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Abstract

Objectives

Understanding the link between routine immunisation (RI) performance and vac-
cination during an epidemic can provide insights on health systems resilience and
investments to strengthen health systems. We examined the relationship between RI
performance and COVID-19 vaccination coverage in small island developing states
(SIDS).

Methods

We analysed immunisation and health system performance data in 55 SIDS. Our
primary outcome was COVID-19 vaccination coverage at four timepoints (June
2021, December 2021, June 2022 and December 2022). We examined associations
with coverage of six childhood immunisations (5-year mean annual coverage for
2015-2019), pandemic-related disruptions to RI, new vaccine introductions, health
system performance measures, and economic and demographic characteristics. We
calculated Spearman correlation coefficients (r) with p-values (p <0.05 considered
significant) and 95% confidence intervals for continuous variables and mean COVID-
19 vaccination coverage by categorical variables.

Findings
COVID-19 vaccination coverage was higher in countries that sustained pre-pandemic
RI coverage during the pandemic, and where HPV, influenza and measles-containing
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(second dose) vaccines had been introduced. There were weak correlations (|r|<0.4)
between coverage of COVID-19 vaccination and RI, with a few exceptions of mod-
erate correlations with the birth dose of hepatitis B vaccine (June 2022: r=0.421,
p=0.007; December 2022: r=0.438, p=0.005) and first dose of measles vaccine
(December 2021: r=0.420, p=0.002). COVID-19 vaccination coverage was strongly
correlated with the density of physicians (June 2021: 0.897, p<0.001; December
2021: 0.785, p<0.001) and moderately correlated with that of nurses and midwives
(June 2021: 0.630, p=0.001; December 2021: 0.605, p=0.002). COVID-19 vaccina-
tion coverage was lower in SIDS with lower country income and development status.

Conclusions

Countries that achieved high COVID-19 vaccination coverage also sustained RI
coverage during the pandemic, demonstrating health system resilience. Our findings
highlight the importance of having sufficient skilled health professionals and experi-
ence in introducing new vaccines targeting different age groups into national pro-
grams, particularly in small island settings.

Introduction

The Immunization Agenda 2030 (IA2030), the global vision and strategy for immuni-
sation for the decade 2021-2030, emphasises the need to strengthen health systems
to attain universal health coverage of all health services including immunisation [1].
Countries achieve and sustain high, equitable routine immunisation (RI) coverage
when the various components of immunisation systems align with fundamental health
system components and work together effectively [2,3]. The recent advocacy and
increasing investments in immunisation systems from disease-focused programs
reflect this shift [1,4]. System-based approaches to achieving high, equitable RI cov-
erage can have benefits like reaching underserved and vulnerable populations who
previously had limited, if any, contact with the primary healthcare system [5,6]. How-
ever, there is limited evidence on the relationship between immunisation systems and
the ability to deliver vaccines during public health emergencies caused by infectious
disease outbreaks.

The COVID-19 pandemic provides an opportunity to apply a health systems lens
to examine the link between RI performance and emergency vaccination. COVID-
19, caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
can cause severe respiratory disease requiring hospitalisation and critical care such
as ventilation, and can be fatal [7]. Its high transmissibility threatened to quickly
overwhelmed health systems in the first wave of infection, leading to intense efforts
to develop and deploy an effective vaccine. A recent analysis of COVID-19 vaccina-
tion coverage and immunisation program maturity found that COVID-19 vaccination
coverage was 14—16% higher in countries with an adult seasonal influenza vacci-
nation program [8]. However the study did not examine factors such as ability to
maintain routine immunisation coverage while concurrently implementing COVID-19
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vaccination programs (a measure of system resilience), universal health coverage index and infant mortality. These indi-
cators measure different aspects of health and immunisation system performance and including them in such analyses
provides additional insights into how strengthening routine systems can improve outcomes during an emergency. Fur-
thermore, there was a high degree of heterogeneity in the health systems and political, socioeconomic and demographic
contexts across countries, and in how COVID-19 vaccination programs were implemented, which is difficult to account for
in a global analysis. In this study, we build on the existing literature by examining immunisation system factors associated
with COVID-19 vaccination coverage within small island developing states (SIDS).

SIDS are a group of 57 small, remote low-lying island nations, including 29 Caribbean nations, 19 Pacific Island Coun-
tries and Territories, eight Atlantic, Indian Ocean and South China Sea (AIS) member states, and one country in southeast
Asia (Timor-Leste) [9]. SIDS vary in their income level classifications from low through to high income, but are all con-
sidered to be vulnerable to systemic shocks due to social, economic, environmental and infrastructural challenges and
limited resources [9]. They are characterised by small population sizes and limited health infrastructure, especially highly
constrained health workforces [10—12]. For example, in the Pacific region, Vanuatu, with a population of approximately
330,000, has 48 doctors and 353 nurses (0.16 and 1.16 per 1,000, respectively), while Niue has 3 doctors and 20 nurses
(1.65 and 10.60 per 1,000, respectively) for their population of just under 2,000 people [13]. In the Caribbean, Dominica
has 79 doctors and 461 nurses (1.12 and 6.51 per 1,000, respectively) for almost 73,000 people [13]. Their remoteness
and economic and environmental vulnerability limit their capacity to respond rapidly to large infectious disease outbreaks.
The fragile nature of health systems, increased vulnerability to outbreaks and costly emergency response has been rec-
ognised by Gavi, The Vaccine Alliance in their most recent strategy for 2026—2030 [14].

Regarding responses to the COVID-19 pandemic, many SIDS relied on border closures to control the importation of
COVID-19 [15-17]. Their small population sizes diminish their purchasing power with vaccine manufacturers, a significant
disadvantage during the COVID-19 pandemic when supplies were limited and wealthy countries were buying up available
stocks [18,19]. Additionally, they face higher freight costs to transport vaccines due to their remote geography. Vaccine
distribution to the point-of-service is complicated by the need to maintain cold chain in warm climates and transport vac-
cines by air and boat especially to remote outer lying islands. Health system organisation and performance vary across
SIDS with different financing, political and socioeconomic influences. This was evident in responses to and outcomes of
the COVID-19 pandemic, with some SIDS keeping the virus at bay until late 2021 and even 2022, while others experi-
enced high case numbers and fatalities earlier on [20—22]. Policies regarding border closures, quarantine protocols and
vaccine mandates varied, as did decision-making and emergency response coordination structures [15,20]. For example
in the Pacific, country-level responses were complemented by the WHO’s wider Pacific Joint Incident Management Team
partner coordination meetings [20]. In the Caribbean, the Caribbean Public Health Agency Caribbean Regulatory System
collaborated with the WHO and Pan American Health Organization to expedite regulatory approvals of COVID-19 vac-
cines [23]. Acceptance of COVID-19 vaccination was also a challenge in some SIDS, with surveys in Papua New Guinea,
Haiti and Dominican Republic indicating only 27.6%, 43.2% and 68.8% of individuals, respectively, intended to receive a
COVID-19 vaccine [24,25]. Another survey of healthcare workers found broad (>90%) acceptance of vaccines in general,
but hesitancy to receive COVID-19 vaccines among 23% of respondents [26].

There is limited data on factors associated with COVID-19 outcomes, including vaccination coverage, in SIDS. Examin-
ing immunisation system factors can provide insights into investments and strategies to strengthen immunisation systems
and emergency vaccination. In this study, we examined the relationship between Rl systems and COVID-19 vaccination
coverage in SIDS.

Methods

An immunisation system encompasses all components of a health system necessary to deliver vaccines, including all the
organisations, institutions, resources, processes and activities involved in the delivery of immunisation programs [27]. In
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this study, we focused on the systems for routine immunisation and emergency vaccination, including the system’s capac-
ity to deliver both concurrently, i.e., resilience. Key terms used in this study are defined in Box 1.

Box 1.—Key definitions and assumptions.

* Routine immunisation comprises all vaccinations provided on a regular basis according to a country’s national
vaccination schedule, including those delivered via mass vaccination campaigns (i.e., supplementary immunisation
activities) to close gaps in coverage. Immunisation performance is most commonly measured by vaccination cover-
age, with higher coverage indicative of stronger performance.

» Emergency vaccination occurs to mitigate an infectious disease outbreak, using a novel vaccine antigen or a rou-
tine vaccine that targets different age and risk groups. This study focuses on COVID-19 vaccination during the acute
phase of the COVID-19 pandemic, i.e., between January 2020 and May 2023 when COVID-19 was considered a
public health emergency of international concern [28].

+ Health system resilience is the capacity of the health system to prepare for and effectively respond to a crisis while
maintaining core functions [29]. Resilient vaccination systems, therefore, are those that can provide emergency
vaccination services in response to an infectious disease epidemic, with minimal disruptions to routine immunisation
services.

* New vaccine introduction refers to the integration of newer and underutilised vaccines into a country’s national
immunisation program. In this study, we focused on the second dose of measles containing vaccine (MCV2), pneu-
mococcal conjugate vaccine (PCV), rotavirus vaccine and HPV vaccine as WHO recommends them for all countries,
as well as influenza vaccine to examine the effect of integrating a vaccine targeting adulthood into national programs.

Inclusion criteria

We included all SIDS (N=57) in line with the United Nations Office of the High Representative for the Least Developed
Countries, Landlocked Countries and Small Island Developing States (UN-OHRLLS) classification including 39 WHO
member states and 18 non-member states [9]. We included both WHO member and non-member states as they all expe-
rience social, infrastructural and economic challenges given their remote geography, small population sizes and vulner-
ability to climate change. We included all SIDS that had publicly reported data on COVID-19 vaccination coverage rates.
We only excluded SIDS for which COVID-19 vaccination coverage was not publicly reported.

Data sources

We extracted the following publicly available data (Table 1):

* Monthly COVID-19 vaccination coverage data for 2021 and 2022 from COVID-19 Vaccination Information Hub, collated
from the WHO Joint Reporting Form (JRF) COVID-19 vaccination module [30].

+ WHO/UNICEF estimates of national immunisation coverage (WUENIC) data for the years 2015-2022, collated from
countries annually via the JRF process. Data were sourced from the WHO Immunization Data Portal, including data
on RI coverage, new vaccine introduction and immunisation system performance [31]. Data for RI coverage were not
consistently reported for non-WHO member states, and were unavailable for new vaccine introduction status and immu-
nisation system performance measures through the WUENIC system. Indicators on dropout of routine immunisation
coverage and disruptions to routine immunisation coverage during the COVID-19 pandemic were calculated based on
WUENIC estimates.
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Table 1. Independent variables included in the analysis and data sources.

Variable group

Variable

Variable type

Categories (for cate-
gorical variables)

Data source

Routine immunisation | Immunisation coverage,* 5-year mean (2015-2019), | Continuous & + <80% WUENIC
performance for: categorical * 80-<85%
» BCG vaccine * 85-<90%
» Hepatitis B birth dose (i.e., given within 24 hours * 90-<95%
of birth) « 295%
« DTP1
« DTP3
« MCV1
+ MCV2
Dropout of rou- Difference in the 5-year mean (2015-2019) coverage | Continuous & e <5% WUENIC
tine immunisation between: categorical + 5-<10%
coverage 1. BCG vaccine and MCV1 + 10-<15%
2. DTP1and DTP3 « 215%
3. DTP1and MCV1
4. DTP1 and MCV2
5. MCV1and MCV2
Disruption to rou- Decline in coverage of any (i.e., at least 1) of three Categorical * Yes WUENIC
tine immunisation vaccines (DTP1, DTP3, MCV1) compared to coverage *« No
coverage in 2019, by year:
« 2020
« 2021
« 2022
Decline in coverage of all three vaccines (DTP1, Categorical * Yes WUENIC
DTP3, MCV1) compared to coverage in 2019, by year: * No
« 2020
« 2021
. 2022
New vaccine New vaccine introduction (i.e., whether countries had | Categorical Analysis 1: WUENIC
introduction introduced these vaccines in their national immunisa- * Yes
tion programs) as at 2019, for: *+ No
* HPV vaccine Analysis 2:
* Influenza vaccine * Yes, 25 years
« MCV2 * Yes,<5 years
* Pneumococcal conjugate vaccine *« No
* Rotavirus vaccine
Immunisation system | NITAG functionality, i.e., does the country have a Categorical Strict definition: WUENIC; definitions
performance functional NITAG as at 2019 * Yes based on Van Zandvoort
* No et al 2019 [32]
Permissive definition:
* Yes
« No
Existence of an AEFI surveillance system Categorical * Yes WUENIC
* No
Health system Universal Health Coverage index Continuous N/A World Bank Indicators
performance Infant mortality rate, per 1,000 live births Continuous N/A World Bank Indicators
Under-five mortality rate, per 1,000 live births Continuous N/A World Bank Indicators
Density of healthcare workers, per 10,000 population: | Continuous N/A World Bank Indicators
* Physicians
* Nurses and midwives
Density of hospital beds, per 10,000 population Continuous N/A World Bank Indicators
Government expenditure on healthcare — proportion of | Continuous N/A World Bank Indicators
GDP spent on healthcare
Birth registration completeness (proportion of births Continuous N/A UNICEF

registered)

(Continued)
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Table 1. (Continued)

Variable group Variable Variable type Categories (for cate- | Data source
gorical variables)
Economic and Country income level* Categorical » High income World Bank
development *  Upper-middle
characteristics” income
*  Lower-middle
income
e Low income
Status as a least developed country* Categorical * Least developed UNOHRLLS
« Developing
Eligibility for funding from Gavi* Categorical * Yes Gavi
« No
COVAX status* Categorical » Self-financing COVID-19 Vaccination
« AMC Information Hub
*« No
Demographic Country population size Continuous N/A World Bank Indicators
characteristics Proportion of the population living in rural areas Continuous N/A World Bank Indicators
Population density Continuous N/A World Bank Indicators
Primary gender parity index Continuous N/A World Bank Indicators

AEFI: Adverse Event Following Immunisation; AMC: Advance Market Commitment; BCG: Bacille Calmette-Guérin; COVAX: COVID-19 Vaccines Global
Access; DTP: Diphtheria-Tetanus-Pertussis-containing vaccine; HPV: Human Papilloma Virus; MCV: Measles-Containing Vaccine; NITAG: National
Immunisation Technical Advisory Group; SIDS: Small Island Developing State(s); UNDP: United Nations Development Programme; UNICEF: United
Nations Children’s Fund; UNOHRLLS: United Nations Office of the High Representative for the Least Developed Countries, Landlocked Develop-

ing Countries and Small Island Developing States; WUENIC: WHO/UNICEF Estimates of National Immunisation Coverage; WHO: World Health
Organization.

*These six antigens were included as they represent the six childhood vaccines that were the initial focus of the Expanded Programme on Immunization
(i.e., BCG, DTP and MCV vaccines), in addition to the birth dose of hepatitis B vaccine which is a key health system indicator, i.e., access to vaccination
at birth.

#The economic and development characteristic indicators included measures of a country’s wealth and development status and vulnerability to shocks
that use differing criteria. Country income level categories are defined by Gross National Income (GNI) per capita based on the World Bank’s classifi-
cations using the World Bank Atlas Method. Least developed country status is defined based on having low GNI, an economic vulnerability index, and
having low levels of human resources (based on indicators of nutrition, health, education and adult literacy). Eligibility for Gavi funding is based primarily
on GNI per capita. Eligibility for a country to participate in the COVAX Advance Market Commitment were based primarily on the country’s income clas-
sification (all low and lower-middle) were eligible, with some upper-middle income countries eligible based on criteria related to economic vulnerability.
Self-financing countries were high and upper-middle income countries who joined the COVAX Facility who were ineligible for development assistance.
Countries that did not join the COVAX facility were classified as “no” for their COVAX status.

https://doi.org/10.1371/journal.pone.0317327.t001

» World Bank Indicators data for health system performance (e.g., health worker density and childhood mortality rates)
and country-level demographic characteristics (e.g., country population size).

» Country income level and development status classifications as defined by the World Bank and United Nations Develop-
ment Programme, respectively.

Table 1 provides further details on data sources for independent variables. All data were extracted in April 2024. As all
data were aggregated at the country-level and obtained from publicly available sources, ethical approval was not required.
No ethical approval was required as this study used publicly available datasets on national-level data.

Outcomes of interest

The primary outcomes of interest were coverage of: A) the first dose of COVID-19 vaccination, and B) a complete primary
course of COVID-19 vaccination. We examined coverage at four timepoints in the first two years of the global roll-out: 1)
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June 2021, 2) December 2021, 3) June 2022, and 4) December 2022. We did not include coverage for COVID-19 vaccine
boosters in our study as we focused on vaccination efforts aimed at increasing population-level immunity during the acute
phase of the pandemic.

Independent variables: routine immunisation

In this study, we focused on well-established measures of the overall performance of immunisation systems at a national
level, namely indicators for vaccination coverage and introducing new vaccines in national immunisation programs [33]
Table 1 lists the definitions and details of independent variables. They included:

» The 5-year (2015-2019) mean annual coverage of six vaccines, i.e., Bacillus Calmette-Guérin (BCG) vaccine birth
dose, hepatitis B vaccine birth dose, the first and third dose of diphtheria-tetanus-pertussis containing vaccine (DTP1
and DTP3), and the first and second dose of measles-containing vaccine (MCV1 and MCV2);

» Dropout of vaccination coverage, i.e., the proportion of children who did not receive subsequent doses of vaccination
after receiving earlier doses in the series, which is often used as an indicator of the health system’s ability to consistently
reach populations to achieve full vaccination; [3].

* Disruption to RI during the COVID-19 pandemic (i.e., 2020, 2021 and 2022), defined as a decline in coverage of three
vaccines (DTP1, DTP3 and MCV1) in comparison to 2019 (which has been used as a benchmark year in recent assess-
ments of global immunisation coverage) [34—37] either alone or in combination;

* “New vaccine introduction” of five new and underutilised vaccines as of 2019, namely MCV2, PCV, rotavirus, HPV and
influenza vaccines, as their introduction can reflect and impact the performance of health systems [38].

Independent variables: health system and macro factors

We included immunisation system performance measures that focus on system strengthening initiatives in recent years.
These include the functionality of a national immunisation technical advisory group (NITAG) [32,39] and established
national surveillance system for adverse events following immunisation (AEFI) [40,41]. In line with our hypothesis that
immunisation system performance is associated with health systems as a whole, we examined the relationship with
universal health coverage (UHC) index, infant and under-five mortality rates, density of healthcare workers and hospital
beds, government expenditure on healthcare and birth registration completeness.

We also included economic and development indicators (i.e., country income level, status as a least developed country,
eligibility for funding from Gavi The Vaccine Alliance, and COVAX status), and demographic characteristics (i.e., country
population size, the proportion of population living in rural areas, population density and the primary gender parity index)
to account for macro-level factors.

We used pre-pandemic data from 2019 (or the single most recent available year where data for 2019 were not avail-
able) for all health system and macro factors. We used data from a single year for these measures, as they are less
susceptible to year-on-year variations.

Data analyses

We generated descriptive statistics using an exploratory data analysis approach to analyse the association between
COVID-19 vaccination coverage and independent variables listed in Table 1. We calculated correlation coefficients where
independent variables were continuous, as they allow an investigation into the strength and direction of an association
between variables [42]. We generated Spearman correlations coefficients (as variables were non-normally distributed)
with p-values (p<0.05 considered significant) and 95% confidence intervals. We classified correlations as weak (|r|<0.4),

PLOS One | https://doi.org/10.1371/journal.pone.0317327  July 8, 2025 7121




PLO\Sﬁ\\.- One

moderate (|r|20.4 and |r| <0.7) or strong (|r| 20.7). We did not conduct linear regression analysis as there were substantial
missing data from countries (especially non-WHO member states) which limited the number of countries that could be
included. We also calculated COVID-19 vaccination coverage for all categorical variables.

We included data from SIDS that reported COVID-19 vaccination coverage data and were publicly available, exclud-
ing SIDS from analyses where data for specific independent variables were unavailable. In analyses with RI coverage,
we used the mean of available coverage values (i.e., the denominator was the number of years for which data were
available). We used 5-year mean annual immunisation coverage for RI rather than individual year estimates to account
for year-to-year variation in coverage and mitigate against the impact of an anomalous year for a specific country in our
analysis. We excluded SIDS from specific analyses only if they did not have any coverage values reported for a specific
vaccine over the 5-year period. We limited the analyses by new vaccine introduction variables and immunisation system
performance variables to WHO member states only (n=39), as data for non-member states were not available through
WUENIC.

Analyses were conducted in RStudio (R version 4.4.1, 2024) [43].

Results

Of the 57 SIDS, two (Martinique and the US Virgin Islands) did not have publicly reported COVID-19 vaccination data and
were excluded. Our final study dataset included 55 SIDS representing a mix of country income levels (see Table 2). The
included SIDS were from the WHO regions of the Americas (n=27), Western Pacific (n=20), Africa (n=6) and Southeast
Asia (n=2).

Associations with routine immunisation performance

We found weak correlations (r<0.4) between coverage of both the first dose and complete primary series of COVID-19
vaccination coverage and the 5-year mean annual coverage of Rl included in the study, with few exceptions (Table 3; also
see S1 Appendix). These exceptions where there were moderate correlations (i.e., r=0.4 but all were r<0.5) were for cov-
erage of the birth dose of hepatitis B vaccine (r=0.425 [p=0.006, 95%CI: 0.056—-0.730] and r=0.421 [p=0.007, 95%CI:
0.072-0.721] for the first dose and full primary series of COVID-19 vaccination coverage, respectively, in June 2022, and
r=0.421 [p=0.007, 95%CI: 0.072—-0.721] and r=0.438 [p=0.005, 95%CI: 0.098-0.715] for the first dose and full pri-
mary series of COVID-19 vaccination coverage, respectively, in December 2022) and the first dose of measles vaccine
(r=0.420 [p=0.002, 95%CI: 0.145-0.664] for full primary series of COVID-19 vaccination and MCV1 in December 2021).
We observed moderate negative correlations (i.e., between —0.4 and —0.5) between COVID-19 vaccination coverage
and dropout of coverage between routine vaccines, particularly between DTP1 and either MCV1 or MCV2, largely at the
December 2021 timepoint (results in S2 Appendix). The negative correlations indicate lower COVID-19 vaccination cover-
age with higher RI dropout. Correlations at all other timepoints were weak.

We found SIDS that experienced declines in Rl coverage in 2021 and 2022 had lower COVID-19 vaccination coverage
across the entire study period compared with those who did not experience disruptions (see Fig 1). This was true whether
SIDS experienced declines for a single vaccine (DTP1, DTP3 or MCV1) or all three combined vaccines.

Association with new vaccine introductions

COVID-19 vaccination coverage was higher among SIDS that had introduced HPV, influenza and MCV2 vaccines. These
differences were greater in the earlier stages of the COVID-19 vaccination rollout, and reduced over time. When examined
by years of introduction, SIDS that had introduced HPV vaccine (see Fig 2) and MCV2 (see Fig 3) vaccine within 5 years
of 2019 had similar levels of COVID-19 vaccination coverage to those who had not introduced those vaccines as of 2019.
COVID-19 vaccination coverage was higher for SIDS that had introduced HPV vaccine and MCV2 for 5 or more years.
The reverse was observed for influenza vaccine introduction, with higher COVID-19 vaccination coverage among SIDS
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Table 2. Characteristics of included small island developing states (SIDS) (N=55)*.

Characteristic n %
WHO region
Africa 6 10.9%
Americas 27 49.1%
South-East Asia 2 3.6%
Western Pacific 20 36.4%
SIDS region
AIS 8 14.5%
Caribbean 27 49.1%
PICs 19 34.5%
N/A 1 1.8%
Income level
Low 1 1.8%
Lower-middle 11 20.0%
Upper-middle 16 29.1%
High 22 40.0%
Other 5 9.1%
Status as “Least developed country”
Least developed 7 12.7%
Developing 48 87.3%
Eligibility for Gavi funding
Yes 7 12.7%
No 32 58.2%
N/A (non-WHO member states) 16 29.1%
COVAX membership
Self-financing 12 21.8%
AMC 23 41.8%
No 4 7.3%
N/A (non-WHO member states) 16 29.1%

AIS: Atlantic, Indian Ocean and South China Sea; AMC: Advance Market Commitment; COVAX: COVID-19 Vaccines Global Access; PICs: Pacific Island
Countries and Territories; SIDS: Small Island Developing State(s); WHO: World Health Organization.

*The 55 SIDS included. American Samoa, Anguilla, Antigua and Barbuda, Aruba, Bahamas, Barbados, Belize, Bermuda, British Virgin Islands, Cabo
Verde, Cayman Islands, Commonwealth of Northern Marianas, Comoros, Cook Islands, Cuba, Curacao, Dominica, Dominican Republic, Fiji, French
Polynesia, Grenada, Guadeloupe, Guam, Guinea-Bissau, Guyana, Haiti, Jamaica, Kiribati, Maldives, Marshall Islands, Mauritius, Micronesia (Federat-
ed States of), Montserrat, Nauru, New Caledonia, Niue, Palau, Papua New Guinea, Puerto Rico, Saint Lucia, Saint Vincent and the Grenadines, Saint
Kitts and Nevis, Samoa, Sdo Tomé and Principe, Seychelles, Singapore, Sint Maarten, Solomon Islands, Suriname, Timor-Leste, Tonga, Trinidad and
Tobago, Tuvalu, and Vanuatu.

https://doi.org/10.1371/journal.pone.0317327.t002

that had introduced influenza vaccine within 5 years, noting there were only three countries in this group (see Fig 4). No
trends were observed regarding introduction of PCV or rotavirus vaccine (see S3 Appendix).

Association with health system performance

We found a strong correlation between first dose and full COVID-19 vaccination coverage and the density of physicians, par-
ticularly in 2021 (first dose — June 2021: 0.905; December 2021: 0.759; primary series — June 2021: 0.897; December 2021:
0.785, p<0.001 for all), which declined over the study period to a moderate correlation in 2022 (first dose — June 2022: 0.643,
p=0.001; December 2022: 0.608, p=0.002; primary series — June 2022: 0.654, p=0.001; December 2022: 0.625, p=0.001
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Table 3. Spearman correlations between COVID-19 vaccination coverage and 5-year (2015-2019) mean annual coverage of routine
immunisations.

Vaccine N June 2021 December 2021 June 2022 December 2022
rho rho rho rho
Coverage of first dose of COVID-19 vaccination
BCG 42 0.335*% 0.279 0.257 0.231
DTP1 51 0.334* 0.35* 0.334* 0.314*
DTP3 52 0.264 0.348* 0.258 0.222
HepB birth dose 40 0.367* 0.374* 0.425%* 0.402*
MCV1 52 0.338* 0.399** 0.341* 0.304*
MCV2 47 0.245 0.377** 0.338* 0.317*
Full coverage of primary series of COVID-19 vaccination
BCG 42 0.309* 0.294 0.242 0.230
DTP1 51 0.311* 0.392%* 0.360** 0.345*
DTP3 52 0.255 0.378** 0.311* 0.250
HepB birth dose 40 0.279 0.369* 0.421%* 0.438**
MCV1 52 0.267 0.420%* 0.373** 0.334*
MCV2 47 0.178 0.393** 0.359* 0.349*

*p<0.05, ¥¥p<0.01.
Bolding shows show |r|>0.4.

https://doi.org/10.1371/journal.pone.0317327.t003

(see Table 4 and S4 Appendix; S5 Appendixfor graphs). We observed a moderate correlation between first dose and full
COVID-19 vaccination coverage and the density of nurses and midwives, which was more closely correlated in 2021 than in
2022 (see Table 4).

We did not observe any clear associations between COVID-19 vaccination coverage and other health systems
variables included in this study, including having a functional NITAG, the proportion of births registered, UHC index, gov-
ernment expenditure on healthcare, and under-5 and infant mortality rates (see S6 and S7 Appendices). While some sta-
tistically significant moderate correlations were observed, visual inspection of scatter plots showed clustering of datapoints
with correlations driven by a handful of datapoints (see S7 Appendix).

Association with country-level characteristics (economic, development and demographic factors)

COVID-19 vaccination coverage was higher in SIDS with higher country income during the period from January 2021 to
December 2022. Coverage was highest in high-income countries, followed by upper-middle, lower-middle and low-income
countries (see Fig 5, and Table 5). COVID-19 vaccination coverage was lower among SIDS classified as a “least devel-
oped country” during the same period, and in those eligible to receive Gavi funding (Table 5; see S8 Appendix for country
classifications). COVID-19 vaccination coverage was highest in the four SIDS who did not participate in the COVAX facil-
ity, followed by self-financing members and AMC members (Table 5).

No clear associations were observed between demographic factors including proportion of population in rural areas,
population density and population size, or the primary gender parity index (see S9 Appendix).

Discussion

Our analysis of immunisation in SIDS provides critical insights into the relationship between Rl and vaccination during
infectious disease epidemics. We found that sustaining pre-pandemic Rl coverage rates during the pandemic was pos-
itively associated with having high COVID-19 vaccination coverage. Positive associations were also found between
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Fig 1. COVID-19 vaccination coverage by whether countries experienced declines in routine immunisation coverage (DTP1, DTP3 and MCV1)
during the COVID-19 pandemic. The figures show COVID-19 vaccination coverage (first dose and primary series) at the four timepoints included in
the study (i.e., June 2021, December 2021, June 2022 and December 2022), categorised by whether countries experienced disruptions to three routine
immunisations (DTP1, DTP3 and MCV1) during the COVID-19 pandemic years (2020, 2021 and 2022).

Notes for Fig 1:

« Disruption in ANY vaccine: declines in coverage of at least one of the three vaccines (DTP1, DTP3 or MCV 1) were observed in the given year.
+ Disruption in ALL vaccines: declines in coverage of all three vaccines (DTP1, DTP3 or MCV1) were observed in the given year.

« DTP=diphtheria-tetanus-pertussis vaccine; MCV =measles-containing vaccine; number represents the dose number.

https://doi.org/10.1371/journal.pone.0317327.9001

COVID-19 vaccination coverage and other immunisation and health system performance factors particularly health work-
force density, having introduced newer vaccines, and economic and development factors. In contrast, there were mostly
weak associations between COVID-19 vaccination coverage and Rl coverage rates achieved prior to the COVID-19
pandemic in SIDS.

The weak associations between COVID-19 vaccination and level of RI coverage prior to the pandemic is not entirely
surprising, since the speed, scale and target population of COVID-19 vaccination programs differed to those of RI pro-
grams which usually focusses on children under 5 years of age. It is consistent with results of earlier assessments which
reported an absence of a relationship between national immunisation capacity and readiness to implement COVID-19
vaccination programs [44], and between the maturity of childhood immunisation programs and COVID-19 vaccination cov-
erage [8]. The moderate associations that we observed between COVID-19 vaccination and Rl vaccination coverage were
largely with coverage of the birth dose of hepatitis B vaccine. This is typically given in a health facility post-delivery, which
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Table 4. Spearman correlations between COVID-19 vaccination coverage and density of health resources (workforce and hospital beds).

Vaccine June 2021 December 2021 June 2022 December 2022
rho rho rho rho

Coverage of first dose of COVID-19 vaccination

Physicians per 1,000% 0.905%** 0.759%** 0.643%* 0.608**

Nurses and midwives per 1,000 0.598%* 0.517* 0.389 0.360

Hospital beds per 10,000 0.581%** 0.312 0.290 0.297

Full coverage of primary series of COVID-19 vaccination

Physicians per 1,000* 0.897*** 0.785%** 0.654** 0.625%*

Nurses and midwives per 1,000 0.630** 0.605%* 0.429* 0.430*

Hospital beds per 10,000 0.641%** 0.370* 0.314 0.315

#*p<0.05, *¥p<0.01, ***p<0.001.
Bolding shows show |r|>0.4.
Shading and folding shows strong correlations, i.e., |r|>0.7.

#0ne country was an outlier and excluded from this analysis. Correlation values were strong in a sensitivity analysis that included the outlier country.

https://doi.org/10.1371/journal.pone.0317327.t004

differs from vaccines given at other timepoints in infancy which are delivered through a combination of fixed, outreach and
mobile vaccination services, implying access to health facilities may have been an important factor for attaining COVID-
19 vaccination coverage in SIDS. We also observed moderate negative correlations between COVID-19 vaccination
coverage and dropout of annual coverage for Rl in December 2021, when COVID-19 vaccination supply constraints were
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Fig 5. Monthly COVID-19 vaccination coverage by economic factors. Figures show monthly COVID-19 vaccination coverage (first dose
and primary series) by various economic factors, namely country income level, status as a least developed country, and eligibility for Gavi
funding.

https://doi.org/10.1371/journal.pone.0317327.9005
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Table 5. COVID-19 vaccination coverage at four timepoints in 2021 and 2022, by economic factors.

Characteristic N Coverage of first dose of COVID-19 vaccination Coverage of primary series of COVID-19
vaccination
Jun 2021 Dec 2021 Jun 2022 Dec 2022 Jun 2021 Dec 2021 Jun 2022 Dec 2022
Income level
Low 1 1.1% 19.9% 26.9% 27.6% 0.1% 1.2% 17.4% 18.4%
Lower-middle 11 10.8% 38.5% 49.4% 54.2% 3.9% 27.9% 42.0% 46.8%
Upper-middle 16 29.4% 53.4% 60.0% 61.6% 16.2% 47.5% 53.5% 56.1%
High 22 47.6% 68.3% 73.2% 75.7% 38.7% 63.6% 68.5% 70.6%
Other 5 47.6% 58.3% 63.8% 67.9% 29.0% 55.4% 62.7% 65.9%
LDC status
Yes 7 11.0% 34.2% 46.0% 50.4% 2.5% 21.4% 35.6% 41.9%
No 48 37.5% 59.4% 65.4% 68.0% 26.7% 54.1% 60.6% 62.9%
Eligibility for Gavi funding
Yes 7 3.5% 22.7% 31.4% 33.8% 1.9% 12.4% 23.4% 26.2%
No 31 31.7% 58.2% 64.1% 66.7% 20.9% 51.6% 58.9% 61.2%
N/A* 17 50.7% 66.4% 73.8% 77.2% 37.4% 62.3% 68.5% 72.4%
COVAX status
AMC 23 18.7% 42.7% 52.1% 55.6% 8.4% 33.6% 44.4% 48.4%
Self-financing 12 37.2% 57.8% 63.4% 65.9% 24.8% 53.5% 58.1% 61.0%
No 4 56.3% 81.6% 85.4% 90.4% 36.1% 79.8% 85.6% 89.1%
N/A 16 48.9% 68.2% 72.5% 74.0% 41.8% 63.2% 68.5% 69.5%

LDC=Least Developed Country.

*Non-member WHO states.

https://doi.org/10.1371/journal.pone.0317327.t005

easing. This may indicate the role of disparities in wealth, education and other socioeconomic factors, which are predic-
tors of vaccination dropout, in achieving high and equitable coverage during an epidemic [45].
We found that SIDS that did not experience declines in Rl coverage during the pandemic also achieved high COVID-19
vaccination coverage. This supports the principle that a “strong” health system is a resilient one. The absence of a decline
in Rl coverage observed in these countries does not imply that there were no disruptions to immunisation services during
the pandemic. Rather, it is more likely that they were able to reorganise and rapidly recover from any disruptions. This
ability to rapidly recover from shocks to the system while responding to the crisis is a defining characteristic of resilient

health systems [46].

Resilience is dependent on having a high functioning and adaptive health system, underpinned by equitable access to
essential health services and a skilled and adequately sized workforce [46]. While higher COVID-19 vaccination coverage
was correlated with the workforce density and having introduced and sustained newer vaccines, we did not find an association
between universal health coverage and COVID-19 vaccination coverage. This is contrary to a recent study that demonstrated
countries with higher universal health coverage index scores had higher rates of COVID-19 vaccination [47]. Our findings
might reflect intensified international development partner efforts in response to COVID-19 especially in lower income coun-
tries, or the public response to COVID-19 control measures, such as requirements for vaccination certificates for travel [48].

The association between COVID-19 vaccination coverage and the density of physicians was the strongest in our analysis,
with a weaker association with the density of nurses and midwives observed. This adds to the literature on the importance of
having sufficient skilled health professionals to meet the surge requirements of a health emergency, contributing to the case for
ongoing investment in building the health workforce. Having an adequate number of skilled health workers enables task shifting
and redistributing workers in an emergency response while mitigating the impact on routine services, leading to resilience [49].
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Limited workforce quantity and capability were key barriers in COVID-19 vaccination program implementation globally [50,51].
Many countries had to diversify their workforce by recruiting students and retired health professionals [52]. Modelling studies
found an additional 744,000 health workers were needed globally, largely in low-income countries, to achieve 70% coverage
for COVID-19 vaccination in all countries by mid-2022 at a cost of US$2.5 billion [51]. While workforce capacity is critical for
health system resilience in all settings, it is possibly more important in SIDS where the small numbers of health professionals
greatly limits surge capacity, [11,13,17] and where workers take on multiple roles even under normal circumstances [53]. The
need to invest in building the health workforce in SIDS is recognised by target 3c of the Sustainable Development Goals, which
is to “substantially increase health financing and the recruitment, development, training and retention of the health workforce in
developing countries, especially in least developed countries and small island developing states” [54]. In these settings, a small
number of additional health workers could have impacted countries’ ability to deliver immunisation services.

Similar to other studies, [55-58] we found a clear association between COVID-19 vaccination coverage and country
income level. In our study, least developed countries, with weaker health systems, [59] had lower COVID-19 vaccina-
tion coverage throughout the study period. It also reflects procurement and access to COVID-19 vaccines with
low-and-middle-income countries unable to out-compete wealthy countries in negotiations with manufacturers [56]. For
SIDS, vaccine logistics are more challenging and expensive due to geographically remote and dispersed islands. Small
population sizes in SIDS also diminishes their purchasing power [12,60]. We found inequities in coverage persisted
throughout 2022 when COVID-19 vaccine supply was no longer an issue, indicating health systems factors other than
purchasing power and access to vaccine supplies contribute and are critical for vaccine delivery during epidemics. This
includes workforce density, which is associated with country income [51].

The relationship with introduction of new vaccines (e.g., influenza, HPV and MCV2) aligns with previously published
data that showed an association between COVID-19 vaccination coverage and having an adult seasonal influenza
program [8]. New vaccine introduction requires all components of the immunisation system to work together, including
policy decision financing and vaccine procurement, cold chain capacity, workforce training and community engagement
[61,62]. Furthermore, the associations we found were with vaccines introduced to age groups beyond the first year of
life. This indicates that system strengthening occurs through the introduction of new systems and processes needed to
deliver vaccines to a target population other than infants, and especially when the target population is in adolescence or
adulthood. The benefits of new vaccine introductions such as increased reach and integration of health services following
new service delivery mechanisms, increased workforce skill and strengthening adverse event surveillance have been
described qualitatively, [38,62,63] but are challenging to quantify. Our study provides evidence that the increased flexibility,
adaptability and capacity of the health system following new vaccine introductions is linked to achieving higher coverage
of vaccination in an emergency scenario. Our finding regarding the relationship with years since introduction suggests that
it takes time for countries to adjust and embed new vaccine delivery processes into health systems.

Our analysis was limited by the lack of publicly available coverage data for all routinely-administered vaccines in SIDS,
particularly for non-WHO member states. Inconsistencies in annual reporting and variation in the quality of immunisation
coverage data across SIDS are potential sources of bias. These biases are mitigated in part through the longstanding
standardised process of reporting immunisation coverage estimates through the JRF, a process that has been evaluated
and validated [64]. A recent assessment showed that data quality has improved between 2000 and 2019 [65]. We also did
not examine inequities in vaccination coverage, for COVID-19 or routine vaccinations, within countries, due to the lack of
publicly available data, poor quality of subnational level data and challenges in interpreting variations in coverage pro-
portions in countries with small and highly mobile populations [66]. Due to the small number of SIDS in some categories,
we were unable to conduct regression analyses and control for potential economic and demographic confounders such
as country income level and population size. While this study is unable to draw conclusions about causal associations
between routine immunisation systems and COVID-19 vaccination coverage, it does reveal clear links between emer-
gency vaccination and health and immunisation systems in SIDS.
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While our study focussed on disruptions to RI, future research to identify and measure health system factors predictive
of resilient immunisation systems would be useful. Additional factors that could be examined include service delivery and
accessibility, vaccine acceptance and demand, and cold chain capacity, which were beyond the scope of this study. Cul-
tural and political factors also have a role, with multiple studies reporting that trust in government was strongly associated
with higher, faster and earlier uptake of COVID-19 vaccination and other outcomes during the pandemic including COVID-
19 mortality [8,67,68]. Other factors, such as policies related to mandatory vaccination requirements for work or travel,
geopolitical factors including vaccine diplomacy, and the role and influence of external donors and global health partner
organisations could have also influenced COVID-19 vaccine uptake. Qualitative methods could be used to explore other
health systems characteristics such as flexibility and adaptability, which are difficult to quantify.

Conclusions

In conclusion, we found that countries that achieved higher COVID-19 vaccination coverage also sustained pre-pandemic
RI coverage during the pandemic, had introduced newer vaccines into their national immunisation schedules, and had
higher workforce density. Our study provides support that high-performing health systems are resilient in achieving public
health outcomes like high vaccination coverage during an epidemic while sustaining routine vaccination. They are under-
pinned by a health workforce, sufficient in both quantity and capability, and a flexible system able to adapt existing service
delivery models quickly to meet emergency needs. Our study provides insights on where system strengthening efforts can
focus to prevent shocks to health services not just for immunisation but primary health care in general. We recommend
that countries continue to invest in their health workforce including those working in immunisation. Increasing efforts to
introduce new vaccines into national immunisation schedules, including implementing new service delivery mechanisms
to reach populations beyond the first year of life, can increase adaptability and thus place countries in a better position to
deploy epidemic and pandemic vaccination programs.

Supporting information

S1 Appendix. Spearman correlations between COVID-19 vaccination coverage and 5-year (2015-2019) mean
annual coverage of routine immunisations.
(PDF)

S2 Appendix. Spearman correlations between COVID-19 vaccination coverage and dropout of annual coverage
(5-year mean, 2015-2019) of routine immunisations.
(PDF)

S3 Appendix. COVID-19 vaccination coverage by new vaccine introductions.
(PDF)

S4 Appendix. Spearman correlations between COVID-19 vaccination coverage and density of health resources
(workforce and hospital beds).
(PDF)

S5 Appendix. Scatterplots of COVID-19 vaccination coverage and workforce density.
(PDF)

S6 Appendix. COVID-19 vaccination coverage at four timepoints in 2021 and 2022, by health system variables
included in the study.
(PDF)

PLOS One | https://doi.org/10.1371/journal.pone.0317327  July 8, 2025 17121



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317327.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317327.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317327.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317327.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317327.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317327.s006

PLO\Sﬁ\\.- One

S7 Appendix. Scatterplots of COVID-19 vaccination coverage and health system variables included in the study.
(PDF)

S8 Appendix. List of countries categorised by economic factor variables.
(PDF)

S9 Appendix. Scatterplots of COVID-19 vaccination coverage and demographic factors included in the study.
(PDF)

Acknowledgments

We would like to acknowledge the statistical training services provided by Biological Data Science Institute at the Austra-
lian National University and Sydney Informatics Hub at the University of Sydney. CP is supported by an Australian Gov-
ernment Research Training Program (RTP) Scholarship.

Author contributions

Conceptualization: Cyra Patel, Ginny Sargent, Meru Sheel.
Data curation: Cyra Patel, Gizem Bilgin.

Formal analysis: Cyra Patel, Gizem Bilgin.

Investigation: Cyra Patel.

Methodology: Cyra Patel, Andrew Hayen, Aditi Dey, Meru Sheel.
Project administration: Cyra Patel.

Supervision: Martyn Kirk, Ginny Sargent, Meru Sheel.
Visualization: Cyra Patel.

Writing — original draft: Cyra Patel.

Writing — review & editing: Cyra Patel, Gizem Bilgin, Andrew Hayen, Martyn Kirk, Akeem Ali, Aditi Dey, Ginny Sargent,
Meru Sheel.

References

1. O’Brien KL, Lemango E, Nandy R, Lindstrand A. The immunization Agenda 2030: A vision of global impact, reaching all, grounded in the realities of
a changing world. Vaccine. 2024;42 Suppl 1:S1-4. https://doi.org/10.1016/j.vaccine.2022.02.073 PMID: 36528445

2. Shen AK, Fields R, McQuestion M. The future of routine immunization in the developing world: challenges and opportunities. Glob Health Sci Pract.
2014;2(4):381-94. https://doi.org/10.9745/GHSP-D-14-00137 PMID: 25611473

3. Wariri O, Edem B, Nkereuwem E, Nkereuwem OO, Umeh G, Clark E, et al. Tracking coverage, dropout and multidimensional equity gaps in immuni-
sation systems in West Africa, 2000-2017. BMJ Glob Health. 2019;4(5):e001713. https://doi.org/10.1136/bmjgh-2019-001713 PMID: 31565416

4. Sodha SV, Dietz V. Strengthening routine immunization systems to improve global vaccination coverage. Br Med Bull. 2015;113(1):5-14. https://doi.
org/10.1093/bmb/Idv001 PMID: 25649959

5. Cata-Preta BO, Santos TM, Mengistu T, Hogan DR, Barros AJD, Victora CG. Zero-dose children and the immunisation cascade: Understanding
immunisation pathways in low and middle-income countries. Vaccine. 2021;39(32):4564—70. https://doi.org/10.1016/j.vaccine.2021.02.072 PMID:
33744046

6. Hogan D, Gupta A. Why reaching zero-dose children holds the key to achieving the sustainable development goals. Vaccines (Basel).
2023;11(4):781. https://doi.org/10.3390/vaccines11040781 PMID: 37112693

7. Hu B, Guo H, Zhou P, Shi Z-L. Characteristics of SARS-CoV-2 and COVID-19. Nat Rev Microbiol. 2021;19(3):141-54. https://doi.org/10.1038/
$41579-020-00459-7 PMID: 33024307

8. Goldin S, Moen A, Moss WJ, Nuzzo J. Assessing the relationship between existing childhood, adolescent and adult immunization programmes
and national COVID-19 vaccination capacities in 2021. Vaccine. 2024;42 Suppl 4:125528. https://doi.org/10.1016/j.vaccine.2023.12.038 PMID:
38216440

PLOS One | https://doi.org/10.1371/journal.pone.0317327  July 8, 2025 18721



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317327.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317327.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317327.s009
https://doi.org/10.1016/j.vaccine.2022.02.073
http://www.ncbi.nlm.nih.gov/pubmed/36528445
https://doi.org/10.9745/GHSP-D-14-00137
http://www.ncbi.nlm.nih.gov/pubmed/25611473
https://doi.org/10.1136/bmjgh-2019-001713
http://www.ncbi.nlm.nih.gov/pubmed/31565416
https://doi.org/10.1093/bmb/ldv001
https://doi.org/10.1093/bmb/ldv001
http://www.ncbi.nlm.nih.gov/pubmed/25649959
https://doi.org/10.1016/j.vaccine.2021.02.072
http://www.ncbi.nlm.nih.gov/pubmed/33744046
https://doi.org/10.3390/vaccines11040781
http://www.ncbi.nlm.nih.gov/pubmed/37112693
https://doi.org/10.1038/s41579-020-00459-7
https://doi.org/10.1038/s41579-020-00459-7
http://www.ncbi.nlm.nih.gov/pubmed/33024307
https://doi.org/10.1016/j.vaccine.2023.12.038
http://www.ncbi.nlm.nih.gov/pubmed/38216440

PLO\S\% One

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.
31.

32.

Office of the High Representative for the Least Developed Countries, Landlocked Developing Countries and Small Island Developing States. List of
SIDS. https://www.un.org/ohrlls/content/list-sids. Accessed 2024 July 29.

Matheson D, Park K, Soakai TS. Pacific island health inequities forecast to grow unless profound changes are made to health systems in the
region. Aust Health Rev. 2017;41(5):590-8. https://doi.org/10.1071/AH16065 PMID: 28214473

Mclver L, Manahan D, Jones S, "Ulufonua L. Rocketship and the rural health workforce revolution in the pacific: growing skilled medical generalists
across the “Blue Continent”. Front Public Health. 2021;8:612531. https://doi.org/10.3389/fpubh.2020.612531 PMID: 33614569

Tyson S, Clements J. Strengthening Development Partner Support to Immunisation Programs in the Pacific. 81. 2016. https://www.dfat.gov.au/
sites/default/files/strengthening-dev-partner-support-to-immunisations-programs-pacific-strat-review.pdf

World Health Organization. National Health Workforce Accounts Data Portal. https://apps.who.int/nhwaportal/. Accessed 2024 September 20.

Gavi The Vaccine Alliance. Gavi Board approves measures to support sustainability of vaccine programmes and boost access in vulnerable com-
munities. https://www.gavi.org/news/media-room/gavi-board-approves-measures-support-sustainability-vaccine-programmes-boost-access-vulner-
able-communities. 2024. Accessed 2025 March 1.

Murphy MM, Jeyaseelan SM, Howitt C, Greaves N, Harewood H, Quimby KR, et al. COVID-19 containment in the Caribbean: The experience of
small island developing states. Research Globalization. 2020;2:100019. https://doi.org/10.1016/j.resglo.2020.100019

Clarke C, Wheatley A, Fraser MR, Richey T, Ensign K. US-Affiliated Pacific Islands Response to COVID-19: Keys to Success and Important Les-
sons. J Public Health Manag Pract. 2022;28(1):10-5. https://doi.org/10.1097/PHH.0000000000001443 PMID: 34561381

Rendell N, Sheel M. Expert perspectives on priorities for supporting health security in the Pacific region through health systems strengthening.
PLOS Glob Public Health. 2022;2(9):e0000529. https://doi.org/10.1371/journal.pgph.0000529 PMID: 36962587

Tatar M, Shoorekchali JM, Faraji MR, Wilson FA. International COVID-19 vaccine inequality amid the pandemic: Perpetuating a global crisis?. J
Glob Health. 2021;11:03086. https://doi.org/10.7189/jogh.11.03086 PMID: 34221356

Ning C, Wang H, Wu J, Chen Q, Pei H, Gao H. The COVID-19 Vaccination and Vaccine Inequity Worldwide: An Empirical Study Based on Global
Data. Int J Environ Res Public Health. 2022;19(9):5267. https://doi.org/10.3390/ijerph19095267 PMID: 35564661

Cash McGinley HL, Hancock WT, Kern-Allely S, Jenssen M, Chutaro E, Camacho J, et al. COVID-19 in the US-affiliated Pacific Islands: A timeline
of events and lessons learned from March 2020-November 2022. PLOS Glob Public Health. 2023;3(8):e0002052. https://doi.org/10.1371/journal.
pgph.0002052 PMID: 37585385

Pooransingh S, Yoosuf AA, Moosa S, Ahmed N, Jankie S, Pinto Pereira L. Early COVID-19 response in two small island developing states: Mal-
dives and Trinidad and Tobago. Western Pac Surveill Response J. 2022;13(1):1-7. https://doi.org/10.5365/wpsar.2022.13.1.885 PMID: 35402062

Resiere D, Mehdaoui H, Dyer H, Chabartier C, Cabié A, Inamo J, et al. Covid-19 in the Caribbean: lessons learned from the ongoing international
medical and scientific cooperation. Global Health. 2021;17(1):55. https://doi.org/10.1186/s12992-021-00706-3 PMID: 33971911

Umakanthan S, Chauhan A, Gupta MM, Sahu PK, Bukelo MM, Chattu VK. COVID-19 pandemic containment in the Caribbean Region: A review
of case-management and public health strategies. AIMS Public Health. 2021;8(4):665—81. https://doi.org/10.3934/publichealth.2021053 PMID:
34786427

Urrunaga-Pastor D, Bendezu-Quispe G, Herrera-Afiazco P, Uyen-Cateriano A, Toro-Huamanchumo CJ, Rodriguez-Morales AJ, et al. Cross-
sectional analysis of COVID-19 vaccine intention, perceptions and hesitancy across Latin America and the Caribbean. Travel Med Infect Dis.
2021;41:102059. https://doi.org/10.1016/j.tmaid.2021.102059 PMID: 33848692

Flanagan B, Nevill K, Sabok C, Zilliacus M, Sward J. Barriers to the success of COVID-19 immunisation programs in New Ireland Province, Papua
New Guinea. Rural Remote Health. 2023;23(3):7883. https://doi.org/10.22605/RRH7883 PMID: 37730242

Puertas EB, Velandia-Gonzalez M, Vulanovic L, Bayley L, Broome K, Ortiz C, et al. Concerns, attitudes, and intended practices of Caribbean
healthcare workers concerning COVID-19 vaccination: A cross-sectional study. Lancet Reg Health Am. 2022;9:100193. https://doi.org/10.1016/j.
lana.2022.100193 PMID: 35136868

World Health Organization. Health systems: principled integrated care. The World Health Report 2003: Shaping the Future. Geneva, Switzerland:
World Health Organization. 2003.
World Health Organization. Statement on the fifteenth meeting of the IHR (2005) Emergency Committee on the COVID-19 pandemic. https://www.

who.int/news/item/05-05-2023-statement-on-the-fifteenth-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regard-
ing-the-coronavirus-disease-(covid-19)-pandemic. 2023. Accessed 2024 September 11.

Kruk ME, Ling EJ, Bitton A, Cammett M, Cavanaugh K, Chopra M, et al. Building resilient health systems: a proposal for a resilience index. BMJ.
2017;357:j2323. https://doi.org/10.1136/bmj.j2323 PMID: 28536191

World Health Organization, UNICEF. COVID-19 Vaccination Information Hub. https://infohub.crd.co. Accessed 2024 July 29.

World Health Organization. WHO/UNICEF Joint Reporting Process. https://www.who.int/teams/immunization-vaccines-and-biologicals/immuniza-
tion-analysis-and-insights/global-monitoring/who-unicef-joint-reporting-process. 2024. Accessed 2024 September 13.

van Zandvoort K, Howard N, Mounier-Jack S, Jit M. Strengthening national vaccine decision-making: Assessing the impact of SIVAC Initiative sup-
port on national immunisation technical advisory group (NITAG) functionality in 77 low and middle-income countries. Vaccine. 2019;37(3):430—4.
https://doi.org/10.1016/j.vaccine.2018.11.070 PMID: 30545715

PLOS One | https://doi.org/10.1371/journal.pone.0317327  July 8, 2025 19/21



https://www.un.org/ohrlls/content/list-sids
https://doi.org/10.1071/AH16065
http://www.ncbi.nlm.nih.gov/pubmed/28214473
https://doi.org/10.3389/fpubh.2020.612531
http://www.ncbi.nlm.nih.gov/pubmed/33614569
https://www.dfat.gov.au/sites/default/files/strengthening-dev-partner-support-to-immunisations-programs-pacific-strat-review.pdf
https://www.dfat.gov.au/sites/default/files/strengthening-dev-partner-support-to-immunisations-programs-pacific-strat-review.pdf
https://apps.who.int/nhwaportal/
https://www.gavi.org/news/media-room/gavi-board-approves-measures-support-sustainability-vaccine-programmes-boost-access-vulnerable-communities
https://www.gavi.org/news/media-room/gavi-board-approves-measures-support-sustainability-vaccine-programmes-boost-access-vulnerable-communities
https://doi.org/10.1016/j.resglo.2020.100019
https://doi.org/10.1097/PHH.0000000000001443
http://www.ncbi.nlm.nih.gov/pubmed/34561381
https://doi.org/10.1371/journal.pgph.0000529
http://www.ncbi.nlm.nih.gov/pubmed/36962587
https://doi.org/10.7189/jogh.11.03086
http://www.ncbi.nlm.nih.gov/pubmed/34221356
https://doi.org/10.3390/ijerph19095267
http://www.ncbi.nlm.nih.gov/pubmed/35564661
https://doi.org/10.1371/journal.pgph.0002052
https://doi.org/10.1371/journal.pgph.0002052
http://www.ncbi.nlm.nih.gov/pubmed/37585385
https://doi.org/10.5365/wpsar.2022.13.1.885
http://www.ncbi.nlm.nih.gov/pubmed/35402062
https://doi.org/10.1186/s12992-021-00706-3
http://www.ncbi.nlm.nih.gov/pubmed/33971911
https://doi.org/10.3934/publichealth.2021053
http://www.ncbi.nlm.nih.gov/pubmed/34786427
https://doi.org/10.1016/j.tmaid.2021.102059
http://www.ncbi.nlm.nih.gov/pubmed/33848692
https://doi.org/10.22605/RRH7883
http://www.ncbi.nlm.nih.gov/pubmed/37730242
https://doi.org/10.1016/j.lana.2022.100193
https://doi.org/10.1016/j.lana.2022.100193
http://www.ncbi.nlm.nih.gov/pubmed/35136868
https://www.who.int/news/item/05-05-2023-statement-on-the-fifteenth-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-coronavirus-disease-(covid-19)-pandemic
https://www.who.int/news/item/05-05-2023-statement-on-the-fifteenth-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-coronavirus-disease-(covid-19)-pandemic
https://www.who.int/news/item/05-05-2023-statement-on-the-fifteenth-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-coronavirus-disease-(covid-19)-pandemic
https://doi.org/10.1136/bmj.j2323
http://www.ncbi.nlm.nih.gov/pubmed/28536191
https://infohub.crd.co
https://www.who.int/teams/immunization-vaccines-and-biologicals/immunization-analysis-and-insights/global-monitoring/who-unicef-joint-reporting-process
https://www.who.int/teams/immunization-vaccines-and-biologicals/immunization-analysis-and-insights/global-monitoring/who-unicef-joint-reporting-process
https://doi.org/10.1016/j.vaccine.2018.11.070
http://www.ncbi.nlm.nih.gov/pubmed/30545715

PLO\Sﬁ\\.- One

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Patel C, Rendell N, Sargent GM, Ali A, Morgan C, Fields R, et al. Measuring National Immunization System Performance: A Systematic Assess-
ment of Available Resources. Glob Health Sci Pract. 2023;11(3):e220055. https://doi.org/10.9745/GHSP-D-22-00555 PMID: 37348935

Muhoza P, Danovaro-Holliday MC, Diallo MS, Murphy P, Sodha SV, Requejo JH. Routine vaccination coverage — worldwide, 2020. MMWR Morb
Mortal Wkly. 2021;70:6.

Rachlin A, Danovaro-Holliday MC, Murphy P, Sodha SV, Wallace AS. Routine vaccination coverage — worldwide, 2021. MMWR Morb Mortal WKkly.
2022;71:5. https://www.cdc.gov/mmwr/volumes/71/wr/pdfs/mm7144a2-H.pdf

Kaur G, Danovaro-Holliday MC, Mwinnyaa G, Gacic-Dobo M, Francis L, Grevendonk J. Routine Vaccination Coverage — Worldwide, 2022.
2023;72.

Jones CE, Danovaro-Holliday MC, Mwinnyaa G, Gacic-Dobo M, Francis L, Grevendonk J. Routine Vaccination Coverage — Worldwide, 2023.
2024;73.

Burchett HED, Mounier-Jack S, Torres-Rueda S, Griffiths UK, Ongolo-Zogo P, Rulisa S, et al. The impact of introducing new vaccines on the health
system: case studies from six low- and middle-income countries. Vaccine. 2014;32(48):6505—-12. https://doi.org/10.1016/j.vaccine.2014.09.031
PMID: 25261379

Bell S, Blanchard L, Walls H, Mounier-Jack S, Howard N. Value and effectiveness of National Immunization Technical Advisory Groups in low- and
middle-income countries: a qualitative study of global and national perspectives. Health Policy Plan. 2019;34(4):271-81. https://doi.org/10.1093/
heapol/czz027 PMID: 31074778

Salman O, Topf K, Chandler R, Conklin L. Progress in Immunization Safety Monitoring - Worldwide, 2010-2019. MMWR Morb Mortal Wkly Rep.
2021;70(15):547-51. https://doi.org/10.15585/mmwr.mm7015a2 PMID: 33857066

MacDonald NE, Guichard S, Arora N, Menning L, Wilhelm E, 2019 Inter-country SEAR Workshop Participants, Communication Experts. Les-
sons on causality assessment and communications from the 2019 South-East Asia Regional (SEAR) workshop on inter-country expert review
of selected Adverse Events Following Immunization (AEFI) cases. Vaccine. 2020;38(32):4924-32. https://doi.org/10.1016/j.vaccine.2019.09.109
PMID: 31611095

Schober P, Boer C, Schwarte LA. Correlation Coefficients: Appropriate Use and Interpretation. Anesth Analg. 2018;126(5):1763-8. https://doi.
org/10.1213/ANE.0000000000002864 PMID: 29481436
RStudio Team. RStudio: Integrated Development for R. Boston, MA: RStudio, PBC; 2020.

The World Bank. Assessing Country Readiness for COVID-19 Vaccines: First Insights from the Assessment Rollout. The World Bank. 2021. http://
documentsi.worldbank.org/curated/en/467291615997445437/pdf/Assessing-Country-Readiness-for-COVID-19-Vaccines-First-Insights-from-the-
Assessment-Rollout.pdf

Ali HA, Hartner A-M, Echeverria-Londono S, Roth J, Li X, Abbas K, et al. Vaccine equity in low and middle income countries: a systematic review
and meta-analysis. Int J Equity Health. 2022;21(1):82. https://doi.org/10.1186/s12939-022-01678-5 PMID: 35701823

Kruk ME, Myers M, Varpilah ST, Dahn BT. What is a resilient health system? Lessons from Ebola. Lancet. 2015;385(9980):1910-2. https://doi.
org/10.1016/S0140-6736(15)60755-3 PMID: 25987159

Abu El Kheir-Mataria W, Khadr Z, El Fawal H, Chun S. COVID-19 vaccine intercountry distribution inequality and its underlying factors: a com-
bined concentration index analysis and multiple linear regression analysis. Front Public Health. 2024;12:1348088. https://doi.org/10.3389/
fpubh.2024.1348088 PMID: 38577285

Zhu DT, Serhan M, Mithani SS, Smith D, Ang J, Thomas M, et al. The barriers, facilitators and association of vaccine certificates on COVID-19
vaccine uptake: a scoping review. Global Health. 2023;19(1):73. https://doi.org/10.1186/s12992-023-00969-y PMID: 37759306

Debie A, Nigusie A, Gedle D, Khatri RB, Assefa Y. Building a resilient health system for universal health coverage and health security: a systematic
review. Glob Health Res Policy. 2024;9(1):2. https://doi.org/10.1186/s41256-023-00340-z PMID: 38173020

Bustamante Izquierdo JP, Puertas EB, Hernandez Hernandez D, Sepulveda H. COVID-19 and human resources for health: analysis of planning,
policy responses and actions in Latin American and Caribbean countries. Hum Resour Health. 2023;21(1):21. https://doi.org/10.1186/s12960-023-
00795-8 PMID: 36918895

Boniol M, Siyam A, Desai S, Gurung S, Mirelman A, Nair TS, et al. Estimating the health workforce requirements and costing to reach 70%
COVID-19 vaccination coverage by mid-2022: a modelling study and global estimates. BMJ Open. 2022;12(8):e063059. https://doi.org/10.1136/
bmjopen-2022-063059 PMID: 37574719

Palmer K, Nemer L, Datta SS, Menne BM. COVID-19 vaccination roll-outs in eleven small countries within the WHO European region; Lessons
learned. Front Public Health. 2022;10:959227. https://doi.org/10.3389/fpubh.2022.959227 PMID: 36211689

Brolan CE, Koérver S, Phillips G, Sharma D, Herron L-M, O’Reilly G, et al. Lessons from the frontline: The COVID-19 pandemic emergency care
experience from a human resource perspective in the Pacific region. Lancet Reg Health West Pac. 2022;25:100514. https://doi.org/10.1016/].
lanwpc.2022.100514 PMID: 35815241

United Nations Department of Economic and Social Affairs. Goal 3: Ensure healthy lives and promote well-being for all at all ages. 2025 [cited 11
Feb 2025]. Available: https://sdgs.un.org/goals/goal3#targets_and_indicators

Nabaggala MS, Nair TS, Gacic-Dobo M, Siyam A, Diallo K, Boniol M. The global inequity in COVID-19 vaccination coverage among health and
care workers. Int J Equity Health. 2022;21(Suppl 3):147. https://doi.org/10.1186/s12939-022-01750-0 PMID: 36307816

PLOS One | https://doi.org/10.1371/journal.pone.0317327  July 8, 2025 20/ 21



https://doi.org/10.9745/GHSP-D-22-00555
http://www.ncbi.nlm.nih.gov/pubmed/37348935
https://www.cdc.gov/mmwr/volumes/71/wr/pdfs/mm7144a2-H.pdf
https://doi.org/10.1016/j.vaccine.2014.09.031
http://www.ncbi.nlm.nih.gov/pubmed/25261379
https://doi.org/10.1093/heapol/czz027
https://doi.org/10.1093/heapol/czz027
http://www.ncbi.nlm.nih.gov/pubmed/31074778
https://doi.org/10.15585/mmwr.mm7015a2
http://www.ncbi.nlm.nih.gov/pubmed/33857066
https://doi.org/10.1016/j.vaccine.2019.09.109
http://www.ncbi.nlm.nih.gov/pubmed/31611095
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.1213/ANE.0000000000002864
http://www.ncbi.nlm.nih.gov/pubmed/29481436
http://documents1.worldbank.org/curated/en/467291615997445437/pdf/Assessing-Country-Readiness-for-COVID-19-Vaccines-First-Insights-from-the-Assessment-Rollout.pdf
http://documents1.worldbank.org/curated/en/467291615997445437/pdf/Assessing-Country-Readiness-for-COVID-19-Vaccines-First-Insights-from-the-Assessment-Rollout.pdf
http://documents1.worldbank.org/curated/en/467291615997445437/pdf/Assessing-Country-Readiness-for-COVID-19-Vaccines-First-Insights-from-the-Assessment-Rollout.pdf
https://doi.org/10.1186/s12939-022-01678-5
http://www.ncbi.nlm.nih.gov/pubmed/35701823
https://doi.org/10.1016/S0140-6736(15)60755-3
https://doi.org/10.1016/S0140-6736(15)60755-3
http://www.ncbi.nlm.nih.gov/pubmed/25987159
https://doi.org/10.3389/fpubh.2024.1348088
https://doi.org/10.3389/fpubh.2024.1348088
http://www.ncbi.nlm.nih.gov/pubmed/38577285
https://doi.org/10.1186/s12992-023-00969-y
http://www.ncbi.nlm.nih.gov/pubmed/37759306
https://doi.org/10.1186/s41256-023-00340-z
http://www.ncbi.nlm.nih.gov/pubmed/38173020
https://doi.org/10.1186/s12960-023-00795-8
https://doi.org/10.1186/s12960-023-00795-8
http://www.ncbi.nlm.nih.gov/pubmed/36918895
https://doi.org/10.1136/bmjopen-2022-063059
https://doi.org/10.1136/bmjopen-2022-063059
http://www.ncbi.nlm.nih.gov/pubmed/37574719
https://doi.org/10.3389/fpubh.2022.959227
http://www.ncbi.nlm.nih.gov/pubmed/36211689
https://doi.org/10.1016/j.lanwpc.2022.100514
https://doi.org/10.1016/j.lanwpc.2022.100514
http://www.ncbi.nlm.nih.gov/pubmed/35815241
https://sdgs.un.org/goals/goal3#targets_and_indicators
https://doi.org/10.1186/s12939-022-01750-0
http://www.ncbi.nlm.nih.gov/pubmed/36307816

PLO\S\% One

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Md Khairi LNH, Fahrni ML, Lazzarino Al. The Race for Global Equitable Access to COVID-19 Vaccines. Vaccines (Basel). 2022;10(8):1306. https://
doi.org/10.3390/vaccines10081306 PMID: 36016194

Wang H, Yu B, Chen X, Yan H. Global pattern and determinants of coronavirus disease 2019 (COVID-19) vaccine coverage and progression: a
global ecological study. Glob Health J. 2023;7(1):18-23. https://doi.org/10.1016/j.glohj.2023.02.003 PMID: 36785805

Peano A, Politano G, Gianino MM. Determinants of COVID-19 vaccination worldwide: WORLDCOQYV, a retrospective observational study. Front
Public Health. 2023;11:1128612. https://doi.org/10.3389/fpubh.2023.1128612 PMID: 37719735

UN-OHRLLS UNLDC (United Nations Developed Countries, Landlocked Developing Countries and Small Island Developing States). State of

the Least Developed Countries 2021: Building back better in response to COVID-19. 2021. https://www.un.org/ldc5/sites/www.un.org.ldc5/files/
stateldc_2021.pdf

Meessen B, Ancia A, Gill D, LaFoucade A, Lalta S, Sandoval G, et al. When one size does not fit all: aid and health system strengthening for Small
Island Developing States. Health Policy Plann. 2024;39: i4—i8. https://doi.org/10.1093/heapol/czad089

Guignard A, Praet N, Jusot V, Bakker M, Baril L. Introducing new vaccines in low- and middle-income countries: challenges and approaches.
Expert Rev Vaccines. 2019;18(2):119-31. https://doi.org/10.1080/14760584.2019.1574224 PMID: 30689472

Wang SA, Hyde TB, Mounier-Jack S, Brenzel L, Favin M, Gordon WS, et al. New vaccine introductions: assessing the impact and the opportunities
for immunization and health systems strengthening. Vaccine. 2013;31 Suppl 2(0 2):B122-8. https://doi.org/10.1016/j.vaccine.2012.10.116 PMID:
23598473

Hyde TB, Dentz H, Wang SA, Burchett HE, Mounier-Jack S, Mantel CF, et al. The impact of new vaccine introduction on immunization and health
systems: a review of the published literature. Vaccine. 2012;30(45):6347-58. https://doi.org/10.1016/j.vaccine.2012.08.029 PMID: 22940378

Danovaro-Holliday MC, Gacic-Dobo M, Diallo MS, Murphy P, Brown DW. Compliance of WHO and UNICEF estimates of national immunization
coverage (WUENIC) with Guidelines for Accurate and Transparent Health Estimates Reporting (GATHER) criteria. Gates Open Res. 2021;5:77.
https://doi.org/10.12688/gatesopenres.13258.1 PMID: 35615619

Rau C, Lidecke D, Dumolard LB, Grevendonk J, Wiernik BM, Kobbe R, et al. Data quality of reported child immunization coverage in 194 coun-
tries between 2000 and 2019. PLOS Glob Public Health. 2022;2(2):e0000140. https://doi.org/10.1371/journal.pgph.0000140 PMID: 36962284

Patel C, Sargent GM, Tinessia A, Mayfield H, Chateau D, Ali A, et al. Measuring what matters: context-specific indicators for assessing immunisa-
tion performance in Pacific Island Countries and Areas. Cold Spring Harbor Laboratory. 2024. https://doi.org/10.1101/2024.03.12.24304182

Baghbanzadeh M, Smith M, Pilz J, Rahman MS, Karamehic-Muratovic A, Garg A, et al. Country-Level Governance Indicators as Predictors of
COVID-19 Morbidity, Mortality, and Vaccination Coverage: An Exploratory Global Analysis. Am J Trop Med Hyg. 2022;107(5):1066—73. https://doi.
org/10.4269/ajtmh.22-0107 PMID: 36318889

da Silva RE, Novaes MRCG, de Oliveira C, Guilhem DB. National governance and excess mortality due to COVID-19 in 213 countries: a ret-
rospective analysis and perspectives on future pandemics. Global Health. 2023;19(1):80. https://doi.org/10.1186/s12992-023-00982-1 PMID:
37907968

PLOS One | https://doi.org/10.1371/journal.pone.0317327  July 8, 2025 21/21



https://doi.org/10.3390/vaccines10081306
https://doi.org/10.3390/vaccines10081306
http://www.ncbi.nlm.nih.gov/pubmed/36016194
https://doi.org/10.1016/j.glohj.2023.02.003
http://www.ncbi.nlm.nih.gov/pubmed/36785805
https://doi.org/10.3389/fpubh.2023.1128612
http://www.ncbi.nlm.nih.gov/pubmed/37719735
https://www.un.org/ldc5/sites/www.un.org.ldc5/files/stateldc_2021.pdf
https://www.un.org/ldc5/sites/www.un.org.ldc5/files/stateldc_2021.pdf
https://doi.org/10.1093/heapol/czad089
https://doi.org/10.1080/14760584.2019.1574224
http://www.ncbi.nlm.nih.gov/pubmed/30689472
https://doi.org/10.1016/j.vaccine.2012.10.116
http://www.ncbi.nlm.nih.gov/pubmed/23598473
https://doi.org/10.1016/j.vaccine.2012.08.029
http://www.ncbi.nlm.nih.gov/pubmed/22940378
https://doi.org/10.12688/gatesopenres.13258.1
http://www.ncbi.nlm.nih.gov/pubmed/35615619
https://doi.org/10.1371/journal.pgph.0000140
http://www.ncbi.nlm.nih.gov/pubmed/36962284
https://doi.org/10.1101/2024.03.12.24304182
https://doi.org/10.4269/ajtmh.22-0107
https://doi.org/10.4269/ajtmh.22-0107
http://www.ncbi.nlm.nih.gov/pubmed/36318889
https://doi.org/10.1186/s12992-023-00982-1
http://www.ncbi.nlm.nih.gov/pubmed/37907968
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

