period before the peak of the
third wave, compared with the pre-pandemic period.
Overall, the odds of delayed HepB0 decreased by 19%
(OR=0.81, 95% CI 0.70 to 0.94) and in Farafenni by 28%
(OR=0.72, 95% CI 0.54 to 0.95). The change in slope for
Pental was not statistically significant (table 1).

Number of days delayed for HepB0

The overall mean number of days with delayed HepBO
was 21 days. In the pre-pandemic period, the monthly
mean number of days with delayed HepBO fluctuated
above and below this overall mean. Before the first wave
of the pandemic (March—July 2020), the monthly mean
number of days delayed for HepB0 was generally above
21 days. However, this gradually decreased below 21 days

Overall Farafenni

and has remained so since September 2020 (figure 4).
This pattern was mirrored in Basse. In Farafenni, the
pattern in the pre-pandemic and pandemic periods was
not different.

The proportion of early Pentat

Overall, the trend in the observed monthly proportion
of early Pental vaccination was stable throughout the
pre-pandemic period. This trend was also stable in the
pandemic period, but lower when compared with the
counterfactual scenario (figure 5). There were statistically
significant differences in the observed proportion of early
Pental vaccinations between the pre-pandemic period
and the period before the peaks of the second wave of the
pandemic period, both overall and in Farafenni, based
on level changes (table 1 and online supplemental table).
Compared with the pre-pandemic period, the likelihood
of early Pental vaccination decreased by 70% (OR=0.30,
95% CI 0.12 to 0.78) and 77% (OR=0.23, 95% CI 0.06 to
0.85) in the period before the peaks of the second wave,
overall and in Farafenni, respectively (table 1). Similarly,
significant decreases in the proportion of early Pental
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Figure 5 Observed hepatitis B vaccine (HepBO) (A) and pentavalent vaccine (Pental) (B) early vaccination, counterfactual
scenario, and changes (level and slope) due to the pandemic overall, in Farafenni and Basse. *Red-dotted lines indicate when
the first case of COVID-19 was confirmed in The Gambia, the peaks of the first, second and third waves; blue line indicates
observed coverage and 95% credible intervals; red line=counterfactual scenario and 95% credible interval; yellow line indicates
the change in slope for the proportion of children vaccinated.
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vaccinations were observed between the pre-pandemic
period and the periods before the peaks of the first
(OR=0.20, 95% CI 0.05 to 0.76) and third (OR=0.09,
95% CI 0.02 to 0.47) waves of the pandemic period in
Basse (online supplemental table). No statistically signif-
icant changes in the slope of the trends were observed
overall, nor in Farafenni and Basse (online supplemental
table).

DISCUSSION
Our study aimed to determine if there were any changes
in vaccination coverage and timeliness in The Gambia
during the COVID-19 pandemic, compared with before
the pandemic. We hypothesised that the COVID-19
pandemic led to a decrease in coverage and an increase
in untimely vaccination (ie, delayed and early) for subse-
quent monthly birth cohorts during the pandemic in
The Gambia. We found no support for this hypothesis.
Rather, our analysis showed that overall, there was no
significant change in the coverage of HepB0 and Pental
vaccinations in the period before the peaks of the first
and second waves of the pandemic compared with the
pre-pandemic period. These findings diverge from our
initial hypothesis, which had anticipated a significant
decrease in coverage and an increase in delayed and
early vaccination during the pandemic. The findings also
differ from previous studies which reported a significant
decline in routine vaccination coverage and delays due to
the pandemic.® ' ' '® 242 Nonetheless, our findings are
consistent with reports showing that African countries
with similarly high pre-pandemic immunisation coverage,
such as Senegal, Rwanda and Eritrea, have managed to
maintain these levels.”” This is also similar to data from
South Korea, which showed that there was little to no
effect on routine immunisation due to the pandemic.?!
Our findings suggest that the Gambia’s routine immu-
nisation system was resilient and absorbed the additional
shocks imposed on it by the pandemic. This is evident in
the maintenance of coverage and timeliness in the first
year, and the actual increase in coverage and decrease in
delayed and early vaccination in the second year. There
are several plausible explanations for these observed
findings. The Gambia developed and implemented miti-
gation strategies to reduce the impact of the pandemic
on essential health services. In March 2020, just after the
country confirmed its first case of COVID-19, the Ministry
of Health developed a guideline for maintaining essen-
tial services, including immunisation.* This guideline
prioritised routine childhood vaccination, specifically,
birth dose vaccination, the next dose at 2months and
other subsequent doses.* It also mandated the screening
and referral for vaccination of eligible children during
visits for other services, the continuation of VPD surveil-
lance, and enhanced community sensitisation about the
need to continue all scheduled routine vaccinations. The
guideline mandated the continuation of immunisation
delivery at outreach vaccination sites," a key strategy for

delivering routine vaccines that have contributed to the
success of the immunisation programme in The Gambia.**
To reduce waiting time and avoid overcrowding at clinics,
some ancillary activities were temporarily suspended
during vaccination activities conducted in health facilities
(fixed-clinics) until late 2020.* These activities included
child weight measurement and updating of daily records
logbooks, except for recording information on hand-held
vaccination cards. Furthermore, in July 2020, before the
first wave of the pandemic in The Gambia, the immuni-
sation programme also carried out intensive community
sensitisation. They held radio programmes and visited
communities to dispel rumours and provide answers to
community members’ questions about COVID-19. Lastly,
the Gambian Expanded Programme on Immunisation
(EPI) borrowed routine vaccines from neighbouring
Senegal in anticipation of logistical challenges that might
deplete their stock. Taken together, these activities likely
ensured the maintenance of adequate supply of services
and uptake of routine vaccinations during the pandemic.

Our findings are further strengthened by the fact that
the mean number of days monthly birth cohorts of chil-
dren were delayed for HepB0O continuously declined after
the onset of the first wave of the pandemic (July 2020
onward) and remained well below the overall mean of 21
days throughout the pandemic period. The WHO target
is to ensure all children receive timely HepBO0 within 24
hours of birth.2® However, a consistent decline below 21
days despite the pandemic is a notable improvement, as
the mean days delayed for HepB0 historically fluctuated
around the overall mean of 21 days before the pandemic.
Several factors may explain why the delivery of HepB0
improved despite the pandemic. First, about 2 years
prior to the pandemic, The Gambia launched a major
initiative to improve the timeliness of HepB0 administra-
tion, as hepatitis B virus infection remains endemic in
the country, with 15%-20% of the population chronically
infected despite high coverage.'® This initiative strength-
ened the administration of HepBO0 in all health facilities
where deliveries occurred by assigning specific health
workers to administer HepB0 within the first day of birth.
Second, the low number of confirmed COVID-19 cases
in the study area compared with urban coastal regions,47
as well as the lax enforcement of the government stay-at-
home order in the study area,” may have resulted in a
low degree of risk perception. As a result, families may
have maintained their health-seeking behaviours related
to facility delivery and subsequent receipt of HepBO0.
Third, the government mandate to prioritise birth doses
of vaccines and continue vaccination delivery at outreach
vaccination sites during the pandemic could have ensured
that services were delivered in a timely manner and avail-
able throughout this period.”® Fourth, in January 2021,
the Gambian EPI implemented an electronic immunisa-
tion register system called ‘MyChild Solution’ across the
country.® One of the key features of the MyChild Solu-
tion is the ability to autogenerate predefined indicators
and send out SMS messages to valid phone numbers of

10
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parents registered in the system. The EPI programme
leveraged the monitoring potential of the solution and,
since January 2020 when the system was still being pilot
tested, introduced a HepB0 vaccination timeliness indi-
cator which is monitored monthly at the health facility
level.*® Through this solution, facilities throughout the
country could monitor timeliness of HepB0 and take
data-driven decisions.

Our findings differ in some respects from those of
the only other study from The Gambia that has so far
explored the impact of the pandemic on vaccination
services delivery. In contrast to our findings, the previous
study reported reduced clinic visits and vaccination
doses administered, particularly for birth doses, for only
3months after the onset of the pandemic in The Gambia
compared with the baseline period.* Although the
previous study also reported data from BHDSS, which
is one of our study sites, slight differences in the objec-
tives and methodology of the two studies could explain
the differences in findings. For example, the previous
study’s outcome measure was the monthly number of
clinic attendances and vaccines administered, which may
be correlated but different from our study’s outcome
measure of coverage and timeliness (early and delayed)
for each monthly birth cohort. Although the previous
study may have found that reported monthly clinic atten-
dance and vaccine doses administered declined, our defi-
nition of coverage was based on the cohort of children
born for each month. This means that even if monthly
visits were briefly reduced in the initial phase of the
pandemic, children could still have received doses after
their scheduled doses, even outside of their birth month.
Furthermore, the previous study was relatively short in
duration, as it included data covering only 7months
before the pandemic and 9 months afterwards. Our study
included data covering 5 years before the pandemic
and 2 years into the pandemic (84 months), and we
compared the outcome variables with the temporal
trends of multiple years. Due to its short duration, the
previous study may not have adequately accounted for
confounding factors due to temporal trends occasioned
by seasons (wet and dry seasons) and monthly variations
in birth rates, unlike our study. Lastly, unlike our study,
the previous study did not assess changes in timeliness.
Therefore, we cannot ascertain from their data if the
decline in clinic visits translated into delayed vaccina-
tion or not. Aside from the difference in findings already
discussed, the previous study reported that clinic visits
and doses administered returned to pre-pandemic levels
after a brief decline, which is consistent with our find-
ings. Additionally, the brief decline in clinic visits could
explain the brief but rapid rise in the monthly delayed
Pental vaccination, which was driven entirely by data
from BHDSS, their study location.

In our study, we also aimed to understand whether
the pandemic impacted the coverage and timeliness of
vaccination differently in the BHDSS area (with rela-
tively lower coverage and higher untimely vaccination)

compared with the FHDSS area (with relatively better
performance). Aside from the brief but rapid rise in
monthly delayed Pental vaccination in the BHDSS area
and the peaks of mean delay for HepBO above 21 days
for monthly birth cohorts observed almost throughout
2020 in the FHDSS area, the impact of the pandemic
on coverage and early vaccination was similar in both
areas. The minimal difference in the impact of the
pandemic in both areas, despite baseline data showing
differences in coverage and timeliness in both loca-
tions,”* likely indicates that mitigation measures were
implemented in a way that ensured immunisation
services in both locations were not negatively impacted
by the pandemic.

Our study has some limitations. HDSS communities
are observed longitudinally, and households participate
in multiple studies where they seldom receive interven-
tions, including vaccinations. This might make them
not representative of the general population. Addition-
ally, some individuals or households within the HDSS
communities might modify their behaviour (eg, vaccina-
tion uptake) because they are aware that they are within
a surveillance system—the Hawthorne effect. Despite
these limitations, our study has several strengths. First,
unlike most previous studies, which were based on cross-
sectional surveys or electronic immunisation registers,
we used routine surveillance data from two large HDSSs.
HDSS datasets offer several advantages, including
temporal coverage, coverage of underdocumented or
often missed communities, and the ability to conduct
detailed linkage.” Electronic immunisation registers
typically only cover individuals who visit immunisation
clinics, so they miss out on subpopulations that are unvac-
cinated or have not interfaced with facilities. HDSSs, on
the other hand, conduct a total population census of
entire communities, so our findings are likely to reflect
the true situation of coverage. Another strength of our
study is that our dataset covers multiple years before the
pandemic and 2 years into the pandemic. This increases
the validity of our findings, as our dataset accounted for
temporal trends in seasons, birth rates and other factors
that might confound coverage and timeliness estimates.
Finally, our study examined both vaccination timeliness
and coverage for vaccines given early in infancy. This
approach is significant because vaccination timeliness
is sensitive to disruptions in services, and studies have
shown that not receiving or delaying earlier childhood
vaccine doses can potentially initiate a cascading effect,
impacting subsequent scheduled doses.”’” While we did
not examine doses given in later infancy, we can likely
extrapolate the likely impact due to the fact that we used
sensitive markers (timeliness and birth doses of vaccines).
We do not anticipate widely varying outcomes, given that
the only previous study from The Gambia showed that
clinic visits for vaccines given in later infancy were mini-
mally impacted.®
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Chapter 6: The influence of demand-side and supply-side factors
on the timeliness of receiving routine childhood vaccination in
The Gambia (Research Paper)

6.1 Overview of Chapter

This chapter addresses the fourth and final objective of my PhD which was; “To examine the
influence of demand-side factors such as individual and family sociodemographic characteristics,
as well as supply-side factors such as geographic accessibility to immunisation clinics and the
readiness of these clinics to deliver services on the timeliness of receiving routine childhood

vaccination in The Gambia’.
This chapter also tests the following hypotheses:

= The most common factors influencing the timeliness of childhood vaccination in The
Gambia will be household factors such as socioeconomic and demographic characteristics,
which determine the household's intention or recognition of the need for vaccination.

» Factors impacting a household's ability to reach immunisation facilities, such as geographic
accessibility or travel time, will have an impact on the timeliness of receiving childhood
vaccinations in The Gambia.

» Factors determining the readiness of immunisation facilities to deliver appropriate services
such as ownership of functional cold storage facility or staffing numbers, will have an

impact on the timeliness of receiving childhood vaccinations in The Gambia.

As of the time of the thesis submission, the research paper that addresses the objective in this
chapter was submitted to eClinicalMedicine. The full bibliographic information and intended

authorship order is shown below:

Wariri O, Utazi CE, Okomo U, Dotse-Gborgbortsi W, Sowe A, Sogur M, Fofanna S, Murray KA,

Grundy C, Kampmann B. (2024) Multi-level determinants of timely routine childhood vaccinations

in The Gambia: findings from a nationwide analysis. Submitted Manuscript.

The supplementary material, accompanying the research paper in this chapter is included as

Appendix 10.
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SUMMARY

Background: Achieving the ambitious goals of the Immunisation Agenda 2030 (IA2030) requires a
deeper understanding of factors influencing under-vaccination, including timely vaccination. This
study investigates the demand- and supply-side determinants influencing the timely uptake of key

childhood vaccines scheduled throughout the first year of life in The Gambia.

Methods: We used two nationally-representative datasets: the 2019-20 Gambian Demographic
and Health Survey and the 2019 national immunisation facility mapping. Using Bayesian multi-level
binary logistic regression models, we identified key factors significantly associated with timely
vaccination for five key vaccines: birth dose of hepatitis-B (HepBO0), first, second, and third doses of
the pentavalent vaccine (Penta1, Penta2, Penta3), and first-dose of measles-containing vaccine
(MCV1) in children aged 12-35 months. We report the adjusted Odds Ratios (aORs) and 95%

Credible Intervals (95% Cls) in each case.

Findings: We found that demand-side factors, such as ethnicity, household wealth status,
maternal education, maternal parity, and the duration of the household's residency in its current
location, were the most common drivers of timely childhood vaccination. However, supply-side
factors such as travel time to the nearest immunisation clinic, availability of cold-storage and
staffing numbers in the nearest immunisation clinic were also significant determinants.
Furthermore, the determinants varied across specific vaccines and the timing of doses. For
example, delivery in a health facility (aOR = 1.58, 95%CI: 1.02-2.53), living less than 30 minutes
(aOR =2.11, 95%CI: 1.2-8.84) and living between 30 and 60 minutes (aOR = 3.68, 95%Cl: 1.1—
14.99) from a fixed-immunisation clinic was associated with timely HepBO, a time-sensitive vaccine
that must be administered within 24 hours of birth. On the other hand, children who received
Penta1 and Penta2 on time were three- to five-fold more likely to receive subsequent doses on
time (Penta2 and Penta3, respectively). Finally, proximity to an immunisation facility with functional
vaccine cold-storage was a significant supply-side determinant of timely MCV1 (aOR = 1.4, 95%CI:
1.09-1.99).

Interpretation: These findings provide valuable insights for programme managers and
policymakers. By prioritizing interventions and allocating scarce resources based on these
identified determinants, they can maximize their impact and ensure children in The Gambia receive

timely vaccinations throughout their first year of life, contributing to 1A2030 goals.

Funding: This project is part of the EDCTP2 Programme supported by the European and
Developing Countries Clinical Trials Partnership (grant number TMA2019CDF-2734 — TIMELY).
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RESEARCH IN CONTEXT

Evidence before the study

On January 14, 2024, we searched PubMed for studies on determinants of childhood vaccination
timeliness in Low- and Middle-Income Countries. We used a broad combination of terms related to
"childhood", "infant", "vaccination", "immunisation”, "timeliness", "delay", "age-appropriate",
“drivers”, "determinants"”, “LMICs”, and “Africa South of the Sahara” without language or date
restrictions. While we found several studies exploring the determinants of childhood vaccination
timeliness in LMICs, they primarily focused on demand-side factors, such as sociodemographic
characteristics of children, mothers, and households. Only a limited number of studies examine
supply-side factors such as geographic access to vaccination services or broader immunisation
system barriers. Moreover, none of the studies were guided by a robust theoretical model, such as
a conceptual framework. This lack of theoretical grounding hindered a comprehensive
understanding of the intricate interplay between demand and supply-side factors and their potential

impact on vaccination timeliness.

Added value of this study

We conducted a comprehensive analysis of both demand-side and supply-side factors influencing
the timeliness of receiving routine childhood vaccination. We analysed diverse vaccines
administered at various points in infancy and utilized robust conceptual frameworks, thus, the study
offers a deeper understanding of this complex issue. Crucially, our study highlights that while
demand-side factors influencing households' recognition of the need to seek vaccination services
were leading determinants of timely vaccinations, supply-side factors such as travel time to
vaccination facilities, functional cold chain availability, and staffing levels at facilities also played a

significant role.

Implications of all the available evidence

The findings of this nationally-representative analysis offer crucial insights for governments,
immunisation programme managers and service providers regarding the complex and multi-level
factors influencing childhood vaccination timeliness. Through strategic prioritization of interventions
and allocation of limited resources to address both demand and supply-side determinants,
immunisation programmes can ensure that children receive vaccinations at the optimal time, as

recommended, to achieve maximum protection.
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INTRODUCTION

While the World Health Organization's (WHO) Expanded Programme on Immunisation (EPI) has
achieved remarkable success in improving routine vaccine coverage globally, inequalities in the
uptake of childhood vaccines persist."? Furthermore, vaccine-preventable diseases (VPDs) still
claim the lives of approximately 1.5 million children annually.® The persistence of VPDs despite
high vaccine coverage underscores the importance of understanding vaccination not only in terms
of coverage but also in terms of timeliness.* The growing consensus is that focusing solely on high
vaccination coverage, a simple measure of the proportion of vaccinated individuals, is no longer
adequate, as timely vaccination also plays a crucial role in disease prevention. Achieving global
eradication of measles demands a minimum of 95% immunity in every birth cohort, rather than an
average coverage of 95% across the entire population.® This emphasises the importance of timely
vaccination, which involves ensuring that children receive their doses at the recommended time to
provide maximum protection.® Unfortunately, timely vaccination has not been a priority in many
low- and middle-income countries (LMICs). In The Gambia, despite relatively high routine
vaccination coverage similar to that achieved in many high-income countries,”® multiple studies,®""
including our previous research,'®'® have revealed significant gaps in the timeliness of children's
vaccinations. It is evident that a high coverage does not necessarily ensure the timely
administration of vaccines. This suggests that, while achieving high vaccination coverage rates is

important, it is equally crucial to ensure timely vaccinations.

Launched by the WHO, the Immunisation Agenda 2030 (IA2030) is an ambitious global strategy for
the next decade to ensure everyone, everywhere has equitable access to life-saving vaccines.? To
achieve this, immunisation programme managers and policymakers need a comprehensive
understanding of the factors influencing non-vaccination and under-vaccination, including
vaccination timeliness. Although extensive research has explored the determinants of vaccination

14-17

coverage in LMICs, studies on the determinants of timeliness remain limited in scope and

depth,'®'® creating a substantial blind spot. While numerous studies, including systematic reviews,
have established links between various individual, household or community-level factors and

15-17,20

vaccination coverage in different LMIC settings, research on drivers of vaccination timeliness

lags. Most existing studies have focussed on child, maternal, and household sociodemographic

2125 neglecting the influence of broader, multi-level quantitative supply-side factors.

characteristics,
To our knowledge, only few studies have examined community-level factors such as access to
vaccination services? or immunisation system barriers to timely childhood vaccinations.' The
existing research on timeliness often focuses on limited number of vaccines and vaccination

2128 neglecting the diversity of vaccines administered at various periods throughout the

timepoints,
first year of life. There is evidence to suggest that determinants of effective vaccination may differ

depending on the timing of the dose,? with birth being a particularly vulnerable period and
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coverage in later infancy potentially influenced by different factors. Furthermore, no in-depth
quantitative studies have yet attempted to measure the determinants of vaccination timeliness
based on a robust theoretical model such as a conceptual framework. This lack of a
comprehensive theoretical foundation hinders an understanding of the complex interplay between

various factors and their potential impact on timely vaccination.

To ensure timely childhood vaccinations, addressing the identified knowledge gaps is crucial. By
conducting research that encompasses broader quantitative factors, diverse vaccines given during
infancy, and utilising robust theoretical frameworks, we can better understand the complex
dynamics that influence timely childhood vaccination. In this study, we examined the determinants
of timely routine childhood vaccines in The Gambia, focusing on those scheduled within the first
year of life (i.e., birth, 2, 3, 4, and 9 months). Specifically, we included the birth-dose of hepatitis-B
vaccine (HepBO0), the first, second, and third doses of the pentavalent (i.e., Diphtheria, Pertussis,
Tetanus, Hepatitis B and Haemophilus influenzae type B) vaccine (Penta1, Penta2, and Penta3),
and the first dose of the measles-containing vaccine (MCV1).We examined broader, multi-level
quantitative factors that determine the recognition of the need for vaccination or demand-side
factors. We also examined quantitative factors that impact a household or community's ability to
access immunisation facilities and the readiness of facilities to deliver timely vaccinations (i.e.,

supply-side factors).
METHODS

Conceptual framework and included variables

Our analysis was based on the integration of two complementary frameworks: the 'three-delays
model' proposed by Thaddeus and Maine,*® to understand drivers of maternal mortality, and the
framework developed by Philips et al'* to examine determinants of effective vaccine coverage.
Both frameworks propose three levels of factors influencing the receipt of care/vaccination: those
determining the intention or recognition of the need for care/vaccination (i.e., level 1 factors); those
impacting a household’s ability to access health facilities (i.e., level 2 factors); and those that
determine the readiness of health facilities to deliver appropriate and timely services (i.e., level 3

|14

factors). Philips et al'® further classifies the level 1 factors as demand-side factors, while the level 2

and level 3 factors are considered supply-side factors (Figure 1).
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Level 1. Recognizing the need for immunization
services
(Child, Maternal, and Household characteristics)

Supply-side
= Sex of child*
= Place of birth* H
= Season of birth*
= Birth order of child* e
= Ethnicity**

D
Religion**
Region of residence in The Gambia*** k J
Urban/Rural residence***
Maternal age™* Level 3. Receiving appropriate and timely
Maternal parity** services at facilities
Maternal education** (Immunization Facility Readiness)
Maternal marital status**
Maternal ownership of bank account**
Maternal ownership of health insurance**
Sex of the head of household**
Household media exposure (TV, radio, print)**
Household ownership of mobile phone**
Household ownership and use of bed nets**
Length of stay in current residence**
Timeliness of previous dose of Pentavalent vaccine*

Level 2. Reaching immunization facilities
(Accessibility of Facilities)

Category/type of immunization facility***
Scheduling/frequency of operation of facility***
Ownership of vaccine cold storage equipment***
Staffing numbers for immunization at facility***
Population within the catchment of the facility***

Perceived difficulty (distance) in accessing facilities**
Household ownership of motorized vehicle**
Modelled travel time to nearest facility***

*Indicates individual-level variables
**Indicates household-level variables
***Indi cluster/community-level variables

Figure 1: Outcome variables and groups of level 1, level 2 and level 3 factors considered in the study,
classified according to the conceptual frameworks adopted.'430

Level 1 factors typically include socioeconomic and demographic variables. Variables such as
travel time to health facilities, perceived distance to the facility, and ownership of a motorized
vehicle are considered level 2 factors. Level 3 factors include the organization of the clinics,
scheduling of services, staffing numbers, and the population within the catchment area of a facility,
which can impact waiting times for services as shown in literature.®"*? This combined framework
allowed us to comprehensively analyse the drivers of timely vaccination at the individual,

household, and community/cluster levels.

The inclusion of variables in this analysis was guided by evidence from the literature on drivers of

timely or effective vaccination,*6:18-20

expert knowledge, and data availability. The complete list of
included explanatory variables and their coding are provided in Figure 1 and Table S1 of the

supplementary appendix respectively.

Data sources and data collection

For each child aged 12—-35 months in the 2019-20 Gambia Demographic and Health Survey
(GDHS),* we extracted and processed data on the outcome variables—timely HepBO, Penta1,
Penta2, Penta3, and MCV1—and all the variables related to level 1 factors. We also extracted and
processed variables related to level 2 factors and the geographical coordinates (latitude and
longitude) of the selected cluster from the 2019-20 GDHS. Detailed information about the
methodology of the 2019-20 GDHS is available in the supplementary appendix.

To estimate the geographic accessibility of immunisation facilities (level 2 factors) and the factors

influencing their readiness to deliver appropriate and timely services (level 3 factors), we utilised
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data from the national immunisation facility mapping conducted by The Gambia EPI programme in
2019 (see supplementary appendix for further details). This comprehensive dataset, temporally
aligned with the 2019-20 GDHS, included: geospatial data (latitude and longitude) of all
immunisation sites; category of facility (fixed or outreach site); ownership of functional vaccine cold
storage; and population within the facility catchment area, defined using a travel-time least-cost-
path model. To ensure we had data on other level 3 factors not already captured, we collaborated
with The Gambia EPI to update the national immunisation facility mapping dataset with additional
variables, including the number of times each facility is open per month and staffing levels for
service provision. Detailed information about how children within DHS clusters were linked to the
nearest facility, along with its qualities (i.e., the facility characteristics), is provided in the

supplementary appendix.

Defining and computing the outcome variables

We assessed vaccination timeliness based on established windows in The Gambia's routine
vaccination schedule, which includes five appointments in the first year (birth, 2, 3, 4, and 9
months).>* For each vaccine, we calculated the age of the child at vaccination (in days) by
subtracting their birth date from the date they received the vaccine. Timely HepBO, Penta1,
Penta2, Penta3, and MCV1 was defined as vaccination within 24 hours of birth, between 61 — 90
days (i.e., 2 months), 91 — 120 days (i.e., 3 months), 121 — 150 days (i.e., 4 months) and 271 —
300 days (i.e., 9 months) respectively, in accordance with the national vaccination schedule in The
Gambia.** Any vaccination outside these windows was classified as untimely, regardless of
whether it was received too early or too late. To evaluate a child's ability to consistently receive the
multi-dose Penta vaccine (i.e., Penta1, 2 and 3) according to the recommended schedule, we
created a timely “All Penta” variable. This composite variable indicates whether all three Penta
doses were received within the recommended timeframe. Any child receiving at least one dose

outside the window was considered untimely for this composite variable.

Estimating geographic accessibility

Travel time from each 2019-20 GDHS cluster to the nearest immunisation clinics was employed as
the primary indicator for assessing geographic accessibility. Travel time was chosen as it
encompasses various factors, including elevation, barriers, road network, and travel speed, which
collectively influence geographic accessibility more accurately than Euclidean or straight-line
distances.®® Travel times were modelled as the least cost path over an impedance surface.
Motorised and walking speeds on roads were assigned conservatively using calibrated speed limits
(S3 Table), based on travel time studies conducted in similar African context.**3" Travel time was
generated at 1 km by 1 km resolution and extracted using the corresponding cluster locations from
the 2019-20 GDHS. Median travel times were extracted within 5 km and 2 km buffer zones for

rural and urban clusters, respectively, to account for the deliberate displacement of cluster
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locations applied in the DHS methodology to ensure respondents’ confidentiality.3®*° Detailed
information about the modelling approaches and data sources used in the process is shown in the

supplementary appendix.

Bivariate and multivariate multi-level modelling of the determinants of timely vaccination
We began with bivariate analyses, fitting simple binary logistic regression models, for each
outcome with one variable (covariate) at a time. These "reduced" models mirrored the full, multi-
level model but included only the individual level. This simplified analysis allowed us to understand
the independent association of each covariate on the outcome without interference from other

covariates.

To address multicollinearity in the multivariate analyses, we computed generalized variance
inflation factors (GVIFs) “° for each covariate/outcome combination. We excluded variables with
high GVIFs (> 2, ensuring comparability across covariates as recommended by Fox & Monette*?)
or those showing inconsistent significant associations between the bivariate and multivariate
analyses (a common sign of undetected multicollinearity). For these preliminary analyses, we used

the traditional frequentist approach.

For the full multivariate analysis, we employed a Bayesian multi-level random intercept logistic
regression model to estimate the relationships between timely vaccination and the covariates,
accounting for individual, household, cluster and stratum-level variations. The multi-level random
intercept logistic regression model used in the multivariate analysis is described as follows. Let
vijxi denote the binary response, representing vaccination timeliness (HepBO, Penta 1, Penta 2,
Penta 3, All Penta, or MCV1) for the ith child in household j, cluster k and stratum [, and p; j, the

corresponding probability of timely vaccination. The model is given by

yijkl ~ Binomial(l,pijkl),i = 1, ""njkl'j = 1, vy gy k= 1, ...,nl,l = 1, ...,L,
; — 1 ind T2 house 3 clust house clust strat
1og1t(pijkl) = fo + szl . Xpijkl t szl D Xpjki T szl p o Xpry F O O+ 6 )

5]]}(oluse ~ N(O' Ui%ouse)' 8I€§u5t ~ N(O' O-czlust)' SIStrat ~ N(O' O-sztrat)' (1 )

Here r;, 1, and r; represent the numbers of individual, household, and cluster-level covariates (see
figure 1), respectively. B, is the overall intercept and B¢, B°¥¢ and S5t are regression
coefficients or fixed effects corresponding to the covariates x;jx;, X,k and x,y, respectively.

6]-’,‘{;“56, sciust and 677 are the household, cluster and stratification random effects with variances

0F ouser Oduse and o2,.. respectively. The inclusion of clustering and stratification as random effects
in the model aims to account for the complex design used in DHS surveys *'. This approach is an
alternative to incorporating survey weights directly into the model. Notably, no interaction terms

were included in the model.
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In the bivariate and multivariate analyses, we calculated crude (unadjusted) and adjusted odds
ratios (cCORs and aORs) respectively as the exponentiated estimates of the fixed effects, along with
their corresponding 95% confidence intervals (Cls) or credible intervals (Cls) to assess the
significance of the covariate-timely vaccination associations. In both analyses, covariates with 95%
Cls not containing the value 1 were considered to have significant associations with timely
vaccination. Data cleaning, validation and analysis were carried out using the R programming

language **, and the R-INLA package *°.

Model estimation and evaluation of predictive ability

We placed a non-informative prior N(0,1073) on all regression coefficients and an informative
Gamma(0.1, 0.1) prior with a mean of 1 and variance 10, on the precisions of the random effects.
This choice ensured they were well-estimated, especially o;, 2,5, whose estimation can often be
affected by small sample sizes at this level. ** We tested different prior specifications for the
variance parameters in model (1) but observed no significant changes in the estimated fixed
effects. Similarly, including or excluding the household level in the model didn't meaningfully alter

the fixed-effect estimates.

To assess the models' abilities to predict timely vaccination, we calculated the area under the
receiver operating characteristic curve (AUC). This metric is defined by plotting sensitivity against 1
minus specificity (sensitivity and specificity in our context relate to the proportions of timely
vaccination and untimely vaccination correctly classified by the fitted models). AUC scores close to
1 indicate excellent discrimination, with 0.5 representing chance performance. *° Furthermore, we
used variance partitioning coefficients (VPC) to examine how much of the total variance in the
outcome variable (after accounting for the effects of covariates) can be attributed to different levels

of the model's hierarchy.

Role of the funding source
The funders had no role in study design, data collection and analysis, decision to publish, or

preparation of the manuscript.
RESULTS

In the bivariate analysis, all variables were significantly associated with the timely receipt of at least
one of the vaccine-dose considered, except six level 1 variables (ownership of bed nets, sex of
household head, maternal health insurance, maternal age, child's birth order, and season of birth).
This finding further justifies the decision to include all the variables in our analysis. The figures
showing the unadjusted ORs and corresponding 95% Cls from the bivariate analyses can be found

in the supplementary appendix as Fig S6 — S11. The adjusted ORs observed in the multivariate

analyses are presented below. Please refer to Table 1 below for the reference categories of all the

covariates in both the bivariate and multivariate analyses.
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Table 1: The reference categories of all the determinants of timely vaccination included in the

bivariate and multivariate regression analysis

Covariate (variable)

Reference category

1. Sex of child Female

2. Place of birth Home

3. Season of birth Wet (June — October)
4. Birth order >5

3. Ethnicity Non-Gambian

6. Religion Christianity

7. Region* Other regions (Kuntaur, Janjanbureh & Basse)
8. Urban/Rural Rural

9. Maternal age <=19

10. | Timeliness of previous Penta dose Untimely

11. | Parity >4

12. Maternal education

No education

13. | Marital status

Never in union

14. | Maternal bank account No

15. | Maternal health insurance No

16. | Sex of household head Female

17. | Household size Large (9 or more)
18. | Wealth index Poor

19. Household media exposure Not exposed to media
20. | Household own mobile phone No

21. | Household own bed nets No

22. | Length of stay <1 year

23. | Distance to clinic as an issue? Big problem

24. | Household own motorized vehicle No

25. | Travel time - multimodal

60 mins and above

26. | Nearest clinic type

Outreach Site

27. | Nearest clinic open weekly No

28. | Nearest clinic has cold store No

29. | Nearest clinic vaccination staff One (1)
30. | Catchment pop around nearest clinic High

31. | Service availability & readiness low (0-1)

*Note: Greater Banjul consist of Banjul and Kanifing Municipality. “Other regions” are the three
regions located in the eastern part of The Gambia.

Determinants of timely receipt of HepB0 and MCV1

The aORs and corresponding 95% Cls from the multivariate analyses for determinants of timely
HepB0 and MCV1 are plotted in Figure 2. For timely HepBO0 vaccination, variables that had
significant positive associations (i.e. significantly increased the odds of timely vaccination) were:
place of birth, region of residence, maternal parity, household size, length of stay in current
residence, and travel time to the nearest fixed health facility. On the other hand, household wealth
status and ownership of vaccine cold storage at nearest facility were the variables that had

significant positive associations with timely MCV1.

Children born in a health facility had 58% (aOR = 1.58, 95%CI: 1.02—2.53) higher chance of
receiving timely HepBO compared to those born at home. Compared to children from “other

regions” (Kuntaur, Janjanbureh & Basse), those in Greater Banjul, Brikama and Kerewan were
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281% (aOR = 3.81, 95%CI: 1.13-13.86), 275% (aOR = 3.75, 95%CI: 1.20-11.80) and 386% (aOR
=1.58, 95%ClI: 1.02-2.53) more likely of receiving timely HepBO respectively. Children born to

mothers with 1-3 previous births (parity) were 62% more likely to receive timely HepBO compared

to those born to mothers with 4 or more previous births (aOR = 1.62, 95%ClI: 1.02—2.55).

Additionally, children from households who had resided in their current home for 1-3 years were

143% more likely to receive timely HepB0O compared to those who had lived there for less than a
year (aOR = 2.43, 95%ClI: 1.02-6.52). Children who lived less than 30 minutes and those who
lived between 30 and 60 minutes from a fixed health facility had a 111% (aOR = 2.11, 95%ClI: 1.2—
8.84) and 268% (aOR = 3.68, 95%Cl: 1.1-14.99) higher chance of receiving timely HepBO,

respectively, compared to children who lived more than 60 minutes away (Figure 2).
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Figure 2: Adjusted odds ratio and corresponding 95% credible interval plots for determinants of timely birth-
dose of hepatitis B (HepBO0) and first-dose measles containing vaccine (MCV1). Note: The vertical dashed
red lines mark the odds ratio of 1. Red dots and lines show the aORs and 95CIs of variables that have
significant associations with vaccination. Dark blue horizontal line separates the covariates in level 1, 2 and 3

factors.

Compared to children from poor households, children from middle-income households had a 23%
higher likelihood (aOR = 1.23, 95%CI: 1.02—-1.57) of receiving timely MCV1 vaccination (Figure 2).
Similarly, children from wealthy households had a 37% higher likelihood (aOR = 1.37, 95% CI:

1.06—1.76) of receiving timely MCV1 vaccination. Children living near an immunisation facility

equipped with a functional vaccine cold store had a 40% higher chance (aOR = 1.4, 95%CI: 1.09—
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1.99) of receiving timely MCV1 vaccination compared to children whose closest facility lacked a

cold store.

Determinants of timely receipt of Penta1, Penta2, Penta3 and “All Penta”

Determinants of timely multi-dose pentavalent vaccination uptake varied across doses. The

following variables had significant associations with timely Penta1 vaccination: ethnicity and length

of stay in the current residence. For timely Penta2 vaccination, the variables that showed

significant associations were timeliness of receiving Penta1 and staffing numbers providing

services in the nearest immunisation facility. Similarly, the variables that had significant

associations with timely Penta3 were timeliness of receiving Penta2, ethnicity, maternal parity,

maternal education, and household wealth status (Figure 3). Children belonging to specific

Gambian ethnic groups were significantly more likely to receive timely Penta1 vaccination

compared to non-Gambian children. Notably, Mandika/Jahanka children had a 59% higher chance,
followed by Fula/Tukular/Lorobo (70%), Wollof (73%), and Sarahule (102%). Additionally, children

residing in their homes for 1-3 years were 77% more likely, while those residing for 4-5 years were

138% more likely to receive timely Penta1 compared to those who had lived there for less than a

year.
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Figure 3: Adjusted odds ratio and corresponding 95% credible interval plots for determinants of timely first,
second and third dose of pentavalent vaccine (Penta1, Penta2 and Penta3). Note: The vertical dashed red
lines mark the odds ratio of 1. Red dots and lines show the aORs and 95Cls of variables that have significant
associations with vaccination. Dark blue horizontal line separates the covariates in level 1, 2 and 3 factors.
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Similar to the pattern observed in Penta1, children of Fula/Tukular/Lorobo ethnicity were 44% more
likely to receive timely Penta3 compared to non-Gambian children. The timeliness of receiving
previous doses of the pentavalent vaccine played a crucial role in determining the likelihood of
receiving subsequent doses on time. Children whose Penta1 was timely were significantly more
likely to receive timely Penta2, with more than threefold higher chance (354%) compared to those
with untimely Penta1 (aOR = 4.54, 95%CI: 3.49-6.1). This pattern was further amplified for
Penta3, where children with timely Penta2 demonstrated a fivefold (539%) increase in the
likelihood of timely Penta3 uptake compared to those with untimely Penta2 (aOR = 6.39, 95% ClI:
5.73-7.12) (Figure 3). Beyond the crucial influence of previous pentavalent vaccine timeliness,
several level 1 factors (i.e., demand-side) emerged as significant predictors of timely Penta3.
Children born to mothers with 1-3 previous births (parity) compared to those with four or more
children, those whose mothers had secondary or higher education compared to those with no
formal education and those from middle-income families compared to those from poor households

had 62%, 31% and 57% significantly higher chance of timely Penta3 respectively.

All covariates that determined a child's ability to consistently receive all three doses of pentavalent
vaccine (i.e., Penta1, 2 and 3) in a timely manner, were level 1 factors (Figure 4). Male children,
children whose mothers had a secondary or higher education, those with Gambian parents, and
those from middle-income families had a higher chance of receiving timely "All Penta" compared to
female children, those whose mothers had no formal education, those born to non-Gambian
parents and those from poor households. Specifically, male children had a 19% higher chance
(aOR =1.19, 95% CI: 1.01-1.4), children whose mothers had a secondary or higher education had
a 24% higher chance (aOR = 1.24, 95% CI: 1.08-1.56), and children from middle-income families
had a 49% higher chance (aOR = 1.49, 95% CI: 1.17-1.9).
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Figure 4: Adjusted odds ratio and corresponding 95% credible interval plots for determinants of consistent
timely all doses of pentavalent vaccine (i.e., Penta1, Penta2 and Penta3). Note: The vertical dashed red
lines mark the odds ratio of 1. Red dots and lines show the aORs and 95Cls of variables that have significant
associations with vaccination. Dark blue horizontal line separates the covariates in level 1, 2 and 3 factors.

Summary of determinants of timely vaccination and predictive ability of the models

The summary of the estimated relationship between the covariates and timely vaccination for all
the vaccines examined is shown in Figure 5. Level 1 factors were the commonest determinants
across all the vaccines, however, level 2 and 3 factors were also significant. Ethnicity (Penta1,
Penta3 and All Penta) and household wealth status (Penta 3, MCV1 and All Penta) were significant
across three of the vaccines each compared to maternal parity, maternal education and length of
stay in current residence which were significant across two vaccines. The timeliness of previous
Pentavalent vaccine was a significant predictor for all subsequent doses. The plots of predictive
ability of the models (AUC) and the proportion of the total residual variation attributed to different

levels of the model’s hierarchy (VPC) are shown in supplementary appendix (Fig S4 and S5). the

AUC scores for the six vaccines examined range between 0.76 and 0.90, showing that all the fitted

models had good discriminatory power.
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Figure 5: Summary of the estimated relationships of the predictors of timely vaccination in the multivariate
analyses. Only variables found to be significant for at least one vaccine are shown.

DISCUSSION

Our study examined the factors that influence timely routine childhood vaccination in The Gambia.
To achieve this, we utilised two complementary conceptual frameworks that provided a
comprehensive theoretical foundation: we examined various quantitative factors that determine the
recognition of the need for vaccination from a broader, multi-level perspective (level 1 or demand-
side factors). Additionally, we examined the quantitative factors that affect a household or a
community's ability to reach immunisation facilities and the ability of these facilities to provide
timely vaccinations (level 2 and 3 or supply-side factors). The most common drivers of timely
childhood vaccination were demand-side factors such as ethnicity, household wealth status,
maternal education, maternal parity, and the duration of the household's residency in its current
location. Nonetheless, supply-side factors such as travel time to immunisation facilities, availability
of functional vaccine cold storage and staffing numbers in facilities were also significant
determinants. Our analysis showed that most demand-side factors were significant for two or more
of the vaccines examined. We also found that the determinants of timely vaccination varied across
specific vaccines and the timing of doses, which aligns with existing evidence.?
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For HepBO, a time-sensitive vaccine that must be administered within 24 hours of birth, delivery in
a health facility significantly increased timely uptake. Similar findings have been reported in
neighbouring Senegal,***” and elsewhere.?® The increased likelihood of timely HepBO in facility
births can be attributed to immediate access to health professionals who can administer the
vaccine within the recommended 24-hour window, unlike in home births. While the 2019-20 GDHS
data shows a promising rise in facility deliveries to 84% from 63% in 2013, a concerning 15% of
births still occur at home in The Gambia.® This translates to missed opportunities for timely HepBO
vaccination. To bridge any remaining gaps and optimise timely HepBO uptake in The Gambia,
further efforts are needed to increase facility deliveries, implement postnatal home visits for timely
HepBO administration, and ensure infants born at home are brought to health facilities promptly, as
recommended by the WHO.*®

Our study also found that shorter travel time to a fixed immunisation facility increased the chances
of timely HepBO vaccination. This is likely because fixed immunisation facilities in The Gambia
frequently double as Reproductive and Child Health (RCH) clinics, offering delivery services. As a
result, women in close proximity and who potentially give birth at these facilities have access to
HepBO for their newborns. This finding is consistent with previous research in The Gambia'' and
elsewhere,*** that has established a link between geographic proximity to vaccination services
and the uptake of routine childhood vaccines. However, our results differed from those reported by
Moisi et al in Kenya, who found that travel time to a vaccination clinic was not associated with
vaccination coverage or timeliness.®" This difference in finding could be explained by differences in
focus. Our analysis examined travel time to fixed immunisation facilities and its influence on the
timeliness of various vaccine doses given throughout infancy, including HepBO, given it’'s unique

.,5" on the other hand, examined the effect of travel time on

time-sensitive nature. Moisi et a
vaccines administered later in infancy but did not examine it's affect on HepBO0. This further
underscore the importance of considering vaccine-specific factors when investigating drivers of

timely vaccination.

A key measure of a successful immunisation programme is its ability to consistently reach children
on time with multiple doses of the same antigen, like the pentavalent vaccine. Our study revealed
that timely administration of subsequent doses of the multi-series pentavalent vaccine is strongly
associated with timely receipt of the prior doses. Children who received Penta1 and Penta2 on
time were three to five times more likely to receive subsequent doses of Penta2 and Penta3 on
time, respectively. This is consistent with previous studies in The Gambia and other contexts that
have highlighted the "domino effect," where delays in earlier doses increase the likelihood of
delays or non-uptake of later ones.®'%52%% This has important programmatic implications -
prioritising interventions that improve the timeliness of the earlier doses of multi-series vaccines

could significantly boost overall vaccination timeliness. Based on our findings, programme
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managers and service providers should focus their efforts on overcoming any barriers that hinder

the timely administration of the first doses in multi-series schedules.

We also found that ethnicity significantly influenced timely pentavalent vaccine uptake. Children
from non-Gambian households were substantially less likely to receive Penta1, Penta3, and "All
Penta" on time compared to those of specific Gambian ethnic groups. This finding highlights
potential barriers to equitable access to vaccination services for non-Gambian children. These
barriers could stem from their limited understanding of the immunisation system and other
obstacles. Our findings align with past research that has established a connection between ethnic
minority status and lower timely vaccination rates.?**** Since approximately 10% of The Gambia's
population are non-Gambians,* this finding underscores the urgent need for the EPI programme to
prioritise equitable access for ethnic minorities residing in the country. Ensuring everyone,
regardless of their background, enjoys the full benefits of vaccination is crucial for achieving
improved health outcomes and preventing VPDs, aligning with the "Everyone, Everywhere" vision
of the IA2030 agenda.?

Measles control serves as a crucial indicator of a strong immunisation system and an important
marker of equity within that system. Our study found a significant association between household
wealth and timely MCV1 uptake. Children from middle and high-income families were more likely to
receive MCV1 on time, aligning with findings from elsewhere.®'® While immunisation services in
The Gambia are free, indirect costs like transportation and potential income loss from seeking
services might deter vaccination, particularly for the poorest households. Moreover, these
households often face multi-dimensional poverty, which is a complex problem that goes beyond
income.®® This encompasses various deprivations like limited education, living in urban slums, lack
of empowerment in healthcare decisions, and time constraints, all of which can hinder timely

vaccination uptake.

Our study identified proximity to an immunisation facility with functional vaccine cold storage as a
key factor influencing timely MCV1 uptake. However, limited cold-storage is a persistent challenge
in many developing countries. The 2014 WHO multi-dose vial policy, advising on minimizing
wastage while ensuring safety, recommends discarding opened vials within six hours unless

specific conditions are met.®

This can lead to "batching" in facilities lacking functional cold-storage,
where healthcare workers wait to accumulate enough children before opening a vial to avoid
waste. This, unfortunately, can lead to untimely vaccinations, especially for children attending
outreach clinics without functional cold-storage facilities. Interestingly, research in The Gambia has
shown that over 70% of healthcare workers are willing to open multi-dose vials even if the batching
threshold is not met, suggesting potential to optimise vaccination visits and reduce untimely
vaccinations.®” Another promising solution lies in accelerating the implementation of single-use

technologies like measles vaccine micro-needle patches.*® These innovations could reduce
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reliance on functional cold-storage and, potentially, improve timely vaccination, particularly in

outreach settings.

There are some limitations to the design, dataset, and analytical approach used in this study. Due
to the cross-sectional design of our study, we cannot conclude that there is causality between the
factors examined and the outcomes observed. Instead, we can only suggest an association, and
therefore, the findings should be interpreted with caution. We recognize that we did not consider
contextual and qualitative factors such as vaccine hesitancy, beliefs, social norms, rumours, overall
trust in government and the immunisation system that can affect a family's decision to vaccinate
their children. However, our study concentrated on quantifiable determinants, utilising two robust

and complementary conceptual frameworks.

In our analysis of geographic accessibility and facility-level factors that determine timeliness, we
assumed that households received vaccination services from the nearest clinic. This might not
always be true, as individuals may bypass closer facilities due to perceived service quality

issues, ¢

or service managers may assign communities to specific clinics based on geographic
boundaries or operational efficiency, even if they are not the nearest. Additionally, we assumed a
constant travel speed in our model and did not account for potential variations in travel time

resulting from seasonal changes in travel speed due to poor weather conditions.

To refine future analysis on travel time models and how facility factors impact uptake of timely
vaccination, it may be possible to collect information about the specific clinic where services are
received using electronic immunisation registers or demographic surveillance systems. It is also
important to note that our travel time estimates may have been biased by the random displacement
of DHS cluster locations. However, we mitigated this by extracting median travel times within 5 km
and 2 km buffer zones for rural and urban clusters, respectively.*® Additionally, using the complete
census of all Gambian immunisation facilities, instead of a limited sample, significantly enhanced

the robustness of our travel time models by minimizing potential misclassification errors.®2

Despite these limitations, our study has several strengths. First, we utilised modelled travel time as
a supply-side determinant of timely vaccination, an improvement over reported travel times or
distances used in previous studies.'"'® Second, our two main datasets, the 2019-20 GDHS and the
data from the national immunisation facility mapping conducted by The Gambia EPI programme in
2019, were temporally aligned. This improves the quality of our estimates compared to previous
studies that have relied on combining facility dataset from databases which may be out of date with
population data such as DHS datasets.®*®* Third, our collaboration with the Gambia EPI improved
the facility data with relevant additional variables such as staffing and service scheduling, further
enhancing the analysis. Lastly, our study examined broader quantitative factors, diverse vaccines
scheduled during different timepoints in infancy, and utilized robust theoretical frameworks to gain
a deeper understanding of the complex factors that influence timely childhood vaccination.
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In conclusion, our study, guided by robust conceptual frameworks, has provided insight into the
key factors that drive timely childhood vaccination in The Gambia. While demand-side factors
influencing households' recognition of the need to seek immunisation services were the most
prominent determinants, supply-side factors like travel time to facilities, functional cold chain
availability, and staffing levels also played a significant role. It's important to note that these
determinants varied depending on the specific vaccine and timing of doses. This detailed analysis
provides valuable information for immunisation programme managers and service providers. By
prioritising interventions and allocating scarce resources based on these identified determinants,
they can maximize their impact and ensure children receive timely vaccinations throughout their

first year of life.
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Chapter 7: General discussion, contribution of the PhD to
literature, direction for future research and recommendations

7.1 Overview

When children do not receive vaccinations according to the recommended schedule, they not only
miss out on timely protection from preventable diseases when they are most vulnerable, but also
heighten their risk of never completing the vaccination course. As new vaccines are continually
added to the routine childhood immunisation schedule in many LMICs, programme managers face
new challenges in both ensuring uptake of these vaccines and achieving timeliness. Over the next
decade, the IA2030 envisions a world where everyone, everywhere fully benefits from vaccines,
aiming to introduce 500 new vaccines, achieve 90% coverage and reduce zero-dose children by
50%.° While the 1A2030° and Gavi 5.0 Strategy®**° rightfully focus on zero-dose children and
improving overall coverage, prioritising vaccination timeliness is equally important. Delayed
vaccination, a form of untimely vaccination, often precedes the emergence of zero-dose status,’
serving as an early warning sign for identifying potential vulnerable subpopulations. The burden
and country-level disparities in vaccination timeliness offer a more accurate reflection of effective

vaccine doses that are likely to be immunogenic.?®

The overall aim of this thesis was to investigate the burden and spatial pattern of the various
dimension of the timeliness of childhood vaccination in The Gambia and examine the influence of
both demand-side and supply-side factors, and the COVID-19 pandemic. To achieve this aim, my
thesis had four specific objectives: 1) To systematically review the existing empirical literature on
the timeliness of routine childhood vaccination in LMICs, with the aim of identifying the
measurement and methodological gaps to inform the design of the PhD research; 2) To describe
the burden and the spatial pattern of the various dimensions of the timeliness of childhood
vaccination in The Gambia; 3) To determine the impact of the COVID-19 pandemic on the
timeliness and coverage of routine childhood vaccination in the Gambia; and, 4) To examine the
influence of demand-side factors such as individual and family sociodemographic characteristics,
as well as supply-side factors such as geographic accessibility to immunisation clinics and the
readiness of these clinics to deliver services on the timeliness of receiving routine childhood
vaccination in The Gambia. This final chapter summarises the main findings from the four
analytical chapters and discusses their interconnectedness. The subsequent sections discuss the
contribution of the PhD research to literature, the implications of the findings for policy and

practice, suggest directions for future research and highlight the overarching limitations.

7.2 Summary of findings and their interconnectedness

Identifying the key measurement and methodological gaps in the existing literature on the

timeliness of childhood vaccination in LMICs was important to ensure the rigorous design and
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implementation of my PhD research. Chapter 3, through a scoping review, revealed that significant

variation existed in the definitions of "early," "untimely interval," and "delayed vaccination," even
within studies from the same country or focusing on the same vaccine.” Furthermore, 'delayed
vaccination' was the most commonly studied domain of vaccination timeliness, with many studies
operationalising vaccination timeliness as a categorical variable. Demand-side factors, such as
individual and household socioeconomic determinants, were most frequently studied, while supply-
side determinants, such as factors related to the accessibility of immunisation service points, were

understudied.”®

The significant variation found in the definition of childhood vaccination timeliness demonstrates a
lack of agreed-upon standard definition, potentially due to variability in country-level vaccination
windows. To bridge this gap and ensure data comparability across antigens and settings, the WHO
and national immunisation programmes should develop and implement clear guidelines for
measuring vaccination timeliness based on accepted national vaccination windows. Addressing
this specific measurement gap for the subsequent objectives of my PhD research, | defined doses
received outside the nationally accepted EPI vaccination windows in The Gambia as untimely
vaccinations. Specifically, in chapters 4 and 5, 'early vaccination' referred to doses received before
the minimum accepted age, while in chapters 4, 5, and 6, 'delayed vaccination' was defined as
doses received after the maximum accepted window, as outlined in the national schedule.
Although this approach remains specific to The Gambia, it serves several purposes. Firstly, it
ensures that future studies on vaccination timeliness in The Gambia, focussing on the same
vaccine antigens can be comparable. Secondly, it enables the comparison of my findings with
those from other countries sharing similar vaccination windows for specific vaccine antigens.
Lastly, even in cases where the vaccination windows differ, the definition, based on doses
administered outside the accepted window, facilitates cross-country vaccine-specific comparisons,
categorising ‘untimeliness’ (early and delayed) as doses outside the window and timely doses as

those within the accepted window.

To gain a nuanced understanding of the true burden of untimely routine childhood vaccination, a
multidimensional approach is crucial. Findings from the scoping review of existing studies in
chapter 3, highlighting a huge focus on ‘delayed’ vaccination with a categorical proportion-based
approach, shaped the design of objectives 2 and 3 (chapters 4 and 5). In examining the burden of
vaccination timeliness in The Gambia (chapter 4), | analysed delayed, early, and untimely interval
vaccination. Furthermore, to understand the impact of the COVID-19 pandemic on vaccination
timeliness (chapter 5), | investigated delayed and early vaccination. In both chapters, | used both
categorical and continuous classification methods. This multifaceted approach was essential for
this PhD thesis and future studies for several reasons. Relying solely on a categorical, proportion-

based metric, while pragmatic, can obscure nuanced interpretations by lumping together a wide
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range of untimely vaccinations. Children with longer delays (in days) outside the accepted window
potentially have a higher risk of VPD exposure and may be less likely to complete their schedules
compared to those with shorter delays.***%°° Additionally, those vaccinated several more days too
early, before the minimum accepted age, potentially have less protection due to suboptimal

seroconversion due to interference from maternal antibodies.*?

In chapter 4, the analysis of the burden of the different dimension of vaccination timeliness
showed that while overall coverage was above 90% for almost all the vaccine studied, a
considerable number of children were vaccinated outside the recommended time-frames. Delayed
vaccination was the most common dimension of untimely vaccination in The Gambia, with the
highest proportion and longest median number of days children were vaccinated outside the
recommended time-frames. Conversely, early vaccination was less common, ranging from 5% to
10%.”® These multi-dimensional findings facilitated a nuanced interpretation of the quality
dimension of the Gambian routine childhood immunisation system performance. However, to
effectively design targeted public health interventions, it was imperative to move beyond national
and subnational estimates of timeliness. Such aggregate or large areal estimates may conceal
epidemiologically relevant local heterogeneities and make it difficult to identify pockets or ‘hotspots’

of untimely vaccination that could benefit from targeted interventions.

To address the emerging gap subsequent to the initial analysis of the burden of vaccination
timeliness in Chapter 4 (i.e., objective 2), | conducted geospatial modelling of the prevalence of
delayed vaccination in The Gambia, at 1x1 km? resolution, along with second (district) and third
(ward) administrative level maps. This additional analysis focused solely on geospatial mapping of
delayed vaccination, excluding other dimensions of timeliness, because the previous analysis
highlighted delayed vaccination as the most prevalent in The Gambia. While the scoping review
presented in Chapter 3 indicated a growing body of literature examining the timeliness of childhood
vaccination in LMICs, no studies, including the three existing Gambian studies, had yet conducted
high-resolution maps showing the spatial patterns. In this regard, the spatial mapping of
vaccination timeliness in this chapter was both novel and significant, offering EPl programme
managers an enhanced understanding of local patterns of delayed childhood vaccination in The
Gambia and aiding in the identification of districts where strengthening vaccine delivery systems

could yield the greatest impact.

The spatial analysis revealed significant subnational heterogeneity and inequality in delayed
vaccination. 'Hotspots' with the highest delays clustered primarily in the eastern region of The
Gambia, which is also among the most economically disadvantaged areas. Conversely, coastal
and more advantaged districts demonstrated lower prevalence across all vaccines examined.
Combining the spatial distribution of delayed vaccination with the absolute number of affected

children revealed that districts with both high prevalence and significant absolute numbers of
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delayed vaccinations were found in the western (coastal), central, and eastern regions.®® The
analytical approach of combining the spatial distribution of delayed vaccination with the absolute
number of affected children is very important. It contextualises the overall analyses, emphasising
areas with higher population density, even if the overall delay is lower compared to areas with
lower population density but a higher proportion of delays. These population-dense clusters are
significant as they can sustain VPD outbreaks such as measles and pertussis in the presence of
persistent delays.>**>® In a resource-limited setting like The Gambia, the EPI programme faces
two potential public health decisions: to only target interventions in areas with the highest
prevalence of delayed vaccination or to target areas with a combination of high prevalence of
delays and a high absolute number of affected children. Whichever approach is deemed
programmatically or ethically appropriate, the spatial analysis in chapter 4 provides valuable data

for evidence-informed implementation.

In Chapter 5 (Objective 3), | examined the impact of the COVID-19 pandemic on the coverage and
timeliness of routine childhood vaccinations in The Gambia. There were two main reasons why this
analysis was important. Firstly, the pandemic exposed weaknesses in routine childhood
vaccination programmes globally, including those in high-income countries with historically high
coverage rates. Therefore, it was crucial to gain a detailed understanding of its impact in The
Gambia, a low-income country with consistently high routine coverage but a sizeable number of
children vaccinated outside the recommended timeframes (as demonstrated in Chapter 4).
Secondly, in Chapter 4 (Objective 2), | demonstrated that there was inequality and heterogeneity in
the pattern of the timeliness of routine vaccination across different areas in The Gambia. Thus, it
was important to investigate whether the COVID-19 pandemic impacted coverage and timeliness
differently across regions in the country. By taking this step, the analysis in Chapter 5 builds upon
the cross-sectional assessment of vaccination timeliness in Chapter 4 by revealing its temporal

pattern and how a major public health crisis may alter the previously observed trends.

Chapter 5 revealed that the COVID-19 pandemic had no significant negative impact on the
timeliness (early and delayed vaccination) and coverage of routine childhood vaccinations in The
Gambia.®? Moreover, the pandemic's impact on the coverage and timeliness of vaccination
appeared consistent across the two areas studied, despite previously identified differential patterns
of vaccination timeliness in Chapter 4. The emphasis in Chapter 5 on both timeliness and
coverage, particularly for vaccines administered early in infancy (including the birth dose of
hepatitis B vaccine), is important because these metrics are highly sensitive to service disruptions.
Therefore, the analysis in this chapter serves as a sensitive indicator of the pandemic's impact on
childhood vaccination in The Gambia. This analysis highlights a critical point. While Chapter 4
revealed a substantial number of children vaccinated outside the recommended timeframe,

alongside clear heterogeneity in the spatial pattern, this temporal analysis demonstrated that The
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Gambia's routine immunisation system effectively absorbed the additional shocks caused by the
COVID-19 pandemic. The implications of the findings in Chapter 5 are twofold. Firstly, in the event
of future public health crises, The EPI programme can draw upon the same key strategies that
ensured the resilience of the routine childhood vaccination system throughout the COVID-19
pandemic. Secondly, the findings offer an opportunity for shared learning, enabling similarly low-
income and geographically similar countries facing public emergencies to potentially adopt the key

strategies implemented in The Gambia to ensure resilience of their routine vaccination systems.

Chapter 6 (Objective 4) presents a comprehensive analysis of both demand-side and supply-side
factors influencing the timeliness of routine childhood vaccination in The Gambia. This study
directly addresses a measurement gap identified in the scoping review of Chapter 3 (Objective 1).
The review showed that the impact of supply-side factors such as geographic accessibility and
readiness of facilities to deliver adequate services on the timeliness of routine childhood
vaccinations were understudied in LMICs.”® To gain a deeper understanding of this complex issue,
| analysed diverse vaccines administered at all the timepoints (i.e., at birth, 2, 3, 4, and 9 months)
in infancy and utilised two robust conceptual frameworks to guide the analysis. Overall, demand-
side factors such as child, maternal and household socioeconomic characteristics influencing the
recognition of the need to seek immunisation services were the most prominent determinants of
timely vaccination in The Gambia. However, supply-side factors such as travel time to
immunisation facilities, availability of functional vaccine cold storage, and staffing numbers in
facilities were also significant determinants of timely vaccination. Chapter 6 also revealed that the
determinants of timely vaccination varied across specific vaccines and the timing of doses. Based
on the empirical evidence from Chapter 6, interventions aimed at improving timeliness must

address both demand-side and supply-side factors, rather than prioritising one over the other.

The methodological approach adopted and the findings from Chapter 6 of my thesis are important
for several reasons. First, the use of two complementary conceptual frameworks to define and
categorise the determinants and to guide the analysis is a novel approach. To my knowledge, no
previous study on the determinants of vaccination timeliness has employed this methodological
approach. Through this approach, the thesis clearly identified the levels (demand-side or supply-
side) at which key determinants lie, thus providing the Gambia EPI programme with evidence to
prioritise interventions needed to ensure timely vaccinations in the future. Second, this study is
unique because | integrated and analysed two nationally representative and temporally aligned
datasets. Other studies are limited by lack of national representativeness or combining datasets
from databases that may be out of date with population data such as DHS datasets.”*#® |
collaborated with the national and regional EPI programme managers to verify the national

geolocated database of immunisation facilities and updated the dataset with key variables that
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were considered very important supply-side determinants. This has further improved the

robustness of the dataset and the availability of additional supply-side variables.

Third, the use of the Bayesian multi-level modelling framework ensured greater flexibility compared
to the frequentist approach. When fitting multilevel models in a frequentist framework, it is often
difficult to characterise variation at the household level when the sample sizes are small, as is
often the case in DHS data. In a Bayesian framework, this can be dealt with by placing an
appropriate prior distribution on the household-level variation to support its estimation. This
additional flexibility to include additional information in the modelling process through placing
appropriate prior distributions on the parameters makes the Bayesian paradigm more attractive.
Furthermore, elements of survey design, such as clustering and stratification, can be naturally

accounted for by using random effects in the Bayesian framework.

Finally, previous research has documented significant misclassification errors and
underestimations of service accessibility when geographically linking samples of health facility data
with population datasets (e.g., 2019-20 GDHS).2*# However, to achieve objective 4 (Chapter 6), |
utilised the complete national census of immunisation facilities in The Gambia, linked to the 2019-
20 GDHS for the travel time modelling. This comprehensive approach significantly enhances the

robustness of the travel time estimates and its potential impact on timely vaccination.®

7.3 Contribution of the PhD research to literature

This thesis introduces novel concepts and methodologies for investigating vaccination timeliness.
The four analytical chapters (Chapters 3-6) develop or extend novel approaches in data synthesis
and integration, methods, and analytical outputs to inform public health decision-making and future
research. The contribution to the literature presented in this section is grouped into conceptual, and

methodological contributions.
7.3.1 Conceptual contributions
Identifying measurement and methodological gaps

Chapter 3 addresses an important conceptual gap and contributes to the literature on vaccination
timeliness by conducting a comprehensive review to identify and document the measurement and
methodological gaps within the existing literature. Specifically, the review examines how previous
studies have defined and measured timeliness, including cut-off points used for computation, the
various dimensions assessed, such as early, delayed, or untimely intervals, and the methods
employed for measuring timeliness, both categorical and continuous. It also explores which factors

have been considered as drivers of vaccination timeliness.

This work is the most extensive review on the subject to date in LMICs, encompassing four
decades of research and analysing 224 studies from 103 countries. While the only previously
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existing systematic review on the topic by Masters et al.,””

offered valuable insights, it had
limitations that necessitated a more comprehensive analysis. Firstly, Masters et al.'s review only
covered 67 studies published between 2007 and 2017, excluding important work from earlier and
later periods. Secondly, it was restricted to three electronic databases and English-language
publications, compared to the one in Chapter 3 of this thesis that explored 5 databases and
included studies published in English and French Languages. Thirdly, their review did not examine
what drivers of timeliness have been previously studied. Lastly, they did not comprehensively
explore and document the variety of definitions and cut-off points used for measuring different

timeliness dimensions.

By addressing these limitations, the scoping review in Chapter 3 provides a more robust analysis,
offering a comprehensive understanding of existing research on vaccination timeliness in LMICs.
This work has important implications for future research on vaccination timeliness in LMICs.
Consistent definitions and measurement approaches are key for effective communication of
research findings, accurate programme evaluation, comparisons across populations and contexts,
and robust inference drawn from studies.?® Understanding the specific dimensions of timeliness
studied, the utilised measurement methods (continuous vs. categorical), and the explored drivers
of timeliness are all essential for designing future research in this domain. However, the lack of a
universally agreed-upon definition of "timeliness" relative to vaccination schedules across different
countries presents a challenge. This highlights the need for further efforts to establish standardised
measurement approaches in this field, and the conceptual contribution in this regard adequately

sets the scene for future efforts.
Examining all dimensions of vaccination timeliness

In Chapter 4, a key conceptual gap is addressed by adopting a multi-dimensional approach to
determine the timeliness of routine childhood vaccination. Using nationally representative data, this
chapter investigates all dimensions of timeliness, including timely, early, delayed, and untimely
interval vaccination. It presents outcomes as both categorical (proportions) and continuous
(median days outside recommended windows) variables. This study could potentially be the first in
an LMIC context to simultaneously investigate all dimensions of vaccination timeliness and present

outcomes using multiple approaches, making a substantial conceptual contribution to the literature.

The adoption of a multi-dimensional approach in Chapter 4 allows for a nuanced interpretation of
results, unlike previous studies that primarily focused on delayed vaccination, neglecting other
crucial dimensions such as early vaccination and untimely interval vaccination for multi-series
vaccines. This one-dimensional focus in previous studies provides insufficient data to gain a
holistic understanding of the true burden of vaccination timeliness. Many previous studies have
operationalised vaccination timeliness as a categorical variable, predominantly reporting the
proportion of children with delayed vaccination. While this approach appears pragmatic, it is
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simplistic, lumping together a wide window of untimely vaccinations and preventing a nuanced
interpretation of the outcome. Although a few studies have simultaneously explored delayed and
early vaccination, they did not examine the dimension ‘untimely intervals’ between doses for multi-
series vaccines. Additionally, they did not present the outcomes as both continuous and

categorical variables. Chapter 4 addresses these conceptual limitations.

The multi-dimensional conceptual approach in Chapter 4 enriches the three existing studies®” %7

on vaccination timeliness in The Gambia by providing additional evidence on the median number
of days children are vaccinated outside recommended timeframes. The conceptual contribution in
Chapter 4 allows public health efforts to prioritise not only increasing timely vaccination coverage

but also reducing the median days children are vaccinated too early or too late.
7.3.2 Methodological contributions
High-resolution spatial mapping of vaccination timeliness

One of the key methodological contributions of this thesis lies in demonstrating the utility of
geospatial modelling techniques for generating high-resolution maps depicting the prevalence of
untimely childhood vaccination in The Gambia (Chapter 4). This approach provides timeliness
estimates at a resolution of 1km by 1km, along with ward (4th administrative level), district (3rd

administrative level), and regional (2nd administrative level) aggregates.

The use of spatial modelling to generate high-resolution maps of health outcomes like childhood
vaccination coverage has gained significant traction in recent years. Institutions like the Institute for
Health Metrics and Evaluation (IHME) at the University of Washington,®® USA, and the WorldPop
project at the University of Southampton,®” UK, have spearheaded the development of
geostatistical models for this purpose. IHME and WorldPop provide estimates and maps specific to

vaccination coverage in LMICs 3758890

which are widely utilised by researchers and policymakers
globally. The significance of maps in precisely identifying and targeting vulnerable subpopulations

is well acknowledged by the WHO 1A2030,° UNICEF, and Gavi,?' the Vaccine Alliance.

Despite the significant traction and recognised utility of geospatial modelling approaches in
estimating vaccination coverage, to date, no studies have produced high-resolution maps
specifically focused on the spatial patterns of the timeliness of routine childhood vaccination.
Traditionally, indicators of vaccination timeliness are estimated at the national or regional levels
due to survey design limitations or operational constraints inhibiting the collection of location (i.e.,
longitude and latitude) data needed for spatial modelling. This approach masks epidemiologically
important local variations and fails to identify "hotspots" of untimely vaccination. These unidentified

pockets of vulnerability hinder efforts to target interventions effectively.
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The methodological approach implemented in Chapter 4 represents a novel endeavour, potentially
being the first in an LMIC setting to apply geospatial modelling to generate maps of untimely
vaccination. By enabling the generation of fine-scale, granular-level estimates, this approach
empowers immunisation programme managers to aggregate estimates to administratively relevant
units for programmatic decision-making and action. Given the well-developed methodology for
spatial modelling and the continued availability of nationally representative vaccination and cluster
location data through surveys like DHS and MICS, this approach holds promise for adoption in
other settings. However, it's worth noting that minimal data missingness and the availability of
vaccination dates and dates of birth are prerequisites for generating timeliness estimates before

proceeding to spatial modelling and map creation.
Utilisation of conceptual frameworks to guide analyses

Chapter 6 (Objective 4) of the thesis employs a innovative methodological approach to gain a
deeper understanding of the factors influencing childhood vaccination timeliness in The Gambia.

This approach leverages two action-oriented conceptual frameworks:

e The Thaddeus and Maine®? three delays framework: Originally developed to understand the
drivers of maternal mortality, this framework explore factors influencing a household's
decision to seek services (delay 1), reach health facilities (delay 2), and the ability of the
facility to deliver appropriate services (delay 3).

e The Philips et al.*® framework for determinants of effective vaccination: This framework
explore all the dimensions describes by the Thaddeus and Maine framework. Moreover, it

categorises the delay 1 factors as demand-side while delay 2 and 3 as supply-side factors.

By applying these frameworks, the thesis comprehensively examines both demand-side factors
(influencing household vaccination decisions) and supply-side factors (impacting access to and
delivery of vaccination services). This methodological approach facilitated a robust examination of
the various factors contributing to untimely vaccination, offering valuable insights for improving

vaccination timeliness in The Gambia and beyond.

To achieve objective 4 in Chapter 4 of the thesis, | integrated several datasets. Notably, it
demonstrates the possibility of linking DHS survey data with other sources to examine both
demand-side and supply-side determinants of timely vaccination. The key datasets integrated
include DHS survey data (vaccination data, demand-side factors, and cluster geolocation), national
census data of immunisation facilities in The Gambia, gridded population data, and travel time
modelling datasets, including digital elevation models, road networks, rivers, lakes, land cover,

health facility locations, and DHS cluster locations.

Previous studies in LMICs have primarily focused on demand-side factors as determinants of

vaccination timeliness, often overlooking supply-side variables such as geographic accessibility of
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immunisation facilities or characteristics affecting a facility's service delivery. Additionally, these
studies frequently lacked a guiding framework, leading to an incomplete picture of the key
determinants. The methodological approach adopted in Chapter 6 offers distinct advantages. First,
it incorporates a wide range of variables in the analysis, enabled by the availability and integration
of various temporally aligned data sources. Second, it provides a holistic understanding of the
complex factors influencing vaccination service delivery and uptake. Third, the approach delineates
where immunisation programme managers should direct their attention, based on factors

significantly associated with timely vaccination at either the demand or supply side.

While Chapter 6 considers a broad range of quantitative variables which were informed by the
literature, expert opinion, and data availability, future studies could benefit from collecting and
including even more comprehensive supply-side variables. This would further strengthen the
framework-guided methodological approach for examining drivers of vaccination timeliness as
demonstrated in this thesis. Additionally, there is well-documented evidence that qualitative or
behavioural issues, such as the behaviour of families, communities and health providers, broadly
impact the uptake of vaccination.®* While this PhD focused on quantitative variables affecting
vaccination timeliness, there is a clear need for future qualitative research to understand the
specific impact of behavioural issues on vaccination timeliness. Outputs from such qualitative
studies, combined with the quantitative evidence from this PhD, could lead to the development of

more robust and targeted public health interventions to improve timeliness.

7.4 Implications for policy and practice

In the discussion sections of each analytical chapter (Chapters 3, 4, 5 and 6) of this thesis, |
highlighted the implications of specific findings for policy and practice. In this section of the final
chapter, | focus on the broader implications of my PhD research for various stakeholders. | explore
these implications across four key areas, highlighting the significance of the findings for vaccine
and vaccination policy, with a specific emphasis on Global Policy, the Gambian Government,

Programme Managers overseeing the Gambian immunisation system, and local communities.
7.4.1 Implications for Global Policy

The findings reported in Chapter 3 (objective 1) underscore the importance of collaboration
between the WHO and national immunisation programmes to address the variations in defining
and measuring the various dimensions of vaccination timeliness. To ensure data comparability,
clear guidelines for measuring all aspects of timeliness should be developed and implemented.
These guidelines should be based on accepted national vaccination windows and not individual
researcher or country preference.?®® By establishing standardised age cut-off for assessing
timeliness, the WHO can empower countries to accurately monitor and report on this critical aspect

of their vaccination programmes. This approach would allow countries to detect problems with
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vaccine delivery and coverage at an early stage, across different populations. Early detection of
untimely vaccination is essential to achieve effective overall coverage and reduce the risk of
undetected, yet accumulating risk of VPD outbreaks.'34%%*%* Fyrthermore, measuring timeliness
correctly can serve as an early warning system for gaps in vaccine coverage and herd immunity.
This is because untimely vaccination, particularly delays, often precedes a decline in vaccination
uptake or an increase in zero-dose cases. Ultimately, it is important to ensure that vaccination
timeliness, a key metric of immunisation system performance, is included in future vaccine-specific

global health agendas, such as the 1A2030.
7.4.2 Implications for the Gambian Government

Chapter 6 (Objective 4) highlights the role of demand-side factors, such as maternal education,
household wealth status, ethnicity, and place of birth, as key determinants of timely vaccination.
While immunisation programme managers may not have direct control over these demand-side
factors, they fall within the broader domain of government intervention. Urgent government
investment, prioritisation, and targeted policies are required to address these social determinants
of health. Research indicates a clear link between government investment in human capital
development, reduced inequalities, and improved child health outcomes.*®*” Disadvantaged
populations, in particular, are consistently at the highest risk of poor health outcomes, including
untimely vaccination. In this regard, the evidence from this thesis can be used to reduce inequities

in the spatial pattern of untimely vaccination in The Gambia.

Moreover, Chapter 6 also underscores the significance of supply-side factors, such as travel time
to fixed immunisation clinics. Improving this aspect requires substantial government investment to
provide functional fixed immunisation clinics that are easily accessible to the majority of the
population, facilitating regular and timely access to vaccination services. Giving priority to the
development of social infrastructure, such as building accessible roads across the country and
increasing the availability of functional fixed immunisation facilities, can significantly enhance
access to immunisation services, particularly in underserved areas. However, it is crucial to
conduct cost-benefit and cost-effectiveness analyses to determine the costs to the health system
and the return on investment for the additional government funding needed to improve vaccination
timeliness and overall coverage. Given scarce resources and limited fiscal space, evidence from
such economic analyses will be key to determining what combination of demand- or supply-side
interventions should be prioritised to enhance the EPI's delivery of childhood vaccines within

recommended timeframes in The Gambia.
7.4.3 Implications for immunisation programme managers in The Gambia

The high prevalence of delayed vaccinations identified in Chapter 4 (Objective 2) highlight the

need for urgent action by EPI programme managers. Strategies to reduce delays should focus on
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strengthening outreach sites to deliver more frequent services, increase the overall number of
immunisation facilities to improve overall clinic accessibility and fostering stronger community
engagement. Chapter 6 (Objective 4) highlights the crucial role of staffing numbers in immunisation
facilities as a key driver of vaccination timeliness. The capacity issues related to staffing must be
prioritised to ensure effective and timely delivery of immunisation services. Inadequate staffing can
lead to long queues at immunisation clinics, which have been previously reported by women in The

Gambia as a deterrent from attending immunisation clinics.®®

Of particular concern is the finding in Chapter 4 that the birth-dose of Hepatitis B (HepBO0) vaccine
had the highest delays (more than 90%) and median delay (in days). This has significant
implications for immunisation programme planning and policy. Chronic Hepatitis B virus (HBV)
infection can lead to serious complications like liver cirrhosis and cancer. The Gambia faces a high
burden of HBV, with 15-20% of the population chronically infected,* making mother-to-child
transmission during birth and breastfeeding common. The Gambia requires immediate measures
to improve the timeliness of HepBO0 delivery and uptake, in order to address the current situation.
Chapter 6 (Objective 4) identified key drivers for timely HepBO vaccination, including being born in
a health facility and living close to a fixed immunisation clinic. While these factors may not be
directly controllable by the EPI, collaboration with health facility management and the Ministry of

Health can help align priorities.

The EPI programme should prioritise equitable access to services nationwide by addressing
potential barriers related to ethnicity. This is especially important in areas identified as "hotspots"
for untimely vaccinations through the spatial mapping in Chapter 4 (Objective 2). Furthermore, the
consistent finding of ethnicity (alongside household wealth) being the most common factor
associated with timely vaccination across the vaccines studied suggests that further investigation
of potential ethno-cultural differences in timely access to immunisation is warranted. This could
inform the development of targeted interventions to address these disparities and improve

equitable and timely access to immunisation services for all populations in The Gambia.
7.4.4 Implications for household and communities

Families and households play a pivotal role in ensuring the timely vaccination of children within
accepted timeframes. This responsibility is underscored by the significant associations found
between household characteristics—such as maternal education, parity of the mother, household
size, and ethnicity—and timely vaccination, as revealed in Chapter 6. Previous research conducted
in The Gambia has also indicated prevalent patterns of under-vaccination among children from
poorer households and recent non-Gambian immigrants, who often face social exclusion at infant
welfare clinics.®® My findings, along with evidence from prior research, emphasise the need for

targeted health education and awareness campaigns aimed at these specific subpopulations. Such
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campaigns must stress the importance of timely vaccination in preventing diseases and offer

culturally sensitive resources to enhance comprehension of the key messages.

It is important to note that there is a prevailing acceptance and trust in immunisation services
across The Gambia. Previous studies have demonstrated that instances of non-uptake likely stem
from logistical challenges, such as the inability to transport children to immunisation clinics or from
mothers mistakenly believing their children do not require the next dose rather than from resistance
to immunisation per se.'® This underscores the importance of education and awareness
campaigns. By empowering families to prioritise age-appropriate vaccination, particularly in
communities identified as ‘hotspots’, households can contribute significantly to enhancing overall

timely vaccination rates and reducing the risk of disease transmission.

7.5 Direction for future research

Throughout the four analytical chapters, several priorities for future research on the timeliness of
routine childhood vaccinations were identified and discussed. In this section, | highlight the specific
direction that future research on the timeliness of routine childhood vaccinations can take, in order
to effectively integrate this emerging area of research with the broader field of vaccine

epidemiology. The following sections present these priority areas in some detail.

7.5.1 Examining the direct relationship between untimely vaccination, population

immunity, and susceptibility to outbreaks

A fundamental question arising from this PhD research is: "To what extent does the timeliness of
vaccination impact population-level immunity, and how does it influence the potential for
outbreaks?" At the time of finalising this PhD, The Gambia is experiencing an uptick in measles
cases, even in areas with optimal aggregate measles vaccination coverage rates. Furthermore, a
quarter of the confirmed cases are among children who have already been vaccinated. It is
imperative to investigate the degree to which untimely (early and delayed) uptake of measles-
containing vaccines, in addition to postponed measles campaigns and stagnating measles-
containing vaccine coverage, contribute to measles population immunity and the accumulation of
susceptible sub-populations. However, the relationship between the clustering of children with
untimely measles vaccination, suboptimal measles population immunity, and risk of measles

outbreaks in the same spatial location is largely understudied in LMICs context.

Defining the landscape of population immunity and susceptibility to outbreaks is a key challenge in
infectious disease research.'®"'%? Previous studies have primarily relied on indirect measures, such
as crude vaccination coverage and outbreak surveillance data, to estimate these factors.'%%1%3

However, the patterns of population immunity predicted from indirect measures may be misleading

especially in settings with non-sensitive surveillance systems.'2'% Serological surveys offer a
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more direct approach to assess population immunity, identify potential links to untimely
vaccination, and predict outbreak susceptibility.'®® Despite their power, serosurveys often remain

underexploited due to cost and logistical complexities.'*

Recently, | was awarded a 5-year K43 Emerging Global Leaders Award from the US National
Institutes of Health (NIH). As the Principal Investigator of this 5-year Award, | will be examining the
potential link between untimely measles vaccination, suboptimal herd immunity, and measles
outbreak risks.'® Therefore, the key question arising from the PhD about any potential link
between untimely vaccination and population immunity will be answered. Over the next five years, |
will utilise longitudinal seroepidemiologic and vaccination data to model measles population
immunity, examine spatiotemporal relationships between clusters of children with untimely measles

vaccination, and predict outbreak susceptibility profiles in The Gambia.
7.5.2 Refining travel time estimates and their impact on vaccination timeliness

The current approach to estimating travel time, both in this PhD research and in other existing
studies, faces key limitations due to data availability issues. Present methodologies rely on proxy
variables, such as travel time to the 'nearest clinics', rather than the actual clinic used, as linking
study populations to specific vaccination locations can be challenging. Additionally, existing studies
typically neglect actual travel scenarios and seasonal variations in travel times. Furthermore, they
have primarily focused on accessibility between households and clinics, neglecting to explore how
accessibility between fixed vaccination clinics and outreach vaccination posts influences

vaccination delivery by service providers.

In The Gambia, childhood vaccination is conducted through a distinctive system utilising fixed
vaccination clinics and outreach posts managed by service providers from these fixed clinics.
These providers may encounter numerous challenges when travelling from supervising fixed
vaccination clinics to remote or isolated outreach vaccination posts. Future research should
prioritise linking households to the actual clinics where children receive vaccinations. This will
involve collecting detailed data on travel scenarios, leading to more accurate, closer-to-reality
travel time estimates. Such an approach will provide a more nuanced understanding of how
seasonal variations, such as changes in weather, impact accessibility and subsequently influence
untimely vaccinations. Moreover, future studies should investigate how the ease or difficulty of
service providers' travels from fixed vaccination clinics to outreach vaccination posts—a crucial

supply-side variable—affects the timely delivery of routine childhood vaccination.
7.5.3 Real-time vaccination timeliness dashboard and time-trend analysis

One promising avenue for future research lies in the development of a real-time immunisation
dashboard specifically focused on vaccination timeliness. The timeliness of vaccine delivery serves

as a valuable quality indicator for immunisation programmes, potentially offering an early warning
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system for areas experiencing challenges. Delayed vaccinations can disrupt the recommended
schedule and potentially lead to missed doses, while excessively early vaccination may signal
areas where the vaccination system is struggling to deliver vaccines effectively. However,
traditional research data, including findings from this PhD often lags behind real-time activities,

limiting its immediate translation for public health or usefulness for programme managers.

To bridge this gap and ensure that research effectively informs practice, future research should
explore the development and implementation of real-time vaccination timeliness dashboards. Such
a system could leverage electronic immunisation registers, geolocation data, coupled with the
modelling and analytical approach developed during this PhD. This dashboard would provide
vaccine-specific timeliness estimates, including early, delayed, untimely interval, and timely
vaccinations, as well as spatial patterns of timeliness. Although this concept shows promise,
translational research is necessary to assess its feasibility and overall utility in LMIC settings.
Ultimately, the creation of such a dashboard has the potential to enable immunisation programmes
to rapidly identify locations experiencing un- and under-vaccination much earlier, thereby

contributing to the goals of IA2030.

Although this PhD analysed the impact of additional ‘shocks’ to the EPI system due to the COVID-
19 pandemic, the data underlying the analysis were not nationally representative. To better
understand the spatiotemporal impact of future ‘shocks’ or public health crises on vaccination,
more robust methods, data sources, and alternative analytical approaches might be needed.
Demographic and health surveillance systems could provide granular and temporal data for such
analysis; however, they are not nationally representative in most countries where they exist. There
is a clear need to expand their coverage, but this comes with significant cost implications, as most
HDSSs are neither funded nor led by governments. Future spatiotemporal analyses of vaccination
timeliness could also benefit from combining data from consecutive DHS and MICS surveys, given
their methodological similarities and the fact that they are often conducted less than two years
apart. Another source of data for such time-trend analysis are electronic immunisation registers,
which have been implemented in many LMIC settings. However, these registers are limited

because they only include children who have interacted with the immunisation system.
7.5.4 Addressing missing vaccination dates in future timeliness analysis

Accurate dates of birth and vaccination are crucial for computing vaccination timeliness, and a high
proportion of children with complete data is essential for representative outcomes.*® In cases
where vaccination dates are unavailable, this data is considered "censored." Children who have
not been vaccinated at the time of data collection, and thus have unavailable vaccination dates,
are considered right-censored. Meanwhile, children who have already been vaccinated but lack

vaccination date records are considered left-censored. Unfortunately, the majority of studies
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included in the scoping review in Chapter 3 (Objective 1) did not account for any form of censoring
and instead excluded the data of such children,”® potentially underpowering these studies to

generate representative timeliness outcomes.

Left-censored data is particularly common in LMICs due to low card retention, and vaccination data
often rely on maternal recall. However, in my timeliness analyses in Chapters 4 and 5 of this PhD,
this was not the case as over 90% of children had complete vaccination dates. Accounting for
censored data enhances the robustness of timeliness estimates by enabling the inclusion of more
observations that might otherwise be excluded. To conduct timeliness analyses in settings where
card retention is low, reliance on parental recall is common, or where left-censored vaccination
data is prevalent, it is essential to develop, validate, and deploy methodologies that can impute or
predict the dates of vaccination. These imputation or prediction techniques could utilise machine
learning approaches that leverage pre-specified characteristics, such as the age at vaccination of
children in similar age cohort as the index child or those residing in the same geographic location—
a key factor driving spatial autocorrelation.'®” Although such prediction approaches might be time-
consuming or require modelling expertise, they are crucial to ensuring that timeliness analyses are
appropriately powered to generate accurate outcomes. Ultimately, there is a need for significant
government investment to expand and improve data infrastructures, such as electronic
immunisation registers in LMIC settings, thereby enhancing the availability of precise vaccination

dates.
7.5.5 Methodological approaches to model all outputs as continuous variables

Communities where children experience longer delays in receiving vaccinations potentially face an
increased risk of exposure to VPDs and potential outbreaks compared to communities with shorter
vaccination delays. However, the current approaches only allow for the generation of untimeliness
outcomes as continuous variables when determining the burden of delays (e.g., mean/median
delays in paper 1, Chapter 4), but not for spatial modelling or determinants, which are categorical
or binary. Therefore, there is a need to develop methodologies for more complex analyses that go
beyond the current categorical outcomes. For example, geospatial modelling of vaccination
timeliness could produce continuous outcomes rather than the current binary outcomes. Such
complex analysis could lead to the creation of maps showing locations with the mean or median
number of days children are delayed compared to other areas. This approach offers the advantage
of enabling EPI programmes to prioritise the most vulnerable communities where delays are

longer, rather than relying on the current binary outcomes of 'delayed' and 'not delayed.’

With the current methodologies of geospatial modelling, when the outcome is continuous, the
binomial likelihood is no longer suitable. A potential methodological approach involves changing
the binomial likelihood to a probability distribution defined on the positive real line, such as a half-
normal distribution or a gamma distribution. Additionally, the log-transformed version of the
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outcome could be modelled using a normal distribution. Other components included in the current
model framework, such as covariates and spatial random effects, can still be used when the
distribution of the outcome changes, although the functional form of the covariates may be
different. Whatever complex approaches are developed, these need to be calibrated and validated
to ensure their robustness, similar to the current approach of geospatial modelling of binary

outcomes.
7.5.6 Methods to evaluate potential interventions to improve timeliness

Various interventions have been implemented to improve vaccination coverage in LMIC settings.
These include patient phone reminders, digital registers, household financial incentives, health
education, home visits, engagement of community leaders, supportive supervision, payment for
performance and logistic support to health facilities.'®® Additionally, the use of novel interventions,
such as drones (unmanned aerial vehicles) for delivering vaccines to hard-to-reach communities, is
gaining momentum. While these interventions have been broadly targeted at improving vaccination
uptake, they may also positively impact vaccination timeliness. However, evaluating these
interventions specifically in the context of their effectiveness in improving vaccination timeliness is
crucial. Future research could employ methods such as cluster randomised trials or pragmatic
approaches like before-and-after studies to assess these interventions with the specific goal of

enhancing vaccination timeliness.

7.6 Limitations

Limitations specific to each individual study were extensively discussed in the relevant research
papers from Chapter 3 to Chapter 6 of this thesis. In this section, | provide a summary of the key
limitations discussed in the research papers in their respective chapters (Table 1). Subsequently, |
address the more general limitations of the PhD research and those that were not discussed in the

corresponding chapters.

Table 1: Summary of the key limitations already presented in the analytical chapters

Chapter Limitations

(Paper)

Chapter 3 1. The review included only studies published in English and French. Thus,
may have omitted a small number of studies published in other
languages.

2. The review did not include grey literature, such as official government
reports on vaccination timeliness.

3. Some studies might have been published since the scoping review was
completed on July 1, 2021, as this study is not a 'living review.' However,
| do not expect them to significantly alter the conclusions drawn from the
scoping review, which was based on 224 published articles spanning
1978-2021.
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4. The scoping review did not include studies on vaccinations given outside
the routine childhood EPI schedule, such as those administered during
adolescence or adulthood, including maternal vaccinations.

5. Although appraising study quality or design is not the primary focus of
scoping reviews, there was substantial variability in the quality and
design of the included studies, which potentially explains the observed
measurement and methodological gaps.

Chapter 4 1. The use of DHS data for the analysis of vaccination timeliness presents

(Paper 1) limitations inherent to the nature of survey data. Specifically, the
unavailability of valid birth dates and vaccination dates for a substantial
number of children in some LMIC settings can introduce biases and limit
the generalizability of timeliness estimates in such contexts.

2. Cross-sectional surveys like DHS provide a snapshot of the population at
a specific point in time. Since the data is typically collected every five
years and focuses on children who were vaccinated 12—-35 months
before the survey was conducted, the findings reported do not reflect the
most recent vaccination status.

Chapter 4 1. The sampling frames used in the 2019-20 GDHS may have missed

(Paper 2) hard-to-reach or disadvantaged populations, potentially leading to an
under- or over-estimation of the prevalence of delayed vaccination in
certain areas.

2. To ensure respondent confidentiality, the DHS randomly displaced the
geographical coordinates at the cluster level. Although we created
buffers around the coordinates in rural and urban locations in line with
previous approaches, there might have been some residual influence on
the modelled estimates, especially at a more granular level.

3. The 2019-20 GDHS sample was designed to be representative at the
national and regional levels, considering urban/rural stratification, not at
the lower district or ward level where our results were presented.
However, the Bayesian spatial modelling approach utilized in this
analysis has been well validated and is known to provide robust
estimates at finer scales.

Chapter 5 The underlying data was based on HDSS surveillance. HDSS
communities are observed longitudinally, and households participate in
multiple studies where they often receive interventions, including
vaccinations. This might make them unrepresentative of the general
population. Additionally, some individuals or households within the HDSS
communities might modify their behaviour because they are aware they
are part of a surveillance system—the Hawthorne effect.

Chapter 6 1. Due to the cross-sectional design of our study, we cannot establish
causality between the significant determinants and the outcomes
observed.

2. The study did not consider contextual and qualitative factors such as
vaccine hesitancy, beliefs, social norms, rumours, and overall trust in the
government and immunization system that can affect a family's decision
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to vaccinate their children. Instead, the study focused on quantitative and
measurable determinants.

3. In the analysis of geographic accessibility and facility-level factors
determining timeliness, we assumed that households received
vaccination services from the nearest clinic. This might not always be
true, as individuals may bypass closer facilities due to perceived service
quality issues, or service managers may assign communities to specific
clinics based on geographic boundaries or operational efficiency.

4. In the analysis of travel time, we assumed a constant travel speed in the
model and did not account for potential variations in travel time due to
seasonal changes and poor weather conditions.

5. The travel time estimates may have been biased by the random
displacement of DHS cluster locations. However, we mitigated this by
extracting median travel times within 5 km and 2 km buffer zones for rural
and urban clusters, respectively.

The more general limitations of the PhD research that have not been discussed so far in the

corresponding research papers presented in the analytical chapters are presented below.
7.6.1 Generalisability of the findings

In Chapter 5, | observed no significant negative impact of the COVID-19 pandemic on the
coverage and timeliness of routine childhood vaccination in The Gambia. Instead, there was an
improvement in coverage and timeliness in the second year of the pandemic. However, it is
essential to acknowledge that the analyses might be constrained by the fact that the data
underlying the findings originated from two large HDSSs located in the eastern and central parts of
The Gambia. These areas are less urban and less populated compared to the more urban and
densely populated western part of the country, which constitutes about 60% of the national
population.’® Additionally, the western part, particularly the greater Banjul Area, experienced the
majority of COVID-19 cases during the peaks of the pandemic,'® potentially resulting in more

disruptions to vaccination service delivery.

Given these factors, the generalisability of the findings in Chapter 5 to the entire population may be
limited. Nevertheless, the findings in Chapter 5 hold validity due to several factors. The data was
based on robust population surveillance collected through quarterly HDSS censuses. This data
encompasses nearly 60,000 children in over 9,000 households across more than 300
communities, spanning January 2017 to December 2021. While the HDSS offers the most robust
longitudinal cohort data in The Gambia, there is a need to expand its coverage to include

communities in the western and more urban parts of the country.

While the key findings from Chapters 3, 4, and 6 may be generalisable to the Gambian population

due to the nationally representative datasets used, generalisability to other settings might be
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limited. This limitation stems from specific contextual factors unique to The Gambia, such as social
norms, traditional beliefs, and the level of trust in constituted authorities, which influence the uptake
of vaccination services.*®'® Moreover, The Gambia's relatively small population and historical
success in the immunisation system further shape the delivery of services. Consequently, these
contextual factors may hinder the direct generalisability of the findings from this PhD, including the
burden, spatial pattern, and determinants of routine childhood vaccination to high-income countries

or every LMIC context.

Despite limited generalisability to every setting, the findings from this PhD can guide immunisation
programme managers in certain contexts, particularly in sub-Saharan Africa with similar
geography, immunisation system and small population sizes, such as Cape Verde, which also
shares a regional context with The Gambia. Even with differences in population size, the findings
may also be applicable to sub-Saharan African countries like Senegal, Ghana and Malawi, whose
immunisation systems are 'maturing’ or high performing like The Gambia. While the generalisability
of the findings might be limited in broader international settings, the analytical approach developed
during this PhD can be adapted and scaled to conduct similar timeliness analyses elsewhere. This
is particularly relevant given the growing availability of nationally representative surveys like the

DHS and MICS in many LMIC settings in Africa, Southeast Asia and Latin America.
7.6.2 Time-lagged findings

One major limitation of this PhD study is that the findings are based on time-lagged data, which
may not accurately represent the current situation of the burden, spatial pattern and determinants
of the timeliness of childhood vaccination in The Gambia. While the analytical chapters offer
valuable insights, the datasets used were several months old at the time of publication, and
dissemination of findings. Given the time-sensitive nature of routine childhood vaccination, real-
time data is necessary to inform strategies for improving vaccination timeliness. Unfortunately,
obtaining sufficiently timely data, to make data-informed decision is a significant challenge in many
sub-Saharan African and LMIC settings due to poor data infrastructure.’®"'2? This limitation is not
unique to this PhD study but is present in majority of the empirical studies on the timeliness of

childhood vaccination reviewed in Chapter 3.

To overcome this challenge, substantial government investment and locally tailored approaches
are necessary to generate real-time, high-quality, population-based vaccination data. Monitoring
real-time and temporal trends in vaccination timeliness is critical to evaluating the effectiveness of
targeted interventions over time. Fortunately, my recently awarded NIH K43 Award will allow me to
address this gap. Using real-time longitudinal cohort data from HDSS and electronic immunisation
registers, | will investigate the spatiotemporal patterns of untimely measles vaccination in The

Gambia.
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7.6.3 Individual facility characteristics versus weighted composite variable

In Chapter 6, | investigated the supply-side determinants of timely vaccination by analysing
individual characteristics of immunisation facilities, such as type, ownership of functional vaccine
cold storage, number of health workers delivering vaccines, population of children within the
catchment area, and frequency of facility operation per month. However, the reliance on individual
facility characteristics, rather than a combined effect of these characteristics, represents a potential

limitation of the study's findings.

A more informative approach might have been to create a weighted composite variable
representing an "ideal immunisation facility" that incorporates all the relevant characteristics. This
would enable the evaluation of how facilities that come closer to this ‘ideal’ determine timely
vaccination. However, constructing such an "ideal facility" composite variable requires further
refinement and weighting, considering the relative importance of each domain of the vaccination
facility characteristics. Determining the relative importance of staffing levels compared to vaccine
cold storage ownership, or the relative importance of catchment area population compared to
staffing levels, poses challenges. Additionally, assessing the relative importance of a facility's
status as a fixed site versus an outreach site delivering services weekly presents further
complexities. Unfortunately, there's limited empirical evidence on how much weight to give factors
like staffing levels compared to cold storage ownership, or catchment population compared to
staffing. Without clear weighting, developing a robust composite variable was not feasible for the
study in Chapter 6. Therefore, | opted for analysing the influence of each individual characteristic

on timely vaccination.

7.7 Recommendations

This PhD research examined timeliness of routine childhood vaccination using robust
methodologies to understand its burden, spatial patterns, determinants, and how COVID-19
impacted the burden in The Gambia. The overall design and analytical approach were informed by
a scoping review of existing literature on vaccination timeliness from LMICs spanning over four
decades. The research was conducted in The Gambia, which has unique circumstances as a
relatively small country in terms of both geography and population size. Additionally, the country
has consistently maintained high childhood immunisation coverage rates, similar to those achieved
in many resource-rich countries for almost two decades before the COVID-19 pandemic. In this

sense, The Gambia immunisation system can be considered as ‘maturing’.

Based on the findings from this PhD research, | offer the following specific recommendations to

guide national EPI programmes and global immunisation policymakers;

1. Global immunisation policymakers, including the WHO, need to prioritise vaccination
timeliness as a key measure of immunisation program performance. In the context of
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LMICs, this prioritisation should focus on countries with 'maturing' immunisation systems,
where routine coverage rates are high or approaching global targets. This emphasis is
important because, as demonstrated in this PhD research, high overall coverage in a high-
performing programme like The Gambia did not necessarily translate to high timely
vaccination, which is also essential for preventing VPDs such as hepatitis B and measles.
In countries where coverage rates are still suboptimal, the strategy should remain focused
on increasing overall coverage without the additional burden of ensuring timeliness.

Based on the dichotomy highlighted above, expert opinion is required to define the specific
level of vaccination coverage that must be achieved before countries can start prioritising
vaccination timeliness as a key performance indicator. The WHO Strategic Advisory Group
of Experts (SAGE) on Immunisation, as well as the Regional and National Immunisation
Technical Advisory Groups (RTAGs and NITAGs), could provide evidence-based
recommendations to guide this process.

Irrespective of the coverage level or ‘maturity’ of a country’s EPI programme, the timeliness
of the HepBO must be prioritised globally. As recommended by the WHO, to reduce mother-
to-child transmission (MTCT) of hepatitis B, all children should receive HepBO within the
first 24 hours of birth, especially in hepatitis B endemic settings. As shown in this PhD,
even in The Gambia, where overall coverage of HepB0O was above 95%, only about 1 in 10
infants received the vaccine within the recommended 24 hours, despite the endemic nature
of the virus. Evidence indicates that scaling up timely HepBO vaccination (i.e., within 24
hours of birth) to 90% of infants in LMICs by 2030 could prevent 710,000 deaths in the
2020 to 2030 birth cohorts compared to the current status quo.'™ The greatest benefits
would be in Africa, with the potential to eliminate MTCT of hepatitis B by 2030 in the
Americas and by 2059 in Africa.

There is a need for an agreed-upon definition of all dimensions of vaccination timeliness.
While the recommended timing for administering certain vaccines may vary across
countries, | recommend that the definition of timely vaccination should be based on doses
administered within the recommended window in each country, rather than using an
arbitrary cutoff. This pragmatic approach will ensure that data can be compared across
countries and regions. Additionally, many LMICs currently follow the WHO-recommended
schedule of '6 weeks, 10 weeks, 14 weeks, and 9 months.', further strengthening this
recommendation.

When researching vaccination timeliness, the results should be reported using a multi-
modal approach, combining continuous outcomes (e.g., the mean or median number of
days vaccines were received too early or too late) with categorical outcomes (e.g., the
proportion of the target population vaccinated too early or too late). This approach allows

for a nuanced interpretation of the data, as locations with the highest proportion of delays
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may not necessarily be the same as those where children are vaccinated significantly
outside the accepted windows. Both scenarios indicate different levels of risk and
programme performance.

Future research should incorporate fine-scale spatial analysis, as demonstrated in this
PhD, in addition to aggregate-level or large-area estimates, which often mask
heterogeneities or inequalities in vaccination timeliness. This is particularly important at
sub-regional or continent-wide levels to understand intra- and inter-country inequities in
vaccination timeliness, especially for vaccines against highly infectious VPDs like measles.
Fine-scale spatial analysis of vaccination timeliness, alongside established spatial analyses
of overall coverage and zero-dose prevalence, will better guide targeted interventions.

In scenarios where data missingness is high, conducting timeliness analysis might be
inappropriate, and it is crucial to determine the acceptable level of missingness for such
analysis. A power analysis should be conducted to ensure that the available data with
complete dates of birth and vaccination are adequately powered and representative of the
study population. Additionally, methodological approaches should be developed to predict
potential vaccination dates if the rate of missing birth and vaccination dates is high, before
proceeding with the timeliness analysis.

Government investment is needed to improve data quality and data systems in LMICs to
ensure the availability of precise information on dates of birth and vaccination, which are
essential for conducting timeliness analysis. These efforts should include training and
retraining of immunisation providers to ensure accurate recording of vaccination dates on
vaccination cards. Additionally, more innovative methods for storing hand-held
immunisation information or cards should be developed. This could be achieved through
mobile applications, especially as the use of smartphones and the availability of high-
speed, affordable internet continue to grow in many LMIC settings.

There is limited direct evidence linking untimely vaccination to VPD outbreaks or increased
disease burden, although some modelling evidence exists. Therefore, there is a need to
generate real-world data to understand the impact and relationship between untimely
vaccination and VPD outbreaks or increased disease burden.

To improve timely vaccination rates, qualitative research is also needed to explore how

parental attitudes, family dynamics, and community factors influence vaccination decisions.

7.8 Concluding remarks

As the deadline for achieving the goals set out in the IA2030 approaches, with just six years left in

the 'Decade of Vaccines,' the momentum towards achieving these goals is palpable. Despite the

challenges posed by COVID-19, significant progress is being made, especially in the context of the

'‘Big Catch-Up." New routine vaccines are being introduced in many countries, and overall coverage
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is improving in many underperforming settings. Additionally, the efforts to reach zero-dose children,

particularly in high-priority areas, have been remarkable.

However, amidst these achievements and new priorities, there is a significant risk of halting or
even reversing hard-won gains, particularly in high-performing or ‘maturing’ immunisation systems
like The Gambia. This could happen if we fail to prioritise and measure more sensitive domains of
immunisation system performance, such as vaccination timeliness. While enhancing overall
vaccination coverage rates and reaching zero-dose children are crucial, focusing on these alone
may obscure the importance of other aspect of programme performance, including timeliness of
vaccination. Therefore, it's imperative for countries to not only focus on reaching zero-dose
children and improving overall coverage but also to prioritise the measurement of vaccination
timeliness, along with assessing the burden, spatial pattern, and determinants associated with it.
Doing so will ensure that all children receive the full benefits of vaccines and protect the gains

made towards achieving the I1A2030 goals.
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Abstract

The literature on the timeliness of childhood vaccination (i.e. vaccination at the earliest
appropriate age) in low-and middle-income countries has important measurement and
methodological issues that may limit their usefulness and cross comparison. We aim to con-
duct a comprehensive scoping review to map the existing literature with a key focus on how
the literature on vaccination timeliness has evolved, how it has been defined or measured,
and what determinants have been explored in the period spanning the last four decades.
This scoping review protocol was developed based on the guidance for scoping reviews
from the Joanna Briggs Institute. We will include English and French language peer-
reviewed publications and grey literature on the timeliness of routine childhood vaccination
in low-and middle-income countries published between January 1978 through to 2021. A
three-step search strategy that involves an initial search of two databases to refine the key-
words, a full search of all included electronic databases, and screening of references of pre-
vious studies for relevant articles missing from our full search will be employed. The search
will be conducted in five electronic databases: MEDLINE, EMBASE, Global Health, CINAHL
and Web of Science. Google search will also be conducted to identify relevant grey literature
on vaccination timeliness. All retrieved titles from the search will be imported into Endnote
X9.3.3 (Clarivate Analytics) and deduplicated. Two reviewers will screen the titles, abstracts
and full texts of publications for eligibility using Rayyan—the web based application for
screening articles for systematic reviews. Using a tailored data extraction template, we will
extract relevant information from eligible studies. The study team will analyse the extracted
data using descriptive statistical methods and thematic analysis. The results will be pre-
sented using tables, while charts and maps will be used to aid the visualisation of the key
findings and themes. The proposed review will generate evidence on key methodological
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gaps in the literature on timeliness of childhood vaccination. Such evidence would shape
the direction of future research, and assist immunisation programme managers and coun-
try-level stakeholders to address the needs of their national immunisation system.

Introduction

Since the World Health Organization (WHO) introduced the Expanded Programme on
Immunization (EPI) in 1974 [1], the proportion of children protected against vaccine-prevent-
able diseases (VPDs) continue to increase with more than a billion children vaccinated in the
last decade alone [2]. Globally, about 2-3 million deaths from diseases such as diphtheria, teta-
nus, pertussis and measles are prevented yearly with lifesaving childhood vaccines [2]. In low-
and middle-income countries (LMICs), current estimates suggest that between 2000 and 2019,
36 million deaths have been averted among children under 5 by vaccination programmes [3].
Although EPI has drastically reduced the incidence of, and deaths from VPDs, its success
across and within countries vary, especially in LMICs.

The usual metric employed for assessing the success of immunisation systems is routine
vaccination coverage at specific ages [4]. This metric, however, does not take into consider-
ation whether the vaccines have been received in a timely manner, in accordance with the rec-
ommended national vaccination windows. Even in the presence of high overall coverage rates,
measurement of crude vaccination coverage can mask substantial delays in vaccinations [5].
Timeliness of vaccination (i.e. vaccination at the earliest appropriate age) matters because vac-
cinations that are received too early or too closely spaced may result in suboptimal immuno-
logical responses [6]. On the other hand, delayed childhood vaccination unnecessarily
prolongs exposures to VPDs such as pertussis, measles and Haemophilus influenzae type b—
diseases for which peaks and severity are worse during infancy [6, 7]. Untimely vaccination,
therefore, endangers the health of children and compromises herd immunity, with potential
implications for VPDs outbreaks irrespective of coverage rates.

Although there is a growing body of literature on timeliness of childhood vaccinations,
many studies have focussed on high-income countries where VPD burden is comparatively
low. Furthermore, the literature from LMICs have important measurement and methodologi-
cal issues which may limit their usefulness and cross comparison. For example, there is a lack
of a measurement cut-off or agreed-upon definition for what might be considered timely vac-
cination [8]. While some authors have studied vaccination timeliness using a continuous mea-
sure [9-11], others have used categorical, but with varying cut-offs points [12-14]. Second, the
determinants of vaccination timeliness have not been robustly researched in the empirical lit-
erature which makes it difficult to more clearly define the priority for future research and
policy.

To our knowledge, the systematic review by Masters et. al. (2019) was the first to summarise
the literature on vaccination timeliness in LMICs to identify methodological gaps and pro-
vided recommendations for future studies [8]. While their review has provided important
insights into the lack of a uniform definition of what might constitute timely vaccination,
there were several limitations that have necessitated a further review. First, EPI was introduced
by WHO in 1974 and by 1977 all LMICs had been mandated to adopt the WHO-recom-
mended schedule [1]. The global COVID pandemic has been shown to negatively affect EPI
vaccine delivery and acceptance, especially in LMICs. By limiting their review to studies con-
ducted between 2007 and 2017 therefore, important studies conducted before 2007 and after
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2017 would have been omitted. Second, their review was conducted in only three electronic
databases and restricted to studies published in English language. To bridge this gap, we there-
fore aim to conduct a more comprehensive scoping review, and map the existing literature on
vaccination timeliness with a key focus on the methodological gaps in its definition, measure-
ment, and determinants.

Methods

This protocol was developed based on the guidance for scoping reviews from the Joanna Briggs
Institute (JBI) [15]. The scoping review process will be guided by the methodological frame-
work proposed by Arksey and O’Malley [16]. The reporting of the scoping review output will
be conducted using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
extension for Scoping Reviews (PRISMA-ScR) checklist [17].

Review questions

This scoping review will answer the following key research questions:

1. How has the literature on childhood vaccination timeliness in LMICs evolved (i.e. studies
published per year and the antigens studied over time) in the last four decades?

2. In what LMIC countries have the literature on childhood vaccination timeliness been
focused?

3. How has childhood vaccination timeliness been defined or measured in the empiric studies
from LMICs in the last four decades?

4. What statistical analytic approaches have been used in the literature to assess childhood
vaccination timeliness?

5. What determinants or factors contributing to untimely childhood vaccination have been
studied in LMICs?

Information sources

We plan this review to identify peer-reviewed and online grey literature on vaccination timeli-
ness in any low-and middle-income country (LMIC) [18]. The search will be conducted in five
electronic databases: MEDLINE, EMBASE, Global Health, CINAHL and Web of Science.
Using selected terms from the search strategy, Google search will also be conducted to identify
relevant grey literature on vaccination timeliness.

Search strategy

As recommended by the JBI, a three-step search strategy will be utilised to ensure that our
search is comprehensive [15]. The search strategy was developed in consultation with, and
refined based on input from a librarian. First, a preliminary search of MEDLINE and Web of
Science was conducted on March 27, 2021 using the key concepts: Childhood; Vaccination;
Timeliness; and LMICs. To further refine the search strategy, the initial search was followed by
an analysis of the text words in the title and abstract of the retrieved papers and the index
terms used in describing the articles. An example of the search strategy and terms used in
MEDLINE is included as S1 Table in this protocol. The second step will be a search conducted
across all five included databases using the search strategy which has been refined based on all
identified keywords and index terms from the first step. The search strategy will be adapted
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Step 3
Search of reference
list of retrieved
articles and reports
for relevant

Step 2 additional sources
Apply refined search
strategy to MEDLINE,

EMBASE, Global
Health, CINAHL and
Web of Science

Step 1
Preliminary search of
MEDLINE and Web of

Science to further
refine the search
strategy

Fig 1. The three-step search strategy that will be utilised to ensure a comprehensive search for the scoping review.

https://doi.org/10.1371/journal.pone.0253423.g001

based on the search terminology for each of the included databases. In the third step, the refer-
ence list of all the identified papers and reports will be searched for additional sources. See Fig
1 for illustration of the search strategy.

Inclusion criteria

To ensure comprehensiveness, quantitative or mixed-methods studies or reports will be
included if they meet the following criteria: (a) focused on childhood vaccinations that are part
of the routine national EPI programme; (b) calculate some measure of timeliness related to vac-
cine coverage; (c) are conducted on data from countries categorised as LMICs by the World
Bank [18]; (d) published in English or French languages; and (e) from January 1978 through to
2021. The decision to restrict this scoping review to studies conducted in LMICs is because of
the higher burden of VPDs in these countries and the fact that the national EPI schedule in
these countries adopts the WHO-recommended routine childhood immunization schedule, in
contrast to many high-income countries. The choice to include studies published from January
1978 is based on the fact that routine childhood immunization against diphtheria, pertussis, tet-
anus, poliomyelitis, measles and tuberculosis in LMICs commenced in 1977 in many countries
[1]. The search will be extended to 2021 to ensure that the latest evidence on vaccination timeli-
ness is included in this review even as the ongoing COVID-19 pandemic has impacted on rou-
tine vaccination programmes with potential delayed vaccinations in many LMICs.

Exclusion criteria

Systematic reviews, study protocols, correspondences, journal commentaries, and conference
abstracts will be excluded. Additionally, studies which are based on the modelling of vaccina-
tion timeliness will also be excluded.
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Study selection

All retrieved titles from the search will be imported into Endnote X9.3.3 (Clarivate Analytics)
and de-duplication of records will be performed using the Endnote duplicates function. The
references will then be exported to Rayyan (a web based application for screening articles for
systematic reviews) where two reviewers will screen the titles and abstracts for relevance [19].
In this initial stage, two reviewers will independently screen the titles and abstracts to identify
which studies meet eligibility criteria after which the included references will be exported back
to Endnote for full-text screening and extraction. In the second stage, one out of the first two
reviewers that performed the initial assessment will screen the full-text of the included studies
to verify if they will be appropriate for full data extraction while the second reviewer will verify
all decisions. During this stage, some articles will be excluded from full data extraction if they
do not meet the inclusion/exclusion criteria. The pre-specified inclusion criteria in this proto-
col will guide article selection for inclusion. All decisions related to article inclusion will be
made through consensus by the two reviewers conducting the extraction. However, if the two
reviewers fail to reach a consensus, a third member of the review team will be consulted to
help resolve the disagreement. The process and outcome of screening, inclusion, and exclusion
of articles will be illustrated using the PRISMA flow chart diagram for reporting items for sys-
tematic reviews.

Data extraction

A data extraction template has been developed which will be used to record the information of
interest from the included articles. This template was adapted from the JBI data extraction tool
for scoping reviews [20]. Two members of the review team have piloted and refined the data
extraction template on 20 randomly selected articles during the protocol development stage as
recommended by Arksey & O’Malley [16] and the JBI [20]. The key information to be
extracted is listed in Box 1 below. During the full data extraction process, one reviewer will
extract the data while another reviewer will verify the extracted data to ensure the quality of
the data. Critical appraisal of the included studies will not be conducted because it is not man-
datory for scoping reviews [20].

Box 1. Key information in the data extraction template

1. Author (lead author only and et.al.)

2. Year of study publication

3. Source/country of origin of the study (list all the countries)

4. Study population (i.e. age range of children included)

5. Methodology or study design (e.g. cross sectional, cohort, etc.)

6. Dataset used (e.g. Health survey data, surveillance data, etc.)

7. Routine EPI vaccines/antigens studied (i.e. indicate names of the antigen)

8. How vaccination timeliness was measured (e.g. continuous measures, categorical
measures, etc.)
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9. Statistical analysis approach employed

10. Determinants or factors contributing to vaccination timeliness that were
explored

Presentation and charting of results

The extracted data will be analysed using descriptive statistical methods. The results will be
presented using tables, while charts and maps will be used to aid the visualisation of the key
findings. The information to be captured with a table include the lead author, study popula-
tion, study design, the dataset used among other variables. The year of study publication will
be summarised using a line graph showing trends since 1978, while the number of studies pub-
lished per country will be represented using a thematic map. The determinants of vaccination
timeliness will be organised according to a priori categories that have been developed based on
the three-delays conceptual framework by Thaddeus and Maine [21]. All results will be pre-
sented using a narrative summary according to the objectives of this scoping review.

Ethics

Ethical approval is not required for scoping review because it involves the synthesis of publicly
available publications. Pre-registration in a public registry such as PROSPERO is not manda-
tory for scoping review protocols.

Discussion

The proposed scoping review is expected to map the existing literature on the timeliness of
vaccination in LMICs from 1978 through 2021, with a focus on how the literature has evolved,
in what geographic context, its definition, and determinants. Specifically, the review seeks to
map how timeliness of childhood vaccination has been conceptualised or measured in the lit-
erature. Mapping the evidence on how vaccination timeliness has been measured in LMICs
over the past four decades will highlight critical methodological gaps that will aid future
research to adopt a more robust measurement of vaccination timeliness.

Mapping the evidence to show which determinants have been previously or more routinely
explored in the literature will highlight the potential research gaps related to the determinants
of childhood vaccination timeliness. There is emerging evidence that shows that supply-side
factors such as geographic accessibility (travel time, distance to facility, etc.) to immunisation
service points impacts the likelihood of receiving childhood vaccination. Yet, to the best of our
knowledge, the influence of geographic accessibility on the timeliness of childhood vaccination
has been less explored in the literature in LMIC [22, 23]. Such a gap limits the availability of
critical evidence that could assist immunisation programme managers and country-level stake-
holders to address the needs of EPI.

A limitation of this scoping review is that it will not include studies from high-income
countries, and studies that are based on vaccinations not given within the remit of the routine
EPI schedule such as those given in adolescence, adulthood, and even the recent COVID-19
vaccination. While it is important to study the timeliness of vaccination in these contexts, we
will focus on routine childhood vaccination in LMICs for two reasons. First, LMICs have the
highest burden of VPDs which makes it imperative for the EPI vaccines to be received within
the predetermined vaccination windows. Second, the peak and severity of VPDs is worse
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during early childhood or infancy which further highlight the need for receipt of vaccines
against VPDs in an age-appropriate manner, before the peak of exposures. Despite the limita-
tions highlighted above, the proposed scoping review, when completed, will provide robust
evidence on the methodological gaps in the literature on vaccination timeliness in LMICs
spanning more than four decades. The results would aid the design and conduct of future
empirical studies into the timeliness of routine childhood vaccinations, thus, ensuring the use-
fulness and cross comparison of their output.

Supporting information

S1 Table. Example of the full search strategy and terms developed for use in MEDLINE.
(DOCX)
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(DOCX)
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Full search strategy in MEDLINE (Ovid)

Search conducted on 01 July, 2021.

Search Query Records
retrieved

#1 Child, preschool[Mesh] OR exp Infant[Mesh] OR infant*[tw] OR child*[tw] OR | 3,208,329

(Childhood) |babies[tw] OR newborn*[tw]

#2 Immunization[Mesh] OR immunization schedule[Mesh] OR

(Vaccination) [ vaccination[Mesh] OR mass vaccination[Mesh] OR vaccin*[tw] OR 495,076

immuni#ation*[tw] OR EPI[tw]
#3 Time Factors[Mesh] OR timeliness[tw] OR timing*[tw] OR delay*[tw] OR age-
(Timeliness) |appropriate[tw] OR “on time”[tw] OR untimely[tw] OR timely[tw] 1,898,402

#4
(LMICs)

Developing Countries/ OR ((developing or less* developed or under
developed or underdeveloped or middle income or low* income) adj
(economy or economies))[tiab] OR ((developing or less* developed or under
developed or underdeveloped or middle income or low* income or
underserved or under served or deprived or poor*) adj (countr* or nation? or
population? or world))[tiab] OR (low* adj (gdp or gnp or gross domestic or
gross national))[tiab] OR (low adj3 middle adj3 countr*)[tiab] OR (lmic or
lmics or third world or lami countr*)[tiab] OR transitional countr*[tiab] OR
global south[tiab] OR Democratic People's Republic of Korea"/ OR (North
Korea or (Democratic People* Republic adj2 Korea))[tiab] OR Cambodia/ OR
Cambodia[tiab] OR Indonesia/ OR (Indonesia or Dutch East Indies)[tiab] OR
(Kiribati or Gilbert Islands or Phoenix Islands or Line Islands)[tiab] OR Laos/
OR (Laos or (Lao adj1 Democratic Republic))[tiab] OR Micronesia/ OR
Micronesia[tiab] OR Mongolia/ OR Mongolia[tiab] OR Myanmar/ OR
(Myanmar or Burma)[tiab] OR Papua New Guinea/ OR (Papua New Guinea or
German New Guinea or British New Guinea or Territory of Papua)[tiab] OR
Philippines/ OR (Philippines or Philippine Islands)[tiab] OR Solomon
Islands[tiab] OR Timor-Leste/ OR (Timor-Leste or East Timor or Portuguese
Timor)[tiab] OR Vanuatu/ OR (Vanuatu or New Hebrides)[tiab] OR Vietham/
OR (Viet Nam or Vietnam or French Indochina)[tiab] OR American Samoa/ OR
American Samoa[tiab] OR exp China/ OR China[tiab] OR Fiji/ OR Fiji[tiab] OR
Malaysia/ OR (Malaysia or Malayan Union or Malaya)[tiab] OR Marshall
Islands[tiab] OR Nauru.t[iab] OR "Independent State of Samoa"/ OR ((Samoa
not American Samoa) or Western Samoa or Navigator Islands or Samoan
Islands)[tiab] OR Thailand/ OR (Thailand or Siam)[tiab] OR Tonga/ OR
Tonga[tiab] OR (Tuvalu or Ellice Islands)[tiab] OR Melanesia/ OR
Melanesia[tiab] OR Polynesia/ OR Polynesia[tiab] OR Kyrgyzstan/ OR
Kyrgyzstan or Kyrgyz Republic or Kirghizia or Kirghiz)[tiab] OR Moldova/ OR
Moldova[tiab] OR Ukraine/ OR Ukraine[tiab] OR Uzbekistan/ OR
Uzbekistan[tiab] OR Albania/ OR Albania[tiab] OR Armenia/ OR Armenia[tiab]
OR Azerbaijan/ OR Azerbaijan[tiab] OR "Republic of Belarus"/ OR (Belarus or
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Byelarus or Byelorussia or Belorussia)[tiab] OR Bosnia-Herzegovina/ OR
(Bosnia or Herzegovina)[tiab] OR Bulgaria/ OR Bulgaria[tiab] OR "Georgia
(Republic)"/ OR Georgia[tiab] not Georgia/ OR Kazakhstan/ OR (Kazakhstan
or Kazakh)[tiab] OR Kosovo/ OR Kosovo[tiab] OR Montenegro/ OR
Montenegro[tiab] OR "Republic of North Macedonia"/ OR North
Macedonia[tiab] OR Romania/ OR Romania[tiab] OR exp Russia/ OR "Russia
(Pre-1917)"/ OR USSR/ OR (Russia or Russian Federation or USSR or Union of
Soviet Socialist Republics or Soviet Union)[tiab] OR Serbia/ OR Serbia[tiab]
OR Turkey/ OR (Turkey.[tiab] not animal/) or (Anatolia or Asia Minor)[tiab] OR
Turkmenistan/ OR Turkmenistan[tiab] OR Tajikistan/ OR Tajikistan[tiab] OR
Asia, Central/ OR Asia, Northern/ OR Central Asia[tiab] OR Haiti/ OR (Haiti or
Hayti)[tiab] OR Bolivia/ OR Bolivia[tiab] OR El Salvador/ OR El Salvador[tiab]
OR Honduras/ OR Honduras[tiab] OR Nicaragua/ OR Nicaragua[tiab] OR
Argentina/ OR (Argentina or Argentine Republic)[tiab] OR Belize/ OR Belize or
British Honduras)[tiab] OR Brazil/ OR Brazil[tiab] OR Colombia/ OR
Colombia[tiab] OR Costa Rica/ OR Costa Rica[tiab] OR Cuba/ OR Cuba[tiab]
OR Dominica/ OR Dominica[tiab] OR Dominica[tiab] OR Dominican
Republic/ OR Dominican Republic[tiab] OR Ecuador/ OR Ecuador[tiab] OR
Grenada/ OR Grenada[tiab] OR Guatemala/ OR Guatemala[tiab] OR Guyana/
OR (Guyana or British Guiana)[tiab] OR Jamaica/ OR Jamaica[tiab] OR
Mexico/ OR (Mexico or United Mexican States)[tiab] OR Paraguay/ OR
Paraguay.mp OR Peru/ OR Peru[tiab] OR Saint Lucia/ OR (St Lucia or Saint
Lucia or lyonala or Hewanorra)[tiab] OR "Saint Vincent and the Grenadines"/
OR (Saint Vincent or St Vincent or Grenadines)[tiab] OR Suriname/ OR
(Suriname or Dutch Guiana)[tiab] OR Venezuela/ OR Venezuela[tiab] OR
Djibouti/ OR (Djibouti or French Somaliland)[tiab] OR Egypt/ OR Egypt[tiab]
OR Morocco/ OR Morocco[tiab] OR Tunisia/ OR Tunisia.mp OR (Gaza or West
Bank or Palestine)[tiab] OR Algeria/ OR Algeria[tiab] OR Iran/ OR (lran or
Persia)[tiab] OR Irag/ OR (Irag or Mesopotamia)[tiab] OR Jordan/ OR
Jordan[tiab] OR Lebanon/ OR (Lebanon or Lebanese Republic)[tiab] OR
Libya/ OR Libya[tiab] Or Syria/ OR (Syria or Syrian Arab Republic)[tiab] OR
Yemen/ OR Yemen([tiab] OR Afghanistan/ OR Afghanistan[tiab] OR Nepal/ OR
Nepal[tiab] OR Bangladesh/ OR Bangladesh[tiab] OR Bhutan/ OR
Bhutan[tiab] OR exp India/ OR India[tiab] OR Pakistan/ OR Pakistan[tiab] OR
Maldives[tiab] OR Sri Lanka/ OR (Sri Lanka or Ceylon)[tiab] OR Angola/ OR
Angola[tiab] OR Cameroon/ OR (Cameroon or Kamerun or Cameroun)[tiab]
OR Cape Verde/ Or (Cape Verde or Cabo Verde)[tiab] OR Comoros/ OR
(Comoros or Glorioso Islands or Mayotte)[tiab] OR Congo/ OR (Congo not
((Democratic Republic adj3 Congo) or congo red or crimean-congo))[tiab] OR
Cote d’Ivoire/ OR Cote d'lvoire or Cote dlvoire or lvory Coast)[tiab] OR
Eswatini/ OR (eSwatini or Swaziland)[tiab] OR Ghana/ OR (Ghana or Gold
Coast)[tiab] OR Kenya/ OR (Kenya or East Africa Protectorate)[tiab] OR
Lesotho/ OR (Lesotho or Basutoland)[tiab] OR Mauritania/ OR
Mauritania[tiab] OR Nigeria/ OR Nigeria[tiab] OR (Sao Tome abj2
Principe)[tiab] OR Senegal/ OR Senegal[tiab] OR Sudan/ OR (Sudan not South
Sudan)[tiab] OR Zambia/ OR Zambia or Northern Rhodesia)[ti,ab] OR
Zimbabwe/ OR (Zimbabwe or Southern Rhodesia)[tiab] OR Botswana/ OR
(Botswana or Bechuanaland or Kalahari)[tiab] OR Equitorial Guinea/ OR
(Equatorial Guinea or Spanish Guinea)[tiab] OR Gabon/ OR (Gabon or
Gabonese Republic)[tiab] OR Mauritius/ OR (Mauritius or Agalega
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Islands)[tiab] OR Namibia/ OR (Namibia or German South West Africa)[tiab]
OR South Africa/ OR (South Africa or Cape Colony or British Bechuanaland or
Boer Republics or Zululand or Transvaal or Natalia Republic or Orange Free
State)[tiab] OR Benin/ OR (Benin or Dahomey)[tiab] OR Burkna Faso/ OR
(Burkina Faso or Burkina Fasso or Upper Volta)[tiab] OR Burundi/ OR
(Burundi or Ruanda-Urundi)[tiab] OR Central African Republic/ OR (Central
African Republic or Ubangi-Shari)[tiab] OR Chad/ OR Chad[tiab] OR
"Democratic Republic of the Congo"/ OR (((Democratic Republic or DR) adj2
Congo) or Congo-Kinshasa or Belgian Congo or Zaire or Congo Free
State)[tiab] OR Eritrea/ OR Eritrea[tiab] OR Ethiopia/ OR (Ethiopia or
Abyssinia)[tiab] OR Gambia/ OR Gambia[tiab] OR Guinea/ OR (Guinea not
(New Guinea or Guinea Pig* or Guinea Fowl or Guinea-Bissau or Portuguese
Guinea or Equatorial Guinea))[tiab] OR Guinea-Bissau/ OR (Guinea-Bissau or
Portuguese Guinea)[tiab] OR Liberia/ OR Liberia[tiab] OR Madagascar/ OR
(Madagascar or Malagasy Republic)[tiab] OR Malawi/ OR (Malawi or
Nyasaland)[tiab] OR Mali/ OR Mali[tiab] OR Mozambique/ OR (Mozambique
or Mocambique or Portuguese East Africa)[tiab] OR Niger/ OR (Niger not
(Aspergillus or Peptococcus or Schizothorax or Cruciferae or Gobius or
Lasius or Agelastes or Melanosuchus or radish or Parastromateus or Orius or
Apergillus or Parastromateus or Stomoxys))[tiab] OR Rwanda/ OR (Rwanda or
Ruanda)[tiab] OR Sierra Leone/ OR (Sierra Leone or Salone)[tiab] OR
Somalia/ OR (Somalia or Somaliland)[tiab] OR South Sudan/ OR South
Sudan[tiab] OR Tanzania/ OR (Tanzania or Tanganyika or Zanzibar)[tiab] OR
Togo/ OR (Togo or Togolese Republic or Togoland)[tiab] OR Uganda/ OR
Uganda[tiab] OR "africa south of the sahara"/ OR africa, central/ OR africa,
eastern/ OR africa, southern/ OR africa, western/ OR ("Africa South of the
Sahara" or sub-Saharan Africa or subSaharan Africa)[tiab] OR Central
Africa[tiab] OR Eastern Africa[tiab] OR Southern Africa[tiab] OR Western
Africal[tiab]

1,575,940

#1 AND #2 AND #3 AND #4

2,463

Limited to: 1978 - 2021, English and French language.

2,153
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Appendix 3: Chapter 3 (Research Paper S2 Table)

Summary characteristics of included studies

Author (s) Year Low-and middle-income country studied Age group Study Dataset used for
published studied methodology the analysis

Abidin et al 2017 Malaysia 0-5years cross sectional facility-based
Adetifa et al 2018 Kenya 12-23 months cross sectional community-based
Agopian et al 2020 Armenia 0-35months cross sectional community-based
Akmatov et al 2015 Burkina Faso, Tanzania Benin, Burundi, Cameroon, 0-5years cross sectional community-based

Chad, Congo Democratic Republic, Cote d’Ivoire,

Ethiopia, Gabon, Ghana, Guinea, Kenya, Lesotho,

Liberia, Malawi, Mali, Mozambique, Namibia, Niger,

Nigeria, Rwanda, Sao Tome and Principe, Senegal,

Sierra Leone, Swaziland, Uganda, Zambia Congo

Zimbabwe
Akmatov et al 2012 Albania, Bangladesh, Belarus, Belize, Bosnia and 0-59 months cross sectional community-based

Herzegovina, Burkina Faso, Burundi, Cameroon, Cote

d’lvoire, Djibouti, Gambia, Ghana, Guinea-Bissau, Guy

ana, Iraqg, Jamaica, Kazakhstan, Laos, Macedonia,

Malawi, Mauritania, Mongolia, Montenegro, Serbia,

Sierra Leone, Syria, Thailand, Togo, Trinidad and

Tobago, Vietnam, Yemen
Alam et al 2021 Bangladesh unclear cross sectional facility-based
Ali et al 2019 Iraq 1-2years cross sectional facility-based
Alkoshi et al 2020 Libya 0-18 months cross sectional facility-based
Alrowali et al 2019 Saudi Arabia 0-23 months cross sectional facility-based
Al-shemari et al 2006 Iraq 0-48 months cross sectional facility-based
Alsuhaibani 2020 Saudi Arabia 0-24months cross sectional community-based
An etal 2016 Vietnam 0-5years cross sectional community-based
Anbesu et al 2021 Ethiopia 0-11 months cross sectional community-based
Ateudjieu et al 2020 Cameroon 0-59 months cross sectional facility-based
Awafeso et al 2013 India 12-23 months cross sectional community-based
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Babirye et al 2012 Uganda 10-23 months cross sectional community-based
Bangure et al 2015 Zimbabwe unclear RCT facility-based
Banjari et al 2018 Saudi Arabia 0-35 months cross sectional facility-based
Banwat et al 2014 Nigeria 0-12 months RCT community-based
Barman et al 2015 India 12-36 months cross sectional community-based
Belmar-george 2018 Saint Lucia 9-14 years cross sectional community-based
Bicaba et al 2009 Burkina Faso 0-23 months cross sectional community-based
Bondo et al 2018 Malawi 2-16 months cross sectional facility-based
Borus et al 2004 Kenya 0-2 years cross sectional facility-based
Boulton et al 2019 Ethiopia 1-5years cross sectional community-based
Calhoum et al 2014 Kenya 12-23 months cross sectional community-based
Chen et al 2019 Uganda 0-71 months cross sectional facility-based
Chiabi et al 2017 Cameroon 0-11 months cross sectional facility-based
Choudhary et al 2018 India 6-11 months case-control community-based
Choudhary et al 2019 India 10 -23 months cross sectional community-based
Chung et al 2016 China > 12 months cross sectional community-based
Clark et al 2009 Bangladesh, Benin, Bolivia, Brazil, Burkina Faso, 0-5years cross sectional community-based

Cambodia, Cameroon, Chad, Colombia, Comoros,

Congo, Cote d'lvoire, Dominican Republic, Egypt,

Eritrea, Gabon, Ghana, Guatemala, Guinea, Haiti,

Honduras, India, Kenya, Kyrgyz Republic, Lesotho,

Madagascar, Malawi, Mali, Mauritania, Morocco,

Mozambique, Namibia, Nicaragua, Niger, Nigeria,

Peru, Rwanda, Senegal, Tanzania, Togo, Turkey,

Uganda, Uzbekistan, Yemen, Zambia
Corsietal 2009 India 0-5years cross sectional community-based
Cuietal 2010 China unclear cross sectional community-based
Cuietal 2007 China 12-23 months cross sectional community-based
Cutts et al 1991 Guinea, Mozambique 12-23 months cross sectional community-based
Danjuma et al 2020 Nigeria newborns cross sectional facility-based
D'ardenne et al 2016 Guatemala, Peru 0-5years cross sectional community-based
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Datar et al 2005 India 2-35 months cross sectional community-based
Dayan et al 2006 Argentina 13-59 months cross sectional community-based
Delrieu et al 2015 Burkina Faso, Ghana, Kenya, Senegal, Tanzania 0-5years cross sectional community-based
Dionne-odom et al 2018 Cameroon 12-60 months cross sectional community-based
Domek et al 2019 Guatemala 2 - 6 months RCT facility-based
Edstam et al 2002 Mongolia 2 years cross sectional facility-based
Ettarh et al 2012 Kenya 9-59 months cross sectional community-based
Fadnes et al 2011 South Africa 0-2 years RCT community-based
Fadnes et al 2011 Uganda 0-2 years RCT community-based
Fisker et al 2014 Guinea-Bissau 12-47 months cohort community-based
Flannery et al 2013 Brazil 19-36 months cross sectional community-based
Gentile et al 2015 Argentina 6-24 months cross sectional facility-based
Gibson et al 2017 Kenya 0-12 months RCT facility-based
Gibson et al 2015 Kenya 12-23 months cross sectional community-based
Giletal 2015 India 0-12 months cross sectional community-based
Giao etal 2019 Vietnam 12-24 months cross sectional facility-based
Gram et al 2014 Ghana 0-11 months cross sectional community-based
Gunning et al 2020 Zambia 0-12months cohort facility-based
Hafele et al 2020 Laos 8-28months cross sectional facility-based

Han et al 2014 China 12-59 months cross sectional community-based
Hasanain et al 2002 Saudi Arabia 2-52 months cross sectional facility-based

He et al 2021 China 1-6 years cohort facility-based
Hoest et al 2017 Bangladesh, Brazil, India, Nepal, Peru, Pakistan, South | 0-24 months cross sectional community-based

Africa, Tanzania

Holambe et al 2013 India infants cross sectional facility-based

Hu et al 2017 China 6 months - 3years cross sectional HIMS data

Hu et al 2013 China 18-48 months cross sectional community-based
Hu et al 2017 China 24-35 months cross sectional community-based
Hu et al 2015 China > 12 months cross sectional community-based
Hu et al 2018 China 24-35 months cross sectional community-based
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Hu et al 2020 China 12-23 months cross sectional community-based
Hu et al 2018 China 0-26 months cross sectional HIMS data
Hu et al 2018 China 24-35 months cross sectional community-based
Hu et al 2014 China > 12 months cross sectional community-based
Huges et al 2016 Nepal 0-6 months cohort community-based
Hutin et al 2013 China unclear cross sectional community-based
Hyunh 2021 Vietnam 12-24 months cross sectional facility-based
Ibraheem et al 2019 Nigeria 0-12months cross sectional facility-based
Igarashi et al 2010 Zambia unclear cross sectional community-based
Jadidi et al 2015 Iran 24-47 months cohort community-based
Jahn et al 2008 Malawi 0-5years cross sectional community-based
Jainetal 2021 India 0-12 months cross sectional community-based
Janusz et al 2021 Angola, Burkina Faso, Benin, Burundi, Congo 12-35 months cross sectional community-based

Democratic Republic, Congo, Cote D’lvoire,

Cameroon, Ethiopia, Gabon, Ghana, Gambia, Guinea,

Kenya, Comoros, Liberia, Lesotho, Mali, Malawi,

Mozambique, Nigeria, Niger, Namibia, Rwanda, Sierra

Leone, Senegal, Chad, Togo, Tanzania, Uganda, South

Africa, Zambia, Zimbabwe
Jones et al 2021 Madagascar 0-23 months cross sectional facility-based
Kagucia et al 2021 Kenya 0-6 months RCT facility-based
Kahn et al 1995 Central African Republic 12-23 months cross sectional community-based
Kaji et al 2016 Thailand migrant children cohort school-based
Kang et al 2014 China 7-10 months cross sectional community-based
Kidanne et al 2019 Ethiopia 12-23 months cross sectional community-based
Kumar et al 2017 India 12-23 months cross sectional community-based
Kuruvilla et al 2009 India 12-24 months cross sectional community-based
Kyuregyan et al 2021 Russia 0-12 months cross sectional mixed
Laryea et al 2014 Ghana 2-28 months cross sectional facility-based
Laus  evie et al 2009 Montenegro 22-34 months cross sectional facility-based
Levine et al 2021 Ghana 0-12 months RCT community-based
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Lietal 2020 Kenya 0-23months cross sectional community-based
Lietal 2021 China 0-6 years cross sectional facility-based
Lietal 2014 China 1-7 years cross sectional HIMS data

Lietal 2017 China infants cross sectional facility-based
Lietal 2020 China 8-24months cross sectional facility-based
Linetal 2014 China 9 months - 2 years case-control HIMS data
Lindqvist et al 2019 Sri Lanka 0-5years cross sectional facility-based
Liuetal 2018 China 0-35 months cross sectional community-based
Lopez et al 2018 Philippines 5-6 years cross sectional community-based
Loy et al 2020 Singapore 0-24months cohort HIMS data

Lugollo et al 2008 Brazil unclear case-control community-based
Luz et al 2016 Colombia 6 months -8 years cross sectional community-based
Mansour et al 2018 Lebanon 12-59 months cross sectional community-based
Marban-castro et al 2018 Mozambique 0-3years cross sectional community-based
Marefiaw et al 2019 Ethiopia 12-23 months cross sectional community-based
Master et al 2018 Ethiopia 3-12 months cross sectional community-based
Masters et al 2018 Kenya 1-4 years cross sectional community-based
Mbengue et al 2017 Senegal 12-23 months cross sectional community-based
Mekonnen et al 2020 Ethiopia 12-23 months cross sectional community-based
Mekonnen et al 2021 Ethiopia unclear RCT facility-based
Mensah et al 2019 Madagascar unclear cross sectional community-based
Miyahara et al 2016 Gambia unclear cross sectional community-based
Mohammedbeigi et al 2015 Iran 24-47 months cohort community-based
Mohhtari et al 2015 Iran 24-47 months cohort community-based
Moisi et al 2010 Kenya unclear cross sectional community-based
Monrgomery et al 2015 China > 8 months cross sectional community-based
Moturi et al 2018 Botswana, Gambia, Namibia, Nigeria, Sao Tome and newborns cross sectional facility-based

Principi

Mthiyane et al 2019 South Africa 12-59months cross sectional community-based
Musa et al 2021 Bosnia and Herzegovina 12-35 months cross sectional facility-based
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Mutua et al 2015 Kenya unclear cohort community-based
Mutua et al 2021 Angola, Benin, Burkina Faso, Burundi, Central African 12-36 months cross sectional community-based

Republic, Cameroon, Chad, Comoros, Congo, Congo

Democratic Republic, Cote d'lvoire, Eswatini, Ethiopia,

Gabon, Gambia, Ghana, Guinea, Guinea Bissau,

Kenya, Lesotho, Liberia, Madagascar, Malawi, Mali,

Mauritania, Mozambique, Namibia, Niger, Nigeria,

Rwanda, Sao Tome and Principe
Mutua et al 2016 Kenya 12-23 months cohort community-based
Mutua et al 2020 Kenya 12-23 months cross sectional community-based
Mvula et al 2016 Malawi >Byears cohort community-based
Nadella et al 2019 Tanzania 0-12months cross sectional community-based
Nakatudde et al 2019 Uganda 6-24 months cross sectional facility-based
Nalley et al 2019 Nigeria 12-23 months cross sectional community-based
Narvaez et al 2017 Colombia 0-6 years cross sectional community-based
Ndiritu et al 2006 Kenya 9-23 months cross sectional community-based
Ni et al 2017 China 12-72 months cross sectional community-based
Noh et al 2019 Pakistan unclear cross sectional community-based
Noh et al 2018 Pakistan 0-23 months cross sectional community-based
Ochoaetal 2015 Peru 0-12 months cohort facility-based
Odusanya et al 2000 Nigeria 0-12 months cross sectional community-based
Odutola et al 2015 Gambia 12-59 months cross sectional facility-based
Olademije et al 2020 Nigeria 0-10months RCT facility-based
O'leary et al 2016 Ghana low birthweight cohort community-based
Olusanta 2010 Nigeria 0-3 months cross sectional facility-based
Oneretal 2012 Turkey 12-23 months cross sectional community-based
Orketal 2019 Cambodia 5-7 years cross sectional community-based
Oue " draogo et al 2013 Burkina Faso 0-5years cross sectional community-based
Parameswaran et al 2012 Sri Lanka 12-23 months cross sectional community-based
Park et al 2011 South Korea 1-72 months cross sectional community-based
Park et al 2013 South Korea unclear cross sectional facility-based
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Patel et al 2014 Philippines 0-6 weeks cross sectional facility-based
Patel et al 2016 French Polynesia 0-6 years cross sectional school-based

Pe rie resetal 2021 Senegal unclear cross sectional community-based
Perrinho et al 1987 South Africa 12-23 months cross sectional community-based
Pertet et al 2018 Kenya 0-23 months cross sectional community-based
Pham et al 2018 Vietnam 6-11 months cross sectional community-based
Pindyck et al 2019 Burkina Faso, Ghana, Rwanda, Zimbabwe 3-36 months cross sectional community-based
Poorolajal et al 2012 Iran 12-24 months cross sectional community-based
Prinja et al 2009 India 0-17 months cohort community-based
Quazietal 2018 Pakistan 0-12months cross sectional facility-based
Raguindin et al 2021 Philippines 0-12 months cross sectional facility-based
Rainey et al 2012 Haiti 12-23 months cross sectional community-based
Ramaswamy et al 2014 India 0-12 months cross sectional Facility-based
Rammohan et al 2015 India 12-60 months cross sectional community-based
Rammohan et al 2014 India 12-59 months cross sectional community-based
Rauniyar et al 2020 Mongolia 12-23 months cross sectional community-based
Rejali et al 2015 Iran 24 - 47 months cross sectional community-based
Roux et al 2017 South Africa 0-11 months cohort community-based
Sadoh et al 2009 Nigeria >12 months cross sectional facility-based
Sadoh et al 2014 Nigeria 2 months - 15years | cross sectional facility-based
Sadoh et al 2013 Nigeria unclear cross sectional facility-based
Sahoo et al 2018 India 0-11 months cross sectional facility-based
Salameh et al 2021 Jordan 0-18 months cross sectional facility-based
Saraiva et al 2015 Brazil 7-18 months cross sectional community-based
Sartori et al 2017 Brazil 0-23 months cohort HIMS data

Sato 2020 Nigeria 12-59months cross sectional community-based
Schoeps etal 2014 Burkina Faso 12-23 months cross sectional community-based
Schweitzer et al 2016 Honduras 0-59 months cross sectional community-based
Schweitzer et al 2017 Albania, Armenia, Azerbaijan, Bangladesh, Benin, 12-60 months cross sectional community-based

Bolivia, Burkina Faso, Burundi, Cambodia, Cameroon,
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Colombia, Comoros, Congo, Cote d’lvoire, Democratic
Republic of the Congo, Egypt, Gabon, Ghana, Guyana,
Honduras, Jordan, Kenya, Kyrgyzstan, Lesotho, Liberia,
Madagascar, Malawi, Maldives, Mali, Mozambique,
Namibia, Niger, Nigeria, Pakistan, Peru, Republic of
Moldova, Rwanda, Senegal, Sierra Leone, Swaziland,
Tajikistan, Tanzania, Timor-Leste, Uganda, Zambia,
Zimbabwe

Schweitzer et al 2015 Armenia, Kyrgyzstan 0-59 months cross sectional community-based
Scott et al 2014 Gambia 9-60 months cross sectional community-based
Senessie et al 2007 Sierra Leone 0-35 months cross sectional community-based
Sheik et al 2018 Bangladesh 12-23 months cross sectional community-based
Shrivastwa et al 2016 India 0-60 months cross sectional mixed

Siddiqi et al 2010 Pakistan unclear cross sectional community-based
Siddiqi et al 2007 Pakistan 0-11 months cross sectional community-based
Siddiqi et al 2020 Pakistan 0-12months RCT facility-based
Singh etalz 2020 India 12-23 months cross sectional community-based
Soeung et al 2012 Cambodia unclear cross sectional facility-based
Sood et al 2015 India 12-23 months cross sectional community-based
Sua’rez-castaneda et 2014 El Salvador 23-59 months cross sectional community-based
al

Subbish et al 2019 India 0-23 months cross sectional facility-based

Sun et al 2010 China 12-35 months cross sectional community-based
Tang et al 2017 China 18-54 months cross sectional community-based
Tang et al 2021 China 18-48 months cross sectional community-based
Tang et al 2016 China 18-54 months cross sectional community-based
Tauil et al 2017 Brazil 0-24 months cohort facility-based
Thysen et al 2014 Guinea-Bissau 12-23 months cross sectional community-based
Tippins et al 2017 Federated States of Micronesia 24-35 months cross sectional community-based
Toikilik et al 2010 Papua New Guinea 12-23 months cross sectional community-based
Tooke et al 2019 South Africa low birthweight cross sectional HIMS data
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Tsega et al 2016 Malawi 12-23 months cross sectional community-based
Upadhyah et al 2017 India low birthweight RCT facility-based
Vasudevan et al 2014 Bangladesh 11-18 weeks RCT community-based
Vasudevan et al 2020 Tanzania 12-23 months cross sectional facility-based
Vonasek et al 2016 Uganda 0-5years cross sectional community-based
Wagner et al 2014 China 8 months - 6 years cross sectional community-based
Wagner et al 2019 India 0-5years cross sectional mixed

Wagner et al 2016 China 0-24 months cross sectional HIMS data
Wagner et al 2014 China 2-7 years cohort HIMS data
Wakadha et al 2013 Kenya 0-14 weeks RCT facility-based
Wallace et al 2012 Philippines 5-7 months cross sectional facility-based
Wallace et al 2019 Indonesia 0-11months RCT facility-based
Wambui et al 2017 Kenya 0-23 months cross sectional facility-based
Wang et al 2007 China 1-20 months RCT community-based
Waroux et al 2013 Tanzania 0-23 months cross sectional community-based
Wiesen et al 2016 Papua New Guinea 0-11 months cross sectional mixed

Wu et al 2016 China 0-24 months cross sectional community-based
Wu et al 2017 China 6-8 years cross sectional community-based
Wu et al 2015 China 1-14 years cross sectional community-based
Xiao et al 2012 China 0-14 years cross sectional community-based
Yadav et al 2012 India 0-5years cross sectional HIMS data

Yang et al 2021 China 8-83 months cross sectional community-based
Yang et al 2019 China 2 -7 years cross sectional HIMS data

Zaidi et al 2014 Pakistan 0-5years cross sectional community-based
Zhou et al 2016 China unclear cross sectional facility-based
Zhou et al 2009 China unclear cross sectional community-based
Zivich et al 2017 Democratic Republic of the Congo 0-6 months cohort facility-based
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Appendix 4: Chapter 3 (Research Paper PRISMA-ScR Checklist)

Preferred Reporting Items for Systematic reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR) Checklist

Title: Timeliness of routine childhood vaccination in 103 low-and middle-income countries: a scoping review to map methodological and
measurement gaps, 1978 — 2021

SECTION PRISMA-ScR CHECKLIST ITEM REPORTED ON PAGE

TITLE
Title Identify the report as a scoping review. Page 1
ABSTRACT
Provide a structured summary that includes (as applicable): background, objectives, eligibility
Structured summary 2 criteria, sources of evidence, charting methods, results, and conclusions that relate to the Page 3
review questions and objectives.
INTRODUCTION

Describe the rationale for the review in the context of what is already known. Explain why the

review questions/objectives lend themselves to a scoping review approach. Page 4

Rationale 3
Provide an explicit statement of the questions and objectives being addressed with reference

Objectives 4 to their key elements (e.g., population or participants, concepts, and context) or other relevant | Page 4
key elements used to conceptualize the review questions and/or objectives.

METHODS
Protocol and 5 Indicate whether a review protocol exists; state if and where it can be accessed (e.g., a Web Page 5
registration address); and if available, provide registration information, including the registration number. 9
Eligibility criteria 6 Specify characteristics of the sources of evidence used as eligibility criteria (e.g., years Page 5-6

considered, language, and publication status), and provide a rationale.

Describe all information sources in the search (e.g., databases with dates of coverage and
Information sources* 7 contact with authors to identify additional sources), as well as the date the most recent search = Page 5
was executed.

Present the full electronic search strategy for at least 1 database, including any limits used,

Search 8 such that it could be repeated. Page 5, and appendix
Selection of sources of 9 State the process for selecting sources of evidence (i.e., screening and eligibility) included in Page 6
evidencet the scoping review. 9
Describe the methods of charting data from the included sources of evidence (e.g., calibrated
Data charting processt 10 forms or forms that have been tested by the team before their use, and whether data charting Page 6

was done independently or in duplicate) and any processes for obtaining and confirming data
from investigators.
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SECTION PRISMA-ScR CHECKLIST ITEM :EPORTED ON PAGE

List and define all variables for which data were sought and any assumptions and

Data items Page 6
simplifications made.
Critical appraisal of If done, provide a rationale for conducting a critical appraisal of included sources of evidence; | Not done because not
individual sources of 12 | describe the methods used and how this information was used in any data synthesis (if explicitly required for a
evidence§ appropriate). scoping review
Synthesis of results 13 | Describe the methods of handling and summarizing the data that were charted. Page 7
RESULTS
Selection of sources of 14 Give numbers of sources of evidence screened, assessed for eligibility, and included in the Page 7
evidence review, with reasons for exclusions at each stage, ideally using a flow diagram.
Characteristics of 15 For each source of evidence, present characteristics for which data were charted and provide Page 7
sources of evidence the citations.
Critical appraisal within - . . . . Not ane bec?use not
: 16 | If done, present data on critical appraisal of included sources of evidence (see item 12). explicitly required for a
sources of evidence ) ;
scoping review
Results of individual 17 For each included source of evidence, present the relevant data that were charted that relate | Not applicable as this is
sources of evidence to the review questions and objectives. a protocol
Synthesis of results 18 Su_mm_arize and/or present the charting results as they relate to the review questions and Page 8 - 10
objectives.
DISCUSSION
Summarize the main results (including an overview of concepts, themes, and types of
Summary of evidence 19  evidence available), link to the review questions and objectives, and consider the relevance to Page 11 - 12
key groups.
Limitations 20 | Discuss the limitations of the scoping review process. Page 13
. Provide a general interpretation of the results with respect to the review questions and
Conclusions 21 objectives,gas well as potential implications and/or next steps. Page 13
FUNDING
Funding 29 Describe sources of funding for the included sources of evidence, as well as sources of Page 7, and 14

funding for the scoping review. Describe the role of the funders of the scoping review.

JBI = Joanna Briggs Institute; PRISMA-ScR = Preferred Reporting ltems for Systematic reviews and Meta-Analyses extension for Scoping Reviews.
* Where sources of evidence (see second footnote) are compiled from, such as bibliographic databases, social media platforms, and Web sites.

T A more inclusive/heterogeneous term used to account for the different types of evidence or data sources (e.g., quantitative and/or qualitative research, expert opinion, and policy
documents) that may be eligible in a scoping review as opposed to only studies. This is not to be confused with information sources (see first footnote).

I The frameworks by Arksey and O’Malley (6) and Levac and colleagues (7) and the JBI guidance (4, 5) refer to the process of data extraction in a scoping review as data
charting.

§ The process of systematically examining research evidence to assess its validity, results, and relevance before using it to inform a decision. This term is used for items 12 and
19 instead of "risk of bias" (which is more applicable to systematic reviews of interventions) to include and acknowledge the various sources of evidence that may be used in a
scoping review (e.g., quantitative and/or qualitative research, expert opinion, and policy document).
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Appendix 5: Chapter 4 (Research Paper 1 S1 Figure)

S1 Figure: Flowchart displaying children included in this study by age group and birth/vaccination
data completeness from the Gambia DHS 2019-2020 for computing timeliness.

5,148 children

aged 0-35 M in

DHS data had
immunisation data

1662 children
aged 12-23 M
included in crude
coverage analysis

\4

3,248 children

were 12-35 M*

and included in
the analysis

12 -23 Months

The number and proportion
(out of 1662) of children with
valid dates on their
vaccination card who were
included in the timeliness
analysis

HepBO = 1460 (87.8%)
BCG = 1459 (87.8%)
OPV1 = 1456 (87.6%)
OPV2 = 1441 (86.7%)
OPV3 = 1417 (85.3%)

PENTA1 = 1457 (87.7%)

PENTA2 = 1442 (86.8%)

PENTA3 = 1419 (85.4%)
MCV1 = 1363 (82.0%)

1586 children
aged 24-35 M
included in crude
coverage analysis

v

24 -35 Months

The number and proportion
(out of 1586) of children with
valid dates on their
vaccination card who were
included in the timeliness
analysis

HepBO = 1265 (79.8%)
BCG = 1269 (80.0%)
OPV1 = 1269 (80.0%)
OPV2 = 1264 (79.7%)
OPV3 = 1240 (78.3%)

PENTA1 = 1274 (80.3%)

PENTA2 = 1267 (79.9%)

PENTA3 = 1244 (78.4%)
MCV1 = 1218 (76.8%)

*Note: This analysis was restricted to the 12-35 months age group to ensure that the timeliness
estimates is comparable to the crude vaccination coverage rates which are published by the DHS
survey.
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Appendix 6: Chapter 4 (Research Paper 1 S1 Table)

$1 Table: Median number of days children were vaccinated too early and interquartile ranges for

all vaccines for children 12-23 and 24-35 months in The Gambia

12 - 23 Months 24 - 35 Months
Median | 1st quartile | 3rd quartile Median 1st quartile 3rd quartile

Vaccines

OPV1 7 2 17 8 2 18

OPV2 3 2 12 5 2 13.5

OPV3 4 23 12 5.5 3 13.5
PENTA1 | 6 2 15.8 8 2 17

PENTA2 | 3 1 11 4.5 2 13.8
PENTA3 | 4 2 10 5 3 13

MCV1 14.5 6.8 26.3 9 4 26

Note: Pentavalent vaccine (DPT-HepB-Hib); OPV = Oral Polio Vaccine; MCV = Measles
Containing Vaccine
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Appendix 7: Chapter 4 (Research Paper 1 S2 Table)

S2 Table: Median delays and interquartile ranges for all vaccines for children 12-23 and 24-35 months in

The Gambia

12 - 23 Months 24 - 35 Months

Median 1st quartile 3rd quartile Median 1st quartile 3rd quartile
Vaccine
HepBO 16 9 26 17 10 28
BCG 11 5 19.5 13 6 21
OPV1 14 5 26 11 4 29
OPV2 20 8 35.3 22 9 45
OPV3 26 11 52 28 11 57
PENTA1 | 15 5 26.5 12 4 30
PENTA2 | 21 8 37 22 9 45
PENTA3 | 26 11 51 27 11 55
MCvV1 20 8 42 22 9 48.8

Note: HepBO = Birth dose of Hepatitis B vaccine; BCG = Bacille Calmette-Guérin; PENTA = Pentavalent

vaccine (DPT-HepB-Hib); OPV = Oral Polio Vaccine; MCV = Measles Containing Vaccine
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Appendix 8: Chapter 4 (Research Paper 2 Supplementary material)

Mapping the timeliness of routine vaccination among 12-35 months old children in The

Gambia: a spatial modelling study

Oghenebrume Wariri, Chigozie Edson Utazi, Uduak Okomo, C. Jessica E. Metcalf, Malick Sogur,
Sidat Fofanna, Kris A Murray, Chris Grundy, Beate Kampmann
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Additional information on covariate data processing

Table S1: Geospatial covariate layers (The Gambia) included in the modelling process after the
covariate selection process

Vaccine | Modelled | Selected covariate from the selection process** Year(s) Type
outcome
HepBO0 Delayed Distance to edge of cultivated areas 2015 Continuous
Digital elevation model 2001 Continuous
Pigs density 2018 Continuous
Average number of wet days 2016-19 | Continuous
Proximity to national borders 2017 Continuous
Average potential evapotranspiration 2016-19 | Continuous
PENTA3 | Delayed Digital elevation model 2001 Continuous
Average number of wet days 2016-19 | Continuous
Proximity to national borders 2017 Continuous
Average MODIS NDVI 2016-19 | Continuous
Average MODIS night time land surface temperature 2016-19 | Continuous
Average potential evapotranspiration 2016-19 | Continuous
Timely Distance to settlement/built-up areas 2014 Continuous
Average precipitation 2016-19 | Continuous
Average MODIS EVI 2016-19 | Continuous
Average MODIS night time land surface temperature 2016-19 | Continuous
Average maximum temperature 2016-19 | Continuous
Average potential evapotranspiration 2016-19 | Continuous
MCV1 Delayed Average number of wet days 2016-19 | Continuous
Average MODIS night time land surface temperature 2016-19 | Continuous
Average potential evapotranspiration 2016-19 | Continuous
Timely Average number of wet days 2016-19 | Continuous
Proximity to national borders 2017 Continuous
Average MODIS night time land surface temperature 2016-19 | Continuous
Average potential evapotranspiration 2016-19 | Continuous

Note: HepBO0 = Birth dose of Hepatitis B vaccine; PENTAS3 = third dose of pentavalent vaccine; MCV1 = first
dose of the measles containing vaccine; EVI = Enhanced vegetation index; NVDI = Normalized Difference
Vegetation Index (used to quantify vegetation greenness and is useful in understanding vegetation density).
Urbanicity (a categorical measure showing if a location was urban or rural) was included as a covariate for all
modelled outcomes even if it was not chosen during the covariate selection process, as a way of accounting
for the urban/rural stratification used in the survey design. Covariate surfaces and relevant population
estimates corresponding to the survey years for children one year and below in The Gambia were
downloaded from WorldPop (www.worldpop.org) (see reference at the end of the document).

**To avoid the problem of circularity in our analyses (i.e., using the same data twice), we decided to exclude
spatial access to facilities as a covariate surface from the current analysis. This is because, we plan further
analysis using geographic access to facilities to estimate numbers of children within different travel time
bands who had delayed or untimely vaccination.
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Figure S1: Plots of all the geospatial covariate layers (1 x 1 km) included after the covariate selection process and used for the modelling of

delayed and timely HepBO, PENTA3 and MCV1
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Additional information on variogram analysis

The observed HepB0, PENTA3 and MCV1 timeliness (i.e., timely, delayed, and early vaccination)
at the cluster level generally exhibit spatial correlation, as evidenced by the fact that clusters in
close proximity tend to have similar observed prevalence of delayed, early, or timely vaccination.
However, it is worth noting that there are instances where clusters that are geographically close to
each other display substantial differences in observed timeliness. These discrepancies may be
attributable to factors other than spatial location and/or sampling variation, such as outcome
variation.

The variogram is a standard tool for examining spatial dependence. To evaluate the need for
accounting for spatial autocorrelation when modelling the indicators (i.e., delayed HepBO, delayed
PENTAS3, delayed MCV1, timely PENTA3 and timely MCV1), we fitted binomial regression models
with independent and identically distributed (iid) random effects. Using the estimates of the iid
random effect, we fitted a variogram (figure S2) in each case to assess the presence of residual
spatial autocorrelation in the models. The semi-variogram (Figure S2) shows an increasing trend
with increasing distance between points, that flattens out at a range of around 60 km(HepBO0), 100
km (PENTAS3) and 80 km (MCV1), indicating that locations farther apart than that distance are not
spatially correlated.
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Figure S2: (A) The empirical semi-variogram for the prevalence of delayed HepB0 based on estimates of
the iid random effect in the non-spatial binomial mixed model; (B) The empirical semi-variogram for the
prevalence of delayed PENTA3 based on estimates of the iid random effect in the non-spatial binomial
mixed model; (C) The empirical semi-variogram for the prevalence of delayed MCV1 based on estimates of
the iid random effect in the non-spatial binomial mixed model.

Note: Where the blue line meets the y-axis indicates the nugget (typically associated with “measurement
error” and small scale variation), while where the green line meets the semi-variance curve is the range.
Nuggets suggest the presence of additional variation in the cluster-level outcome beyond the variation
accounted for by covariates and the spatial field, indicating the existence of non-spatial excess variation.
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Additional information on the spatial model fitting

The general model we used to create 1x1 km prevalence maps of the timeliness indicators is a
geostatistical model with a binomial likelihood. Let s;, i = 1, ..., n denote the survey cluster
locations, where n is the number of clusters; Y (s;) — the number of children who had early, timely
or delayed vaccination for a given vaccine dose at the survey location s; and m(s;) — the number
of children sampled from the location. The model can be written as:

Y(s)p(si)) ~ Binomial(m(si), p(si)),

logit(p(s)) = x(s)"B + w(sy) + €(s1), (1)

where p(s;) (0 < p(s;) < 1) is the true prevalence at location s;, x(s;) is a vector of covariate data
associated with s;, B is a vector of the corresponding regression coefficients, e(s;) is an
independent and identically distributed (iid) Gaussian random effect with variance, o2, used to
model non-spatial residual variation, and w(s;) is a Gaussian spatial random effect used to capture
residual spatial correlation in the model. To model w = (w(sy), ..., w(s,) )T ~ N(0,%,), we assume
that 2, follows the Matérn covariance function? given by Z,,(s;, sj) = zv—izr(,,) (K I's; —s; ||)v K, (x Il
si — s; ), where |I.I| denotes the Euclidean distance between cluster locations s; and s;, 02 > 0 is

the marginal variance of the spatial process, k is a scaling parameter related to the range r(r =

?) — the distance at which spatial correlation is close to 0.1, and K, is the modified Bessel

function of the second kind and order v > 0. Further, for identifiability reasons, we set the
smoothing parameter, v = 1, see Lindgren et al.?

We adopted a fully Bayesian approach to fit model (1) for each modelled timeliness indicator. We
assigned a N(0,10°1) prior to the regression parameter 8. Following Simpson et al,* we also
placed a penalized complexity (PC) prior on g, such that p(a. > 3) = 0.01. Similarly, a joint PC
prior was placed on the covariance parameters of the spatial random effect, w following the
approach by Fuglstad et al.® These were: p(r < 1) = 0.01 and p(c > 3) = 0.01, with r, chosen to
be the 5% of the extent of The Gambia in the east-west direction. The model was implemented
using the integrated nested Laplace approximation—stochastic partial differential equation (INLA-
SPDE) approach.® The INLA approach is a faster alternative to the traditional MCMC technique for
performing approximate Bayesian inference. The approach uses numerical techniques to
approximate the marginal posterior distributions of each of the unknown quantities in the model.
The SPDE approach facilitates the estimation of the Gaussian spatial random effect, w, by
reducing the computational burden involved in the estimation of X, through a Gaussian Markov
random field (GMRF) representation.® Further details on the implementation of the INLA-SPDE
approach are provided in Utazi et al.”®

To ensure that the modelled prevalence estimates for the indicators of timeliness were consistent
for each vaccine dose, i. e. p(early vaccination) + p(timely vaccination) + p(delayed vaccination) =
1 for each prediction location, we modelled p(timely vaccination) and p(delayed vaccination)
independently using (1) and then derived p(early vaccination) as 1 — p(timely vaccination) —
p(delayed vaccination) from these using the corresponding posterior samples. Wherever
necessary, the modelled estimates were adjusted to ensure that all the indicators were consistent
for each vaccine dose and prediction location. The decision to model p(timely vaccination) and
p(delayed vaccination) was because there were more observed cases of both events for both
vaccine doses relative to early vaccination. Hence, both timeliness indicators were more likely to
be better explained by the covariates used in the analysis. Using the 1 x 1 km predictions from
model (1), we obtained modelled estimates at the ward, (ADM3), district (ADM2) and regional
(ADMA1) levels as population-weighted averages taken over all the grid cells falling within each
administrative area. Further, we compared the regional level estimates with design-based direct
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survey estimates computed using the survey package® to further validate the fitted models. All the
analyses were carried out in R (R Development Core Team, 2023) using the R-INLA package.®

Constrained refined Delaunay triangulation
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Figure S3: An example of fine triangulation mesh for modelled delayed MCV1 in The Gambia.
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Model validation metrics

Delayed HepBO (modelled vs direct estimates)

Delayed PENTA3 (modelled vs direct estimates)

Delayed MCV1 (modelled vs direct estimates)
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Figure S4: Validation plot showing comparison of modelled estimates (delayed PENTA3/MCV1)
and designed-based direct survey estimates at the first administrative level (Local Government

Areas) for children aged 12-35 months in The Gambia.

Note: The designed based direct survey estimates (The Gambia 2019-2020 Demographic and Health

Survey) are representative at the national, and at the Local Government Area levels (i.e., ADM1).

Table S2: Summary district-level model validation statistics based on 5-fold cross-validation
approach for the modelled vaccine outcomes

Vaccine Outcome* Bias MAE RMSE
HepB0 Delayed -0.003 0.06 0.04
PENTA3 Delayed -0.004 0.03 0.05
Timely -0.006 0.04 0.05
MCV1 Delayed -0.003 0.02 0.02
Timely -0.002 0.03 0.04

* We chose to model delayed HepBO, delayed/timely PENTA3 and delayed/timely MCV1 due to the higher
number of observed cases for these events in comparison to timely HepBO or early PENTA3/MCV1. MAE =
Mean absolute error; RMSE = root mean squared error.
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Additional tables and maps related to the objectives of the study

Table S3: Districts and wards with the highest (>90%) modelled prevalence of delayed birth dose
of hepatitis B vaccine (HepB0) and their accompanying credible interval width

Region LGA District Ward Prevalence | 95% ClI
width
Central River Janjanbureh Lower Fuladu West Kerewan 95.6 2.3
Upper River Basse Basse Sabi 95.6 3.0
Upper River Basse Jimara Gambissara 95.2 24
Central River Kuntaur Upper Saloum Panchang 95.2 2.6
Upper River Basse Tumana Dampha Kunda | 94.8 2.3
Central River Janjanbureh Niamina East Jarreng 94.7 3.0
Upper River Basse Basse Basse 94.7 2.2
Upper River Basse Wuli West Sutukonding 944 3.2
Central River Janjanbureh Lower Fuladu West Fulabantang 94.3 29
Central River Janjanbureh Janjanbureh MacCarthy 94.2 3.4
Central River Janjanbureh Lower Fuladu West Brikamaba 941 3.0
Upper River Basse Tumana Kularr 94.0 2.5
Upper River Basse Wuli East Baja Kunda 93.8 3.0
Upper River Basse Jimara Julangel 93.8 3.1
Upper River Basse Wuli West Sare Ngai 93.8 3.4
Upper River Basse Sandu Diabugu 93.3 3.6
Upper River Basse Sandu Misera 93.3 3.7
Upper River Basse Kantora Garawol 93.2 3.0
Upper River Basse Kantora Koina 93.1 3.1
Central River Kuntaur Upper Saloum Njaw 93.1 2.8
Central River Kuntaur Sami Pachonki 92.7 3.5
Banjul Banjul Banjul Central New Town West | 92.2 3.5
Central River Janjanbureh Niamina West Katamina 921 4.3
West Coast Brikama Kombo South Gunjur 91.8 4.7
Central River Kuntaur Sami Banni 91.7 3.3
North Bank Kerewan Sabach - Sanjal Sabach 91.7 3.9
Central River Kuntaur Niani Nyanga 91.7 4.1
Central River Kuntaur Nianija Chamen 91.5 3.7
Lower River Mansa konko | Jarra East Pakaliba 91.5 4.8
Central River Janjanbureh Niamina East Kudang 91.4 3.6
Central River Kuntaur Lower Saloum Ballangharr 91.1 5.0

Note: Delayed HepBO vaccination ranged from 63.5% to 95.6% at the ward level (ADM3). This
table only reflect wards (including the districted they are situated) with the highest modelled
prevalence (i.e., >90%) of delayed HepBO. ClI = Credible Interval.

Page | 194



Modelled delayed HepBO at 3rd admin-level
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Figure S5: The map illustrates the predicted prevalence of delayed birth dose of hepatitis B
vaccine (HepBO0) at the ward level and accompanying uncertainty estimate. It also highlights the
wards with the highest modelled prevalence, surpassing 90%, of delayed HepBO.
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Table S4: Districts and wards with the highest (>45%) modelled prevalence of delayed third dose

of pentavalent vaccine (PENTA3) and their accompanying credible interval width

Region LGA District Ward Prevalence | 95% CI
width

Upper River Basse Basse Sabi 545 14.4
Banjul Banjul Banjul South Portugiese Town | 54.1 29.7
Upper River Basse Tumana Kularr 53.9 9.8
Upper River Basse Jimara Julangel 52.6 10.8
Upper River Basse Tumana Dampha Kunda 52.2 10.0
Central River | Janjanbureh | Janjanbureh MacCarthy 52.2 15.5
Central River | Janjanbureh | Upper Fuladu West | Sare Soffie 52.1 12.6
Upper River Basse Kantora Garawol 51.7 114
Central River | Janjanbureh | Upper Fuladu West | Bansang 51.0 114
Upper River Basse Jimara Gambissara 50.7 11.6
Central River | Janjanbureh | Niamina East Jarreng 50.5 12.7
West Coast Brikama Kombo South Karthong 50.4 15.4
Upper River Basse Kantora Koina 50.3 12.2
Upper River Basse Basse Basse 50.3 10.9
Central River | Janjanbureh | Lower Fuladu West | Fulabantang 49.9 10.2
Upper River Basse Sandu Diabugu 49.6 10.1
Central River | Janjanbureh | Lower Fuladu West | Kerewan 49.2 111
Central River | Janjanbureh | Upper Fuladu West | Daru 49.0 13.0
West Coast Brikama Kombo South Gunjur 48.5 14.7
West Coast Brikama Kombo Central Marakissa 48.5 12.6
West Coast Brikama Kombo South Sanyang 48.4 11.5
West Coast Brikama Kombo East Giboro 48.3 14.2
Central River | Kuntaur Sami Pachonki 47.7 121
Central River | Kuntaur Sami Banni 46.0 10.2
Upper River Basse Wuli East Foday Kunda 457 11.0
Upper River Basse Wuli West Sutukonding 455 11.7
Central River | Kuntaur Upper Saloum Panchang 455 12.5

Note: Delayed PENTAS vaccination ranged from 24.2% to 54.5% at the ward level (ADM3). This
table only reflect wards (including the districted they are situated) with the highest modelled

prevalence (i.e., >45%) of delayed PENTAS3. CI = Credible Interval.
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Modelled delayed PENTAS at 3rd admin-level
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Figure S6: The map illustrates the predicted prevalence of delayed third-dose of the pentavalent
vaccine (PENTA3) at the ward level and accompanying uncertainty estimate. It also highlights the

wards with the highest modelled prevalence, surpassing 45%, of delayed PENTAS.
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Table S5: Districts and wards with the highest (>35%) modelled prevalence of delayed first dose of
measles containing vaccine (MCV1) and their accompanying credible interval width

Region LGA District Ward Prevalence | 95% ClI
Width

Central River | Janjanbureh | Janjanbureh MacCarthy 40.2 14.1
Central River | Janjanbureh | Lower Fuladu West | Fulabantang 40.0 10.3
Central River | Kuntaur Sami Pachonki 39.8 13.1
Central River | Kuntaur Sami Karantaba 39.3 14.6
Central River | Janjanbureh | Upper Fuladu West | Sare Soffie 39.2 9.6
Central River | Janjanbureh | Niamina East Jarreng 39.0 11.3
Central River | Janjanbureh | Upper Fuladu West | Bansang 38.9 10.3
Upper River | Basse Jimara Julangel 38.8 11.3
Upper River | Basse Tumana Kularr 38.7 9.9
Central River | Kuntaur Sami Banni 38.7 9.7
Central River | Janjanbureh | Lower Fuladu West | Kerewan 38.7 10.6
Upper River | Basse Sandu Diabugu 38.3 10.3
Upper River | Basse Tumana Dampha Kunda | 37.9 9.6
Upper River | Basse Jimara Gambissara 37.8 10.5
Upper River | Basse Basse Sabi 37.8 12.8
Upper River | Basse Kantora Koina 37.7 11.4
Upper River | Basse Kantora Garawol 374 10.3
Upper River | Basse Wuli West Sutukonding 37.2 9.6
Upper River | Basse Wuli East Foday Kunda 37.2 10.8
Central River | Janjanbureh | Niamina East Kudang 37.1 8.9
Upper River | Basse Basse Basse 37.1 9.9
Central River | Janjanbureh | Upper Fuladu West | Galleh 36.6 11.0
Central River | Kuntaur Niani Kuntaur 36.4 9.2
Central River | Kuntaur Nianija Chamen 36.4 10.0
Central River | Kuntaur Upper Saloum Panchang 36.3 12.6
Central River | Janjanbureh | Upper Fuladu West | Daru 36.3 12.0
Central River | Kuntaur Niani Nyanga 36.2 12.5
Upper River | Basse Sandu Misera 36.0 11.1
West Coast Brikama Kombo East Giboro 35.9 13.6
Upper River | Basse Wuli West Sare Ngai 35.9 9.7
West Coast | Brikama Kombo South Sanyang 35.8 12.3
Upper River | Basse Wuli East Baja Kunda 354 9.5
West Coast Brikama Kombo Central Marakissa 35.2 11.7
Central River | Janjanbureh | Lower Fuladu West | Brikamaba 35.2 10.3

Note: Delayed MCV1 vaccination ranged from 22.7% to 40.2% at the ward level (ADM3). This
table only reflect wards (including the districted they are situated) with the highest modelled

prevalence (i.e., >35%) of delayed MCV1. Cl = Credible Interval.
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Modelled delayed MCV1 at 3rd admin-level
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Figure S7: The map illustrates the predicted prevalence of delayed first dose of measles
containing vaccine (MCV1) at the ward level and accompanying uncertainty estimate. It also
highlights the wards with the highest modelled prevalence, surpassing 35%, of delayed MCV1.

Page | 199
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Figure S8: Zoomed in map of districts and wards in the Greater Banjul Area (Banjul and Kanifing
LGA) showing the modelled prevalence of delayed HepBO (top row), PENTA3 (middle row) and
prevalence of delayed MCV1 (bottom row)
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Table S6: Districts and Wards with Spatial Overlap of High Prevalence of Delayed Vaccination and
Substantial Estimated Population of Affected Infants in The Gambia.

Vaccine Region LGA Districts Wards
HepB0 Upper River Basse Kantora Koina
Upper River Basse Kantora Garawol
Upper River Basse Tumana Kularr
Upper River Basse Tumana Dampha Kunda
Upper River Basse Basse Sabi
Upper River Basse Basse Basse
Upper River Basse Jimara Gambissara
Upper River Basse Jimara Julangel
Upper River Basse Wuli East Foday Kunda
Upper River Basse Wuli West Sare Ngai
Upper River Basse Sandu Diabugu
Central River Janjanbureh Niamina East Kudang
West Coast Brikama Kombo South Gunjur
West Coast Brikama Kombo South Karthong
PENTA3 Upper River Basse Kantora Koina
Upper River Basse Kantora Garawol
Upper River Basse Tumana Kularr
Upper River Basse Tumana Dampha Kunda
Upper River Basse Basse Sabi
Upper River Basse Basse Basse
Upper River Basse Jimara Gambissara
Upper River Basse Jimara Julangel
Upper River Basse Wuli East Foday Kunda
Upper River Basse Sandu Diabugu
Central River Kuntaur Sami Banni
Central River Kuntaur Niani Kuntaur
Central River Janjanbureh Upper Fuladu West Sare Soffie
Central River Janjanbureh Upper Fuladu West Bansang
Central River Janjanbureh Niamina East Kudang
West Coast Brikama Kombo East Giboro
West Coast Brikama Kombo Central Marakissa
West Coast Brikama Kombo South Gunjur
MCV1 Upper River Basse Kantora Koina
Upper River Basse Kantora Garawol
Upper River Basse Tumana Kularr
Upper River Basse Tumana Dampha Kunda
Upper River Basse Basse Sabi
Upper River Basse Basse Basse
Upper River Basse Jimara Gambissara
Upper River Basse Jimara Julangel
Upper River Basse Wuli East Foday Kunda
Upper River Basse Sandu Diabugu
Central River Kuntaur Sami Banni
Central River Kuntaur Niani Kuntaur
Central River Janjanbureh Upper Fuladu West Sare Soffie
Central River Janjanbureh Upper Fuladu West Bansang
Central River Janjanbureh Niamina East Kudang
West Coast Brikama Kombo East Giboro
West Coast Brikama Kombo Central Marakissa
West Coast Brikama Kombo South Gunjur
West Coast Brikama Kombo South Sanyang
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Figure S§9: Zoomed in map of districts and wards in the Greater Banjul Area (Banjul and Kanifing
LGA) showing; spatial relationships between the prevalence of delayed HepBO (top row), PENTA3
(middle row), MCV1 (bottom row) and the estimated absolute number of infants with delayed
vaccination.
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Additional output for the modelled outcome (timely PENTA3 and MCV1)

We decided to model p(timely vaccination) and p(delayed vaccination) because there were more
observed cases of both events for both vaccine doses relative to early vaccination. Hence, both
timeliness indicators were more likely to be better explained by the covariates included in the
analysis. The maps of timely HepB0O, PENTA3 and MCV1 are shown below.
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Figure S$10: Modelled prevalence of timely HepBO (top row), PENTA3 (middle row), and MCV1 (bottom

row) at 1 x 1 km pixel (left column), district (middle column), ward (right column) level among 12-35 months
children in The Gambia, 2019-20
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Appendix 9: Chapter 5 (Research Paper Supplementary material)

Impact of the COVID-19 pandemic on the coverage and timeliness of routine
childhood vaccinations in The Gambia, 2015 - 2021

Oghenebrume Wariri, Chigozie Edson Utazi, Uduak Okomo, Alieu Sowe, Malick Sogur,
Sidat Fofana, Esu Ezeani, Lamin Saidy, Golam Sarwar, Bai-Lamin Dondeh, Kris A Murray, Chris

Grundy, Beate Kampmann
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Monthly birth cohort of children included per month, 2015 — 2021 (overall)

Table S1: Detailed information about the number of eligible children per month from the two Health
and Demographic Health System in The Gambia (overall), 2015 — 2021

Years included in the analysis and eligible children
Months 2015 2016 2017 2018 2019 2020 2021
January 829 753 803 714 805 873 723
February 670 641 667 637 755 776 573
March 659 594 679 682 790 678 556
April 669 488 607 637 572 637 482
May 635 498 531 598 650 649 528
June 773 596 579 511 541 552 503
July 649 457 502 435 485 544 425
August 596 513 552 615 634 733 461
September 775 769 747 884 869 911 695
October 782 800 877 1021 932 965 758
November 744 803 795 966 856 851 660
December 676 744 685 839 757 766 665
Total 8457 7656 8024 8539 8646 8935 7029

Overall, 57,286 children were included in this analysis spanning 2015 — 2021 (i.e., 5 years before
and 2 years into the pandemic)
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Monthly birth cohort of children included per month, 2015 — 2021 (Basse)

Table S2: Detailed information about the number of eligible children per month from the Basse
Health and Demographic Health System in The Gambia, 2015 — 2021

Years included in the analysis and eligible children
Months 2015 2016 2017 2018 2019 2020 2021
January 653 557 594 528 597 647 546
February 504 453 476 450 552 575 420
March 475 431 496 502 579 507 402
April 511 364 456 499 444 495 358
May 518 388 391 468 502 468 394
June 550 401 416 386 427 432 389
July 471 329 382 334 390 441 308
August 458 407 419 465 480 548 353
September 611 595 568 682 660 712 527
October 610 623 678 774 742 740 593
November 576 612 616 740 672 658 509
December 500 587 495 644 595 579 544
Total 6437 5747 5987 6472 6640 6802 5343

Basse HDSS Cohort Trends (2015-2021)
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Monthly birth cohort of children included per month, 2015 — 2021 (Farafenni)

Table S3: Detailed information about the number of eligible children per month from the Farafenni
Health and Demographic Health System in The Gambia, 2015 — 2021

Years included in the analysis and eligible children
Months 2015 2016 2017 2018 2019 2020 2021
January 176 196 209 186 208 226 177
February 166 188 191 187 203 201 153
March 184 163 183 180 211 171 154
April 158 124 151 138 128 142 124
May 117 110 140 130 148 181 134
June 223 195 163 125 114 120 114
July 178 128 120 101 95 103 117
August 138 106 133 150 154 185 108
September 164 174 179 202 209 199 168
October 172 177 199 247 190 225 165
November 168 191 179 226 184 193 151
December 176 157 190 195 162 187 121
Total 2020 1909 2037 2067 2006 2133 1686

Farafenni HDSS Cohort Trends (2015-2021)
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Reasons and numbers of children excluded from the analysis

Table S3: Reasons and numbers of children excluded from the timeliness analysis in Farafenni,

Basse, and Overall, January 2015 — December 2021

Farafenni Basse Overall
(N=13,858) (N=43,428) (N=57,286)
Reasons for exclusion n (%) n (%) n (%)
Children with negative vaccination
age (HepBO)* 8 (0.06) 321 (0.74) 329 (0.57)
Children with age of hepB0
vaccination more than 150 days** 44 (0.32) 206 (0.47) 250 (0.44)
Children with negative vaccination
age (Penta1)* 7 (0.05) 139 (0.32) 146 (0.25)

* These negative age at vaccination (i.e., the difference between the dates of birth and vaccination
in days) were likely due to an incorrect date of birth or an incorrect date of vaccination. Because
we could not determine which of the two dates was the incorrect one, and because the proportion
of affected children was negligible (generally <1%), we decided to exclude them from the
timeliness analysis. However, these children were included in the coverage analysis since were
certain that they were vaccinated due to the fact that they had a date of vaccination entry.

** We considered that children whose age at HepB) vaccination were >150 days were likely
implausible because at that age, they should have received Penta1, Penta2 and Penta3d at 2, 3
and 4 months respectively (60, 90 and 120 days). Although the number of children in this category
was negligible (generally <0.5% of the cohort), we considered that such long delays were not likely

due to the impact of the pandemic.
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Parameter estimates for change in vaccination in Basse HDSS

Table S6: Parameter estimates for the likelihood of change in coverage and the proportion of
delayed and early HepBO and Penta1 vaccinations in the pre-pandemic and pandemic periods in
the Basse HDSS area

HepBO PENTA1

Estimate/Odds | 95% credible Estimate/Odds | 95% credible
COVERAGE ratio interval ratio interval
Level change before 1st wave 1.32 0.84 | 2.05 1.18 0.75 | 1.84
Level change before 2nd wave 1.09 0.69 | 1.69 0.89 0.43 | 1.75
Level change before 3rd wave 1.49 0.86 | 2.53 1.19 0.47 | 2.76
Level change AFTER 3rd wave 2.21 1.24 | 3.89 0.95 0.34 | 2.37
Pre-pandemic change in slope 0.99 0.99 | 1.00 0.98 0.97 | 1.00
Change in slope before 1st wave 1.06 0.93 | 1.20 1.00 0.86 | 1.16
Change in slope before 2nd wave 1.06 0.97 | 1.15 1.05 0.94 | 1.18
Change in slope before 3rd wave 1.06 092 | 122 1.02 0.87 | 1.19
Change in slope AFTER 3rd wave 0.93 0.78 | 1.10 1.11 0.92 | 1.33
G2 37.19 20.50 | 60.76 13.85 5.24 | 25.93
o) 0.50 0.21 0.75 0.83 0.67 0.94
DELAYED
Level change before 1st wave 1.33 0.72 | 2.46 1.95 0.88 | 4.55
Level change before 2nd wave 141 0.74 | 267 1.12 0.23 | 4.20
Level change before 3rd wave 1.23 0.58 | 2.63 0.71 0.09 | 3.34
Level change AFTER 3rd wave 0.61 0.28 | 1.36 0.85 0.08 | 4.56
Pre-pandemic change in slope 0.97 0.97 | 0.98 1.00 0.98 | 1.04
Change in slope before 1st wave 1.02 0.85| 1.22 0.82 0.61 | 1.08
Change in slope before 2nd wave 0.97 0.86 | 1.09 0.92 0.75 | 1.13
Change in slope before 3rd wave 0.85 071 | 1.01 0.99 0.75 | 1.31
Change in slope AFTER 3rd wave 1.09 0.87 | 1.35 0.90 0.64 | 1.25
G2 21.50 9.98 | 41.54 447 1.38 9.17
o) 0.54 0.09 0.85 0.82 0.60 0.96
EARLY
Level change before 1st wave 0.20 0.05 | 0.76
Level change before 2nd wave 0.42 0.15 | 1.18
Level change before 3rd wave 0.09 0.02 | 0.47
Level change AFTER 3rd wave 0.45 0.10 | 1.98
Pre-pandemic change in slope 0.99 0.99 | 1.00
Change in slope before 1st wave 1.21 0.85 | 1.73
Change in slope before 2nd wave 0.94 0.75 | 1.18
Change in slope before 3rd wave 1.43 0.93 | 2.26
Change in slope AFTER 3rd wave 0.90 0.53 | 1.51
g2 7.73 4.56 | 12.14
o) 0.26 -0.07 0.58
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Parameter estimates for change in vaccination in Farafenni HDSS

Table S5: Parameter estimates for the likelihood of change in coverage and the proportion of
delayed and early HepBO0 and Penta1 vaccinations in the pre-pandemic and pandemic periods in
the Farafenni HDSS area

HepBO PENTA1

Estimate/Odds | 95% credible Estimate/Odds | 95% credible
COVERAGE ratio interval ratio interval
Level change before 1st wave 1.01 0.45 2.30 1.14 0.42 | 3.12
Level change before 2nd wave 2.33 0.88 6.11 3.91 0.92 | 16.00
Level change before 3rd wave 2.54 1.14 11.12 3.03 0.54 | 16.04
Level change AFTER 3rd wave 2.29 0.69 7.70 2.97 0.46 | 17.51
Pre-pandemic change in slope 0.98 0.97 1.00 0.97 095 | 1.13
Change in slope before 1st wave 1.16 0.91 1.49 1.21 0.87 | 1.68
Change in slope before 2nd wave 1.04 0.87 1.24 1.00 0.78 | 1.28
Change in slope before 3rd wave 0.87 0.66 1.13 0.97 0.69 | 137
Change in slope AFTER 3rd wave 1.06 0.75 1.48 0.91 0.60 | 1.39
. 8.25 4.29 13.54 3.54 1.65 6.01
g 0.63 0.40 0.82 0.74 0.56 | 0.88
DELAYED
Level change before 1st wave 0.97 0.36 2.74 0.87 045 | 161
Level change before 2nd wave 2.60 0.84 8.22 1.12 0.72 | 175
Level change before 3rd wave 2.37 0.60 9.57 1.79 0.91 | 3.50
Level change AFTER 3rd wave 0.38 0.09 1.54 1.38 0.63 | 3.03
Pre-pandemic change in slope 0.98 0.96 1.00 1.00 0.99 | 1.00
Change in slope before 1st wave 1.14 0.85 1.55 1.12 095 | 1.35
Change in slope before 2nd wave 0.87 0.71 1.05 1.02 093 | 1.13
Change in slope before 3rd wave 0.72 0.54 0.95 0.88 0.71 | 1.08
Change in slope AFTER 3rd
wave 1.07 0.78 1.46 0.88 0.65 1.19
G? 7.99 2.93 18.52 31.75 12.16 | 74.18
o) 0.79 0.43 0.96 -0.14 -0.59 0.36
EARLY
Level change before 1st wave 1.58 0.45 | 5.59
Level change before 2nd wave 0.23 0.06 | 0.85
Level change before 3rd wave 1.87 0.43 | 823
Level change AFTER 3rd wave 0.50 0.08 | 3.01
Pre-pandemic change in slope 1.00 099 | 1.01
Change in slope before 1st wave 0.86 059 | 1.23
Change in slope before 2nd wave 1.31 099 | 1.68
Change in slope before 3rd wave 0.74 0.47 | 112
Change in slope AFTER 3rd wave 1.01 0.53 | 1.90
G2 6.83 3.11 | 13.19
o) 0.50 0.14 | 0.78
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Extra Results: Changes in Penta1 timely vaccination due to the pandemic and
counterfactual scenario overall (i.e., Basse and Farafenni HDSS combined)
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Table S7: Parameter estimates for the likelihood of change in timely Penta1 (OverLL)

95% Credible Interval

OVERALL Odds ratio/Estimate (lower and upper)

Level change before 1st wave 0.53 0.27 1.03
Level change before 2nd wave 0.83 0.41 2.01
Level change before 3rd wave 0.93 0.41 2.42
Level change AFTER 3rd wave 0.95 0.39 2.61
Pre-pandemic change in slope 1.00 0.99 1.01
Change in slope before 1st wave 1.10 0.92 1.33
Change in slope before 2nd wave 1.05 0.92 1.20
Change in slope before 3rd wave 1.04 0.86 1.27
Change in slope AFTER 3rd wave 1.09 0.86 1.40

*Non of the parameter estimates are significant because the credible intervals include 1.00.
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Extra Results: Changes in Penta1 timely vaccination due to the pandemic and
counterfactual scenario in Basse HDSS area

Basse

100

1
1
1
1
901 ! First Second !Third
1 | | |
1
1
1
1

70

601

50 1

pre-pandemic epoch

pAndemic epoch

'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'

o~

@

404

301

Proportion of children with timely PENTA1 (%)

10

0

16

far-19

Mar-1
Jun-1
Sep-1
Dec-15 |
Mar-1¢
Jun-1¢
Sep-1¢
Dec
Mar17
Jun-17 ]
p-171
Dec-17 ]
Jun-18 ]
Dec-18 ]
Jun-19
Sep-19 ]
Dec-19
Mar.
Jun-20 ]
Sep-20
Dec-20 |
Jun-211
Sep-21
Dec-21 |

@ @
2} w

Birth Cohort (month and year)

Table S8: : Parameter estimates for the likelihood of change in timely Penta1 (Basse)

95% Credible Interval

Parameters Odds ratio/Estimate (lower and upper)

Level change before 1st wave 0.47 0.21 1.00
Level change before 2nd wave 0.77 0.29 2.66
Level change before 3rd wave 1.36 0.44 5.93
Level change AFTER 3rd wave 1.00 0.30 4.96
Pre-pandemic change in slope 1.00 0.98 1.02
Change in slope before 1st wave 1.18 0.94 1.49
Change in slope before 2nd wave 1.10 0.93 1.30
Change in slope before 3rd wave 0.97 0.77 1.23
Change in slope AFTER 3rd wave 1.12 0.84 1.50

*None of the parameter estimates are significant because the credible intervals include 1.00.
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Extra Results: Changes in Penta1 timely vaccination due to the pandemic and
counterfactual scenario in Farafenni HDSS area
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Table S9: Parameter estimates for the likelihood of change in timely Penta1 (Farafenni)

95% Credible Interval

Parameters Odds ratio/Estimate (lower and upper)

Level change before 1st wave 1.08 0.53 2.25
Level change before 2nd wave 1.37 0.77 2.42
Level change before 3rd wave 0.51 0.24 1.10
Level change AFTER 3rd wave 0.94 0.38 2.31
Pre-pandemic change in slope 1.01 0.99 1.02
Change in slope before 1st wave 0.93 0.75 1.14
Change in slope before 2nd wave 0.91 0.81 1.03
Change in slope before 3rd wave 1.23 0.98 1.56
Change in slope AFTER 3rd wave 1.12 0.81 1.57

*Non of the parameter estimates are significant because the credible intervals include 1.00.
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Multi-level determinants of timely routine childhood vaccinations in The Gambia:
findings from a nationwide analysis
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Gborgbortsi PhD, Malick Sogur MSc, Sidat Fofana MSc, Prof Kris A Murray PhD, Chris Grundy
MSc, Prof Beate Kampmann PhD
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Methodology of the 2019-20 The Gambia Demographic and Health Survey

The 2019-20 Gambia Demographic and Health Survey (GDHS) employed a two-stage stratified
sampling design to generate national, Local Government Area (LGA), and urban/rural-
representative estimates of health and demographic indicators, including vaccination data.' This
design involved dividing each of the eight LGAs (Banjul, Basse, Brikama, Janjanbureh, Kanifing,
Kerewan, Kuntaur, and Mansakonko) into urban and rural areas and then drawing samples from
each stratum in two stages. In the first stage, survey clusters were selected with probability
proportional to size within each sampling stratum using a national sampling frame. The second
stage involved randomly selecting households from household lists within the chosen clusters. The
2019-20 GDHS also collected the GPS location of all survey clusters.

To ensure respondent confidentiality, DHS randomly displaced the GPS coordinates (longitude and
latitude) of survey clusters.? This displacement was up to 2 kilometres for urban clusters and up to
5 kilometres for rural clusters, with a small subset (1%) of rural clusters displaced up to 10
kilometres. Importantly, the displacement ensured that points remained within the country, within
the DHS survey region (or LGA), and within the second administrative area (district).? Therefore,
the displaced cluster's coordinates corresponded to the same administrative levels as the
undisplaced cluster.

The 2019-20 GDHS covered 281 clusters and 7,025 households and data was collected between
November 21, 2019, and March 30, 2020." Childhood immunisation data for children aged 0-35
months who received vaccines at any time before the survey was collected based on mothers'
recall or from parent-held vaccination cards. However, determining vaccination timeliness required
date of birth and vaccination dates from home-based vaccination records (HBR).® Thus, our
analysis focused on the 3,248 children (93% of 12-35-month-olds) with complete birth and
vaccination dates from their HBR. We also obtained the GPS locations (latitude and longitude) of
each cluster where these children resided after obtaining explicit approval from the DHS
programme.
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Detailed description of covariates and outcome variables

Table S1: Description and coding of covariate factors and outcome variables

Variable or
covariate

Relevant
DHS
variable(s)
code

Description and comments

Sex of child

B4

Sex of child (Male and Female).

Place of birth

M15

Provides information about where the child was born. All
children born at “Home” and “Other home”, “Other” were
classified as being born at Home. Those born in any form of
facility (public sector, private sector, NGO, etc.) were classified

as being born in a Health facility.

Season of birth

B1

This variable was determined based on the child's month of
birth, considering the Gambia's seasonal pattern. In the Gambia,
the wet season runs from June to October, while the dry season
spans from November to May.* Therefore, children were
categorized based on their birth month, aligning with these
distinct seasons

Birth order

BORD

Birth order of the child, in numbers ranging from 1:20. This was
reclassified into three categories: 1-2, 3-5, and >5.

Ethnicity

V131

To simplify the analysis of ethnic groups in The Gambia,
categories were combined based on their prevalence in the
data. Ethnic groups with individual representations less than 2%
— namely, Bambara, Creole/Aku Marabout, Jola/Karoninka,
Manjago, and Serere — were collectively classified as 'Others.

Religion

V130

Categories created based on the major religions practised in
The Gambia, i.e., Islam and Christianity.

Region

V024

This variable indicates the Administrative Level One (Admin 1)
regions in The Gambia. For analytical purposes, we made two
adjustments: first, Banjul and Kanifing were combined to form
'Greater Banjul', and second, the three easternmost regions —
Kuntaur, Janjanbureh, and Basse — were grouped together as
'Other Regions'. This grouping was motivated by two reasons: 1)
our previous analysis identified these three regions as having
the lowest timely vaccination rates compared to other regions,®
and 2) the initial analysis where we did not combine the regions
had wide confidence intervals for the outcomes, although the
results were similar with the final analysis. Thus, merging the
regions allowed for more precise results (i.e., narrower
confidence intervals) while maintaining consistency with our
earlier findings.

Urban/Rural

V025

Categories included Rural — 0, Urban — 1

Maternal age

V012

Maternal age was reclassified into 15-19 (<19), 20-29, 30-39,
and 40-49.

Timeliness of
previous Penta
dose

This variable indicates whether the previous dose of the multi-
series pentavalent vaccine, Penta 1, Penta 2 and Penta 3, was
received within the recommended time frame. 'Untimely’ refers
to previous Penta (i.e., Penta1/Penta2) administered either
before the minimum acceptable age (early) or after the
maximum acceptable age (delayed), as defined by the national
immunisation schedule.

Parity

V201

Indicates maternal parity, in numbers ranging from 1:20. This
was reclassified into two categories: 1-3, and 24.
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ANC number* | M14 This variable indicates the number of maternal antenatal care
(ANC) visits attended during pregnancy. It was recategorized
into two groups: 1-3 ANC visits and 4 or more ANC visits.

PNC M70 This variable indicates whether the baby received a postnatal

attendance”* check (PNC) within two months of birth. The response options
were "Yes' or 'No.

Maternal V106 The maternal education categories were reclassified into three

education levels: no education, primary education, and secondary/higher
education. This was done by merging the secondary and higher
education categories into one group

Marital status This variable categorized maternal marital status into three
distinct groups: 'Never in union’, 'Married/with partner'
(combining married and Living with partner), and
'Divorced/widowed/separated’ (combining those who are
widowed, divorced, or no longer living together/separated)

Maternal bank | V170 Has an account in a bank or other financial institutions. The

account variable was coded as 0 = No and 1 = Yes.

Maternal V481 Indicates if a household covered by health insurance. The

health variable was coded as 0 = No and 1 = Yes.

insurance

Sex of V151 Indicates the sex of the head of the household

household

head

Household V136 The variable represents the number of household members,

size ranging from 1 upwards. It was reclassified into three categories
for analysis: 'Small' (1-4 members), 'Medium' (4-8 members),
and 'Large' (more than 8 members).

Wealth index V190A The wealth index, which was standardized by the DHS to allow
comparisons between urban and rural areas. We recategorized
this variable into three distinct groups for this analysis: 'Poor’
(combining the poorest and poorer categories); 'Middle'; and
'Rich' (combining the richest and richer categories).

Household V157, V158, | This composite variable was constructed based on the

media V159 frequency of household media exposure, encompassing

exposure newspaper reading (V157), radio listening (V158), and television
viewing (V159). Individuals that responded "Not at all" to all
three media exposure variables were classified as having “No
media exposure”. Otherwise, they were classified as “Media
exposed”.

Household V169A Indicates if household owns a mobile telephone. The variable

own mobile was coded as 0 = No and 1 = Yes.

phone

Household V459 Indicates if a household have mosquito bed net for sleeping. The

own bed nets variable was coded as 0 = No and 1 = Yes.

Length of stay | V104 This variable indicates the number of years a household has
resided in their current dwelling. It was categorized into four
groups: less than 1 year (combining visitors and those who have
stayed less than 1 year), 1 to 3 years, 4 to 5 years, and more
than 5 years (combining those who have always lived in their
residence and those who have stayed for more than 5 years).

Distance to V467D This variable represents the perceived difficulty in accessing

clinic as an medical care at a healthcare facility (i.e., perceived distance to

issue? facility). It was coded as "Big problem" and "Not a big problem".
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Household V124 & V125 | This variable indicates whether a household owns a motorized

own motorized vehicle, such as a motorcycle/scooter (V124) or a car/truck

vehicle (V125). Households that responded "Yes" to either of these two
variables were classified as owning a motorized vehicle (Yes),
while those that answered "No" to both variables were classified
as not owning a motorized vehicle (No).

Travel time - NA This variable represents the estimated travel time to the nearest

multimodal fixed immunisation clinic from the DHS cluster an individual was
from. The travel time was calculated assuming a multi-modal
mode of transportation, incorporating both walking and
motorized options. The modelled travel time (in minutes) was
categorized into three groups: less than 30 minutes, 30 to less
than 60 minutes, and more than 60 minutes.

Nearest clinic | NA This variable represents the type of the nearest clinic to the DHS

type cluster from which an individual was surveyed. Two options
were available: "Outreach Site" or "Health Facility (i.e. fixed
clinic)"

Nearest clinic | NA This variable indicates whether at minimum, the nearest clinic to

open weekly the DHS cluster operates on a weekly basis for immunisation
services as per their service schedule. Two options were
available: 'Yes' or 'No'."

Nearest clinic | NA This variable indicates whether the nearest clinic to the DHS

has cold store cluster has an on-site cold storage facility for vaccine storage.
Two options were available: 'Yes' or 'No'.

Nearest clinic | NA This variable represents the number of vaccine delivery staff at

vaccination the nearest clinic to the DHS cluster. These numbers were

staff reclassified into two categories: 'One staff member' or 'Two or
more staff members'.

Catchment NA This variable serves as a proxy indicator for potential waiting

population times at clinics within the catchment area of the nearest clinic to

around nearest the DHS cluster. We hypothesized that clinics with a larger

clinic population in their catchment area may have longer waiting
times due to higher demand. To assess this, the number of
people in the catchment area was divided into three terciles,
resulting in three categories: 'Low', 'Medium', and 'High'.

Service NA This composite variable was constructed based on five factors:

availability & the type of the nearest clinic, its weekly operation for

readiness immunisation services, the presence of an on-site cold storage
facility, the number of vaccine delivery staff, and the population
size within the catchment area. The lowest score is zero (0) and
the highest possible score was 5, indicating that the nearest
clinic is a fixed health facility, operates at minimum weekly, has
a cold store, has two or more staff members, and serves a low-
to-medium catchment population. Subsequently, three
categories were created: 'Low' (0-1), 'Intermediate’ (2-3), and
'High' (4-5).

Timely HepBO | H50D, H50M, | This outcome variable, representing the age (in days) at the time

H50Y, B17, of HepBO vaccine receipt, was calculated by subtracting the day,
B1, and B2 month, and year of birth (B17, B1, and B2) from the day, month,

and year of HepBO receipt (H50D, H50M, and H50Y). The age
at HepBO receipt was then compared to the national
immunisation window of 24 hours of birth (i.e., 1 day). Vaccines
administered within the 24-hour window were classified as
"Timely', while those received outside this window were
considered 'Untimely'.
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Timely Penta 1

H51D, H51M,
H51Y, B17,
B1, and B2

This outcome variable, representing the age (in days) at the time
of Penta 1 vaccine receipt, was calculated by subtracting the
day, month, and year of birth (B17, B1, and B2) from the day,
month, and year of HepBO receipt (H51D, H51M, and H51Y).
The age at Penta 1 receipt was then compared to the national
immunisation window of 61 — 90 days (i.e., at 2 months).
Vaccines administered within this window were classified as
"Timely', while those received outside this window (early or
delayed) were considered 'Untimely'.

Timely Penta 2

H52D, H52M,
H52Y, B17,
B1, and B2

This outcome variable, representing the age (in days) at the time
of Penta 2 vaccine receipt, was calculated by subtracting the
day, month, and year of birth (B17, B1, and B2) from the day,
month, and year of HepBO receipt (H52D, H52M, and H52Y).
The age at Penta 2 receipt was then compared to the national
immunisation window of 91 — 120 days (i.e., at 3 months).
Vaccines administered within this window were classified as
"Timely', while those received outside this window (early or
delayed) were considered 'Untimely'.

Timely Penta 3

H53D, H53M,
H53M, B17,
B1, and B2

This outcome variable, representing the age (in days) at the time
of Penta 3 vaccine receipt, was calculated by subtracting the
day, month, and year of birth (B17, B1, and B2) from the day,
month, and year of HepBO receipt (H53D, H53M, and H53Y).
The age at Penta 3 receipt was then compared to the national
immunisation window of 121 — 150 days (i.e., at 4 months).
Vaccines administered within this window were classified as
"Timely', while those received outside this window (early or
delayed) were considered 'Untimely'.

Timely 15, 2"
& 3 dose of
Penta

NA

This composite variable assesses whether a child received all
three doses of the Penta vaccine in a timely manner It was
constructed based on the individual timely status for each dose
(Timely Penta1, Timely Penta2, and Timely Penta3). Two
categories were defined: "Timely," indicating that all three doses
were administered on time, and "Untimely," indicating that at
least one dose was administered outside the recommended
timeframe. This outcome variable evaluates a child's ability to
consistently receive the multi-dose Penta vaccine according to
the recommended schedule.

Timely MCV1

HAD, HOM,
HOY, B17,
B1, and B2

This outcome variable, representing the age (in days) at the time
of MCV1 vaccine receipt, was calculated by subtracting the day,
month, and year of birth (B17, B1, and B2) from the day, month,
and year of HepBO receipt (H9D, H9M, and H9Y). The age at
MCV1 receipt was then compared to the national immunisation
window of 271 — 300 days (i.e., at 9 months). Vaccines
administered within this window were classified as 'Timely', while
those received outside this window (early or delayed) were
considered 'Untimely'.

* Despite being well-established predictors of childhood vaccination uptake, the covariates 'ANC
number' (antenatal care) and 'PNC attendance' (postnatal care) were excluded from the final
analysis due to their high missingness rates of 17% each. This decision was made to prevent
potential reductions in statistical power, biased estimates, and inaccurate standard errors from the
multi-level regression model.
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The Gambia national immunisation facility mapping and census

To enhance microplanning for vaccination services, The Gambia's EPI programme, in collaboration
with Crosscut (https://crosscut.io/), undertook an immunisation facility mapping and census aimed
at generating a comprehensive national geolocated database of immunisation facilities. The
process of generating the national geolocated database of immunisation facilities in The Gambia
began in early 2019 and concluded later that year.

The process of creating the final National Geolocated Immunisation Facility Dataset involved four
primary steps:

1. Identification and Compilation: Crosscut, responsible for executing the facility census and
mapping, closely collaborated with national programme managers of The Gambian EPI to
compile a comprehensive list of all facilities (government or private) providing routine
childhood vaccination services, including health facilities and immunisation outreach posts.

2. Verification: The initial facility list underwent thorough verification by cross-referencing
unique facility names with immunisation focal persons across all the regional health
directorates in The Gambia. This process ensured that the list compiled at the national
level, reflected the current realities at the regional level because some facilities might have
been closed while new ones might have also been opened.

3. Primary Data Collection: Crosscut and EPI focal persons conducted on-site visits to all the
facility on the verified list for primary data collection. This process included obtaining
geolocation coordinates (i.e., longitude and latitude), photographing each unique facility,
and gathering facility attribute information such as type, ownership, and the availability of
functional vaccine cold storage.

4. Additional Analysis: Further analysis was conducted on the primary data to derive
additional information, such as estimating the population of children within the catchment
area of each immunisation facility. Population estimates from WorldPop were utilized,
employing a travel-time least-cost-path model to delineate catchment areas and assign
population grids to their respective immunisation sites.

To further augment the dataset with crucial information needed for this study, In 2021, we
collaborated with The Gambian EPI to update the national geolocated dataset of immunisation
facilities with additional variables which we considered very important supply-side determinants of
vaccination. This included variables such as the number of days per month a facility was
operational and staffing levels for vaccination service provision for all the facilities on the database.
During this process, we ensured continued engagement with EPI focal persons both nationally and
across all regional health directorates in The Gambia. Through this process, we verified all the
information, starting with the immunisation programme managers at the national level, and then,
the immunisation focal persons at the regional health directorates.
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Spatial location of all immunisation clinics in The Gambia

The 394 Health facility (fixed clinics) and outreach immuniation clinics in The Gambia
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Fig S1: The spatial locations of all 394 immunisation facilities (fixed and outreach sites) in The
Gambia as of December 2019. The shapefiles for creating these maps we obtained from the global
database of Global Administrative areas (GADM) (https://gadm.org/data.html). The maps were
created in R.
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Modelling geographic accessibility

We used travel time to the nearest immunisation clinics as the indicator of choice to determine
geographic accessibility. We chose travel time as it considers various factors, including elevation,
barriers, road network, and travel speed, which collectively influence geographic accessibility more
accurately than Euclidean or straight-line distances.® AccessMod, a GIS tool developed by WHO,
was employed to model travel time to immunisation clinics and analyze geographic accessibility.”
AccessMod was selected due to its widespread usage, simplicity, and availability as free software
for modelling geographic accessibility to health services in several sub-Saharan Africa.®>"" We
considered two travel scenarios; (1) to the nearest fixed immunisation clinic or outreach
immunisation site (i.e., any facility) and, (2) to the nearest fixed immunisation clinic alone.

The travel time modelling utilized raster and vector data encompassing land cover, digital elevation
model (DEM), road networks, water bodies, and the locations of immunisation clinics. Openly
available land cover data were obtained from the European Space Agency,'? while road network
data was sourced from OpenStreetMap (OSM)," and the DEM for The Gambia was acquired from
DIVA-GIS." To ensure compatibility, all datasets were re-projected to a consistent coordinate
system and resolution of 1Tkm x 1km. Travel times were computed as the least-cost path over an
impedance surface, which involved a gridded map layer representing travel speed.

Initially, we generated an integrated gridded friction surface in AccessMod5.0 by combining the
land cover grid with other landscape elements, including barriers like water bodies, along with the
road network (trunks, primary, secondary, tertiary roads, etc.). Subsequently, a travel scenario was
defined to determine travel speeds on different land cover and road types, incorporating both
motorized and walking journeys (i.e., multi-modal approach) to the nearest immunisation clinic.
Walking travel speeds were assigned based on maximum speeds of 5 km/h on grassland, built-up
areas, and footpaths; 4 km/h on shrubland, cropland, tree cover, bare and sparse vegetation; and
3 km/h on herbaceous and mangroves.'® Motorized travel speeds on roads were assigned
conservatively using calibrated speed limits (S3 Table), based on travel time studies conducted in
similar African context.'®'® For non-motorized/walking travel, Tobler's function was applied to
account for speed variations when ascending or descending slopes, depending on the direction of
travel.' Barriers such as water bodies were considered traversable only when crossed by bridges.

Travel time was generated at 1 km resolution and extracted using the corresponding cluster
locations from The Gambia Demographic and Health Survey (DHS) 2019-2020. Median travel
times were extracted within 5 km and 2 km buffer zones for rural and urban clusters, respectively,
to account for the deliberate displacement of cluster locations applied in the DHS methodology for
respondent confidentiality.'®

Table S2: Travel speed assigned to land cover and road types

Description | Land cover or road class Speed in (km/hr) Mode of travel
Herbaceous and Mangroves 3 Walking
Tree cover, Shrubland, Cropland, Bare and 4 Walking
sparse vegetation
Grassland and Built-up area 5 Walking

Landcover | Permanent water bodies or rivers 0 Walking
Footpath, footway, path, pedestrian way 5 Walking
Tracks 5 Walking
Tertiary roads 25 Motorized
Secondary roads 30 Motorized
Primary roads 48 Motorized

Road Trunks 48 Motorized
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Modelled travel to the nearest fixed clinic at 1km x 1km

1x1 km map of modelled travel time to the nearest fixed immunisation clinic
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Fig S2: Maps of travel time (in minutes) to the nearest fixed immuniation clinic in The Gambia at
1km x 1km. The shapefiles for creating these maps were obtained from the global database of
Global Administrative areas (GADM) (https://gadm.org/data.html). The maps were created in R.
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DHS cluster-level travel time to the nearest fixed clinic

Cluster-level travel time to nearest fixed facility
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Fig S3: Maps showing travel time (in minutes) from DHS clusters to the nearest fixed immunisation
clinic in The Gambia. The shapefiles for creating these maps were obtained from the global
database of Global Administrative areas (GADM) (https://gadm.org/data.html). The maps were
created in R.
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Linking DHS clusters to the nearest immunisation clinic

Using the GPS coordinates of both the clusters geolocation from the 2019-20 The Gambia DHS
and national geolocated database of immunisation facilities in The Gambia conducted in 2019, we
linked each children from the DHS clusters to the nearest immunisation facility. This allowed us to
link every DHS cluster to at least one facility and each child in each DHS cluster to their nearest
immunisation clinic, along with detailed information about the facility (i.e., its qualities), including:
the facility type, whether it has a functional vaccine cold storage, staffing levels, the population
within it's catchment, and it's immunisation service schedule.

To achieve the linkage of DHS clusters to the nearest immunisation facility, we followed
these steps:

1. Impedance surface creation: We created an impedance surface using elevation, roads,
water bodies, and travel speeds, as detailed in the section describing our approach to
modelling geographic accessibility (travel time) to immunisation facilities.

2. Travel time modelling: Using the impedance surface, we modelled travel time to the DHS
cluster locations by accumulating travel costs.

3. Facility overlay and travel time extraction: We overlaid the health facility geolocations
onto the gridded travel times to each DHS cluster to extract the travel time value and
identify the nearest facility to each cluster.

4. Nearest facility assignment: Finally, the cluster closest to the facility (in terms of travel
time) was assigned as the nearest immunisation clinic for each child within the cluster. We
also assigned all the qualities of the nearest immunisation clinic to the children from the
clusters which were linked to it.
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Receiver operating characteristics curve for the six multi-level models

ROC curve of the six models
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Fig S4: Plots of the area under the receiver operating characteristic curve (ROC) scores of the
fitted models. The computed area under the curve (AUC) scores are included in the legends for

each vaccine combination.

Page | 227



Variance Coefficient Partition (VPC) for the six multi-level models

For each outcome variable (i.e., timely HepBO, Penta1, Penta2, Penta3, All Penta and MCV1), we
assessed the proportion of the total residual variation (after accounting for covariate effects) that
can be attributed to different levels of the model's hierarchy using the variance partition coefficient
(VPC). ' The output from the VPC analysis is shown below.

Level . Household . Cluster I:’ Stratum

14 -
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-
o
1

o]
fl

Variance partition coefficient (%)

H
1

HepBO Penta1 Penta2 Penta3 All Penta MCV1

Fig S5: Variance partition coefficient plots showing the proportion of variation in timely vaccination
attributable to the different levels of data accounted for in the fitted models.

Fig S5 shows that the cluster-level random effect accounted for most of the unexplained variation
in timely HepBO, Penta2, and All Penta vaccinations. However, for timely Penta1 and Penta3, the
stratum-level random effect explained most of the residual variations, while the household-level
random effect explained MCV1. The presence of higher unexplained variation in the odds of timely
vaccination across the different levels suggests the need to identify additional predictors of timely
vaccination specific to those levels. This finding also underscores the importance of spatially-

detailed estimates of vaccination timeliness, allowing for interventions targeted at finer geographic
scales.
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Unadjusted bivariate analysis of factors associated with timely HepB0

Bivariate analysis of factors associated with timely HepB0
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Urban/Rural [Urban]
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Fig S6: Unadjusted odds ratio and corresponding 95% credible interval plots for determinants of
timely birth-dose of hepatitis B (HepBO0). Note: The vertical dashed red lines mark the odds ratio of
1. Red dots and lines show the aORs and 95Cls of variables that have significant associations with
vaccination. Dark blue horizontal line separates the covariates in level 1, 2 and 3 factors.

Page | 229



Unadjusted bivariate analysis of factors associated with timely Penta 1

Bivariate analysis of factors associated with timely Penta 1
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Unadjusted odds ratio and 95% confidence intervals

Fig S7: Unadjusted odds ratio and corresponding 95% credible interval plots for determinants of
timely first-dose of pentavalent vaccine (Penta1). Note: The vertical dashed red lines mark the
odds ratio of 1. Red dots and lines show the aORs and 95ClIs of variables that have significant
associations with vaccination. Dark blue horizontal line separates the covariates in level 1, 2 and 3

factors.
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Unadjusted bivariate analysis of factors associated with timely Penta 2

Bivariate analysis of factors associated with timely Penta 2
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Unadjusted odds ratio and 95% confidence intervals

Fig S8: Unadjusted odds ratio and corresponding 95% credible interval plots for determinants of
timely second-dose of pentavalent vaccine (Penta2). Note: The vertical dashed red lines mark the
odds ratio of 1. Red dots and lines show the aORs and 95ClIs of variables that have significant
associations with vaccination. Dark blue horizontal line separates the covariates in level 1, 2 and 3
factors.
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Unadjusted bivariate analysis of factors associated with timely Penta 3
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Fig S9: Unadjusted odds ratio and corresponding 95% credible interval plots for determinants of
timely third-dose of pentavalent vaccine (Penta3). Note: The vertical dashed red lines mark the
odds ratio of 1. Red dots and lines show the aORs and 95ClIs of variables that have significant
associations with vaccination. Dark blue horizontal line separates the covariates in level 1, 2 and 3

factors.
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Unadjusted bivariate analysis of factors associated with timely ‘All Penta’

Bivariate analysis: factors associated with timely all Penta doses
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Fig S10: Unadjusted odds ratio and corresponding 95% credible interval plots for determinants of
timely all doses of pentavalent vaccine (‘All Penta’). Note: The vertical dashed red lines mark the
odds ratio of 1. Red dots and lines show the aORs and 95ClIs of variables that have significant
associations with vaccination. Dark blue horizontal line separates the covariates in level 1, 2 and 3
factors.
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Unadjusted bivariate analysis of factors associated with timely MCV1

Bivariate analysis of factors associated with timely MCV1
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Fig S11: Unadjusted odds ratio and corresponding 95% credible interval plots for determinants of
timely first-dose of measles-containing vaccine (MCV1). Note: The vertical dashed red lines mark

the odds ratio of 1. Red dots and lines show the aORs and 95ClIs of variables that have significant
associations with vaccination. Dark blue horizontal line separates the covariates in level 1, 2 and 3
factors.
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Appendix 13: Links to R Codes developed for data cleaning, wrangling and

analysis

Objective 2: https://github.com/drwariri/Mapping-the-timeliness-of-routine-childhood-vaccination-

in-The-Gambia-a-spatial-modelling-study

Objective 3: https://github.com/drwariri/Impact-of-COVID-19-pandemic-on-the-timeliness-and-

coverage-of-childhood-vaccination-in-The-Gambia

Objective 4: https://github.com/drwariri/Multi-level-determinants-of-timely-routine-childhood-

vaccinations-in-The-Gambia

Popular repositories

Mapping-the-timeliness-of-routine-childhood-
vaccination-in-The-Gambia-a-spatial-modelling-study

This repository contains all the R script used to generate the analysis

described in the manuscript "Mapping the timeliness of routine childhood

vaccination in The Gambia: a spatial modelling study"

orR %1

Multi-level-determinants-of-timely-routine-childhood-
vaccinations-in-The-Gambia

This repository contains all the R script used to generate the analysis

described in the manuscript "Multi-le

childhood vaccinations in The Gambia: findings from a..

OR

determinants of timely routine

Customize your pins

Impact-of-COVID-19-pandemic-on-the-timeliness-and-

coverage-of-childhood-vaccination-in-The-Gambia
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